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The global ambition to achieve net-zero emissions by 2050 is driving intense
research into low-carbon energy vectors to mitigate the climate impact of
the dominant use of fossil fuels. This challenge creates significant demand
for sustainable energy sources to support the transition. While hydrogen is a
key component of the green energy economy, ammonia has emerged as a
highly promising alternative. Its distinctive qualities as a carbon-free fuel and an
efficient hydrogen carrier offer a viable pathway to reduce emissions. Ammonia
can both complement existing energy infrastructure (such as natural gas or
grey/blue hydrogen) to accelerate near-term decarbonization and ultimately
serve as a mainstream renewable energy vector in a fully net-zero economy.
This review details the potential of ammonia as a renewable energy carrier,
its storage, production, and distribution. It encompasses technologies such as
the traditional Haber-Bosch process and new ammonia production methods,
including electrochemical synthesis, and focuses on their efficiency, scalability,
and environmental impact. The recent advances, principles, and challenges
of direct ammonia fuel cells are discussed, with a focus on different cell
mechanisms, electrolyte materials, and catalysts. The review also discusses
applications of ammonia-based solid electrolyte fuel cells across sectors,
highlighting their flexibility and economic potential as critical decarbonization
technologies.

KEYWORDS
ammonia, direct ammonia fuel cell, direct ammonia proton conducting fuel cell, direct
ammonia solid oxide fuel cell, renewable energy technologies, solid oxide fuel cell

1 Introduction
1.1 Current global energy scenario

Greenhouse gas emissions have been the primary driver of global warming (IPCC, 2023;
Agency U.S.E.P, 2025). It is an established scientific consensus that the predominant driver of
contemporary global warming is the accelerating accumulation of anthropogenic greenhouse
gas (GHG) emissions, primarily from the combustion of fossil fuels. While the precise
magnitude and timeline of future impacts remain active areas of scientific inquiry, there
is universal agreement on the profound and largely irreversible negative consequences that
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will result if these emissions are left uncurbed. Despite the negative
impacts, fossil fuels are projected to remain central to the energy
mix beyond 2025, with natural gas growing and coal declining
more slowly than anticipated, and alternative green energy not
scaling until 2040 (Company, 2025). While current fossil fuels
account for 64% of global energy demand, the report predicts
a potential decline in fossil fuel usage, accounting for 41%-55%
of global energy consumption in 2050, they are still expected to
remain dominant and a critical energy source, underscoring the
world’s continued dependence on fossil fuels (Company, 2025). The
entrenched reliance is complicated by emerging markets, industrial
advancements, urbanization, and rapid population growth, with
global primary energy demand projected to grow by around 10%
by 2050 in the continued momentum scenario (Company, 2025).
The implication of this is particularly evident in the transportation
sector, where, although projections indicate that 1.3 billion battery-
powered vehicles will be in operation by 2030 (IEA, 2023a),
renewable energy accounted for only 29% of global electricity
generation in 2021, meaning that electric vehicles continue to
carry a carbon footprint until the grid is fully decarbonized
(IEA, 2023a; I[EA, 2025a).

The 2016 Paris Agreement established a comprehensive
framework to address climate change, setting long-term goals to
achieve net-zero carbon emissions by 2050 (UNFCCC, 2016).
However, the ongoing growth in the global population is driving
ever-increasing energy demand and economic development,
outpacing advances in sustainable energy solutions, thereby
requiring a large-scale upscaling of renewable energy to meet the
ambitious goal of net-zero carbon emissions (IPCC, 2023; IEA,
2023a; CSRIO, 2025; Hostert et al., 2024; IRENA, 2024a). Meeting
net-zero emissions and limiting global temperature increases to
below 1.5°C would require tripling global installed renewable
power capacity by 2030 and increasing it by around sevenfold by
2050 to ensure renewable energy sources can supply 070% of total
electricity generation by 2030 and 90% by 2050 (IRENA, 2024a;
BloombergNEF, 2024).

Renewable energies, particularly solar and wind power, continue
to show robust growth and improving cost-competitiveness.
Globally, solar energy generation increased by approximately
475 TWh in 2024, reaching around 2,130 TWh, a 30% rise from
2023. Wind power has also continued to expand rapidly, reaching
about 114.3 GW, slightly up compared to 2023. Cumulatively,
onshore wind capacity has increased more than fivefold since 2010,
from 178 GW to 1049 GW, with its LCOE falling significantly,
approximately USD 0.034/kWh, cheaper than new fossil fuel-
fired generation, underscoring the significant role of technology
in the future renewable energy sector (IRENA, 2024b). Despite
the growing renewable energy sector, current trajectories remain
insufficient, with emissions continuing to rise, and carbon budgets
estimated to be exhausted by 2030 (Lamboll et al., 2023), and
predictions of a 2.3°C increase by 2050 (Nivard et al., 2024).
To achieve net-zero, the New Energy Outlook established targets
requiring renewable energy to increase by 7.3-fold by 2050, while
fossil fuel power generation falls by 67%, resulting in renewables
making up 92% of total electricity generation, up from 29% in 2022
(Hostert et al., 2024).
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1.2 Hydrogen as a clean energy vector and
ammonia as its carrier

Hydrogen (H,) has attracted significant attention in the energy
sector, due to its high gravimetric energy density (033.33 kWh/kg)
and zero-emissions profile. However, despite decades of research
and significant policy support (IEA, 2025b), real-world integration
remains slower than anticipated. In recent years, a combination
of geopolitical challenges and delays in project execution has
contributed to this deceleration, even as the long-term outlook for
hydrogen remains strongly positive. At the same time, the rapid
growth of Al and power-hungry data centers is reshaping electricity
demand and creating a renewed opportunity for flexible, low-carbon
hydrogen solutions.

Various technologies have been developed for hydrogen
production, with conventional steam methane reforming (SMR),
which yields ‘grey hydrogen” with significant CO, emissions, while
integration with carbon capture and storage (CCS) technologies
yields ‘blue hydrogen’ with lower greenhouse gas (GHG) emissions
(Brown and Green, 2021; Saha et al., 2024). The recent focus
on achieving net-zero emissions has led to the development
of alternative synthesis methods utilizing electrolysis powered
by renewable energy to produce ‘green hydrogen, making the
entire process carbon-neutral (Saha et al, 2024; IEA, 2023b).
However, H, storage and transport pose challenges due to its
low volumetric energy density, where 4 kg of H, occupies 225L
under high pressure (>200 bar) (Schlapbach and Ziittel, 2001).
Furthermore, traditional storage methods require substantial
infrastructure, including high-pressure compression (350-700 bar)
and cryogenic liquefaction (-253°C), impeding their large-
scale implementation. These challenges, combined with H,’s
high diffusivity and wide flammability range, further hinder the
economic transition to zero carbon (IEA, 2023b; Franco and
Giovannini, 2024; McCay et al., 2020; Nicoletti et al., 2015).

Ammonia (NH;) has emerged as a promising H, carrier,
expanding beyond its traditional role as an agricultural fertilizer.
Its potential for sustainable energy solutions due to its high H2
mass content of 0.5wt% and energy density of 3 kWh/kg, its
ease of liquefaction (boiling point of —33.4°C at latm), and
a narrow flammability range of 16%-25% by volume in air
(Montoya et al., 2015; Klerke et al., 2008; Yin et al., 2004).
These properties enable more economical storage, estimated at
030 times cheaper than H, storage (Society, 2020). Furthermore,
NH; production and distribution infrastructure are also well
established, positioning NH; as a leading candidate for sustainable
H, storage and transportation. Table 1 summarizes the key physical
and chemical properties of liquid H, and liquid NH;. NH; has
been explored as a transitional fuel and can be used either
indirectly (through electrolytic reduction or cracking to produce
H,) or directly in energy production (Chehade and Dincer, 2021;
Vitse et al, 2005; Trangwachirachai et al., 2024). Ammonia
Hydrogen Fuel Cell Electric Vehicles (AHFCEVs) exemplify this
by leveraging NH;’s high energy density and storage capacity
with H, fuel cell efficiency, offering onboard NH; cracking for
a compact, sustainable solution in applications where battery-
electric vehicles face limitations (e.g., very low temperatures, long-
distance transport) (Siddiqui and Dincer, 2019a). Alternatively,
Direct Ammonia Solid Oxide Fuel Cells (DA-SOFCs) offer several
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TABLE 1 A comparison of hydrogen and ammonia properties (IEA, 2023b;
Schlapbach and Zittel, 2001; Franco and Giovannini, 2024; McCay et al.,
2020; Montoya et al., 2015; Klerke et al., 2008; Yin et al., 2004).

Property Liquid Liquid Ammonia
Hydrogen

Wt% hydrogen [%] 100 17.8

Storage temperature -253 -33.4

[*cl

Storage pressure [bar] 350-700 1

Volumetric energy Low Higher

density

Energy density [M]/kg] 0142 018.6

Flammability range [%] 4-74 16-25

Relative storage cost High Low

advantages by facilitating internal NH; cracking, thereby improving
energy conversion efficiency for stationary power generation,
industrial processes, and maritime applications (Society, 2020;
Cheliotis et al., 2021; Guo et al., 2020).

1.3 The global ammonia landscape

Global ammonia production reached approximately 175 million
tons in 2022-23, driven predominantly by agricultural demand, with
China contributing around 30% of output and the United States,
India, and Russia each contributing about 10% (IEA, 2021), while
figures for 2024-25 are still pending. More than 50% of the world’s
food production relies on ammonia fertilizers to sustain high crop
yields and meet the increasing food demand (Douglas et al., 2020).
Although over 80% of ammonia is currently used in agriculture,
its emerging role in the energy sector drives new research and
development efforts.

Current global green ammonia production is only about 5,800
metric tons per year, which is negligible compared to the total
annual ammonia output noted above (Society, 2020; Statista, 2023;
Nature, 2023; Niu et al.,, 2023). This discrepancy has prompted
major energy corporations, including oil and gas giants (e.g., BP
and JERA), as well as partnerships between ammonia producers
and innovative energy companies, to establish strategic alliances
for large-scale deployment (Brown, 2020a; JERA, 2024). Global
initiatives illustrate this momentum: China is developing solar-
energy-based ammonia production to address grid balancing
(Wu et al,, 2021; Zhao et al., 2022), Spain’s Puertollano II project to
connect 100 MW solar capacity to a 20 MW electrolyser to produce
4,000 tons of green ammonia annually (Brown, 2020b), Australia
plans facilities to supply 500,000 tons each year for export markets
(Atchison, 2021; CSIRO, 2024). The evolving energy landscape
increasingly positions ammonia as a primary hydrogen carrier.
By 2035, projections suggest that about 62% of hydrogen exports
(013.5 million tons per year) will be converted to ammonia. By
2050, the global green ammonia trade is expected to quadruple
to approximately 121 million tons (Brown, 2020a; JERA, 2024).
The maritime industry also presents significant potential for
ammonia consumption, with recent developments in ammonia fuel

Frontiers in Energy Research

03

10.3389/fenrg.2026.1730927

supply systems, storage solutions, and ammonia-capable vessels
(Wirtsild, 2024; ClassNK, 2024; Lines, 2024; MASDAR, 2024;
LPG, 2024). For example, CMA CGM plans to have 119 ships
capable of using ammonia by 2028 (MASDAR, 2024).

Figure 1 illustrates the ammonia life cycle and value chains,
including storage, export, distribution, and utilization. This review
addresses the gap linking green ammonia synthesis technologies
with direct ammonia fuel cell (DAFC) applications within the
broader energy transition. While extensive research exists on
ammonia synthesis and fuel cell operations, few general reviews
that systematically connect these technologies. Thus, this work aims
to evaluate state-of-the-art ammonia synthesis technologies and
identify challenges in ammonia fuel cell and system designs for
large-scale implementation, to meet energy demands and achieve
climate goals.

1.4 Sustainable ammonia production

To realize the potential of ammonia as a green energy vector
for DAFCs, its production must be decarbonized. Given the
negligible current green ammonia production compared to the
175 million tons of total production, it is critical to acknowledge
that the majority of the ammonia produced today relies on the
energy-intensive Haber-Bosch (HB) process, primarily using ‘grey
hydrogen’ derived from steam-methane reforming (IEA, 2021),
leading to substantial carbon emissions. Decarbonizing this
production is essential, requiring a rapid shift towards ‘green
hydrogen’ from renewable sources within the HB process, and
further research into alternative, milder synthesis methods. This
transition to sustainable production methods is essential not only for
fulfilling current agricultural demands with a lower environmental
footprint but also for enabling ammonia’s crucial role in the future
energy transition and meeting the projected massive increase in
demand for clean energy applications.

The HB process is one of the earliest methods for NH;
synthesis, discovered in 1909 by Haber and Le Rossignol (Haber and
Rossignol, 1913). It remains the primary method for industrial NH;
synthesis due to its efficiency and scalability. The process relies on
the exothermic thermochemical reaction described by Equation 1.

Ny +3Hyg) 0 2NH5q)  AH' = —92kImol ™! 1)

While the traditional Haber-Bosch (HB) process remains
the industrial standard, its environmental impact depends
heavily on the hydrogen source. Figure 2 illustrates two
distinct production pathways. Route 1 uses the traditional
steam-methane reforming (SMR) process to produce feedstock
hydrogen. Since this process yields ‘grey hydrogen’ with associated
carbon emissions, this pathway requires additional Carbon
Capture and Storage (CCS) infrastructure to be considered
environmentally viable (Brown and Green, 2021; Saha et al., 2024).
In contrast, Route 2 utilizes an electrochemical-based system
(e.g., Alkaline AEL or PEM electrolysis) (Saha et al, 2024;
Energy US.D.O., 2023; Zainal et al, 2024; Amini Horri and
Ozcan, 2024) integrated with renewable energy sources. Combining
green hydrogen with N, enables ‘green NH, production,
significantly reducing GHG emissions compared to SMR-based
methods (Parkinson et al., 2018; Chen P. et al., 2024).
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FIGURE 1

and utilization scenario.

Schematic representation of the hydrogen and ammonia value chains: production pathways, storage, exportation, distribution, ammonia dissociation,

FIGURE 2

Haber-Bosch reactor.

Schematic diagram with two primary pathways for generating hydrogen (H,) feedstock in the Haber-Bosch process for NHz production. Route 1 with
steam methane reforming (SMR), where natural gas such as CH, and steam participate in reaction in the reforming reactor, water-gas shift, CO,
separation, and methanation to produce H,, which is then compressed and reacted with N, in the Haber-Bosch reactor. Route 2 employs water
electrolysis for green H, production from H,O, combined with N, from air separation (PSA) before compression and synthesis in the

However, even when utilizing green hydrogen, the HB process
is constrained by thermodynamic-kinetic trade-offs. It requires
high pressures (150-250 bar) and temperatures (400 °C-500 °C) to
overcome the kinetic barrier of the N=N bond (Society, 2020; Haber
and Rossignol, 1913; Mittasch et al., 1950; Aika et al., 2012), resulting
in substantial energy consumption.

Consequently, alternative synthesis methods operating under
milder conditions are attracting significant research interest.
Solid Oxide Electrolysis Cells (SOECs) and Proton Conducting
Electrolysis Cells (PCECs) (Figure 3) offer the potential for
high-efficiency synthesis by using water (steam) as the hydrogen
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feedstock rather than fossil-fuel-derived hydrogen. These systems
integrate renewable electricity and waste heat to drive the
electrochemical reaction (Zhao R. et al,, 2019; Fu et al., 2022).
While SOECs typically operate at high temperatures (>700 °C)
to maximize ionic conductivity, PCECs are attracting attention
for their operation at intermediate temperatures (400 °C-600 °C).
By conducting protons rather than oxide ions, PCECs not only
mitigate severe thermal degradation issues, such as electrode
sintering and seal failure, seen in higher-temperature systems, but
also enable the direct delivery of pure hydrogen to the nitrogen
ammonia formation

electrode, thermodynamically favoring

frontiersin.org


https://doi.org/10.3389/fenrg.2026.1730927
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Xie et al. 10.3389/fenrg.2026.1730927
FIGURE 3
Schematic diagram of electrochemical ammonia synthesis principles using (a) a Solid Oxide Electrolysis Cell (SOEC) and (b) a Proton Conducting
Electrolysis Cell (PCEC).

(Iwahara, 1996; Guo et al., 2009; Lei et al., 2020; Fabbri et al., 2010;
Katahira et al., 2000).

Beyond electrochemical routes, emerging technologies such as
plasma-assisted synthesis (D’Angola et al., 2022; Nguyen et al., 2023)
and mechanochemical synthesis (Parkinson et al., 2018; Arabczyk
and Pelka, 2009) offer pathways to produce ammonia at near-
ambient pressures and temperatures. Recent studies in non-
thermal plasma (NTP) (Shahed Gharahshiran and Zheng, 2024;
Zeng et al., 2023) and ball-milling mechanochemistry (Figure 4)
(Society, 2020; Han et al., 2021; He et al., 2023) have demonstrated
the feasibility of nitrogen fixation without the extreme conditions
of HB, though challenges remain regarding energy efficiency
and scalability (D’Angola et al., 2022; Nguyen et al, 2023;
Han et al., 2021; Bogaerts and Neyts, 2018; Gorbanev et al., 2020;
Zhang T. et al., 2023; Horie et al, 2004; Reichle et al., 2021;
Max, 1999; Kim J.-H. et al., 2023; He et al., 2022).

Thus, the maturation of these green synthesis technologies
ensures a sustainable supply chain for ammonia. This growing
availability underscores the urgent need for efficient energy-
conversion devices, specifically DAFCs that can utilize this green
fuel for power generation.

2 Fuel cells: Ammonia to power

Sir William Robert Grove first reported on fuel cell technology
in 1839 (Grove, 1839). Modern studies confirm that hydrogen and
natural gas fuel cells are promising energy sources for meeting
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the increasing global energy demand and achieving sustainability
objectives. Fuel cells convert chemical energy directly into electricity
via electrochemical reactions, offering high efficiency and minimal
emissions. While not constrained by Carnot’s efficiency limits,
thermodynamic losses still occur during the conversion of Gibbs
free energy to electricity (Hassanzadeh and Mansouri, 2005).
Nevertheless, their high efficiency, low environmental impact,
and ability to operate in off-grid locations make fuel cells critical
for clean energy applications and for emerging sectors such as
data centers. Since General Electric developed the first practical
fuel cell for the Gemini space mission in 1962 (Appleby and
Yeager, 1986), significant advancements have enhanced fuel
cell performance, expanding its applications across various
sectors.

Major  fuel cell types include Proton Exchange
Membrane Fuel Cells (PEMFCs) (Tellez-Cruz et al., 2021;
Vasilyev et al, 2021; Zhao Y. et al., 2019), Alkaline Fuel Cells
(AFCs) (Cairns et al., 1968; Hejze et al., 2008), Molten Hydroxide
Fuel Cells (MHFCs) (Yang]. et al, 2014; Ganley, 2008) and
Solid Oxide Fuel Cells (SOFCs) (Sharaf and Orhan, 2014;
Ilbas et al., 2020; Ilbas et al, 2022). Each address specific
technological needs, overcoming challenges related to conversion
efficiency, durability, and cost-effectiveness. These cells are
distinguished primarily by the type of electrolyte, ranging from
polymer, ceramic, and solution-based materials. The choice of
electrolyte dictates the fuel cell operating temperature, ranging
from low-temperature polymer electrolyte membranes to high-
temperature solid oxide fuel cells.
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FIGURE 4

catalysts.

Schematic diagram of the mechanochemical ammonia synthesis process: a single-step process, utilizing nitrogen and hydrogen, or water (as the
hydrogen source), as raw materials. The materials are milled in stainless steel milling jars and milling balls under mild conditions, using iron-based

Table 2 summarizes the critical characteristics and NH,
tolerance of each fuel cell type. PEMFCs are not suitable for
direct NH; exposure, as they face challenges such as electrolyte
poisoning and electrode degradation due to the incompatibility
between the membrane’s acidic environment and NH;’s basic
properties. AFCs also face challenges specifically regarding NH,
permeation across the membrane, which leads to NOx formation.
Although MHFCs exhibit greater NH; tolerance, hydroxide-
based electrolytes react with atmospheric CO,, forming solid
carbonate particles that can clog the electrode. In contrast, SOFCs
demonstrate significant advantages for NH; utilization, due to
their fuel flexibility, high NH; tolerance, electrical efficiency, and
compatibility with non-precious metal catalysts (Weber, 2021),
as well as operating conditions that align well with NH;
decomposition kinetics (Spatolisano et al., 2023).

2.1 Direct ammonia fuel cell operating
principles

Direct ammonia fuel cells (DAFC) generally operate in two
primary configurations: 1. external ammonia decomposition with
separate cracking and purification units, or 2. internal ammonia
decomposition within the cell stack. External systems rely on
established cracking methods, such as conventional thermal
decomposition (Ristig et al., 2022; Lucentini et al., 2019; Arabczyk
and Zamlynny, 1999; Chen S. et al., 2024; Arabczyk and Pelka, 2009;
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Love and Emmett, 1941; Im et al., 2020; Purcel et al., 2024),
plasma (Moszczynska et al., 2023; Yi et al.,, 2019; Murphy, 2012;
Wang L. et al, 2013), electrochemical (Hanada et al, 2010;
Yang et al, 2022; Hanada et al, 2020), and photocatalytic
(Reli et al, 2015; Obata et al, 2014; Shibuya et al., 2015;
Utsunomiya et al., 2017; Zhang H. et al,, 2020; Wu et al., 2019;
Wang et al., 2014). However, these approaches require additional
separation steps, such as pressure swing adsorption (PSA),
cryogenic distillation (CD), or molecular sieves (MSS), to ensure
fuel purity (Ristig et al, 2022; Makhloufi and Kezibri, 2021).
Due to these significant penalties in system complexity and
thermal efficiency, direct internal decomposition is preferred
(Grundt and Christiansen, 1982). This approach utilizes the
high operating temperature of the fuel cell to drive the
endothermic cracking reaction in situ, simplifying the system
design by integrating cooling and fueling into a single step
(Cha et al., 2018).

High-temperature Solid Electrolyte Fuel Cells (SEFC) utilize
either oxide-conducting electrolytes (SOFCs) or proton-conducting
electrolytes (PCFCs). Both share a similar configuration with anode
and cathode electrodes separated by a solid electrolyte to facilitate
ion conduction and electrochemical reactions (Han et al.,, 2012;
Lohmann et al.,, 2017; Sammes et al., 2012; Irshad et al., 2016).
However, the choice of ion charge carrier fundamentally alters the
reaction mechanism and the resulting material challenges when
fueling with ammonia.

frontiersin.org


https://doi.org/10.3389/fenrg.2026.1730927
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Xie et al.

TABLE 2 Comparison of fuel cell properties for the Direct Ammonia Fuel Cell (DAFC) application.

Characteristic

Polymer Electrolyte

Membrane Fuel Cell

Alkaline Fuel Cell

Molten Hydroxide
Fuel Cell

10.3389/fenrg.2026.1730927

Solid Electrolyte
(SOFC/PCFC)

Operating temperature

60 °C-80 °C
(Tellez-Cruz et al., 2021;
Tang et al., 2023)

50 °C-450 °C
(Cairns et al., 1968;
Hejze et al., 2008)

200 °C-450 °C
(Yang et al., 2014a;
Ganley, 2008)

600 °C-1,000 °C/400 °C-700 °C
(Sharaf and Orhan, 2014;

Ilbas et al., 2020;

Ilbas et al., 2022)

Electrolyte

Polymer membrane
(Tellez-Cruz et al., 2021)

Aqueous KOH/NaOH
(Ferriday and
Middleton, 2021)

Molten KOH/NaOH
(Ganley, 2008)

Ceramic (YSZ, SDC, BZCY)
(Mahato et al., 2015;

Meng et al., 2007;

Aoki et al., 2018)

Common electrode

Porous carbon with catalyst

Porous nickel, carbon-based

Porous nickel, lithiated nickel

Ceramic metal (cermet)

coating substrates with catalyst coating | oxide composite nickel
Charge carrier H+ OH- OH- O* /H+
Commonly used catalyst Platinum Nickel, silver Nickel Nickel, perovskites
Fuel compatibility Pure H, Pure H, NH,;, H,, CO, CH, H,, CO, NH; (Weber, 2021)
Ammonia tolerance Very low (Grundt and Low (Suzuki et al., 2012) High (Ganley, 2008) High (Cinti et al., 2016)

Christiansen, 1982;
Gomez et al., 2018; Hu and
Yang, 2021)

Consequence of ammonia Poison electrode

contamination Degrade electrolyte

Ammonia permeates across
the membrane and forms NOx

Minimal consequence Minimal consequence

Efficiency (electrical) <65% (Wang et al., 2022a)

60%-70% (Zargary, 2018)

<75% (Turner et al., 2010;
Quach et al., 2022)

40%-65% (Siddiqui and
Dincer, 2019b)

In Direct Ammonia SOFCs (DA-SOFC), O®” ions transport
across the electrolyte to the anode. Here, NH; first decomposes
into N, and H,, after which the H, reacts with O*" to form
H,O and release electrons (Yang et al, 2015a). A critical
drawback of this mechanism is the production of water at the
anode, which dilutes the local fuel concentration and lowers
the Nernst potential. Furthermore, the presence of O>~ at the
fuel electrode creates a risk of parasitic reactions between
oxygen and nitrogen species, potentially forming toxic NOx
if the catalyst selectivity is not optimized (Fan et al, 2022;
Tapiero et al., 2024; Futamura et al, 2019). In contrast, Direct
Ammonia PCFCs (DA-PCFC) transport protons (H*) away from
the anode toward the cathode. This offers a distinct advantage
where water is produced at the cathode side, leaving the anode
fuel stream undiluted and maintaining a higher hydrogen partial
pressure. Moreover, because no oxygen ions are present in the
anode compartment, the formation of NOx is thermodynamically
inhibited.

While the electrolyte facilitates ion transport, the anode (or
“ammonia electrode”) catalyst and microstructural design are the
critical performance-limiting components. The transition from
pure hydrogen to direct ammonia imposes unique and rigorous
constraints on electrode materials, necessitating a departure from
standard fuel cell anodes. Unlike hydrogen oxidation, which is a
single-step electrochemical process, DAFC anodes must possess
dual-catalytic functionality: they must efficiently catalyze the
endothermic decomposition of NH; (cracking) and the subsequent
electrochemical oxidation of H,.

The efficiency of this coupled reaction mechanism is inextricably
linked to the cell's operating temperature. SEFCs operate over
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a wide temperature range, including high-temperature (HT:
850 °C-1,000 °C), intermediate-temperature (IT: 650 °C-850 °C),
and low-temperature (LT: <650 °C). Although higher temperatures
favor electrochemical kinetics, they intensify thermal stress,
accelerate degradation, and compromise reliability (Singhal, 2000;
Greco et al.,, 2014; Khanafer et al., 2022; Zhang X. et al.,, 2020).
Conversely, reducing the temperature mitigates these material
stability issues but often results in sluggish decomposition kinetics
and potential catalyst poisoning. Consequently, recent research
has coalesced around IT-SEFCs and LT-SEFCs. The objective is
to develop advanced catalysts that maintain high activity and
durability at reduced temperatures, thereby balancing the kinetic
requirements of ammonia cracking with the long-term stability
of the cell materials (Gao et al, 2016; Fallah Vostakola and
Amini Horri, 2021).

2.1.1 Ammonia-Fed SOFC electrolyte

In a DA-SOFC, the electrolyte serves two critical functions:
1. facilitates the selective transport of oxygen ions (O%7) from
the cathode to the anode, 2. acts as a barrier between the
fuel and oxidant. To fulfill these roles effectively, the electrolyte
relies on a specific crystal structure that balances ion and
vacancy concentration to lower the activation energy for ion
transport (Fergus et al., 2016). Consequently, an ideal material
must exhibit high ionic conductivity, robust chemical stability
to withstand the highly reducing conditions of the ammonia
environment, and mechanical durability during thermal cycling.

The lattice structure, metal cation size, and local lattice distortion
directly influence ionic mobility. Smaller cations with smaller ionic
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FIGURE 5
Operating principles of ammonia-fueled cells based on electrolyte type. (a) Direct Ammonia Solid Oxide Fuel Cell (DA-SOFC) conducting oxygen ions
(0?7). (b) Ammonia-fed Proton Ceramic Fuel Cell (DA-PCFC) conducting protons (H+).

radii tend to exhibit higher intrinsic mobility; however, this is often
offset by their high charge valence, leading to strong electrostatic
interactions with the lattice. Effective oxide-ion transport depends
heavily on the presence of oxygen vacancies, which form ion-
migration channels, and the application of an external driving
force (e.g., an electric field or a chemical-potential gradient)
to overcome the activation-energy barriers for ion migration.
In doped systems, the interaction between metal ions becomes
more significant when the dopant cation is smaller than the
host, as it alters not only the defect concentration but also local
lattice distortions, thereby affecting ionic mobility. Furthermore,
electrolytes must exhibit thermodynamic and chemical stability
across the entire range of operating temperatures and oxygen
partial pressures. They must also maintain chemical compatibility
with electrode materials to avoid interfacial chemical reactions,
have a thermal expansion coefficient closely matching that of the
electrode to minimize thermomechanical stress during thermal
cycling, and demonstrate sufficient mechanical strength to avoid
structural failure (Basu, 2007).

Figure 5a presents the schematic diagram of the DA-SOFC.
As essential components, electrolytes enable ion transport between
electrodes via thermally activated oxygen-vacancy hopping. The
electrolyte used in SOFCs consists of oxygen-ion (O*7) conducting
materials, such as Yttria Stabilized Zirconia (YSZ). These electrolytes
generally require high temperatures (800 °C-1,000 °C) to achieve
sufficient ionic conductivity (Shy et al., 2018; Wojcik et al., 2003).
Vayenas etal. (Vayenas et al., 1980) first demonstrated NH;-
fueled SOFC using YSZ electrolytes. Studies on both H,- and
NH;-fueled SOFCs, with results showing comparable peak power
densities (PPDs) and differences less than 6 mW/cm? at 800 °C,
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indicating high electric and thermal efficiency of NH; utilization
(Zhang et al., 2007; Liu L. et al., 2012; Ma et al., 2007).

YSZ exhibits high O*~ conductivity at elevated temperatures
(>600 °C), low electrical conductivity, good mechanical strength,
and superior chemical stability in both oxidizing and reducing
atmospheres. These properties arise from the incorporation
of aliovalent Y** dopants in the ZrO, crystal lattice, which
creates oxygen vacancies, thereby enabling ionic mobility and
stabilizing the cubic phase. However, YSZ requires high temperature
(01,000 °C) to achieve an acceptable ionic conductivity of 0.1 S/ cm?
(Chen et al., 2002). This high-temperature requirement accelerates
cell degradation, compromising long-term stability, limiting
material choices for cell components, and increasing system costs
(Fergus, 2006; Badwal and Ciacchi, 2000; Huijsmans et al., 1998;
Nakajo et al., 2006; Steele and Heinzel, 2001). Badwal et al. (Badwal
and Ciacchi, 2000) identified correlations between dopant content,
crystal structure, and material properties in YSZ and scandia-
stabilized zirconia (ScSZ). Specifically, YSZ with 2-3 mol% Y,05
exhibits a stabilized tetragonal phase and superior mechanical
strength (1,000 MPa). In contrast, YSZ with 8-10 mol% Y,O;
exhibited complete cubic phase stabilization and higher ionic
conductivity, but at the cost of reduced mechanical strength
(250-300 MPa). ScSZ follows similar trends but generally provides
higher ionic conductivity at lower temperatures, making it an
attractive alternative for intermediate-temperature SOFCs.

Lanthanide-doped CeO,-based electrolytes have emerged
as a promising alternative to YSZ due to their exceptional
ionic conductivity and stability at intermediate temperatures
(500 °C-750°C) (Inaba and Tagawa, 1996). These electrolytes
demonstrate rapid oxygen-ion transport without compromising
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FIGURE 6
The Power Density (I-P) and current density (I-V) curves of a 300 pm thickness electrolyte-supported single cell between 600 °C and 800 °C (a) YDC;
(b) YCDCO5. Recreated with permission (Kang et al., 2022).

performance, thereby addressing material degradation issues and
enabling more cost-effective cell designs. Among these, Gadolinium
(Gd)-doped ceria (GDC) and Samarium (Sm) doped ceria
(SDC) exhibit optimal performance with a dopant concentration
of 20-25mol% (Yahiro et al., 1989; Kharton et al., 2001;
Wang et al., 2000), outperforming YSZ and ScSZ at temperatures
below 600 °C (Fergus, 2006). However, Ce-based electrolytes exhibit
electronic conduction under reducing conditions and chemical
expansion under oxygen partial-pressure gradients, leading to
electro-chemo-mechanical degradation. Kim et al. (Kim et al., 2020)
analysed this degradation mechanism in Ni-Nd, , Ce; 4O, 5 (NDC)
at 650 °C under conditions including constant load, load cycling,
and load trip. They observed a maximum degradation rate of
130.5 uV/h under load trip conditions (0.7 A/cm?), while constant-
load operation (0.2 A/ cm?) resulted in the lowest degradation rate of
27.5 uV/h, due to chemical expansion of the ceria electrolyte under
oxygen partial-pressure gradients, a property unique to Ce-based
electrolytes.

To electrolyte
implemented co-doping strategies. One study demonstrated that

improve properties, researchers have
co-doping a Ce-based electrolyte with Ca, Cey.5Y.;5Cay.950,.0
(YCDCO05) achieved a 54% higher conductivity than yttria-doped
ceria YDC at 800 °C. As a result, YCDCO05 achieved overall higher
power density (Figures 6a,b) (Kang et al., 2022). This improvement
was attributed to the scavenging of grain-boundary impurities and to
an increase in oxygen-vacancy concentration. Similarly, Sm-Nd co-
doping achieved a 26% higher power output by enhancing oxygen
vacancies and optimizing the microstructure (Liu et al., 2020;
Liu et al.,, 2010). Furthermore, Co-doping ceria-based electrolytes
with praseodymium (Pr) and Sm co-doping (Ce, Smy osPr; ,0, o)
showed improved ionic conductivity and lower activation energy
compared to single-metal-doped ceria electrolytes. This effect was
attributed to a more disordered oxygen sublattice, higher oxygen
vacancy concentration, obtaining a powder density of 126 mW/cm?
at 750 °C, compared to 104 mW/cm? for singly doped ceria, despite
slightly lower open-circuit voltages (OCV) caused by porosity
(Figure 7a,b) (Ji et al., 2005).

Researchers have employed several strategies to address the
inherent limitations of conventional electrolytes. For instance,
Cho et al. (2011) investigated YSZ/GDC bilayer electrolyte designs,
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using a thin YSZ layer (330 nm to 1 um) as a protective barrier
against Ce*" reduction at the anode interface and a thicker GDC
layer (6 um) prepared by pulsed laser deposition (PLD) for high
ionic conductivity. This bilayer configuration significantly improved
performance, achieving a peak power density of 587 mW/cm?
at 750 °C with a 330 nm YSZ layer, nearly double that of a
single-layer GDC (315 mW/cm?). Cross-sectional SEM images
revealed dense electrolyte layers with clear interfaces and no
cracks, indicating structural stability (Figure 8). Similarly, Erbia-
stabilized bismuth oxide ESB/YSZ bilayers have been developed
for intermediate-temperature solid oxide fuel cells (IT-SOFCs)
(Joh et al., 2017). The design leverages ESB’s excellent oxygen
reduction reaction (ORR) kinetics on the cathode side, while
using the YSZ interlayer to prevent ESB decomposition at the
reducing anode interface. Consequently, this system achieves a peak
power density of 2080 mW/cm? at 700 °C, a 140% increase over
conventional YSZ. Robinson et al. (2024) studied the behavior of
Ce-based electrolytes in low-temperature SOFCs by introducing a
porous functional layer (PFL) on the cathode side. Results showed
a reduced electron charge-carrier density near the cathode, leading
to an ionic transference number exceeding 0.93 in a 20 um-thick
Ce-based electrolyte at 500 °C. Alumina doping has also been
explored to address the mechanical strength limitations of highly
doped YSZ and ScSZ electrolytes. Hassan et al. (2002) showed
that incorporating 0.77 wt% Al,O5 into YSZ resulted in improved
electrolyte densification and gas-tightness, while Al,O; doping in
ScSZ. Regarding ScSZ, the incorporation of Al,O; lowered the
phase transition temperature from a mixed cubic-monoclinic phase
to a fully cubic phase above 527 °C, compared to pure ScSZ at
627 °C (Kezionis et al., 2024). These results are consistent with other
reports, indicating that the addition of Al,O; effectively reduces
the monoclinic ZrO, content and stabilizes the cubic phase in
ScSZ systems (Tsukuma et al., 1985), though it often comes at the
cost of a slight to moderate reduction in ionic conductivity.
Optimizing electrolyte thickness and exploring alternative
materials have been shown to significantly impact performance.
For example, in a study on YSZ electrolytes of varying
thicknesses at 500 °C, optimal performance was observed at
3.3 um, whereas thinner electrolytes compromise gas-tightness
and OCV (Lee et al, 2024; Yang et al, 2009). Conversely,
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FIGURE 7
The Power Density (I-P) and current density (I-V) curves of (a) Ceq4Smg 10, o5 (b) CegqSmy ggPrg 0201 o5 electrolytes. Recreated with
permission (Ji et al., 2005).

theoretical calculations indicate that YSZ thickness should be
minimized to reduce resistance and enhance performance. However,
implementing ultra-thin electrolytes (<1 um) is challenging,
especially for large-scale applications (Zhong et al., 2023b). This
challenge has led to research into alternative materials, such as GDC,
for operation between 500 °C and 600 °C (Wang Z. et al., 2024;
Leng et al.,, 2004), to enable efficient low-temperature operation,
thereby reducing thermal stress and extending cell lifetime. In
addition, studies have focused on targeting an Area Specific
Resistance (ASR) below 0.1 Qcm? for individual components
(electrolyte, anode, and cathode) (Shi et al., 2020), underscoring
the importance of material and design optimization to sustain
high SOFC performance at low operating temperatures. Bismuth
oxide-based electrolytes exhibit the highest known oxygen-
ion conductivity; however, they suffer from poor stability in
reducing environments and reactivity with cell components,
effectively preventing their practical use (Chen et al, 2022;
Panuh et al.,, 2021; Ye et al., 2022; Sammes et al., 1999). Lanthanum
gallate-based electrolytes (LSGM) offer an outstanding balance
of ionic conductivity and stability, demonstrating superior redox
stability compared to cerium-based electrolytes (Morales et al., 2016;
Kim S. etal., 2023; Biswal and Biswas, 2015). The challenge, however,
lies in the mechanical and fabrication aspects, including chemical
incompatibility between LSGM electrolytes and electrode materials,
microcracking, and deterioration of mechanical properties during
prolonged thermal cycling, which have hindered the adoption of
LSGM in practical applications (Badwal and Ciacchi, 2000).

Grain boundaries also significantly influence the ionic
conductivity of SOFC electrolytes, particularly at intermediate
temperatures. Yamahara et al. (2003) studied the effects of powder
material, powder synthesis methods, and sintering conditions on
these boundaries. Results indicate that optimizing these parameters
can significantly reduce grain-boundary resistivity in YSZ and ScSZ
electrolytes, thereby improving total oxide conductivity by up to
50% for 8YSZ and 54% for 9SSZ at temperatures below 800 °C.
Xin et al. (2006) investigated the impact of powder calcination
temperature on YSZ ceramics synthesized via homogeneous
precipitation. Their results indicated that a lower calcination
temperature (500 °C-1,000 °C) suppressed abnormal grain growth,
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resulting in finer nanocrystalline grains, higher relative density,
and improved ionic conductivity. SEM analysis confirms that lower
calcination temperatures yield denser microstructures with smaller
average grain sizes, leading to reduced porosity. In contrast, higher
temperatures result in coarser grains and increased porosity. These
findings align with Badwal etal's research in oxide conducting
electrolytes, which showed fine-grained ceramics (2-3 mol%
YSZ) exhibit higher mechanical strength (1,000 MPa), while
coarser-grained ceramics (8 mol% YSZ) displayed significantly
lower mechanical strength (250-300 MPa). Another study found
that grain boundaries in acceptor-doped ZrO, and CeO, can
reduce ionic conductivity by a factor of two compared to the
bulk material. This reduction is primarily due to oxygen vacancy
depletion in space-charge layers (Guo and Waser, 2006). It was also
concluded that grain boundary conductivity is governed by dopant
concentration, temperature, and impurity phases. The effect of
alumina as an impurity scavenger was also investigated, and results
showed that while it generally improves the ionic conductivity
by cleaning grain boundaries, dissolved alumina can impose an
excessive energy barrier at these grain boundaries. This increases
the activation energy required for ions to jump across them,
thereby potentially reducing conductivity. Supplementary Table S1
summarizes the related research results in DA-SOFC electrodes and
electrolytes.

2.1.2 Ammonia-Fed SOFC anodes and catalysts

In DA-SOEFCs, the anode is often the rate-limiting component
due to the harsh operating conditions and the dual requirement
for catalytic and electrochemical functionality. In addition to
the electrochemical H, oxidation, the anode must simultaneously
catalyze NH; decomposition, manage reactive nitrogen species,
and suppress NOx formation, all while maintaining structural and
chemical integrity during redox cycling.

Conventional Ni-YSZ cermet anodes represent the state of the
art for H,-fueled SOFCs, characterized by high catalytic activity
for H, oxidation, excellent electrical conductivity, and a well-
established manufacturing base. Their porous microstructure and
triple-phase boundaries (TPBs) are optimized for gas diffusion and
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FIGURE 8

YSZ/GDC bilayer electrolyte. Recreated with permission (Cho et al., 2011).

The Cross-sectional SEM images of YSZ/GDC bilayer electrolyte cells: (a) GDC single-layer electrolyte and (b) YSZ/GDC bilayer electrolyte. Cell
potential vs. Current density and power densities at different temperatures (650 °C-750 °C): (c) 6 pm GDC single-layer electrolyte, (d) 330 nm

electrochemical reactions with pure hydrogen or reformed natural
gas. However, direct NH; operation introduces several distinct
challenges, particularly regarding NH; decomposition kinetics,
nitrogen species management, and long-term stability.

Early fundamental studies established the feasibility of Ni-
YSZ anodes for NH; fuel. Staniforth and Ormerod (Staniforth
and Ormerod, 2003) reported complete NH; conversion
with no detectable NOx using Ni-YSZ anodes in SOFCs at
1,000 °C. Kishimoto et al. (2017) developed a kinetic model
of NH; decomposition on Ni-YSZ anodes, demonstrating
that the decomposition rate is directly proportional to NH,
concentration, with performance improving at higher fuel
concentrations. Crucially, their study revealed that the presence
of H, at the anode suppresses decomposition activity, likely due
to competitive adsorption at Ni active sites. This competitive
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behavior has significant implications for anode design and operating
conditions.

Molouk et al. (2015) further demonstrated that NH;-fed and
H,-fed cells with Ni-YSZ anodes exhibit comparable performance
at 800 °C. However, kinetic studies of NH; decomposition on
Ni-YSZ at 600°C revealed that the presence of H, in the
anode gas inhibits NH; decomposition at this lower temperature,
whereas this effect was not observed at 850 °C. This underscores
the reaction’s strong temperature dependence. Consequently, the
performance differences between H, and NH;-fueled cells become
more pronounced at lower temperatures due to slower NH;
decomposition kinetics (Qian et al., 2022).

Despite demonstrating feasibility, Ni-YSZ anodes face three
fundamental challenges when transitioning from H, to NH; fuel.
First, NH; decomposition kinetics are slower due to the high
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FIGURE 9

Gas space velocity: (a) Current-Voltage (I-V) Characteristics of SOFC with Ni/YSZ anode at 600 °C with a total flow rate of 50, 100, 200, and
400 mL min~* (b) Ammonia conversion over Ni/YSZ, Ni/SDC, and Ni/BCY 6,000 L/kg/h. Recreated with permission (Yang et al., 2015a).

activation energy for N, formation and the subsequent desorption
from the catalyst surface, which is significantly slower than H,
oxidation, often making the decomposition step rate-limiting
(Kim et al., 2024; Zheng et al., 2023). Second, nitrogen-containing
intermediates can form NO,, raising concerns about performance
and emissions (Kim et al., 2024). Third, NH; and its decomposition
products promote Ni nitridation (Ni;N), leading to microstructural
degradation and interfacial instability during long-term operations
(Yang et al, 2015b; Alexander et al, 2012). These challenges
collectively hinder the direct application of conventional Ni-YSZ
designs without significant material or architectural innovations.

To enhance Ni-based anode performance at low temperatures,
researchers have investigated alternative materials. Notably, ceria-
based scaffolds have shown promise in mitigating the limitations
associated with low-temperature operation. Yang et al. (2015a)
compared Ni/YSZ and Ni/SDC anodes, finding that Ni-SDC
exhibited higher ionic conductivity and oxygen mobility, leading
to lower anodic overpotentials. At 600 °C, Ni/SDC achieved
57% NH; decomposition and high cell performance (Figure 9a),
compared to only 44% for Ni/YSZ under the same conditions.
The Ni/SDC system showed higher H, oxidation kinetics due to
enhanced oxygen mobility of the SDC scaffold. Higher energy
output was observed at higher temperatures (>500 °C) with higher
NH; decomposition rates and lower polarization losses, whereas
at lower temperatures (<500 °C), incomplete NH; decomposition
caused significant performance reduction due to H, insufficiency
(Figure 9b). Additionally, Ba-modified Ni/YSZ anodes have also
demonstrated enhanced catalytic activity for NH; decomposition
below 700 °C (Wang Y. et al., 2020).

Beyond temperature and support material selection, Ni loading
in ceria-based anodes has been optimized. Itagaki et al. (2018)
investigated Ni loading in SDC in single-cell tests with 6% NH;
fuel at 900 °C. High power densities were achieved with 10 wt%
(98.8 mW/cm?) and 40 wt% (96.5 mW/cm?) Ni-SDC anodes. These
results reflect a trade-off between the higher catalytic activity of
the 10 wt% sample and the higher electronic conductivity of the
40 wt% sample, and both formulations outperformed 50 wt% Ni-
SDC (67.7 mW/cm?).
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Fuel flow rate also significantly impacts performance. Yang et al.
(2015a) investigated this effect and found that low NH; flow rates
(50-100 mL/min) provided longer fuel residence times, enabling
higher NH; decomposition efficiency, whereas high flow rates
(200-400 mL/min) resulted in incomplete NH; decomposition and,
consequently, lower performance due to fuel starvation as a result of
insufficient H, production.

Although Ni-based anodes exhibit good NH; decomposition,
under long-term operation, Ni faces significant challenges due to
nickel nitridation (Ni;N) and NOx formation at higher temperatures
(Yang et al, 2015b; Alexander et al, 2012). Lee et al. (2013)
studied the impact of temperature and moisture on Ni-containing
electrode at 600 °C and 750 °C. They found that below 650 °C,
sluggish NH; decomposition limited H, production. The presence
of H,O accelerates cell degradation (0.239%/h under wet NH; feed
conditions versus 0.056%/h under dry H,/N, conditions), primarily
due to increased Ni oxidation, which lowers both the catalyst activity
for NH; decomposition and electrical conductivity.

Yang et al. (2015b) studied Ni-YSZ anodes before and after
NH; exposure at 600 °C and 700 °C, and their results revealed
significant microstructure modifications, surface roughening, and
the formation of nanoscale pores. While the study demonstrated
that nitridation is reversible under reducing atmospheres or at
higher temperatures, repeated nitridation and denitriding cycles
during temperature fluctuations result in severe degradation of
the anode support layer. Changes to the electrode microstructure
weaken the Ni-YSZ contact, increase ohmic resistance, and thereby
impede cell performance. Rizvandi et al. (2024) further investigated
the spatial distribution of nitridation and found that it primarily
occurs in the electrode’s top layer. They also observed that
higher gas inlet temperatures and counterflow configurations can
mitigate nitridation by improving temperature distribution and
accelerating NH; decomposition. As the temperature increases
further (>700 °C), the nitriding effect decreases, consistent with
Yang et al’s findings (Yang et al., 2015b).

To address nitridation issues in nickel-based electrodes,
multi-metal anodes have been proposed. One study investigated
doping Ni-SDC with Mo and Fe, finding that these additions

frontiersin.org


https://doi.org/10.3389/fenrg.2026.1730927
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Xie et al.

enhanced catalytic activity. This improvement was attributed to
an optimized nitrogen adsorption enthalpy relative to single-metal
Ni-SDC anodes, thereby providing a better balance between NH3
adsorption and nitrogen desorption (Hashinokuchi et al., 2016;
Akimoto et al., 2014). Post-test microstructural analysis of Ni/SDC,
Ni-Mo (2.5%)/SDC, and Ni-Mo (11.4%)/SDC anodes revealed that
the Ni-Mo (2.5%)/SDC maintained a robust network structure.
Consequently, this composition achieved an optimal performance
with reduced ohmic and polarization resistances. This performance
was particularly pronounced at lower temperatures, corresponding
to a reduced activation energy of 93 kJ/mol. Higher Mo loading
(11.4%) led to particle aggregation and reduced active area, resulting
in lower performance. Further studies on alloying Ni with other
elements have suggested that modifying nitrogen binding energies
can be advantageous for enhancing both NH; adsorption and N,
desorption, thereby improving overall catalytic performance and
stability (Hashinokuchi et al., 2016). Similarly, Akimoto et al. (2013)
reported Ni40-Fe60 alloy/SDC anodes demonstrated enhanced NH;
oxidation. This was attributed to a synergistic effect between Fe,
which facilitates strong NH; adsorption, and Ni, which promotes
effective nitrogen desorption.

Building on the concept of modifying the active phase and
optimizing metal-oxide interfaces, recent work has focused on alloy-
based nanocomposites to simultaneously address nitridation and
coarsening issues in DA-SOFCs. Zhang et al. (2025) developed a
sintering-free, self-assembled NiFe-GDC nanocomposite anode that
leverages strong metal-oxide interaction to enhance stability in DA-
SOFC. By utilizing an in situ reduction process, the study achieved a
unique morphology in which NiFe alloy nanoparticles are partially
encapsulated by island-like GDC, demonstrating suppressed particle
coarsening typically observed in Ni-GDC anodes under ammonia,
maintaining the 0119 nm particle size after 100 h of operation. The
Density Functional Theory (DFT) also revealed that the NiFe(111)
surface lowers the energy barrier for both NH3 dehydrogenation
and, crucially, nitrogen desorption compared to pure Ni. This
reduction in the desorption barrier prevents the accumulation of
surface nitrogen species that drive nitridation. Consequently, the
NiFe-GDC anode delivered a peak power density of 0.61 W/cm? at
800 °C and demonstrated improved durability with a degradation
rate of only 0.0032%h™', contrasting sharply with the rapid
degradation of conventional Ni-GDC counterparts.

Perovskite-based materials have been widely studied for
DA-SOFCs due to their superior redox stability, electrical
in NH;
environments, compared to conventional Ni-containing electrodes
(Zainon et al, 2023; Islam et al, 2021; Neagu et al, 2019).
Cavazzani et al. (2022) demonstrated superior electrochemical

and ionic conductivity, and chemical stability

performance via Ni exsolution in LSTNOH. Compared to Ni-
infiltrated La 45Sr) 45 TiO5 (LSTO), the LSTNOH anode achieved
reduced polarization resistance under NH;, with total cell resistance
approaching that of H, fuel cell performance. Zhong et al. (2023a)
investigated Sr( ¢Tij ¢Niy,05.5 (STNO0.2) and reported high power
densities of 287.1 in H, and 262.7 mW/cm? in NH, at 800 °C.
Notably, this performance surpasses that of conventional Ni/YSZ
anodes under similar conditions. However, a recurring challenge
for many perovskite electrodes in DA-SOFCs has been their
often limited catalytic activity for NH; decomposition, structural
instability under prolonged reducing conditions, and a tendency
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to form NO, at higher temperatures, impeding their broader
application (Zainon et al., 2023; Islam et al., 2021; Neagu et al., 2019).

In a critical advancement addressing these limitations Zhong
etal. (2025) achieved a significant breakthrough by defect-
(LSCN) perovskites
direct ammonia oxidation. Through optimized Sr-doping and

engineering LaSrCrNiO; for enhanced
precise tuning of A-site (La-site) stoichiometry, highly active
Lag 60S1(3Cr 85Nip 1505 (Lo g0S0.3CN) composition, and achieved
and exceptional power density of 501 mW/cm?* at 800 °C using
NH; fuel, representing an almost nine-fold improvement over
traditional NiO anodes. The high activity was attributed to increased
oxygen vacancies and precisely engineered active Ni’ nanoparticles
stabilized within the perovskite matrix, enabling efficient, near-
complete NH; conversion and inherently mitigating the formation
of undesirable nitrogen-containing intermediates that could lead to
NO, emissions. Despite this significant progress, further studies are
essential to fully assess the long-term stability, practical scalability,
and precise NO, quantification of such advanced perovskite anodes
under varied DA-SOFC operating conditions.

Pyrochlore materials represent an alternative for SOFC
electrodes due to their unique structural flexibility and electrical
properties (Zhong et al., 2023b). Several pyrochlore compositions,
including R,MnTiO,, R,MnRuO,, and R,Ru,0, (where R
denotes rare-earth elements), have demonstrated potential as
mixed ionic-electronic conductors. Specifically, La,Zr, Ni O, s
(LZN,) pyrochlores have been studied as anode catalysts for DA-
SOFCs (Yang et al., 2024), exhibiting n-type semiconducting
behavior and excellent compatibility with YSZ electrolytes. Optimal
performance was achieved with the LZN, ;s composition (x = 0.05),
with a maximum power density of 100.86 mW/cm? at 800 °C,
approximately 1.8 times that of conventional Ni-based anodes under
identical conditions, due to enhanced fuel gas diffusion and an
increased TPB density.

2.1.3 Ammonia-Fed PCFC electrolyte

Proton-conducting fuel cells (PCFCs) represent a viable
alternative to conventional SOFCs for NH; fuel. The primary
function of the PCFC electrolyte is to facilitate the transport of
protons (H*) from the anode to the cathode, where they react with
oxygen to form water. PCFC electrolytes are typically composed
of doped barium cerates or zirconates (e.g., BaCeO;, BaZrOs;).
These electrolytes leverage superior proton mobility to enable
efficient operation at intermediate temperatures (400 °C-700 °C).
Consequently, an ideal PCFC electrolyte must balance high proton
conductivity with robust chemical stability in both reducing and
oxidizing atmospheres, while maintaining mechanical durability
during thermal cycling. A schematic diagram of a PCFC is presented
in Figure 5b, and Supplementary Table S2 summarizes the related
research results in DA-PCFC electrodes and electrolytes.

A significant advantage of PCFCs over SOFCs in DA systems
is their inherent resistance to NOx formation. While SOFCs
risk NOx and Ni;N formation due to the coexistence of steam
and NH; at the anode, PCFCs segregate steam formation to the
cathode, eliminating these issues and simplifying downstream gas
separation and recirculation processes. Moreover, the absence of
steam dilution at the anode enables PCFCs to maintain higher
local H, concentrations and achieve higher fuel utilization, making
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them especially suitable for NH; applications. Itagaki et al. (2018)
empirically demonstrated these advantages and showed nearly 100%
NH; decomposition at 607 °C using Ni/BCY and BCG electrolytes,
compared with 44% and 57% NH; decomposition with Ni-YSZ and
Ni-SDC anodes using YSZ electrolytes, respectively.

Iwahara et al. (1981) pioneered the field by establishing that
sintered oxides could conduct protons at high temperatures.
They focused on aliovalent cation-doped SrCeO; and BaCeO;,
for example, SrCeo5Yb, s05.5» which achieves a conductivity of
1072 S/cm at 1,000 °C, with current efficiencies ranging from 50% to
95% in electrochemical applications and current densities between
0.1 and 0.8 A/cm?, highlighting their potential for high-temperature
electrochemical applications. Y-doped-BCO (BaCe;q,Y(005.5)
also exhibited high proton conductivity but suffers from chemical
instability in CO,-containing environments at temperatures
below 800°C (Slade and Singh, 1993). Conversely, Y-doped
BaZrO;(BZY) demonstrated excellent tolerance to CO, and H,O
vapor (Katahira et al., 2000), but suffers from poor sinterability and
high grain boundary resistance. These materials typically require
high sintering temperatures to achieve density, often resulting
in limited overall SOFC performance (Duval et al.,, 2007; Bi and
Traversa, 2014).

Mixed cerate-zirconate systems have been investigated to
balance the properties of BCO and BZY in PCFC and Zhong
(2007) developed a single-phase BaCejsZr;,Y, 0,05 electrolyte
sintered at 900 °C, achieving good chemical stability against
H,0 and CO,. Although higher sintering temperatures were
required to improve density, increased Zr content adversely
affected electrical conductivity. Nasani et al. (2015) successfully
fabricated BaCe;,Zr;,Y,,055 (BCZY44) electrolytes
lower sintering temperature (1,450°C) with good adhesion

at a
between cell components and chemical stability. However,
high sintering temperatures remain a major hindrance in
fabricating proton-conducting electrolytes, due to BaO evaporation
the electrolytes,
necessitating the addition of excess barium to maintain
stoichiometry (Babilo et al., 2007).

Co-doping strategies have also been explored. Studies indicate

during fabrication of proton-conducting

that co-doping barium zirconate with Sm and Y affects the
sinterability and performance of the cell (Zhu and Wang, 2019).
While Sm** and Y** co-doping improves sintering properties in
BaZrOj;-based materials, it does not enhance charge transport
or electrical conductivity, unlike in BaCeOj-based systems
(Shietal.,2014; Wangetal., 2018; Yang et al., 2021; Dang et al., 2013).
Investigations into Y and Yb co-doping effects on lattice distortions
also showed the formation of oxygen vacancies for proton
transport (Yang K. et al., 2014; Wang S. et al., 2013). Additionally,
Mo-doping in BaCe;,Y,;0; 5 improved thermal stability and
sinterability, and enabled densification at 1,400 °C through grain
boundary segregation and the creation of oxygen vacancies, which
promote enhanced ionic conductivity and mass transport during
sintering (Hanif et al., 2023).

The high sintering temperature requirement for PCFC
electrolyte synthesis remains a significant challenge. Studies have
demonstrated that adding sintering aids, such as Nd, Sm, and Gd,
can effectively lower the sintering temperature, enhance electrolyte
densities, and facilitate controlled grain growth (Liu Y. et al., 2012;
Liu et al,, 2014). Moderate Al,O; doping (<20 mol%) in BaCeO;
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was also found to improve thermal and chemical stability and
proton conductivity, while simultaneously reducing electrical
conductivity (Shin et al, 2019). Additionally, the addition of
2-3 mol% CuO-Bi, 05 as dual sintering aids for BaCe ;Zr,, ; Y ,05.5
(BCZY) electrolytes enabled densification at 1,150 °C, compared
to the typical 1,500 °C requirement (Babar et al., 2022). This
approach promoted grain growth while maintaining the BCZY
perovskite structure without forming secondary phases. ZnO-
doping (BCZYZnO) also lowered the sintering temperature.
However, it reduced bulk conductivity by trapping protons at the Zn
dopant (Baral, 2015; Fan et al., 2016).

Rare-earth-doped barium cerates (Gd and Nd) and transition-
metal dopants (e.g., Zr) also exhibit good electrolyte properties,
forming mixed oxides that offer higher stability and higher proton
conductivity over a wider temperature range (Norman et al., 2023;
Radenahmad et al, 2016). The influence of transition-metal
and lanthanide-metal doping on electrolyte materials, including
In, Ga, and Pr, has been demonstrated to result in lower
sintering temperatures, higher crystallinity, and the absence of
secondary phases. These attributes make these materials ideal
candidates for high-temperature PCFC applications, offering
reduced processing costs and improved long-term stability
(Norman et al., 2023; Radenahmad et al., 2016).

2.1.4 Ammonia-Fed PCFC anode catalyst

In PCFCs, the anode oxidizes H, to protons, which migrate
across the electrolyte to react with O, at the cathode to produce H,O.
This differs from SOFCs, where water forms at the anode. Efficient
anode catalysts must resist degradation due to H, and N, poisoning
to ensure long-term operation.

Research has shown that transition metals (e.g., Ni, Cu, Fe)
and their alloys have demonstrated high catalytic activity for NH;
decomposition and H, oxidation (Xie et al., 2007; Lin et al., 2010).
Doping Ce, Gd, and Nd has also shown enhanced H2 adsorption
and greater resistance to catalytic poisoning, improving overall
cell performance and durability (Xie et al., 2007; Lin et al.,, 2010;
Ma et al, 2006; Yang et al, 2015¢). Various Ni-based anode
configurations have yielded impressive results. For instance, a cell
comprising a Ni-BCGO anode, BCGO electrolyte, and LCSO-
BCGO cathode achieved peak power outputs of 96 mW/cm? at
600 °C and 384 mW/cm? at 750 °C (Ma et al, 2006). Similarly,
a Ni-BZCY anode and a BSCG cathode reached a peak power
density of 420 mW/cm? at 700°C (Lin et al, 2010). Another
study using a BCNO electrolyte, an LCSO cathode, and a NiO-
based anode achieved 315 mW/cm? under the same operating
temperature (Xie et al., 2007).

Advanced strategies, such as optimizing cell configurations,
have further enhanced PCFC performance. For example, a tubular
PCFC design employing a BaCe,Zr; ;Y 1621 0405_5(BCZYZ)
proton-conducting electrolyte, a Ni/BCZYZ composite anode, and
a La ¢Sr,Co, sFe; s05_s (LSCF)/BCZYZ cathode, achieved a peak
power density of 236 mW/cm? and a total power output of 8.5 W
at 750 °C (Nowicki et al., 2023). Pan et al. (2022) demonstrated
that incorporating an internal Fe catalytic layer in tubular PCFCs
achieved peak power densities of 1,507 mW/cm? at 700 °C, due to
the Fe layer facilitating NH; decomposition and H, production.
This minimizes Ni-NH; contact, thereby limiting nitridation effects
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and improving cell stability. Further doping strategies involving
BZCYYb-based electrolytes have proven effective. A Ni-cermet
anode with Pd-doped BZCYYDb (Ni-BZCYYDbP) showed enhanced
NH; decomposition and improved proton conductivity, achieving a
maximum power density of 724 mW/cm? at 650 °C with NH; fuel
and excellent stability over 350 h (He et al., 2021). Furthermore,
doping of BZCYYb with Ni (BZCYYbN) showed enhanced H,
oxidation kinetics due to an increase in the number of active
sites for NH; decomposition, and improved charge transfer at
the anode-electrolyte interface, resulting in peak power densities
of 1,017 mW/cm? with H, and 523 mW/cm? with NH; at
650 °C (Song et al., 2022).

2.2 Cathode challenges and mitigations

Unlike the anode, which faces ammonia-specific challenges,
such as NH; decomposition kinetics and nitrogen species
management, the cathode in DA-SOFCs operates under conditions
largely analogous to those in conventional H,-fueled SOFCs.
Since cathode reactions involve oxygen reduction from air,
regardless of fuel type, many degradation mechanisms, including
sulfur poisoning from SOx, chromium migration from metallic
interconnects, and silica contamination from cell materials or
fabrication equipment, are common to both H2-SOFC and H,-
SOFC technology. However, DA-PCFCs, which operate at lower
temperatures (400 °C-700 °C) to leverage proton conductivity, are
more susceptible to impurities due to the lower thermal driving
force, leading to slower kinetics for the removal of volatile species.
Additional challenges include NH; crossover from the anode
and cathode poisoning by humidity, sulfur, and CO, in the air.
Together, these factors highlight the critical need for robust,
poison-resistant cathode materials, which remain a primary focus
of current research (Zhong et al., 2023b; Ou and Cheng, 2014;
Chen et al,, 2009; Xiong et al., 2015).

Sulfur poisoning poses a significant challenge to SOFC longevity,
as trace SO, in the air reacts with cathode materials, particularly
the alkaline earth components (e.g., St, Ba) in perovskite cathodes
such as (La, Sr) (Co, Fe)O;g (LSCF), BSCE, PCF and LCE
could form oxygen exchange inactive sulfates (SrSO,, BaSO,,
PrSO,, CaSO,) that inhibit oxygen exchange (Wang E et al., 2020;
Wang et al., 2023; Xiong et al., 2009; Yamaji et al, 2009;
Yaremchenko et al,, 2013; Berger et al., 2018; Berger et al., 2017).
Studies on LSC64 and LCF82 revealed a sharp decline in ORR
activity over time, evidenced by a 2-to-3-orders-of-magnitude
decrease in the chemical surface exchange coefficient (kg,.,,) and
near-complete surface coverage by sulfates (Berger et al., 2017).
Furthermore, Silicon (Si) poisoning from sealing materials has
been investigated in La, ¢Sr, 4Co,Fe, 3055 (LSCF) cathodes for
IT-SOFCs, found to cause Si deposition at the cathode electrolyte
interface (Figure 10), forming insulating silicates (SrSiO;, La, Si, O-).
These phases block TPB, impede gas diffusion, and significantly
increase the polarization resistance (Perz et al., 2016).

Chromium (Cr) poisoning from chromium-containing
interconnects and cell housings leads to chromium incorporation
into the perovskite cathode. This results in the formation of
secondary phases such as strontium chromate and other insulating
compounds that disrupt the host perovskite structure. These
chrome-rich phases degrade cathode performance by blocking
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active sites, reducing oxygen vacancy concentration, and lowering
electrical conductivity, a phenomenon commonly referred to as
chromium poisoning or “chrome poisoning” (Miyoshi et al., 2016;
Ahmad et al,, 2022; Zhou et al,, 2020). Mitigation strategies include
altering the composition of metallic interconnect materials, for
example, incorporating MnO, into La, ,Sr, 3C00;_s (LSC) and Ni-
Cr alloys, or utilizing Fe-Cr-Mo-Mn alloy interconnects, which
have demonstrated reduced Cr deposition (Ou and Cheng, 2014;
Chen et al., 2009; Xiong et al.,, 2015). Protective coatings, such
as CuMnO, and MnCoCuO, on stainless steel interconnects
(Hosseini et al., 2015; Sun et al., 2018; Chen et al., 2015),
MnCoO, on Crofer22APU (Xiong et al., 2015), and chromium-
tolerant cathode materials such as LNF (Hosseini et al., 2015;
Sun et al, 2018) and LBCF (Chen et al., 2015), have also
exhibited superior resistance to Cr deposition. Comparative studies
indicate that the BSCF cathode possesses higher resistance to
SrCrO, formation than LSCF and SSCE, due to Ba®"'s larger
ionic radius, which stabilizes Sr**. In contrast, LSCF and SSCF
exhibited particle growth, resulting in higher polarization resistance,
whereas LSCF and SSCF tend to exhibit particle growth and
increased polarization resistance under Cr exposure (Shen
and Lu, 2016). In another study, Ag-modified LSCF cathodes
maintained a stable polarization resistance (0.24-0.26 Qcm?) at
700 °C after 40 h of Cr exposure, while unmodified LSCF cathodes
degraded significantly (0.26-0.62 Q cm?) (Wang Z. et al., 2022),
Additionally, electrochemical cleaning methods have also been
proposed involving the application of electrolytic current to
convert Cr-containing deposits back into volatile species, with
efficacy potentially enhanced through temperature and humidity
adjustments (Zhu et al., 2020).

Recent advancements in cathode materials for DA-PCFCs
have focused on developing novel structures optimized for
the (400 °C-700 °C).
instance, a surface-modified cathode consisting of double
perovskite  PrBa, ;Sr, ;Co, sFe; 505, 5(PBSCF) with
Pr,oFe;,Co,305(PFC) achieved a peak power density of
1,080 mW/cm®
low degradation rate (0.03%/h), and enhanced tolerance to
both Cr and moisture (Zhang et al., 2022). Furthermore,
the strategic incorporation of Cr and Fe into perovskite
compounds, including LaCr, ;Co, ;05 5 (LCCO), LaFe, sCo, 5055
(LECO), and LaCr,5Fe;,5C0, 5055 (LCFCO), has demonstrated
significant enhancements in electrocatalytic activity and electrical

intermediate-temperature  range For

coated

at 650°C. This composite demonstrated a

properties. These improvements arise from synergistic effects
that promote oxygen vacancy formation, with Cr-doping
specifically improving chemical stability and reducing thermal
expansion (Jeerh et al., 2022).

PCFCs operating at lower temperatures are also susceptible to
CO, poisoning. LSCF cathodes exhibit severe degradation due to
the formation of surface carbonates (e.g., SrCO;), which accelerate
Sr segregation and reduce the active surface area (Zhao et al., 2013;
Yu et al., 2014). Furthermore, because water is produced at the
cathode in PCFCs, pores are reduced, reducing gas diffusion
and deactivating active sites. LSCFN and composite cathodes
with BCY15 electrolytes exhibit reduced electrical conductivity
and higher polarization resistance in the presence of moisture,
particularly below 600 °C (Wang et al., 2019). However, compared
with LSM-GDC cathodes, LSM-BCY15 exhibited better moisture
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FIGURE 10

LSCF electrode. Reprinted with permission (Perz et al., 2016).

(a) SEM cross-section of fresh LSCF, (b) SEM after Silicon poisoning, (c) STEM-HAADF image and elemental distribution maps of the silicon-poisoned

resistance due to its larger effective TPB area (Lee et al., 2013).
A critical challenge in DA-PCFC is the requirement for triple-
conducting oxides (TCO) materials capable of conducting
protons, oxygen ions, and electrons. This introduces significant
complexity in material design. Structural stress, phase segregation,
cation migration, and degradation resulting from repeated
protonation/deprotonation cycles, exacerbated by thermal cycling
and interactions with other cell components, pose a significant
hurdle to the development of stable TCO cathodes (Tong et al., 2023;
Tao et al., 2009; Zhu et al., 2019).

3 SOFC Balance of Plant (BoP) and
control systems

While cell materials and stack architecture determine intrinsic
performance limits, the Balance of Plant (BoP) is equally critical
for practical deployment and cost viability. The SOFC BoP
encompasses the chemical, thermal, and electrical subsystems that
support the stack, including fuel processing, air handling, heat
recuperation, thermal management, and power electronics. These
subsystems are decisive factors in overall efficiency, reliability,
startup behavior, and scalability. Specifically, the BoP integrates fuel
delivery with thermal management systems, using heat exchangers
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to manage thermal gradients and ensure optimal waste-heat
recovery.

Transitioning to DA-SOFC introduces unique architectural
requirements compared to standard H, systems. While commercial
hydrocarbon-fueled SOFCs require complex external pre-reformers,
DA-SOFCs can use NH; directly. However, the specific chemical
and physical properties of ammonia require distinct modifications
to the Balance of Plant (BoP), particularly in fuel delivery, thermal
integration, and exhaust handling.

During the startup of a DA-SOFC, the system undergoes
controlled preheating to raise the temperature from ambient to
operating levels. Unlike hydrocarbon or hydrogen-fueled SOFCs,
which may experience trace carbon impurities that require steam
injections to prevent coking, DA-SOFCs operate most efficiently
with dry fuel feed. By keeping the ammonia dry, the product
(water) concentration at the inlet remains at zero. This maximizes
the chemical driving force, resulting in a higher Open Circuit
Voltage (OCV) and better efficiency (Li et al., 2021). Consequently,
the BoP architecture is simplified by removing the humidification
subsystems found in hydrogen fuel cell systems.

During steady-state operation, air blowers activate, pulling
filtered air through preheaters and into the cathode channels,
providing the necessary oxidant. At the same time, NHj; is fed to
the anode, where it undergoes internal decomposition, producing
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N, and H,. This reaction mechanism introduces critical challenges
distinct from pure H, operation. First, while H, oxidation is
purely exothermic, NH; decomposition is highly endothermic. This
reaction draws significant heat from the stack inlet, effectively acting
as an internal coolant. To prevent cold spots that could degrade
fuel cell performance, the thermal management system requires
precise integration, often incorporating external heating or “hot-
box” preheaters to sustain the reaction until thermal self-sufficiency
is achieved, which is a complexity absent in direct H, systems.
Simultaneously, the decomposition reaction doubles the molar
volume of the gas, as 2 mol of NH; yield 4 mol of products (3 mol H,
and 1 mol N,). This rapid expansion alters gas hydrodynamics,
necessitating a redesign of stack flow channels and pressure control
strategies to accommodate the increased velocity and pressure
drop (Nemati et al., 2024; Robinson et al., 2015). Following the
electrochemical reaction, the power conditioning system converts
the generated DC power to grid-compatible AC electricity using
inverters and transformers.

Another fundamental difference in DA-SOFC BoP is the anode
exhaust. In standard H, systems, the exhaust consists of unreacted
fuel and steam. The steam is condensed, and the remaining H, is
efficiently recirculated to maximize efficiency. In contrast, anode gas
recirculation is typically unfeasible in ammonia systems due to the
presence of inert N, byproduct formed from NH; decomposition.
If the exhaust gas were recirculated, N, would accumulate in the
loop, progressively diluting the fuel concentration and degrading
cell voltage. Since separating H, from N, requires prohibitively
complex purification steps, DA-SOFCs generally employ a single-
pass architecture (Nemati et al., 2024).

Instead of a recirculation loop, the anode off-gas (containing
unreacted H,, inert N,, and trace NH;) is combined with
oxygen-depleted cathode exhaust and routed to a combustor. This
integration serves a dual purpose: it converts residual chemical
energy into high-grade thermal energy to drive the fuel heaters and
intake preheaters, prioritizing thermal recovery over fuel recycling.
The combustion of these mixed gases is particularly critical during
transients and load fluctuations, acting as a thermal buffer against
the system’s endothermic instability. During low-load periods, the
combustor converts unreacted fuel into essential heat to keep the
stack warm. During rapid ramp-ups, it provides the thermal energy
necessary to offset the endothermic effect of increased NH; feed.
This is managed through load-buffering mechanisms, including
capacitors in the DC link, the stacks large thermal mass, and
advanced flow controllers with predictive capabilities to regulate
plant-wide temperature and recycle excess heat for other high-
temperature applications. Figures 11, 12 illustrate the H,-fuelled and
NH;-fuelled SOFC process integrated with a combined heat-and-
power system.

Control systems continuously monitor and optimize critical
parameters, though the priorities differ from H, systems. While
H, controls focus heavily on water balance and humidification
levels, NH; controls must meticulously manage thermal gradients.
Algorithms monitor the coupling between electrical load and the
endothermic decomposition rate to prevent localized cooling (cold
spots) at the inlet, using feedback loops to adjust external heating
or fuel flow rates. During shutdown, the system follows a controlled
cooling protocol (approximately 2 °C per minute) with N, purging
below 300 °C. Emergency protocols include immediately isolating
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the NH; supply, purging with N,, and maintaining airflow to
dissipate thermal energy safely.

3.1 SOFC process operation challenges

Despite the theoretical advantages of SOFCs, their practical
implementation is constrained by significant operational challenges,
including cost-effective thermal control, durability under variable-
load conditions, and adequate response times to meet dynamic
operational requirements.

Thermal Management Systems, particularly high-temperature
heat exchangers and recuperators, often struggle with precise
temperature control. Thermal gradients can exceed 100°C
across large stacks, inducing mechanical strain at material
interfaces and cell components, compromising structural integrity,
potentially accelerating degradation kinetics (Robinson et al., 2015;
Zheng et al., 2022; Zhang$. et al, 2023). To mitigate these
issues, innovative stack designs are being explored. For instance,
Omer etal. (Omer et al., 2025) investigated a 10-cell DA-SOFC
stack, comparing conventional simple cross-flow (SC) with novel
cross with fuel alternating (CWFA) and cross with fuel and air
alternating (CWFAA) configurations. Their computational fluid
dynamics (CFD) study demonstrated that CWFA and CWFAA
significantly reduced temperature differences within the stack
by up to 55K, leading to improved ammonia decomposition,
enhanced efficiency (e.g., a 0.74% increase for CWFA over SC),
and inherently greater resilience to thermal shock through better
thermal uniformity. Overall, highlighting the criticality of stack flow
configuration design for addressing thermal stress and improving
overall durability and efficiency in DA-SOFC.

Beyond stack architecture, Cathode air management systems
in large stacks may also experience non-uniform gas distribution,
leading to channel blockages and significant pressure drops during
high-temperature operations. Restricted flow results in oxygen
starvation, triggering cascading performance losses and material
degradation (Suboti¢ et al., 2021). Recirculation pumps face
similar durability issues, where thermal cycling often degrades
pump seals, leading to leaks and reduced system efliciency
(Koeppel et al., 2006). Additionally, metallic components within
the recirculation loop are susceptible to H, embrittlement,
and trace impurities can accumulate over repeated cycles
(Habib et al., 2023; Kniep et al., 2024).

These mechanical limitations are compounded by the electrical
challenges of grid integration. Poor power quality from the stack
can accelerate delamination, while transient load conditions pose
a major risk to system survival. Sudden spikes in power demand
can outpace fuel delivery, leading to fuel starvation and irreversible
electrochemical and mechanical degradation. Voltage instabilities
during load-following operations can create localized hotspots
exceeding 850 °C (Wang et al., 2007), while rapid changes in
current density induce stress concentrations at the electrolyte-
electrode interfaces (Zhang et al., 2024; Luo et al., 2023). To
maintain optimal operation, control systems must provide prompt
feedback (Wang Y. et al, 2024). However, control systems face
limitations in rapidly varying conditions, including delayed sensor
and actuator responses, signal latency, difficulty maintaining
fuel utilization balance, and thermal cyclic stress, which are
particularly pronounced during load transients. Conventional
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FIGURE 11

Process Flow Diagram of a Hydrogen-Powered SOFC Cogeneration System: Illustrating dual thermal management pathways with direct hydrogen
recovery route with cooling and separation of anode off-gas, and combustor route through utilization of unreacted fuel.

(PID)
are insufficient to address the intrinsic nonlinearity of fuel

proportional-integral-derivative controllers, however,
cell systems (Qin et al., 2018) as they struggle to manage the complex
interactions among stack temperature, reactant stoichiometry, and

the byproduct H,O.

3.2 Electronics and control mechanisms
for SOFC

SOFCs thermal and
that

and control strategies to ensure maximum system -efficiency,

High-temperature are complex

electrochemical systems require advanced electronics
stability, and safe operation. These systems must strictly control
temperature, fuel delivery, and power output to minimize
degradation over time. The power electronics framework converts
the low-voltage DC output into usable forms using DC-DC
converters and inverters, often implementing Maximum Power
Point Tracking (MPPT) or fuel utilization controls to optimize
performance.

Thermal management is crucial in high-temperature SOFC
systems, particularly when compared to low-temperature PEM fuel
cells. Heat exchangers are used in fuel cell systems to regulate

operating temperatures, remove excess heat, and preheat and recover
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the upstream fuel and air entering the SOFC (Vincenzo et al., 2013;
Arsalis, 2019). This improves system efficiency, minimizing heat
loss to the environment and preventing cell overheating. Combined
Heat and Power (CHP) demonstrations with SOFCs have achieved
efficiencies of up to 85% by capturing and recycling heat for
upstream processes (Ellamla et al., 2015). Further studies have
also introduced combustors into SOFC systems to recover heat
by combusting anode residual fuel with cathode exhaust air
(Yen et al., 2010). While this approach remains susceptible to heat
loss through equipment walls. Yet, Kim et al. (2019) demonstrated a
2 kW SOFC-BoP system comprising a combustor, air preheater, and
steam generator that achieved 60% thermal efficiency across various
load conditions through a well-coordinated waste heat recovery
system. Ultimately, the effective coordination of these thermal
recovery components is the defining factor in transitioning SOFCs
from steady-state baseload units to dynamic, load-following power
generators.

To integrate and combine these complex thermal and
electrochemical processes, simple feedback loops are often replaced
by advanced control algorithms supported by robust sensor
networks (Abbaker et al, 2020; Cheng et al., 2018; Cao and
Li, 2016). While basic PID controllers are common, research has
increasingly focused on non-linear strategies better suited for SOFC
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FIGURE 12
Process Flow Diagram of an Ammonia-Powered SOFC Cogeneration System: Illustrating dual thermal management pathways with combustor route
through utilization of unreacted fuel.

environments, including Adaptive Control (APC) (Nayeripour and
Hoseintabar, 2013), robust control (Fardadi et al., 2010), Model
Predictive Control (MPC) (Wang et al., 2007), Fuzzy Logic Control
(FLC) (Zhang and Xiao, 2018; Corcau et al, 2011) and Fault-
Tolerant Controls (FTC) (Wu and Gao, 2017; Li et al., 2017).
Each offers distinct advantages for handling the system’s strong
nonlinear, multivariable, and coupled characteristics. These control
algorithms rely on integrated sensor networks (thermocouples,
mass flow controllers, and electrochemical impedance analyzers)
that provide real-time data for precise oversight. Continuous
monitoring of process variables, detecting and regulating deviations
to ensure stability during both steady-state operations and load
transitions (Abbaker et al., 2020; Cheng et al., 2018; Cao and
Li, 2016; Nayeripour and Hoseintabar, 2013; Wang et al., 2007).
For instance, because temperature gradients at operating ranges
of 600°C-1,000°C present severe risks to structural integrity,
continuous monitoring is required to regulate thermal shock
and protect ceramic materials (Wang et al, 2007; Zhang and
Xiao, 2018; Corcau et al, 2011). Simultaneously, mass flow
controllers and real-time gas sensors regulate fuel and air supply
to maintain optimal reactant ratios, ensuring the oxygen-to-
fuel ratio remains within +2% of the target value for stable
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operation (Pukrushpan et al., 2004). When combined with voltage-
balancing circuits and current sensors monitor electrical parameters
to prevent performance degradation (Abbaker et al, 2020;
Han et al., 2023; Qazi et al., 2018), these integrated control systems
enable modern SOFCs to maintain stability during load transitions
and achieve rapid response times of less than 100 milliseconds.

The complexity of control also depends on the system’s scale,
due to stack modularity and monitoring requirements. Smaller-
scale systems (1-5kW) require simpler control infrastructure,
emphasizing autonomous operation and error- and fault-detection
algorithms to minimize maintenance intervention. Industrial-
scale systems (multi-MW or GW) require hierarchical control
systems with local and supervisory layers to manage complex
interactions among subsystems. Thermal inertia characteristics
also vary across scales, requiring adaptive control parameters that
adjust to different response times and thermal masses. Each scale
prioritizes different objectives for specific applications. For example,
small-scale systems focus on rapid start-ups, using precise thermal-
gradient control to deliver power quickly, while industrial-scale
systems prioritize steady-state stability and demand responsiveness,
utilizing distributed control frameworks to offer redundancy and
prevent critical failures. Regardless of scale, the overarching
goal is to maintain parameters within operating domains while
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FIGURE 13

Diverse Applications of an Ammonia-Fed SOFC system encompass heavy-duty applications, Internal combustion engines, hydrogen refueling stations,
decentralized renewable energy storage, small-island development, aviation, and shipping.

overcoming electrochemical and thermomechanical limitations.
Successful commercial deployment depends on the seamless
integration of these elements, in which phase-alignment controllers
and energy management systems not only comply with IEEE power-
quality standards (Staffell and Green, 2013; Wei et al., 2017), but also
actively contribute to grid stability.

4 Ammonia-Fed solid oxide fuel cells
applications and deployment

NH;-fed solid oxide fuel cells have emerged as a transformative
technology for decarbonizing energy-intensive sectors, including
power generation, transportation, and decentralized energy systems.
The unique ability of DA-SOFCs to convert NH; into electricity,
heat, and H, efliciently and with a low environmental impact
makes them a cornerstone of sustainable energy infrastructure.
This section explores the diverse applications of DA-SOFCs, as
illustrated in Figure 13, highlighting their flexibility and current
challenges across various operational contexts.

The largest potential for DA-SOFCs lies in large-scale power
generation and industrial energy systems, including standalone
microgrids, data centers, and facilities with high concurrent
demands for electricity and thermal energy. The high operating
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temperature enables efficient electrochemical conversion of NH;
while producing high-grade waste heat that can be recovered
for downstream processes or site heating, making DA-SOFCs
particularly attractive for combined heat and power (CHP) and
poly-generation concepts.

Like hydrogen- and natural-gas-fed SOFCs, ammonia systems
benefit significantly from heat-integration strategies that improve
overall system efficiency and reduce LCOE. Qu et al. (2025)
demonstrated an advanced CCHP system that integrates DA-SOFCs
with pumped thermal energy storage (PTES) and a Kalina cycle,
achieving an electrical efficiency of 69.5% and a CHP efficiency
of 77.7%, one of the highest reported for poly-generation. A
techno-economic analysis indicated a levelized cost of energy of
$0.149/kWh with grey NH; and $0.176/kWh with green NH;, with
the latter becoming cost-competitive under carbon pricing above
$30 per ton (Qu et al., 2025). These results underscore the potential
of DA-SOFC:s to displace fossil-fuel-based power plants, particularly
in jurisdictions with stringent decarbonization targets.

DA-SOECs  are
particularly effective in decentralized applications where poly-

Beyond centralized power generation,
generation capabilities offer significant operational and economic
advantages. Minutillo et al. (2020) evaluated DA-SOFC-powered
H, refueling stations in two configurations: a self-sustained system

producing 100 kg/day of H,, and a hybrid system with an additional
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50 kW DC fast-charging capability. The first configuration achieved
a levelized cost of hydrogen (LCOH) of 6-10 €/kg and LCOE
of 0.242-0.447 €/kWh, with a profitability index of 1.89 and an
internal rate of return of 8.0%, demonstrating economic feasibility
for decentralized multi-service applications.

Hybrid configurations offer additional optimization
potential. Du et al. (2024) combined DA-SOFCs with a split
transcritical CO, cycle (STCC), increasing system efficiency by
3.96% and reducing LCOE by 0.6% compared to standalone
units. Increasing the NH; mixing ratio enhanced efficiency by
0.26%-0.85% and lowered LCOE by 4.6%-7.4%, demonstrating
operational flexibility suitable for variable-load conditions in
distributed-generation contexts.

Small Island Developing States (SIDS) and remote regions
that rely on expensive diesel generators represent particularly
compelling use cases for DA-SOFCs, given the critical importance
of energy resilience and independence. Sagel et al. (2022) presented
a Power-to-Ammonia-to-Power (P2A2P) system that integrates
wind, electrolysis, NH3 synthesis, and PCFC, achieving an LCOE
of $0.13/kWh and emissions of 0.03 kg CO,/kWh, outperforming
fossil alternatives with CCS. Rouwenhorst et al. (2019) studied an
islanded NH; power system that combines wind turbines, solar
panels, a Battolyser (an electrochemical hybrid of an electrolyser
and a battery), and a PSA unit for N, extraction. The system
operated under mild conditions (275°C, 8bar), achieving a
remarkable round-trip efficiency of 61% and an estimated cost of
0.30-0.35 €/kWh.

In the transportation sector, DA-SOFC presents distinct
challenges related to power density, variable loads, and emission
regulations. Park and Choi (2025) investigated SOFC-ICE hybrid
systems for maritime applications, achieving 15% higher efficiency
than standalone SOFCs with power outputs ranging from 4 to
8.5 MW. Through optimizing fuel utilization (>0.5) and SOFC-
to-ICE ratio (0J0.93), NOx emissions were minimized while
maintaining efficiency. Wu et al. (2022) compared DA-SOFC
systems for container ships with conventional HFO and LNG
engines, finding that while CAPEX was higher, 20-year cumulative
costs were comparable. Combined with superior efficiency and
alignment with IMO decarbonization goals, this positions DA-
SOFCs as a compelling option for the maritime transport sector.
However, challenges related to power density, lifespan, and NOx
emissions must be addressed to meet Tier III compliance.

Addressing the power-density challenge, Wehrle et al. (2024)
demonstrated that pressurization offers a viable pathway for heavy-
duty road applications. Operating at 010 atm increased power
density by more than 55%, eliminating the need for external NH;
crackers. At 550 °C and 15atm, stacks achieved 510 mW/cm?* with
94.3% fuel efficiency, demonstrating the potential for compact,
carbon-free heavy-duty systems suitable for trucking applications.

Across these diverse applications, DA-SOFCs demonstrate
economic competitiveness, with LCOE ranging from 0.13 $/kWh in
renewable energy storage systems (Sagel et al., 2022) to 0.45€/kWh in
decentralized H, production (Minutillo et al., 2020), positioning them
favorably against fossil-based and other low-carbon technologies.
The technology shows particular promise when poly-generation
capabilities are fully exploited, such as in industrial CHP systems,
which achieve 77.7% combined efficiency (Qu et al,, 2025) and
when high-grade waste-heat recovery adds value. However, several
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technical challenges must be addressed for widespread adoption. NO,
emissions remain a concern in both stationary and mobile applications,
necessitating optimization of fuel utilization and operating conditions.
Pressurization strategies demonstrate promise for increasing power
density by over 55% (Wehrle et al., 2024), however, benefits and
feasibility vary by scale. System integration complexity, particularly
for hybrid configurations and heat recovery systems, requires further
development to reduce installation costs and improve reliability.
Despite competitive lifecycle costs in many applications, higher
upfront CAPEX compared to conventional technologies remains a
barrier. While preliminary studies have explored aviation applications
(Di Legge et al., 2023; Saha et al., 2025), significant energy-density
challenges currentlylimit DA-SOFCs to small general aviation systems,
necessitating substantial technological advances for commercial
aviation viability. Broader adoption pathways include technology
maturation, manufacturing scale-up, and supportive policies such as
carbon pricing. As these challenges are progressively addressed, DA-
SOFCs are positioned to play a vital role in the energy transition across
stationary, mobile, and off-grid applications.

5 Conclusion and future perspectives

This review provides a comprehensive overview of the current
state of knowledge, spanning from ammonia synthesis methods
to direct ammonia fuel cell applications. As sustainable ammonia
synthesis solutions become increasingly accessible and cost-
competitive, “green ammonia” has emerged as a premier hydrogen
carrier with the potential to decarbonize hard-to-abate sectors.
This shift in availability is driving global trade partnerships
among producers, energy companies, and the maritime industry
toward 2035. However, realizing ammonia’s full potential requires
addressing systemic challenges across the technology chain.

Ammonia fuel cells (DA-SOFC/DA-PCFC) offer a promising
alternative energy solution, but face significant materials limitations.
Research must prioritize developing alternative electrolytes with
optimal ionic conductivity at lower operating temperatures.
Furthermore, anode development must focus on materials that
mitigate fuel poisoning and byproduct contamination while
suppressing the formation of toxic nitrogen oxides (NOx). In
this regard, DA-PCFCs have demonstrated distinct advantages
over traditional SOFCs, exhibiting superior performance at
lower operating temperatures and greater resistance to electrode
degradation. Consequently, the primary objective in DAFC
remains the engineering of an effective electrocatalyst that
facilitates rapid ammonia decomposition and minimizes parasitic
reactions, thereby ensuring performance that matches that of
hydrogen-fueled systems.

Overall, the synergy between green ammonia production
and advanced DA-SOFC/DA-PCFC technologies represents a
critical pathway toward achieving the 2050 net-zero emissions
goal. However, substantial efforts are still required to bridge the
gap between laboratory success and commercial viability. Future
research must focus on holistic optimization of the infrastructure,
spanning synthesis processes and material fabrication through
system integration and renewable energy coupling, to fully unlock
ammonia’s potential in the global energy sector.
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