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Abstract

Direct ammonia fuel cells (DAFCs) offer a promising pathway for carbon-free energy
conversion but their practical performance is limited by sluggish cathode kinetics. In
this work, non-precious FeCoN catalysts offer a cost-effective solution, yet carbon sup-
port optimization is crucial for activity and stability. FeCoN/XC-72R, FeCoN/CNT, and
FeCoN/CNH cathode catalysts were synthesized by annealing at 550–750 ◦C. Their struc-
ture and morphology were analyzed by X-ray diffraction (XRD) and scanning electron
microscopy (SEM). Electrochemical behavior was evaluated by cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) in alkaline medium containing KOH
and NH4OH. FeCoN/XC-72R exhibited the lowest resistance of 27 Ω and superior activity.
In single cell tests using a 40 wt% PtIr/C anode catalyst at 2 mg cm−2, the FeCoN/XC-72R
catalyst achieved the highest power density of 71 mW/cm2 under optimized conditions
of 0.1M NH4OH + 3M KOH, 100 ◦C, and O2 feed. Among the carbon supports, carbon
black (XC-72R) proved the most effective support for FeCoN catalysts in low concentration
DAFCs, outperforming carbon nanotubes (CNTs) and carbon nanohorns (CNHs). These
findings highlight the importance of carbon support selection in the design of efficient
cathodes for next generation low concentration direct ammonia fuel cells.

Keywords: AEM-DAFC; direct ammonia fuel cell; carbon supports; non-precious
metal catalyst; FeCoN/C; PtIr/C; M-N-C catalyst; carbon nanotubes; carbon black;
carbon nanohorns

1. Introduction
Direct ammonia fuel cells (DAFCs) are gaining attention as promising clean energy

devices because ammonia is carbon-free, contains a high hydrogen content, can be liquified
under mild conditions, and is already supported by existing distribution infrastructure [1–4].
Compared with hydrogen, ammonia offers higher volumetric energy density, easier stor-
age, transportation, and safety, which makes it an attractive fuel for decentralized power
generation as well as portable and stationary applications [4–6]. In alkaline-membrane-
based DAFCs, ammonia is oxidized at the anode, while oxygen is reduced at the cath-
ode, producing electricity, with water and nitrogen as the main products under ideal
operating conditions [7–10].
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Despite these advantages, DAFCs still face major electrochemical and engineering
challenges that limit practical use. The ammonia oxidation reaction at the anode is inher-
ently slow and requires highly active and stable catalysts to reach useful current densities.
More importantly, the oxygen reduction reaction (ORR) at the cathode remains a major
bottleneck in both alkaline and anion exchange membrane DAFCs [11–16]. Conventional
Platinum (Pt)-based catalysts remain the benchmark due to their excellent activity [17–20],
but these catalysts are expensive and may lose performance because of ammonia crossover
from the anode, which lowers cell voltage and durability. In addition, operation at a low
ammonia concentration is preferred for safety, reduced crossover, and compatibility with
dilute ammonia sources from industrial and agricultural streams [21–23]. However, these
conditions also worsen kinetic limitations, decrease ionic conductivity, and increase mass
transport resistance, creating a strong need for cathode catalysts with high intrinsic activity,
good ammonia tolerance, and strong structural stability [22,24–27].

To address these challenges, non-precious metal-based cathode catalysts have emerged
as promising candidates for platinum-free oxygen reduction in alkaline media [28,29]. These
catalysts usually contain transition metals such as Ni, Co, Fe, Mo, and Mn coordinated with
nitrogen species in conductive supports [30,31]. Among them, transition metal–nitrogen–
support catalysts are the most promising platinum (Pt)-free electrocatalysts for alkaline
environments. In particular, Fe-based catalysts have shown strong catalytic activity in fuel
cells and can approach the performance of commercial Pt catalysts [32–35]. Their nitrogen
doped active sites and metal–nitrogen coordination environments promote the preferred
oxygen reduction reaction pathway and help suppress hydrogen peroxide formation,
which is important because peroxide can damage the membrane and reduce electrode
durability. During the synthesis, metal nanoparticles or clusters may also form and can
further influence conductivity and catalytic performance [36–40].

The carbon support plays an important role in catalyst dispersion, electron transport,
porosity, and resistance to corrosion [37,41–43]. Carbon black, especially Vulcan XC-72R, is
widely used because of its low cost, high surface area, and easy processing, although its
relatively low graphitization can make it more vulnerable to oxidation and structural degra-
dation during long-term operation [44,45]. Carbon nanotubes provide one-dimensional
conductive pathways, high electrical conductivity, and good mechanical strength, but their
tendency to aggregate can reduce catalyst dispersion and limit electrolyte access [46–50].
Carbon nanohorns are a unique class of sp2 carbon nanostructures made of horn-shaped
graphene cones that self-assemble into spherical aggregates [51–56]. They offer a hierar-
chical pore network, a high defect density, and many anchoring sites for metal–nitrogen
coordination, which may improve catalyst utilization and mass transport. Because these
three supports differ in morphology, conductivity, porosity, and defect structure, the same
FeCoN active phase may show different performances on each support [57].

This support effect is especially important in low concentration DAFCs, where the
cathode must sustain efficient oxygen reduction under low ionic strength, slower reaction
kinetics, and higher transport resistance [25,58–60]. A suitable support can improve the
dispersion of metallic species, strengthen catalyst–carbon interactions, enhance charge
transfer, and improve the access of oxygen and electrolyte to the active sites. In contrast,
an unsuitable support can lead to poor active site utilization, higher resistance and lower
durability. Therefore, comparing FeCoN catalysts supported on carbon black, carbon
nanotubes, and carbon nanohorns is important for understanding how carbon architecture
influences cathode performance in ammonia fuel cells [28,61–66].

In this study, FeCoN/C catalysts supported on XC-72R, CNTs, and CNHs were pre-
pared and evaluated as cathode materials for low concentration DAFCs. The catalysts were
synthesized by high temperature treatment under a nitrogen atmosphere to promote the
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formation of well dispersed metal–nitrogen active sites and a conductive carbon frame-
work, resulting in FeCoN/XC-72R, FeCoN/CNT, and FeCoN/CNH materials. Structural
and electrochemical characterization was performed to examine the relationship between
carbon support, catalyst morphology, and oxygen reduction behavior in alkaline media. In
particular, X-ray diffraction, cyclic voltammetry, electrochemical impedance spectroscopy,
and rotating disk electrode measurements were used to assess phase composition, catalytic
activity, charge transfer resistance, and reaction kinetics. In addition, the effects of operating
parameters, including electrolyte composition, and anode and cathode loading, were inves-
tigated to evaluate performance under low concentration ammonia conditions. This work
aims to identify the most effective carbon support for FeCoN catalysts in AEM-DAFCs
and to provide mechanistic insights into the role of support structures in determining
electrochemical performances. The results are expected to support the rational design of
low cost, efficient, and durable cathode catalysts for sustainable ammonia-based energy
conversion systems.

2. Materials and Methods
All chemicals and materials were used as received, without further purifica-

tion. The full details of the materials and characterization methods are provided in
Supplementary Materials.

2.1. Surface Modification of Carbon Supports

The surface modification of carbon black by an acid treatment was performed fol-
lowing the previous reported method [67]. Carbon black (XC-72R) was reacted with 20%
nitric acid in a reflux system at 110 ◦C for 12 h to introduce carboxylic and phenolic
functional groups onto the carbon black surface, thereby enhancing its catalytic activity.
After completion of the reaction, carbon black was separated by vacuum filtration and
washed repeatedly with deionized water to remove the impurities and for pH neutraliza-
tion. After washing, the carbon black was dried in an oven at 80 ◦C for 12 h to remove the
moisture completely.

Carbon nanotubes required stronger oxidation treatment due to the hexagonal rigid
structure and chemical inertness of CNTs. Carbon nanotubes were treated with a mixture of
70% concentrated nitric acid (HNO3) and 95% sulfuric acid (H2SO4) in a 1:3 volume ratio [68].
The CNTs were refluxed in acidic solution at 120 ◦C under continuous stirring for 3 h to
introduce the oxygen-containing functional groups at the surface, which play a critical role
in improving interfacial interactions with metal catalysts. After acidification, the carbon
nanotubes were thoroughly washed with DI water several times to neutralize the acid
residue and filtered through vacuum filtration and dried at 80 ◦C for 12 h in an oven.
After acid treatment, the modified carbon supports were stored in a vacuum desiccator for
further use. Carbon nanohorns (CNHs) were used without acid treatment.

2.2. Preparation of FeCoN/C Cathode Catalyst

The FeCoN/C catalysts were synthesized by the 2-cyanoguanidine-assisted hydrother-
mal method by using three different carbon supports (carbon black (XC-72R), carbon
nanotubes (CNTs) and carbon nanohorns (CNHs)). 2-Cyanoguanidine (1 g) was dissolved
in deionized water (30 mL) and heated at 80 ◦C for 20 min. Subsequently, ferric chloride
(FeCl3•6H2O, 62 mg) and cobalt chloride (CoCl2•6H2O, 80 mg) were then added, into the
solution under continuous stirring for an additional 40 min at 80 ◦C. One of three func-
tionalized carbon supports, XC-72R-COOH, CNT-COOH, or CNH, was introduced and
dispersed with constant stirring and heating, followed by ultrasonic treatment to ensure
the uniform distribution of metal precursor and carbon substrates. After that, the mixture
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was filtered and dried at 90 ◦C for 12 h yielding a solid precursor powder. The dried
powder was placed in a tube furnace under a nitrogen atmosphere and heated at 550 ◦C
for 3 h, then raised to 750 ◦C for 1 h. This allowed the gaseous elements to effectively
adhere to the material surface, resulting in the synthesis of FeCoN/XC-72R, FeCoN/CNT,
and FeCoN/CNH cathode catalysts.

2.3. Catalyst Slurry Preparation

The gas diffusion layer used in this experiment had an area of 4.9 × 4.9 cm2. Three dif-
ferent cathode catalysts, FeCoN/XC-72R, FeCoN/CNT, and FeCoN/CNH, were prepared,
each with a loading of 1 mg/cm2, 1.5 mg/cm2 and 2 mg/cm2. PtIr/C was used as an anode
catalyst, with two loadings of 1 mg/cm2 and 2 mg/cm2. The catalyst ink was prepared by
dispersing the solid catalyst into a mixed solution of deionized water (DI water), isopropyl
alcohol (IPA), and an ionic polymer solution containing 5 wt% PiperION-A5. The ionic
polymer helps establish an ion conduction channel between the catalyst layer and the
AEM membrane, while IPA, acting as a dispersant, combined with DI water helps evenly
disperse the catalyst powder.

2.4. Optimal Loading Test

The effects of different cathode catalyst loadings on fuel cell performance were studied.
The catalyst (FeCoN/XC-72R, FeCoN/CNT, and FeCoN/CNH) loadings coated on cathode
GDL are 1 mg/cm2 to 1.5 mg/cm2, 2 mg/cm2 and 3 mg/cm2 to identify the optimal
configuration for achieving the highest power density. The anode catalyst used PtIr/C with
a loading of 1–2 mg/cm2 and the area of GDL was 4.9 × 4.9 cm2.

2.5. Preparation of the Gas Diffusion Electrode (GDE)

The prepared catalyst slurry was evenly coated onto a 4.9 × 4.9 cm2 carbon paper
GDL-340 gas diffusion layer. Then, it was immersed in a 1M KOH solution for 48 h, and
the KOH solution was replaced every 24 h to ensure successful activation. After activation,
the single cell was assembled and its electrochemical performance was tested.

2.6. Activation of Anion Exchange Membrane

The anion exchange membrane PiperION-A20-HCO3 TP-85, is a high-performance
membrane material suitable for anion exchange membrane direct ammonia fuel cells (AEM-
DAFC). The membrane is mainly the condensation product of piperidine, terphenyl and
2,2,2-trifluoroacetophenone [69]. This material exhibits excellent anion conductivity, a
wide range of chemical stability (pH 1–14), and an extremely thin membrane structure,
making it highly promising in electrochemical applications such as alkaline fuel cells,
alkaline electrolyzers and direct ammonia fuel cells. The PiperION-A20-HCO3 TP-85 anion
exchange membrane was cut into 6 × 6 cm2 squares. The membrane was then immersed
in a 0.5 M potassium hydroxide (KOH) solution for 2 h to convert the hydroxide (OH−)
form, thereby improving the membrane’s conductivity and electrochemical reactivity. Once
the conversion was completed, the single cell assembly and subsequent performance
was tested.

3. Results and Discussion
Acid treatment effectively modifies the surfaces of carbon nanotubes and carbon

black by introducing oxygen-containing functional groups, thereby increasing the number
of active sites for metal coordination. These surface modifications markedly increase
the dispersibility in aqueous media. As a result, acid-functionalized carbon black and
carbon nanotubes showed excellent dispersibility, whereas their unmodified counterparts
remained poorly dispersible. Additionally, the carbon nanohorns were used without

https://doi.org/10.3390/electrochem7020014

https://doi.org/10.3390/electrochem7020014


Electrochem 2026, 7, 14 5 of 16

acid modification because carbon nanohorns were easily dispersed in deionized water
(Figure S1). The hydrophilic character of untreated and modified carbon black and carbon
nanotubes were analyzed by a water contact angle as shown in Figure S2.

FTIR spectroscopy was used to investigate the surface functional groups of XC-72R
carbon black and CNTs before and after acid treatment. Carbon black (XC-72R) exhibits a
broad band at 3850–3600 cm−1, which can be assigned to O-H stretching. The bands near
2920–2860 cm−1 are attributed to aliphatic C-H stretching and the band near 2675 cm−1,
corresponding to the presence of quaternary ammonium (N-H). The absorption features in
the 2021–1744 cm−1 region are associated with a carbonyl-containing species, including
C = O stretching from carboxyl moieties, whereas the band near 1542 cm−1 is associated
with aromatic C = C skeleton vibrations. The region between 1198 and 1032 cm−1 is charac-
teristic of C-O stretching and the signals near 1013–856 cm−1 arise from bending vibrations
of aromatic C-H. The acid treatment, intensification of the oxygen-containing bands and
appearance of additional features in the region of 2104–1542 cm−1 range indicate success-
ful surface oxidation and the generation of more defect-related functional groups [70,71].
The transmittance values presented in the FTIR spectra are unnormalized (Figure 1a,b).
The spectral changes indicate that the acid treatment enriches the carbon black surface
with nitrogen, oxygen, and unsaturated carbon functionalities. Similarly changes in the
surface functional groups of carbon nanotubes before and after acid functionalization were
also evaluated by Fourier transform infrared (FTIR) spectroscopy. The FTIR spectrum
of untreated CNT showing the weak signals, indicating a very low density of surface
functional groups, on graphitized carbon. After modification, significant absorption peaks
appeared at 3687–3217 cm−1, which were assigned to the O-H stretching vibrations of
hydroxyl and carboxylic groups. The bands at 2961 and 2871 cm−1 correspond to aliphatic
C-H stretching, while the peak at 1825 cm−1 is attributed to the C = O stretching of carbonyl
species. The bands near 1690–1558 cm−1 can be assigned to C = O stretching and aromatic
C = C skeletal vibrations indicating oxidation and the formation of defects. In addition,
the peaks at 885–798 cm−1 are consistent with the bending vibrations of aromatic C-H
(Figure 1b) [72–75]. Similarly, the FTIR spectrum of the carbon nanohorns is shown in
Figure S3. These spectral changes demonstrate that acid treatment effectively introduces
oxygen-containing functional groups.

Figure 1. FTIR spectra of carbon supports before and after modification; (a) carbon black (XC-72),
(b) CNTs.

The FeCoN/C catalysts supported on XC-72R, CNTs and CNHs were prepared by a
hydrothermal process followed by annealing at 550 ◦C and 750 ◦C (Figure 2). The choice of
carbon support affected the resulting catalyst’s properties through differences in surface
chemistry and morphology, which likely influenced precursor adsorption and thermal
evolution during pyrolysis. The resulting materials labeled FeCoN/XC-72R, FeCoN/CNT,
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and FeCoN/CNH exhibited different structural and electrochemical properties depending
on nature of the carbon support. The synthesis strategy combines precursor chemistry with
rational support selection to control catalyst formation and finally tune the properties of
FeCoN-based materials for fuel cell Applications.

Figure 2. Schematics for the synthesis of FeCoN/XC-72R, FeCoN/CNT, and FeCoN/CNH
cathode catalysts.

The surface morphologies of FeCoN/XC-72R, FeCoN/CNT, and FeCoN/CNH were
observed by scanning electron microscopy (SEM) at 30 K and 50 K magnification to evaluate
the influence of carbon support on catalyst formation and dispersion. All samples were
annealed under a nitrogen atmosphere in a tube furnace to promote precursor conversion
and catalyst formation. FeCoN/XC-72R exhibited a relatively uniform distribution of
nanoscale FeCoN particles across the carbon black framework. The surface defects and
functional group present on XC-72R likely facilitated the anchoring of the active species,
yielding a homogeneous coating without significant particle agglomeration (Figure 3a,b).
FeCoN/CNT showed a tubular network morphology, with FeCoN nanoparticles decorated
on the CNT surface and in some regions, bridging adjacent tubes (Figure 3c,d). This one-
dimensional conductive structure may favor electron transport along the axial direction;
however, some localized particle clustering at tube junctions could reduce the accessibility
of certain active sites. FeCoN/CNH displayed canonical nanohorns like architecture, with
FeCoN particles distributed over the outer surfaces and in the interstitial spaces between
the horns (Figure 3e,f). This morphology increases the surface roughness and may provide
more available sites for catalyst deposition. The high curvature of CNHs may also promote
stronger interactions with supported species and improve gas–solid contact, which can
be beneficial for catalytic reactions. Across all supports, no obvious large scale phase
separation was observed, indicating that the high temperature pyrolysis under nitrogen
effectively immobilized FeCoN species, while preserving the carbon nanostructures. The
observed morphological differences highlight the important role of carbon support topology
in controlling catalyst dispersion, surface accessibility, and likely mass transport behavior,
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all of which can influence the electrochemical performance of direct ammonia fuel cells.
Further EDS analysis of the weight percentages of the catalyst (Table S1) confirms that the
experimental synthesis results closely align with the designed composition (Figure S4),
thereby verifying the successful fabrication of the targeted cathode catalyst. BET analysis
before and after the treatment of carbon black and carbon nanotubes was performed, which
showed that treated carbon black and carbon nanotubes exhibited greater surface areas.
Nitrogen (N2) adsorption isotherms of carbon supports are as shown in Figure S5.

Figure 3. Surface morphologies of (a,b) FeCoN/XC-72R, (c,d) FeCoN/CNT, (e,f) and FeCoN/CNH.

X-ray diffraction was employed to identify the crystalline phases and assess the
structural evaluation of a FeCo-based cathode catalyst supported on XC-72R, CNT and
CNHs. All samples exhibited the characteristic diffraction peaks of graphitic carbon at
two theta (2θ) values 26.2–26.5◦, 42–43.0◦ and 78–79.5◦, which can be indexed to the (002),
(101) and (110) planes respectively, according to the JCPDS No. 41-1487. These reflections
indicate the preserved graphitic structure of the carbon supports, with variations in peak
intensity and breadth reflecting differences in graphitization and structural order among
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XC-72R, CNTs, and CNHs. In addition, distinct peaks at two theta (2θ) values of 43.8–44.6◦

and 64.9–66.5◦ were observed and assigned to the (110) and (200) planes of the CoFe alloy
phase respectively, in agreement with the JCPDS No. 49-1568 (Figure 4a–c). The presence of
these reflections confirms the formation of FeCoN during high temperature annealing. The
similar relative intensity of alloy peaks across all the samples suggests comparable alloy
crystallinity, while slight peak broadening indicates nanoscale crystalline dimensions. In
this work, nitrogen is introduced from 2-cyanoguanidine during pyrolysis and is expected
to contribute to the chemical environment of the catalyst by promoting nitrogen doping
and a possible metal–nitrogen network in the matrix. However, such nitrogen-related
species are typically difficult to identify directly by XRD because they are often amorphous,
highly dispersed or below the detection limit of the technique. Therefore, the XRD results
mainly support the formation of graphitic carbon and FeCo alloy phases, rather than
directly confirming FeCoN. The absence of separate Fe or Co oxide reflections suggests
that annealing under the nitrogen atmosphere favored reduction and alloy formation, but
it does not exclude the possible presence of amorphous or highly dispersed oxide species
below the XRD detection limit. The XRD pattern indicates that the FeCoN catalysts were
successfully formed on all three carbon supports, while the preserved graphitic carbon
structure should help maintain electrical conductivity and provide a suitable framework
for catalyst integration.

Figure 4. XRD analysis of (a) FeCoN/XC-72R, (b) FeCoN/CNT, and (c) FeCoN/CNH.

The electrochemical performance of FeCoN catalysts supported on carbon black XC-
72R, CNT, CNH were evaluated by cyclic voltammetry (CV) in 0.1M NH4OH and 3M KOH
using a Hg/HgO reference electrode (Figure 5a). The measurements were conducted
over a potential range of −1.0 to 0.5 V at the scan rate of 20 mVs−1. All three catalysts
exhibited well-defined redox responses, indicating the presence of electrochemically active
surface sites associated with the FeCoN phase. Among three catalysts, FeCoN/CNH
showed the smallest voltametric loop area and lower peak current density, suggesting
lower electrochemical activity and less favorable charge transfer behavior under tested
conditions. In contrast, FeCoN/XC-72R and FeCoN/CNT demonstrated larger loop areas
and higher current responses, which may reflect improved electrochemical accessibility
and more efficient interfacial charge transport.
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Figure 5. Electrochemical analysis of FeCoN/XC-72R, FeCoN/CNT and FeCoN/CNH catalysts;
(a) CV, (b) EIS, (c) polarization curves of FeCoN on different carbon supports for ORR in O2-saturated
0.1M KOH at 2400 rpm with a scan rate of 10 mVs−1 RDE.

The superior response of FeCoN/XC-72R and FeCoN/CNT may be related to dif-
ferences in support morphology and surface structure. Greater functionality of carbon
black XC-72R can promote the better dispersion of the active phase and provide more
accessible catalytic sites, while the curved and conical architecture of CNHs may also
facilitate reactant access and catalyst utilization.

Electrochemical impedance spectroscopy (EIS) was used to investigate the charge
transfer characteristics of FeCoN catalysts supported on XC-72R, CNTs, and CNHs. EIS
was conducted over a frequency range of 100 kHz to 0.1 Hz with a 5 mV amplitude, and
acquired results were fitted using an appropriate equivalent circuit. The Nyquist plots
were fitted using the equivalent circuit Rs-(Rct ∥ CPE), where Rs represents the solution
resistance, Rct represents the charge transfer resistance associated with the oxygen reduction
reaction (ORR), and the constant phase element (CPE) accounts for non-ideal capacitive
behavior arising from surface heterogeneity. Among the three catalysts, FeCoN/XC-72R
demonstrated the lowest total resistance of 27 Ω, compared with 56 Ω for FeCoN/CNT
and 87 Ω for FeCoN/CNH as shown in Figure 5b. This lower resistance suggests faster
interfacial electron transfer and more efficient ion transport for the XC-72R-supported
catalyst under operating conditions. The lower resistance of FeCoN/XC-72R is consistent
with its stronger CV response and suggests that this support provides a more favorable
electrochemical environment for catalyst utilization. This behavior may be associated with
surface functionalization and the dispersion of XC-72R, which can improve active site
accessibility and reduce interfacial resistance. The ORR polarization curves of FeCoN-
based catalysts supported on modified carbon black, CNTs and CNHs were measured in
O2-saturated 0.1M KOH (Figure 5c). Among these catalysts, FeCoN/XC-72R showed more
positive onset potential with higher cathodic current density, indicating the superior ORR
activity as compared to the other synthesized catalysts.
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The influence of carbon supports (XC-72R, CNTs and CNHs) on the performance of the
FeCoN cathode catalysts was evaluated in alkaline direct ammonia fuel cells under the same
operating conditions. The anode fuel consisted of 0.1M NH4OH + 3M KOH, while oxygen
was supplied to the cathode. All the measurements were performed at 100 ◦C using 5 wt%
PiperION-A5 ionomer. The catalyst inks were uniformly coated onto gas diffusion layers
(GDLs, 4.9 × 4.9 cm2) and assembled into single cells with a cathode loading of 1 mg/cm2

FeCoN and PtIr/C anode loading of 1 mg/cm2. Among the three catalysts, FeCoN/XC-
72R delivered the highest peak density of 45 mW/cm2, compared with 39 mW/cm2 for
FeCoN/CNT and 32 mW/cm2 for FeCoN/CNH (Figure 6a). This result indicates that the
XC-72R-supported catalyst provided the most favorable cell performance under the tested
conditions. The superior performance of the FeCoN/XC-72R catalyst is broadly consistent
with the electrochemical impedance and cyclic voltammetry results, in which FeCoN/XC-
72R exhibited the lowest resistance (27 Ω) and most favorable electrochemical response.
This improved performance may be related to differences in support morphology, surface
chemistry, and catalyst dispersion, which can affect the charge transport and reactant
accessibility. The findings establish XC-72R as a highly effective support for FeCoN-based
cathode catalysts in alkaline ammonia fuel cells.

Figure 6. Comparison of power density of (a) FeCoN catalysts with different carbon supports;
(b) optimization of cathode catalyst with different loadings (c) ammonia fuel cell assembly used for
performance tests.

The power density of the ammonia fuel cell was improved by fine tuning both the
anode and cathode catalyst loadings. Building on the optimized FeCoN/XC-72R cathode
catalyst, the loading at the cathode was increased from 1 mg/cm2 to 2 mg/cm2, while
the PtIr/C anode loading was kept at 2 mg/cm2. Fuel cell performance was evaluated
using 0.1M NH4OH and 3M KOH at the anode and oxygen at the cathode, at 100 ◦C with
5 wt% PiperION-A5 ionomer, and a 4.9 × 4.9 cm2 active area. The increase in cathode
catalyst loading significantly enhanced the power density, rising from 45 mW/cm2 at
1 mg/cm2 with a PtIr/C loading of 1 mg/cm2 to 71 mW/cm2 at 2 mg/cm2 loading of both
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anode (PtIr/C) and cathode catalysts (Figure 6b). This improvement can be attributed to the
higher catalyst loading increasing the number of accessible active sites and the reduced local
kinetic limitations at the cathode. The performance gain may also be influenced by overall
electrode composition, although the individual contributions of the cathode and anode
loading cannot be separated from the present data. These results indicate that catalyst
loading is an important parameter for improving cell performance in low concentration
ammonia fuel cells, while further optimization would still be needed to determine the
practical loading limit. Single cell ammonia fuel cell assembly for the single cell used in tests
is shown in Figure 6c. The performance of the developed cathode catalyst (FeCoN/XC-72R)
was evaluated; a comparative fuel cell test was performed using commercial Pt/C and
PtIrC anode catalyst under the same loading and optimized operating conditions. The
PtIr/C anode catalyst showed better overall cell performance than Pt/C under optimized
conditions (Figure S9). The similar performances of FeCoN/CNH and FeCoN/XC-72R
at low current densities may be attributed to their comparable catalyst utilization and
reaction kinetics under mild operation conditions. Although the two carbon supports
differ in morphology and surface structure, these differences appear to have a limited
effect at low current, where the overall activity is mainly governed by the intrinsic catalytic
behavior of FeCoN active sites. At higher current densities, the influence of the support
structure becomes more pronounced, which may account for the divergence observed in the
cell performance.

The operational durability of the optimized FeCoN/XC-72R cathode was evaluated
under accelerated cycling conditions in a single cell configuration. PtIr/C with a loading
of 2.0 mg/cm2 was used as the anode, and FeCoN/XC-72R with a catalyst loading of
2.0 mg/cm2 was used as the cathode. The anode was supplied with 0.1M NH4OH + 3M
KOH, while oxygen served as the cathode oxidant. The fuel cell setup used for testing is
shown in Figure 7a. The tests were conducted at 100 ◦C, and the cell was operated under
constant conditions for 50 h before the performance assessment. The peak power density
decreased from 71 mW/cm2 to 48.98 mW/cm2, corresponding to an absolute loss of 22.02
mW/cm2 and relative decrease of approximately 31% (Figure 7b). This decline suggests a
partial performance degradation of the FeCoN/XC-72R cathode during cycling. Possible
contributors include catalyst layer restructuring, the loss of active site accessibility, support
degradation or changes in electrodes under prolonged operations. While the FeCoN/XC-
72R cathode showed a promising initial performance, durability results indicated that
further optimization was still needed to improve long-term stability for practical low
concentration direct ammonia fuel cell applications.

Figure 7. (a) Fuel cell setup; (b) FeCoN/XC-72R fuel cell stability test.

https://doi.org/10.3390/electrochem7020014
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Compared with the reference catalysts listed in Table 1, the FeCoN/XC-72R-catalyst-
based cell showed a competitive power density of 71 mW/cm2 under low fuel concentration
conditions. Although the catalyst composition and testing conditions differ among the
reported systems, the present work highlights the effectiveness of the carbon support-based
design, particularly the use of acid-functionalized XC-72R, and CNTs in improving catalyst
utilization and overall cell performance.

Table 1. Fuel cell power density comparison chart.

Fuel
Concentration

Anode Loading
(mg/cm2)

Cathode Loading
(mg/cm2) Temperature (◦C) Membrane Peak Power Density

(mW cm−2) Ref.

0.5 M NH4OH + 0.5 M KOH Pt cubesH-S
2 mg/cm2 Pt black 50 AEM (PVBC) 42.4 [76]

0.2 M NH3 + 1 M KOH Pt/C
0.6 mg/cm2

Pt/C
0.6 mg/cm2 80 HEM (AHA) 0.22 [77]

0.1M NH3·H2O + 3M KOH PtRu/C
4.5 mg/cm2

Pd/C
2 mg/cm2 80 AEM 3 [78]

0.1M NH4OH + 3M KOH PtIr/C
2 mg/cm2

FeCoN/XC-72R
2 mg/cm2 100 AEM 71 This

Work

4. Conclusions
In this study, the FeCoN cathode catalysts supported on XC-72R, CNTs, and CNHs

were successfully synthesized and evaluated for low concentration direct ammonia fuel
cells. The choice of carbon support was found to strongly influence the morphology,
electrochemical response, and fuel cell performance of the catalysts. Among the three
catalysts, FeCoN/XC-72R showed superior performance, with the lowest resistance, a
stronger electrochemical response and the highest peak power density after optimization of
the catalyst loading. Increasing the FeCoN/XC-72R cathode loading to 2 mg/cm2 improved
the peak power density to 71 mW/cm2 under 0.1M NH4OH + 3M KOH. These results
indicate that carbon support selection and catalyst loading are important parameters in
determining cell performance. However, the durability test also showed a noticeable decline
in stability, highlighting the need for further improvement before practical application.
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