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SUMMARY

Electrochemical ammonia synthesis in proton-conducting ceramic cells offers an electricity-assisted
alternative to the energy-intensive Haber-Bosch process and may enable decentralized NH; production.
This study compares the performances of Fe- and Ru-based cathodes with similar catalyst loadings on
BCZY721 membranes and an active area of 12.57 cm?. Under open-circuit voltage (OCV) conditions, Ru
exhibited NH3 synthesis rates nearly two orders of magnitude higher than those of Fe. Under polarization,
rates of 5.52 x 1078 mol cm 2 s~ for Ru and 3.03 x 1078 mol cm2 s~ for Fe were achieved, while
increased Ru loading further raised the rate to 7.70 x 1078 mol cm 2 s ! at 475°C. Despite its lower
intrinsic activity, Fe showed a substantially stronger relative response to polarization and approached
the performance of Ru. These distinct behaviors provide a basis for electrode concepts combining
high intrinsic activity with strong polarization responsiveness. Further mechanistic studies are required

to clarify the origin of the observed performance differences.

INTRODUCTION

Ammonia (NHs) is a critically important commodity, predomi-
nantly synthesized via the Haber-Bosch process, which requires
very high pressure and elevated temperature. The process relies
heavily on hydrogen derived from fossil fuels, making it both en-
ergy and carbon intensive. The annual NH3; production of
approximately 240 million metric tons consumes approximately
2% (8.6 EJ) of the world’s total energy and contributes nearly
1.3% (450 Mt) of global anthropogenic CO, emissions.

NHs is inherently challenging to synthesize from H, and N,
because of the exceptionally strong N=N triple bond. The global
conversion process (No + 3H, = 2NH3) is an exothermic mole-
reducing reaction that favors high pressure and low temperature.
However, at temperatures below ~500°C significant kinetic lim-
itations greatly reduce the NH; formation rate. In accordance
with Le Chatelier’s principle, applying high pressure shifts the
equilibrium toward NHs3, a strategy that works efficiently in
large-scale industrial Haber-Bosch plants but is difficult to
implement in decentralized, renewable-powered systems.

Small-scale, low-pressure NHz production offers important
advantages, such as reduced transport requirements, compati-
bility with intermittent renewable energy, and a lower carbon
footprint. However, achieving competitive reaction rates while

)

Gheck for
Updates

approaching thermodynamic near-equilibrium performance at
low temperatures remains a significant kinetic challenge. Elec-
trochemically assisted catalysis can address this limitation by
altering catalyst activity and reaction energetics under polariza-
tion, thereby facilitating NH; formation even at atmospheric
pressure.

Electrochemical NH3 synthesis offers a promising pathway to
sustainable NHj3; production, particularly when powered by
renewable electricity. In this context, proton-conducting ceramic
cells (PCCs) have attracted growing attention.>™

Catalyst performance is crucial to facilitate N, adsorption and
dissociation, promote the formation of surface intermediates,
and suppress competing side reactions such as the hydrogen
evolution reaction (HER). Enhancing catalytic performance at
temperatures below 500°C is particularly important to achieve
equilibrium conversion under mild conditions. In addition to the
well-studied palladium (Pd)- and iron (Fe)-based catalysts,
ruthenium (Ru) is of interest as a catalyst for NH3 production us-
ing PCCs due to its high thermocatalytic activity.

NH; synthesis activity depends on the number of d electrons in
transition-metal catalysts, with the three most active catalysts
(Ru, osmium [Os], and Fe) all possessing seven d electrons.
Among them, Ru exhibits the highest catalytic activity, delivering
the best synthesis rates.>° Ru also holds a near-optimal position
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in the Sabatier volcano plot for electrochemical NH3 synthesis,
exhibiting a balanced nitrogen adsorption energy (AE\-) that en-
ables effective N, activation while facilitating the desorption of
the produced NHj. Ru’s near-optimal catalytic performance,
combined with low electrochemical overpotential requirements,
makes Ru a promising catalyst for integration into proton-con-
ducting electrochemical systems.”

One mechanistic picture proposed for PCCs is the direct
participation of transported protons in the hydrogenation of N,
potentially lowering the barrier associated with N=N bond acti-
vation. However, under typical operating conditions, protons
are more likely to recombine into molecular H, than to be incor-
porated directly into NH3. Alternatively, catalytic activity can be
enhanced by polarization-induced modification of the catalyst
surface, often discussed in terms of electrochemical promotion
of catalysis (EPOC), in which the electric field and ionic transport
through the electrolyte alter the catalytic properties of the sur-
face.® Previous studies suggest that such surface-promotion ef-
fects may contribute substantially to the observed rate enhance-
ment.® This interpretation is consistent with isotope-based
studies by Li et al., in which the detected NH3 predominantly re-
flected the H, or deuterium species supplied in the cathode feed,
indicating that cathode-side hydrogenation pathways can play
an important role and that NHz formation does not rely exclu-
sively on protonic species transported through the electrolyte.'°

The present study investigates and compares the performance
of pure Fe and Ru integrated into the cathode of proton-con-
ducting ceramic systems for electrochemically assisted NH3 syn-
thesis. To ensure a fair comparison, the cell designs and metal
loadings were kept as similar as possible, while operating param-
eters such as temperature, applied cell voltage, and gas flow rate
were systematically varied for both systems. By comparing two
catalysts with fundamentally different intrinsic catalytic activities
and electrochemical responses, the study aims to clarify how
catalyst identity influences the balance between thermocatalytic
activity and electrochemical promotion in PCC-based NH3 syn-
thesis. The work is designed as a comparative performance
investigation rather than a definitive mechanistic study.

Previous research on protonic ceramic cells for
ammonia synthesis

Table 1 presents a comprehensive summary of electrochemical
NH3; synthesis using proton-conducting electrolyte membranes,
employing a variety of electrode architectures produced by
different methods. In the upper section of Table 1, all active elec-
trodes incorporate Ru either exclusively or in combination with
other elements as the catalytic component, while in the lower
section, Fe constitutes the main catalytic component. The
supplemental information (Table S1) provides additional param-
eters, such as anode and electrolyte compositions and details of
experimental conditions.

The peak values for NH; formation rates ryy, in PCCs reported
in the literature are mostly within the order of magnitude of 10~°
mol cm~2 s~ or below (compare Figure 1), with the exception of
the values reported by Li et al. in 2022 at 400°C, which were up to
81.1 x 107 ®molcm2s7".""

Comparing NH3 formation rates with those reported by other
authors employing non-noble catalysts, such as Fe alone, the
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observed rates similarly fall within the decades of 107'° to
102 mol cm 25~ 1.1%:13:26 Notably, Okazaki et al. reported in sin-
gle-chamber experiments peak formation rates of 17 x 107°
molcm2s~"at600°C and 11 x 10~° molcm™2s~" at 400°C us-
ing a pure Fe catalyst.?>*"

The reactor geometries and material-synthesis methods for
the Ru-based catalysts presented in Table 1 vary. Approaches
such as solid-state synthesis''***?%; the co-precipitation
method'?; an ethylenediaminetetraacetic acid (EDTA)-citrate
complex method'®; impregnation with  Ru(NOg)s,'*"°
Ru(NO)(NO3)3,2° or Ru(NH3)eCls'’; radio frequency reactive
sputtering'®; and electrospinning®' were used with no clear per-
formance trends. However, all results in which the electrode was
prepared using the solid-state synthesis method have the lowest
rnm, rates, all falling below 107'° molcm™2 s ™", indicating low ac-
tivity of the added Ru. Similarly, no clear trends related to elec-
trode fabrication can be identified for the Fe-based electrodes.

In this work, a deliberately straightforward materials integra-
tion strategy is employed in which Fe,O3 and RuO, are incorpo-
rated in their oxide form into a well-defined porous electrode
backbone via a single thick-film deposition step, thereby avoid-
ing intricate composite syntheses or multistage processing
routes.

Furthermore, a specially adapted test bench (Figure 2) enables
the electrochemical evaluation of PCCs with an enlarged active
area of 12.57 cm?, corresponding to a 10 to 100 times increase
compared with previously reported cells in the field of electro-
chemical NHz synthesis (Table 1). This demonstration of cell level
scale-up within this research area, together with the promising
performance achieved (compare Table 1), indicates the potential
of the presented approach and provides a solid basis for future
progress toward practically relevant device dimensions.

RESULTS

An H,:N, ratio of 1:1 was chosen at the cathode, as previous ex-
periments showed that the optimal performance of a compara-
ble Fe electrode occurs near this ratio.® For each operating point,
the cell was stabilized for at least 10 min before two consecutive
samples were collected for NHz analysis. The complete experi-
mental campaign for each individual cell extended over approx-
imately 2 weeks. The measured ryy, were compared with ther-
modynamic equilibrium values calculated with DETCHEMEQU!L
for an inlet gas composition of Hx:N,> = 1:1 under open-circuit
voltage (OCV) conditions.>* Representative equilibrium NHj
values for selected operating conditions are provided in
Table S2. The influence of the HER on the total gas flow, and
the resulting minor increase in the H, mole fraction, is not ac-
counted for, as these effects are negligible and only slightly shift
the thermodynamic equilibrium toward higher NH3; values.
Consequently, the thermodynamic curves presented in the fig-
ures provide a slightly underestimated reference for evaluating
how closely the experimental data approach equilibrium.

Fe electrode

For comparison with cells employing pure Ru, a cell incorpo-
rating an Fe-based catalyst electrode was studied first. Mea-
surements were conducted at three temperatures, 500°C,
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Table 1. Literature on electrochemical NH; synthesis utilizing Ru
(top) or Fe (bottom) as a catalyst at the cathode

Active I, (x 107°

area mol cm?s7")
Cathode (cm? T(C) Reference
Ruthenium-based electrodes
LSTR40-BCYR 0.79 500 0.005 Otomo et al.’"
Ni-BCYR 0.79 500 0.53 Kobayashi et al.'?
BCZYZ/Fe-Ru 0.4 500 2.7 Klinsrisuk et al.’®
LST-BCYR 0.39 500 0.002 Kosaka et al.™
Ni-BCYR 0.39 500 0.011 Kosaka et al.™*
K-Ru-BCY 0.39 700 0.55 Lietal'
BSTR 0.28 500 1.1 Kim et al.'®
PBSCF/LDC-Ru - 400 81.1 Lietal'
PBSCF/Ru - 400 6.9 Lietal.'”
Ru/LWO - 350 8.91 Weng et al."®
Ru-VNg.o 1.13 600 3.8 Kamitani et al.’®
Ru-VN; 4 113 600 1.4 Kamitani et al.™®
I-Ru-LSCF- 0.28 400 0.0514 Chen et al.”°
BZCYYb1711
I-Ru-BZCYYb1711 0.28 400 0.01 Chen et al.*°
Ru-LSCF- 0.28 400 0.004 Chen et al.?°
BZCYYb1711
PBSCF- 0.6 650 4.06 Dang et al.”’
BZCYYb1711/Ru-
GDC
Ru in BCZY721 12.57 475 77.0 This work
backbone
Iron-based electrodes
BCZYZ/Fe 0.4 400 2.9 Klinsrisuk et al.™®
BCZYZ/Fe-Pd 0.4 450 4.0 Klinsrisuk et al.™®
K-Fe-BCY 0.39 700 0.596 Lietal.'
Ni-BCZG/Fe+K 0.44 500 0.187 Lei et al.?”
BZY20/Fe 0.79 500 3.07 Yuan et al.®
VN-Fe - 600 1.89 Kyriakou et al.”*
Fe 028 600 17 Okazaki et al.”®
Fe-BZY20 0.28 600 14 Okazaki et al.”®
BZFY 028 600 3.4 Okazaki et al.”®
Fe 1 550 14 Li et al.*®
Fe-BCY 1 600 0.42 Liet al.?®
W-Fe-BCY 1 550 0.57 Lietal.®®
CeFe1 0.28 600 12 Okazaki et al.?”
CeFe61 028 600 11 Okazaki et al.””
K,Al-Fe-BCY 0.39 650 0.67 Kosaka et al.”®
LCuF 0.28 650 5.12 Guo et al.?®
LF 028 650 1.78 Guo et al.*®
Fe 079 600 7.2 Okazaki et al.*°
Fe = 550 3.8 Lietal.'”
Fe in BCZY721 12.57 500 30.3 This work
backbone

Only peak ammonia formation rates ryy, reached are displayed.
BCY, BaCeo'gYo_«]Og_g; BCzZYZ, BaCeo_5Zr0_3Yo'1ezn0_0403_5; LSTR40,
Lap 5Sro.5Tio.6RU0.403; BCYR, BaCeo gY0.1Ru0.102.9; PBSCF,
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PI’BaQ_5Sr0_5CO1 _5Feo_505+5; BZCYYb1711 , BaCeo_1zro_7Y0_1Yb0_1 03_5;
LDC, Lagss5Cep7501875; BCZY721, BaCeq7ZrpoY01035 LWO,
Las sWO11.25.5; BSTR, BagsSrosTiooRuo.103.5; LST, LagsSrosTiOs; |,
impregnated; BCZG, BaCeg 7Zro.1Gdo203.5; BZY20, BaZrpgY.203-5;
BZFY, Bazr0_5F60_4Y0_103; CeFel1, CeOZ-FGZO:g 1:1; CeFe6b1, CeOZ-
Fe>O3 6:1; LCuF, LaCug 1Feq.903.s; LF, LaFeOs.

475°C, and 450°C, under OCV conditions as well as applied po-
tentials of —1 and —1.4 V. Temperatures below 450°C were not
investigated for the Fe-based electrode because the NH; forma-
tion rates under OCV conditions approached the detection limit
of the ion-selective electrode (ISE), while the rates under polari-
zation remained below 1078 molcm 27",

After reduction, the catalyst loading of Fe was 1.35 mgg, cm 2.
Figures 3A-3C illustrate the NH; formation rates ryn, at all inves-
tigated cell voltages for the three temperatures, plotted as a
function of the supplied cathode volume flow. The associated
rate enhancement factors p, defined as the ratio of ryw, under po-
larization to ryw, at OCV, can be found in Figure S1. In addition,
Figures 3D-3F present the corresponding current densities j at
—1 and —1.4 V for 500°C, 475°C, and 450°C as a function of
the supplied volume flow. The corresponding apparent electro-
chemical Faraday efficiencies FEnn, are shown on the second-
ary y axis. Here, FEnn, is used as a formal current-based
comparison metric. It represents the fraction of the total current
density j associated with NHz formation after subtraction of
the thermocatalytic contribution determined at OCV. Contribu-
tions from the HER are not considered in this evaluation, and
the quantity is not intended to imply proof of a direct faradaic
N, reduction pathway. The detailed calculation is provided under
“electrochemical characterization.”

Peak ryn, were determined at —1.4 V and a flow rate of 60 NL
h~' for each temperature, yielding values of 2.91 x 1078 mol
cm 2 s (78 mmol gee ' h7"), 2.07 x 1078 mol cm™2 s
(55 mmol gre ' h™"), and 0.97 x 1078 mol cm™2 s~ (26 mmol
gre ' h™") at 500°C, 475°C, and 450°C, respectively.

For comparison, a commercial Fe catalyst (KM1) tested in a
laboratory fixed-bed reactor at 10 bar, 400°C, and an Hz:N, ratio
of 3:1 achieved a formation rate of 26.5 mmol g~ h~".%% In their
review, Humphreys et al. compared several reported Fe-based
catalysts operated under different conditions in thermocatalytic
fixed-bed experiments, including elevated pressures, and re-
ported peak ryn, of approximately 30 mmol gr. ' h™".%7%¢ While
a direct comparison between thermocatalytic fixed-bed data
and electrocatalytically obtained NH3 synthesis rates is inher-
ently challenging due to the fundamentally different operating
principles and reactor environments, gram-normalized perfor-
mance metrics for electrochemical systems are scarcely re-
ported in the literature. In this study, the weight of the whole
cell is not taken into account in this context, only the catalyst
introduced at the cathode itself. The comparison presented
here should therefore be viewed primarily as an indication that
exceptionally high mass-specific NH3 synthesis rates can be
achieved under electrochemical operation. These findings high-
light the potential of electrochemical promotion to achieve high
mass-specific NHz formation rates under atmospheric-pressure
conditions.
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Figure 1. The peak NH; formation rates ryy,
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Table 1 and plotted as a function of temper-
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Only the highest reported formation rate for each
distinct electrode design at its respective oper-
ating temperature is displayed. The solid markers
correspond to the results obtained in the present
study.
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The highest p were 244 (500°C, 40 NL h~"), 273 (475°C, 50 NL
h~"), and 283 (450°C, 60 NL h~"), each measured at —1.4 V. The
noticeable dips in p can be attributed to deviating measurements
under OCV conditions. These OCV data points deviate slightly
from the overall trend, which leads to apparent dips in p despite
only minor differences in the underlying rym, -

The results clearly demonstrate that ryp, is positively influ-
enced by temperature, applied cell voltage, and the volumetric
flow rate supplied to the cathode. Across the entire temperature
range studied, higher voltages and flow rates consistently lead to
increased rnh,, highlighting the catalyst’s high performance.
Consequently, the highest formation rates are observed at
—1.4 V in combination with high volumetric flows. A tempera-
ture-dependent trend is also apparent: ryy, decreases both at
OCV and under polarization as the temperature is lowered.

At 500°C, increasing the cell voltage from —1.0 to —1.4 V re-
sults in only marginal improvements in ryy,. The measured rates
remain close to one another and just below the equilibrium line,
indicating that thermodynamic constraints may limit further NHz
formation.

At 475°C, the equilibrium line shifts slightly toward higher
values. However, ryy, does not increase relative to the rates
observed at 500°C, suggesting that thermodynamics is not the
primary limiting factor under these conditions. In this regime,
decreasing the cell voltage has a more pronounced effect on
I'\nHg, Particularly at higher volumetric flow rates.

Cathode

No2-H, No-H.
cathode mlet  OULel cathode mlet ano(}izmle[

BCZY721 protonic-ceramic membrane-
Fe/Ru-BCZY721-backbone cathode
Au current-collection grid

increase in ru,, as also reflected in
the pronounced difference in p between
these voltages. However, the rates
remain far from the equilibrium line, indi-
cating that kinetic limitations become increasingly dominant.

The average increase in ryy, between 450°C and 475°C at
—1.4 V, across the investigated volume-flow range of 20 to 60
NL h~", amounts to a factor of approximately 2.2-2.4. This pro-
nounced enhancement highlights the strong temperature
dependence of the reaction rate under kinetically controlled con-
ditions. In contrast, between 475°C and 500°C, the correspond-
ing increase is limited to a factor of 1.4-1.5, indicating that the
system gradually approaches thermodynamic constraints,
thereby reducing the sensitivity of the formation rate to further
temperature increments.

Peak FEnn, were determined at the highest flow rate of 60 NL
h~" for each temperature, yielding values of 11.88% (j = 63 mA
cm™2, —1V), 6.76% (j = 90 mA cm™2, —1.4 V), and 3.36% (i =
83 mA cm™2, —1.4 V) at 500°C, 475°C, and 450°C, respectively.
These values are among the upper range reported under similar
conditions, as NH3 synthesis typically competes with hydrogen
evolution, which limits FEny, to below 10% in most studies.®’

At all investigated temperatures, an increase in the cathode
feed flow rate resulted in a decrease in j. This behavior may be
attributed to the reduced residence time of reactants at the elec-
trode surface and to mass-transport limitations arising from
insufficient diffusion of N, and H, into the porous structure. In
addition, changes in surface coverage and possible suppression
of HER at higher flow rates may contribute to the observed trend.
Potential local cooling effects caused by the elevated gas flow

Figure 2. Schematic illustration of the dou-
ble-flange setup, showing the cell mounted
between the two flanges

Ni-BCZY811 anode

Ni current-collection mesh
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Figure 3. Flow-dependent performance of the PCC with an Fe-based cathode

(A-C) Ammonia formation rates ryy, for the Fe-based electrode plotted as a function of the supplied volume flow to the cathode at (A) 500°C, (B) 475°C, and (C)
450°C. The lighter symbols indicate the results of the second measurement at the same point. The thermodynamic equilibrium shown in each graph was
calculated for a fixed Ha:N, ratio of 1:1 under OCV conditions, taking into account the active cell area, volume flow, and respective temperature.

(D-F) The corresponding current densities j and the apparent electrochemical Faraday efficiencies FEny, are plotted as a function of the supplied volume flow to
the cathode at (D) 500°C, (E) 475°C, and (F) 450°C. The j values were recorded during the NH3 sampling period after stabilization of the respective operating

condition.

may also contribute, although these were not detected by the
thermocouples positioned near the cell. No significant effect
on the current density was observed when the anode volume
flow was varied in separate experiments.

At 500°C, the higher FEnn, values were consistently observed
at —1V.At475°C, the FEny, at —1 and —1.4 V were close to each
other. In contrast, at 450°C, highest FEny, occurred at —1.4 V.
These findings confirm that at 500°C, rw, is primarily constrained
by thermodynamics, with higher absolute voltages offering little
benefit due to equilibrium limitations. As the temperature de-
creases, the equilibrium shifts toward higher NH3 yields. Howev-
er, the process becomes increasingly kinetically controlled, mak-
ing the system more responsive to voltage-driven promotion.

Ru electrode

For the cell employing a pure Ru electrode, measurements were
conducted at five temperatures, 500°C, 475°C, 450°C, 425°C,
and 400°C, under OCV conditions as well as applied potentials
of —1 and —1.4 V. After reduction, the Ru catalyst loading was

1.34 mggr, cm 2, which corresponds to nearly the same amount
of catalyst as that of the Fe electrode. Figures 4A-4E show the
r, for all temperatures and voltage levels as a function of the
supplied gas volume. The corresponding p are displayed in
Figure S2. Figures 4F-4J show the corresponding current den-
sity j at —1 and —1.4 V for 500°C, 475°C, 450°C, 425°C, and
400°C as a function of the supplied volume flow. The associated
FEnH, are displayed on the secondary y axis.

Peak ryn, were determined at —1.4 V and a flow rate of 60
NL h™" for each temperature, yielding values of 3.54 x 1078
mol cm ™2 s7" (95 mmol gg, ' h™"), 2.57 x 1078 mol cm 2 s~
(69 mmol gg, ' h™"), 1.57 x 1078 mol cm™2 s~ (42 mmol
gre ' h™"), 0.74 x 1078 mol cm™2 s~ (20 mmol gr,~' h™Y),
and 0.24 x 1078 mol cm™2 s™' (6 mmol gg,~' h™") at 500°C,
475°C, 450°C, 425°C, and 400°C, respectively. As a point of
reference, Humphreys et al. and Fang et al. reviewed a range
of Ru-based catalysts tested under thermocatalytic fixed-bed
conditions at elevated pressures, reporting maximum ryy, of
approximately 300 mmol gg,~' h™" (10 MPa and 400°C).>#8-41

Cell Reports Physical Science 7, 103482, August 19, 2026 5
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The rate enhancement factors p for the PCC with the Ru elec-
trode remain relatively low, ranging from 1.13 to 2.10 across all
temperatures and polarization conditions, with the highest
values consistently observed at the lowest volumetric flow rates.
The maximum p was observed at 425°C and 10 NL h™", with a
value of 2.10. The comparatively modest enhancement of the
Ru-based electrode shows that its NH3 formation rate responds
less strongly to polarization than that of the Fe-based electrode
under the investigated conditions. The enhancement factor p in-
creases gradually with decreasing temperature, although the ef-
fect is marginal and non-uniform, suggesting that thermody-
namic limitations at higher temperatures may restrict further
increases in the formation rate (see Figures S3A and S3B). At
400°C, however, a downturn is observed, indicating a dimin-
ished response to polarization.

Starting from 400°C, rnu, at —1.4 V increases by a factor of
approximately 3.2 upon heating to 425°C. Further increasing
the temperature to 450°C results in a rate enhancement of a fac-
tor of about 2.1 relative to 425°C, while at 475°C and 500°C, the
corresponding factors decrease to roughly 1.6 and 1.2, respec-
tively. This corresponds to a decreasing apparent activation en-
ergy with increasing temperature, consistent with the observed
curvature of the Arrhenius plots (see Figure S4). While surface
saturation or diffusion limitations cannot be entirely ruled out,
the trend is most likely dominated by thermodynamic constraints
at elevated temperatures, which suppress further rate increases
despite higher thermal energy.

Similar to the Fe-based electrode, an increase in the cathode
feed flow rate resulted in a decrease inj at all investigated tem-
peratures. Peak FEnn, values were determined at each temper-
ature for an applied voltage of —1.4 V, occurring at the highest
flow rate of 60 NL h™', with a maximum FEnn, of 10.86%,
achieved at a j of 23 mA cm ™2 and a temperature of 475°C. At
all investigated temperatures and under most operating condi-
tions, increasing the magnitude of the applied cell voltage in-
creases the apparent FEnn,, with the largest enhancement
observed at 475°C and high cathode flow rates, demonstrating
a positive response to polarization.

However, at 500°C and at 425°C and below, increasing the cell
voltage yields only a marginal improvement in FEw,, likely due to
thermodynamic and kinetic limitations, respectively. Moreover,
although p increases slightly as the temperature decreases to
425°C, the accompanying reduction in current density shows
that the measured ryy, does not scale directly with the total cur-
rent density. Our previous work similarly showed comparatively
low rnw, in a configuration relying primarily on transported pro-
tonic species, whereas increasing the H, partial pressure on
the cathode side strongly enhanced NH3; synthesis. These ob-
servations suggest that proton flux alone is insufficient to explain
the measured performance. However, the present data do not
distinguish among electric-field effects, current-related pro-
cesses, changes in catalyst state or adsorbate coverage, and
other interfacial contributions and therefore cannot provide a
conclusive determination of the reason for this effect. The
observed differences between Fe- and Ru-based electrodes
are therefore discussed here in terms of catalyst-specific re-
sponses to polarization rather than as proof of a unique underly-
ing mechanism.
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Impedance measurements were conducted at all tempera-
tures and, in each case, under the lowest gas-flow configura-
tion. The Nyquist plots exhibit a markedly enlarged semicircular
arc for the Ru-based electrode, indicating a substantially higher
polarization resistance. This finding is consistent with the
comparatively lower current densities observed for the Ru-
based cell. As the cell configuration and electrolyte thickness
are comparable to those of the Fe-based cell, the lower current
density is reasonably attributed to increased electrode-
related polarization losses, most likely associated with slower
charge-transfer kinetics and/or interfacial limitations at the
electrode-electrolyte interface under the investigated condi-
tions. Possible contributions from catalyst-specific HER
behavior cannot be excluded but were not separately resolved
in the present study. The corresponding impedance data are
provided in Figures S5 and S6. Equivalent-circuit fitting
(Figure S7) of selected impedance spectra further supports
this interpretation. The fitted parameters, summarized in
Table S3, indicate larger polarization-related resistive contribu-
tions for the Ru-based cell than for the Fe-based cell.

Comparison of Fe vs. Ru electrode

Figure 5 summarizes the peak ryy, values for the Fe- and Ru-
based electrodes measured at each temperature. Since the
highest rates were consistently observed at a flow rate of 60
NL h~", only these values are displayed. In addition, measure-
ments were performed at an even higher cathode flow rate of
100 NL h™" to examine whether this trend continues.

A superior catalytic activity of Ru toward NH3; formation
compared with the Fe-based electrode is clearly evident from
the catalyst-specific formation rates. Under identical conditions
of —1.4Vand 60 NLh~", the Ru-based electrode exhibited 18%,
23%, and 58% higher ryy, than the Fe-based counterpart at
500°C, 475°C, and 450°C, respectively. At a high cathode flow
rate of 100 NL h™, this trend is further accentuated, reflecting
the inherently faster reaction kinetics of Ru compared with Fe.

A comparison of p shows that the Fe-based electrode exhibits
values more than two orders of magnitude higher than those of
the Ru electrode. However, the comparatively low p observed
for Ru cannot be explained solely by its high baseline activity,
as the measured ryn, values remain well below the equilibrium
limit at temperatures below 500°C. Instead, the results show
that the Ru-based electrode is less responsive to polarization
than the Fe-based electrode under the investigated conditions.

When the volume flow was increased to 100 NL h~', the Fe
electrode produced slightly more NH3 only at 500°C, whereas
at decreasing temperatures, the rates were lower than those
measured at 60 NL h™'. This behavior may be attributed to
changes in gas-solid interaction dynamics at higher flow rates,
where the reduced residence time and altered boundary layer
conditions can affect the local reactant concentrations and sur-
face coverage. At 500°C, faster kinetics likely compensate for
these effects, leading to slightly higher rates.

In contrast, for the Ru-based electrode, ryn, increases at 100
NL h™" across the entire temperature range, indicating intrinsi-
cally fast reaction kinetics that are largely independent of resi-
dence time or mass transport limitations, even at lower
temperatures.
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Figure 4. Flow-dependent performance of the PCC with an Ru-based cathode

(A-E) Ammonia formation rates ryu, for the Ru-based electrode as a function of the supplied cathode volume flow at (A) 500°C, (B) 475°C, (C) 450°C, (D) 425°C,
and (E) 400°C. The lighter symbols indicate the results of the second measurement at the same point. The thermodynamic equilibrium shown in each graph was
calculated for a fixed Ha:N, ratio of 1:1 under OCV conditions, taking into account the active cell area, volume flow, and respective temperature.

(F-J) The corresponding current densities j and the apparent electrochemical Faraday efficiencies FEny, are plotted as a function of the supplied volume flow to
the cathode at (F) 500°C, (G) 475°C, (H) 450°C, (l) 425°C, and (J) 400°C. The j values were recorded during the NH3 sampling period after stabilization of the

respective operating condition.

Figure 6 shows a comparison of ryy, for the Fe- and Ru-
based electrodes at 60 NL h~' and a polarization of —1.4 V,
separating the respective contributions of thermocatalytic and
electrocatalytic NHsz formation. For Fe, the majority of the
measured rate at —1.4 V corresponds to the polarization-associ-
ated increase, whereas for Ru, the OCV contribution remains
dominant.

Under polarization, Fe achieves ryy, values comparable to
those of Ru, showing that Fe responds substantially more strongly
to the applied cell voltage, whereas the additional response of Ru
remains limited under the investigated conditions.

Figure 7 shows cross-sectional scanning electron microscopy
(SEM) images of the cell with the Fe-containing electrode (left)
and the Ru electrode (right).

Both images demonstrate good adhesion of the respective
catalyst to the underlying scaffold layer, with the catalysts well
integrated into the porous backbone and forming a strong inter-
facial connection. Additional energy dispersive X-ray spectros-
copy (EDX) mapping results supporting this observation are pro-
vided in Figure S8. For both cells, the electrolyte has a thickness
of approximately 26 pm. This comparatively thick electrolyte was
intentionally used to suppress excessively high j at the applied

107 . . . . . Figure 5. Comparison of peak ryy, between
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cell voltages. This was motivated by previous experiments
showing that NH3 formation depended primarily on the applied
voltage rather than on j,° in agreement with literature reports.?®
In addition, two type-K thermocouples positioned close to the
cell showed no temperature change greater than 1 K during
operation, indicating negligible Joule-heating effects under the
investigated conditions. The Ru electrode shows a finer catalyst
morphology than the Fe electrode. This observation is supported
by a quantitative image analysis (n = 50), which yielded average
particle diameters of 224 + 58 nm for Fe and 176 + 52 nm for Ru.

Ru catalyst loading

In an additional experiment, the Ru catalyst loading was increased
to nearly twice the previous value, reaching 2.61 mgg, cm 2, to
evaluate its influence on NH3 synthesis. The overall cell behavior
and performance trends were comparable to those obtained
with a loading of 1.34 mgg, cmfz; therefore, only the peak ryy;,
measured at 60 NL h~' and —1.4 V, are presented in Figure 8.
Here, additional measurements were also conducted at the
same voltage and 100 NL h™". For reference, the peak values
from the previous cell are included for comparison.

A higher Ru catalyst loading leads to a significantly increased
I'nhs- At 500°C and 475°C, the rates approach the thermody-
namic equilibrium, reaching peak values at 475°C of
7.70 x 1078 mol cm 2 s~ (106 mmol gg, ' h~") at 100 NL h~"

Ru-based cathode

Electrochemical

T /°C

) lytic contributions to NH; formation on Fe-
and Ru-based electrodes
Values are taken from Figure 5 at 60 NL h™".

and 5.93 x 1078 mol cm™2 s™" (FEnp, =
20.34%) at 60 NL h~". For the cell with
the higher Ru loading, a pronounced in-
flection is observed at 475°C, indicative
of thermodynamic limitations on NH3 for-
mation, which is further reflected in the
Arrhenius plots (Figure S9) as a clear
downturn at high temperatures. This
feature is absent in the cell with lower
Ru loading, where ryy, remain well below the thermodynamic
limit.

Although the equilibrium NH3 production rate declines expo-
nentially with increasing temperature, favoring low-temperature
operation, kinetic constraints at these temperatures substan-
tially limit the achievable production rates.

The p factors for the cell with higher catalyst loading remain
within a similar range, with values of 1.66 at 400°C and
decreasing to 1.04 at 500°C, showing that the response to polar-
ization becomes increasingly small as the measured ryn, ap-
proaches equilibrium conditions.

For both electrodes, increasing the total gas flow to 100 NL
h~" further enhances ey, confirming that the Ru catalyst pro-
vides sufficiently fast reaction kinetics. The ryn, values at 100
NL h~" of the nearly doubled Ru loading surpass those of the
lower loading by factors of approximately 1.3, 2.2, 2.7, 3.7,
and 5.4 at 500°C, 475°C, 450°C, 425°C, and 400°C, respec-
tively. This more-than-proportional increase in ryn, Wwith
decreasing temperature may be attributed to the additional
Ru sites contributing more effectively under kinetically
controlled conditions, where the overall reaction rate is directly
sensitive to the number of available active sites. At higher tem-
peratures, the reaction approaches diffusion or equilibrium lim-
itations, leading to a less pronounced enhancement upon
increased catalyst loading.

Electrochemical
Electrochemical

125 40

Figure 7. Cross-sectional SEM images ac-
quired in backscattered electron mode of
the Fe-based electrode (left) and the Ru-
based electrode (right)

The bright bottom layer corresponds to the
BCZY721 electrolyte. Above the electrolyte, the
porous BCZY721 backbone is visible, appearing
bright in backscattered electron (BSE) contrast.
The respective catalyst is distributed both on the
surface and partially within the porous structure of
the backbone. The scale bars represent 10 pm
each.
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Figure 8. Comparison of ammonia formation rates ryy, for elec-
trodes containing 1.34 and 2.61 mgg, cm 2

The thermodynamic equilibrium was calculated for a fixed Ha:N, feed ratio of
1:1 under OCV conditions at total flow rates of 60 and 100 NLh~". All rnn, Were
measured at an applied voltage of —1.4 V.

DISCUSSION

The comparative investigation of Fe- and Ru-based electrodes
with nearly identical catalyst loadings revealed pronounced dif-
ferences in their NH3 synthesis performance and response to po-
larization on proton-conducting BCZY721 membranes. Under
OCV conditions, the Ru-based electrode exhibited substantially
higher intrinsic catalytic activity than the Fe-based electrode,
with NH; formation rates approximately two orders of magnitude
higher. In contrast, the Fe-based electrode showed a markedly
stronger relative response to polarization, reaching enhance-
ment factors of up to p = 283 at 450°C and approaching the
NH3 formation rates of the Ru-based electrode under applied
cell voltage. The Ru-based electrode exhibited only a limited
additional rate increase under comparable conditions, with p < 3.

These results demonstrate that intrinsic catalytic activity and
response to polarization represent distinct catalyst-dependent
performance characteristics. Ru provides high baseline NH;
synthesis activity over the investigated temperature range,
whereas Fe exhibits a substantially larger rate modulation under
polarization. The different behavior of the two electrodes cannot
be explained by intrinsic thermocatalytic activity alone and indi-
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cates that catalyst identity strongly influences the response of
the electrode to the applied cell voltage.

The fabrication approach developed for the Ru-based elec-
trode, combining reduction and in situ sintering, produced a
porous and mechanically adherent catalyst layer suitable for
operation on the enlarged cell geometry. Together with the Fe-
based electrode architecture, this demonstrates that both cata-
lyst systems can be integrated into a porous BCZY721 back-
bone over an active area of 12.57 cm?.

Overall, the results show that catalyst selection for electro-
chemically assisted NH3 synthesis should consider both intrinsic
catalytic activity and the magnitude of the response to polariza-
tion. Ru is advantageous with respect to baseline activity, while
Fe exhibits a considerably stronger relative rate enhancement
under applied cell voltage. Electrode concepts combining com-
plementary catalyst properties may therefore be of interest for
future development, although their performance and underlying
interactions require dedicated investigation.

Limitations of the study

The present study was designed as a comparative performance
investigation of Fe- and Ru-based cathodes using closely compa-
rable cell configurations and systematically varied operating con-
ditions. It was not designed to provide a definitive mechanistic
assignment of the observed catalyst-specific responses to polar-
ization. Accordingly, the measurements quantify differences in
NH; formation rate, current density, impedance response, and
relative rate enhancement but do not independently resolve the
contributions of electric field, electric current, proton transport,
catalyst-state changes, or other interfacial effects.

Previous studies have proposed that protonic species and
surface proton transfer may contribute to NH3z formation under
polarized conditions through alternative hydrogenation or N,
activation pathways. However, the relevance of such mecha-
nisms for the Fe- and Ru-based electrodes investigated here
cannot be established from the present data.’>**

An experimental limitation concerns the complete exclusion of
trace NH3 contamination. Fresh trapping solution was routinely
analyzed as a blank, and the ion-selective-electrode method
was cross-validated against UV-visible analysis. In addition, the
very low NHj3; formation rates measured for the Fe-based elec-
trode under OCV conditions, which approached the ISE detec-
tion limit at temperatures below 450°C, indicate that any constant
background contribution was negligible relative to the rates
observed under polarization. The systematic dependence of
the measured NH3 formation rates on temperature, applied cell
voltage, and gas flow further argues against trace contamination
as the dominant origin of the reported trends. Nevertheless, the
controls performed in this study do not provide the same level
of source verification as system-specific blank electrolysis under
pure N, or isotope-labeling experiments. Future work should
therefore include blank measurements under pure N, at OCV
and under polarization, together with °N, isotope labeling, to
provide an unequivocal assignment of the nitrogen source.

Dedicated transient experiments are also required to deter-
mine whether the enhanced NH; formation under polarization
represents an immediately reversible response or is influenced
by slower changes in the catalyst state. Measurements involving
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repeated switching of the applied voltage on and off, followed by
NH3 quantification after returning to OCV, could distinguish
reversible polarization effects from persistent activation, reduc-
tion, restructuring, or removal of surface species. Such experi-
ments should be performed at different gas flow rates and with
sufficient temporal resolution to account for gas residence time
and the response time of the analytical system.

Cyclic voltammetry and measurements over a broader range
of applied cell voltages could provide additional information on
potential-dependent changes in the electrochemical response
of the Fe- and Ru-based electrodes. Complementary operando
or quasi-operando characterization would be required to assess
whether polarization-induced changes in the catalyst state
contribute to their different behaviors. Hydrogen-isotope exper-
iments could further clarify the role of cathode-side hydrogen in
the observed NH3 formation.

Finally, a dedicated experimental design would be required to
distinguish the respective contributions of electric field, electric
current, proton transport, and the proton-conducting mem-
brane. Relevant control configurations could include electroni-
cally polarized catalyst systems without a proton-conducting
membrane and cells in which proton transport is selectively sup-
pressed. Such experiments would help determine whether the
observed rate enhancement is primarily associated with polari-
zation of the catalyst surface, ionic transport through the electro-
lyte, or other interfacial processes.

The measurements reported in the present study represent
stabilized operating points after a defined stabilization period,
but they do not constitute dedicated long-term durability tests.
Extended operation under selected constant conditions would
therefore be required to determine whether the observed perfor-
mance and response to polarization are maintained over longer
time periods.

These investigations would enable a more robust interpreta-
tion of the different responses of Fe and Ru. Until such data
are available, the present results should be understood as a
quantitative comparison of catalyst performance and response
to polarization rather than as proof of a unique electrochemical
or surface-reaction mechanism.

METHODS

Powders

Each material used in this study is commercially available. The
anode and electrolyte layers were fabricated using the following
materials: the anode was made of BaCeggZrp1Yo 1035
(BCZY811) (CerPoTech AS) and NiO (JT Baker), while the electro-
lyte consisted of BaCeg 7Zrp.5Y0.103.5 (BCZY721) (CerPoTech AS)
and ZnO (Sigma Aldrich). The cathode was prepared using
BCZY721 (CerPoTech AS) with Ru(lV)oxide (99.95% metal basis,
Premion) or a-Fe>O3 (<5 pm, 96%, Merck). As a pore former,
TIMREX SFG75 graphite (TIMCAL) was used.

Cell fabrication

Anode

The anode support was fabricated by tape casting using a slurry
consisting of NiO and BCZY811 in a weight ratio of 1.5:1,
graphite as a pore former, Nuosperse as a dispersant, and a sol-
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vent mixture of butanone and ethanol. The slurry was homoge-
nized for 22 h using a Turbula T2F mixer (WAB). Subsequently,
polyvinyl butyral (binder) and PEG/TEG-EH (plasticizers, East-
man) were added, and the mixture was milled for an additional
3 h. After resting for 22 h, the slurry was degassed under vacuum
for 10 min. It was then tape casted onto a glass plate covered
with a polymer sheet using a ZAA 2300 film applicator (Zehntner
GmbH) and dried at room temperature for 24 h. The resulting
green tapes had a thickness of approximately 750 um and a sur-
face area of about 700 cm?2. Circular samples with a diameter of
77 mm (46.57 cm?) were subsequently cut for further processing.
Electrolyte
BCZY721 was mixed with a carrier formulation composed of
a-terpineol and ethyl cellulose, along with 0.5 wt % ZnO as a sin-
tering aid. The mixture was initially ground using an automatic
mortar (Retsch RM200) for 20 min, followed by further homoge-
nization in a roller mill. The resulting electrolyte ink was applied
onto the green anode tape cutouts via screen printing using an
EKRA E2 screen printer. To achieve increased electrolyte thick-
nesses, multiple screen-printing cycles were carried out with in-
termediate drying steps. The half-cells were then co-sintered at
1,400°C for 8 h, incorporating intermediate dwell stages at
250°C for solvent removal and 550°C for burnout of the graphite
pore former in the anode support.
Cathode
The cathode was applied via two-step screen printing. Initially, a
porous BCZY721 backbone (BCZY721:graphite, 1.5:1) was pre-
pared by dispersing it in a carrier mixture consisting of a-terpineol
and ethyl cellulose, achieving a solid content of 45 wt %. This
mixture was subsequently printed onto the sintered half-cell, al-
lowed to dry in air until a matte finish was attained, and then sin-
tered at 1,350°C for a duration of 1 h. The heating and cooling
ramps were controlled at a rate of 3 K min~". The resulting porous
structure served as a scaffold for catalyst deposition.
Subsequently, a low-viscosity catalyst ink (catalyst oxide
powder and the same carrier mixture) was “screen-pressed,”
i.e., applied via screen printing into the porous scaffold in order
to infiltrate the pre-sintered backbone. Further methodological
details on the screen-pressing approach used for catalyst incor-
poration can be found in our previous work.** Two different cata-
lyst inks were formulated, each designed to achieve optimal dis-
tribution within the backbone structure:

(1) Feelectrode: consisting of pure Fe,O3 with a solid loading
of 45 wt %, sintered in air at 850°C for 1 h with heating and
cooling ramps of 3 K min™";

(2) Ru electrode: composed of pure RuO, with a solid loading

of 60 wt %, dried in air at 100°C for 1 h.

The final cells had a diameter of 52 mm (21.24 cm? total area)
and an active cathode area of 12.57 cm? (40-mm diameter). The
final appearance of the cells employing Fe and Ru electrodes is
presented in Figure 9. The underlying backbone layer is entirely
covered by the catalyst inks and, consequently, is not visible.

Electrochemical characterization
For testing and electrochemical characterization, the PCCs were
mounted in a specifically modified, ceramic-lined double-flange
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Figure 9. Final design of the cells equipped with Fe-based (left) and
Ru-based (right) electrodes

dual chamber test rig (Fiaxell SOFC Technologies). Figure 2
provides a schematic overview of the test bench, including a
magnified cross section of the cell and the configuration of
the electrical contacts. The cathode was contacted using a
gold grid, whereas nickel foam was employed for the anode
contact.

The sealing, heating, and reduction procedures of the Fe elec-
trode have been described previously.** The Ru electrode, after
drying in air at 100°C, was sintered in situ under a reducing atmo-
sphere (10% H., in No), as RuO, can be fully reduced by H, at
temperatures as low as 100°C.*® The temperature was then
raised to 500°C at a rate of 1 K min~' and maintained for 3 h,
while the H, concentration was gradually increased to 50%.
Sintering of the RuO, ink in air following the same procedure
as for the Fe,Oj3 ink caused significant catalyst agglomeration
at temperatures of 700°C and above, while sintering at lower
temperatures resulted in poor adhesion to the substrate. Corre-
sponding SEM images of these samples are presented in the
supplemental information (see Figure S10). Samples sintered in
air below 600°C are not shown, since the Ru layer was entirely
detached from the electrolyte during processing. Therefore, an
in situ approach was trialed and resulted in the desired
characteristics.

The SEM images were acquired using an FEI Quanta 200 F at
an acceleration voltage of 15 kV.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed using a Zahner Zennium instrument
(Zahner) over a frequency range of 100 mHz to 100 kHz, with
an AC amplitude of 15 mV at OCV. Additionally, impedance
measurements were conducted using a Solartron SI 1255 HF
frequency response analyzer coupled with a Solartron SI 1287
electrochemical interface over a frequency range of 1 MHz
to 1 Hz.

Identical experimental protocols were employed for the char-
acterization of all electrodes. An Hy/N, gas mixture of 1:1 was
supplied to the cathode, while the anode feed was kept constant
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throughout all experiments at 6 NLh~" of H, and 6 NL h~" of N..
On the anode side, N, was added solely to dilute the H, stream
and to match the H, partial pressure to that on the cathode side.
The 1:1 Ho/Ns ratio on the cathode was selected because prior
experiments had shown that a comparable Fe-based electrode
exhibited optimal performance close to this composi’(ion.9 The
gas inlet to the cathode was dehumidified directly before the
reactor inlet using a 3 A molecular sieve, as previous tests em-
ploying Fe electrodes had shown that small amounts of water re-
sulted in deactivation of the catalyst. Dry inlet conditions were
therefore deliberately used throughout this study to ensure
well-defined and directly comparable baseline conditions for
both Fe- and Ru-based electrodes.

NH3 formation was quantified under thermocatalytic condi-
tions at OCV and during electrochemical polarization at 1 and
1.4 V by collecting the cathode exhaust gas in an NHj3 trapping
solution and subsequently determining the trapped NHz concen-
tration using a high-performance NHz-ion-selective electrode
(Orion, 9512HPBNWP, Thermo Scientific). The applied cell volt-
ages of —1 and —1.4 V were selected on the basis of previous ex-
periments and preliminary tests.’

The strongest increase in ryn, Was consistently observed be-
tween OCV and —1 V, whereas the additional increase at
—1.4 V was generally smaller. More negative voltages led to
increasing instability of the Fe-based electrode and were there-
fore not considered further.

Measurements were conducted at seven different total flow
rates to the cathode, ranging from 10 to 60 NL h~', as well as
at 100 NL h~". At each operating condition, the system was al-
lowed to stabilize for 10 min to reach steady-state conditions.
Subsequently, two consecutive gas samples were collected
from the cathode exhaust for 5 min each by bubbling the exhaust
gas through 0.01 M H,SO, to trap the formed NH3. The cathode
exhaust was not introduced into the trapping solution at reactor
temperature but was first cooled to room temperature in the
downstream gas line before entering the acidic trap. No signifi-
cant loss of trapping solution was observed under the applied
sampling conditions. Fresh trapping solution was routinely
analyzed as a blank to identify possible background contamina-
tion. In addition, the ISE-based NH3 quantification used in this
work had previously been cross-validated against UV-visible
analysis over a broad concentration range, with deviations below
10% (Figure S11).

The NH3 formation rate, ryy,, is calculated according to the
following expression:

CnH, * Niotal * K
t+xAx108

Here, cnh, denotes the concentration of NHj in the trapping so-
lution, Nyt represents the total amount of substance, k is the
correction factor of the calibrated ISE, t is the time in seconds,
and A is the active surface area in square centimeters.

The rate enhancement factor, p, is determined by

I'NH; =

r  rogt+Ar

p_fo o

and represents the ratio of catalytic rates in the presence r and
absence rq of polarization. Throughout this article, the reported
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p values are determined from the mean of the experimentally
measured ryy, values.

The apparent electrochemical Faraday efficiency, FEnn,, is
calculated as follows:

nxF x (rNHa,[' — rNHa,OCV) .
J

100.

FEnn, =

It represents a formal current-based comparison metric for the
fraction of the electric current density j associated with NH; for-
mation at applied voltage, ryn, j, after subtraction of the thermo-
catalytic contribution determined at OCV, ryn, ocv. This quantity
is not intended to imply proof of a direct faradaic N, reduction
pathway. Here, n denotes the number of electrons transferred
per molecule of product formed, and F is the Faraday constant.
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