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Hydrogen could potentially play an important role in decarbonizing hard-to-abate sectors where
electrification is not viable. Due to lower density, storing and transporting hydrogen in its pure form as
compressed gas or liquid poses significant challenges. Ammonia is considered a potentially viable
solution as a hydrogen carrier due to its higher volumetric energy/hydrogen density and mature
infrastructure. It can act as a medium to store and transport hydrogen. However, extracting hydrogen
from ammonia currently relies on energy-intensive thermal cracking. While ammonia electrolysis, based
on thermodynamics, may offer a more energy-efficient alternative to thermal cracking, catalyst-related
challenges such as high overpotential and poisoning still hamper its prospects. This study explores the
prospects of ammonia electrolysis through optimization of cell design and operational parameters, and
the use of dynamic operation protocols for long-term operation. In specific, the work highlights the
promise of the membrane electrode assembly (MEA) cell design for ammonia electrolysis: operational
parameters of flow rate, electrolyte composition including ammonia concentration, pH, and cation
identity are studied to evaluate their impact on MEA performance. Their optimization led to a peak

Received 10th November 2025, current density of over 600 mA cm™2 at RT and higher at elevated temperature. Furthermore, a pulsed
Accepted 17th November 2025 electrolysis approach addresses catalyst poisoning issues, allowing the MEA cell to operate continuously
DOI: 10.1039/d5ey00324e for over 100 hours. These findings lay the groundwork for efficient ammonia electrolysis systems,

supporting the broader adoption of ammonia as a viable hydrogen carrier to support a future and more
rsc.li/eescatalysis sustainable hydrogen economy.

Broader context

Hydrogen is crucial to decarbonizing sectors that are difficult to electrify; yet its storage and transport remain major challenges. Ammonia is a promising
hydrogen carrier because it is easier to liquefy, safer to handle, and compatible with existing infrastructure. Conventional hydrogen extraction from ammonia
relies on thermal cracking, a catalytic process requiring temperatures above 500 °C, which is energy-intensive and difficult to decentralize. As a lower-
temperature and potentially more efficient alternative, this study investigates ammonia electrolysis, which directly converts ammonia into nitrogen and
hydrogen using electricity. The research focuses on two barriers that have limited ammonia electrolysis: severe catalyst poisoning and insufficient reaction rates
and efficiency at practical current densities. Using the membrane electrode assembly cell, we systematically optimize operating parameters and achieve record
current densities at room temperature. To address deactivation, we introduce pulsed electrolysis, enabling long-term operation while maintaining high
faradaic and energy efficiency. These advances highlight the potential of MEA-based ammonia electrolysis as a viable alternative to thermal cracking, laying the
groundwork for efficient ammonia-to-hydrogen systems powered by renewable electricity. Beyond improved performance, this approach links hydrogen release
to intermittent renewable power, enables decentralized supply chains, and reduces the carbon footprint associated with high-temperature processes.
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Introduction

Green hydrogen holds promise as a low-carbon energy carrier
for the future, because it can be produced from water with
renewable electricity from solar, hydro or wind energy. Also,
when consumed, water is the only product of hydrogen oxida-
tion. For the hydrogen economy to become a reality, challenges
related to hydrogen storage and transportation need to be
addressed.! During the liquefaction and compression process
of hydrogen transportation and storage, 30-40% of the energy
content is lost. Furthermore, safety issues such as flammability
and hydrogen embrittlement need to be taken into account.
In this context, ammonia is proposed to substitute hydrogen
as a hydrogen carrier.”™ In contrast to hydrogen, ammonia
liquefies easily at room temperature (~10 bar,” similar to
LPG; vs. ~700 bar for H,*”) or under atmospheric pressure
(—33 °C,® vs. —252 °C for H,”). Ammonia is less flammable than
hydrogen, and ammonia possesses 50% higher energy density
in volume than liquefied hydrogen.>'® One drawback is that
ammonia is highly toxic and would require appropriate safety
measures for handling. Part of this can be managed using
current industry practices, as it has been handled for years, and
a part needs to be developed for new applications. Ammonia
production (Haber-Bosch process) is well established, making
use of ammonia as a hydrogen carrier even more practical.
Advances in ammonia electro-synthesis may substitute for
Haber-Bosch, achieving green ammonia production.> On the
user end, when converting ammonia back to hydrogen, only
benign nitrogen and hydrogen are formed, while also reducing
emission of CO, and SO,, pollutants associated with the use of
hydrocarbon-based energy carriers."

The large-scale commercial utilization of ammonia as a
hydrogen carrier will still require significant technological
advances to reduce cost and energy losses. While the theore-
tical energy requirement for ammonia decomposition is only
46 kJ molNH;l, current technology primarily relies on thermal
catalytic ammonia decomposition at high temperatures (typically
at >500 °C,">"* though thermodynamically feasible at 400 °C'%)
to produce hydrogen. This approach is energy-intensive, with an
energy efficiency of only 61.0-68.5%.> Nearly half of the energy
losses arise from the need to continuously heat the process.”
Additionally, hydrogen purification systems are necessary, for
example, to prevent poisoning of proton-exchange membrane
fuel cells (PEMFCs) by unreacted ammonia traces,"® further
increasing costs.

Ammonia electrolysis has been proposed as a promising
alternative for thermal cracking.>*'® Ammonia electrolysis is
expected to be achievable at significantly lower temperature
(close to room temperature) compared to thermal cracking,
while holding promise to achieve a higher power-fuel-power
efficiency.> During ammonia electrolysis, a process that can
be driven by renewable electricity, e.g., from solar or wind, the
electrolyzer decomposes ammonia to nitrogen on the anode
(ammonia oxidation reaction, AOR; eqn (1)), while water is
reduced to hydrogen on the cathode (hydrogen evolution
reaction, HER; eqn (2)). The overall reaction (eqn (3)) only
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produces benign nitrogen and hydrogen.'” Notably, the theo-
retical minimum applied cell potential for this reaction is only
0.06 V. Thus, ammonia electrolysis is significantly less energy
intense than water electrolysis, requiring a minimum of
1.23 v.'®

Anode: NH; + 30H™ — 1/2N, + 3H,0 + 3e™

E°=—0.77 V vs. SHE (1)

Cathode: 3H,O + 3¢~ — 3/2H, + 30H™

E” = —0.83 V vs. SHE (2)

Overall: NH; — 1/2N, + 3/2H,

Eeenl = —0.06 V 3)

The ammonia oxidation reaction and ammonia electrolysis
are gradually gaining more attention as topics of research.
In particular, ammonia oxidation is of significant interest not
only for hydrogen production and storage,”>"'%*° but also for
its potential in wastewater treatment through simultaneous
energy recovery and nitrogen removal.>'>® To date, the majority
of studies primarily have focused on catalyst design, with an
emphasis on addressing issues of high overpotential and, most
critically, catalyst poisoning.’**”2*27~3 Notably, most studies to
date employ H-type or batch electrochemical cells, which provide
controlled testing environments but are limited in terms of
providing scalability insights.

Among the various catalysts evaluated, platinum (Pt) remains
the most active single-metal catalyst for AOR, as demonstrated in
both experimental studies and Sabatier principle-based theore-
tical analyses.>****”** While alternative non-platinum catalysts
typically require applied cell potentials exceeding 1.2 V vs.
RHE,* severely limiting their practical use, Pt exhibits signifi-
cantly lower overpotential and favorable activity.> State-of-the-
art performance for AOR on Pt shows that the applied cell
potential at peak current density exceeds 0.6 V, and the peak
current density is below 150 mA cm™? (scan rate 5 mvV s, 1 M
NH;(aq) and 1 M KOH, at RT)."”***? Poisoning of the Pt catalyst
surface, however, severely limits long-term performance.*"*>
Although the desired pathway of ammonia oxidation on Pt leads
to the desorption of nitrogen gas on the surface, the undesired
path, which has not been well characterized, includes the
reaction of ammonia and hydroxide ions and leads to the
production of N* and NO,* species. These species combine
strongly with active sites, effectively blocking them. Occupation
of all active sites by N*/NO,* renders the electrode nonreactive
toward ammonia oxidation.>%303%43746

Beyond AOR catalysts, several research efforts have been
carried out on the ammonia electrolysis process.">"**”~>° For
example, Zhang et al. developed a hydroxide exchange mem-
brane ammonia electrolyzer (HEMAE) featuring a zero-gap
design."® The device achieved a current density of 100 mA cm™ >
at an applied cell potential varying between 0.4 and 0.6 V using
3 M NH;(aq) and 3 M KOH, with a 5 mg cm™> PtIr/C anode at
90 °C, demonstrating 317 hours of stable operation. This result
represents the best performance and durability reported for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ammonia electrolysis in alkaline media to date. Recently, Gecgel
et al. developed a 3000 cm® bipolar ammonia electrolyzer for
simultaneous hydrogen production and ammonia remediation
in wastewater treatment.”® Operating at 60 °C with 0.5 M NaOH
and 1250 ppm N-NH; (nitrogen in the form of ammonia), the
system achieved an average current density of 48.3 mA cm > at
0.75 V per cell using a 0.5 mg em ™ > Pt;Ir/C anode and maintained
a faradaic efficiency of 72.6% over 260 minutes. To date, this
represents the largest reported ammonia electrolyzer, operating at
a cell voltage of 0.75 V, thereby confirming its scalability for
practical deployment.

A recent perspective by Babar and Botte indicated that more
research is needed to transition ammonia electrolysis from the
laboratory scale to industrial application.”” They highlight
critical challenges including sluggish ammonia oxidation
kinetics, catalyst degradation, and limited system durability
as still hindering scalability. Overcoming these challenges will
require advances in both electrocatalyst development and
system-level optimization.

In summary, two challenges stand in the way of developing
ammonia electrolysis as a viable process for ammonia decom-
position. First, the catalyst poisoning issues significantly influ-
ence its stability and electrolyzer durability during ammonia
electrolysis. This catalyst-poisoning effect has been widely
observed for Pt group catalysts in the presence of ammonia
under operating conditions.*” Second, achieving acceptable
overall energy efficiency limits the maximum cell potential that
can be applied for ammonia electrolysis. However, achieving
economic viability of the overall process will require a reason-
able hydrogen production rate (current density). To surpass the
thermal cracking process in terms of energy efficiency, we
calculated (see Methods, “Calculation of Applied Cell Potential
Requirement”) that the applied cell potential for ammonia
electrolysis cannot exceed 0.73-0.96 V, depending on the energy
intensity of other parts of the ammonia synthesis and decom-
position process.” Based on comparison with water electrolysis,
most closely related to ammonia electrolysis, we pose that
hydrogen production rates corresponding to a current density
approaching 1 A cm ™ will be necessary to achieve economic
viability.>*

This study aims to address both challenges. First, to meet
the potential and current density targets necessary to com-
pete with thermal cracking and enable viable hydrogen
extraction, we investigate how cell configuration influences
performance and scalability by comparing batch, flow, and
MEA cells, while also examining the factors underlying their
differences. Analysis of MEA cell performance under a range
of influencing factors further highlights its potential to meet
target performance metrics. Second, to tackle the challenge of
catalyst poisoning, we evaluate the MEA cell using electro-
chemical methods combined with product detection to better
understand the effects of poisoning on MEA cell operation.
To address the drop in performance due to poisoning in
practice, we apply and optimize a pulsed potential opera-
tional method, thus achieving long-term stable MEA cell
operation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Cell configurations and performance comparison

In this study, we explored three types of electrochemical cells: a
batch cell, a flow cell and a membrane electrode assembly
(MEA) cell (Fig. 1a—c). All anodes and cathodes are comprised
of Pt nanoparticles deposited on carbon paper substrates (gas
diffusion electrodes). To ensure reproducibility, all experi-
mental measurements were repeated two to three times under
the same conditions, and representative results are shown.

In the three-electrode cell (batch cell; Fig. 1a and Fig. S1), all
electrodes are placed in a single glass compartment without
agitation. In contrast, the flowing liquid electrolyte cell (flow
cell; Fig. 1b and Fig. S2) allows the solution to flow through the
electrolyte chamber improving mass transport. In flow cells,
both electrodes are positioned with one side exposed to a gas
chamber, facilitating the use of gaseous feed as well as the
removal of gaseous products. The membrane electrode assem-
bly cell (MEA cell; Fig. 1c and Fig. S3) consists of a MEA, a solid
electrolyte membrane, sandwiched between anode and cathode
electrodes. The anode is exposed to a solution chamber and the
cathode to a gas chamber. Compared to the flow cell, the MEA
cell is easier to scale, as the presence of the membrane
minimizes the need for product/feed separation.’® A polymer
membrane (Sustainion X37-50 Grade RT) serving as the electro-
Iyte increases the complexity of the cell, introducing additional
factors that need to be considered when seeking to optimize
MEA cell performance.

To explore effective cell designs for ammonia electrolysis,
CVs were recorded in a standard 1 M NH;(aq) and 1 M KOH
electrolyte at a scan rate of 5 mV s~ ' over an anodic potential
range from 0.05 to 1.0 V (vs. RHE), as shown in Fig. 1d. All three
CVs exhibit a peak for ammonia oxidation at an anode potential
of 0.6 V or higher. The small feature at 0.25 V is associated with
NH; adsorption on the Pt electrode surface.’*® In the MEA
cell, the current fluctuation observed between 0.7 and 0.9 V,
which is attributed to the oxidation of the Pt surface monolayer,
superimposed with the AOR current,**>°
dynamic surface restructuring and thus current fluctuation.
This potential region (0.7-0.9 V) coincides with the Pt surface
oxidation peak observed in the blank CV without ammonia
(Fig. S4a), supporting the hypothesis for the origin of the
fluctuation. To confirm that ammonia oxidation indeed occurs
within the cells we performed control experiments with the
same electrolyte in the absence of ammonia under the same
conditions (Fig. S5). Table 1 summarizes key information
obtained from the CVs in the different cells: the MEA cell
possesses the lowest onset potential (0.41 V), the lowest
peak potential (0.63 V), and the highest peak current density
(171 mA ecm?), with the peak current density being more than
four times higher than that observed for the flow and batch
cells. The minor fluctuation of the peak potential and current
density in the MEA cell data is due to the inherent sensitivity of
MEA-based configurations to membrane state and assembly-
induced variability, which influence local transport and inter-
facial properties.””**

which can lead to
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The same trends are observed when performing these CVs
with iR compensation (Fig. Sé6a), highlighting the benefit of
utilizing MEA cells (low cell resistance) for ammonia electro-
lysis. From the CV results, the peak potentials for ammonia
oxidation (AOR) in both the batch cell and the flow cell are
significantly higher than that observed in the MEA cell. This
difference can be attributed primarily to differences in solution
resistance, as further confirmed by electrochemical impedance
spectroscopy (EIS) analysis (Table 1, vide infra). Additionally,
the broader peak widths observed in the batch and flow cells
compared to the MEA cell can be partially explained by diffu-
sion limitations in the batch cell and slower anodic electron
transfer in the flow cell, as confirmed by EIS (Table 1), due to
the absence of direct interfacial contact between the anode and
the membrane.®"®” Even after applying iR compensation, the
peak potentials in the batch and flow cells shift to lower values
but remain higher than those in the MEA cell, indicating that

potential of 0.7 V. In the flow and MEA cells, solution flow rates are set to

intrinsic differences in mass transport and interfacial kinetics
also contribute to the observed shift.

To identify the factors causing the outstanding performance
of the MEA cell under ammonia electrolysis operational condi-
tions, the potentiostatic electrochemical impedance spectro-
scopy (PEIS) of all cells in 1 M NH;3(aq) and 1 M KOH at an
applied cell potential of 0.7 V was measured, over a range of
100 kHz to 0.1 Hz, with an amplitude of 10 mV. The MEA cell
possesses the lowest solution resistance and charge transfer
resistance (Fig. le). The Nyquist plots were fitted to a “two
series circuit and solution resistance”” model as an equivalent
circuit®® (see Methods, “Electrochemical Reactor Operation
and Analysis - Electrochemical Impedance Spectroscopy”,
Fig. S7). The resulting resistances, phase elements, and expo-
nents are summarized in Table 1 and Table S1. The relative
values of the decoupled resistances based on the equivalent
circuit reveal that the MEA cell exhibits the lowest solution

Tablel Summary of electrochemical parameters obtained from cyclic voltammetry and potentiostatic electrochemical impedance spectroscopy (PEIS)
of ammonia oxidation (1 M NHs(aqg) and 1 M KOH) in batch, flow, and MEA cells at room temperature. Reported values include onset and peak potential,
peak current density, Ohmic resistance (Ronm). and charge-transfer resistance (R, at 0.7 V). In the flow and MEA cells, solution flow rates are set to

1

4 mL min~
Onset potential Peak potential Peak current density Rohm Ret, anode Ret, cathode
(V vs. RHE) (V vs. RHE) (mA cm™?) (Ohm) (Ohm) (Ohm)
Batch cell 0.43 £ 0.00 0.82 + 0.00 21.5 £ 0.8 3.5+ 0.2 72+ 04 4.3+ 0.2
Flow cell 0.41 + 0.00 0.90 £+ 0.01 40.4 + 1.8 10.5 + 0.3 6.5+ 04 0.1 £ 0.0
MEA cell 0.41 + 0.01 0.63 + 0.03 171 £ 6 0.2 + 0.0 1.4+ 0.1 0.4 + 0.0
EES Catal. © 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ey00324e

Open Access Article. Published on 09 December 2025. Downloaded on 12/25/2025 12:48:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Catalysis

resistance (0.2 Ohm), the lowest anodic charge transfer resis-
tance (1.4 Ohm), and, like the flow cell, a low cathodic charge
transfer resistance (0.4 Ohm). This finding explains the lower
overpotential and higher peak current density observed for the
MEA cell. In an MEA cell the thin membrane yields a low Ohmic
resistance, and the catalyst-electrolyte-membrane interface pro-
vides effective physical contact and ion transport pathways. This
enables ions to efficiently reach the active sites and participate in
interfacial charge transfer reactions, which contributes to a low
anodic charge transfer resistance and facilitates ammonia oxida-
tion. Furthermore, continuous flow of the anolyte minimizes
mass transport limitations in MEA cells. The lower cathodic
charge-transfer resistance observed in the flow cell compared to
the MEA cell can be attributed to the direct contact of the
electrode with the liquid electrolyte and the resulting improved
wettability, rather than to the lack of sufficient water at the
cathode interface in the MEA cell. Enhanced humidification in
future designs may improve the interfacial wetting and thereby
reduce the cathodic resistance of the MEA configuration.

The PEIS data also highlight the improved charge transfer in
the flow cell relative to the batch cell. Significant iR losses
become apparent in the flow cell when applying iR compensa-
tion (Fig. Séa), a finding corroborated by PEIS analysis
(Table 1). The high Ohmic resistance originates from the
placement of the reference electrode between the electrodes,
which increases the thickness of the solution compartment and
reduces the effective ionic conduction area in the middle
region. Even though reducing the solution chamber thickness
will decrease solution resistance in a flow cell, the observed
differences in solution resistance highlight the importance of
minimizing iR losses in cells to be used for electrolysis pro-
cesses at scale. Overall, the MEA cell design, due to its low
Ohmic and charge transfer resistances (and the resulting high
current density and low iR losses), is the most suitable option
for ammonia electrolysis.

MEA cell performance

The above comparison of different cell configurations revealed
that the MEA cell is the most effective option for ammonia
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(a) Cyclic voltammetry of 1 M NHs(aqg) and 1 M KOH at RT as a function of scan rate. The flow rate is set to 4 mL min™".
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electrolysis. Now, we first report on the electrochemical char-
acterization of the MEA cell for ammonia electrolysis. Then we
report on the systematic study of four key parameters: (i) feed
solution flow rate, (ii) [NH;3], (iii) [KOH], and (iv) electrolyte
composition.

Fig. 2a shows the anode CVs of AOR with 1 M NH;3(aq) and
1 M KOH for different scan rates in the MEA cell. A positive
shift in the peak potential of AOR with increasing scan rate was
observed in the MEA cell, consistent with previous reports.*®
This shift is not solely governed by intrinsic reaction kinetics
but is also influenced by the surface coverage of adsorbed
species such as OH/O* and N*, as well as by mass transport
limitations. At high scan rates, the CV curves appeared more
rounded, with a higher non-faradaic (capacitive) current. The
peaks also became broader and less symmetrical, which can be
attributed to kinetic limitations and the restricted development
of the diffusion layer within the shortened timescale of fast

scans.®>®

To visualize the nature of the limiting phenomena,
we plotted the measured peak current densities and scan rates
using a log plot (Fig. 2b).*® The slope in the log plot indicates
the nature of the limiting process in the reaction: in the kinetic
limit, £ = 1; in the poisoning limit, £ = 0; and in the mass
transport limit, k = 0.5.°°>% In our experiments, the slope
increased from 0.15 to 0.7 upon increasing the scan rate. Under
quasi steady-state conditions (scan rate of 5 mV s '), the slope
is 0.15, indicating that catalyst poisoning is the primary limit-
ing factor. In contrast, during transient operation (scan rate of
200 mV s ') the slope reaches 0.7, indicating that reaction
kinetics has become the main limiting factor, but mass trans-
port and poisoning limitations cannot be fully excluded.

Next, we performed chrono-amperometry (CA) experiments
with 1 M NH;(aq) and 1 M KOH. Fig. 3a presents CA data both
at the half-peak anode potential from CV (scan rate of 5 mV s~ )
and at an applied cell potential of 0.7 V. The anode CA is noisier
than the cell CA, possibly because the anode potential is
controlled relative to the reference electrode, which may be
disturbed by local bubble formation (e.g., nitrogen), leading to
fluctuations in the measured anode current. The results indi-
cate that maintaining these half-peak and cell anode potentials

(b)

3.0 4 k=0.70 ,/
2.8 4
2.6 1

i k=0.50
k=0.15

2.2 1

log (Current Density, mA ¢ cm'z)
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! (b) Plot of log(current

density) vs. log(scan rate) to visualize the nature of the limiting phenomena: for reference, in the kinetic limit, k = 1; in the poisoning limit, k = 0; and in the

mass transport limit, k = 0.5.
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leads to a rapid decay of current density over time. This rapid
decrease in current during continuous AOR is caused by catalyst
poisoning; reaction intermediates strongly bind to the catalyst,
significantly reducing performance over time 334043570773
In addition, CA testing at half-peak anode potential (Fig. S8a)
indicates that ammonia electrolysis can be performed at a
measurable current density within an applied cell potential
range of 0.6 to 0.8 V. Moreover, CA testing at an applied cell
potential of 0.7 V shows that the anode potential falls within
the region of the AOR peak in CV (Fig. S8b). These experiments
demonstrate that an applied cell potential of 0.6-0.8 V corre-
sponds to an anode potential in the AOR peak region in CV, and
the reverse relationship also holds true. This relationship is
also illustrated in Fig. S6b, which shows the range of applied
cell potentials associated with AOR during anodic CV.

A chrono-potentiometry (CP) experiment (Fig. 3b) conducted
with 1 M NHj(aq) and 1 M KOH at a current density of
80 mA cm 2, approximately half of the peak current density
observed in cyclic voltammetry (CV), reveals a leap in cell
voltage after 2 minutes, indicating two distinct stages, probably
indicative of two distinct electrochemical processes. To analyze
the processes occurring during these two stages, we used an
online gas chromatograph (GC) system to identify and quantify
the products from the ammonia electrolyzer. The ionic bypro-
ducts present in the solution were evaluated using a spectro-
scopic approach. Scheme S1 provides a diagram illustrating
our approach to analyzing the products formed at the anode
and the cathode. The products observed during the two stages
of the reaction are summarized in Table 2. In the first stage,
lasting the initial 2 minutes, only nitrogen was detected,
indicating the occurrence of ammonia oxidation to nitrogen.
However, after around 3 minutes, in addition to some nitrogen,
a substantial amount of oxygen and nitrate was detected. This
shift suggests that poisoning inhibits ammonia oxidation,
causing the oxygen evolution reaction and the conversion of
ammonia to nitrate to become dominant in the second stage.
We also found that during the transition from the first to the
second stage, the cathode potential exhibited a noticeable
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Table 2 Faradaic efficiencies for different products of two stages in
chronopotentiometry of 1 M NHs(ag) and 1 M KOH at 80 mA cm™2

Stage FE (N,) FE (0,) FE (NO,”) FE (NO,~)  Overall

1 99.3 + 2.8% —“
2 15.5 £ 0.4% 65.3 = 0.9% —

99.3 £ 2.8%
13.5 £ 0.0% 94.3 £ 1.0%

% Not detected or below the detection limit.

fluctuation between approximately 1.5 and 3.5 minutes, indi-
cating transient instability in the cathodic environment.
A possible explanation is a gradual increase in catalyst poison-
ing at the anode during this time span. As intermediates
accumulate, part of the anodic current is diverted to side
reactions that no longer produce water in a stoichiometric ratio
with electron transfer.”* This affects local water generation and
induces temporary instability in water transport across the
membrane, resulting in short-term variations in water avail-
ability at the cathode for HER.”””” Once the anodic process
becomes dominated by oxygen evolution, water transport sta-
bilizes, and the cathode potential returns to a relatively steady
state. Up to this point, CA and CP have demonstrated two
different effects of poisoning on ammonia electrolysis in an
MEA cell: (i) under constant voltage, the current density signifi-
cantly drops over time (lower AOR rate); and (ii) under constant
current, not only the voltage dramatically increases, but also
side-reactions occur once certain applied cell potentials are
reached: the oxygen evolution reaction and ammonia oxidation
to nitrate. To avoid operating the cell under high voltage,
resulting in undesired byproduct formation, it is necessary to
mitigate the effects of catalyst poisoning.

To evaluate the effect of operating conditions, we system-
atically studied four key parameters: (i) feed solution flow rate,
(if) [NH;], (iii) [KOH], and (iv) electrolyte composition. Fig. 4a
displays the CVs for 1 M NH3(aq) and 1 M KOH at a scan rate of
5 mV s ', with flow rates ranging from 1 to 10 mL min~".
All experiments demonstrated similar performance. This obser-
vation suggests that, within this range, mass transport in the
solution chamber is not limiting. While a flow rate of 1 mL min "

Anode (vs. RHE)
Cathode (vs. RHE)
Cell

(b)

0.5 4

Potential (V)

0.0 1

-0.5 4

o
[N
»
)
©
-
=)
-
N

Time (min)
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Chronopotentiometry of 1 M NHz(aqg) and 1 M KOH at 80 mA cm™2 at RT. During the first 2 minutes (region 1), ammonia oxidation to nitrogen takes place,
but after that, poisoning hampers ammonia oxidation, leading to the oxygen evolution reaction and the conversion of ammonia to nitrate starting to

dominate (region 2). The flow rate for all experiments is set to 4 mL min™.
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1

respectively. Higher flow rates reduce gas bubble accumulation and lead to more stable CVs, although they may also make the peristaltic pump’s
mechanical pulsation more apparent, introducing minor baseline fluctuations.

is probably adequate for MEA cell experiments, we decided to use
4 mL min~" for all the following experiments.

Subsequently, we varied [NH;]. Fig. 4b shows representative
results of the CVs for [NH;(aq)] ranging from 0.1 to 10 M in a
1 M KOH solution. Each experiment was repeated 2 to 3 times
to ensure reproducibility. In the figure, we observed that the
AOR peak potential initially shifts positively and then reverses
to a negative shift as the ammonia concentration increases.
As reported by Li et al., at concentrations below 1 M, the
reaction is limited by reaction kinetics, diffusion of reaction
products, local pH change, as well as possible surface poison-
ing, leading to a positive shift in peak potential with increasing
concentration.”® However, at higher ammonia concentrations,
faster surface poisoning by strongly adsorbed species such as
N* and NO* can significantly saturate the active sites, which
may shift the peak potential in the negative direction.”> The
sharp peaks (spikes) observed in Fig. 4b after 0.7 V are attributed to
bubble formation, typically occurring in high-concentration
ammonia solutions under high current density and low scan
rates, as consistently seen in subsequent experiments. These
peaks usually appear after the ammonia oxidation reaction
(AOR) peak (0.5-0.7 V), but unlike the AOR peak, they do not
occur at a consistent potential. Their occurrence coincides with
visible gas bubbles at the outlet, further supporting bubble
formation as their origin. Increasing the ammonia concentration
from 1 M to 10 M leads to a significant increase in peak current

© 2025 The Author(s). Published by the Royal Society of Chemistry

density. 10 M NHj;(aq) achieved a current density of 289 +
6 mA cm °. Minor fluctuations in the signal may arise from a
combination of small bubble formation and mechanical distur-
bances caused by the peristaltic pump.

Fig. 4c presents the CVs for KOH concentrations from 0.1 to
4 M with a constant 1 M NH;(aq) concentration. In this case,
a higher concentration of KOH, corresponding to a higher pH,
also resulted in an increased peak current density. At 4 M KOH,
the current density reaches 202 + 6 mA cm™ > The beneficial
effect, i.e., high current density, of higher ammonia and
hydroxide ion (OH ™) concentrations originates from both serving
as reactants in the anodic ammonia oxidation reaction. We also
observed that with increasing KOH concentration, the AOR peak
potential shifts positively in CV. This may be caused by the
following: (1) in MEA systems, local pH deviates from the bulk,
causing a positive shift when converting to the RHE scale;”*”? (2) a
high concentration of hydroxide can adsorb onto Pt surfaces,
occupying active sites and suppressing the adsorption of NH,
intermediates, causing higher overpotentials;”*®*° and (3) higher
hydroxide concentrations facilitate the accumulation of poisoning
intermediates, requiring higher overpotentials to sustain the
reaction, thus shifting the peak potential.”**!

We also studied whether the cation of the hydroxide has an
effect on ammonia electrolysis. Fig. 4d illustrates the CVs for
various supporting electrolyte compositions (CsOH/KOH/NaOH)
while maintaining 1 M NHj(aq) and 1 M OH . All experiments
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demonstrated similar performance. This observation, in connec-
tion with the findings related to OH™ concentration, suggests that
only the concentration of OH™ matters, while the type of cation
does not appear to have an impact.

To further understand how concentrations influence current
density, we also explored the possible effect of changes in
solution resistance. The solution resistances are measured
using PEIS at open circuit potential (OCP) (Fig. S9). Although
described here as ‘solution resistance’, the measured values
primarily reflect the ionic resistance of the membrane acting as
a solid electrolyte under operating conditions, rather than the
bulk resistance of the flowing solution. The solution resistance
for various concentrations of NHj;(aq) (with 1 M KOH) is
relatively constant, ranging from 0.19 to 0.22 Ohm (Fig. 5a).
This stability in resistance does not account for the observed
increase in current density with varying ammonia concentra-
tions. Fig. 5a demonstrates the non-linear relationship between
peak current density and ammonia concentration, showing a
sharp rise in current density at low ammonia concentrations
followed by a plateau as the concentration increases. At low
ammonia concentrations (<1 M), the steep rise in current
density suggests that the reaction rate is strongly influenced
by ammonia availability, while at higher concentrations (>1 M),
the curve levels off, indicating a diminishing effect on current
density with increasing ammonia concentration. This plateau can
be attributed to factors such as the kinetic limitations of the
catalyst surface saturation, where active sites on the electrode
become fully occupied by reactants or intermediates. This effect is
confirmed through experiments where we increased the anode
catalyst loading from 1 mg cm™* to 2 mg cm ™2 Pt. The electro-
chemically active surface area (ECSA) of the 2 mg cm™> Pt sample
(57 m?> g7') is similar to that of the 1 mg em 2 (55 m®> g~ ') Pt
sample (Fig. S4a). 2 mg cm™ > Pt showed a higher peak current
density of 308 + 5 mA cm™? (Fig. S4b) in 1 M NHj(aq) and 1 M
KOH and 568 + 3 mA cm™ 2 (Fig. S4c) in 10 M NH;(aq) and 1 M
KOH, which is 1.7-1.9 times that of 1 mg cm ™2 Pt (171 mA cm 2
and 289 mA cm™?). Moreover, an ammonia concentration of 5 M
yielded 261 + 1 mA cm ™2, only 10% less than the current density
observed at 10 M (289 mA cm ™). The marginal rise in current
density at ammonia concentrations exceeding 5 M does not justify
the use of more concentrated feeds.
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Fig. 5b shows the relationship between solution resistance
and KOH concentration (with 1 M NHj;(aq)), demonstrating a
decreasing trend in solution resistance as the KOH concen-
tration increases. At low concentrations of KOH (<1 M), the
solution resistance decreases rapidly, indicating a significant
increase in ionic conductivity due to the introduction of more
dissociated ions into the solution. However, at higher concen-
trations (> 1 M), the decline in resistance slows down.*> Fig. 5b
depicts the non-linear relationship between peak current den-
sity and KOH concentration, revealing that current density
increases with KOH concentration, similar to the case with
NH;, with a steep rise at lower concentrations and plateauing
at higher concentrations. At low KOH concentrations (<2 M),
the current density increases rapidly due to significant improve-
ment in either or both ionic conductivity and the kinetics. Beyond
2 M, the current density levels off, indicating that reaction kinetics
rather than solution conductivity becomes the primary constraint.
This plateau can also be attributed to the saturation of the catalyst
surface, as increasing the anode catalyst loading from 1 mg cm™>
to 2 mg cm ™2 Pt resulted in a higher peak current density of 351 &
3 mA cm ™ ? (Fig. S4d) in 1 M NHj(aq) and 4 M KOH, increasing
by 1.8 times (compared to 202 mA cm > of 1 mg cm > Pt).
In addition, a KOH concentration of 2 M yields a current density
of 189 + 1 mA cm ™, only 5% less than the current density at 4 M
(202 mA em™?). Increases in KOH concentration beyond 4 M
provide minimal additional benefit. Additionally, since the mea-
surements were not performed in the lower concentration range
(<0.1 M, not of interest in this study), the reaction order with
respect to [NH;] or [KOH] may not be conclusively determined
from the current data.*®

Both NH;(aq) and KOH concentrations have been shown to
influence current density positively. Individually, 5 M NH;(aq)
and 2 M KOH each resulted in a greater increase in current
density compared to 1 M NH;z(aq) and 1 M KOH. To evaluate
whether simultaneously increasing both concentrations would
result in a greater enhancement, the MEA cell was tested in 5 M
NH;3(aq) and 2 M KOH. The resulting peak current density is
352 + 4 mA cm™? (Fig. 6a). Furthermore, we increased the
anode catalyst loading from 1 mg cm > to 2 mg cm™ > and
observed a peak current density of 633 & 2 mA cm ™ > (1.8 times)
at less than 0.7 V (Fig. 6a), marking the highest reported value
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resistance at different KOH concentrations with 1 M NHs(aq) at RT. Error bars represent standard errors from 2 to 3 repeats.
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Fig. 6 (a) Cyclic voltammetry (5 mV s™3) of 5 M NHs(ag) and 2 M KOH at RT using 1 mg cm™2 or 2 mg cm™2 Pt. (b) Cyclic voltammetry (5 mV s7%)

of 5 M NHs(aq) and 2 M KOH at room temperature (20 °C) and 50 °C using 2 mg cm 2 Pt. The flow rate is set to 4 mL min™.

at room temperature using Pt as the catalyst. Increasing the
temperature from room temperature (20 °C) to 50 °C - below
the boiling point of 5 M NHj; solution (~70 °C*°) - can
further enhance the reaction kinetics, leading to a higher peak
current density of 702 + 4 mA cm > (Fig. 6b). This finding
demonstrates a synergistic effect between ammonia and hydro-
xide concentrations and highlights additional opportunities to
optimize reaction conditions.

Overcoming poisoning: pulsed electrolysis

Poisoning during ammonia oxidation is primarily caused by
strongly adsorbed overoxidized nitrogen species, such as N* or
NO*, that block active catalytic sites.>*** Inspired by prior
work,'® we presumed that a pulsed electrolysis approach could
mitigate some of the observed catalyst poisoning issues, by
electrochemically removing adsorbed species that accumulate
on the catalyst surface during sustained operation.*> We tested
this presumption in the MEA cell by applying an applied cell
potential pulse of —0.7 V to a solution of 1 M NH;(aq) and 1 M
KOH for 1 minute after every 10 minutes (10 cycles) at an
applied cell potential of +0.7 V. Compared to holding the
applied cell potential at +0.7 V for 120 minutes, with an average
current density of 21.1 mA ecm ™2, applying a pulse of opposite
potential allows the current to return to a high current density
close to the initial level (Fig. 7), resulting in a higher average
current density (including the regeneration time) of 26.7 mA cm ™2,
This confirms the hypothesis that the application of periodic
pulses allows for recovery of ammonia oxidation performance in
the MEA cell. XPS analysis (Fig. S10) of MEA anodes under three
operating conditions—before ammonia oxidation (pre-AOR), after
constant electrolysis, and after pulsed electrolysis—revealed a clear
trend associated with Pt poisoning and regeneration. The pre-AOR
sample showed no detectable N 1s signal, while a distinct nitrogen
peak appeared after constant electrolysis, indicating the accumula-
tion of N-containing poisoning species.®® After pulsed electrolysis,
the N signal nearly disappeared, confirming the effective removal
of nitrogen-bound species and the alleviation of Pt poisoning
under dynamic operation.

Next, we conducted long-term testing using a slightly mod-
ified pulsed electrolysis method. Instead of applying a pulse

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Chronoamperometric profiles of pulsed (red) and constant (black)

electrolysis of a 1 M NHz and 1 M KOH solution in an MEA cell at RT.

Compared to electrolysis at a constant potential of +0.7 V, pulsed

electrolysis was performed by applying a ‘pulse’ of —0.7 V for 1 min after

every 10 min at +0.7 V. The flow rate is set to 4 mL min™™.

after a specific time of operation (fixed ‘working’ phase), we set
a threshold for the current density. In specific, we maintained
the applied cell potential at +0.7 V (the same for all following
instances) during the working phase and applied a regenerat-
ing pulse of —0.7 V (the same for all following instances) for
1 minute once the current density dropped to the threshold of
20 mA cm > Setting the threshold is intended to prevent the
current density from dropping to a level that is impractical for
application.

We also conducted this and the subsequent experiments
using 10 M NH;(aq) and 1 M KOH by recirculating the solution
(a total of 1 liter) to simulate possible industrial operation
conditions. A high NH; concentration not only enables higher
current density, as discussed in the previous section, but it also
more closely resembles a practical operation condition, and
ensures a more stable concentration over time, which is bene-
ficial for continuously recirculating operation. Moreover, re-
circulation of the solution would facilitate the observation of
possible minor byproducts, as they would accumulate.

EES Catal.
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Fig. 8 The pulsed operation method applied to a 10 M NHs(aq) and 1 M KOH solution (flow rate: 4 mL min~, RT) (working phase: hold at +0.7 V until a
threshold of 20 mA cm™2 is reached; regeneration phase: hold at —0.7 V for 1 minute). (a) Repeated application of the pulse sequence over time for cycles
48-52 out of a total of 100 pulses and (b) the measured current density over time for the same set of working/regeneration cycles.

In practice, the current density threshold inducing the
regeneration pulse was reached approximately every 60 minutes.
We ran this experiment for 100 cycles. The entire process
exceeded 100 hours, demonstrating the durability of the cell
using the pulsed electrolysis method. Fig. 8a illustrates the
application of potential over time for the middle five working/
regeneration cycles (48-52 pulses). Fig. 8b presents the mea-
sured current density over time for the middle five working/
regeneration cycles (48-52 pulses). Fig. S11a indicates that the
duration of the working phase increases with the number of
cycles during the first 20 cycles, a direct result of the gradual
conditioning of the MEA, but the working phase decreases
afterward, presumably due to persistent poisoning effects.

During the working phase at a cell voltage of +0.7 V, the
average anode potential was 0.63 V with an average current
density of 34.7 mA cm 2 (Table 3). Nitrogen gas was the only
product detected at the anode, with a faradaic efficiency close
to 100% (99.8 + 1.6%). Meanwhile, oxygen and other nitrogen
species (NO,  and NO; ) were below the detection limit
(0.23 mg L' NO;-N and 0.015 mg L™ ' NO,-N). On the cathode
side, hydrogen was the only product observed, also showing a
faradaic efficiency near 100% (101.5 + 1.4%), at an average
hydrogen production rate of 1.31 x 10> ¢ ecm 2 h!
(see Methods, “Product Analysis and Calculation of Faradaic
Efficiency — Calculation of Hydrogen Production Rate’). Thus,
the ratio of H, to N, is 3.05 & 0.06, as expected. These findings
confirm that ammonia oxidation to nitrogen occurred exclu-
sively in the MEA cell, with minimal or no production of NO,,
oxygen, or other byproducts. The total charge consumed during
the working phase (1.28 x 10* C cm™?) far exceeds the total
charge used for regeneration (—5.46 x 10> C cm™?) (Table 3),

demonstrating that the majority of energy (96%) is directed
towards ammonia electrolysis rather than the regeneration
process. During the process, ammonia crossover from the anode
side to the cathode side occurs at a rate of 0.042 mmol min "
(detected by GC), which accounts for the loss of only 0.26 mol
(compared to 10 mol) of ammonia over the process.

To minimize energy loss during the regeneration phase and
to increase the average current density of the overall process,
we (i) examined whether we could reduce the regeneration time
and (ii) explored the effects of increasing the threshold to
40 mA cm 2 or 60 mA cm 2. In the first set of experiments,
we adjusted the regeneration time, varying it from 1 minute to
0.1 seconds (with a threshold of 40 mA cm > during the
working phase) (partial in Fig. 9, complete in Fig. S12). Each
experiment was conducted over six cycles with 10 M NH;(aq)
and 1 M KOH to assess whether the successive cycles overlap or
not. Overlapping cycles would indicate a sufficiently long
regeneration time. As shown in Fig. 9 and Fig. S12, when the
regeneration time exceeds 1 second, the catalyst is effectively
reactivated, performing nearly as well as in its initial state.
In addition, longer regeneration times (>1 s) slightly prolong
the period before the current density reaches the threshold,
indicating better recovery of active sites and enhanced electro-
lyzer durability. In contrast, a regeneration time of 0.5 s leads to
a noticeable decline in working time (before reaching the
threshold) across cycles. Further reducing the regeneration
time to 0.1 s causes the working time to drop significantly to
less than 200 s, with a rapid decline evident in subsequent
cycles. These findings suggest that a regeneration time exceed-
ing 1 s is necessary for effective catalyst reactivation in pulsed
electrolysis operation. Table S2 compares the average current

Table 3 Average potentials, current densities, total time, and charge per unit area of working and regeneration phases in the long-term testing of 10 M
NHs(ag) and 1 M KOH with pulsed electrolysis at 0.7 V (1 min regeneration, 20 mA cm™2 threshold)

Average anode Average cathode Average current Total Total charge per
potential (V vs. RHE) potential (V vs. RHE) density (mA cm™?) time (h) unit area (C cm™?)
Working 0.63 —0.07 34.7 102.8 1.28 x 10*
Regeneration —0.09 0.61 -91.0 1.7 —5.46 x 10”
EES Catal. © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Chronoamperometric profiles of pulsed electrolysis with varying regeneration durations: (a) 0.1s, (b) 0.5s, (c) 1 s, and (d) 10 s. Each condition was
tested over six cycles in 10 M NHs(aq) and 1 M KOH at RT, with a threshold current density of 40 mA cm~2 during the working phase. The flow rate is set to
4 mL min~%. Representative results are presented; the full dataset is shown in Fig. S12.

density and charge ratio (working charge over total charge) over
six cycles, highlighting that a regeneration time of less than
5 seconds ensures that more than 98% of the charge and energy
are utilized for the working phase. We conclude that for the
experimental conditions tested, a regeneration time of 1 s
guarantees both catalyst reactivation and energy efficiency.

In the second set of experiments, we focused on increasing
the current density threshold during the working phase, aiming
to enhance the average current density. In the first set of
experiments, we had already confirmed that with a threshold
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of 40 mA cm™?, the average current density was higher com-
pared to a threshold of 20 mA ecm ™. Ultimately, we raised the
threshold for the working phase to 60 mA cm ™2 (at an applied
cell potential of +0.7 V) and set the regeneration time to
1 second (at an applied cell potential of —0.7 V). Using the
pulsing operation method, we conducted long-term testing for
100 cycles with a 10 M NH;3(aq) and 1 M KOH solution. The
regeneration pulse occurred approximately every 10 minutes.
Fig. 10a illustrates the application of applied cell potential
and the measured current density over time (48-52 pulses).
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Fig. 10 (a) The pulsed potential method in 10 M NHs(ag) and 1 M KOH (flow rate: 4 mL min~?, RT) (working phase: hold at +0.7 V until the threshold of
60 mA cm™2 is reached; regeneration phase: hold at —0.7 V for 1 s): measurement of current density over time (48-52 pulses). (b) Simulation of the
achievable average current density and working charge ratio over 100 cycles as a function of current density threshold.

© 2025 The Author(s). Published by the Royal Society of Chemistry

EES Catal.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ey00324e

Open Access Article. Published on 09 December 2025. Downloaded on 12/25/2025 12:48:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Fig. S11b indicates the duration of the working phase. As in
our prior experiments, nitrogen and hydrogen were the only
products on each side with faradaic efficiency close to 100%
(N,: 98.7 £ 1.9%, H,: 97.6 & 1.6%), indicating the occurrence of
ammonia electrolysis exclusively, yielding nitrogen and hydro-
gen (Hy:N, = 2.97 + 0.08). During the working phase, the
average current density is 68.2 mA cm™?, accounting for
99.7% of the total 10.6 hours, while only 0.3% was allocated
to the regeneration phase (Table S3). This average current
density corresponds to a hydrogen production rate of 2.57 x
1072 g em™> h™". Most of the charge and energy (98.3%) was
allocated to the working phase of ammonia electrolysis rather
than the regeneration process, resulting in an overall energy
efficiency of 68.5%, which is comparable to the energy effi-
ciency reported for the thermal cracking process (61.0-68.5%).”
From the EIS results at 0.7 V (Table 1) and the observed anode
potential during pulsed electrolysis (Table 3), we infer that the
major energy losses originate from anode resistance-related
overpotentials, providing a clear direction for further efficiency
improvement through enhanced anode design and catalytic
activity. This ammonia electrolysis performance at +0.7 V that
we report here, with room for further optimization, demon-
strates the promise of this method to replace the thermal
cracking process in converting ammonia to hydrogen. Compared
to the MEA cell developed by Zhang et al., which operated at
90 °C with a high anode loading of 5 mg cm > PtIr/C and
achieved an average current density of 100 mA cm™>2,'® our MEA
system reaches a comparable current density of 68 mA cm™>
under significantly milder conditions—room temperature and
a lower catalyst loading of 1 mg ecm ™2 Pt. While there remains
room for catalyst optimization, these results highlight the
efficiency of our design and operational conditions. Mean-
while, Gecgel et al. demonstrated the scalability of a 3000 cm?®
bipolar ammonia electrolyzer for wastewater treatment, although
their device operated at highly diluted ammonia concentrations
representative of wastewater, with a faradaic efficiency of ~70%
over 260 minutes.>® By comparison, our MEA system sustains a
higher current density over a much longer duration (more than
10 hours) and employs ammonia concentrations representative of
industrial hydrogen production, achieving nearly 100% faradaic
efficiency during the working phase.

To establish the optimum current density threshold during
the working phase, we conducted simulations of 100 cycles at
various current density thresholds, based on the results of the
previous pulsing experiment (working potential of +0.7 V with
varied thresholds and regeneration potential of —0.7 V for 1 s).
We hypothesized that the regeneration phase would remain
unchanged while varying the working thresholds above
60 mA cm >, We then calculated the average current density
and the working charge ratio, defined as the proportion of
charge applied during working phases as a fraction of the total
charge applied, for each condition over 100 pulse cycles.
Although higher thresholds generally result in greater average
current densities, they also reduce the working charge ratio
(Fig. 10b). The plot of these simulation results shows that
the working charge ratio decreases with increasing threshold.
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This simulation data now can provide guidance for achieving
certain performance levels in terms of working charge ratio: by
following the blue and red arrows in Fig. 10b, one can see that
to maintain a working charge ratio above 90% (meaning that
over 90% of the charge is used during working phases) a
threshold at or just below 75 mA cm™> (average current density
of 90 mA cm?) is required. To resemble a typical 10 MW water
electrolyzer, consuming approximately 50 kWh of energy to
produce 1 kg of hydrogen,®” the MEA-based ammonia electro-
lyzer with an average of 90 mA cm > (achievable performance
based on data in Fig. 10b) under pulsed operation would
require a total electrode area of approximately 5900 m®. This
area could be realized by configuring 60 stacks, each containing
200 cells with an active area of 0.49 m?> per cell. This scaling
analysis serves as a feasibility illustration, and further improve-
ments in catalyst activity and operating conditions would
proportionally reduce the required electrode area and stack
number.

Conclusions

This study compared three cell designs for ammonia electro-
lysis, identifying the MEA cell as an optimal cell configuration
due to its reduced Ohmic/charge transfer resistance and
enhanced mass transport. However, the performance of MEA
cells for ammonia electrolysis remains constrained by sluggish
kinetics and catalyst poisoning - two central challenges to
the viability of ammonia electrolysis. CA and CP experiments
confirmed the occurrence of poisoning: under constant cell
voltage operation, the current density drops over time, while
constant current operation results in a leap in cell voltage and
byproduct formation.

To address these challenges, two strategies were employed
to improve MEA cell performance. First, parameter optimiza-
tion demonstrated that solution flow rate (1-10 mL min ') and
hydroxide cation type (Na'/K'/Cs") had negligible impacts,
while higher NH;3(aq) and KOH concentrations boosted the
current density for ammonia oxidation. A peak current density
exceeding 600 mA cm~? was achieved with 5 M NH;(aq) and
2 M KOH—the highest reported value for Pt-catalyzed ammonia
electrolysis at room temperature, even higher than current
densities reported previously when operating at 60 °C (at less
than 0.7 V vs. RHE).*' Second, we demonstrated that a pulsed
potential operation method mitigated poisoning, enabling
stable operation of the MEA electrolysis cell over more than
100 hours. Pulse optimization (a minimal regeneration time of
1 second at —0.7 V; setting a current density of 60 mA cm ™2 as
the threshold to induce the regeneration pulse, when operating
the cell at a working potential of +0.7 V) achieves an average
current density of 68 mA cm 2. Indeed, catalyst activity is
restored upon applying a negative pulse for just 1 second. This
set of operation conditions and the resulting average current
density correspond to high efficiency in charge utilization
(>98%) during ammonia electrolysis, while achieving an overall
energy efficiency of 68.5%, which is comparable to the energy
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efficiency reported for the thermal cracking process (61.0-68.5%).>
This approach exclusively produced N, and H, during the working
phases (N,-FE: 99 =+ 2%, H,-FE: 98 + 2%) at the expected ratio
of 1 to 3. These results suggest that both major barriers to
ammonia electrolysis, insufficient performance and catalyst
poisoning, can be effectively mitigated through appropriate
cell design and operation. Thus, MEA-based ammonia electro-
lysis may hold promise to be further developed as a possible
alternative to conventional thermal cracking. Furthermore,
the pulsed ammonia electrolysis process occurs at ambient
temperature with electricity as the sole energy input. This
differs from thermal ammonia cracking, which operates at higher
temperatures and needs continuous thermal energy. In contrast,
the low-temperature operation of ammonia electrolysis implies
benefits in system integration and decentralized deployment.

The scalability of this system is inherently favorable because
the MEA configuration can be directly adapted to stack designs
similar to commercial water electrolyzers. The optimized oper-
ating condition identified in this study (5 M NH; and 2 M KOH
at RT) is mild and industrially practical, and the demonstrated
dynamic operation strategy can be readily implemented in
larger systems through electronic control.

It is worth emphasizing that the performance achieved in this
work, exceeding 600 mA cm ™ at room temperature, is among the
highest reported for MEA-based ammonia electrolysis employing
platinum catalysts at moderate loadings (1-2 mg cm ?).*%*?
Although comparable current densities have been reported
using greater catalyst loadings or multi-metal alloys at elevated
temperatures, the present study demonstrates that similar or
even superior performance and long-term durability can be
realized using moderate loading of only monometallic Pt
through optimized reactor design and dynamic operation at
even room temperature, which is particularly desirable for
practical applications. Furthermore, this work establishes a
systematic methodological framework that integrates reactor
configuration, parameter optimization, and dynamic control
strategies to simultaneously achieve high current density,
extended durability, and high energy efficiency. This framework
also implies that, by applying the same design principles, even
higher performance and durability could be achieved when
employing more poison-resistant catalysts under higher tempera-
ture and loading conditions. This integrated approach offers not
only a practical performance advance but also a generalizable
pathway for the rational design of next-generation ammonia
electrolysis systems.

Insights from this work, as well as from prior work, suggest
several directions for future study. First, future work could
investigate whether the use of other AOR catalysts with lower
overpotentials and/or greater resistance to poisoning,>®3*%7388-%0
such as PtIr, PtRh alloys91 and Pt/TiO,*® reported in recent studies,
when applied in MEA cells operated with the here-introduced
pulsed electrolysis method, could further improve performance,
while reducing the total precious metal content. Second, a more
systematic approach, such as design of experiments (DOE),
response surface methodology (RSM), or Al-guided optimization,
could be employed to further refine the operational parameters,

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

identify optimal concentration ratios, pulsing potentials, and
working current thresholds, and ultimately mitigate poisoning
effects and prolong stable operation. Third, evaluating the
feasibility of using ammonia gas, whether anhydrous or humi-
dified, as a direct feedstock in MEA cells might hold promise.
This strategy would remove the need to dissolve ammonia
in water prior to electrolysis, simplifying the overall process.
Fourth, system-level aspects should be considered for further
performance improvements. These include addressing ammo-
nia crossover from the anode to the cathode, as it compromises
hydrogen purity and may poison downstream fuel cells; studying
long-term operation at varying (elevated) temperatures to gain
insight into durability and associated degradation mechanisms;
and scaling single MEA cells to large-area, multi-cell stacks.

All these aspects will be of importance to transition ammo-
nia electrolysis concepts for deployment at large scale. Progress
in these research areas will pave the way for the broader
adoption of green ammonia as a renewable energy carrier,
speeding up its role in the transition to sustainable energy
systems.

Experimental
Preparation of electrolytes

All electrolyte solutions of ammonia and KOH were prepared by
dissolving KOH (85%, Sigma Aldrich) in Barnstead E-pure water
(>18 MQ cm) and mixing with ammonium hydroxide (28-30%
NH; in water, 14.8 M, VMR). In the electrolyte composition
analysis, we replaced KOH with NaOH (97%, Sigma Aldrich)
and CsOH (99.5%, Sigma Aldrich).

Preparation of electrodes

The anode and cathode gas diffusion electrodes (GDEs) (Fig. S13)
were prepared by spraying the catalyst ink on carbon paper using
an ultrasonic coating system (ExactaCoat, Sono-Tek). Gas
diffusion electrodes consist of two main layers: a catalyst layer,
where reactions occur on the catalyst’s surface, and a gas
diffusion layer (carbon paper), which allows gas and liquid to
diffuse from one side to the other. The carbon paper without
the microporous layer (MPL) (AvCarb, MGL280, Fuel Cell Store)
was used for the anodes of the batch cell, the cathode of the
batch cell, and the anode of the MEA cell for better transporta-
tion of solution. The carbon paper with a microporous layer
(AvCarb, GDS5130, Fuel Cell Store) was used for the anode of
the flow cell, the cathode of the flow cell, and the cathode of
the MEA cell for better water management and prevention of
flooding issues.®’ The two carbon paper substrates are very
similar in all key physical and electrical properties, including
thickness, porosity, and conductivity,”>** except for the presence
or absence of an MPL. However, for electrodes operating without
an MPL, the electrolyte tended to penetrate through the carbon
paper from one side to the other, resulting in flooding. The
MPL effectively suppresses such crossover due to its hydropho-
bicity and fine-pore structure, which increases capillary pres-
sure and acts as a physical barrier against liquid penetration.”*
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Therefore, the selection of MPL-coated or non-MPL carbon
paper varied slightly among cell configurations to ensure stable
and optimal operation. The observed operational differences
should primarily originate from wettability and interfacial
contact, rather than from differences in conductivity or bulk
physical properties of the carbon paper substrates.

We used commercially available Pt NPs (high surface area,
5-8 nm, Fuel Cell Store) as catalysts for both the anode and
cathode, and the target catalyst loading was 1 mg cm 2.
Catalyst inks were prepared from a 1:1 mixture of isopropyl
alcohol (IPA) and DI water with Sustainion® XA-9 (5% in
ethanol, Dioxide Materials) as the binder and the catalyst
powder. The catalyst-to-binder weight ratio was 10: 1. The inks
were sonicated in a water bath for one hour to ensure uniform
dispersion, and then sprayed onto respective carbon papers
with a geometric area of 8 x 8 cm?, which were then cut into
shapes according to their use for different cells. The actual
catalyst loading was determined by weighing the carbon paper
before and after deposition. The final catalyst loadings were all
1 + 0.05 mg cm ™2 unless specified otherwise.

Assembly of cells

Batch cell. GDEs are clipped by PTFE replaceable titanium
electrode holders (Dek Research), with a 1 cm® active area
immersed in water alongside the reference electrode, all placed
in a single 50 mL glass bottle without any rotation (Fig. S1).

Flow cell. The home-built flow cell (1 cm” active area) was a
modified version of a gas diffusion flow cell (Dek Research).
The anode and cathode electrodes were positioned on two
purpose-built Ti plates as current collectors, sandwiching the
solution chamber (1 cm thick) with the inserted reference
electrode. Both the anode and cathode gas chambers were
placed next to the Ti plates to allow the gas products to escape
(Fig. S2). All chambers in the flow cell and also in the following
MEA cell were made of PEEK to prevent ammonia-induced
corrosion and sealed by PEEK end plates. PTFE and silicone
gaskets were used to seal the cell.

MEA cell. The home-built MEA cell (1 cm” active area) was
also modified based on a gas diffusion flow cell (Dek Research).
It was assembled by placing the anode and cathode catalyst
electrodes prepared above on Ti plates. A Sustainion™ X37-50
Grade RT (Dioxide Materials) anion exchange membrane (soaked
in 1 M KOH for 24 h) was placed between the anode and cathode
electrodes to form the MEA. The MEA was situated between the
anode solution chamber (1 cm thick) and the cathode gas
chamber. End plates sealed all chambers (Fig. S3).

Electrochemical reactor operation and analysis

All electrochemical experiments were performed under room
temperature (20 °C) and atmosphere pressure. All GDEs for
experiments were 1 cm?® A peristaltic pump (BG600LC-S,
Chonry) was used to pump the electrolyte through the solution
chamber for both flow and MEA cells at a desired flow rate of
4 mL min~", except for the study on the effect of solution flow
rate. Flow controllers (MC-100SCCM, Alicat Scientific) are used
in all the cells to control inert gas (Ar/He) for various purposes:
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(1) batch cell: argon flows over the top of the glass bottle to
prevent air from entering; (2) flow cell: argon and helium flow
separately on the cathode and anode gas chambers to prevent
air from entering; and (3) MEA cell: argon flows through the
water trap for the MEA-GC system to carry out the anode gas
product for analysis, while helium flows through the cathode
gas chamber to blow out the cathode gas product for analysis,
also serving to prevent air from entering the gas chamber.
Ammonia electrolysis experiments, including CV, EIS, CA, CP,
and pulsed electrolysis, were carried out by using a potentiostat
(Interface 5000E, Gamry). A Hg/HgO electrode (filled with 1 M
KOH) was used as the reference. All electrode potentials were
converted to the reversible hydrogen electrode (RHE) by using
the Nernst equation: E (vs. RHE) = E (vs. Hg|HgO) + 0.098 V +
0.059 V x pH. During testing, current densities and potentials
exhibited minor fluctuations due to gas bubble evolution
(spikes) and the periodic motion of the peristaltic pump (within
+3% of the peak current density), particularly at high current
densities with concentrated NH;(aq). However, these fluctua-
tions did not influence the overall trends or alter the positions
and magnitudes of the peaks. Therefore, the data presented
are considered reliable and representative, and the minor
fluctuations do not influence the interpretation of electro-
chemical behavior.

Cyclic voltammetry. Unless specified otherwise, cyclic vol-
tammetry (CV) was recorded in a 1 M NH;3(aq) and 1 M KOH
electrolyte at a scan rate of 5 mV s~ over an anodic potential
range from 0.05 to 1.0 V (vs. RHE). In the flow and MEA cells,
the solution flow rates are set to 4 mL min". In this study,
onset potentials are defined as the crossover potential that
occurs after the ammonia adsorption peak (0.2-0.4 V) during
the anodic sweeps of the CVs for both the experimental group
(KOH only) and the control group (NH;(aq) and KOH). Applied
cell potentials during the CVs of the anode are recorded using a
Digital Multimeter (365B, Hantek). Where necessary, iR com-
pensation was performed with the software associated with the
potentiostat (Gamry Echem Analyst) using the Post-Run iR
correction method. Anode potentials were adjusted based on
the solution resistance between the anode and reference elec-
trode, measured using potentiostatic EIS (PEIS) at open circuit
potential (OCP) (batch cell: 1.6 Ohm, flow cell: 5.0 Ohm, MEA
cell: 0.1 Ohm).

Electrochemical impedance spectroscopy. EIS was performed
using the potentiostat’s EIS module. The spectra were recorded in
potentiostatic mode (PEIS) at OCP and at an applied cell potential
of 0.7 V. Ten points per decade were scanned in the range from
10 kHz to 0.1 Hz. A single sine wave with an amplitude of 10 mV
RMS for PEIS was used for the sweep.

The Nyquist plots obtained in this study were fitted to a “two
series circuits and solution resistance”” model as an equivalent
circuit®® using the Gamry Echem Analyst module. The model
is shown in Fig. S7. R.E. stands for the reference electrode,
W.E. stands for the working electrode, R1 represents the
solution resistance (resistance of the membrane), R2 is the
anodic charge transfer resistance, R3 is the cathodic charge
transfer resistance, Yo4 is a constant phase element (to model
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the non-ideal behavior of the EDL) for the anode side, and a5 is
the exponent associated with Yo4. Similarly, Yo6 is a constant
phase element for the cathode side and a7 is the exponent
associated with Yo6.

Chronoamperometry and chronopotentiometry. Chronoam-
perometry of the MEA cell was measured with 1 M NH;z(aq) and
1 M KOH, flowing at 4 mL min ", at half-peak anode potential
in the CV and at an applied cell potential of 0.7 V. Chrono-
potentiometry of the MEA cell was measured with 1 M NH;
and 1 M KOH, flowing at 4 mL min~" at 80 mA cm ™2, which is
around the half-peak current density in the CV. During the
chronoamperometry of the anode, applied cell potentials are
recorded using a digital multimeter. In the chronoampero-
metry of the cell and chronopotentiometry, we used a potentio-
stat to measure the potentials of both the anode and cathode
simultaneously.

Pulsed electrolysis. The cycling series includes both the
working and regeneration phases. During the working phase,
we maintained the applied cell potential at +0.7 V. During the
regeneration phase, we applied a regenerating pulse of —0.7 V
for a specific duration once the current density dropped to a
certain threshold. Product analysis was conducted throughout
the working phase. While maintaining the applied cell potential,
the potentiostat measured both the current density and the
potentials of both electrodes if necessary at the same time.

Characterization of materials

Scanning electron microscopy (SEM) was performed on untreated
and catalyst-coated carbon papers using a Thermo Fisher Axia
ChemiSEM and a JEOL JCM-7000 NeoScope benchtop SEM. For
the XPS analysis, the operation for the electrode remained the
same as in the standard test, while the binder was replaced with
Nafion D521 (5 wt%, Ion Power) and the membrane was
substituted with alkaline-treated Nafion 212 (Ion Power) to
avoid interference from nitrogen signals originating from the
binder and membrane. After electrolysis, the catalyst surface
was rinsed with DI water and dried under Ar flow. The sample
was then transferred into the XPS vacuum chamber. High-
resolution spectra were collected in the N 1s region and fitted
using CasaXPS v2.3.26.

Product analysis and calculation of faradaic efficiency

Products from the MEA cell were analyzed by using an online
gas chromatograph (8890 GC System, Agilent Technologies)
equipped with a thermal conductivity detector, using helium
(for O,/N, detection) and argon (for H, detection) as the carrier
gas. During operation, a water trap was utilized to separate the
gas produced on the anode side from the solution. The GC
subsequently analyzed the gas products on each side using
packed columns (Molesieve 5A, 80/100 mesh, 6’ length, 1/8”
diameter, Agilent). Crossover ammonia was also analyzed by
GC using a capillary column (CP-Volamine, fused silica, 60 m
length, 0.32 mm ID, Agilent). The ionic byproducts in the
solution, including nitrate and nitrite, were analyzed using
a Nitrate and Nitrite TNTplus Vial Test Kit (detection limit:
0.23 mg L' NO;-N and 0.015 mg L~ ' NO,-N, Hach) with a
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commercial spectrophotometer (DR3900, Hach). A schematic
diagram showing the simultaneous MEA-GC analysis is shown
in Scheme S1.

Calculation of gas product faradaic efficiency

gas product ratio in the carrier gas x carrier gas flow rate

FE 22.4 L mol-!

electron transferred per molecule x Faraday constant
X
current

The gas product ratio in the carrier gas was measured using gas
chromatography (GC). The carrier gas flow rates were con-
trolled by using mass flow controllers. The number of electrons
transferred per H, molecule is 2, and per N, molecule is 6.
Additionally, the current was calculated by averaging the work-
ing phase during pulsed electrolysis.

Calculation of ionic product faradaic efficiency

FE concentration of ions x solution flow rate

current

x electron transferred per ion x Faraday constant

The concentration of ions in the solution was measured using
the Vial Test Kit in the commercial spectrophotometer. The
solution flow rate was controlled by using the peristaltic pump
(BG60OLC-S, Chonry). The number of electrons transferred per
NO, ™ ion is 6, and per NO;™ ion is 8. Additionally, the current
was calculated by averaging the working phase during pulsed
electrolysis.

Calculation of hydrogen production rate
Hydrogen production rate

_hydrogen ratio in the carrier gas x carrier gas flow rate
N 22.4L mol-! x 1 cm?

X ]\/[H2

The hydrogen ratio in the carrier gas was measured using gas
chromatography (GC). The carrier gas flow rates were con-
trolled by using mass flow controllers. My, is the molar mass
of H,, which is 2 g mol™.

Calculation of ammonia crossover rate
Ammonia crossover rate

ammonia ratio in the carrier gas x carrier gas flow rate
22.4 L mol-!

The ammonia ratio in the carrier gas was measured using
gas chromatography (GC). The carrier gas flow rates were
controlled by using mass flow controllers.

Table S4 provides the raw data, specifically GC and spectro-
photometer product data for the anode and the cathode chan-
nels for different runs.
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Calculation of applied cell potential requirement

The current status of the energy efficiency of the NH;-to-H,
conversion process (%) based on the thermal cracking method
is 61.0-68.5%.> To compete with thermal cracking as a more
efficient cracking technique, ammonia electrolysis must
achieve at least the same level of energy efficiency. The ammo-
nia electrolytic cell efficiency was expressed using the following
equation:

L 3><AI‘IH2
© T 2% AHyp, + 6 x F x AE

where AHyy is the lower heating value of H, (242.7 k] mol ™),
AHyp, is the lower heating value of NH; (320.1 kJ mol 1),
F is Faraday’s constant (26.8 Ah mol™") and AE is the applied
cell potential.’” Assume ¢ to be 61.0-68.5%, AE is calculated as
0.730-0.956 V.
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