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ARTICLE INFO ABSTRACT

Keywords:
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Nitrous oxide reduction

Direct ammonia solid oxide fuel cells (DA-SOFCs) have been widely recognized as highly efficient energy con-
version devices. Their application to the reduction and valorisation of nitrous oxide (N20), a potent greenhouse
gas, represents a promising strategy for mitigating global warming while simultaneously addressing energy
demands. The present work extends this concept by investigating an SroFeq sMog 506.5||CGO||YSZ||Ni-YSZ solid
oxide fuel cell (SOFC), providing insight into the simultaneous electrochemical reduction of N,O at the cathode
and the electrochemical oxidation of NHj at the anode. This approach aligns with the objective of achieving N2O
abatement and valorisation through the production of NO at the anode, a valuable intermediate in the nitric acid
synthesis process. In this study, the anodic reaction is examined for different fuel compositions, ranging from
pure NH3 to 6 % of NH3 balanced in Ny, at an intermediate operating temperature of 750 °C. The results indicate
that fuel dilution had no significant impact on the overall electrical performance of the cell, as decreasing the
ammonia concentration from pure NH3 to 10 % NHs led to only a moderate reduction in power density, from 75
to 62 mW cm 2. Notably, operation under diluted fuel conditions enabled the electrochemical oxidation of NH;3
to produce NO, which makes operation under diluted conditions attractive. Concurrently, nitrous oxide
decomposition at the cathode was ca. 10 %, which, although modest, is a promising result considering the high
thermal stability of the NoO molecule.

Ammonia oxidation
Nitric oxide production

1. Introduction

Ammonia (NHs3) has been widely considered a promising fuel in the
context of decarbonization, particularly when produced from renewable
energy sources and used for power generation. Ammonia is of particular
interest as as a carbon-free hydrogen carrier becuase, as under appro-
priate operating conditions and with suitable catalysts, it can be
decomposed into hydrogen (Hz) and nitrogen (N3), making it a viable
alternative to direct hydrogen utilization [1].

Ammonia offers several advantages over hydrogen, especially in
terms of storage and transportation. Unlike Hy, NH3 benefits from a
mature storage and distribution infrastructure [2], is non-flammable,
easily liquefiable, and exhibits a high volumetric energy density [3].

Moreover, when integrated with existing infrastructure, NH3 emerges as
a cost-effective alternative, with fuel costs approximately 10.6 — 30.2
times lower than those of Hy [4]. As a result, several countries have
begun to adopt NH3 as a low-carbon, sustainable fuel within broader
energy systems and decarbonization strategies, for example, in internal
combustion engines (ICEs) and solid oxide fuel cells (SOFCs) [4].
Notably, in 2020, NH3 was classified as a “low-carbon fuel” by the U.S.
House of Representatives [4].

SOFCs, traditionally operate at temperatures between 600 and
1000 °C [5], are often regarded among the most efficient power gen-
eration technologies and have been widely investigated for ammonia-
based applications [1]. Although the dissociation of NHj3 reaction is
thermodynamically favorable at relatively low temperatures (~185 °C),
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much higher temperatures are required to achieve practically relevant
reacton rates, with kinetic limit for dissociation of ~ 550 °C [6].
Therefore, the high operating temperatures of SOFCs, combined with
the use of nickel-yttria stabilized zirconia (Ni-YSZ) cermet as a catalyst
[7,8], are particularly attractive for direct ammonia decomposition,
enabling the integration of ammonia cracking and electrochemical
oxidation within a single device [1]. Nickel serves as both as the anode
electronic conductor and as an active catalyst for NH3 decomposition,
while YSZ provides ionic conductivity to the electrode [9,10].

The use of ammonia in fuel cells was first proposed in 1968 by Cairns
et al. [11] and was subsequently demonstrated by Farr and Vayenas
[12,13]. These studies are particularly noteworthy because they show
the partial electrochemical oxidation of ammonia can selectively pro-
duce nitric oxide (NO) while generating electricity.

More recent studies on direct ammonia solid oxide fuel cells (DA-
SOFCs) — i.e., SOFCs operating directly with NH3 as a fuel — have re-
ported net system-level energy efficiencies of up to 52.1 % in a single-
stage process, and up to 72 % for an enhanced system designs incor-
porating hydrogen membrane separation [14]. Comparable cur-
rent-potential difference (I-V) characteristics have been reported for
DA-SOFCs employing conventional Ni-YSZ fuel electrodes relative to
Ho-fueled SOFCs [7,15]. Cinti et al. [16] reported maximum power
density of 240 mW cm ™2 at 800 °C without observing degradation of
failures in the stack. More recently, a study reported high-power density
of up to 230 mW cm 2 at 680 °C and cell voltage of approximately 0.8 V
[17], albeit only for short-term operation. The authors observed failures
within the first 50 h of operation and attributed them primarily to
nitridation of metalic components due to NH3 exposure, particularly in
ferritic interconnects with high level of chromium, rather than the
degradation of the cell microstructure [17]. Another study demon-
strated that pre-oxidation treatments and yttria coating of the metallic
interconnects can mitigate nitridation effects and improve durability
[18].

Ammonia is extensively used in the chemical industry, particularly in
the nitric acid (HNOs) production. In this process, large quantities of
nitrous oxide (N30), are formed as a by-product and, unless properly
treated, are released in the tail gas to the atmosphere [19]. N5O is of
major concern as it is the third most potent greenhouse gas, and there-
fore, effective mitigation strategies must be impelemted [20]. Currently,
catalytic decomposition is typically applied to treat industrial flue gas;
however, this approach presents several drawbacks and offers no direct
economic benefit [19]. Consequently, combining this waste stream
(N20) as an oxygen bearing gas with the readily available fuel (NH3) in a
single device (SOFC) could represent an attractive strategy to close the
loop in nitric acid production within a sustainable energy conversion
process. This envisioned device would promote the electrochemical
reduction of N,O:

N,O(g) +2e —=Na(g) + 0> @
alongside electrochemical oxidation of NHg:

2NHs(g) + 50*” »2NO(g) + 3H,0(g) + 10e~ 2)

resulting in the production of nitric oxide (NO) — which is the primary
reagent of HNO3 procuction — NoO mitigation, and the simultaneous
generation of electricity and heat. In the final stage of the process, the
produced NO can be recycled into the HNOj3 production cycle to
intensify the process. This cogeneration process based on ammonia
oxidation and N»O reduction, also aligns with the principles of economic
circularity. Circularity in the chemical industry is gaining momentum,
with a focus on sustainable practices, resource reuse, and minimizing
environmental impact. By closing material and energy loops, circular
chemical processes reduce waste and lower environmental impact.
Farr and Vayenas [12,13] were the first to report the critical role of
operating conditions in achieving high selectivity for the NO synthesis
during electrochemical direct oxidation of NHz — Eq. (2). In particular,
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they suggested supplying diluted NHg as fuel to the SOFC anode. First,
dilution helps control the reactor temperature, since the dissociation of
pure NHs is a highly endothermic process [21,22], and may induce
significant thermal gradients across the anode electrode [22]. Second,
dilution mitigates material degradation, as pure NHj3 can readily pro-
mote the production of nitrides under certain conditions [23]. Addi-
tionally, lowering NHs concentration enables better control of
dissociation kinetics by slowing the reaction rate, thereby preventing
catalyst overload and non-uniform fuel utilization [24]. Farr and
Vayenas further established that, when NHs is employed as the fuel and
O, as the oxidant, two predominant reactions may occur at the anode: i)
the desired direct electrochemical oxidation of ammonia - Eq. (2) —; and
ii) a competing chemical reaction in which the electrochemically formed
NO reacts with residual NHs:

2NH,(g) + 3NO(g)~Na(g) + 3H;0(g) ®

These authors suggested that the rate of the electrochemical reaction
— Eq. (2) — was controlled by the diffusion flux of oxygen ions (0%)
across the solid electrolyte, and that the side reaction — Eq. (3) — could be
restricted by controlling the ratio between the 0%~ molar flux and the
NHj molar flux. To quantify this relationship, they introduced a selec-
tivity factor, M, defined as:

Qo2
M=
Qnus

4

where Qo is the molar flow rate of oxygen (mol s 1), and Quuj is the
molar flux of NH3 (mol s 1. The Qo is calculated by the Faraday
equation:

Qo, = L 5)

nF
where I is the produced current, n is the number of electrons (in this case
4), and F is the Faraday number (96 485C mol™1).

Parameter M therefore represents the 0?~/NHj ratio at the anode
interface, and reflects availability oxygen ions per NH3 molecule. Under
polarization conditions, decreasing the NH3 concentration at the anode
(by dilution) increases M value, thereby increasing the relative 0%
availability. This shift promotes direct electrochemical oxidation paths,
allowing NO formation. Farr and Vayenas [12] found that when M
equals 0.25, the NO formation becomes to be significant, and that 100 %
selectivity is reached for M > 1.25, suppressing competing side re-
actions. Therefore, the productivity of NO from NH3 oxidation is related
to parameter M.

Building on these findings, the present study aims to gain deeper
insight into the performance of a DA-SOFC by extending its operation to
diluted NHj3 as the anode fuel and N5O as the cathode oxidant. The
primary objective is to determine whether appropriate operating con-
ditions can be established to enable the simultaneous electrochemical
reduction of NoO at the cathode and electrochemical oxidation of NH3
toward NO synthesis at the anode. The investigated cell configuration
consists of an SroFe; sMog 506.s (SFMO) cathode, a promising catalyst
for the electrochemical reduction of N3O [25], a Ni-YSZ anode, a YSZ
electrolyte, and a gadolinium-doped ceria (GDC) buffer layer. The latter
three components are among the the most widely employed materials in
SOFC technology, as reported in [26,27]. The study was conducted at an
intermediate operating temperature of 750 °C. Cell performance was
evaluated through current-potential difference (I-V) character-
isterization and polarization experiments, with particular emphasis on
optimizing NO production. In addition, the possible reaction pathways
governing the electrochemical oxidation of NHswere systematically
investigated to elucidate the underlying mechanism aspects.
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2. Experimental
2.1. Preparation and characterization of the SFMO cathode

The SryFe; sMog 506.5 (SFMO) cathode was prepared by the sol-gel
method [28] using stoichiometric amounts of strontium nitrate (Sr
(NOs3)y), iron nitrate (Fe(NOs)3), and ammonium molybdate
((NH4)6Mo07024), (Sigma Aldrich, > 99 %), dissolved in distilled water.
Ethylene diamine tetraacetic acid (EDTA) was dissolved in an aqueous
ammonia solution (25 %) and subsequently added to the aqueous so-
lution of salts as a gelatin agent, resulting in the formation of black
precursors (the solution pH was adjusted to a value of 10); the reaction
took place at 90 °C. The resultant powder was calcined at 800 °C
(heating/cooling rate of 3 °C min~?, dwell time of 2 h). The calcined
powder was milled in an agate mortar, then pressed and further calcined
at 1200 °C for 10 h.

X-ray diffraction (XRD) was performed to structurally characterize
the produced powder using a Rigaku SmartLab diffractometer (Cu Ko
radiation — 1.5406 f\, 40 kV, 30 mA). The patterns were obtained in the
range 20° < 26 < 80°, with a scan speed of 3° min~l. The Rietveld
Refinement was used to extract the lattice parameters, using a pseudo-
Voigt peak profile function for profile fitting and a B-spline function
for the background.

2.2. Preparation of the membrane electrode assembly (MEA)

The present study used an anode-supported commercial half mem-
brane electrode assembly (MEA) (acquired from Elcogen) with 35 mm
diameter, composed of a Ni/YSZ anode (made of 3 layers: active fuel
electrode layer — Ni/8YSZ (ZrO2)¢.92(Y203)0.08; support layer Ni/3YSZ
(ZrO2)0.97(Y203)0.03; contact layer NiO, with a total of approximately
300 um thickness), on top of a 8YSZ electrolyte layer, and a Gadolinia-
doped Ceria buffer layer (Ce §Gdp 202.5 — CGO20) — Fig. 1. The cathode
layer was applied by screen-printer on the CGO20 buffer layer, using a
SFMO ink; the ink was prepared by mixing the catalyst powder with a
solution of 95 wt% of terpineol with 5 wt% of ethyl cellulose in a 20:80
vol% (powder: solution) ratio. Stearic acid was added to the mixture as a
dispersant (3 wt%) — all the compounds were milled in an agate mortar
for 15 min. The resultant cathode slurry was screen-printed onto the
CGO20 substrate and thermally treated at 350 °C for 1 h to remove the
organic binders, followed by sintering at 1000 °C for 4 h in air (with a
heating/cooling rate of 1.5 °C min™!). The resulting working electrode
areas were 1.77 cm?,

2.3. Single-cell assembly and characterization

The MEA (SFMO||CGO||YSZ||Ni-YSZ) was assembled in the in-house
designed electrochemical reactor (Fig. 2). This reactor consists of two
gas compartments corresponding to the anode and the cathode sides,

I——

Active fuel electrode layer
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where fuel and oxidant are supplied, respectively. The compartments
are physically separated by the prepared MEA, which contains the
electrochemically active electrodes. This reactor was sealed with ther-
miculite gaskets (from Flexitallic) and closed using a torque wrench
applying a torque of 0.2 N m [29]. A gold grid and gold wires (from
Fiaxell) were used as current collectors on both the cathode and anode
sides. Gold paste (from Mateck) was applied to the surfaces of both the
cathode and the anode to enhance electrical contact.

2.4. Electrocatalytic tests

The assembled cell reactor was heated to 750 °C at a rate of 0.8 °C
min~ !, fed with 40 mL min~! of O, to the cathode and 30 mL min~' of N,
to the anode. After temperature stabilization for at least 1 h, the anode
was switched to 10 % Hjy balanced with Ny, and maintained for at least
4 h to completely reduce the anode (from NiO to Ni). Then, the cathode
was changed to 40 mL min~! of N,O and the anode was fed with 30 mL
min~! of pure/diluted NH3 (100 %, 50 %, 20 % and 10 % of NHj
balanced in Nj). The gases used were from Air Liquide: N2O with a
purity of > 99.5 %, H; with a purity of 99.995 %, and NH3 with a purity
of 99.96 %.

The electrochemical experiments were performed using an Autolab
PGSTAT302N potentiostat/galvanostat. After stabilization at the oper-
ating temperature and gas composition, the open circuit potential dif-
ference (OCP) was measured. The current-potential difference (I-V)
characteristics curves were then obtained under potentiostatic control
by applying successive potential steps from -0.2 to -0.8 V at a step
increment of 5 mV. At the selected potential, the cell was polarized for
15 min, and the corresponding current density was recorded during this
period. During electrochemical polarization experiments, the cathode
product stream was analysed using a gas chromatograph (GC, Agilent
7890B) to evaluate the N2O conversion. The anode exiting stream was
analysed using a mass spectrometer (MS, Pfeiffer Quasdstar) to deter-
mine the concentrations of NO, Hy, NH3, N5, and O,. During the analyses
in the MS, a fixed argon flow of 50 mL min~! was used as a reference gas.

After the electrochemical experiments, the postmortem microstruc-
ture of a fractured cross-section of a MEA was analyzed by Scanning
Electron Microscopy (SEM), FEI QUANTA 400 FEG ESEM/EDAX
PEGASUS - first MEA - and FEI QUANTA 400 FEG ESEM/EDAX
PEGASUS X4M - second MEA. The microscopes were operated at an
applied voltage of 15 kV using a backscattered electron (BSE) detector
and secondary electrons. Energy-dispersive X-ray spectroscopy (EDS)
was performed to determine the elemental composition of the samples.

3. Results and discussion

Fig. 3 depicts the XRD pattern of the SryFe; sMog 506.5 (SFMO) ob-
tained after calcination at 1200 °C, revealing that no phase impurities
are present within the resolution of the employed equipment, suggesting

Cathode
SFMO

Buffer layer
CG020

Ni/8YSZ

Support layer

Electrolyte layer
8YSZ

Ni/3YSZ

Contact layer

NiO

Fig. 1. Scheme representative of the membrane electrode assembly (MEA — SFMO||CGO||YSZ||Ni-YSZ).
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Thermiculite

Fig. 2. Image of the reactor used in the electrochemical experiments for NO production.

SryFeq 5Mog 506.5

® Experimental

—— Calculated
— Background
— Difference

Normalized Intensity / a.u

20 25 30 35 40 45 50 55 60 65 70 75 80
20/°

Fig. 3. XRD pattern with Rietveld refinement analysis of SFMO cathode ob-
tained under air atmosphere after calcination at 1200 °C.

that the catalyst was obtained as a pure phase. The prepared cathode
exhibits cubic symmetry (Fm3m space group), as determined by Rietveld
refinement of the XRD data, and confirmed by comparison with the PDF
Card No. 01-079-7614. Table 1 depicts the obtained lattice parameters
(a=Db=c="7.8368(8) A), which are in line with those previously re-
ported for this composition [25]. The low y? value in each produced
catalyst indicates the good quality of the fit (% = Ruwp/Rexp)-

Table 1
Rietveld refinement extracted parameters of SFMO. Ryp, Rexp, ;(2, and S are
statistical metrics of Rietveld refinement quality.

Material SFMO

Space Group Fm3m(Cubic symmetry)

Lattice parameter (a =b = /A 7.8395(1)
Phase angle (a = b =Yy)/° 90
Rup/% 3.86
Rexp/% 3.04
1.2759

S 1.5659

3.1. Electrochemical NO production from ammonia oxidation coupled
with N,O reduction

Experiments on the electrochemical production of NO from the
controlled electrooxidation of ammonia, while promoting electro-
chemical reduction of N2O, were conducted using the prepared MEA.
Analysis was performed at 750 °C, with 40 mL min~' of N50 fed to the
cathode and 30 mL min~! fed to the anode with mixture of different
compositions of NH3 and Nj.

The OCP was measured previous of each experiment. The obtained
values are presented in Table 2.

The OCP values obtained exceeded 1.0 V, for all conditions, indi-
cating good sealing of the ceramic membrane. The slight decrease in the
OCP observed under more diluted fuel conditions should be attributed to
a reduction in the NHg partial pressure.

Following, the current-potential difference (I-V) characteristics of
the cell under different fuel concentrations were obtained and are
plotted in Fig. 4. It should be noted that, for each experiment, the first
point of the current-potential difference (I-V) characteristics of the cell
corresponds to the first polarization potential and not to the OCP.

In Fig. 4, it is observed that the maximum power output obtained
with pure fuel was approximately 75 mW cm 2, and the dilution of the
fuel reduces the maximum power output, corroborating the findings by
Farr and Vayenas [12]. For example, diluting the fuel stream from pure
NH;j to 10 % NH3/N, lowers the maximum power output to 62 mW
cm™2. However, this decrease is not as severe as reported by Farr and
Vayenas [12]. The cell performance under different fuel dilution con-
ditions is shown in Table 3.

Although state-of-the-art SOFCs operating with hydrogen reaches
power densities of ca. 1 W cm™2 [30], the performance of the present
reactor is lower. Previous studies on DA-SOFC have reported peak power
densities of approximately 60-100 mW cm 2 at 750-800 °C, using Ni-
YSZ as anode material, which are of same order of magnitude as the
results obtained in the present work [3,21]. Higher performances, ~700

Table 2
Measured OCP values at 750 °C and at different NH3
concentrations in the fuel stream.

NH; concentration/% OCP/V
100 1.09
50 1.08
20 1.05
10 1.03
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Fig. 4. Current-potential difference (I-V) characteristics of the SFMO — Ni/YSZ
cell operating at 750 °C, feeding N»O at the cathode, and fueling the anode with
pure and diluted NH3: 50,20, and 10 % in N.

Table 3
Maximum power output of the SFMO — Ni/YSZ cell under different fuel dilu-
tion and under different fuel flow rates, operating at 750 °C.

2

NH; concentration/% Max. Power density/mW cm™

100 75.011
50 73.065
20 67.793
10 62.586

mW cm 2 at 850 °C, have also been reported for better-optimized sys-
tems [31]. The comparatively lower power density observed can be
attributed to several factors, including the relatively large cathode
thickness resulting from manual deposition, as well as the use of NHg as
fuel and its concentration. At the current stage, however, the primary
objective of this work is to prove the concept; systematic device opti-
mization will be addressed in subsequent studies.

After obtaining the current—potential difference (I-V) characteristics
of the cell, parameter M was calculated for each operating condition and
depicted in Fig. 5. Each M value was determined from current densities
measured at different working potentials (0.7, 0.5, 0.4 and 0.35 V) using
Egs. (4) and (5).

As observed in Fig. 5, none of the studied operating conditions
resulted in an M value >1.25; moreover, values of M above 0.25 were
only computed for the most diluted fuel concentrations of NHz — 20 %
and 10 % in Nj. As the objective of achieving high selectivity toward NO
was not attained, it was decided to further investigate fuel feed dilution
to increase the 0?~-to-NHj ratio. It was then considered 6 vol% NHs feed
streams to the anode, which has an M value of 0.97 at 0.4 V, and a
current density of 0.27 A. It is worth noting that high M values were only
achieved at higher polarization levels, particularly at an applied cell
potential of 0.4 V. This condition therefore potentially represents the
most favourable regime for promoting selective NO formation.

1.0
0.8
§ 0.6 SFMO - Ni/YSZ
E -o- 100 % NH;
§ 0.4+ - 50% NH3
0.2 -0~ 20% NH3
Mﬁo o 10% NHy
0.0 T T T
0.0 0.1 0.2 0.3 0.4
Current density / A

Fig. 5. M parameter of the SFMO - Ni/YSZ cell operating at 750 °C feeding
N,O at the cathode, and fueling the anode with pure and diluted NH3 - 50, 20
and 10 % in Ns.

Fuel 424 (2026) 139311

Accordingly, under all fuel dilution conditions, the fuel cell was polar-
ized at 0.4 V and monitored by chronoamperometry for a total time of
15 min. The results of the polarization experiments are presented in
Fig. 6.

The polarization curves obtained during the experiments of elec-
trochemical oxidation of NHj3 in the anode, and electroreduction of NoO
in the cathode, were generally stable. A slight anomaly in the current
density is observed at instant approximately 10 min, which remains
almost consistent under all operating conditions. The origin of this
perturbation could not be conclusively identified; however, the “drop-
and-recover” shape suggests a mechanical or physical process rather
than a chemical one. Since the events did not change with fuel dilution,
they might be likely attributed to systemic characteristics of the reactor
geometry or electrode morphology rather than changes in the electro-
chemical reaction — e.g., accumulation transport of produced water
within anode micropores or micro-scale mechanical relaxation of the
gold used as current collector (owing to the ductility of the material at
operating conditions).

The electrochemical oxidation of ammonia can progress via different
pathways, particularly the indirect and direct mechanisms, as schema-
tized in Fig. 7.

The indirect mechanism involves the thermal decomposition of NH3
to produce 1.5 and 0.5 M ratio of Hy and of Ny, respectively. Following
this route, the generated Hy would suffer oxidation to water at the anode
side (hydrogen oxidation reaction — HOR). The direct mechanism in-
volves the NH3 direct electrochemical oxidation to N, and to HyO. These
two mechanisms should happen simultaneously, with different contri-
butions depending on the operating conditions. Only specific electro-
chemical conditions, namely high oxygen activity at the anode interface
(high M value), favour the selective production of NO — direct mecha-
nism. Identifying the relevant operating conditions that favour this
mechanism is essential for optimizing the reactor's selectivity towards
NO.

To assess this hypothesis, the products of the anodic reaction ob-
tained throughout the polarization tests were continuously monitored
by a mass spectrometer. The results from MS analysis are depicted in
Table 4.where Qu,,, and Qu,,, are the reaction product flowrates of N
and Ho.

Generally, the reaction product stream composition, obtained by MS,
show almost complete NH3 conversion for all operating conditions
(between ~99.09-99.45 %), as illustrated in Table 4. Along with the
experiments involving ammonia decomposition, a consistent observa-
tion was that the measured Hy concentrations were often lower than
expected, assuming the indirect mechanism, especially at lower levels of
fuel dilution, while the measured Ny values were slightly higher. This
difference may indicate that part of the H, generated via thermal
decomposition was subsequently consumed in surface reactions/elec-
trochemical oxidation — indirect mechanism. This is particularly evident
under polarization, where hydrogen oxidation reaction occurs at the
cathode, according to the following reaction:

o
Ezoo-j
o
E
= 1504 SFMO - Ni / YSZ
> 4
= ° 0,
3 100 100 % NH,
3 | o 50 % NHj
g 501 o 20 % NHj
a ] o 10% NHj
0 : . . . .
0 5 10 15 o 6%NH;
t/ min

Fig. 6. Chronoamperometry polarization curves of the SFMO - Ni/YSZ cell
obtained at 0.4 V, operating at 750 °C, feeding N,O at the cathode, and fueling
the anode with pure and diluted NH3 (50 vol%, 20 vol%, 10 vol% and 6 vol%
in N,).
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(Increase 0% / NH,ratio)

Indirect path: thermal . e
e . NH; direct oxidation N2
decompostion
NZ NH3(g) 3H()blN()
Blal S ralsl T o Ne 2NHs(g) + 302~ - Ny(g) + 3H,0(g) + 6e-
" (dominantat low M) NH3 > NO
2NH3(g) + 50% - 2NO(g) + 3H,0(g) + 10 e
H2 (favoured at high M) -
HOR Parasitic reaction

Hy(g) + 0>~ — H,0(g) + 2e

l

H,0

5
2NHy(g) +3NO - - Na(g) + 3H,0(g)

<

Fig. 7. Scheme on possible pathways for NH; oxidation at the anode compartment of the electrochemical cell.

Table 4

Products flow rates expressed as normalized fractions to the initial value measured by the mass spectrometer in the SFMO/Ni-YSZ cell, resulting from the electro-
catalytic oxidation of NH3; combined with the N,O electrocatalytic reduction of N,O at a working potential of 0.4 V, operating at 750 °C. The anodic feed was studied
from pure NHj to various dilution conditions by adjusting the NH; concentration in Ny. Q, . is the feed molar flowrate, where y is, NHs, N, or Hy; Qy,,, is the exiting

molar flowrate and Xy, is the reaction conversion of NHs.

1

1

vol% NH3 QnH;,, /mol min~ XN, /% Stochiometric flow rates (indirect path)/mol min™~ Measured/%
Qo Qi N2 Hy NO
mol min~! % mol min~! %

100 1.25 x 1072 99.34 6.21 x 10°* 24.92 1.86 x 1072 74.50 25.80 72.79 -

50 6.25 x 107 99.27 3.10 x 107* 50.00 9.31 x 107* 49.80 53.63 45.64 -

20 213 x107* 99.09 1.05 x 107* 78.24 3.16 x 107* 21.62 81.41 16.80 -

10 1.00 x 107* 99.44 4.97 x 107° 88.90 1.49 x 1074 11.05 88.50 9.99 0.004

6 7.50 x 107° 99.45 3.73 x 107° 91.36 1.12 x 1074 8.61 93.36 5.22 0.006

Hy(g) + 0% - H,0(g) +2e~ (6)

This explains why, even though the NHj3 conversion was nearly
complete (e.g., ~99.3 %), the H, detected downstream was lower than
stoichiometrically expected based on the indirect mechanism: part of the
thermally produced H, is immediately utilized at the anode to produce
power, thereby reducing its concentration in the MS effluent stream.

In parallel, the N3 signal slightly exceeds what was expected based on
the direct mechanism, under polarized conditions. This observation may
be attributed to the direct electrochemical oxidation of ammonia — or
recombination of the adsorbed nitrogenous intermediates — possibly
according to the reaction:

2NHs(g) + 30%" — Ny(g) + 3H,0(g) + 6e~ @

This pathway contributes to the current generation while bypassing
the formation of molecular hydrogen. Consequently, this could explain
the lower-than-expected Hy signals alongside the higher N3 content
observed in the MS analysis.

A notable observation was the detection of NO, under polarized
conditions, for the highest fuel dilutions (6 vol% and 10 vol% of NH3),
corresponding to higher M values. This suggests that an additional
electrochemical oxidation pathway of NHj is taking place, likely
involving the direct formation of NO via a 5-electron process — Eq. (2).

Such a reaction would bypass the formation of Hy and Ny in-
termediates, directly consuming NHs and contributing to the generation
of electrical current. This mechanism could also explain the lower-than-
predicted Hy and Ny levels at 10 vol% of NHs, suggesting that higher
NHj3 concentration suppresses direct electrochemical oxidation due to
lower relative availability of 02~ at the anode interface. Interestingly, at

6 vol% of NHj feed yield a higher quantity of NO, but also delivered a
greater value of measured Ny compared to the expected. This suggests
that a parasitic chemical reaction between NO and unreacted NH3 might
be occurring - Eq. (3).

This may be attributed to the increased 0?~/NHj ratio (high M
value) which accelerates NO formation and creates a local environment
rich in both product (NO) and some unreacted fuel (NH3). However,
some NO is partially offset by secondary catalytic reduction. This shift,
combined with the stabilization of the local thermal profile by the
increased Ny ballast, provides the necessary kinetic window for the
parasitic reduction of NO to Ny, as confirmed by the concurrent increase
in N3 levels beyond the feed concentration.

The produced NO could also have been produced by direct N elec-
trochemical oxidation:

N(g) + 0> »2NO(g) +2e” (8)
or its direct chemical oxidation:
N,(g) + 0,—~2NO(g) )

However, the direct oxidation of NHj3 is energetically more favorable
than the oxidation of N», since the bound dissociation of molecular No
requires much more energy than NHs (ca. 942 kJ mol ! vs 347 kI mol™H)
[32]. Moreover, the chemical oxidation of N5 is not favorable under cell
operating conditions as this process typically occurs at temperatures
above 1200 °C [33].

To further understand the contribution of the fuel to the current
generation, the fuel utilization (U;) was calculated as a means of
correlating the fed NH3 consumed for power production via
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electrochemical oxidation [34]. Fuel utilization was calculated as
following:

I

_ (10)
F NMfyel

Ut

where I is the current (A), n is the number of electrons released per mole
of fuel, and myye is the NH; fed (mol s™).

Due to the coexistence of multiple reaction pathways occurring
simultaneously in the anode compartment, the interpretation of the fuel
utilization (Uy) obtained value requires careful consideration, since both
indirect and direct mechanisms take place. This may directly contribute
to the power generation distinctly. These competing reactions lead to
different electron transfer numbers per mole of fuel involved: while Hy
oxidation involves 2 electrons per mole (indirect mechanism), the direct
oxidation of NHj3 can involve up to 3 or 5 electrons per mole of NHs
converted — cf. Egs. (2) and (7). However, the dominant electrochemical
oxidation mechanism of NHj is the direct pathway, described by the
overall reaction Eq. (7), which effectively combines both NH3 thermal
decomposition and HOR - Eq. (6). Consequently, an effective value of
n = 3 electrons per mole of NH3 was used consistently, reflecting the net
electron transfer per mole of NH3 consumed for this stated reaction. The
calculated U values for this case study are presented in Table 5.

Generally, the U; increases as the fuel dilution in the anode increases,
reaching a maximum of 75.56 % when 6 % of NH3 was fed to the anode.

Although the NH;3 conversion shown in Table 4 levels out for the two
highest NHg dilutions (10 and 6 %), the U; value in Table 5 increases
across the entire dilution range. This apparent inconsistency may be
justified as the NH3 conversion reflects the extent of chemical decom-
position, whereas fuel utilization quantifies the fraction of the supplied
fuel that is electrochemically oxidized. In this sense, as NHj is diluted by
mixing with nitrogen, a decrease in its effective thermal decomposition
can be expected [35], according to Le Chatelier’s principle, which would
shift the ammonia decomposition reaction to the left side. This would
explain the observed initial decrease in NH3 conversion, as observed in
Table 4, until 20 vol% feed dilution. Conversely, at lower NH3 concen-
trations, a higher fraction of NHj is electrochemically oxidized, as evi-
denced by the increasing deviation between measured and expected Hy —
indirect mechanism; higher Ny and NO concentrations, Table 4.

The nitrous oxide conversion was also evaluated along with the po-
larization experiments. A gas sample from the cathode was collected and
injected into the GC at instant 10 min of the reaction. The N2O con-
version was calculated based on:

Q in Q out
Xn,0 = ~N2On - NaOout Ono 20 11
20in

where Xy,o is the conversion of N20O, and Qy,o0, and Qy,o,, are the
molar fraction of nitrous oxide entering and leaving the cathode,
respectively. The conversion of N;O obtained for different fuel con-
centrations is presented in Table 6.

The N,O conversion at the cathode under cell polarization yields a
modest result, with values ranging from 8 % to 10 %, as the fuel con-
centration at the anode is varied from 6 % to 100 %. However, the ob-
tained conversions are always higher than those at OCP conditions

Table 5

Fuel utilization calculation based on the assumption that
the number of electrons participating in electrochemical
reactions is 3, for the experiments performed at 0.4 V and

750 °C.
NHj3 concentration/vol% Ut/ %
100 5.45
50 10.72
20 30.36
10 57.40
6 75.56
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Table 6
Conversion of nitrous oxide obtained in the cathode at different fuel concen-
trations in the anode, operating at 750 °C.

Cell condition NHj; concentration/% Xn,0/%
OCP 100 5.90
0.4V 100 9.67

50 9.51

20 8.31

8 8.09

6 8.09

(conversion of ~5.9 %), suggesting that electrochemical promotion of
N0 reduction does occur.

The conversion of N5O decreases as the fuel concentration at the
anode decreases. In fact, the cathodic reaction kinetics Eq. (1) is related
to the electronic current measured at the external circuit. Then, the
oxidation reaction plays a crucial role in the electrochemical reduction
of N3O at the cathode by providing the necessary current load. The
observed decrease in N2O conversion with increasing fuel dilution at the
anode can be rationalized by a slight reduction in the electrochemical
activity of the cell.

N2O is a chemically stable molecule that undergoes reduction only
slowly unless electrochemically driven [36]. Additionally, atomic oxy-
gen derived from N,O that adsorbs on the catalyst surface hinders the
catalytic activity of the SFMO perovskite. This inhibition is associated
with the low desorption rate of atomic oxygen via recombination to form
molecular oxygen, thereby making high N3O conversion difficult to
achieve [36]. In this sense, the continuous consumption of surface ox-
ygen species could effectively overcome this limitation and facilitate the
regeneration of active surface sites, thereby promoting N2O conversion.
To overcome this limitations, some Co/Fe-based perovskite oxides have
been developed, as BagsSrg5CopgFe0203s and PrBaCosOs.s [36];
however, their high coefficients of thermal expansion have hindered
practical application.

These observations indicate significant room for performance
improvement, either through optimization of the cathode material,
enhancement of operating conditions (e.g., potential difference and
temperature), or refinement of cathode deposition techniques.

3.2. Post-mortem analysis

The microstructure of the SFMO||CGO||YSZ||Ni-YSZ cell, after the
polarization experiments for NO production, was analyzed by scanning
electron microscopy (SEM) to assess morphological aging of the elec-
trodes. Fig. 8a shows the electrode before testing, while Fig. 8b and
Fig. 8c presents the post-mortem top view of the anode side of MEA,
where electrochemical oxidation of NHj takes place. The top-view
morphology of the anode surface reveals a rice-starch-like
morphology, with some agglomeration, typical of a Ni anode cermet
[37].

SEM images of the anode functional layer generally reveal the
presence of black voids in the used MEA (Fig. 8b and Fig. 8c), compared
to the pristine NiO-YSZ (Fig. 8a), which is characteristic of the in-situ
reduction of the NiO to metallic Ni — a process essential for creating the
electronic conductivity and active sites required for NH3 oxidation [38].
While prolonged exposure to high temperatures resulted in some degree
of Ni sintering, the microstructure remained largely intact. Notably,
there was no evidence of significant micropore formation or severe
agglomeration, which is commonly observed in structures degraded by
nickel nitride (NigN) formation [23]. This suggests that the anode
maintains structural stability under the tested electrochemical
conditions.

Fig. 9 presents the fractured cross-section view of the MEA post-
mortem. Fig. 9a illustrates the different layers of the MEA: Z1) anode
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Fig. 8. SEM images of the Ni-YSZ anode in a top view: a) NiO-YSZ before the experiment, b) and ¢) Ni-YSZ post-mortem (for consistent visual comparison, scale bar of

image b) was normalized to 50 um).

1.1Tmm BSED 10000x

15.00kV 11.6 mm BSED 3000x

Fig. 9. Scanning electron microscopy images (SEM) of cross-section microstructure of the MEA after reduction: Z1: anode — Ni-YSZ, Z2: electrolyte — YSZ, Z3: buffer

layer and Z4: cathode — SFMO.

made of a cermet of Ni-YSZ, Z2) electrolyte layer composed of YSZ, Z3)
buffer layer of CGO, and Z4) cathode layer made of the produced SFMO.

The cross-section SEM image of the Ni-YSZ anode layer reveals a
distinct bilayer structure, with a denser region adjacent to the electro-
lyte (Fig. 9c) and a more porous layer at the outer surface (Fig. 9b). Both
layers displayed similar oxidation states — composition on oxygen, as
determined by EDS, which arose due to the naturally existing oxygen
atoms in the YSZ structure and due to the cool down of the cell under
non-reducing atmosphere — and show similar Ni concentration. This
bilayer is consistent with the architecture of the commercial Elcogen
MEA, which comprises the active anode electrode layer (Ni-8YSZ, inner
layer) and the support layer (Ni-3YSZ, outer layer) — (cf. Fig. 1). The

image in Fig. 9c shows no delamination between electrodes and elec-
trolyte/buffer layers. Moreover, there is no observation of strontium
zirconate (SrZrOs) in zones 3, 4, and 5 in Fig. 10d-e, indicative that
strontium did not diffuse from the cathode through the GDC buffer layer
(zone 4 in Fig. 10a) to react with the YSZ electrolyte — EDS results in
Fig. 10d and Fig. 10e.

4. Conclusions
This work advances the investigation of direct-ammonia solid oxide

fuel cells as a strategy to reduce NoO emissions, while simultaneously
valorizing this waste by producing nitric oxide (NO) - the primary
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Fig. 10. EDS analysis images of cross-section microstructure of the MEA: Z1: anode — Ni-YSZ, Z2: electrolyte — YSZ, Z3: buffer layer and Z4: cathode — SFMO.

precursor for HNOs synthesis. Specifically, the study focused on the
behavior of the anode under different fuel compositions, varying the
anode feed from pure NH3 to 6 % NHg balanced with Ny. The results
revealed a complex interplay between fuel dilution, reaction pathways,
and electrochemical performance.

An increase in fuel dilution had only a minor impact on the perfor-
mance of the SOFC: reducing the ammonia concentration from 100 % to
10 % (maintaining volumetric flow rate at 30 mL min‘l), at 750 °C and
0.4 V, decreased the power density from 75 to 62 mW cm™2, while fuel
utilization increased. The results provide insight into the mechanisms of
NHj oxidation, indicating that NH3 proceeds simultaneously through
both indirect (via Hp and Ny formation and subsequent electrochemical
H, oxidation to H20) and direct electrochemical mechanisms, involving

the formation of Ny, NO, and H30. The low-than-expected H; formation
under polarized conditions may explains the indirect route. The detec-
tion of NO, observed exclusively at higher fuel dilutions (6-10 vol%
NHj3), confirms the activation of a direct electrochemical oxidation
pathway. This observation correlates with an increase in the 0>~/NHs
molar ratio (M factor), which promotes more effective interaction be-
tween oxide ion flux and available fuel, thereby favoring electro-
chemical oxidation over parallel pathways, In these conditions, cell
exhibited the highest NH3 conversion (~99.45 %) and fuel utilization
(~75.56 %).

Higher dilutions favor deep oxidation to NO, although secondary
gas-phase reactions may compete at specific concentrations (e.g., 6 vol
%), highlighting the complexity of NH3 oxidation and the interplay of
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factors dictate the final effluent composition. Although the absolute
amount of NO produced remained low, these findings validate the
proposed concept and establish a promising basis for further investiga-
tion into selective NO formation pathways.

The electrochemical decomposition of pure N,O (40 mL min™})
reached approximately 10 % at 0.4 V and 750 °C. While modest, this
result is significant considering the high thermal stability of N,O and
highlights the benefits of electrochemical promotion. Further optimi-
zation and mechanistic studies are required to improve cathodic
performance.

Overall, the results demonstrate the robustness of the Ni-YSZ anode
under a wide range of fuel compositions, supporting its suitability for
flexible operation and reinforcing the potential of ammonia-fueled
SOFCs for integrated energy generation and chemical valorization.
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