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ABSTRACT: Ammonia, a crucial component in fertilizers and
fuels, is currently produced by the energy-intensive Haber-Bosch
process. However, due to the high upfront investments required
for large-scale centralized production, alternative routes for small-

scale applications are being sought.

We integrate an in-liquid plasma discharge with electro-
catalysis for ammonia generation from nitrogen and
water in a single reactor. Among materials tested, platinum
emerged as the most stable and active catalyst, it evolves
hydrogen without plasma but produces significant ammonia
under cold or hot in-liquid plasma. Our system employs a dual
mechanism: plasma activates N,, while the elevated Pt
electrode temperature drives water decomposition (thermally
and via plasma pathways), releasing reactive hydrogen. This
synergy stabilizes key NH intermediates, enabling ammonia
production beyond conventional electrocatalysis and eliminat-
ing the need for added hydrogen. Under optimized plasma
conditions, partial current densities up to 3 mmol h™' ecm™ at
250 mA cm? are achieved. Control measurements across
various metals confirm a synergistic plasma-catalysis effect.
Ammonia (NH;) production through the Haber—Bosch
process has been a transformative achievement that enabled
quadrupling global agricultural output and, thus, supporting a
world population of over eight billion. Recently, ammonia has
garnered attention as a potential green energy vector, where
hydrogen produced from water electrolysis and renewable
energies is used to generate green NH;, which can then be
thermally or electrochemically decomposed to release the
green hydrogen on demand. However, the optimized Haber—
Bosch process necessitates high operating temperatures (>400
°C) and pressures (>200 atm) and requires cost-intensive
upfront investments for large-scale centralized production.””
Additionally, the associated infrastructure requires substantial
investments in H, feedstock generation, ammonia trans-
portation, and storage.3 Thus, small- to medium-sized,
decentralized alternatives for ammonia production are highly
sought after, especially the ones powered by renewable energy
sources such as solar and wind for direct, on-demand NHj;
production.™’

Electrochemical ammonia synthesis, directly from nitrogen
(N,) and water, holds promise for small-scale, environmentally
sustainable ammonia production, with potential economic and
social benefits, particularly in developing countries and remote
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areas lacking sufficient infrastructure.”® Thus, the electro-
catalytic nitrogen reduction reaction (NRR) has received
interest as a promising avenue for small-scale NH; production.
However, direct NRR faces intrinsic limitations due to the
unreactive nature of triple-bonded N,, its low solubility in
water, and limited durability of nonaqueous electrolyte
alternatives.”*

Conversion of the stable N, into a more reactive
intermediary form is a critical step during this process. For
the electrocatalytic NRR, various strategies have been explored
to activate the triple bond of N,,*"~"* including lithium redox
intermediates, transition metal catalysts, metal nitrides, and
molecular catalyst systems.”'>'*~"" Lithium-mediated path-
ways remain an important example, where the Li redox
intermediate is thought to play a critical role in N, activation.
Besides the electrocatalytic pathway, plasma has been also
tested in various plasma conditions. Further, it has been
recently postulated that inactive catalyst materials may be
activated utilizing spin-mediated promotion by the addition of
hetero metal atoms.'®'? Alternatively, a pathway utilizing
nitrite and nitrates (NO;~ and NOZ ) as highly soluble
intermediates is under investigation. ta-te NOx, derlved from
these species can be readily converted into NH;."” However,
industrially, nitrites and nitrates are typically produced from
ammonia via the greenhouse gas intensive Ostwald process.”’
Historically, thermal plasma and arc furnaces were used for
nitrogen fixation, which, in fact, predated the development of
the Haber-Bosch process, but faced energy efficiency
challenges.”"** The application of plasmas in combination
with liquids has been explored in a range of laboratory-scale
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Figure 1. Setup and electrochemical performance. (a) Schematic representation of the reactor cell, with the cathode being enclosed within an
insulating gas tube, and the Pt anode foil surrounding the external surface of the gas tube. 0.5—4.0 mm of the inner electrode is exposed to the
electrolyte. Gas is evolving from the exposed area of the inner electrode and additionally, N, is injected from within the gas tube. (b) Schematic of
relevant interfacial processes. The governing effects at the interface are the excitation-ionization (EI) of gas/vapor molecules, secondary electron
emission (SEE) and radiative recombination. Sputtering is unlikely to occur at the applied voltages, but local hot spots in the plasma may eject
metal atoms from the cathode. (c) Polarization curves of Pt acting as cathode material up to —10 V (top), with solution resistance (bottom).
Current values are average values over S min chronoamperometry at each potential. Error bars represent standard deviation. The legend
distinguishes experiments with Pt cathode under N, plasma (Pt/N,) from those without N, flow (Pt, HER-only control). (d) Continuation of the
diffusion-limited current—voltage curve as measured by the high-voltage probe, revealing a voltage breakdown and plasma ignition at approximately

80 V with 0.07 L min™"' N, gas flow and around 70 V without N,.

) . . . . . . 23,24
configurations, including dielectric barrier discharges,

gliding arc plasmas,” plasma-over-liquid systems,”*** and
plasma—liquid bubble reactors. These approaches have
demonstrated that temperature,29 discharge mode, and gas—
liquid mass transfer strongly influence nitrogen activation in
N,/H,0 plasmas. However, plasma-over-liquid and bubble-
based systems often operate without direct contact between
the plasma and a solid electrode and therefore predominantly
favor nitrogen oxidation pathways (NO, formation), rather
than sustained NH; synthesis.””*° In contrast, in-liquid
electrode plasmas can introduce direct plasma—electrode
coupling, which fundamentally alters the local reaction
environment by modifying hydrogen availability and enabling
surface-mediated stabilization of reactive nitrogen species.
Here, we report an in-liquid plasma approach to ammonia
synthesis in aqueous media, in which a metal cathode operates
within a submerged plasma discharge with the goal of
overcoming the low current densities and NH; production
rates typically reported for purely electrocatalytic nitrogen
reduction reaction (NRR). The process couples plasma
activation of N, and H,0 vapor with potential surface
reactions on the heated cathode. We study the electrochemical
response of our reactor and various electrode materials and
feed conditions to identify and understand key parameters
influencing the efficiency and kinetics of ammonia formation.
Additionally, optical emission spectroscopy (OES) provides
key insights into the plasma properties and ammonia
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production rates. In our approach, we harness not only the
energetic activation of N, by the plasma, but also exploit the
high temperature of the electrode to drive thermal (catalyzed)
water decomposition. This produces a concentrated source of
hydrogen radicals that, when combined with activated nitrogen
species on the Pt surface, may form key intermediates (e.g,
NH radicals), leading to efficient ammonia synthesis.

Finally, we discuss challenges and benefits of synthesizing
ammonia from nitrogen (N,) and water via this new pathway,
keeping in mind that this is until now only a proof-of concept
experiment and by no means a process that can in any way
compete with the efficient Haber-Bosch process.

Bl REACTOR DESIGN AND PLASMA IGNITION

Plasma-driven ammonia synthesis using water as the hydrogen
source has recently been demonstrated by Sharma et al.”’ in a
two-stage configuration where plasma activation and electro-
chemical reduction occur in physically separated compart-
ments. Nonetheless, little is still known about the chemical
processes taking place at the various interfaces involved, and
further work is still needed to improve the efficiency. Other
configurations, including gas-phase dielectric barrier discharges
over aqueous cathodes”® plasma—over—liquid (micro)-
discharges,”””" gliding arc discharges,” and hybrid plasma—
electrolysis cells”* have been used as well. These plasma—water
systems have demonstrated ammonia formation rates in the
range of umol h™!, with energy efficiencies varying widely
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depending on plasma power density, reactor design, and
electrolyte composition. The present work describes an in-
liquid plasma—electrolytic design integrating the former two
functions into a single reactor, placing the catalyst directly in
the plasma sheath. This configuration enables simultaneous
exposure to plasma-activated nitrogen and hydrogen radicals
generated thermally and by plasma pathways at the same
interface, potentially enhancing coupling between the two
processes. While the Sharma design offers the practical
advantage of reduced electrode erosion and stable operation,
it requires additional gas—liquid transfer steps between
activated plasma species and the generated hydrogen that
may diminish interfacial reaction efliciency. In contrast, our
proof-of-concept approach prioritizes the in depth under-
standing of the interfacial processes taking place at the gas/
liquid/solid plasma electrode interface and maximizing the
plasma-catalyst coupling without the full physical separation of
plasma and electrochemistry-related processes (see Figure 1a).

To combine a plasma with electrocatalysis, we designed a
single compartment, two-electrode reactor comprised of a
platinum (Pt) counter electrode (anode) and a working
electrode (cathode) (Figure la, Supplementary Figure 1). A
1.0 mm diameter wire of variable length and material serves as
active plasma and electrocatalytic working electrode (cathode).
The wire is placed within a slightly larger inner diameter
ceramic tube (alumina), which is exposed to a continuous N,
gas flow. The counter electrode, consisting of a Pt-foil,
surrounds the ceramic tube at a distance of approximately S
mm from the working electrode. Additionally, an external
circulating cooler is used to minimize the evaporation of the
electrolyte (0.1 M KOH) and NH; outgassing during plasma
operation. It was found that an alkaline pH (here 14) reduces
the erosion of the plasma electrode. Various metal wires were
tested as plasma electrodes. The selection was made based on
their electrocatalytic properties in facilitating the hydrogen
evolution reaction (HER), including Ni, Cu, Ir, and Pt
Additionally, Hf, Ti, Ta, Mo, and W, which are covered with
amorphous or even nonconductive oxides under typical HER
potentials, but become metallic at large negative potentials and
were also tested. Figure la,b depict the reactor setup and the
multiphase environment under operating conditions. When
plasma is ignited, a gas/vapor sheath forms around the
cathode, composed of N,, H,, and water vapor from HER and
thermal decomposition. Optical emission spectroscopy and FE
data indicate that NH; is produced predominantly at the
plasma-electrolyte interface and directly on the Pt cathode
surface, where plasma-activated nitrogen species interact with
hydrogen radicals. The schematic in Figure 1b marks this NH;
formation zone within the gas/vapor layer adjacent to the
electrode.

With increasingly reducing potential, the HER in alkaline
electrolyte (2 H,O + 2 e~ « H, + 2 OH") starts to generate
H,. In combination with the nitrogen flow from the ceramic
tube, a gas/vapor layer forms, which now comprises a mixture
of nitrogen, hydrogen, and water vapor progressively
enveloping the working electrode (cathode). At potentials
exceeding 80 V, the gas/vapor sheath that forms around the
cathode is not merely a barrier for charge transport; it becomes
a reactive zone, where the elevated temperature and plasma
trigger thermal decomposition of water. This process generates
a rich supply of hydrogen radicals that should rapidly interact
with atomic nitrogen and excited molecular nitrogen species,
produced by electron impact in the plasma, to form NH
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radicals, the critical intermediates for ammonia synthesis. In
this state, free electrons, which are produced by ionization of
gas molecules, drift toward the gas/electrolyte interface.
Positively charged ions, produced during the ionization
process, impact on the cathode surface and cause secondary
electron emission. Because of the low mobility of the heavy
ions, the electric field near the cathode surface is high and
secondary electrons can be accelerated strongly. The thickness
of this so-called plasma sheath region, or “cathode fall”, is
typically several micrometers under atmospheric pressure
conditions. Outside of the cathode fall, the electrons lose
kinetic energy by elastic and inelastic collisions with neutral
and charged species in the gas-phase plasma bulk region. In
addition, free electrons can collide with charged species and
neutral species, leading to a variety of outcomes, such as
(radiative) electron-positive ion recombination, electron-
attachment to neutral species, electron impact excitation of
rotational, vibrational and electronic states of neutrals and ions,
and electron impact dissociation of molecular species. The
products of these reactions will also collide with one another,
leading to a nonequilibrium gas-phase plasma chemistry. In
addition, sputtering of metal atoms from the cathode may also
occur. These sputtered atoms will also participate in the gas-
phase chemistry described above. Some of these processes are
shown schematically in Figure 1b.

Chronoamperometry and impedance spectroscopy (EIS),
both with and without nitrogen flow were used to study the
electrochemical behavior of the system (Figure 1c). At voltages
below the plasma ignition threshold (~80 V), the system
operates in a hydrogen evolution regime without detectable
ammonia formation. Only when plasma ignition occurs, do we
detect ammonia at rates far above the electrocatalytic baseline,
indicating that plasma activation is essential for NH; formation
in our reactor. This transition is shown in Figure 1c,d, where
the change in current—voltage behavior coincides with the
onset of ammonia generation around the breakdown voltage
(80 V). The series resistance was extracted from the high-
frequency impedance at each potential step. Figure 1d shows
an exemplary polarization curve for Pt until voltage breakdown
and plasma ignition at ~ 80 V with 0.07 L min~" and without
N, gas flow. All polarization curves and corresponding EIS for
the different metal wires are shown in Supplementary Note 1.
For all materials, no significant differences in current and
resistance are apparent once the potential enters the diffusion-
limited regime. The sole exception is Hf, which features a
natural passivation layer that only gets removed under harsh
plasma conditions. The introduction of nitrogen gas resulted in
a decreased current and increased resistance, by covering parts
of the electrode in N, gas until eventually a full vapor layer
forms at higher potentials. The j vs V plots in Supplementary
Figure 10 highlight differences between experiments con-
ducted with and without nitrogen. These results indicate that
the reactor is initially at low voltages mainly governed by HER,
and no measurable NH; formation occurs with the tested
materials.

Optical Emission Spectroscopy and Plasma
Characterization

To probe the influence of the cathode material (Pt and W
wires) on the conditions of the plasma in the system and
subsequent catalytic performance, optical emission spectros-
copy was used (Figure 2). These two metals showed stable
plasma generation, but distinctly different NH; production
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Figure 2. Plasma characterization. (a) OES data illustrating N,(C—
B,0—0) vibrational transitions and rotational bands as well as the H,,
line for both, hot and cold plasma states for Pt and W cathodes. (b)
N, transition with a Pt cathode is depicted across different applied
voltages ranging from 180 to 230 V. Vibrational excitation and
ionization of nitrogen in relevant quantities were only observed on Pt.
The peak height is directly proportional to the applied voltage, and at
230V, dissociation occurs. Hydrogen was observed on W and Pt. All
spectra are normalized by the OH radical signal, the right side of the
H, line in (b) is cut off by a sensitivity gap in the echelle
spectrometer.

rates (see below). Plasma—catalysis studies have shown that
plasma-only N,/H, chemistry typically favors NH; formation
under nitrogen-rich conditions, whereas hydrogen-rich plasmas
suppress NH; formation unless a catalytically active surface is
present to stabilize and hydrogenate NH, intermediates.”® For
both metals, we observe two distinctive plasma states,
depending on the applied potential. The “cold” plasma, akin
to a glow discharge, exhibits a characteristic neutral gas
temperature (inferred from the rotational temperature of
plasma-produced excited states i.e. the N,(C—B) transition),
ranging from 1000 to 1600 K. Notably, for this “cold” plasma
state, we observe already a substantial amount of excited
molecular nitrogen emission for the Pt cathode, but lower
contributions from the W electrode (Figure 2a). For the “hot”
plasma, resembling a hot discharge, the gas temperatures
exceed 3000 K. (See the Methods section for the
determination of the neutral gas temperature in the plasma).
The temperature of the active plasma electrode (cathode)
could be determined by background continuum fitting and
showed an applied potential dependency. When 175 V were
applied, the temperature of the Pt wire is close to room
temperature. Increasing the applied voltage to 200 V leads to
temperatures around 900 K for the “cold” state and 1300 K for
the “hot” state. Lastly, for the highest ammonia formation at
230 V, the electrode is at 1600 K, where it starts to become
unstable and ultimately melts after a few minutes. The
electrode temperatures on W are similar at the respective
applied voltages, though no “cold” states could be observed.
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For the Pt cathode, transitioning from the “cold” to the
“hot” state significantly amplifies the N, (C—B, v' = 0—0)
(vibrational state transitions between the C°II, and the B3g
electronic states) peak intensities as well as the H, spectral
line, as shown in Figure 2a. Conversely, the ammonia
production nearly quadruples for the hot plasma at around
200 V, suggesting energy-driven substantial dissociation of
nitrogen. This observation supports our hypothesis that
thermal water decomposition, occurring at electrode temper-
atures approaching 1000—1400 K on Pt**, provides the
necessary hydrogen radicals to stabilize the NH intermediate,
thereby driving the formation of ammonia. However, the
present data set does not isolate whether the dominant
contribution is discharge-driven, thermally assisted water
chemistry, hydrogen availability, or surface-mediated stabiliza-
tion of NH, intermediates. When investigating the potential
dependence for the Pt cathode, we observe that at lower
potential (180—200 V) the stronger emission from excited N,
molecules is observed. At 230 V, the N, emission decreases
again as seen in Figure 2b. The behavior for Pt is in clear
contrast to that of W, for which we only detect sharp metallic
lines, which are indicative of a higher surface heating level in
the “hot” plasma state, but not of ammonia formation. This
behavior is consistent with plasma-only chemistry under
hydrogen-rich conditions, where NH; formation is suppressed
in the absence of a catalytically active surface.

Taken together, the results in Figure 2 indicate that the
interaction between the plasma and the cathode material
influences NH; production beyond the effects of gas
temperature, electron density, or H, generation alone. For
example, under similar plasma parameters, Pt yields up to 7X
higher NH; than W. This indicates a contribution from
plasma-catalyst coupling. Depending on plasma parameters
(hot vs cold plasma and applied bias), the discharge transitions
from regimes of strong excited molecular N, emission to
regimes of mainly atomic emission, which indicate substantial
changes in the overall plasma chemistry and excitation
dynamics. How these species subsequently contribute to
NH; formation depends on the electrode material and its
interaction with the plasma. Additionally, Pt possesses fast
HER kinetics, which may influence the local hydrogen
environment, but hydrogen generation alone does not explain
the observed material dependence. A comparison between all
materials at 10 and 200 V can be found in Supplementary
Figure 2. Optical emission spectroscopy (Figure 2) shows that
in the “hot” plasma state, vibrationally and electronically
excited N, species are replaced by (fast quenched) atomic lines
from the electrode material, as the electron densities increase
and the electrode temperature rises. Furthermore, we note that
the production rate of ammonia cannot be simply explained by
changes in the gas temperature or electron density of the
plasma, or H, production alone (see Supplementary Note 2),
supporting our hypothesis of a real hybrid catalysis-plasma
effect. At similar electron densities and neutral gas temper-
atures in the plasma, the production of NHj is far superior on
Pt as compared to W.

Catalytic Properties and Parameter Space

The ammonia produced could be quantified reliably using the
indophenol blue method,'”** due to the fact that substantially
larger amounts of NH; generated as compared to the
electrocatalytic NRR, which is prone to misinterpretation of
NH; trace amounts.'” Compared to eNRR, the NH,
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Figure 3. Apparent faradaic efficiency, specific energy consumption and NHj synthesis rate. (a) Comparison of results from various Li-mediated
NRR studies to the findings of this work in terms of apparent faradaic efficiency and ammonia production rate (figure based on ref”’ see
Supplementary Note 4) (b) Specific energy consumption vs NH; Synthesis rate measured with 0.07 L min~" of N, flow and 200 V plasma voltage.
Three successive measurements were performed for each material, with arrows in (b) indicating changes for the same wire between successive
experiments. A general deactivation with each consecutive measurement was observed for the stable materials. Pt had the best reproducibility and
was used as the standard for the following measurements. (c) Comparison of performance metrics to industrial Haber-Bosch thermal catalysis
process in terms of energy consumption. The color coding represents the apparent faradaic efficiency from 0% (red) to 8% (blue) over all
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Figure 3. continued

experiments. (d, e) NH; synthesis rate and specific energy consumption with N, inflow, and time, respectively. Materials labeled with “*” are
deemed unstable due to fast dissolution of the cathode, while “**” denotes an initially inefficient but stable catalyst (e.g,, Hf) after the natural
passivation layer has worn off, and subsequently becoming unstable. If not stated otherwise, the measurements were conducted at 200 V bias, 0.07

L min~! of N, inflow on a Pt cathode with 5 min of plasma.
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Figure 4. Impact of wire length on current density, temperature increase and specific energy consumption. (a) Relationship between the wire
length of the active plasma electrode, increase of the electrolyte temperature during the experiment (blue), the current density (red), and the
corresponding specific energy consumption (green). Between wire lengths of 3.0 mm and 3.5 mm, a transition can be observed, where the FE%
drastically increases. (b) Schematic of the interface and possible mechanistic pathways for the hydrogenation of nitrogen species, starting from N,*,
N,*, NH, and atomic N. (c) Electrode and neutral gas temperatures as determined by blackbody continuum fit and the N,(C—B) intensity. (d)
Increase of FE(%) and production rate for ammonia depending on the applied voltage. The dotted line is a guide for the eye here.

production rate and current densities are here already superior,
with only the apparent faradaic efficiency partially behind
(Figure 3a), caused by the current required for the plasma.

The NHj; generation rate is benchmarked against two
categories: (i) plasma—water NRR systems, including %lidin%
arc discharges,” plasma—over-liquid (micro)discharges,””***
and hybrid plasma—electrolysis cells;’* and (ii) Li-mediated
NRR systems, exemplified by the highly reliable and
reproducible data set of Andersen et al.'>*® The latter, while
operating under a different mechanistic regime, serves as a
trustworthy state-of-the-art reference due to rigorous control of
the lack of ammonia detection due to contamination through a
careful isotopic validation. This dual comparison enables both
mechanistic context and performance benchmarking.

Figure 3b shows that Pt produces higher ammonia yields
than W under otherwise identical plasma conditions.
Corresponding OES spectra (Figure 2, Supplementary Figure
14) reveal differences in both N,* and H* emission, which
may arise from variations in plasma properties due to the
electrode’s electrical characteristics. While these spectral
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differences could suggest different extents of plasma-driven
activation, the present data do not isolate possible catalytic
surface effects from changes in discharge characteristics.
Notably, materials such as Cu, Ni, and W exhibited significant
reduction in synthesis rate and higher specific energy
consumption (SEC) with each consecutive measurement
(despite stable plasma conditions ranging from S min up to
1 h), while Pt, Hf, and Ir demonstrated greater stability.
Despite their high activity, electrodes made of Ta and Ti
endured only a few seconds under plasma conditions before
their complete dissolution into the electrolyte. Hf, distin-
guished by its natural inert oxide layer, exhibited behavior akin
to Ir. However, once the protective layer was compromised
(indicated by the Hf** in Figure 3b), it mirrored the rapid
degradation observed for Ti and Ta. As mentioned above, Pt is
the best-performing and simultaneously the most plasma
resistant material among those tested here, likely due to the
combined plasma and catalytic properties that are needed for
high NH; synthesis rates. Supplementary Figures 3—6 display
the XPS measurements on Cu, W, and Pt acquired before and
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after plasma operation. While reoxidation in air is a possibility
(especially for Cu), an increase of oxide compared to the
pristine state indicates changes originating from the experi-
ment.

Figure 3c compares the specific (electrical) energy
consumption for ammonia production in our system to the
optimized industrial Haber—Bosch process." This benchmark
represents large-scale thermal catalysis under >400 °C and
>200 atm conditions and is included here solely to
contextualize energy efficiency. The comparison does not
imply that the present proof of concept system is competitive
with industrial Haber—Bosch at its current scale. Noteworthy,
even small changes in the system, e.g. exact plasma potential,
can lead to dramatic changes and improvements. See
Supplementary Note 3 for a discussion on the thermody-
namics. Figure 3d shows that increasing the N, inflow is
beneficial up to a certain threshold, beyond which it disrupts
the formation of the gas sheath. Figure 3e shows the NH;
production over time, with aliquots taken every S min with a
continuous “hot” plasma state for 30 min and 0.07 L min™" of
nitrogen inflow.

Taken together, the results in Figure 3 clearly show that the
Pt plasma cathode leads to the highest ammonia production
among all tested materials, with almost 2 orders of magnitude
higher yields compared to W. Furthermore, doubling the N,
flow leads to almost double the amount of NH; produced,
which strongly indicates that the exact flow and plasma
conditions, which are not yet optimized in this proof of
concept study, are critical for a high NHj; rate, and that there is
a great potential for improved yields with new reactor designs.
In particular, we hypothesized that a larger exposed plasma
area on the Pt wire should lead to increased yields.

Wire Length and Plasma Correlation

To assess the effect of the exposed wire surface, we
systematically varied the length of the plasma cathode wire
in our reactor 1.0 mm to 4.0 mm. Here, the parameter varied is
the protrusion of the wire into the electrolyte and hence into
the plasma-forming gas/vapor sheath. As the protrusion
increases, both the plasma-active surface and the sheath
hydrodynamics change, leading to nonlinear behavior in FE
and production rate. The pronounced increase in FE from 3.5
to 4.0 mm is consistent with a threshold in sheath stability and
hot-discharge persistence near the tip, rather than linear
geometric scaling (Figure 4a). For wire lengths >3 mm, a
substantial enhancement in faradaic efficiency is observed,
paralleled by a drop in current density and a 40% reduction of
the temperature change at 4 mm. We ascribe this behavior to
the formation of a stable contact glow discharge (CGDC)
plasma, a condition hindered by the emergence of bubbles
from the N, inlet at smaller wire lengths. We observed that
increasing the plasma wire length not only enhances the
specific energy consumption but also creates spatial regions
with distinct thermal profiles. The longer wire exposes a larger
area to the hot plasma conditions required for water
decomposition, thereby generating abundant hydrogen radi-
cals. Simultaneously, cooler regions along the wire allow the Pt
surface to effectively bind and hydrogenate activated nitrogen
species, culminating in a robust and synergistic pathway for
ammonia synthesis. The reduction in current density (at
constant potential of 200 V) and temperature increase over the
S min of reaction is attributed to the increased resistance at the
interface, stemming from the presence of the gas sheath.
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Moreover, the transition of liquid water to vapor during the
process reduces the energy requirement for water electrolysis
and thermal decomposition, increasing thus the available
hydrogen for ammonia formation. In the plasma, the
generation of ions and radicals might enable a nonthermal
Eley—Rideal (ER) reaction mechanism alongside the thermal
Langmuir—Hinshelwood (LH) mechanism. Short-lived atomic
nitrogen species produced in the plasma stabilize upon
adsorption onto the cathode surface, particularly favored by
Pt, which exhibits strong nitrogen bindin%. Possibly following a
reverse Gerischer—Mauerer mechanism,”® the Pt surface can
bind nitrogen, and partially hydrated intermediates, which
eventually form ammonia that might detach in the cooler
regions of the cathode. A crucial intermediate seems to be the
NH radical. Partial hydration or direct reaction with hydrogen
are possible. ER/LH pathways on the catalyst surface are the
main contributors here. The discussion of possible (LH) and
(ER) pathways is presented here as a working hypothesis
informed by the reactor geometry and OES observations,
rather than as a definitive mechanistic assignment. Con-
currently, electrode temperatures of 900—1600 K (Figure 4c)
approach those reported for catalytic thermal decomposition of
water,”* producing H radicals. These radicals can combine
with plasma-activated nitrogen species at or near the Pt
surface, stabilizing NH intermediates. Such coupling of plasma
excitation and surface catalysis has been described for related
N, plasma systems,”*” supporting the proposed Langmuir—
Hinshelwood/Eley—Rideal pathways here. Additionally, from
the N,(C—B) transition, the neutral gas temperature could be
determined. This increase in temperature correlates well with
the sudden decrease in specific energy consumption (Figure
4d). The high densities of H*® radicals (and potential N°*
radicals) suggest an ER-type contribution, where reactive
radicals impinge directly on the hot electrode surface.”****>*!
LH-type contributions could occur if adsorbed N and H
species recombine on cooler sections of the submerged
electrode or at sheath boundaries where radicals are
quenched.*”** Distinguishing their relative contributions will
require targeted operando and isotopic-labeling studies, which
are planned for future work. When materials other than Pt
were used as cathode, lower or negligible ammonia yields were
observed. However, in our reactor configuration, where plasma
forms directly around the submerged cathode tip in a nitrogen-
ted gas/vapor sheath, the stability of the cathode material is
critical for maintaining a consistent plasma regime. Many
materials tested (Ti, Ta, Mo) dissolved in the electrolyte, while
Cu and Ni rapidly lost electrical contact due to surface
degradation, and Hf showed similar instability. Only Pt, W, and
Ir maintained structural integrity, though Ir and W exhibited
lower activity. This suggests that both cathode stability and
plasma-surface interaction properties contribute to sustained
ammonia production, and that low yields from unstable
materials cannot be attributed solely to the absence of
heterogeneous catalytic effects. This process is schematically
depicted in Figure 4b and summarized in Supplementary Note
S. In our configuration, plasma forms directly around the
submerged wire tip within a nitrogen-fed gas/vapor sheath.
The temperatures in Figure 4a represent average bulk
electrolyte temperature values and do not capture potential
local variations along the protruding segment. The observed
FE increase from 3.5 to 4.0 mm, despite similar measured
temperatures, indicates that sheath stability, gas residence time,
and reactive species density may play a more important role
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than bulk temperature alone. Supplementary Note 2 contains
high-speed camera measurements of the stochastic discharge
distribution, corroborating this hypothesis of an inhomoge-
neous plasma distribution. Figure 4c shows the increase of
temperature of the electrode and the bulk gas temperature.
Figure 4d shows the specific energy consumption and NH;
synthesis rate (log scale) in relation to the applied voltage used
to generate the plasma. In the voltage range between the
minimum threshold required for plasma ignition (80 V) and
the onset of the hot plasma state (first observed at 200 V), only
small amounts of ammonia are detected with Pt. However, as
the potential reaches the range where the hot state becomes
predominant (230 V), the efficiency of ammonia synthesis
spikes dramatically. At even higher potentials the cathode and/
or the gas sheath become unstable, likely due to excessive
heating.

To probe any remaining species on the electrode surface,
cyclic voltammetry was conducted immediately after S min of
plasma. The surface of the electrode becomes roughened,
which can be seen from the pseudocapacitive increase of the
CVs of about a factor of 3. Additionally, it can be observed that
the hydrogen adsorption/desorption regime is shifted down
due to the presence of oxygen. A new peak appears at 0.5 Vg
during the first CV cycle but disappears in subsequent scans.
This feature is consistent with the onset of the ammonia
oxidation reaction (AOR), and does not appear when Ar is
used instead of N, for the feed gas. This could be the onset of
the ammonia oxidation reaction (AOR), which disappears
once the adsorbed ammonia is fully oxidized. A clear
distinction between Pt oxidation and AOR around 0.9 Vgyg
is not possible. A shoulder peak at 0.7 to 0.8 Vyyy is associated
with Pt-hydroxide formation and gets more pronounced with
the exposure to hydroxyl radicals during plasma. Directly after
the plasma, the Pt—O reduction peak at 0.57 Vgyy increases
and the H,,q adsoption and desorption become more
pronounced, as seen in Figure Sab. Ex-situ postreaction XPS
analysis (Figure Sc) shows no distinct surface compositional
changes, including Pt oxidation and the presence of
adventitious nitrogen species or potassium (from KOH) on
the cathode surface. These data, obtained after plasma
operation, indicate that the electrode undergoes no chemical
modification during operation, which may influence plasma—
surface interactions. Surface changes were observed after
plasma operation via scanning electron microscopy. The loss of
material was tracked via ICP-MS (Supplementary Figure 8).
For Pt, no visible structural damage occurred, and XPS spectra
showed only minor oxidation. In contrast, Ti, Ta, and Mo
exhibited clear signs of corrosion and pitting after <10 min of
operation. These findings confirm that electrolyte contact at
the electrode tip can lead to significant degradation for certain
metals, likely affecting the plasma’s stability and NH;
production.

In conclusion, we have carried out proof-of-concept
experiments and demonstrated the ability of generating NH;
from N, with an in-liquid plasma-catalytic reactor. Among the
tested electrode materials, platinum exhibited optimal stability
and catalytic conversion, in clear contrast to W, which also
formed a stable plasma, but produced only minor amounts of
NH;. The attainment of the hot plasma state at potentials
exceeding 200 V resulted in a 4-fold improvement in specific
energy consumption for ammonia compared to the cold
plasma state. The optimal nitrogen flow was observed at 0.07 L
min~’, striking a balance between plasma gas sheath stability
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Figure S. Cyclic voltammetry and ex-situ XPS data before and after
plasma. (a) Cyclic voltammetry on a fresh 3.0 mm Pt wire before
(black) and after plasma (blue to red). The first SO cycles after plasma
were collected between 45 °C and 30 °C (constant cooling). The
dotted purple line indicates a measurement without N,. (b) is a zoom
in the AOR region. All CVs were collected at 50 mV s~ in 0.1 M
KOH and 0.07 L min™" of N, inflow around the electrode. (c) Ex-situ
XPS data of the Pt 4f region before and after plasma.

and activity. While the system demonstrated stability over 30
min, the operation conditions are not yet fully optimized, and
challenges persisted in preventing the potential outgassing or
thermal decomposition of the formed ammonia, even with
intermittent cooling intervals every S min. Addressing this
issue necessitates an improved solution for ammonia collection
or an enhanced cooling mechanism. Distinct hot and cold
states resembling those reported in established plasma systems
such as hot and cold discharge were monitored via optical
emission spectroscopy. In the hot discharge state, molecular
excited nitrogen species were absent, with nitrogen undergoing
atomic splitting and recombination with hydrogen from water
splitting at temperatures exceeding 3000 K. We propose also a
reaction pathway from a combination of Gerischer-Maurer
mechanism to bind atomic nitrogen to the catalyst surface
followed by Langmuir—Hinshelwood and Eley—Rideal mech-
anisms to form ammonia. Our findings collectively contribute
to the understanding of plasma-catalyzed nitrogen reduction in
liquid environments, laying the foundation for further
advancements in this field.

The presented system is still in its early development, and
the full understanding of the intriguing findings observed will
require more in-depth insight into the thermal catalysis,
electrochemical catalysis and plasma catalysis processes
involved. In addition, further optimization of the reactor
configuration and electrode parameters should be undertaken
in order to enhance the currently low energy efficiency. The
first attempts were illustrated here, including varying the
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plasma wire length, the plasma electrode geometries and
materials as well as implementing a new reactor design with
improved N, gas flow.

Finally, beyond NH; production, we envision that such a
plasma-catalytic reactor might also be used to attain high rate
CO, reduction and other critical chemical energy conversions,
especially when green electricity is cheap and abundant and a
high conversion rate is needed.
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