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Proton-conducting ceramic cells with a Ni-BaCegZr Y0103 s || BaCep7Zro,Y0.105_5 Il Fe/BaCe7Zrp2Y105_s -backbone
structure were studied in a dual-chamber setup to evaluate the effects of temperature, gas flow, voltage, and electrolyte thickness on
electrochemical ammonia synthesis. Three gas feed configurations were tested to differentiate surface reaction mechanisms.
Thermodynamic calculations were conducted to evaluate the experimental results in the context of equilibrium limitations. The results
showed that proton transport through the electrolyte plays a minor role in the formation of ammonia, while production rates correlated
more strongly with applied voltage than with current density. Ammonia synthesis appeared significantly limited by thermodynamics,
making an increased hydrogen partial pressure at the cathode essential. A feed configuration supplying only nitrogen to the cathode
was ineffective, whereas introducing hydrogen increased the ammonia formation rate from 1.42 x 10~ mol em s~ 't03.23 x 107°
mol cm™?s~" at —1.4 V and 500 °C. When proton conduction was suppressed under the same conditions, the rate further increased to
432 % 107 mol cm 2 s~'. Varying the cathodic gas flow rate across the 12.57 cm? active area from 8 NL h™' to 20 NL h™', the
ammonia formation rate improved by a factor of 3.1 at —1 V, at both 500 °C and 600 °C.
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Ammonia (NH3) is a cornerstone of the chemical industry,
essential for fertilizer production and various industrial applications.
Its conventional synthesis via the Haber—Bosch process is highly
energy-intensive, operating under pressures of 20 MPa to 40 MPa
and temperatures between 400°C and 500 °C. In 2020, NHj;
production exceeded 185 metric million tons, with demand expected
to rise by 37% by 2050." According to the International Energy
Agency (IEA), NH; synthesis accounts for around 2% of global final
energy consumption and 1.3% of anthropogenic CO, emissions,
making it the most energy-intensive chemical process worldwide.”
The current reliance on fossil fuel-derived hydrogen (H,) further
exacerbates its carbon footprint, with each ton of NH; produced
generating an average of 2.4 tons of CO,.”

To address the challenges associated with sustainable NHj;
synthesis, recent advances have focused on proton-conducting
ceramic cells (PCCs).>™ These systems operate under milder
conditions and represent a promising alternative to the conventional
Haber-Bosch process. Figure 1 shows a schematic representation of
the reactions occurring during electrochemical NH; synthesis on a
PCC.

At the anode, a hydrogen carrier, such as water (H,O) or in this
study H, itself, undergoes oxidation, releasing protons (OHy) that
migrate in the direction of the applied current. During NH; synthesis
at the cathode, protons may react either with dissociated nitrogen
(N) at the catalyst surface to form NHj (pathway a) or participate in
the H, evolution reaction (HER) to form molecular H, (pathway b).
In addition, gas-phase as well as thermocatalytic and electrocatalytic
reactions (pathway c) that do not involve protons may also contribute
to the overall NH; formation.

In this context, electrochemical promotion of catalysis (EPOC)
has attracted attention. EPOC, also known as non-Faradaic electro-
chemical modification of catalytic activity (NEMCA), refers to the
reversible enhancement of catalytic reaction rates induced by an
electric field. This effect takes place on a catalyst film, or a supported
catalyst dispersed on an ionic conductive solid electrolyte. The
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catalytic activity is modified by applying an electric potential
between the catalyst and a secondary conductive layer on the
opposite side of the electrolyte.

The EPOC effect was first discovered in 1981 by Michael
Stoukides and Costas Vayenas and is related to the electrochemical
supply of ionic species to the catalyst surface, which, in turn, induce
changes in the electronic and chemisorptive properties of the
catalyst.®” The induced change in catalytic rate, Ar = r—ry, upon
catalyst polarization (r is the catalytic reaction rate under closed-
circuit conditions, and ry is the open-circuit catalytic rate), exceeds
the electrocatalytic rate predicted by Faraday’s law, which depends
on the rate of ion transport through the electrolyte.® This phenom-
enon is captured by the enhancement factor of Faradaic efficiency, A
(1), which is defined as:

(1]

where i is the the current, n the number of electrons (with n = 3 for
NH;), and F denotes Faraday’s constant. Since i/n F denotes the
theoretical production rate at 100% Faraday efficiency, a value of A
greater than 1 is indicative of changes in the catalytic properties of
the electrode that go beyond simple charge transfer.”” Additionally,
the rate enhancement ratio, p (2), given by:

r ro+ Ar
p=—= [2]
ro ro

represents the ratio of catalytic rates in the presence and absence of
polarization. In the case of electrochemical NHj synthesis, several
studies report A values consistently below one, indicating the
absence of a significant EPOC effect under their respective condi-
tions (see Table I). This limited EPOC effect, as previously also
reported by Garagounis et al., is attributed to the inherent thermo-
dynamic constraints of the ammonia synthesis reaction.'® In terms to
the rate enhancement ratio, typical p values ranging from 2 to 10
have been reported, without a clear correlation to the applied electric
field strength.'' A maximum p value of 220 was observed by Li
et al., using pure iron as the catalyst at a testing temperature of
550 °C."? An overview of reported EPOC values from various papers
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Figure 1. Schematic representation of reactions occurring at a proton-conducting ceramic cell that either contribute to NH; synthesis or compete with it. The

reactions take place simultaneously.

Table 1. Reported and calculated A and p values from papers
including this study using a barium-based electrolyte and a gas
mixture of H, and N, at the cathode.

Year A p References
2015 0.07¥ 1.4 13
2016 0.04 24 14
2017 0.003" 20 15
2021 0.15% 220 12
2023 0.06" 10 16
2025 0.012 21 this study

a) Calculated based on reported data.

using barium-based electrolytes is provided in Table 1. All the cited
publications employ a mixture of H, and N, at the cathode, as the
electrochemical NHj3 synthesis is enhanced by the simultaneous
supply of both N, and H,, rather than N, alone.

For NH; synthesis, EPOC has been observed to be weak,
constrained by the equilibrium-limited nature of the reaction at elevated
temperatures and the competing HER, resulting in electrochemical
Faradaic efficiencies towards NH;, FExp, (FEnm, = A x 100) mostly
below 10%."” Additionally, increasing the applied current enhances the
reaction rate up to a point, after which the rate either plateaus or
declines.'®'® This decrease has been attributed to the “poisoning” of the
cathode by hydrogen, which inhibits N, chemisorption due to the high
rate of electrochemically supplied protons. '8

Future advancements in electrochemical NHj synthesis will rely
on the development of highly selective catalysts to suppress the HER
and the optimization of operating parameters with respect to
thermodynamic and kinetic considerations. The latter will be the
primary focus of this work. This study also investigates the question
of whether EPOC plays any role in electrochemical ammonia
synthesis.

To place our experimental investigations in context, Table II lists
results from other studies also utilizing a dual-chamber setup and
supplying a mixture of H,:N, to the cathode. However, data on this
configuration remain limited in literature so far.

Experimental

Powders.—All materials used this study are commercially
sourced. Anode and electrolyte layers were prepared using
BaCeo_ngO_ 1Y0_103,§ (BCZYSl 1) and BaCeo_7Zr0_2Y0_ 103,,5

(BCZY721) (CerPoTech AS), NiO (JT Baker®) and ZnO (Sigma
Aldrich). The cathode consisted of BCZY721 (CerPoTech AS) and
a-Fe;03 (<5pm, 96%, Merck). TIMREX SFG75 Graphite
(TIMCAL) was used as a pore former.

Cell fabrication.— Anode.—The anode support was prepared via
tape casting using a slurry composed of NiO:BCZY811 in a weight
ratio of 1.5:1, graphite (pore former), Nuosperse (dispersant), and
butanone/ethanol (solvents). The mixture was homogenized with a
Turbula® T2F mixer (WAB) for 24 h, followed by the addition of
polyvinyl butyral (binder) and PEG/TEG-EH (plasticizers, Eastman),
then milled for another 3 h. After resting for 24 h, the slurry was
degassed under vacuum for 10 min. It was cast using a ZAA 2300
film applicator (Zehntner GmbH) onto a polymer sheet covered glass
plate and dried at room temperature for 24 h, yielding tapes of 500
pm thickness and a surface area of about 700 cm?. Circular samples
(@ 77 mm) were then cut for further processing.

Electrolyte—BCZY721 was blended with a carrier mixture (a-
terpineol and ethyl cellulose) and 0.5 wt% ZnO (sintering aid), then
ground in an automatic mortar (Retsch RM200) for 20 min and
further refined using a roller mill. The resulting electrolyte ink was
screen-printed onto the green anode tape cutouts using an EKRA E2
screen-printer. For increased electrolyte thicknesses, multiple screen-
printing steps were performed with intermediate drying. After drying
at room temperature for 1 h, the half-cells were co-sintered at
1400 °C for 8 h, with intermediate dwell steps at 250 °C (solvent
evaporation) and 550 °C (graphite burnout of the support electrode).

Cathode.—The cathode was applied via screen-printing in two
steps. First, a porous BCZY721 backbone mixture (BCZY721:
graphite, weight ratio 1.5:1) dispersed in a carrier mixture
(a-terpineol and ethyl cellulose, 45 wt% solids) was printed onto
the sintered half-cell, dried in ambient air until matte, and sintered at
1350 °C for 1 h with heating and cooling ramps of 3 K min~'. The
obtained porous BCZY721 structure serves as a scaffold for catalyst
deposition. Subsequently, a low-viscosity Fe,O5 ink (Fe,O3 and the
same carrier mixture, 45 wt% solids) was “screen-pressed,” i.e. using
screen-printing to impress the ink into the previously sintered
backbone. The cathode was finally calcined at 850 °C for 1 h with
3 K min ™' ramps, resulting in a homogeneous distribution of the iron
catalyst within the backbone without any detectable interaction with
the backbone material.”®> The final cell had a diameter of 52 mm
(21.24 cm? total area), with an active cathode area of 12.57 cm?
(40 mm diameter).
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Table II. Studies utilizing a dual-chamber setup with mixed N, and H, supplied to the cathode. Only the peak NH; production rates achieved under
specific temperature and configuration conditions are displayed. Unless otherwise specified, all results pertain to planar cells.

I'NH3
Active area [10~° mol cm 2
Year  Anode Electrolyte ~ Cathode [cm?) T[°C] U[V] s H»N, VI[NLh!'] References
2007 Ag SZY Fe 2 500 -2 0.11 4:629 — 21
2016 Cu BZCY721 Ni-BZCY721 4» 620 24 4.1 1:1 9 14
2021 Pt BCY10 K, Al-Fe-BCY10 0.39 650 —15 0.67 15:85 — 15
2021 Pt BCY10 Fe-BCY10 1 600  —0.7 0.42 1:9 — 12
2021 Pt BCY10 W-Fe-BCY10 1 550  —1.2 0.57 1:9 — 12
2021 Pt BCY10 Fe 1 550 —1.2 1.3 1:9 24 12
2021 Pt BCY10 Fe 1 550  —1.2 14 1:1 24 12
2024 BCFZY-BCY10 BCY10 Fe 1 600 -1 7.2 1:1 — 22
2025 Ni-BCZY811 BCZY721 Fe/BCZY721- 12.57 500 —14 432 1:1 12 this study
backbone

SZY: StZro.05Y 005034 BZCY721: BaZry7Cep2Y0.102.9, BCY10: BaCe9Y( 103, BCFZY: BaCog 4Fe 4Z1p1Y0.103_s5, BCZY811: BaCe( gZ1p1Y0.103_s,

BCZY721: BaCe(7Zr9,Y.105_s. a) Diluted in He. b) Tubular cell.

Electrochemical characterization.—For electrochemical charac-
terization, the PCCs are tested in a double-flange test rig with an
aluminum oxide lining. Electrical contact to the NiO-BCZYS811
electrode is established using nickel and Inconel 600 wires
(@ 0.5 mm), which are connected to a nickel foam disk (@ 50 mm).
Similarly, a gold grid (@ 40 mm) with gold wires (@ 0.5 mm) establishes
electrical contact with the iron-containing electrode. A schematic of the
assembled cell is presented in Fig. 2.

Ceramabond 552 A2 (T-E-Klebetechnik) is used as sealing,
applied in thin layers and dried at room temperature. The mounted
cell is subsequently heated at a rate of 1 K min~", with 2 NLh™' N,
supplied to both electrodes. Dwell times of 2 h at 100 °C, 260 °C and
650 °C are implemented to cure the seal during start-up. Gas
tightness was verified by measuring the downstream volume flow.
The cell is gradually reduced at 600 °C by incrementally increasing
the H, supply to both electrodes until a desired H, partial pressure is
reached and the cell voltage stabilizes. Once stabilization is
achieved, the system is brought to the target temperature for
electrochemical characterization and quantitative NH; measure-
ments.

The mass of catalyst was estimated from the weight difference
before ink application and after sintering, assuming complete
reduction of Fe,O; based on its stoichiometry.

Cathode

Cathode

Cathode it

inlet

outlet

Ni current-collection mesh

Ni-BCZY811 anode

Electrochemical Impedance Spectroscopy (EIS) was conducted
using a Zahner Zennium (Zahner) instrument over a frequency range
of 100 mHz to 100 kHz, with an AC amplitude of 15 mV, measured
at OCV (open-circuit voltage).

NH; formation was analyzed using a high-performance ion-
selective electrode (Orion™, Thermo Scientific™ 9512HPBNWP).
For each parameter variation, following a stabilization period of at
least 15 min, the outlet gas was directed through a 0.01 M H,SO4
solution for 20 min to capture the NH;. Background measurements
were performed between 400 °C to 600°C at a flow rate of
20 NL h™! using a blank cell without any catalyst applied. Two
gas configurations were tested, including the following anode/
cathode combinations: Hpy/H,:N, (1:1) and Hy/N, (see Fig. S1). In
addition, pure N, was supplied to both electrodes to assess back-
ground NHj levels, which resulted in formation rates below the
detection limit of the ISE.

Results and Discussion

Thermodynamics.—To gain deeper insights for the optimized
parameter selection for electrochemical NH; synthesis, thermodynamic
simulations were performed using the DETCHEM software package.
Specifically, the DETCHEM® QU™ code was utilized for thermodynamic
calculations displayed in Fig. S2a in Supplementary material.>*

Anode
inlet

BCZY721 protonic-ceramic membrane
Fe/BCZY721-backbone cathode

Au current-collection grid

Figure 2. Schematic illustration of the double-flange setup with the cell mounted between the two flanges.
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Table III. Tested configurations and the gases supplied to the
respective electrodes.

Configuration Anode [NL h™ 1] Cathode [NL h™ 1
“classic” 6 H, + 6 N, 6 N, + 6 Ar
“mixed” 6 H, + 6 N, 6 H, + 6 N,
“blocked” 6 Ar + 6 N, 6 H, + 6 N,

The simulations were conducted at atmospheric pressure to align with
the available test bench conditions.

The simulations show that, thermodynamically, lower tempera-
tures significantly shift the NH; equilibrium toward higher yields for
all Hy:N, ratios and a stoichiometric H»:N, ratio of 3:1 is preferred
for optimal NHj3 formation. However, PCCs face operational
limitations at lower temperatures, as proton conductivity decreases
sharply below 400 °C. From a thermodynamic perspective, operating
PCCs between 400 °C and 500 °C appears to be advantageous, while
from a kinetic standpoint, 500 °C may offer a feasible compromise.

In this context, the volumetric flow rate normalized to the cell
surface area must be considered, as an increase in this parameter
leads to a proportional enhancement in ammonia formation from a
thermodynamic perspective (see Fig. S2b).

From a kinetic standpoint, lower normalized volumetric flow
rates correspond to longer residence times of reactants at the cathode
under operating conditions, which tends to bring the NHs concentra-
tion closer to equilibrium. Conversely, higher normalized volumetric
flow rates reduce the residence time, causing the NHs concentration
to remain below the equilibrium value.

Reaching the targets established by the DOE (United States
Department of Energy) for the commercialization of NH;3 production
employing PCCS necessitates achieving a mpy, of around
107% mol cm™2 s, a current density j exceeding 300 mA cm 2,
and a Faraday efficiency to ammonia #yy, of 90%.”> In

their technoeconomic analysis of PCCs for NH; synthesis, Moranti

et al. propose a target #7yy, in the range of 1077 mol cm ™% s~

107® mol cm ™2 s™! to achieve economic sustainability.?%

Operating the cell at 500 °C at thermodynamic equilibrium
with a H,:N, ratio of 1:1 would require a volumetric flow rate of
23 NL h™! ¢cm™2 to achieve the target mvp, of 1077 mol cm 2 s .
When the temperature is reduced to 400 °C while maintaining the
same gas composition and equilibrium conditions, the required
volumetric flow rate decreases to 6 NL h™! cm 2. Assuming a
more ambitious target for 7y, of 107% mol cm ™2 sfl, the previously
stated volumetric flow rates per cell area should be multiplied by a
factor of ten.

to

Mechanistic investigations.—To differentiate the various effects
and mechanisms contributing to the electrocatalytic formation of
NH;, three gas configurations were examined. For clarity, these
configurations are summarized in Table III. To maintain simplicity,
the three gas configurations are referenced throughout the text using
the labels provided in the table’s first column.

The “classic” configuration, with H, and N, (1:1) at the anode
and N, and Ar (1:1) at the cathode, refers to a setup in which NHj;
formation occurs via direct proton transport across the membrane,
enabling surface reactions that drive the nitrogen reduction reaction
(NRR). Another possible pathway is that protons first undergo HER,
generating molecular H,, which can then react with N either on the
catalytic surface or in the gas phase.

In the “mixed” configuration, with H, and N, (1:1) at the anode
and at the cathode, NH; formation is assumed to occur via surface
protons at the triple-phase boundary, catalytic surface reactions of
the involved species, and gas-phase reactions. Previous studies have
demonstrated that introducing H, to the cathode enhances NHj;
formation, with an H;:N, ratio of 1:1 yielding the highest ammonia
formation rates.'*'*

By varying the H,:N ratio between 1:1 and 2:1, a slight peak was
observed at 500 °C and —1 V at a ratio of 1.2:1 (See Fig. S3). But for
easier process control and comparability, the ratio is kept at 1:1 in the
following experiments.

- 500°C 4 ryp, classic” :
:---‘-_._....._"rr.'_'_'_'.'. """"" TNH, " mixed” J
I -® rnp, | blocked” 1106
i @ |77 Thermo. eq. (Ha:Ny 1:1) |
.| & Thermo.eq. "classic” |
71070 ‘ |
Tg | e [
wn i |
) i ) 11077 =
E L A ". ] E
= A..... A.. ] ~
T 10-10] A 1 2
z 10 f | E
: .'A A
[ 1108
.'A .......................... A
10—11 ] 1 ] . 1 " ] 1 1 . 1 1 ] 1 1 .
-14 -12 -1 -08 —-06 —-04 —-0.2 0

U/V

Figure 3. NH; formation ryy, as a function of cell voltage for the three gas configurations from Table III, conducted at 500 °C with a constant volume flow of 12
NL h™'. The thermodynamic equilibrium (green, dashed) is calculated for an active area of 12.57 cm® 12 NL h™! and a temperature of 500 °C at OCV. Blue open
triangles display the thermodynamic equilibrium for H, concentrations measured at the cathode in the “classic” configuration at OCV and —1.4 V.
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In the configuration “blocked”, with Ar and N, (1:1) at the anode
and N, and H; (1:1) at the cathode, proton conduction through the
electrolyte is deliberately inhibited by supplying inert gases to the
anode, thereby excluding the influence of the pumped protons. This
approach enables the isolated assessment of the effect of the applied
electrical potential in the absence of ionic flux from the electrolyte,
which would otherwise contribute to NH3 synthesis. To the best of
our knowledge, this specific configuration has not been previously
described in the literature and cannot be associated directly with
EPOC, as the electric field is decoupled from the sustained transport
of ionic species.

Thus, it was anticipated that configuration “blocked” would yield
lower rny; compared to configuration “mixed” since the supply of
protons through the electrolyte to the triple phase boundaries of the
cathode is suppressed, eliminating one of the possible NH; formation
pathways.

Figure 3 illustrates the vy, normalized to the active area (left)
and catalyst loading (right) for the three gas configurations outlined
in Table III. The formation rates are plotted as a function of the cell
voltage at each point. The measured OCV (open-circuit voltage) for
configuration “mixed” is —0.003 V, for “classic” 0.117 V and
—0.164 V for “blocked,” caused by the different gas compositions
at the electrodes. The iron catalyst loading on the 12.57 cm®
electrode is 2.7 mgg, cm~ 2 (reduced state).

Figure 3 demonstrates that 7y,  increases significantly when H,
is supplied to the cathode, thus going from “classic” to “mixed”
configuration. The experimental results further show that the
ammonia formation rate ryy, did not decrease but increased when
the electrochemical ion supply was deliberately suppressed
(“blocked” configuration).

These observations suggest that protons conducted through the
electrolyte may negatively impact at the cathode’s surface. Since the
H, concentration is similar in both configurations (“mixed” and
“blocked”), with only a slight increase in the “mixed” configuration
due to the HER, molecular H, does not appear to negatively
influence the process. But protons flux may lead to occupied active
catalyst sites, thereby hindering the adsorption and dissociation of N,
and reducing the selectivity toward NH; formation, as also reported
by other authors.”'® Furthermore, the results indicate that EPOC,
caused by the supply of ionic species in an electric field, either does
not contribute significantly to ammonia synthesis or does not
adequately describe the underlying process. The isolated effect of
the electric field on ammonia formation have been shown in fixed-
bed experiments, with observed significant rate enhancements
pointing to enhanced N, activation steps under field application.?’
This could be explained by the applied voltage, which shifts the
Fermi level of a thin metal catalyst layer, thereby altering the partial
density of states and enhancing the availability of active electronic
states for catalytic reactions.”® Specifically, a negative field induces
electron transfer into the anti-bonding =" orbitals of adsorbed N,
molecules, which weakens the N=N bond and facilitates the
formation of Fe-N intermediates, a key step in nitrogen activation.”

The highest rvu, were obtained at —1.4V for each gas config-
uration, with 1.42 x 107'° mol em™ s™' (j=0.116 A cm™),
323 x 10 P molem ?s™! (j=10.073 A cm 2) and 4.32 x 10~° mol
em 2 57! (j=0269 A cm ?) for the “classic,” “mixed” and
“blocked” configurations, respectively.

The green dashed line represents the thermodynamic equilibrium
at 500 °C for a 1:1 H,:N, mixture at the cathode without the supply
of current and is technically only applicable for the “blocked”
configuration where no additional H, is added by proton pumping.
As can be seen from the diagram, configuration “blocked” ap-
proaches this equilibrium asymptotically and thus appears to be
limited. In contrast, the “mixed” configuration does not yet appear to
be thermodynamically limited, but since the corresponding equili-
brium line would increase with voltage due to H, production at the
cathode by HER, limitation may also be shifted to slightly higher
formation rates.

In the “classic” configuration, NH3 formation is the lowest. As
expected, the reduced H, concentrations in the cathode gas phase in
this configuration negatively impacts the system, as the low partial
pressure of H, restricts NH; formation. The H, concentration in the
gas coming from the cathode was quantified by mass spectrometry
(MS) under both OCV and an applied potential of —1.4 V, yielding
values of 1.08% and 2.75%, respectively. These concentrations form
the basis for the thermodynamic equilibria presented at the corre-
sponding voltages in Fig. 3. As indicated by the course of the NHj;
production rates operating in the ‘“classic” configuration, NHj
synthesis appears to be thermodynamically constrained at high
absolute voltages, making a higher H, partial pressure at the cathode
essential.

Figure 4 provides in (a) the electrochemical Faraday efficiency
for NH;, FEnp,, the corresponding current density j (b) and the
enhancement factors p (c) as a function of the cell voltage for the
three gas configurations at 500 °C.

FEnp, of gas configuration “classic” remains below 0.05% across
all applied voltages, while the rate enhancement factor p, reaches its
maximum value of approximately 8 at —1 V.

For gas configuration “mixed,” FEnn, peaks at 1.2%, and p
attains a value of 21 at —1.4V, representing one of the highest
enhancement factors reported in the literature (compare Table I).
Both FEng, and p for the “mixed” configuration do not exhibit
asymptotic behavior at the highest absolute voltages, in contrast to
the other two gas configurations.

Gas configuration “blocked” demonstrates the highest rate
enhancement value, appearing to plateau below p = 24. FEyy, for
configuration “blocked” shows a strong initial increase, followed by
a sharp decline at higher absolute voltages. This decline can be
attributed to the very high current densities required to achieve
higher absolute voltages in this configuration. As shown in Fig. 4b, j
at —0.8 V is 0.054 A cm ™2 and 0.016 A cm ™2 for the “mixed” and
“blocked” configurations, respectively. At —1.4 V, a higher j value
of 0.269 A cm™~ is observed in the “blocked” configuration, whereas
a lower value of 0.073 A cm ™ is found in the *mixed’ configuration.
Moderate polarization in “blocked” configuration results in signifi-
cantly enhanced efficiency for NH; synthesis. This improvement
may be due to the elimination of H, supply to the anode, which
suppresses side reactions such as HER at the cathode (2 OHp+ 2e™
— H,). In this way, possible H, poisoning on the catalyst surface is
reduced. These results are consistent with the findings of Li et al.,
who demonstrated through isotope labeling experiments that electro-
chemical NH; formation is predominantly governed by surface
reactions with H, from the gas phase, while protons supplied by
the electrolyte contribute only marginally.*

It is important to note that the “blocked” configuration becomes
unstable, exhibiting significant voltage fluctuations and shifts when
the cell is operated for several hours at voltages below —0.8 V (See
Fig. S4). Repeating the experiment for the “blocked” configuration
with the same cell was hardly feasible due to the ever-increasing
current densities required to reach a certain cell voltage. This
suggests that irreversible changes occur within the cell during this
gas configuration that are not reversible, even if H, is added after
prolonged operation.

This behavior observed in the “blocked” configuration can be
attributed to the imposed cell voltage in the absence of effective
ionic transport. When a current is externally applied (e.g. under
galvanostatic conditions) but proton conduction through the electro-
Iyte is prevented, the current must be sustained by alternative
mechanisms. These mechanisms may include electronic leakage
currents through the electrolyte, or capacitive contributions resulting
from the charging and discharging of electric double layers at the
electrode—electrolyte interfaces.

Moreover, reduction of Ce*™ to Ce** within the BCZY721
electrolyte is possible under reducing conditions and elevated
potentials. Mortalo et al. demonstrated through temperature-pro-
grammed reduction (TPR) and thermogravimetric analysis (TGA)
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that BaCe ¢5Z1920Y0.1503_s undergoes partial reduction of Ce*" to temperature that was mainly used in our experiments, and Mortald
Ce*" under reducing atmospheres, with a prominent peak observed et al. also notes that structural changes were observed in the BCZY

around 500 °C.*' This temperature of 500 °C corresponds to the even without applying current.
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With the reduction of Ce*™, oxygen loss from the lattice occurs,
leading to the formation of oxygen vacancies (O — 0.50,(g) +
Vo + 2e).

Figure 5 shows the morphological changes in a cell exposed to
the “blocked” configuration, in comparison to an unaltered electro-
Iyte, which operated under continuous H, supply to the anode. The
SEM images reveal distinct alterations in the electrolyte after several
hours of operation under the “blocked” configuration. Notably, small
cracks (mean: 232 nm, range: 129 nm to 335 nm) have developed
along the grain boundaries, indicating localized mechanical or
chemical strain. This pronounced morphological impact demon-
strates that, despite the comparable electrochemical results, the
“blocked” configuration is not suitable for electrochemical NHj
synthesis.

Effect of volume flow.—Additionally, the effect of the cathode
volume flow in configuration “mixed” was investigated at a fixed
Hy: N2 ratio of 1:1. During testing, a constant H, flow rate of 6 NL
h™! was maintained at the anode, whlle the cathode volume flow was
incrementally increased from 8 NL h™' to 20 NL h™"'. For each flow
rate NH; quantification was conducted at OCV and an applied
voltage of —1 V for a constant temperature of 500 °C and at 600 °C.
The corresponding rvy, are presented in Fig. 6. The associated
thermodynamic equilibrium at the respective temperature for a ratio
of H,:N, of 1:1 is also included.

Figure 6 illustrates the dependency of ryg;  on volume flow for
the same cell type utilizing iron as a catalyst, with a loading of
2.7 mgge cm ™2 each. The increase in NH; formation for a gas supply
change from 8 NLh™' t0 20 NL h™" at —1 V is a factor of 3.1 at both
500 °C and 600 °C. At OCV, the increase is a factor of 3.0 at 600 °C

( N R ¥r
oo ”-

1:47:15 PM |30.00 kV| BSED | 9.5 mm | 2 000 x

(b)

and 3.4 at 500 °C. Both the NHs formation rates at OCV and at —1 V
exhibit a more-than-proportional increase with increasing gas flow
rates. This behaviour may result from mass transport limitations at
lower flowrates and/or the thermal decomposition of NHs at 500 °C
and especially 600 °C, where longer gas residence times can enhance
reverse reaction pathways. This trend was similarly observed in
packed-bed reaction experiments indicating that the volume flow has
a significant impact on the formation rates of ammonia.****

Moreover, the rate enhancement factor p remains stable within
the range of 8 NL h™' to 20 NL h™! for each temperature. Here, p is
significantly higher during operation at 500 °C compared to 600 °C.
This may be attributed to the fact that NH; formation at 600 °C
appears to be thermodynamically limited, as also seen by the
occurrence of a plateau with further decreases in cell voltage.
Even further reducing the voltage from —1 V to —1.2 V does not
change rwp, in a noticeable way. In contrast, at 500 °C, p is
significantly higher, but NH3 formation is significantly lower than
the thermodynamic equilibrium. However, as the voltage decreases
further, rvy; asymptotically approaches the thermodynamic equili-
brium, as illustrated in Fig. 3. It is important to note that the
thermodynamic equilibrium is calculated for a fixed H,:N, ratio of
1:1 without the supply of current and the apparent overperformance
compared to the equilibrium at 600 °C can be caused by the slight
excess of hydrogen at the cathode due to the proton flux.

Influence of electrolyte thickness.—The influence of electrolyte
thickness on cell performance and ryy, was investigated using two
cells with BCZY721 electrolytes of approximately 26 pm (thick) and
13 pm (thin), respectively. The catalyst loading at the Worklng
electrode was maintained nearly constant, at 2.7 mgg. cm > for the

50 um

Figure 5. Cross-sectional SEM images of a PCC after reduction and two weeks of operation. The bottom layer is the Ni-BCZY811 anode, the middle layer is the
BCZY721 electrolyte, and the top layer is the iron-based electrode. The light and dark phases correspond to BCZY and Ni, respectively. Cell in (b) was

additionally operated in the “blocked” configuration.
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Figure 6. NH; formation rny; as a function of volume flow to the cathode for the “mixed” configuration from Table III, conducted at 500 °C (a) and 600 °C (b).
NHj; downstream quantification conducted at OCV and at a cell voltage of —1 V. The thermodynamic equilibrium (black, dotted) is calculated for an active area
of 12.57 cm? and a H,:N, of 1:1 at OCV. The enhancement factor p for the respective volume flow is displayed in blue stars.
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thick electrolyte and 2.5 mgp. cm™> for the thin electrolyte. Both
cells were operated at 500 °C in the “mixed” configuration.

Figure 7a illustrates the NH3 formation of two cells with different
electrolyte thicknesses across a potential range from OCV to —1.4 V.
The formation rates are nearly identical at low absolute voltages and
below —1V, with deviations observed at intermediate voltages.
Notably, the thinner electrolyte exhibits a higher ry, in this range.
Figure 7b presents the corresponding current density j and FEny, for
both cells. The results obtained demonstrate that a thinner electrolyte
results in higher current densities at the same applied voltage
compared to a thicker electrolyte, which can be explained by the
reduction in ohmic resistance. This indicates that NH; formation is
more strongly influenced by the applied voltage than by the current
density, as also reported by Li et al.'? Furthermore, the results imply
that the current density has no significant impact on overall NHj;
formation. However, due to the lower FEny, observed for the thinner
electrolyte, and the corresponding higher current densities, thicker
electrolytes may offer advantages in terms of overall efficiency for
electrochemical NH; synthesis.

The differences between the thick and thin electrolyte are further
investigated using electrochemical impedance spectroscopy, dis-
played as Nyquist plots in Fig. 8, measured at 500 °C and at OCV.

For an easier comparison between the diagrams of the thick and
thin electrolyte, the respective contributions fitted by an equivalent

circuit (Fig. 9) are listed in Table IV. The model contains three key
components: an inductance L, which accounts for inductive effects
caused by wiring or connections, and an ohmic resistance Ry,
representing the intrinsic resistance of the electrolyte or other
materials in the system. Additionally, the model includes two
resistor-constant phase element (R-CPE) components that describe
the non-ideal capacitive behavior of the electric double layer at the
electrode/electrolyte interface and charge transfer processes within
the system. The constant phase element (CPE) accounts for devia-
tions from ideal capacitor behavior due to surface roughness,
inhomogeneities, or other factors. Furthermore, mass transfer limita-
tions, such as the diffusion of reactants and products, can also be
modeled using R-CPE’s. The exponent « in the CPE characterizes its
deviation from ideal capacitive behavior. For a < 1, the CPE
represents a non-ideal capacitive response, often associated with
surface inhomogeneities, diffusion effects, or distributed time con-
stants. The overall fitting error using the proposed equivalent circuit
for the impedance spectra remained less than or equal to about 0.5%
for both cell thicknesses. In addition, the phase angle error was
below 0.02°, indicating a high degree of conformity in fitting the
impedance data.

As shown in the Nyquist plots in Fig. 8, the cell with the thinner
electrolyte exhibits significantly lower total impedance, with a
reduction in both the ohmic and polarization resistance. The
observed approximately twofold reduction in ohmic resistance Ry
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Figure 7. (a) NH; formation ryy; for a thick and thin electrolyte at 500 °C in the “mixed” configuration with a constant volume flow of 12 NL h~" to the cathode.
(b) Electrochemical Faraday efficiency FEny; in % and the respective current density for both cell types.
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Figure 8. Comparison of the Nyquist plots of the tested cells with thick (orange squares) and thin electrolyte (purple circles), color-filled marks highlight the
decades for the frequency range 100 mHz to 100 kHz. The dashed lines show the modeled spectra with the equivalent circuit in Fig. 9.
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Figure 9. Equivalent circuit model used to fit the impedance spectra.

Table IV. Electrochemical comparison between the thick and thin
cell fitted by the equivalent circuit model presented in Fig. 9.

Cell: Thick Thin
L [Hcm 3 5.10 x 107° 5.38 x 107°
Ro [Q cm?] 8.12 4.29
R, [Q cm?] 17.98 11.25
R, [ ecm?] 5.91 2.40
CPE, [F cm™ 2] 12.65 x 1073 11.85 x 1073
ar [-] 0.794 0.800
CPE, [F cm 7] 20.84 x 107 11.93 x 1073
a [—] 0.312 0.427
Overall fitting error [%] 0.503 0.385

Mean phase angle error [°] 0.0135 0.0173

is consistent with the expected difference based on electrolyte
thickness and is attributed to the shorter ionic conduction path and
reduced ohmic losses within the thinner electrolyte layer. The R,
resistance associated with the low-frequency arc can be attributed to
transport processes within both the electrode and the electrolyte,
whereas the middle-frequency arc associated with R, can reflect
various fast interfacial processes, including surface adsorption and
dissociation, charge transfer at the electrode/electrolyte interface,
and possible contributions from ionic conduction within the elec-
trode or interfacial capacitance. An increase in the resistance of the
low-frequency arc with increasing electrolyte thickness attributable
to transport processes within the electrolyte is evident and has also
been observed in other studies investigating varying electrolyte
thicknesses.>

R, R,

=

=

The corresponding Bode plots (See Fig. S5) further support this
observation, with the thinner electrolyte consistently showing a
lower impedance across the entire frequency range. The high-
frequency asymptote shows the ohmic electrolyte resistance, and
the low-frequency asymptote shows the sum of the polarization
impedance and electrolyte resistance. When the phase angle is
plotted as a function of frequency, the impedance of the cell with
the thinner electrolyte results in an increased phase shift and a shift
of the relaxation frequency toward higher values, both of which are
indicative of faster dynamic processes.

Conclusions

The results of the experimental study indicate that NH; produc-
tion is primarily influenced by the applied cell voltage and not by the
current density. A comparison of different gas configurations at the
cell reveals enhanced NH; formation in a configuration in which
proton transport through the electrolyte is inhibited, even if this
configuration is not stable over time, resulting in increased current/
power requirements and a damaged electrolyte. These results also
indicate that EPOC, as defined by the supply of ionic species and an
electric field, either does not contribute significantly to ammonia
synthesis or does not adequately describe electrochemical ammonia
synthesis. They also indicate that the proton transport through the
electrolyte plays a minor or even no role in the electrochemical
synthesis of NH; on an iron-based electrode on a PCC. A possible
reason is surface H, poisoning on the catalyst, which inhibits
nitrogen adsorption and consequently catalytic activity. The experi-
mental findings also highlight the significant impact of the thermo-
dynamic equilibrium on the achievable NH; yield. Lower operating
temperatures and higher volumetric flow rates per unit cell area were
found to be beneficial. In addition, lower temperatures were
associated with an increase in the rate enhancement factor, reaching
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values as high as 24, which is high compared to those reported in the
literature.

From an operational perspective, it was found that the “classic”
gas configuration, where protons are pumped to the cathode, to
which only N, is supplied, is thermodynamically constrained. This
underscores the importance of co-feeding H, to the cathode to
optimize reaction conditions and NH; production rates. By introdu-
cing H, to the cathode, the ammonia synthesis rate increased from
142 x 1071 mol ecm™2 s7! (“classic” configuration) to 3.23 x
107 mol cm™2 s~' (“mixed” configuration) at a cell voltage of
—1.4 V and 500 °C. When proton conduction was suppressed under
the same conditions, 7y, increased to 4.32 X 10~° mol ecm™2 57!
(“blocked” configuration). While the present ryy, are highly en-
couraging, significant advances are still required to achieve commer-
cially viable ammonia production levels.

The experimental investigations were carried out using a PCC
with an iron-based electrode with an active area of 12.57 cmz, which
represents the largest electrode area reported to date for electro-
chemical NH; synthesis.
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