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Abstract. Ammonia, as a carbon-free and hydrogen-rich compound, with its high volumetric
hydrogen density, mild liquefaction and storage transportation conditions, as well as a
mature global supply chain, is gradually becoming an ideal hydrogen carrier. This article
systematically reviews the research progress of the entire "ammonia-hydrogen" industrial
chain. Firstly, this paper analyzes the high carbon emissions and low flexibility challenges
faced by the traditional Haber-Bosch process in the energy transition, and discusses the
design principles and performance bottlenecks of emerging green ammonia synthesis
technologies such as the green Haber process, electrochemical nitrogen reduction,
photocatalysis, and plasma catalysis. Secondly, the focus is placed on the diversified
utilization of ammonia in the downstream conversion field. The technical paths,
electrochemical performances and commercialization obstacles of direct ammonia solid
oxide fuel cells, direct ammonia anion exchange membrane fuel cells and proton-conducting
ceramic fuel cells are compared. Subsequently, based on this, an analysis from the
perspectives of economy and environmental impact is conducted. Finally, the economic
advantages of ammonia in the storage and transportation process, as well as its compatibility
with existing infrastructure, give it the potential to replace traditional fuels in high-emission
sectors such as shipping and power generation.
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1. Introduction

Carbon neutrality targets are accelerating the shift toward power systems dominated by wind and
solar electricity [1]. The resulting problem is not generation in isolation, but the mismatch between
when and where electricity is produced and when and where it is needed. Batteries can smooth
short-term fluctuations, yet they are less attractive for multi-week storage or interregional transport
at very large scales. For those roles, energy is often better moved and stored in chemical form [2].
Hydrogen is frequently discussed in this context, but the logistics are still burdensome. Liquid
hydrogen, for instance, requires cryogenic storage at −253 °C, which raises insulation requirements
and adds substantial energy penalties across storage and shipping [3].

Ammonia offers a different trade-off. It contains no carbon, carries a high amount of hydrogen
per unit volume (up to 120 kg H₂/m³), and can be liquefied under comparatively mild conditions,



Proceedings	of	CONF-MSS	2026	Symposium:	Advanced	Composite	Materials	and	Polymer	Chemistry
DOI:	10.54254/2755-2721/2026.AD33318

2

which simplifies handling relative to cryogenic hydrogen [4]. Equally important, ammonia is
already produced, traded, and transported globally at scale; the supply chain is established and does
not need to be built from scratch. Turning "industrial ammonia" into "energy ammonia", however, is
not automatic. The carbon footprint of today's Haber–Bosch production, the limited efficiency and
flexibility of renewable-powered synthesis routes, and the constraints in downstream conversion
technologies remain practical barriers [5].

This paper surveys the ammonia-to-hydrogen value chain from three angles: low-carbon
synthesis, end-use conversion (with a focus on direct ammonia fuel cells), and system-level
economic and environmental implications. The organization of the review is summarized in Figure
1.

Figure 1. Overall framework of this review

2. Ammonia synthesis technology

2.1. Haber-Bosch process

2.1.1. Conventional Haber–Bosch process

At present, more than 90% of global ammonia production still relies on the Haber–Bosch process,
which remains the dominant industrial route for ammonia synthesis [6]. Although this process is
technologically mature, it faces two major limitations in the context of the low-carbon energy
transition: high carbon emissions due to fossil-based hydrogen production and poor operational
flexibility caused by large thermal inertia and long start-up and shutdown cycles [5,7].

Therefore, achieving carbon reduction in ammonia production and enhancing its compatibility
with intermittent power sources is the core objective of the "energy ammonia" development. The
vision is depicted in Figure 2a, which is a shift from reliance on fossil fuels to an ammonia
production and utilization model driven by renewable energy.

2.1.2. Green Haber–Bosch process

The core of the Green Haber-Bosch process lies in using renewable electricity to drive the
electrolysis of water for hydrogen production, thereby achieving decarbonization at the source [8].
However, transitioning the traditional process to a green model faces two core challenges: Firstly,
there is the issue of system energy efficiency. The hydrogen production pressure of mainstream
electrolyzers is usually much lower than the pressure required by the synthesis loop. Re-
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compressing the hydrogen to a traditional high-pressure environment will result in significant energy
loss (accounting for approximately 6.6% of the total system energy input) [9]. Developing new
catalysts that can maintain a high single-pass conversion rate under low-pressure conditions is
crucial for reducing the energy consumption of the system. However, as shown in Figure 2c, the
theoretical equilibrium conversion rate of ammonia synthesis is limited by thermodynamics. At low
pressure, a lower temperature is required to maintain a high yield, which imposes strict requirements
on the low-temperature activity of the catalyst. In addition, Figure 2d highlights the long-term
potential of direct electrochemical nitrogen fixation compared with conventional nitrogen-
conversion pathways.

Figure 2. (a) Vision for renewable ammonia production and utilization; (b) representative Haber–
Bosch catalytic cycle and key elementary reaction steps, including typical energy barrier
calculations; (c) theoretical equilibrium conversion of ammonia synthesis as a function of

temperature under different pressures (adapted from Ref [7].); (d) comparison of the atomic and
energy economy of different nitrogen fixation pathways (adapted from Ref [6].)

2.2. Electrochemical nitrogen reduction for ammonia synthesis

Electrochemical nitrogen reduction offers a promising route for distributed ammonia synthesis under
ambient conditions because it directly uses protons and electrons derived from water [11]. However,
its practical application is still constrained by low ammonia production rates, limited energy
efficiency, and insufficient experimental reliability. Owing to the low solubility of N₂ in electrolytes,
most aqueous NRR systems remain far below industrially relevant production levels. The lithium-
mediated pathway is currently the most promising low-temperature route, and its representative
catalytic cycle and cell configuration are shown in Figure 3a [12]. At the same time, the effects of
lithium salt type and concentration on NH₃ yield and Faradaic efficiency are summarized in Figure
3b, while the possible reaction pathways and interfacial phenomena are illustrated in Figure 3c
[12,13]. Despite this progress, competitive hydrogen evolution, low energy efficiency,
contamination-induced false positives, and long-term stability issues still prevent large-scale
implementation [13,14].
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2.3. Emerging catalytic technologies

2.3.1. Photocatalysis

Photocatalytic nitrogen fixation directly uses solar energy to activate semiconductor catalysts and
reduce N₂ under ambient conditions. This route is attractive because of its mild operating conditions
and low theoretical energy demand, but its practical efficiency remains very low, mainly because of
the high stability of N₂ and the rapid recombination of photogenerated charge carriers [15]. To
overcome these limitations, photothermal catalysis has attracted increasing attention. As shown in
Figure 3d, a dual-temperature-zone catalyst design can improve ammonia production beyond the
conventional thermodynamic equilibrium limit, indicating that photothermal synergy is more
promising than purely photocatalytic routes for enhancing energy utilization efficiency.

2.3.2. Plasma catalysis

Plasma catalysis combines non-equilibrium plasma with catalytic surfaces to create a highly reactive
environment for ammonia synthesis. Its main advantages are rapid start-up and shutdown, mild
operating conditions, and strong compatibility with intermittent renewable power [16]. Current
studies mainly focus on the synergy between plasma and non-precious-metal catalysts such as
Ni/Al₂O₃ and Fe/Al₂O₃. As shown in Figure 3e, under plasma conditions the Eley–Rideal pathway
contributes more significantly to ammonia formation than the conventional Langmuir–Hinshelwood
pathway, and reactor optimization has further improved system performance [17]. Although its
energy consumption is still higher than that of highly optimized Haber–Bosch systems, plasma
catalysis remains a promising direction for flexible green ammonia synthesis.

Figure 3. (a) Catalytic cycle and electrochemical cell configuration for lithium-mediated nitrogen
reduction to ammonia; (b) effects of lithium salt type and concentration on NH₃ yield and Faradaic

efficiency (adapted from Ref [12].); (c) schematic illustration of possible reaction pathways and
interfacial phenomena in lithium-mediated nitrogen reduction (adapted from Ref [13].); (d) dual-
temperature-zone catalyst design for photothermal ammonia synthesis beyond the thermodynamic

equilibrium limit (adapted from Ref [15].); (e) relationship between turnover frequency and N
binding energy in plasma-catalytic ammonia synthesis, together with reaction-pathway diagrams

over noble-metal and non-precious-metal catalysts (adapted from Ref [16].)
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3. Ammonia fuel cells

Fuel cells provide a direct electrochemical route to convert ammonia into electricity. Compared with
combustion, this approach can deliver higher conversion efficiency and offers better control over
pollutant formation, while avoiding an external cracker and the associated purification steps. In
practice, direct ammonia fuel cells are commonly grouped by electrolyte and operating temperature
into three families: DA-SOFCs, DA-AEMFCs, and DA-PCFCs. Each family comes with a distinct
balance among kinetics (especially ammonia decomposition and ammonia oxidation), materials
durability, and system complexity.

3.1. Direct Ammonia Solid Oxide Fuel Cells (DA-SOFCs)

DA-SOFCs operate at high temperature, where ammonia can be decomposed in situ and
electrochemical kinetics are fast. As shown in Figure 4a, both oxide-ion-conducting and proton-
conducting electrolyte configurations have been explored. With conventional Ni-YSZ cermet
anodes, laboratory DA-SOFCs can approach hydrogen-fed performance, and peak power densities
around 900 mW cm⁻² have been reported, together with high overall conversion efficiency.

Current efforts increasingly target lower-temperature operation, because it relaxes materials
constraints and improves practical operability.

The current research focuses on enhancing the system's activity at lower temperatures. By
incorporating an anode functional layer with high catalytic activity (such as impregnating Ru or
loading BaO as a promoter), the decrease in ammonia decomposition rate at low temperatures can be
effectively compensated. Furthermore, proton-conducting SOFC, as an emerging technological
route, does not produce water vapor at the anode, thus avoiding fuel dilution. While maintaining
high current density, its stability is superior to that of traditional oxygen-ion conducting SOFC [18].

Its commercialization faces two major challenges: Firstly, during long-term operation, nickel-
based catalysts are prone to undergo nitrogenation reactions in an ammonia atmosphere, causing the
volume expansion of the anode material and the generation of microcracks, resulting in performance
degradation, as shown in Figure 4b. Secondly, the thermal stress generated by frequent start-stop
operations places extremely high demands on the mechanical strength of the ceramic electrolyte
film.

3.2. Direct Ammonia Anion Exchange Membrane Fuel Cells (DA-AEMFCs)

The direct ammonia anion exchange membrane fuel cell, by using an alkaline electrolyte membrane,
overcomes the problem that the traditional proton exchange membrane is highly susceptible to
ammonia poisoning. It is one of the most promising methods for achieving low-temperature
conversion of ammonia energy. When using advanced precious metal catalysts (such as Pt and Ir-
based) and optimizing the membrane electrode assembly, the peak power density value is usually
within the range of 200 - 450 mW/cm2. Additionally, as shown in Figure 4c, in terms of stack
integration, a 75 W DAFC stack composed of 5 50 cm² individual cells has successfully been
operated. Its average peak power density is comparable to that of a single cell and demonstrates
short-term stability [19].

Recent research has focused on developing non-precious metal anode catalysts, such as nickel-
based alloys, in an effort to reduce the cost of fuel cells. Meanwhile, by optimizing the performance
of the anion exchange membrane, the conductivity of hydroxide ions is enhanced while the fuel
penetration problem is alleviated. Additionally, the optimization of mass transfer at the tri-phase
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interface of the electrode further improves the voltage stability of the cell under high current density
[20].

The commercialization of DA-AEMFC is mainly constrained by two major bottlenecks: one is
that the anode ammonia oxidation reaction leads to a high overpotential; the other is the ammonia
permeation phenomenon, which not only causes fuel waste but also leads to the deterioration of the
cathode catalyst performance and a decrease in open-circuit voltage [19].

3.3. Direct Ammonia Protonic Ceramic Fuel Cells (DA-PCFCs)

DA-PCFCs are an emerging approach that has attracted much attention in the field of ammonia
energy conversion in recent years. By using proton-conducting ceramic electrolytes, the operating
temperature is successfully reduced to the medium-temperature range, combining the high efficiency
of high-temperature SOFCs with the material stability of low-temperature fuel cells. Its working
principle is shown in Figure 4d. Compared with the traditional oxygen-ion conducting SOFC, DA-
PCFC does not generate water vapor on the anode side, avoiding the dilution of the fuel by reaction
products. As a result, it can maintain extremely high fuel utilization rate and open-circuit voltage.

With optimized materials and interfaces, peak power densities up to 724 mW cm⁻² have been
reported [21]. Current work focuses on electrolyte transport and interfacial contact, while adding
ammonia-decomposition catalytic layers at the anode to reduce activation losses at intermediate
temperatures. On the cathode side, triple-conducting materials (electrons/protons/oxide ions) are
being explored to expand the active reaction zone and improve current output.

From a system perspective, intermediate-to-low operating temperatures can lower balance-of-
plant cost by enabling cheaper interconnects and seals, and they can also improve thermal-cycling
tolerance. However, two practical issues are still limiting: incomplete ammonia decomposition can
still trigger nitridation in nickel-containing anodes, and kW-scale stack integration (including
thermal management and compatibility among components) remains immature. Addressing these
engineering constraints is as important as improving intrinsic cell performance for real deployment
[21].

Figure 4. (a) Schematic illustrations of the operating principles of direct ammonia solid oxide fuel
cells based on oxide-ion-conducting and proton-conducting electrolytes; (b) XRD patterns of Ni₃N
formed after exposing a Ni-YSZ anode to ammonia, together with scanning electron microscopy

images of the anode surface (adapted from Ref [18].); (c) photograph of a 75 W DA-AEMFC stack
assembled from five 50 cm² single cells, together with its polarization and power-density curves

(adapted from Ref [19].); (d) schematic illustration of the operating principle of a direct ammonia
protonic ceramic fuel cell (adapted from Ref [21].)
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4. Economic and environmental impact analysis

Whether ammonia can serve as an energy carrier at scale is ultimately decided by systems-level
constraints, not a single technical metric. In addition to technical feasibility, two questions
repeatedly appear in deployment discussions: cost competitiveness and environmental performance
across the full value chain. The following section summarizes the major economic drivers
(production cost, logistics, and infrastructure leverage) and the main environmental considerations
(CO₂ reduction potential, NOₓ control, and safety).

4.1. Economic analysis

Ammonia already benefits from an industrial ecosystem that is difficult to replicate quickly for
alternative carriers. Storage and shipping are well established, and the required conditions (−33.3 °C
or 0.8 MPa for liquefaction) are far less stringent than those for liquid hydrogen (−253 °C). The
main economic penalty today is upstream: green ammonia remains more expensive than grey
ammonia. Current estimates place green ammonia at roughly USD 720–1400 per ton, compared
with USD 110–340 per ton for grey ammonia. The gap is largely tied to electricity price and
electrolyzer performance, so continued improvements in electrolysis efficiency and renewable
electricity cost are expected to narrow the difference. Figure 5a summarizes this trend and suggests a
potential cost crossover around 2030, with renewable ammonia projected to decline to roughly USD
310–610 per ton by 2050 [22].

Logistics favor ammonia in long-distance transport. Global production in 2020 reached 182.6
million tons per year, against a capacity of 224.6 million tons per year, implying about 42 million
tons per year of idle capacity that could, in principle, support early-stage energy applications.
Ammonia also carries higher volumetric energy density than liquid hydrogen (12.7 MJ L⁻¹ vs 8.5 MJ
L⁻¹) and avoids cryogenic superinsulation requirements, which can translate into lower transport
cost. A fuel cost comparison on an energy basis is provided in Figure 5b.

Infrastructure reuse is another tangible advantage. Roughly 18–20 million tons of ammonia are
already traded internationally by sea each year, supported by more than 170 dedicated vessels.
Established shipping routes (Figure 5c) and existing storage terminals (Figure 5d) can reduce the
capital intensity of early deployment, especially when compared with building a new hydrogen
supply chain from the ground up [23].

4.2. Environmental impact analysis

Ammonia is carbon-free at the point of use, so its primary climate benefit comes from replacing
carbon-based fuels in hard-to-abate sectors. Shipping is a prominent example: it contributes about
2.6% of global CO₂ emissions, and green ammonia is therefore frequently considered in
decarbonization roadmaps. Another pathway is co-firing in power generation. The roadmap cited
here proposes demonstration stages that begin at ~20% co-firing, move toward 50–60% in the
2030s, and explore full ammonia firing in the 2040s [23].

The environmental picture is not limited to CO₂, however. Ammonia combustion can produce
NOₓ, and ammonia slip and N₂O formation must also be managed. In existing engineering practice,
selective catalytic reduction is an effective route for NOₓ control, but the net environmental benefit
depends on achieving both low-carbon operation and low nitrogen-pollutant emissions [22,23].
Safety is another practical constraint. Ammonia is toxic, yet it has been handled at industrial scale
for decades under established regulations and operating procedures. With appropriate engineering
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controls, leakage risk is generally manageable, and the existing infrastructure provides a practical
base for scaling ammonia-based energy systems.

Figure 5. (a) Comparison of the production costs of green ammonia and fossil-based ammonia,
together with future cost projections; (b) cost comparison of different fuels on an energy basis

(USD/GJ) (adapted from Ref [23].); (c) global seaborne ammonia trade routes in 2020; (d)
distribution of ammonia storage tanks in the Los Angeles area, United States, in 2012 (adapted

from Ref [22].)

5. Conclusions and outlook

Ammonia offers a realistic pathway to store and move renewable energy in chemical form, largely
because it is already produced, transported, and handled at industrial scale. From a synthesis
perspective, the conventional Haber–Bosch process remains dominant. However, its decarbonization
poses significant challenges. Renewable-powered Haber–Bosch processes, along with alternative
nitrogen fixation pathways—including electrochemical, photothermal, and plasma-assisted
approaches—are progressing steadily; however, they continue to confront significant challenges
related to energy efficiency, operational flexibility under dynamic conditions, and technological
scalability.

On the utilization side, direct ammonia fuel cells have exhibited promising performance across
multiple platforms; however, their practical deployment remains constrained by challenges related to
material durability and system-level engineering. The nitriding of nickel-containing components, the
ammonia crossover phenomenon (especially in low-temperature equipment), as well as the
complexity of stacking integration and thermal management remain recurring issues.

In terms of the economy and the environment, although the current cost of green ammonia is still
higher than that of grey ammonia, with the decline in the cost of renewable energy electricity and
the advancement of electrolysis technology, the cost of green ammonia is expected to intersect with
that of grey ammonia around 2030 and further decrease. In addition, ammonia has significant
advantages in storage and transportation: the liquefaction process is relatively mild, its volume
energy density is higher than that of liquid hydrogen, and it can rely on the existing global maritime
transportation infrastructure. However, the control of nitrogen oxide emissions and the risk of
ammonia leakage remain core challenges.

Looking to the future, the key breakthroughs should focus on three main directions: Firstly,
developing precious-metal-free catalytic materials that are resistant to nitrogenation and have high
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activity; Secondly, establishing flexible synthesis processes and fuel cell systems that can
dynamically respond to fluctuations in renewable energy; Thirdly, establishing a comprehensive
technical economic and life cycle assessment system covering the entire chain, to promote the
transition of "energy ammonia" from concept to engineering practice.

References

[1] Wang, F., Harindintwali, J. D., Yuan, Z., Wang, M., Wang, F., Li, S., Yin, Z., Huang, L., Fu, Y., Li, L., Chang, S. X.,
Zhang, L., Rinklebe, J., Yuan, Z., Zhu, Q., Xiang, L., Tsang, D. C. W., Xu, L., Jiang, X., … Chen, J. M. (2021).
Technologies and perspectives for achieving carbon neutrality. The Innovation, 2(4), 100180. https:
//doi.org/10.1016/j.xinn.2021.100180

[2] Valera-Medina, A., Xiao, H., Owen-Jones, M., David, W. I. F., & Bowen, P. J. (2018). Ammonia for power.
Progress in Energy and Combustion Science, 69, 63–102. https: //doi.org/10.1016/j.pecs.2018.07.001

[3] Yapicioglu, A., & Dincer, I. (2019). A review on clean ammonia as a potential fuel for power generators.
Renewable and Sustainable Energy Reviews, 103, 96–108. https: //doi.org/10.1016/j.rser.2018.12.023

[4] Atilhan, S., Park, S., El-Halwagi, M. M., Atilhan, M., Moore, M., & Nielsen, R. B. (2021). Green hydrogen as an
alternative fuel for the shipping industry. Current Opinion in Chemical Engineering, 31, 100668. https:
//doi.org/10.1016/j.coche.2020.100668

[5] Wen, Z., Huang, B., Wang, Y., Wang, K., Tu, X., Xie, P., & Fu, X. (2025). Ammonia as a renewable energy carrier
from synthesis to utilization. Nature Reviews Clean Technology, 1(11), 755–770. https: //doi.org/10.1038/s44359-
025-00102-9

[6] Fu, X., Zhang, J., & Kang, Y. (2022). Recent advances and challenges of electrochemical ammonia synthesis. Chem
Catalysis, 2(10), 2590–2613. https: //doi.org/10.1016/j.checat.2022.09.001

[7] Gu, T., Huš, M., Araya, S. S., Likozar, B., Gallucci, F., & Liso, V. (2026). Thermocatalytic ammonia synthesis
beyond conventional Haber-Bosch: Principles, advances, challenges and opportunities. Progress in Energy and
Combustion Science, 112, 101262. https: //doi.org/10.1016/j.pecs.2025.101262

[8] Wang, M., Khan, M. A., Mohsin, I., Wicks, J., Ip, A. H., Sumon, K. Z., Dinh, C.-T., Sargent, E. H., Gates, I. D., &
Kibria, M. G. (2021). Can sustainable ammonia synthesis pathways compete with fossil-fuel based Haber–Bosch
processes? Energy & Environmental Science, 14(5), 2535–2548. https: //doi.org/10.1039/D0EE03808C

[9] Hancke, R., Holm, T., & Ulleberg, Ø. (2022). The case for high-pressure PEM water electrolysis. Energy
Conversion and Management, 261, 115642. https: //doi.org/10.1016/j.enconman.2022.115642

[10] Szmigiel, D., Bielawa, H., Kurtz, M., Hinrichsen, O., Muhler, M., Raróg, W., Jodzis, S., Kowalczyk, Z., Znak, L.,
& Zieliński, J. (2002). The Kinetics of Ammonia Synthesis over Ruthenium-Based Catalysts: The Role of Barium
and Cesium. Journal of Catalysis, 205(1), 205–212. https: //doi.org/10.1006/jcat.2001.3431

[11] Zhao, X., Hu, G., Chen, G., Zhang, H., Zhang, S., & Wang, H. (2021). Comprehensive Understanding of the
Thriving Ambient Electrochemical Nitrogen Reduction Reaction. Advanced Materials, 33(33), 2007650. https:
//doi.org/10.1002/adma.202007650

[12] Mangini, A., Fagiolari, L., Sacchetti, A., Garbujo, A., Biasi, P., & Bella, F. (2024). Lithium‐Mediated Nitrogen
Reduction for Ammonia Synthesis: Reviewing the Gap between Continuous Electrolytic Cells and Stepwise
Processes through Galvanic Li─N2Cells. Advanced Energy Materials, 14(25), 2400076. https:
//doi.org/10.1002/aenm.202400076

[13] Krishnamurthy, D., Lazouski, N., Gala, M. L., Manthiram, K., & Viswanathan, V. (2021). Closed-Loop Electrolyte
Design for Lithium-Mediated Ammonia Synthesis. ACS Central Science, 7(12), 2073–2082. https:
//doi.org/10.1021/acscentsci.1c01151

[14] Izelaar, B., Ripepi, D., Van Noordenne, D. D., Jungbacker, P., Kortlever, R., & Mulder, F. M. (2023). Identification,
Quantification, and Elimination of NOx and NH3 Impurities for Aqueous and Li-Mediated Nitrogen Reduction
Experiments. ACS Energy Letters, 8(8), 3614–3620. https: //doi.org/10.1021/acsenergylett.3c01130

[15] Mateo, D., Sousa, A., Zakharzhevskii, M., & Gascon, J. (2024). Challenges and opportunities for the photo-
(thermal) synthesis of ammonia. Green Chemistry, 26(3), 1041–1061. https: //doi.org/10.1039/D3GC02996D

[16] Engelmann, Y., Van 'T Veer, K., Gorbanev, Y., Neyts, E. C., Schneider, W. F., & Bogaerts, A. (2021). Plasma
Catalysis for Ammonia Synthesis: A Microkinetic Modeling Study on the Contributions of Eley–Rideal Reactions.
ACS Sustainable Chemistry & Engineering, 9(39), 13151–13163. https: //doi.org/10.1021/acssuschemeng.1c02713

[17] Zhang, Y., Yu, J., Wu, H., Zhao, Z., Xia, H., Li, Q., Wang, Y., Li, D., & Wang, Q. (2026). Plasma Activate Nitrogen
for Efficient Ammonia Synthesis: Plasma Ammonia Synthesis. Exploration, 20240438. https:
//doi.org/10.1002/EXP.20240438



Proceedings	of	CONF-MSS	2026	Symposium:	Advanced	Composite	Materials	and	Polymer	Chemistry
DOI:	10.54254/2755-2721/2026.AD33318

10

[18] Dhawale, D. S., Biswas, S., Kaur, G., & Giddey, S. (2023). Challenges and advancement in direct ammonia solid
oxide fuel cells: A review. Inorganic Chemistry Frontiers, 10(21), 6176–6192. https:
//doi.org/10.1039/D3QI01557B

[19] Wang, T., Zhao, Y., Setzler, B. P., Abbasi, R., Gottesfeld, S., & Yan, Y. (2022). A high-performance 75 W direct
ammonia fuel cell stack. Cell Reports Physical Science, 3(4), 100829. https: //doi.org/10.1016/j.xcrp.2022.100829

[20] Han, A., & Liu, G. (2024). Recent advances in metal-based electrocatalysts: From fundamentals and structural
regulations to applications in anion-exchange membrane fuel cells. Materials Chemistry Frontiers, 8(4), 903–929.
https: //doi.org/10.1039/D3QM00947E

[21] Liang, M., Kim, J., Xu, X., Sun, H., Song, Y., Jeon, S., Shin, T. H., Shao, Z., & Jung, W. (2025). Electricity-to-
ammonia interconversion in protonic ceramic cells: Advances, challenges and perspectives. Energy &
Environmental Science, 18(8), 3526–3552. https: //doi.org/10.1039/D4EE06100D

[22] David, W. I. F., Agnew, G. D., Bañares-Alcántara, R., Barth, J., Bøgild Hansen, J., Bréquigny, P., De Joannon, M.,
Fürstenberg Stott, S., Fürstenberg Stott, C., Guati-Rojo, A., Hatzell, M., MacFarlane, D. R., Makepeace, J. W.,
Mastorakos, E., Mauss, F., Medford, A., Mounaïm-Rousselle, C., Nowicki, D. A., Picciani, M. A., … Valera-
Medina, A. (2024). 2023 roadmap on ammonia as a carbon-free fuel. Journal of Physics: Energy, 6(2), 021501.
https: //doi.org/10.1088/2515-7655/ad0a3a

[23] Rouwenhorst, K., & Castellanos, G. (2022). Innovation outlook: Renewable ammonia. International Renewable
Energy Agency ; Ammonia Energy Association.


