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Abstract

Sections

Ammonia has potential to play akey roleinlarge-scale, long-term
storage and transport of renewable energy. Renewable energy
generation, particularly from solar and wind sources, has increased
substantially but faces challenges such as intermittency and
decentralization. Energy storage technologies are vital for addressing
theseissues, with chemical energy storage, especially ammonia,
offering long-term (weeks) and large-scale (10-1,000 MW) energy
storage. In this Review, we explore the role of ammoniain the energy
landscape, focusing onits synthesis and utilization. Ammonia has
advantages over hydrogen, such as higher volumetric energy density
(12.7 MJ I") and simpler storage requirements (readily liquefied at
~10 bar or =33 °C). It can be synthesized using renewable electricity
and later decomposed to release hydrogen or used directly in fuel cells,
including direct-ammonia fuel cells, indirect-ammonia fuel cells and
ammonia solid-oxide fuel cells. We show that although decentralized
ammonia synthesis under mild conditions offers potential for localized,
low-carbon production, it remains limited by high energy costs and
scalability challenges, underscoring the need for breakthroughsin
catalyst efficiency and system design. The successful integration of
ammoniainto renewable energy systems will require coordinated
efforts across technology development, policy supportand
infrastructure expansion.
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Key points

o Ammonia is a promising carbon-free energy carrier with high
volumetric energy density and ease of storage, suitable for large-scale
and long-duration renewable energy storage and transport.

¢ Mild-condition ammonia synthesis, including electrochemical,
plasma-catalytic and tandem plasma-electrocatalytic routes, offers
potential for decentralized and flexible production using renewable
electricity.

o Metal-mediated electrochemical nitrogen reduction has
demonstrated high selectivity and stability, but scaling to industrial
current densities and lifetimes remains a key challenge.

e Plasma-based and tandem plasma-electrocatalytic approaches
enable operation under ambient conditions and modular deployment,
but energy efficiency and catalyst performance need further
improvement.

¢ Ammonia can be decomposed to supply hydrogen for fuel cells or
combustion, with ongoing efforts focused on lowering the reaction
temperature and replacing costly ruthenium-based catalysts.

o Realizing cost-competitive, sustainable ammonia production
and its full potential as a carbon-free energy carrier will require
integrated advances in catalysts, reactors and system-level
design, supported by policy and infrastructure to drive scalable
deployment.

Introduction

Global annual renewable electricity generation reached 8,640 TWhin
2022, accounting for 30% of the total global electricity consumption’.
Despite this progress, renewable energy sources, such as solarand wind
power, still face inherent challenges such as fluctuation, intermittency
and decentralized generation®. Addressing these challenges requires
energy storage technologies that can bridge the gap between energy
supply and demand. By capturing and storing energy during periods
of high production, storage systems can release energy during times
of low generation, balancing supply and demand”.

Storage scale and storage time are two crucial factorsin evaluating
energy storage technologies. Among different energy storage tech-
nologies, chemical energy storage provides large-scale and long-term
energy storage’ (Fig. 1a). Chemical energy carriers such as methane,
methanol, hydrogen (H,) and ammonia (NH,) enable efficient energy
storage and transport. However, owing to the carbon dioxide (CO,)
emissions from synthesis and utilization of methane and methanol,
thereisagrowing focus on carbon-free alternatives.

Ammoniaand hydrogen have emerged as leading candidates, with
ammonia offering several advantages over hydrogen, particularly for
large-scale storage and transportation applications>**%, For instance,
liquid ammonia (12.7 MJ 1)) offers a higher volumetric energy density
thanliquid hydrogen (8.5 MJ ") (Fig. 1b). Moreover,ammonia remains
inliquid form under moderate pressures and temperatures, simplify-
ing the infrastructure requirements compared with hydrogen, which
requires ultra-low temperatures or high pressures for storage. Hydro-
gen liquefies at 253 °C under 1 bar of pressure, whereas ammonia

liquefies at -33 °Cunder 1 bar or at room temperature under 10 bar of
pressure®”. Furthermore, regardless of the transportation method,
whether by ship or pipeline, the cost per kilogram of hydrogen when
transported asammoniais lower than that of pure hydrogen’ (Fig. 1c).
In terms of safety during handling and storage, ammonia has a high
auto-ignition temperature, which can reduce the risk of accidental
ignition®. However, to ensure optimal combustion, it might need to
be mixed with other fuels that act as combustion promoters' (Fig. 1d).
Moreover, ammonia s toxic, can produce NO, emissions during com-
bustion, and presents challenges in catalytic decomposition such as
sluggish kinetics at low temperatures and catalyst deactivation due
to nitrogen poisoning*®,

Withrapid advancementsin renewable energy technologies and
the increasing need for large-scale energy storage solutions, reas-
sessing ammonia’s role in the energy landscape is timely’. Ammo-
nia synthesis under ambient conditions (25 °C and 1 atm), catalyst
design forammonia decomposition and ammonia utilizationin energy
conversion systems have improved the feasibility of ammonia-based
energy systems', In particular, distributed ammonia synthesis
methods, such as metal-mediated electrochemical ammonia syn-
thesis, direct plasma-catalytic ammonia synthesis and tandem
plasma-electrocatalytic processes”°, have shown notable variations
in ammonia production rates and energy costs. These differences
highlight trade-offs between efficiency, scalability and practical
deployment.

In this Review, we examine ammonia synthesis processes and
ammonia decomposition and utilization strategies. We discuss ammo-
nia synthesis using renewable electricity (thatis, power-to-ammonia,
charging), emphasizing energy cost, sustainability and industrial
scalability. Furthermore, we explore ammonia decomposition for
hydrogen production (ammonia-to-hydrogen), emphasizing cata-
lyst design and mechanisms to enhance reaction efficiency. Finally,
we assess ammonia’s role in energy conversion technologies
(that is, ammonia-to-power, discharging), with a particular focus
on ammonia fuel cells. We discuss different fuel cell types, includ-
ing direct-ammonia fuel cells, indirect-ammonia fuel cells and
ammonia-fed solid-oxide fuel cells (SOFCs), analysing their
performance, mechanisms and challenges such asammonia crossover,
catalyst degradation and fuel purification requirements.

Ammonia as an energy carrier

Ammoniacanactasan energy carrier, with different rolesinrenewable
energy storage and conversion* (Fig. 2). Energy generated from renew-
ablesources suchas solar, wind, hydropower and ocean wave power'®
can be utilized to power air separation and water electrolysis, which
provide nitrogen and hydrogen feedstocks, respectively. In addition,
renewable electricity can directly drive the electrochemical ammo-
nia synthesis from these inputs, enabling a fully renewable ammonia
production pathway.

The main challenge of using ammonia as an energy carrier in
decarbonized energy systems lies in developing efficient and clean
ammonia synthesis technologies powered by decentralized renewable
energy'>". Once synthesized, ammonia can be efficiently stored
and transported, leveraging existing infrastructure®. For utilization,
ammonia canbe converted backinto power through different means,
including power generation plants, vehicle and marine fuels, and
ammonia fuel cells®. Additionally, ammonia can be decomposed to
produce hydrogen, which canbe further used in fuel cellsand ammonia
combustion promoters’.
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Fig.1| Energy storage technologies and the role of ammonia as an energy
carrier.a, Among various energy storage technologies, chemical energy
storage stands out for long-term and large-scale applications’. b, Carbon-free
fuels and carbon-containing fuels provide high energy density and specific
energy, whereas ammonia (NH,) offers a higher volumetric energy density
than liquid hydrogen®. ¢, Ammonia has a lower transport cost per unit of

hydrogen (H,), based on cost estimates for transport of energy by ship and
pipeline’.d, Ammonia requires a higher temperature for ignition compared with
conventional hydrocarbons and hydrogen®. LNG, liquefied natural gas. Data from
ref. 5. Panel aadapted with permission fromref. 2, Elsevier. Panel b adapted with
permission fromref. 5, Elsevier. Panel cadapted fromref. 9, CC BY 4.0.

Ammonia synthesis under mild conditions

Ammonia synthesis from renewable sources enables the capture and
storage of intermittent energy from solar and wind power in a stable
and transportable form. However, synthesizing ammonia economi-
cally and efficiently under mild conditions (temperature <150 °C and
pressure <20 atm) remains challenging'>". The main method for
industrial ammonia production, the Haber-Bosch process, is highly
energy-intensive, requiring high temperatures (350-450 °C) and
pressures (150-200 atm)'>'®, This process consumes about 1-2% of
the world’s energy supply and contributes to about 1.3% of global CO,
emissions'®. The Haber-Bosch process also requires a substantial
capital investment due to its harsh reaction conditions, which tends
to result in centralized ammonia production’. Ammonia is typically
produced on a large scale at central facilities and then transported
to various locations. Whereas the Haber-Bosch process is economi-
cally viable with centralized production, renewable energy sources

are decentralized”. This mismatch makes it challenging to align the
centralized Haber-Bosch process with the decentralized nature of
renewable energy. Therefore, it isimportant to develop distributed
ammonia production methods that are flexible, are cost-effective and
operate under milder conditions to effectively store decentralized
renewable energy.

Substantial efforts have been invested in exploring alternative
methods forammonia synthesis under milder or ambient conditions,
such asenzyme catalysis, homogeneous catalysis (for example, nitro-
genase mimics), electrochemistry (for example, electrocatalysis),
photocatalysis, plasma catalysis, chemical looping and mechano-
chemical synthesis” . Mechanochemical ammonia synthesis offersan
alternative to thermally driven processes, enabling ammonia produc-
tion at ambient pressure and near-room temperature via mechanical
activation of nitrogen over metal catalysts through ball milling®. This
sectionfocuses on advances and challenges of three ammonia synthesis
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Fig.2| Ammonia as an energy carrier in energy storage and conversion.
Ammonia (NH,) is emerging as a key contributor to the decarbonization

of energy systems, from renewable energy-driven synthesis and scalable
storage solutions to its use in combustion, fuel cells and catalytic hydrogen
(H,) extraction. In routes involving hydrogen input (for example, lithium or
calcium-mediated or plasma-assisted nitrogen reduction reaction (NRR)),

electrolysis-derived hydrogen must be purified and dried prior to use to avoid
moisture-induced side reactions or plasma destabilization. Catalyst and

process development across the entire ammonia-based energy systems chain

is supported by fundamental scientific foundations, model systems, theory,
synthesis and characterization. The asterisk represents a vacant active site on the
catalyst surface.

technologies under milder or ambient conditions: metal-mediated
electrochemicalammoniasynthesis; direct plasma-catalyticammonia
synthesis from nitrogen (N,) and hydrogen; and a two-step process of
plasma-catalytic conversion and electrochemical reduction (Fig. 3).

Metal-mediated electrochemical ammonia synthesis

The metal-mediated nitrogen reduction reaction (M-NRR), in
non-aqueous electrolytes®*?, uses lithium (Li-NRR) and calcium
(Ca-NRR) as mediators?® 2, In the M-NRR process, a metal ion (for
example, Li* or Ca*") diffuses from the bulk electrolyte through the
solid-electrolyte interphase (SEI) and is electrochemically reduced
toits metallic form on the electrode®*° (Fig. 3a). The fresh metal then
activates nitrogen to form surface metal-nitride intermediates, which
are subsequently protonated by a protonshuttle (for example, ethanol)
to release ammonia and metal ions'>?**, The proton shuttle enables
proton transfer from the anode (H, oxidation) to the cathode, pro-
tonating metal nitride (MN,H,) intermediates to facilitate ammonia
formation®®, The proton shuttle also helps to form a functional SEI
layer onthe cathode, which stabilizes the metal surface and improves
reaction efficiency®® .

The NH,; production rates vary substantially across differ-
ent experimental studies of metal-mediated ammonia synthesis
processes'??*?135364144 (Fig 3d and Supplementary Table1). Ageometric
current density of -1 A cm™was achieved in a pressurized batch-type
reactor (20 bar) using high surface-area electrodes, resulting in an
ammonia production rate of 2,600 nmol cm™s™ (ref. 35) (Fig. 3d).
Additionally, nearly 100% Faradaic efficiency (FE) for ammonia was
achieved using lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
in a pressurized batch reactor (15 bar), with an ammonia production
rate of 150 nmol cm™? s (ref. 36). Inboth instances, asacrificial organic
solvent was used as the proton donor.

Water can also be directly employed as a proton source in
lithium-mediated systems by constructing a biphasic hybrid elec-
trolyte configuration. In such a system, an aqueous anolyte and an
organic catholyte are separated by an anion exchange membrane
(AEM), and enable stable NH, production with ~-60% FE for up to 50 h
under a current density of -5 mA cm™. This approach also mitigates
solvent degradation by using anaqueous anolyte at the anode, ensur-
ing that water, rather than the organic solvent, undergoes oxidation®.
Amajor challenge in hybrid electrolyte systems is water crossover from
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the aqueous anolyte to the organic catholyte, which elevates water
content, disrupts lithium deposition and promotes the formation of
insulating lithium oxide and hydroxide layers. Water crossover limits
stable operation to ~-50 h, and highlights the need for effective water
management strategies to suppress cross-phase transport and enable
longer-term stability®.

In flow reactors, the hydrogen oxidation reaction (HOR), at the
anode side, can be used as a proton source, at ambient pressure and
temperature”, with FE of 60-70%, energy efficiency of 13-17%, acurrent
density of -6 mA cm2and aminimum lifetime of 300 h (refs. 29,38,42).
Under short-term operation (a few minutes), a current density of
-60 mA cm™(ref.42) and anammonia productionrate of 30 nmolcms™
canbeachieved when coupled with the HOR*. Anammonia production
rate of 10.2 nmol cm™ s sustained over 300 h can be achieved, with
approximately 98% of the produced ammonia present in the gas phase
when using flow reactors. Such a gas phase-dominant product distri-
bution substantially reduces the cost and complexity associated with
ammoniaseparation*”. Ifthe produced ammoniaremains dissolvedinthe
reaction medium, a dedicated separation step becomes necessary, typi-
callyinvolving techniques such as air stripping, membrane distillation,
gas-permeable membranes, electrodialysis and ion exchange*.

To bring the ammonia concentration within the range required
for feasibility and scalability of separation (typically >10,000 mgy17),
strategies such as prolonging the electrolysis time, increasing the
current density or applying electrochemical ammonia accumulation
can be employed"’. Electrochemical separation strategies, particu-
larly gas diffusion electrode-based membrane stripping, have energy
inputs as low as 7.4 kWh per kgy at initial ammonia concentrations of
2,500-3,000 mgy I (ref. 48). Even at lower concentrations around
748 mgy, I, electrochemical membrane stripping and hybrid recovery
approaches show comparable efficiencies (-7 kWh per kg,) under
ambient conditions®.

Based on the performance of existing industrial processes, such
as the chlor-alkaliindustry, which typically operates at current densi-
ties of 200-400 mA cm?, a similar or higher range of current den-
sity would be required for industrial-scale electrochemical ammonia
production™. Achieving high current densities in continuous-flow
reactors with the HOR, such as those exceeding 200 mA cm?, along
with FE greater than 90%, remains a challenge for the industrial-scale
application of metal-mediated ammonia synthesis®. Developing high
surface-areagas diffusion electrodes and optimizing reactor engineer-
ing are potential approaches to achieving high current densities in
electrochemical ammonia synthesis. For electrochemical ammonia
synthesis to be industrially viable, the process needs to demonstrate
stable performance for at least several months to years, matching
the stability benchmarks set by established industrial processes such
as chlor-alkali production®’. More importantly, the electrochemical
ammoniasynthesis system needs to adapt to fluctuating energy inputs,
arequirement that has not yet been experimentally validated.

Direct plasma-catalyticammonia synthesis

Non-thermal plasma generates a mixture of energetic electrons and
reactive species capable of activating N, and initiating chemical
reactions under ambient conditions (Fig. 3b). The combination of
non-thermal plasmawith catalysis offers advantages such as enhanced
reaction rates, selectivity and energy efficiency®. Plasma-induced
vibrationally excited N, can effectively lower the dissociative adsorp-
tion energy barrier of N, molecules on nickel and cobalt nanoparti-
cles, which exhibit weak nitrogen binding and are not active in thermal

catalysis, enabling catalytic NH, synthesis on nickel and cobalt nano-
particles under ambient plasma conditions®. Reducing the N, dissocia-
tion barrier might help to expand catalyst options beyond iron-based
materials, which are commonly used in the Haber-Bosch process™*2,

However, achieving high ammonia yields (>6%) while maintaining
low energy costs (<100 GJ per tonne,,;) remains a challenge, as both
metrics are strongly governed by catalyst performance. Balancing
ammoniayield with energy efficiency ultimately depends on how cata-
lysts mediate nitrogen activation and energy transfer. Alow energy cost
0f 163.9 GJ per tonney,; was obtained using a Ru-Mg-Al,O; catalyst,
but the ammonia yield was only 0.105%. A higher ammonia yield of
6.4%was achieved with aNi-SiO,-BaTiO, catalyst, but at asubstantially
higher energy cost of 6,283.0 GJ per tonney,; (ref. 54) (Fig. 3d). One
possible strategy to overcome this trade-off between yield and energy
cost is adsorption-enhanced plasma catalysis™*. By using porous
material-based catalysts, ammonia can diffuse into the pores of the
catalyst, owing to the gradient in ammonia concentration inside and
outside the pores”. Plasma typically cannot be generated in such small
pores (nanometres), reducingammonia decompositioninduced by the
plasma and shifting the reaction equilibrium®. This approach has been
demonstrated successfully using different porous materials, including
MCM-41, zeolites and MgCl, (refs. 15,55,56).

To advance plasma-catalytic ammonia synthesis, focus should
be on the rational design of catalysts that incorporate sorption
enhancement strategies to increase ammonia yields and energy
efficiency”.

Tandem plasma-electrocatalyticammonia synthesis

The integration of non-thermal plasma and electrocatalysis involves
the plasma oxidation of nitrogen into high-concentration NO, (NO and
NO,), followed by the electrocatalytic reduction of NO*",(NO, N,0, NO,,
NO;~, NO,") to ammonia (Fig. 3¢). This tandem process leverages the
strengths of both plasmatechnology and electrocatalysis, potentially
enabling ammonia production from readily available resources such
asairand water using renewable energy. Non-thermal plasma systems
consume energy of approximately 123.9 GJ per tonne,,, for areasonable
NO, yield (for example, >1%)**. Moreover, through optimal electrocata-
lyst design, the energy cost for NH; production via the NO reduction
reaction can be reduced to 67.1 GJ per tonney,; (ref. 59), bringing the
overall energy cost of the tandem process to a competitive level of
344.6 G) per tonney,;.

Using atandem non-thermal plasma-electrocatalysis approach, a
system combining spark discharge plasma and a Ni(OH),—Cu catalyst
demonstrated aremarkable ammoniayield rate of 3 mmol h cmand
FE 0f 92%°°. Moreover, aLa, sSr, sNi, sFe, s0, perovskite oxide hasbeen
employed as a catalyst for the NO, reductionreaction under acidic con-
ditions (pH 0), achieving almost 100% FE for ammonia and an ammonia
yield of 2,375 nmol cm™s™ at a current density of -2 A cm™ (ref. 61)
(Fig. 3d). Remarkably, this catalyst maintains a stable cell voltage and
FE for more than 350 h under industrially relevant current densities in
amembrane electrode assembly configuration. By stacking multiple
membrane electrode assemblies in series, an ammonia production
rate of 2.6 g h™ was achieved at 20 A®’. Techno-economic and life-cycle
assessments show that this system offers amore cost-effective ammo-
nia production pathway compared with the Haber-Bosch process,
especially when electricity costs are below US$22 MWh™ (ref. 61).

To optimize energy efficiency and NH; yield, it is important to
design catalysts that selectively reduce NO,to ammonia while minimiz-
ing competing side reactions®***, Efficient ammonia separation from
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Fig.3| Ammonia synthesis under mild conditions. a, Metal-mediated
electrochemical ammonia (NH,) synthesis. In alithium or calcium-mediated
nitrogen reduction reaction (Li-NRR or Ca-NRR) process, Li* or Ca*" ions

diffuse through the solid-electrolyte interphase (SEI), are reduced to metal
atthe cathode and activate nitrogen to form lithium or calcium nitride
intermediates, which are subsequently protonated to release ammonia. b, Direct
plasma-catalyticammonia synthesis from nitrogen (N,) and hydrogen (H,).
Non-thermal plasma generates energetic electrons and vibrationally excited
nitrogen molecules in plasma-assisted ammonia synthesis, enhancing the
catalytic activation of nitrogen and facilitating ammonia formation under mild
conditions. Plasma electrode refers to plasma-assisted systems operating at
voltages typically in the 10-25 kV range. ¢, Tandem plasma-electrocatalytic
ammonia synthesis. Two-step ammonia synthesis combines plasma oxidation of
nitrogentoNO”,(NO, N,0,NO,, NO;", NO,") species followed by electrochemical
reduction of NO’",to ammonia, leveraging the advantages of plasma activation

and electrocatalytic selectivity. d, Energy cost and ammonia production rate
of lithium or calcium-mediated electrochemical, direct plasma-catalyticand
tandem plasma-electrocatalytic ammonia synthesis routes under milder
conditions. The data used in the figure are fromrefs. 15,19,29,31,35,36,41-44,53,
61,75,76,149-154 and are provided in Supplementary Table 1. e, Levelized
cost of ammonia (LCOA) for different ammonia synthesis technologies at a
productionscale of 2,000 tonnesy,,; per day. f, LCOA for different ammonia
synthesis technologies at a production scale of 30 kgy,;; per day. The asterisk
represents a vacant active site on the catalyst surface. ENRR (H, +N,),
electrochemical nitrogen reduction reaction with H, and N, as reactants;
ENRR (H,O +N,), electrochemical nitrogen reduction reaction with H,0

and N, as reactants; H-B + PEM, Haber-Bosch and H, from proton-exchange
membrane electrolysis; NO'",RR, electrochemical NO”", reduction reaction.
Panels e and fadapted with permission fromref. 78, CC BY 4.0.

the product stream is also essential for overall process economics.
Integrating the plasmareactor, electrolyser and ammonia separation
unitinto acompactand modular system might facilitate commerciali-
zation by reducing capital and operating costs, enabling shared utility
infrastructure and supporting small-scale distributed deployment*°.

Scalability and economics

The large-scaleimplementation of ammoniaas arenewable energy car-
rier depends onthe energy cost, technology readiness, economic fea-
sibility and environmental sustainability of its production®. Although
ammonia has shown promise asa zero-carbon energy carrier, the chal-
lenges associated with its production must be thoroughly assessed to
ensure its viability in future energy systems.

Energy cost. The energy cost of a process, which refers to the amount
ofenergy required to produce aspecific quantity of output,isacrucial
parameter for evaluating the potential applicability of technology®*.
TheHaber-Bosch process has been continuously optimized in terms of
energy efficiency, reducing the minimum energy cost from more than
60 GJ per tonney,;; in the mid-1950s to the current best available tech-
nology level of around 30 GJ per tonney,;; when using natural gas via
steam reforming®*®. By contrast, for plants based on coal gasification
through partial oxidation, the energy cost of the overall Haber-Bosch
process is approximately 166 GJ per tonney,; (ref. 65). Coal gasifica-
tion through partial oxidation converts coal into syngas (CO and H,),
providing hydrogen for the Haber-Bosch process after CO removal via
water—-gas shift and CO, scrubbing®®.

For metal-mediated electrochemical ammonia synthesis, the-
oretical energy costs, assuming 100% FE and no overpotential, are
51.8 GJ per tonneyy; for Li-NRR and 48.8 GJ per tonney,; for Ca-NRR?".
Experimentally, the energy cost for metal-mediated electrochemical
ammonia synthesis is approximately 110 GJ per tonney,; (Fig. 3d),
based onacontinuous-flow system using the HOR as the proton source
under ambient conditions®. The higher experimental value arises
from kinetic overpotentials, ohmic resistance and side reactions that
lower the overall energy efficiency under practical conditions. This
value (110 GJ per tonneyy;) is regarded as a representative benchmark
for current performance assessment and future improvement®. For
comparison with the theoretical value, an energy consumption as
low as 64 GJ per tonney,;; has been achieved using alithium-mediated
approachbased on asystem employingalithium-ion conducting glass
ceramic electrolyte, highlighting the potential for further energy

optimization in well-controlled experimental setups®®. Economically
and energetically competitive operation requires mediators with less
negative reduction potentials, along with catalyst and reactor designs
that maintain low overpotentials without compromising selectivity™.
As a performance target, electrochemical processes should aim for
energy efficiency above 86% and ammonia production rates exceed-
ing7 x107 mol cm™s™, at current densities greater than300 mA cm™
and 90% FE*°.

For plasma-catalytic NH, synthesis from N, and H,, the lowest
theoretical energy cost is 1.6 GJ per tonney,;;, based on the minimum
energy requirement for vibrational excitation of N, (Fig. 3d). Assum-
ing a10% energy efficiency, the minimum theoretical energy cost is
16.0 GJ per tonney,; (ref. 57). For the tandem plasma-electrocatalysis
process, the minimum theoretical energy cost for plasma synthesis of
NO,is3.2 G) per tonney, (ref. 57). Combined with the theoretical energy
cost for the NO reduction reaction at 100% FE (23.6 GJ per tonneyy;),
the overall minimum theoretical energy cost for this tandem process
is ~30.7 GJ per tonne,,;;. Controlling the NO:NO, ratio and enhancing
NO, solubility in the electrolyte are important for reducing energy
costs within the tandem process®™®,

Electrochemical ammonia synthesis and plasma-catalyticammo-
nia synthesis, by enabling decentralized and localized production,
diminish reliance on centralized facilities and supply chains, thereby
reducing transportation costs and aligning with the decentralized
nature of renewable energy. This decentralization also mitigates
dependence on specific regions, reducing vulnerability to geopo-
litical instabilities and enhancing the strategic desirability of these
approaches, even if energy consumption is slightly higher®.

Technology readiness level. The technology readiness level (TRL)
framework provides a structured evaluation of a technology’s devel-
opment stage, from conceptual research (TRL 1-3) to pilot-scale
validation (TRL 4-6) and full commercial deployment (TRL 7-9)"".
Conventional Haber-Bosch ammonia synthesis isamature technology
(TRL 9), benefiting from decades of optimization, but its reliance on
high temperatures (350-450 °C) and pressures (150-200 atm) limits
flexibility®*. By contrast, emerging on-site ammonia synthesis routes
remainatearly TRLs (TRL1-4).

In metal-mediated electrochemical ammonia synthesis,
lithium-mediated ammonia synthesis has reached a relatively high
TRL of 4, withlaboratory validation demonstrating ammonia produc-
tionexceeding 4 gand an energy efficiency of 17%’? (Table 1). Although
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Table 1| TRLs of ammonia synthesis-related technologies

Technologies related to ammonia synthesis TRL Refs.
Renewable energy generation 9 1
Air separation to produce nitrogen 9 64,78
Alkaline electrolysis for hydrogen production 9 64
Proton-exchange membrane electrolysis for hydrogen 7-8 64
production

Metal-mediated electrochemical ammonia synthesis 1-4  29,42,79
Direct plasma-catalytic ammonia synthesis 1-3 15
Tandem plasma-electrocatalytic process 2-4 60,74

TRL, technology readiness level.

gram-scale production and 300 h of stable operation in a 25 cm?
flow cell have been achieved, substantial challenges remain for scaling
towards industrial deployment*. Transitioning from single-cell sys-
tems to stacked electrolysis cells requires improvementsin electrode
durability, electrolyte stability and reactant transport to maintain high
efficiency under large-scale operation'. Future advancements should
focus on scalable cell stack design for efficient reactant distribution
and heat management, improved lithium recovery to reduce material
loss and enhanced systemintegration to optimize electrolyte composi-
tion and electrode performance, ensuring industrial-scale feasibility
with high efficiency and stability".

The direct plasma-catalytic ammonia synthesis process remains
inits early development stage, witha TRL of 1-3. By optimizing plasma
conditions and employing appropriate catalysts, such as ruthenium,
cobalt or nickel-based catalysts, ammonia production can achieve
gram-scaleyields, ranging from 0.05t0 0.2 g h™ (refs.15,53,73). Further-
more, after more than 150 h of continuous discharge, Ni-MCM-41 has
shown stable catalytic performance and consistent energy efficiency
(2.1%)". Laboratory-scale demonstrations have confirmed feasibility,
but the absence of pilot-scale implementations limits its industrial
readiness.

The tandem plasma-electrocatalytic process has aslightly higher
TRL of 2-4, benefiting from advances in plasma-driven NO”", syn-
thesis and electrochemical NO’, reduction reaction (NO”",RR)®°. In
continuous-flow plasma-electrocatalytic systems, ammonia produc-
tionrates of1.6-5.1g h™ have been achieved®®’*’*”, with stable opera-
tion for more than 1,000 h7. In this tandem process, primary energy
consumption occurs in the NO”", generation stage, accounting for
69-93% of the total energy usage, depending on the specific plasma
type employed’®”’. By contrast, the electrochemical NO”", reduction
stepisrelatively established®’. Therefore, research efforts should focus
on optimizing plasma-driven NO”", production, including improving
plasma energy efficiency, NO”", selectivity and reaction kinetics, to
enhance the overall system feasibility and economic viability. Addi-
tionally, further advancements in reactor design, NO’", separation
and catalyst stability are necessary to reduce operational costs and
accelerate industrial scalability.

Techno-economics. Thelevelized cost of ammonia (LCOA) accounts
for capital expenditures (CAPEX), operational and maintenance
costs (OPEX), and energy costs, providing a comprehensive basis for
assessing the economic feasibility of different ammonia production
technologies®*’®. It should be noted that the LCOA of ammonia produc-
tionisinfluenced by the scale of production’ (Fig. 3e,f). At production

capacities of ~2,000 tonney,; per day, the cost can be as low as US$159
pertonney,;, excluding the social cost of CO, emissions’ (Fig. 3e). How-
ever, small-scale Haber-Bosch plants experience severe diseconomies
of scale, with costs exceeding US$4,000 per tonney,; when production
is reduced to-30 kgyy; per day’® (Fig. 3f). This sharp increase is primar-
ily attributed to capital cost escalation, as small-scale facilities cannot
fully leverage the high efficiency and heat integration that benefit
large-scale operations’®.

The cost of ammonia for electrochemical nitrogen reduction
reaction (ENRR) at a production scale of ~2,000 tonney,; per day is
estimated to be -US$430 per tonne,,; when the social cost of CO, emis-
sions is included, making it more competitive than the Haber-Bosch
process (-US$600 per tonney;)’ . The choice between hydrogen-fed
and water-fed anodic configurations involves trade-offs in system
efficiency, integration complexity and operational cost’® (Fig. 3¢,f).
Although the HOR enables lower overpotentials (-50 mV) and higher
selectivity (>99%), it requires a purified H, supply (>99.99%) and gas
handling infrastructure, which increases the complexity and cost of
the system””**’%, By contrast, water-fed systems based on the oxygen
evolution reaction offer simpler integration with renewable sources,
but suffer from higher cell voltages and reduced energy efficiency’®.
Techno-economic analyses have shown that hydrogen-fed systems can
reach energy efficiencies of up to 28%, substantially outperforming
the ~7% efficiency observed in water-fed electrochemical nitrogen
reduction, although at the expense of added upstream energy input’®.

For lithium-mediated ammonia synthesis, the estimated LCOA is
less than US$700 per tonney,; at a production scale of ~154 tonney,;
per day’’. Ammonia can be produced economically (below US$1,000
per tonney,;) at large scales (250 tonney,; per day) if electrochemical
reactors achieve partialammonia currents above 400 mA cm™, energy
efficiencies exceeding 30% and long-term operational stability over
several years®. Despite promising achievements in selectivity (-70%)
and 300 hstability inlaboratory-scale flow cells, further advancements
inreactor design, lithium recycling strategies, current density enhance-
mentand long-termstability are essential®***** Electrochemical ammo-
nia synthesis can achieve near-zero carbon emissions when powered
by renewable electricity’®. However, its sustainability also relies on
advancing closed-loop metal recovery systems to minimize resource
depletionand replacing toxic or resource-intensive mediators™. Addi-
tionally, developing new mediators and high-performance catalysts
could help to improve energy efficiency and scalability, ultimately
achieving cost parity with the Haber-Bosch process”.

Plasma-based ammonia synthesis faces economic challenges
due to its low energy efficiency, which substantially increases the
operating costs, particularly electricity expenses®’. Plasma synthesis
requires approximately 9.3 times more energy than the Haber-Bosch
process to produce the same amount of ammonia®’. However, plasma
reactors eliminate the need for high-pressure systems, reducing initial
investment costs by an order of magnitude (-US$0.54 million versus
~US$6.79 million for comparable small-scale units)®'. If plasma synthe-
sisachieves alarge-scale conversion rate of 10%, hydrogen-ammonia
energy storage systems based on both methods could offer compa-
rable returns on investment, short payback periods and strong risk
resilience®. The levelized cost of electricity for plasma synthesis is
projected at US$0.062 per kilowatt-hour, which is lower than the
Haber-Bosch process cost of US$0.069 per kilowatt-hour and below
the US$0.064 per kilowatt-hour minimum electricity price®. Moreover,
plasma’s ambient operating conditions reduce material demands,
enabling easier recycling and upgrades®’.
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Compared with direct plasma catalysis, the tandem plasma-
electrocatalysis process offers improved energy efficiency and
cost-effectiveness®’. The CAPEX are significantly lower than those
for the Haber-Bosch process, as the tandem plasma-electrocatalysis
process eliminates the need for high-pressurereactors and large-scale
hydrogen production, making small-scale deployment more feasible®'.
However, the OPEX of this tandem approach are heavily influenced by
electricity consumption, which accounts for approximately 90% of
total production costs at an annual scale of 10,000 tonneyy; (ref. 61).
The LCOA for plasma-electrocatalysis is ~US$5,011 per tonneyy,;,, with
potential reductions to ~-US$3,453 per tonney,; through optimization”.
At production capacities below 100 kg h™, this technology is already
cost-competitive with the Haber-Bosch process based on green hydro-
genat electricity prices of ~-US$60 per megawatt-hour. Achieving parity
at-~1tonneyy; per hour would require an electricity price below ~-US$20
per megawatt-hour”.

Ammonia decomposition for hydrogen production
Ammonia, containing17.5 wt% hydrogen, can be an effective hydrogen
carrier, enabling storage and transportation of hydrogen energy® .
Ammonia decomposition to produce hydrogen is an important inter-
mediate step in ammonia-to-power conversion. Ammonia has a high
auto-ignition temperature (651 °C) (Fig. 1d), making it difficult to effi-
ciently sustain combustion in typical engines or burners under standard
conditions (<350 °C)®. Hydrogen produced from partial ammonia
decomposition can act as a combustion promoter, ensuring reliable
and efficient combustion®. Complete ammonia decomposition can
supply pure hydrogen for various energy conversion applications,
suchas hydrogen fuel cells and hydrogen-powered engines®. Ammonia
cracking links synthesis and utilization, facilitating the on-demand
generation of high-purity hydrogen at the point of use®. Although often
regarded as arelatively mature technology, it continues to face persis-
tent challenges, including the need for elevated operating temperatures
and dependence on costly ruthenium-based catalysts”? 2,

Unlike the ammonia synthesis reaction, the decomposition of
ammonia into hydrogen and nitrogen is an endothermic process
(2NH;(g) » 3H,(g) + N,(g), AH° =92 k] mol™). Although the thermo-
dynamicequilibrium predicts a near-complete ammonia conversion of
99% at 350 °C and atmospheric pressure, the actual energy consump-
tionsubstantially surpasses theoretical values’>. Ammonia decompo-
sition typically requires external heating, operating at temperatures
between 850 °Cand 950 °C (refs. 94,95). Therefore, it demands pursu-
ing efficient catalysts to run the reaction below 400 °C (ref. 90). The
design principles forammonia decomposition are markedly different
fromthe synthesis reaction, eventhough both processes are reversible.

The dissociative adsorption of N, determines the catalytic activ-
ity of the metal in ammonia synthesis’, which is related through the
Brgnsted-Evans-Polanyi relationship with the principle of micro-
scopic reversibility (Supplementary Table 2). Although the principle
of microscopic reversibility also applies to ammonia decomposition,
the optimal binding energies of N, and NH, in ammonia synthesis and
decomposition are substantially different’ (Fig. 4a). The linear relation-
ship betweenthe adsorption energies of different nitrogen-containing
species (NH,,x =0,1,2and 3) on transition metal surfaces’ suggests that
nitrogen chemisorption energy can explain the reactivity of ammonia
decomposition catalysts (Fig. 4b). Under typical reaction conditions (for
example, 500 °C and 1bar), ruthenium-based catalysts with an optimal
nitrogen chemisorption energy exhibit excellent NH; decomposition
performance (with the complete decomposition temperature range of

425-550 °C)”. The optimal nitrogen chemisorptionstrength ensures suf-
ficiently strong adsorptionto facilitate N-Hbond cleavage, while avoid-
ing excessive binding thatwould hinder N, desorption, thereby balancing
thereaction kinetics across all elementary steps. However, ruthenium
is a precious metal with low earth abundance, which limits large-scale
application. Ammonia decomposition catalysts should achieve com-
pleteammoniadecomposition (typically >99%) at temperatures below
400 °C (refs. 97-104) (Fig. 4c and Supplementary Table 3).

Bimetallic alloy catalysts offer a potential strategy towards
advanced catalysts with superior catalytic performance to their mono-
metallic counterparts'°®. However, some bimetallic alloy catalysts, such
asbimetallic Co-Mo catalyst, which shows a performance comparable
withruthenium-based catalysts, are limited in stability due to the large
miscibility gap®®'®. Cobalt-rich catalysts, such as high-entropy alloy
catalyst (CoMoFeNiCu)'**, might help to balance metal miscibility
and multifunctional performance due to their weak binding with *N
(*representsavacantactive site on the catalyst surface) inrelatively high
kinetic barriers for dehydrogenation. Conversely, molybdenum-rich
catalysts show excessively strong binding, hindering the recombination
and desorption of *N from the surface of the catalyst™.

Metal amide salts can catalyse ammonia decomposition through
a chemical looping process®. The NH, decomposition reaction on
these metal amide salts occurs via a Mars-van Krevelen mechanism,
which is facilitated by the presence of anion (NH,") vacancies on the
imide substrate'*®. Among the various metal amide salt catalysts, the
catalytic activity of LINH,~Ru-MgO in the ammonia decomposition
reaction stands out’® (Fig. 4¢).

Fromthereaction perspective, high-pressure operation generally
favours process intensification and pressurized H, for downstream
utilization'°”'%%, However, research on NH, decomposition at high pres-
suresisscarce.Both catalyst and reactor design should be considered
to optimize NH; decomposition at lower temperatures and higher
pressures (<400 °C and >20 bar)'*’.

Plasma reactors, photo-thermal reactors and electrolysers are
currently at a TRL of less than 4 (ref. 110). Plasma reactors leverage
high-energy plasmato provide additional energy to facilitate the acti-
vation and dissociation of ammonia molecules, lowering the energy
barrier along the excited-state pathway""'2, Photo-thermal reactors
integrate solar energy with thermal catalysis, harnessing sunlight
photo-thermal effects to drive the decomposition reaction'>, Ammo-
nia electrolysers, coupled with ammonia oxidation and hydrogen
production, can offer ultra-pure hydrogen without pressure swing
adsorption separation™*.

Comparing the levelized cost of hydrogen (LOCH) of a fixed-bed
reactor (Supplementary Fig. 1) and catalytic membrane reactors'°
shows that catalytic membrane reactors can eliminate the need for
pressure swing adsorption separation and decrease the LOCH, based
onan Aspensimulation (Fig.4d, Supplementary Fig.2 and Supplemen-
tary Tables 4 and 5). The LOCH is substantially influenced by the cost
of ammonia feedstock, which is closely related to fluctuations in the
raw material price of ammonia'. Our comparison of the LOCH sourced
from green ammonia (US$450-500 per tonne,,,)"?, blue ammonia
(US$150-180 per tonne,,)"” and grey ammonia (US$80-150 per
tonne,,) feedstocks' indicates that the hydrogen derived fromgreen
ammonia is priced at approximately double that of its grey and blue
counterparts (Fig. 4d). However, as industrialization progresses and
costs of renewable electricity and electrolysis technologies continue
todecline™, the price of green ammoniais anticipated to drop below
the price of grey ammonia™’.

Nature Reviews Clean Technology


http://www.nature.com/nrct

Review article

a 04+ . b 100+
| 0.02% NH, 99% NH,
| 2NH, =N, + 3H, 10
064 |, Ambient pressure =
2 AH =92 kJ mol 2
— L2 16
3 084 1o (S
vl e 01
g : e NH. e
= |
-104 0.01
% [ . _ﬁ,c‘ . Ru
o) ) 5 Co,Mo,N + Co
124 2 E 27
[} et .
o g 3 Fe Ni
i N, + 3H, = 2NH, s T c
14 High pressure 1] 4 + u
AH=-92kJmol”* | Lo 2EIEEOEIE L Q -5
)
16 — T ] T ) -6 ‘ ‘ ‘ ‘ ‘ ‘ |
0001 001 01 1 10 100 -3 -2 -1 ] 1 2 3 4
Ammonia concentration (%) Dissociative N, adsorption (eV)
€ 100 (o oo | B A B
80 | ) —A- Ru/AL,O4
] -m- Ru/MgO
& 60 - RU/CNTs
45 | NiCo/SiO,
g -4~ CoMo/MCM
§ 40 = CoNi/ALO,
) ] -o- HEA-CoMo
z
20 NaNH,
-&- Li,NH
i -o- Li,NH,-Ru/MgO
0 T T T 1 T T T T T T ]
200 250 300 350 400 450 500 550 600 650 700 750
Temperature (°C)
d o 22 kg A Green ammonia, fix bed e 12+
i X
per day @ Green ammonia, membrane reactor >
. -~
... A Blue ammonia g 10
7 RENRE Y B Grey ammonia S
T 5 08|
~ 64 Sel Tl 1tonnes 2
> “s. “~. perday =
= el ‘\é K|
8 5 NI 1000 tonnes = 067
@ - el per day 5
____________ g
=2 R ® 04
5 4~ Fix bed o €
9 &
-
3 02
3 3
| . T T ] K=l
o 1 2 3 4 5 o o
) LOCH (US$ per kgy,,) ; > O & o Q > D & & @
OPEX m CAPEX ¢ &N & ¢ & &
Feedstocks & %Q,@ ' ® & (\C}@o &© < Q\\ob
1 & © S
Processing scale & %O@

Traditionalammoniadecomposition depends on the high thermal
energy input. The conventional use of coal-fired routes in fixed-bed
reactorsresults in carbon emissions that are two orders of magnitude
higher compared with renewable energy sources, including solar,
hydropower and wind energy'® (Fig. 4e). With the development of

beenadopted toreduce the input of thermal energy'*.

Microreactors are characterized by their small channel dimensions
(typicallyless than 500 pum) and feature intricate channel networks'.
Within channels, gases are precisely manipulated to flow and react,

renewable energy, wasted off-grid electricity and solar energy have

121
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Fig. 4| Catalyst design and economics of ammonia decomposition. a, The
dissociative nitrogen (N,) adsorption energy of an optimal catalyst forammonia
synthesis and decompositionat 500 °C, 1 bar and a 3:1 hydrogen (H,):N, ratio
corresponds to an equilibrium ammonia (NH;) concentration of approximately
0.13%°°. b, Turnover frequency (TOF) of ammonia synthesis and decomposition
at500 °C,1bar, a3:1H,:N, ratio and different ammonia concentrations (0.02%,
20%and 99%) as a function of the dissociative nitrogen adsorption energy (top).
Experimental reaction rates forammonia decomposition at 500 °C,1bar and an
equilibrium concentration of 20% NH, (bottom). The comparison of TOF profiles
atvarying ammonia concentrations shows that the optimal dissociative nitrogen
adsorption energy shifts withammonia partial pressure, indicating that the
most active catalyst forammonia synthesis or decomposition depends strongly
on the reaction environment®®. ¢, Comparison of different catalyst designs and
catalytic performance inammonia decomposition. Higher conversions at lower
temperatures indicate superior catalytic performance, underscoring the decisive

role of catalyst design in ammonia decomposition. The data used in the figure
are fromrefs. 97-104 and are provided in Supplementary Table 3.d, The levelized
cost of hydrogen (LOCH) assessment in two different reactors and anammonia
source with different scales. LOCH decreases markedly with increasing scale,
with feedstock cost dominating at all scales and reactor choice having aminor
impact relative toammonia source. The expenditure for the operational and
maintenance costs (OPEX) and capital expenditures (CAPEX) both pertaintoa
capacity of 1,000 tonnes per year. The data used in the figure are from ref. 110 and
are provided in Supplementary Table 4. e, Global warming potential of different
energy sources for hydrogen production through ammonia decomposition'?.
Fossil-based routes (coal, biomass-cofiring, natural gas) result in substantially
higher carbon dioxide (CO,) emissions per kilogram of hydrogen, whereas
renewable and nuclear pathways can achieve near-zero emissions. Panelsaand b
adapted with permission fromref. 96, Elsevier. Panel e adapted with permission
fromref.120, Elsevier.

facilitating controlled chemical processes with excellent mass and heat
transfer'”. Joule heating reactors use the voltage applied to conductive
materials to achieve rapid and efficient heating through the Joule effect.
Inaddition,Joule heating reactors are relatively simple, as they do not
require external furnaces or elaborate thermal management systems,
making them suitable for industrial scale-up™*'».

Ammonia fuel cells

An effective ammonia-to-power conversion requires optimizing the
process of energy release from ammonia. This optimizing includes
developing efficient technologies for combustion (power generation),
fuel cells or other energy conversion systems that utilize ammonia’.
The combustion efficiency of ammonia is lower compared with other
fuels such as hydrogen, gasoline and diesel, which decreases its over-
all thermal efficiency? In comparison with these combustion-based
technologies, fuel cells can surpass the limitations of the Carnotcycle,
achieving high theoretical efficiencies exceeding 80%*. Taking into
consideration the feeding methods and operating temperature, ammo-
nia fuel cells can be classified into three different operational modes:
direct-ammonia fuel cells, indirect-ammonia fuel cells and ammonia
SOFCs (Fig.5a-c).

Direct-ammoniafuel cells use gaseousammoniaor its aqueous solu-
tion as the fuel source. Ammonia is oxidized to nitrogen on the anode
side, requiringatheoretical cell voltage of 1.17 V, close to that of hydro-
gen fuel cells'”. The ion exchange membraneis a crucial component of
direct-ammoniafuel cells.Inacidicenvironments, suchas thoseinwhich
aproton-exchange membraneis used, ammoniatendsto transforminto
ammoniumions (pK, =9.25). This transformation makesit extremely dif-
ficultto oxidizeammonia due to the high energy barrier associated with
the loss of its lone-pair electrons'®®, In contrast to a proton-exchange
membrane, an AEM can offer hydroxide-enriched environments,
overcoming the issues associated with the formation of ammonium
ions'?®, Despite this advantage, AEM-type direct-ammonia fuel cells
are also severely hindered by the sluggish kinetics characteristic of
ammonia oxidation and ammonia crossover'®’,

Regarding the catalytic mechanismin AEM-type direct-ammonia
fuel cells, it is generally accepted that electrochemical ammonia oxi-
dation follows the Oswin-Salomon or Gerische-Mauerer process'*°
(Fig. 5d). The Oswin-Salomon mechanism describes ammonia dehy-
drogenating successively to form*N, and then two *N dimerize into N,.
The Gerische-Mauerer mechanism diverges in the dimerization step,
using *NH, instead of *N. In the Gerische-Mauerer mechanism, *NH,

dimerizationis rate-determining'?. Both theoretical calculations and

experiments suggest that the Gerische-Mauerer mechanism is more
feasible because strongly absorbed *N poisons at active sites make
the coupling of N-N and desorption of N, less likely to happen in the
Oswin-Salomon process"""*>. However, active platinum catalysts that
follow the Gerische-Mauerer pathway show an overpotential exceed-
ing 400 mV, lagging behind hydrogen oxidation kinetics (<10 mV)™,
Moreover, platinum catalysts are readily deactivated above 0.6 V due
to *N deposition, leading to a narrow potential window for ammonia
oxidation fuel cells™.

In contrast to direct-ammonia fuel cells, hydrogen fuel cells are
a developed and mature technology (TRL 9) for power generation™*.
As a hydrogen carrier, NH, can be catalytically converted into a gase-
ous admixture constituting 75% H, and 25% N,, within an NH; thermal
decomposition cracker (indirect-ammonia fuel cells)'. The anodic
and cathodic reactions in indirect-ammonia fuel cells are identical
to those in hydrogen fuel cells. The main drawback is the residual
ammonia formed during the early-stage decomposition process.
In proton-exchange membrane-type fuel cells, 10 ppm of residual
ammonia can decrease the current to one-third of its original value™.
The International Organization for Standardization has proposed an
ammonia concentration limit aslow as 0.1 ppm (ref.137). Alternatively,
AEM-type fuel cells canbe used, as they are not highly sensitive totrace
amounts of ammonia.

Incontrast to low-temperature fuel cells, SOFCs usually operatein
the temperature range between 500 °C and 800 °C, which overlaps with
the decomposition temperature of ammonia®®. For thisreason, SOFCs
donotneedanadditional cracker. Indirect-ammonia SOFCs, the kinetic
barriers of ammonia utilization are predominantly associated with the
ammonia cracking process™®. The ratio of the maximum power density
achieved by SOFCs when fed with NH; and H, (P,,,,NH;:P,....H,) increases
withtemperature. Theratio of power density reflects the relative SOFCs
performance on ammonia versus hydrogen, indicating the efficiency
of in situ ammonia decomposition and electrochemical utilization.
A higher ratio indicates that ammonia would decompose at a more
rapidrate at elevated temperatures™'* (Fig. 5e). Despite the sluggish
ammonia decomposition process, the direct-ammonia SOFCs cansstill
achieve a P,,,,, (maximum power density) value exceeding 1 W cm™
under the direct-ammonia feeding mode, which is competitive with the
mostadvanced proton-exchange membrane-type hydrogen fuel cells
(1-1.5 W cm™)'*2, However, the commonly used nickel-based catalysts
(nickel-yttria-stabilized ZrO, (Ni-YSZ)) in direct-ammonia SOFCs
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Fig. 5| Mechanisms and operational strategies for ammonia fuel cells.

a, In direct-ammonia (NH,) fuel cells, ammonia oxidation occurs at the anode,
producing nitrogen (N,) and electrons, and hydroxide ions (OH") are transported
through an anion exchange membrane (AEM). b, Inindirect-ammonia fuel
cells,ammoniais first cracked into hydrogen (H,) and N, in an ammonia
decomposition unit, and the resulting hydrogen is then used ina hydrogen fuel
cell. This approach leverages the maturity of hydrogen fuel cells while addressing
the challenges of direct ammonia oxidation by replacing the sluggish ammonia
oxidation with the fast hydrogen oxidation reaction (HOR). ¢, High-temperature
solid-oxide fuel cells (SOFCs) can directly use ammonia as a fuel, with ammonia
thermally decomposing into H,and N, before the electrochemical oxidation at
the anode. d, Ammonia oxidation mechanismsin AEM-type and direct-ammonia

W

fuel cells, such as the Oswin-Salomon and Gerischer-Mauerer pathways,
provide different routes for ammonia dehydrogenation and nitrogen release.

e, The efficiency of ammonia-fed SOFCs at elevated temperatures increases

due to enhanced NH; decomposition kinetics. The data used in the figure are
fromrefs.139-143. f, Nickel catalyst degradation mechanism in ammonia-fed
SOFCs. Cyclic nitridation and reduction effects lead to catalyst deactivation,
akey challenge limiting the long-term performance of SOFCs with direct ammonia
feeding. * represents a vacant active site on the catalyst surface. LSTNC, NiCo
alloy supported on La, 5sS1(5TiO5 5 PraxNH;:PaH,, ratio of the maximum power
density achieved by SOFCs when fed with NH; and H,; SDC, Sm,05-doped CeO,;
YSZ, yttria-stabilized ZrO,.

undergo cyclicnitriding and reduction processes (Fig. 5f). As aresult,
direct-ammonia SOFCs are likely to experience more rapid catalyst
degradation'*. This degradation can be avoided in indirect-ammonia
fuel cells asthese do not generally experience kinetic and degradation
issues'.

Taking into account different parameters such as technological
maturity, energy efficiency and CO, emissions, an ammonia-based
economy requires relatively mature and cost-effective technological
solutions, suchasgreen hydrogen productionand Haber-Boschammo-
niasynthesis"*. From a power-to-ammonia-to-power perspective, the
round-trip efficiency (RTE) of each ammonia utilization pathway is
evaluated by comparing the cumulative energy input required across

alltechnological steps with the net usable electrical output delivered
atthe endpoint™®. When ammonia s directly fed into a SOFC, the RTE
reaches 21% (Fig. 6a). Notably, incorporating an ammonia cracking
step prior to the fuel cell substantially improves energy efficiency.
In pathways in which ammonia is first thermally decomposed into
hydrogen and then utilized in a fuel cell, either at ambient or elevated
temperatures, the RTE increases to 26% for the indirect-ammonia
fuel cell system (cracker and low-temperature fuel cell) and further to
28% for the cracker and SOFC configuration. Moreover, fuel cell-based
routes exhibit substantially higher round-trip efficiencies compared
with combustion-based technologies, such as internal combustion
engines (ICEs) and gas turbines™* (Fig. 6b).
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Atan electricity price of approximately US$0.15 per kilowatt-hour
in the United States, renewable power sources must be priced below
US$0.04 per kilowatt-hour (RTE 28%) to ensure that ammonia-based
energy systems remain cost-competitive and economically attractive'"’.
Building on this near-future scenario (Supplementary Table 6), we fur-
ther compared the cost per megajoule of energy delivered by fuel cells
with that of NH;-fuelled ICEs, NH, turbines and lithium-ion batteries.
The fuel cell pathway, in particular the cracked NH,;-SOFC system,
achieves aremarkably low energy cost of US$0.03 per megajoule, com-
parable with that of lithium-ion batteries charged from the electrical
grid"“® (Supplementary Table 7).

Summary and future perspectives

Ammonia has emerged as a versatile energy carrier with potential for
large-scale renewable energy storage and utilization. Despite advance-
ments in decentralized ammonia synthesis under mild conditions,
decomposition forhydrogen productionanddirect utilizationinenergy
conversion technologies such as fuel cells, several critical challenges
mustbe addressed to enableammonia’s widespread adoptionin energy
systems. Within the next 5 years, efforts should prioritize the develop-
ment of selective and durable catalysts, achieving selectivity above 90%
in continuous-flow systems, along with the establishment of standard-
izedbenchmarking protocols specifying the anodic coupling reaction,
applied current density, electrolyte composition, cell voltage, electrode
area and cell configuration under defined operating conditions. In
10 years, thefield isexpected to deliver integrated reactor-separator
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Fig. 6 | Efficiency of ammonia fuel cell technologies. a, Round-trip efficiency
(RTE) of power-to-ammonia-to-power systems, including direct-ammonia solid-
oxide fuel cells (SOFCs), indirect-ammonia fuel cells and hydrogen fuel cells.
Efficiency values underscore the trade-offs between ammonia cracking and
direct oxidation approaches. The RTE reflects the overall energy efficiency of
the process, with higher values indicating superior technological performance.

2.2 x10°4 MJ per (day x kgy5)

platforms that combine renewable hydrogen, scalable synthesis and
energy-efficientammoniarecovery, with production rates exceeding
1,000 nmol cm™s™and energy consumptionbelow 30 GJ per tonney,;
(refs.4,17). Over the next 20 years and beyond, successful deployment
atdistributed or industrial scales will depend on holistic system opti-
mization — spanning catalyst design, separation efficiency, storage
and regulatory integration — to position green ammonia as a viable
alternative to the conventional Haber-Bosch process®.
Decentralized ammonia synthesis methods, including electro-
chemicaland plasma-assisted processes, remainat early TRLs (TRL1-4),
requiring substantialimprovementsin efficiency, scalability and stabil-
ity tobecomeindustrially viable. Achieving high FE, energy efficiency
exceeding 30% and long-term operational stability is essential for elec-
trochemical ammoniaproduction to reach cost-competitiveness with
the Haber-Bosch process. Additionally, optimizing plasma-catalytic
systemsto enhance ammoniayields while reducing energy consump-
tionis needed for advancing non-thermal pathways. From an economic
perspective, lithium-mediated ammonia synthesis shows potential,
particularly for small-scale applications, in which production costs
canbe as low as US$700 per tonney,,;. With continued advancements
in electrochemical synthesis, decentralized ammonia production
couldreduce the dependence on centralized Haber-Bosch plants and
extensive supply chains, making ammonia production more adapt-
able to the intermittent and distributed nature of renewable energy.
To achieve cost-competitiveness, further improvements in catalyst
design, reactor engineering and process integration are essential for
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b, RTE of ammonia-fed fuel cells and alternative ammonia utilization methods,
suchasinternal combustion engines (ICEs) and gas turbines, with electrochemical
conversion processes demonstrating superior efficiency'*°. AEM, anion exchange
membrane; SMR, steam methane reforming; TRL, technology readiness level.
Panel b adapted with permission fromref. 146, Elsevier.
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lowering both capital and operational costs, ultimately positioning
greenammonia as a viable alternative.

For ammonia-to-hydrogen conversion, the efficiency and
cost-effectiveness of catalytic ammonia decomposition must be
further improved. Developing robust, low-cost catalysts that enable
complete ammonia conversion at temperatures below 400 °Cis akey
priority. High-entropy alloy catalysts and chemical looping strate-
gies offer pathways for achieving lower-temperature operation while
maintaining high conversion rates. Additionally, reactor designs that
integrate heat recovery and advanced separation technologies could
improve the economic feasibility of ammonia decomposition for
hydrogen production. In energy conversion technologies, ammonia
fuel cells, including direct-ammoniafuel cellsand SOFCs, present nota-
ble opportunities but require advances in catalyst stability, ammonia
oxidation kinetics and membrane durability to enhance efficiency
and reliability. Addressing ammonia crossover and NO, formation
in fuel cells is critical to achieving high-performance, low-emission
power generation. Meanwhile, ammonia combustion technologies
need optimized burners, and turbine designs to mitigate NO, emissions
and improve combustion stability.

Investment in pilot-scale demonstrations, improved regulatory
frameworks and cross-sector collaborations will be essential to acceler-
ating commercialization. Addressingammonia’s challenges holistically
by advancing synthesis efficiency, optimizing utilization technolo-
gies and ensuring economic feasibility will position ammonia as akey
enabler inthe transition to alow-carbon energy future.

Published online: 10 September 2025
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