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ARTICLE INFO ABSTRACT

Nitrous oxide (N2O) is a harmful gas that strongly impacts climate change. Several strategies for denitrification
have been addressed, where the use of solid oxide fuel cells (SOFCs) has been demonstrated to be attractive for
N20 reduction and simultaneous electricity production. The reduction of N2O to Ny is studied for the first time at
the cathode of an SOFC, where ammonia is supplied to the anode as fuel. A diluted ammonia stream is partic-
ularly interesting since it is normally available in HNOj3 plants — the most important concentrated source of N2O
emission — and is carbon-free. The combined reduction of N,O with the oxidation of NH3 allows the production of
nitric oxide (NO) at the anode, a valuable precursor for HNO3 production.

This work uses a commercial SOFC stack comprehending six cells, equipped with membrane electrode as-
semblies of LSM-CGO || yttria-stabilized zirconia (YSZ) || YSZ-NiO. Electrochemical Impedance Spectroscopy
(EIS) was successfully employed to characterize the stack performance. Data were analyzed by combining a
Distribution Function of Relaxation Times (DFRT) and Equivalent Circuit Models (ECMs), for different operating
conditions, namely in terms of temperature and fuel feed composition. Three major processes were identified at
the anode: one related to the adsorption/desorption of reactants on the surface of the electrocatalyst, a diffusion
process of charge carriers/intermediate species to the triple phase boundary (TPB), and a charge-transfer process
at the TPB. The electrochemical production of nitric oxide (NO) was investigated, and a 20 % selectivity towards
NO production and an energy stack efficiency of 88 % was obtained. Overall, the current work provides a critical
first step toward using SOFC to perform efficient N2O electroreduction using diluted ammonia as fuel.
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emissions of N2O are mainly caused by the production of nitric acid
(HNOg), fertilizer production, and burning fossil fuels [1,3,4].

1. Introduction

One of the main goals of the European Union’s climate change di-
rectives is to decrease greenhouse gas emissions by 42 % by 2030.
Though nitrous oxide (N2O) emissions are much smaller than CO5, N3O
is 300x more powerful greenhouse gas [1]; moreover, its concentration
is steadily building up in the atmosphere, reaching 337 ppm in 2024 [2].
Besides, this compound is responsible for a variety of other environ-
mental issues, including the depletion of the ozone layer. Anthropogenic

Nitric acid (HNO3) is mostly produced by the Ostwald process [3,5]
and the world production of nitric acid reached 150 million metric tons
in 2023 [6]. It is synthesized based on the oxidation of NH3 to nitric
oxide (NO) over a platinum-rhodium catalyst alloy at 753 — 950°C [3] —
a highly exothermic reaction:

4NHs(g) 4+ 50,(g)—»4NO(g) + 6H,0(g) AH® = —95.2kJmol €))

Acronyms: BSE, Backscattered electrons; CGO, Cerium gadolinium oxide; DFRT, Distribution Function of Relaxation Times; ECM, Equivalent Circuit Model; EIS,
Electrochemical Impedance Spectroscopy; HF, High-frequency; LF, Low-frequency; LSM, Lanthanum strontium manganite; MEA, Membrane electrode assembly; MF,
Middle-frequency; SCR, Selective Catalytic Reduction; SEM-EDS, Scanning Electron Microscopy / Energy Dispersive Spectroscopy; SOFCs, Solid oxide fuel cells; TPB,

Triple-phase-boundary; XRD, X-Ray Diffraction; YSZ, Yttria-Stabilized Zirconia.
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The produced nitrogen oxide is further oxidized to nitrogen dioxide and
then to nitric acid:

2NO(g) + 0,(g)—»2NO,(g) AH® = —114kJmol )

2NO,(g) + Hy0(g)—2HNOs (g) + NO(g) AH® = — 117 kJmol 3

Besides using platinum group metals catalysts, and depending on the
temperature, the oxidation of ammonia yields different N-products with
distinct oxidation degrees: N3, N3O, and NO [3]. Although the most
thermodynamically favored reaction product is N», in the presence of
the catalyst, a more complex situation occurs. At low temperatures (150
— 200°C), the only product is No; conversely, at higher temperatures,
N2O starts to be formed [1,3], reaching its maximum at 402°C. The
formation of NO, an intermediate product in the HNO3 production,
starts to be produced at 300°C, and its yield increases with the tem-
perature. Under carefully controlled pressure and temperature, the NO
selectivity is 95-97 %, while N,O selectivity is 1.5-2.5 %. Besides, the
unreacted NOs is also a byproduct of the process and is released in the
tail gas with NO and the formed N3O [7]. Despite the N,O being in
higher concentration than NO and NO; (the NOy), these two are also
very detrimental and largely contribute to global warming [1]. Indus-
trially, thermal or catalytic decomposition processes are used to abate
N,0 and NOy, such as the selective catalytic reduction (SCR) process [1].
However, several drawbacks are associated with these processes, mainly
the release of ammonia (NHg3) or carbon dioxide into the atmosphere, as
these processes need a continuous feed of reducing agents, namely
ammonia or methane [1]. Therefore, finding a cost-effective alternative
to the SCR for denitrification coupled with the intensification of HNO3
production would be a disruptive approach, due to the availability of
NH; as a reducing agent.

SOFCs are electrochemical ceramic membrane reactors that have
recently been considered for N;O abatement since they provide
enhanced catalytic activity and selectivity, improved process integra-
tion, and easy reaction rate control [7,8]. Little literature reported this
strategy applied to N3O decomposition, as reviewed by L. Alves etal. [1].
For example, Li et al. [9] assessed a tubular cell reactor incorporating
yttria-stabilized zirconia (YSZ) electrolyte, a bore-side layer of Ni-YSZ
composite anode, and a shell-side layer of LSM-YSZ composite cath-
ode, where the anode was fed 30 mL min™" of hydrogen (Hy), as a fuel,
while the cathode was fed with 50 mL min~"! of either air or N20. When
using air, a power density of 0.20 W cm ™2 was obtained at 750°C and a
working potential of 1.15-1.17 V. At the same working potential, this
power output was enhanced to 0.31 W cm™2 when air was substituted
with N2O. Furthermore, the cathode showed significant activity for the
decomposition of N3O (total conversion of ca. 60 %), uncovering an
efficient methodology to reduce NO emissions and produce electricity
simultaneously.

Typically, SOFCs use Hj as fuel, although this gas presents some
drawbacks regarding storage and transportation [10]; following, it has
been proposed to use ammonia (NHg3) instead of Hy — it has a well-
established distribution network and is largely available in chemical
plants, especially in a plant that produces HNOs. Besides, NH3 presents
physical and chemical properties that are particularly interesting;
namely, NH3 has high gravimetric and volumetric power density and a
cost aligned with other synthetic fuels such as methanol [11]. The NH3
oxidation at a SOFC is an endothermic reaction that allows a thermal
energy integration with the cathode exothermal reaction with oxidant
N,O [12,13]. Several researchers reported on this topic, highlighting its
feasibility [12-17].

In the 80 s, Farr and Vayenas [18] reported the possibility of pro-
ducing NO as a primary product from the NHg electrochemical oxidation
using air as an oxidant and NHj as fuel in an SOFC. These authors used
an yttria-stabilized zirconia tubular reactor, where platinum electrodes
were deposited inside and outside the tube to allow the NH3 oxidation at
the anode and the O, reduction at the cathode. The pumped oxygen ions
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react with NHjs at the anode side to produce NO and H,0; NHjs reacts
catalytically with NO to produce N and H0 — undesired side reaction.
Increasing the residence time minimizes the undesired side reaction
yield. The power density reported for the SOFC was 1 mW cm™2
Decreasing the NH3 flow rate originates a selectivity of 97 % at 24 % of
conversion, displaying a power density of 7 pW cm 2. Afterward, Sigal
and Vayenas [18,19] reduced the anode side superficial active catalyst
surface area, from 144 cm? to 2 cm?, and they achieved a selectivity to
NO of 97 % at 39 % conversion of NH3, for a power density of 0.61 mW
em 2,

This work proposes integrating the previously described strategies in
a single device to increase the selectivity and power density. The new
approach considers a SOFC fed with NHg — fuel — with the tail gas from a
nitric acid plant containing N»O. This approach responds to the urgent
need to stop the emissions of N,O, which results from the significant
increase in the consumption of fertilizers [13] and, consequently, of
HNOj3. The N2O at the cathode side is decomposed into nitrogen and
oxygen, with subsequent oxygen reduction to 0%, following the
cathodic half-reaction:

NZO(g) + 2e” —>N2 (g) + 027 (4)

After, the NHj3 fed to the anode is oxidized to NO according to the anodic
half-reaction

2NH;(g) + 50% (g)—»2NO(g) + 3H,0(g) + 10e” )

with high selectivity, closing the loop of the HNO3 production - cf.
equations (2) — (3). To the best knowledge of the authors, this
arrangement is described here for the first time.

This project also aims to improve the phenomenological under-
standing of the NH3 oxidation at the anode side, using two powerful
characterization techniques: Electrochemical Impedance Spectroscopy
(EIS) and the Distribution Function of the Relaxation Times (DFRT).

2. Materials and methods
2.1. Materials

The present study is based on experimental tests and results obtained
on a lab solid oxide fuel cell stack, made of six planar cells, acquired
from Almus AG company. Each cell is composed of a buffer layer made
of CepgGdp2025 (CGO20 — cerium gadolinium oxide), a thin
(Zr02)0.92(Y203)0.08 (8YSZ) electrolyte, an active fuel electrode layer of
NiO (nickel oxide)-8YSZ, and a cathode film of (Lag 755r¢.25)0.95Mn0O3.5
(LSM - lanthanum strontium manganite) [20-23], as sketched in Fig. 1.
The stack has an active area of 6 x 6 cm?, containing 6 bipolar plates
made of 1 mm Crofer 22 APU with etched flow fields, and alumina
(Al303) tubes for the electric insulation of the metal conductors. The
stack was equipped with a thermocouple placed in the center of the stack
to record and control the temperature of the stack during the experi-
ments. The oxygen concentration (or the oxygen partial pressure — po,)
was measured using a YSZ sensor (Kyocera) inserted at the outlet of the
reactor.

The stack (Fig. 2) was tested on an in-house test bench and placed
inside a furnace for temperature control. The setup was equipped with
mass flow controllers (Bronkhorst) to regulate the flow rate of feed gases.
The cathodic flow rate was fixed at 1680 mL min~! while the anode flow
rate was varied between 300—1200 mL min'. The experiments were
conducted under different fuel compositions: ammonia (NHs — 99.9 %
purity, Air Liquide) diluted in nitrogen (No — purity 99.995 %, Air Lig-
uide), with an ammonia concentration of 10 % and 20 %. In contrast, the
cathodic atmosphere was, for all experiments, pure nitrous oxide (N3O —
99.9 %, Air Liquide). The temperature of the stack was fixed at 700°C for
these experiments; at the end, and for a 20 % NHj fuel composition, the
temperature was changed from 600°C to 800°C.
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Fig. 1. Schematic representation of the commercial membrane electrode assembly (MEA).

outlet

Fig. 2. Images of the SOFC stack in the present study.

2.2. Methods

The current—potential (I-V) characteristics of the stack were
measured after the open circuit potential (OCP) became stable, using an
Autolab PGSTAT302N potentiostat/galvanostat coupled with a 20 A
Booster. The EIS measurements were performed using a 2-electrode
configuration, with an applied signal amplitude of 20 mV, within a
frequency range of 100 kHz to 0.01 Hz. The inlet gas composition and
the furnace temperature were kept constant during the recording of the
polarization curves. The polarization measurements were made for a
period of 20 min under the chosen potential. A mass spectrometer
(Pfeiffer, Quasdstar) was used to record the NO concentration at the
anode gas outlet of the stack, while a gas chromatograph (Agilent
7890B) was used to analyze the cathode gas outlet.

The impedance spectroscopy results were analyzed using the soft-
ware ZView. The EIS data were also analyzed by using the Distribution
Function of Relaxation Times (DFRT) method. The DFRT spectrum,
given by a function, Ry-G(7), was obtained by solving the Fredholm
equation, which is represented by [24,25]:

YO g~ Ry +R, / " SO 4 (e

Z(a1) = R + R
(@1) = Robm + "/0 T+jore I+jor

with G(r) = 7-y(r) and [%_G(r)dInt = 1, where 7 is the time constant, ®
is the angular frequency, Ronn is the ohmic resistance, and R;, is the total

polarization resistance given by R, = R1-Rohm, and Rt represents the
impedance at w — 0. Fitting this equation to the experimental imped-
ance — Zey, — to determine the distribution function y (In ) is an
intrinsically ill-posed problem [26]. Therefore, the distribution function
of the relaxation times is calculated numerically. In this work, the
DRTools software [27] was used to invert the EIS data from the fre-
quency domain to the time domain, generating a DFRT spectrum. The
DRTools implements the Tikhonov regularization procedure to obtain
the distribution time function G(z) [24,25]. The quality of the trans-
formation was assessed by transforming the DFRT back to the EIS
spectrum using the DFRTtoEIS software [28,29]. The DFRTtoEIS tool
also allows fitting the DFRT peaks to automatically calculate the resis-
tance, time constants, and capacitances for each response.

After the electrochemical experiments, the microstructure of a frac-
tured cross-section of a membrane electrode assembly (MEA) was
analyzed by Scanning Electron Microscopy (SEM), Hitachi TM4000 plus.
The microscope was operated using an applied voltage of 15 kV, using a
Backscattered Electron (BSE) detector. Energy dispersive X-ray analysis
(EDS) was performed to provide the elemental mapping of the samples.
X-ray diffraction (XRD) was performed to structurally characterize the
materials of this work, using a Rigaku SmartLab diffractometer (Cu Ko
radiation — 1.5406 A, 40 kV, 30 mA). The patterns were obtained in the

range of 10° < 20 < 90°, scan speed of 3°C min .
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3. Results and discussion
3.1. General electrochemical characterization

The SOFC stack was characterized by electrochemical impedance
spectroscopy (EIS) analysis under open circuit conditions, where the
anode was fed with 1200 mL min ' of 20 % NH3 balanced with N5 and
the cathode with 1680 mL min~! of 100 % N5O at the cathode; the stack
was heated at 700°C. Nitrogen was chosen as a diluting gas since ni-
trogen is an inert gas that does not interfere with the reaction equilib-
rium of ammonia at high temperatures [30]; besides, nitrogen is cheap.
The Nyquist plot, shown in Fig. 3a, displays an offset along the real Z'
axis at the highest frequencies, fitted to an inductive element (that re-
sults from the wiring and electrical connectors in the setup), followed by
at least two relaxed semicircles. Fig. 3b) presents the distribution
function of relaxation times (DFRT) representation, obtained from the
Nyquist plot in Fig. 3a) using the Tikhonov regularization, where three
peaks can be seen. The fitting parameters, time constant, 7, the resis-
tance, R, and the capacitance, C (Table 1), were extracted from each
peak. The validity of the DFRT was confirmed by reconstructing the
original Nyquist plot and comparing it with the experimental values
(Fig. 3a) [28,29]; the residuals plot, which was obtained from the two
well-known relations [28,29]:

_ Zdata,real (a)i) - Zfit,real (a)i)

AEreal (wi) B |Zdata.rea1 (CU{) { 7

a) Rohm = 186.76 Q cm?R, = 115.78 Q cm?

50« >t >
\ 0 :
R &
(o] [—— W ) .:2 ...........................................
~ i
£ '
o :
¢ 504
N '
! @ 20 Vol%NH; (700 °C)
-100 i — Tikhonov (Fit)
; s
50—
150 200 250 300 350 400 450
Z /1 Qcm?
C) 1o,
O Areql (Tikhonov)
O Ajmag (Tikhonov)
° 0.54
g +0.15 %
- ‘
<
3
R
<
-0.54
-1.0
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Table 1

Electrochemical parameters extracted from the Tikhonov regularization on the
Nyquist plot obtained at 700 °C, for 20 vol% and 10 vol% of NHj; at the anode,
balanced with N5, and 100 vol% of N,O at the cathode.

DFRT peak Parameter 20 % NH;3 (700°C) 10 % NH;3 (700°C)
P, THr /S 2.77 x10°® 4,58 x 10
Ryr / Q cm? 22.52 127.01
Cup / Fem™2 1.23x10* 3.61x10°
Py T™E/ S 1.45x 1072 1.77 x 102
Ry / Q em? 31.01 773.88
Cymr / Fem™2 4.68x10™ 2.28 x 10°
P3 T/ S 2.95x10" 3.71x 10!
Ryp / Q cm? 63.19 700.80
Cr / Fem ™2 4.68x 107 5.29 x 10

Zdata.imag (wi) - Zfit.imag(wi)
AE. (@) = (€)]
mag ( ' ) !Zdata.imag (a)i) |

The obtained residuals plot — (Fig. 3c) — indicates a relative error of +
0.15 % — Fig. 3c) — which should be considered rather good.

From Fig. 3b, it becomes clear that the response is dominated by the
highest intensity peak (P3) centered at 7z = 2.95 x 10! s, which is
related to the low-frequency region of the EIS spectrum. Conversely,
peaks centered at 7yp = 2.77 x 102 s and ryp = 1.45 x 102 s — Fig. 3b)
and Table 1 — should be related to the high- and the middle-frequency
region of the EIS, respectively.

Due to the ammonia decomposition at the anode, the typical reaction

— 20 vol%NHj (Tikhonov, 700 °C)

Py

Tve = 1.45x102 s

Ry = 31.01 Q cm?
Cwe = 4.68x10™ F cm™2

Cir = 4.68x10° F cm?2

P4

ez = 2TBA09

Rig = 22.52 Q cm?
Cig = 1.23x10* F cm™

106 10% 104 10% 102 10" 10° 107 102

103 102 101 100

101 102 103 104

Frequency (Hz)

Fig. 3. a)Electrochemical impedance spectroscopy (EIS) spectrum obtained at 700 °C using an anode fuel mixture containing 20 % of NH3 balanced with Nj, and a
cathode oxidant gas containing 100 % of N,O - the numbers indicate the decades (log;o) of the measured frequency; b) the corresponding distribution function of
relaxation times (DFRT) generated by the Tikhonov regularization; c) residuals plot between the experimental Nyquist plot and the fitted plot obtained from the

Tikhonov regularization of the DFRT plot.
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at the Ni-YSZ electrode is hydrogen oxidation [31-33]:
H2 (g) —2H ads (9)

Hads_)H;rds +e (10)

The O is reduced at the cathode side:

02(8)—=02(aas) an
O2(ads) =20 ads) 12)
2O(ads) + 2ei—>20(;ds) (13)

where the following global cathodic reaction occurs [34,35],

0,(g) +2e” +Vy =0} a4

and this oxygen anion (0*" in 0g) is transported through the membrane
electrolyte to react with the protons, at the anode side, forming water
[31-33]:

2H(tlds) + O(2a7dS) _)HZ O(ads) (1 5)
H30(aa5y—~H20 (g) (16)

The global anodic reaction can be described by [31-33],

Chemical Engineering Journal 502 (2024) 157921

Ha(g) + 0% (YSZ)—~H,0 (g) + Vi (YSZ) + 2e~ (Ni) a”

where Of denotes an oxygen ion on the regular lattice site, Vg is a
positively double-charged oxygen vacancy.

However, from the DFRT representation (Fig. 3b), a total of different
3 peaks were identified. In this regard, to be able to identify the origin of
the associated processes, it was decided to study the SOFC stack under
different conditions of fuel composition and temperature, addressed in
the following sections.

3.2. The effect of fuel composition on the electrochemical properties of the
stack

The SOFC stack was tested under 10 % of NH3 balanced with Ny, fed
to the anode side, resulting in a significant increase in both ohmic and
polarization resistances (Table 1). This indicated that the anode needed
to be further investigated. Since only the fuel composition of the anode
was modified, under a fixed oxidant gas condition, i.e., 100 vol% of N,O,
at fixed gas flow rates, the study will proceed with a focus on the anode
reactions.

When the hydrogen partial pressure (py2) decreases, which is related
to the concentration decrease of NH3 from 20 % to 10 %, the hydrogen
dissociative rate should also decrease, as well as the surface concen-
tration of protons (higher polarization resistance); generally, the
hydrogen dissociative adsorption/diffusion process at the anode occurs

a)
Lo Rohm Rur Rwr Rir
| CPE,¢ | CPEwe CPE, ¢
- — -
b) Ronm = 186.76  cm’R,, = 115.78 Q cm? c) Rohm = 1269.53 Q cm? R, =1588.28  cm?
50 e—>e > -
ey wo] | i
2} ' E :
Ty [ ERRE— 7, R — : 72 4004 E 0 E
o : o~ : ;
§ s § 2004 e
< -50- § < 3] 2
A ; A L ¢ ) Do
! @ 20 vol%NHj (700°C) ;
-1004 ! = Tikhonov (Fit) -2001 @ 10 vol%NH; (700°C)
3 i - EQM (Fit) 400 — Tikhonov (Fit) ;
: : " -- EQM (Fit) E
-150 — ' r ' ' ! -600 T ' T —
150 200 250 300 350 400 450 1000 1500 2000 2500 3000
Z/Qcm? Z/Qcm?
d) 100- €) 800+ _
— 20 vol%NH; (Analytical, 700°C) — 10 vol%NH; (Analytical, 700°C)
=0.89
g0 — 20 voI%NH; (Tikhonov, 700°C) — 10 vol%NH; (Tikhonov, 700°C) b
. ., 600
S £
(8] ]
c 601 c
= = 400-
(D'Q 40+ w'n
v d x
200
20-
O T ol T T al T T " 0" o | 2l T T
106 105 104 10® 102 10 10° 10! 102 104 105 104 103 102 10 10° 107 102

/s

/s

Fig. 4. Equivalent circuit model (ECM) used to fit the experimental Nyquist plot under open circuit voltage (OCV) conditions at a) 700 °C; corresponding EIS data
obtained for b) 20 % of NH3 balanced with N, and ¢) 10 % of NH;3 balanced with N, at the anode side; corresponding distribution function of relaxation times (DFRT)
analyses generated by the Tikhonov regularization and the analytical procedure for d) 20 % of NH3 and e) 10 % of NHg, at the anode side.
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in the low-frequency range [33,36], which should be here related to the
P;5 peak in the DFRT plot (Fig. 3b). Nonetheless, it should be emphasized
that all three peaks (P1, Po, and P3) decrease when the NH3 concentra-
tion decreases (Table 1), suggesting a more complex electrode transport
mechanism.

Peak P; has a calculated capacitance in the range of 10“F em™
(Table 1), which is the typical range for the double-layer capacitance
[36]. Therefore, P; should be related to the charge-transfer processes
occurring at the triple phase boundaries (TPBs). The associated element
in the SOFC of the middle-frequency peak, Py, is more difficult to
identify and deserves further attention.

The Nyquist plot was fitted to an equivalent electric circuit model
(ECM), as sketched in Fig. 4a), using the software ZView 4.0. The pa-
rameters that characterize this circuit are an inductor (Lg) — fitted to the
inductive tail —, the series resistance (Rohm), a high-frequency electrode
polarization process (Rprp||CPEpr, assigned to peak P;), a middle-
frequency process (Ryr||CPEvr, assigned to peak Py) and low-
frequency process (Ryr||CPELr, assigned to peak P3). Here R||CPE ele-
ments are characterized by a resistance parallel to a constant phase
element typically used to describe a semi-circle featured in the fre-
quency domain. The CPE is used instead of a pure capacitor (C) due to
the need to account for non-ideal behavior in real electrochemical sys-
tems and is used to represent a double-layer capacitance or other
capacitance-related phenomena.

Fig. 4b) and c) show the experimental Nyquist plot, the model fitting,
and the reconstructed Nyquist from the Tikhonov regularization; as for
the Tikhonov regularization; also, the equivalent electric model shows a
very good fitting. Fig. 4d) and e) compare the DFRT analysis with the
Tikhonov and the electric circuit model. The DFRT of a R||CPE circuit
was obtained analytically and can be written as [24,25]:

R; sin[(1 — ¢)n]
2% osh {(pm (7> } — cos|(1— )]

2

Ri‘G(T)RncpE = s

with 7o = wy! = {/Ri-Yo, where o corresponds to the angular fre-
quency, Y, to the pseudo-capacitance, and ¢ to the exponent of the
angular frequency from the Zcpg impedance.

The DFRT of the whole model is the sum of the three R||CPE circuits
[24,25]:

Ry-G(r) = Y Ri-G(r) 19

with R, = ) R;, where the area under the curve of R-G(7) equals Ry,
From Fig. 4d) and e), it can be observed that the number of indi-
vidual peaks obtained by the Tikhonov regularization is the same as the
one obtained from the DFRT of the equivalent model, thus confirming
the presence of the three processes. Nonetheless, the DFRT analytical
solution of the equivalent model provides sharp peaks, in which the full
width of half maximum (FWHM) is directly related to the exponent of
the angular frequency of the Zcpg impedance, ¢ (Eq. (17)). In contrast,
the Tikhonov regularization was performed numerically using a
Gaussian-type function, which, in present case, resulted in broader
peaks. Nonetheless, when calculating the integral of the peaks, the ob-
tained resistance values are very similar for both cases, as can be

Table 2
Values of resistance obtained by the analytic method and Tikhonov
regularization.

Resistance Ranalytic (@ cm?) Reikhonoy (@ cm®)
20 % NH3 Rur 11.75 22.52

Ryr 45.62 31.01

Rir 59.68 63.19
10 % NH3 Rur 103.98 127.01

Ryr 871.38 773.88

Rir 637.78 700.80

Chemical Engineering Journal 502 (2024) 157921

observed in Table 2.

While ¢yr and ¢pr are in the range of 0.89 to 0.98, denoting values
close to ideal capacitors (¢ = 1 for a pure capacitor, more uniform
interface [37]), a much lower value can be observed in the case of the
middle-frequency term (¢yr = 0.78). Also, a notable decrease to ¢yr =
0.63 can further be noted, when the concentration of NH3 to the anode
decreases from 20 % to 10 % (Fig. 4). The observed behavior points to a
solid-state diffusion-related middle-frequency process, which is shown
to be dependent on pyy variations, approaching the characteristic value
of the ¢ parameter for diffusion (¢ = 0.5) [24], when the partial pressure
of Hj decreases. A tentative modeling with the Finite Length Warburg
(FLW) element was further conducted. In SOFCs, the FLW can describe a
simultaneous combination of a one-dimensional solid-state diffusion
process towards the electrolyte, denoting a high-frequency straight line
(¢ = 0.5), but also, on the low-frequency end, a transition to a semicircle
(¢ closer to 1). This low-frequency capacitive part can be associated with
a constant activity of the mobile species at the surface of the electrode
grains [24]. In the current work, the FLW could, thus, be used to replace
the Ry||CPEwr (diffusion) and the Ryp||CPEr (reaction) terms. Never-
theless, any tentative fitting yielded less accurate results, and its use was
discarded to adjust to the present case.

Subsequently, the current—potential (I-V) characteristics of the stack
were evaluated — Fig. 5. The dilution of the fuel gas has a considerable
effect on the oxidation potential at the anode electrode, which makes the
anode potential increase, reducing the potential difference — the nitro-
gen used for the diluting the ammonia contains trace amounts of oxygen
and, as ammonia concentration decreases, the oxygen to ammonia ratio
increases, which makes the potential difference of the cell to decrease.
Generally, open-circuit voltage (OCP) is determined by the atmospheres
of the cathode and anode, particularly in SOFC with YSZ electrolyte, in
which the electronic conduction is much smaller than its ionic conduc-
tion. Considering the anionic conduction of the electrolyte, the OCP is
expressed as an implicit function of the electrolyte’s characteristic ox-
ygen pressure. The partial pressure of oxygen directly influences the
chemical potential of oxygen, which in turn affects the electromotive
force (EMF) of the stack. The electrolyte is assumed to be a pure oxygen
ion conductor, without electronic conduction, indicating zero flux of 0%
under OCV conditions. Following equations regarding the electro-
chemical potentials 0> and e and O,, the Nernst equation can be
written as [38]:

_ B (€)= e (@) _ #o,(8/C) —Ho,(8/a) _RT| pe
- —F B 4F T 4F p,

Ey (20)

where ’c’, ’a’, and ’g’ denotes cathode, anode, and electrode internal
pores, respectively. Following, Equation (21) was considered to express

10 . 20%NH; I N,0700°C [ 40
10 % NH3 1 N,O 700 °C P
< 30 3
()
> o o
s 6 2
S F20 2.
% 4 =
o] 3
2 -10
» 24 (_E)
3I
0 . . . o "
0 5 10 15 20

Current density / Acm™

Fig. 5. I-V characteristic curves at 700 °C, feeding the anode with different NH3
stream concentrations (10 % and 20 % of NH; balanced in N,) and 100 % N,O
to the cathode.
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OCP:

AEoey = AEy + (RET) In (M) on

D 02, anode

where AEqcp is the Nernst potential, AEj is the ideal cell potential under
standard-state conditions, and po, cathode and Po, anode are the oxygen
partial pressures of the cathode and the anode, respectively. In addition,
R, F, T, and n are the universal gas constant (8.134 m®PaK! mol ™), the
Faraday constant (96 485 C mol™1), the sensor temperature (K), and the
number of moles of electrons transferred (4 mol), respectively.

Using partial pressures simplifies the calculations, as it avoids the
need to consider other species or complex reaction mechanisms. This
simplification is particularly useful in SOFCs because oxygen ion con-
duction is a key part of the cell’s operation, and the partial pressures of
oxygen at the electrodes are readily measurable and controllable.

Actually, it was observed that the oxygen partial pressure (po,) in the
anode side increased from 4.82 x 102° atm to 6.17 x 10°!? atm when the
fuel concentration was decreased from 20 % of NH3 balanced in N5 to 10
% of NH3; consequently, the open circuit potential difference decreased
[39]. It should be emphasized that the changes in po, are transient,
returning to the initial value as soon as the feed concentration of NH3
returns to the initial concentration of 20 %.

As the reduction potential increases with the NH3 dilution, the nickel
at the anode electrode may onset to oxidize. However, the predomi-
nance diagram obtained for the Ni-O-H system at 700°C, depicted in
Fig. 6, indicates clearly that the thermodynamic limit for Ni oxidation to
NiO is around po, < 1071® atm, which lies above the values recorded in
this work for diluted ammonia (feed concentration of 10 %). However,
the anodic reaction produces H0 as a byproduct, which can cause the
Ni grains to oxidize to NiO, resulting in a volumetric expansion of ca. 30
% [40]. This behavior may, thus, explain the decreased OCP value with
the NHj dilution.

Meanwhile, the effect of fuel dilution is further noticed in changes in
the stack performance (Fig. 5), showing a decrease in the maximum
power output from 33 mW cm ™2 to 14 mW cm ™2 when reducing the NHg
concentration from 20 % to 10 %. This may suggest a decrease in the rate
of the electrochemical reactions, dependent on the fuel concentration.
The fuel utilization at 0.7 V — typical operating potential difference — was
determined following Eq. (19):

J X A X Neegs

= 22
FXHXMfuel ( )

f

Where J is the current density, A is the cell area, ns, F is the Faraday

log(pyp) / atm

-30 -25 -20

-15 -10 -5 0
log(pgy) / atm

Fig. 6. Predominance diagram obtained at 700 °C for the Ni-O-H system.
Thermodynamic calculations were made using the HSC Chemistry soft-
ware [41].
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constant and my,, is the fuel molar flow. Values of fuel utilization for the
study cases at 700°C with 20 and 10 % of ammonia in the anode side
were found to be 17.0 % and 10.1 %, respectively. This point is in
accordance with the Butler-Volmer equations, where the dependency on
the concentration of the oxidized species directly reduces the exchange
current density, affecting the kinetics of the electrochemical reactions.
The results show, in agreement with Farr and Vayenas [18], that the
more diluted the fuel is, the lower the power output comes. Moreover,
the exchange current density depends critically on the nature of the
electrode, where the formation of passivating oxides can hinder the
performance. In this regard, it is observed an increase in the Ronm and R,
terms as the anode fuel concentration decreases, corroborating the for-
mation of NiO species at the anode and the consequent lower catalytic
activity.

3.3. The effect of the temperature on the electrochemical properties of the
stack

The SOFC was studied under different operating temperatures, to
further understand the electrochemical processes occurring in the SOFC
stack. The operating temperature was varied between 600°C and 800°C;
the feed conditions were kept constant with the anode fed with 20 % of
NHj balanced in Ny at 1200 mL min~?, and the cathode fed with 100 %
of N2O at 1680 mL min~'. Fig. 7 shows the Nyquist plots obtained at
different temperatures, under OCP conditions; Fig. 7 a) represents the
equivalent circuit model used to fit the Nyquist plot presented in Fig. 7
d) and e) obtained at 700 and 600°C, respectively. Fig. 7 b) represents
the equivalent circuit model used to fit the Nyquist plot data obtained at
800°C.

As the operating temperature of the SOFC stack increased, the con-
ductivity of the electrolyte and the kinetics of the electrode’s reactions
increased, resulting in lower ohmic and polarization resistances,
respectively.

From the DFRT shown in Fig. 7f) to h), it can be seen that the
magnitude of all the individual polarization processes decreases when
the temperature increases, highlighting their thermally activated nature.
Furthermore, it is observed a significant shift of time constants to lower
values as the temperature increases, suggesting faster reaction/diffusion
in such conditions. A remarkable behavior can be observed at 800°C,
when an additional peak emerged at a high time constant of 9.61 x 10 s
— Fig. 7¢), Table 3.

This peak was tentatively attributed to gas conversion/gas diffusion
limitations either in the fuel electrode or in the oxidant electrode, which
is relevant only at high temperatures [33,36,42,43]. In the Nyquist plot,
this contribution is usually seen as an isolated and well-defined low-
frequency arc [36], aligning well with what was observed in the ob-
tained results - Fig. 7c).

In the case of the oxidant electrode, the NoO thermal decomposition
at the cathode side is thermodynamically spontaneous in the whole
temperature range — Fig. 8.

2N,0 (g)—2N, (g8) + 02 (g) (23)

Hence, gas conversion limitations are not expected at the cathode side.
Similarly, the ammonia dissociation reaction in the fuel electrode is also
thermodynamically favorable above 185°C — Fig. 8:

2NH3(g)—3H: (g) +N2(g) 24

The rate of ammonia thermal decomposition has an exponential
dependence on the temperature, following the Arrhenius law [44]. As
the temperature increases, ammonia thermal decomposition is less
likely to be the limiting process. For that reason, it is very likely that
Rgas||CPEgqs, which has an important contribution to the EIS spectrum at
800°C, may be linked to the diffusional transport of the products from
this reaction, Hy and N, which display a far more modest temperature
dependence, DxDoT'> [45]. In fact, the capacitance term of the
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Fig. 7. Equivalent circuit model (ECM) used to fit the electrochemical impedance spectroscopy (EIS) experimental data under open circuit potential (OCP) conditions
at a) 800 °C and b) 700 °C and 600 °C, for 20 % of NH3 balanced in N, at the anode side; corresponding Nyquist plot obtained at ¢) 800 °C, d) 700 °C, and e) 600 °C;
corresponding distribution function of relaxation times (DFRT) analyses generated by the Tikhonov regularization and the analytical procedure at f) 800 °C, g) 700 °C,

and h) 600 °C.

semicircle becomes very high, ca. 102 F cm™2 — Table 3 — in the typical
range reported for gas-conversion/diffusion limitations [33,36,46].
When performing EIS measurements, the electrode is perturbed by the
AC signal, resulting in a variation in fuel gas composition [47]. Hence,
the Rgas| |CPEgas process is due to a variation in the local partial pressure
of reactants and products of the reaction; the AC perturbation will
hardly lead to substantial changes in fuel composition as the gas flow
and diffusion is much slower than the AC signal.

Another important feature noted in the DFRT plot, Fig. 7h), is related
to the middle-frequency CPE exponent, ¢yg, which was found to have
the lowest value compared with the other obtained CPE exponents. This
exponent was assigned to diffusion limitations in the electrodes, which
are known to originate in small values and close to 0.5 [24]. Hence, the
Ryir||CPEMr process is most likely related to solid-state diffusion of
charge carriers/intermediate species [34,36]. Furthermore, ¢yr de-
creases from 0.81 to 0.59 when the temperature goes from 800°C to
600°C, as highlighted in Fig. 9a), which should be associated with the

charge-carrier mobility decrease with the temperature [34,36]. To
support these assumptions, the apparent Warburg capacitance [24] was
determined for the Ryp||CPEyF process:

(RMF YO)O.S/QS

25
R (25)

Yoapp =

Fig. Ob) presents the obtained Yo, apparent @s a function of temperature for
the RCyr element, showing a satisfactory linear dependence and
underscoring the potential diffusional nature of this process.

It was further evaluated the current-potential (I-V) characteristics of
the stack as a function of the temperature. Fig. 10 shows the results
obtained for 600°C, 700°C, and 800°C, using 20 % of NH3 balanced in Ny
feed to the anode and 100 % of NO feed to the cathode. From Fig. 10,
the variation of AEgcp with the temperature is apparent; increasing the
temperature from 700°C to 800°C, AEgcy decreases from 5.78 V to 5.47
V — a behavior that can be predicted from the following equation [48]:
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Table 3
Electrochemical parameters extracted from the Tikhonov regularization on the
Electrochemical impedance spectroscopy (EIS) data obtained at 800 °C, 700 °C,

o 0, : 0, - —
fﬁ::ﬁgo dCe,.for 20 % of NHj3 balanced in N5 at the anode, and 100 % of N5O at 8 .20 % NHs | N,O 600 °C 120 -
[ o
DFRT Parameter 20 %NH; 20 %NH; 20 %NH; > 20 % NH3 I N20 700 °C —100 =
peak (800°C) (700°C) (600°C) Z 6- . 20 % NHz | N,O 800 °C Q
-4 -3 -3 o 80 o
P, T/ S 1.91x 10 2.77 x 10 2.18x 10 o)) [0}
Ryr/ Qem?  10.52 22.52 37.91 T 7
Cur/Fem™2  1.82x10° 1.23x 10 5.75 x 10° O 4 -60 =
P, ™/ S 1.51x10° 1.45x 10 1.07 x 10 i —
Ryp/Qem?  16.05 31.01 86.07 5} —40 3
Cur / F 9.39x10° 4.68x10™ 1.24x10° I 5 s
cm ™2 2 L 20 (@)
Ps /S 2.49 x 102 2.95x 107 2.03 3,
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Fig. 10. I-V curves performed at 600 °C, 700 °C, and 800 °C by feeding the
anode with 20 vol% of NH3 and the cathode with 100 vol% of N,O.
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Fig. 8. Gibbs free energy (AG / kJ/mol) as a function of temperature (T / °C) for the ammonia and nitrous oxide decomposition reactions. Thermodynamic data
collected from HSC chemistry software [41].
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Fig. 9. a) the middle-frequency process of thedistribution function of relaxation times (DFRT) analyses generated by the analytical procedure in the temperature
range of 600 °C to 800 °C; b) the temperature dependency of the apparent Warburg capacitance (Y, app), obtained with Eq (25).
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Fig. 11. Polarization experiments toward NO production at 700 °C for different fuel concentrations (10 vol% and 20 vol% of NH3 balanced in N at the anode and
100 vol% of N0 at the cathode): current density as a function of applied voltage (3 V, 3.5 V, and 4 V). The tests were performed using two different gas hourly space
velocities (GHSV) (1400 and 350 h’l), which was calculated gas flow rate (1200 mL min~! and 300 mL min’l)by dividing the stack volume (51.52 cm®).

AEocp = AEp + <A§> (T - To) (26)

g
where AS is the reaction entropy, T is the operating temperature, and T
is the reference temperature (298.15 K).
In this case, the thermodynamic potential difference of the hydrogen
oxidation reaction is related to the Gibbs free energy according to the
equation [49]:

AG

AE = 27
oF (27)

and the free energy of Gibbs can be written as [49]:

AG = AH—TAS (28)

For the hydrogen oxidation reaction AH, it is negative, meaning the
reaction is exothermic and AS is also negative. As the temperature in-
creases, AG normally decreases, and then decreases the potential dif-
ference of the reaction.

As the temperature increases, the ammonia decomposition reaction

N 3vsz
onio
ONi
0cco
oLsm
= Anode
= Cathode

Intensity / a.u

20/°

Fig. 12. Post-mortem X-ray diffraction (XRD) analysis of a representative
membrane electrode assembly (MEA) composing the SOFC stack.

10

rate increases, and since the reaction is endothermic (Eq. (21)) and
equilibrium limited, the reaction equilibrium conversion also shifts to
higher hydrogen concentrations. The increase in hydrogen concentra-
tion makes the potential difference shift to higher values.

Fig. 10 shows that the open circuit potential difference at 600°C is
5.40 V, lower than at 700°C and 800°C. This result was tentatively
attributed to hydrogen starvation because of a low ammonia decom-
position reaction rate; actually, the ammonia decomposition reaction
rate becomes noticeable only for > 550°C [17].

Likewise, the power output increases mostly linearly (Fig. S.1 in SI),
achieving peak power densities of 14 mW cm™2, 33 mW cm ™2, and 70
mW cm 2, respectively, at 600°C, 700°C, and 800°C. It should be
emphasized that the electrochemical oxidation rate is also a function of
the current density at which the cell is operated. In fact, upon increasing
the temperature and under-applied polarization, the fuel/oxidant utili-
zation increases due to increased electrode kinetics [33]. Then, the rate
of product formation (H20/Nj at the anode and Oy/N> at the cathode)
increases, resulting in a concomitant increase in the power output.
Nevertheless, these assumptions need further investigation.

3.4. Electrochemical nitrogen oxide (NO) production

The previous sections focused on describing the main electro-
chemical processes occurring on the electrodes, particularly on the
anode side; it was concluded about the importance of the fuel concen-
tration and the operating temperature.

This section studies the production of NO (the final goal of the cur-
rent work) using the SOFC stack. To produce NO, it is necessary to
decrease the gas hourly space velocity (GHSV); GHSV describes the
volumetric flow rate of a gas through the catalyst bed relative to the
volume of the reactor or by the mass of the catalyst. This metric is
calculated by dividing the volumetric feed flow rate of the gas by the
volume of the reactor, in this case of the stack, or by the mass of the
catalyst. Following, the anode feed flow rate was decreased from 1200
mL min~! to 300 mL min~" and the cathode decreased from 1680 mL
min~! to 300 mL min~!, from the first to the second experiment. The
GHSYV has a significant impact on the electrocatalytic reactions; a lower
GHSV allows for a longer interaction of the gaseous chemical reagents
with the electrocatalyst [18,50], i.e., the nitrogen radical (N*) formed at
the anode interacts with the oxygen ions coming from the cathode to
produce NO [18]:
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Fig. 13. A)Scanning electron microscopy (SEM) cross-section microstructure of a representative MEA membrane electrode assembly (MEA) composing the SOFC

stack and b) its respective EDS mapping images.

2NH;(g) +50%* »2NO (g) 4 3H,0(g) + 10e~ (29)
Eq. (24) is, therefore, controlled by the solid-state diffusion rate of 0%,
and then proportional to the current, according to Faraday’s Law:

i =nFNgz- (30)
where i is the current density, F is the Faraday constant, and Np.- is the
02 permeate rate. The proposed equation for the overall reaction taking
place at the TPBs of the anode electrode is:

H, (g) +0.5Ny(g) + 205 (YSZ)—~H,0 (g) + NO (g) + 2V (YSZ) + 4e™ (Ni)
(31)

This equation is similar to Eq. (15), which was proposed for the
hydrogen oxidation reaction.

The stack was first tested at a fixed temperature of 700°C, fed with
20 % of NH3 balanced in Nj at the anode and 100 % of N3O at the
cathode, at 1200 mL min~! and 1680 mL min !, respectively. The po-
larization experiments were performed under applied polarizations of 3
V, 3.5V, and 4 V. The stack current density is presented in Fig. 11.

The polarization tests were initially performed for 20 min, but NO
was not detected. The reason for the absence of NO might be explained
by the excessive GHSV, particularly in the anodic compartment (ie.,
high flow of 0%~ compared with NH3). Following, in the second exper-
iment, the GHSV was lowered four times (from ca. 1400 h~! to ca. 350
h’l), which corresponds to a decrease in the anode and cathode feed
flow rates to 300 mL min . The NO production at 3 V was continuously
measured, showing a selectivity to NO of 20.4 % — the ratio between the
obtained amount of desired product (NO) to the used amount of a key
reactant (NHs), Eq. (27):

[NOJ
[NH;]

where [NO] and [NH3] are the molar concentrations of NO and NHs in
the product stream. This value is rather low when compared with the
selectivity reported by Farr & Vayenas [18] of 97 %. The lower selec-
tivity value obtained was assigned to the activity of the undesired side
reaction:

Selectivity = x 100 (32)

2NH(g) + 3NO(g) ~Na(g) + 350 (g) (33)

which can be mitigated by increasing the ratio of NH3 to O%~ concen-
trations at the anode side. Also, Farr & Vayenas [18] used a Pt-based

11

anode catalyst, which was [16] possibly a superior catalyst for NO
production than that of Ni used in the fuel cell stack of the current work.
The conversion of the pure N5O feed at the cathode reached 50.4 %, a
promising value compared to the reported 30 % obtained by Li et al [9].

Regarding the performance of the SOFC stack, a drastic decrease in
the current density can be observed as the GHSV decreases from 43.2
mA cm ™2 (GHSV = 1400 h™!) to 2.8 mA em 2 (GHSV = 350 h™h).
Nonetheless, the stack energy efficiency — Eq. (29) — based on the lower
heating value of ammonia fuel, was ca. 87.76 %, and the fuel conversion
was ca. 100 %.

p,
Stack Energy Efficiency = I o 34

LHV X Mfyel

where P is the electrical power produced by the stack, Hyyy is the lower
heating value of NHs, and myy is the fuel molar flow rate.

Overall, despite the relatively lower values of NO selectivity, the
power output values are encouraging, being almost 14 times higher than
those reported by Farr & Vayenas [18] (i.e., 8.4 mW cm™2 vs. 0.61 mW
cm~2). Regarding selectivity, it is very important to highlight the nature
of the catalyst materials. The employed stack was designed as a SOFC;
the anode was not tailored to oxidize ammonia to NO. As a future work,
a SOFC stack with an optimized anode for this reaction should be
fabricated. This anode may contain cobalt since this metal catalyst was
identified as rather active and selective for the pertinent reaction [51].

3.5. Post-mortem characterization of the stack

The post-mortem MEAs that compose the SOFC stack were investi-
gated. The electrodes’ surfaces were initially analyzed by X-ray
diffraction (XRD). Fig. 12 shows the patterns of an anode and a cathode
of a representative MEA. In both patterns, there is no evidence of any
secondary phases since all peaks were indexed to the expected phases. In
this regard, concerning the cathode pattern, both LSM and CGO20
phases were detected, corresponding to the cathode and buffer layers,
respectively. In contrast, the anode pattern shows the presence of 8YSZ,
NiO, and Ni; the presence of NiO is related to the nickel oxidation during
the adopted cool-down procedure.

The microstructure of a representative MEA was also analyzed by
scanning electron microscopy (SEM), to assess any morphological aging
of the electrodes. Fig. 13a) shows the corresponding cross-section
microstructure, which reveals a crack-free and well-densified electro-
lyte, in agreement with the high OCP observed during the experiments.
In addition, the energy dispersive spectroscopy (EDS) images, presented
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in Fig. 13b), show no migration of the metal elements across adjacent
layers, reinforcing the results already obtained by XRD, which shows no
secondary phases in each layer (Fig. 12).

4. Conclusions

This work studies the feasibility of using a SOFC system for the
abatement of NyO emissions, a rather harmful and strong greenhouse
effect gas, using diluted ammonia fed to the anode as a fuel. The use of
ammonia instead of Hy as a fuel proved to be very attractive not only
because it is nonflammable, easy to hand, and usually available at
chemical plants, but also because it enables the simultaneous production
of NO, a valuable precursor in nitric acid production. It was obtained a
high energy efficiency of 88 %, a modest selectivity to NO of 20 %, and a
conversion of 50 % of the pure N3O feed to nitrogen (within the preci-
sion of the analyzer, <1-10 ppm).

Electrochemical impedance spectroscopy was successfully employed
to analyze the main electrochemical processes occurring in the elec-
trodes. The use of the Distribution Function of Relaxation Times (DFRT)
was crucial to analyze the impedance data without prior knowledge of
the nature of the reactions, allowing the differentiation of three main
polarization processes based on their characteristic relaxation times.
The use of an equivalent circuit model to analyze the experimental re-
sults obtained at different temperatures and fuel concentrations allowed
to identify important electrochemical processes occurring in the SOFC
stack. The discussion focused on the anode reactions, where it was found
a limiting Hy adsorption/desorption process occurring on the surface of
the anode electrocatalyst — P3, and a charge-transfer process limitation —
P1, which possibly takes place in the triple phase boundaries (TPBs). An
additional diffusion process probably related to the diffusion of charge
carriers/intermediate species to the TPBs was also identified — P2.

The electrochemical abatement of N,O and the electrochemical
oxidation of ammonia allow NO production when operating under low
gas hourly space velocity at the anode. The simultaneous abatement of
N0 and the production of NO, a critical feedstock to the nitric acid
industry, in a single device is an elegant example of the implementation
of a process intensification strategy. This work reports very encouraging
results, which justify the continuation of the research following this
pathway.
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