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Are plasma discharges really “catalyst-free”?

¢ and Thomas C. Underwood (2 *<¢

Thuy Vy Le, 2° C. Buddie Mullins
Many plasma chemistry studies assume that chemical reactions occur either within the volume of
plasmas or on heterogeneous catalysts that are distributed in packed beds. This designation overlooks
the catalytic role of electrodes that bound the plasma. Beyond sustaining the discharge through
electron emission, electrodes can act as chemically active interfaces, undergoing erosion, film growth,
and nanoparticle release that influence the reactivity of the plasma phase and surrounding surfaces or
interfaces. Literature comparisons show that reactors with catalytically active electrodes often achieve
similar or higher performance than packed-bed systems, while reactors with inert boundaries
underperform. Here, we perform experiments using a nanosecond-pulsed spark discharge for ammonia
synthesis to elucidate how electrodes contribute catalytic reactions in plasma systems. We find that
electrode composition affects both yield and energy efficiency strongly: under identical discharge
settings, Ni electrodes produced 0.37% NHsz, Cu 0.32%, SS 304 0.23%, and W only 0.11%, and on Cu,
adjusting the feed ratio from N,:H,; = 1:3 to 1:7 increased NHs yield sevenfold (0.3% to 2.2%). SEM-
EDX and XPS analyses confirm that plasma operation generates Cu/Cu-N nanoparticles that coat sur-
faces within reactors and induce electrode nitridation, providing dynamic nitrogen storage and release
and establishing hidden catalytic cycles. These electrode-driven processes influence yields, selectivity,
and mechanistic pathways directly. Recognizing electrodes as catalytic elements is essential for accurate
mechanistic interpretation, fair benchmarking, and deliberate design of plasma systems, ensuring that
advances in plasma chemistry are based on realistic assessments of surface contributions.

Plasma reactors that use electrodes are often described as ‘““catalyst-free,” yet their surfaces participate actively in reactions and influence plasma chemistry.

The composition and evolution of these electrodes can alter reaction mechanisms, energy transfer, and product distributions, making it essential to treat them

as catalytic elements rather than inert boundaries. In this perspective, we propose a boundary-based framework that accounts for electrode effects and provides

a consistent design space for comparing plasma catalyst systems. We show that electrodes in reactive plasmas evolve dynamically, they erode, form reactive
films, and release nanoparticles that generate new catalytic sites, even in systems that are not intentionally designed with catalysts. To illustrate these effects,

we conducted nanosecond pulsed spark discharge experiments for ammonia synthesis and observed changes in yield, nanoparticle formation, and surface

nitridation on the electrodes. These results reveal that electrodes act as active catalytic interfaces that shape reaction mechanisms within plasma environments.

Recognizing their role unites concepts from plasma chemistry and heterogeneous catalysis, providing a foundation for rational electrode design and improved
control of plasma-driven synthesis for sustainable fuels and chemicals.

1. Introduction

Plasma catalysis offers a promising route to sustainable
chemical synthesis by enabling reactions to run directly on
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electricity at lower temperatures and pressures than conven-
tional thermal processes.'™ This approach has been demon-
strated in diverse applications, including ammonia synthesis,>™
carbon dioxide splitting,'”'" methane conversion,'"'* hydro-
carbon reforming, hydrogen generation,” air purification,**"*>
and nanomaterial production.’®'” In these systems, non-
thermal plasmas (NTPs) generate energetic electrons (~1-
10 eV) that produce radicals, ions, and vibrationally excited
molecules while keeping the bulk gas (the translational degree
of freedom) near ambient temperature."'® Such plasma-activated
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species lower activation barriers and allow the cleavage of strong
bonds (e.g., N=N and C—0O0), opening reaction channels that are
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458 When combined

inaccessible under mild thermal conditions.
with heterogeneous catalysts, the plasma supplies a flux of excited
species that drive chemisorption and guide intermediate for-
mation through both Langmuir-Hinshelwood (L-H) and Eley-
Rideal (E-R) mechanisms.'®*® The properties of the catalyst,
such as adsorption energies and surface temperature, then
determine how intermediates recombine, influencing both pro-
duct pathways and catalyst stability. Together, this coupling
between plasma and catalysts expands the design space for
heterogeneous catalysis, enabling control over selectivity, sup-
pressing deactivation, and supporting the use of abundant or
unconventional materials.>*""*> However, predicting when and
where such synergies emerge, and translating them into
rational design rules, remains a challenge.

Heterogeneous reactions in plasma catalytic systems span
multiple length scales, adding further complexity to their beha-
vior. In porous media and packed bed reactors, catalysts are
typically dispersed on dielectric supports to increase surface area,
while embedded transition metals or other catalytic phases
provide active sites for bond activation. At the nanoscale, micro-
porous structures (~10 nm) and catalytic nanoparticles set the
density and accessibility of active sites where plasma-activated
species react.”’”>* At mesoscopic scales (~50 pm-1 c¢m), inter-
stitial voids govern transport and plasma penetration, determin-
ing which species reach reactive surfaces.***> At reactor scales
(~cm-m), the arrangement of beds and supports shapes the
discharge and couples the bulk plasma state (e.g., density, energy
distribution) to surface reactions. Beyond providing binding sites,
these materials influence plasma behavior directly: dielectric sup-
ports store charge, promote microdischarges, and enhance local
fields, while catalytic and conductive surfaces interact with
radicals, ions, and electrons in ways that reshape the discharge
itself.>***>® This multiscale interplay between surfaces and
plasma dynamics determines both catalytic performance and
reactor stability, underscoring the importance of designing
systems that account for all active surfaces across scales.

However, the catalytic role of electrodes that sustain the
plasma is often underreported in mechanistic terms, even
though their effects have been noted for decades. Classically,
these surfaces are considered as emissive elements that supply
electrons to maintain plasma discharges. Chemical reactions
are thought to occur volumetrically within the plasma phase
where molecules are excited (i.e., in streamers) or on catalytic
materials that are placed between the electrodes. Electrode ero-
sion and surface changes under plasma exposure have long been
observed: early glow discharge studies showed that changing only
the electrode metal shifted ammonia production rates.”® Later
work found that tangled-wire and high surface area electrodes
boost yields by increasing the active interface,>® while recent
studies of dielectric barrier discharges (DBDs) have shown that
electrodes shed nanoparticles that spread throughout the reactor,
seeding new active sites and altering product distribution.>* Both
spark discharges and DBDs generate nanoparticles through ther-
mal evaporation and ion sputtering at electrode surfaces, with
particle size and yield depending strongly on discharge energy.*>
Ion bombardment, local heating, and reactive gases are known to
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wear down electrodes and change their surface chemistry, includ-
ing the formation of nitrides and oxides.'®?

Despite this qualitative awareness, electrodes are active
chemical interfaces whose mechanistic contributions are rarely
quantified or controlled. Under plasma exposure, electrodes
absorb and recombine reactive species, undergo sputtering,
and continuously evolve as their surfaces erode. This erosion
can release nanoparticles into the discharge, where they dis-
perse and create hidden catalytic sites throughout the reactor
volume. Nanoparticle formation within plasmas is well-
established in dusty plasma and materials synthesis commu-
nities, where plasma-generated particles have been shown to
undergo chemical transformation through interaction with
reactive species in the discharge environment.'®***> These
findings suggest that even systems without packed-bed catalysts
are rarely “‘catalyst-free.” Instead, electrodes contribute directly
through their evolving surface chemistry and indirectly by
supplying new catalytic material as they degrade. Recognizing
electrodes as dynamic chemical interfaces, rather than passive
electrical components, reframes how plasma chemistry can be
interpreted and reveals additional pathways for synergies
between plasmas and catalysts across a wide range of reactions.

In this work, we seek to uncover the mechanisms by which
electrodes impact plasma chemistry and bridge the gap between
what is known about electrode effects and how they are reported,
by proposing a framework that clearly accounts for their catalytic
role. Electrode effects are rarely measured, controlled, or described
in enough detail to allow comparison across studies. We introduce
a boundary-based classification scheme, separating external from
internal boundaries and inert from catalytic surfaces, along with a
design-space framework to help researchers evaluate all active
surfaces in plasma reactors, including electrodes. To support this
viewpoint, we present case studies showing how electrodes in
reactive plasmas evolve dynamically: they erode, form reactive
films, and release nanoparticles that seed new catalytic sites, even
in studies that do not consider their effect. For example, we
performed experiments with nanosecond pulsed spark discharges
to synthesize ammonia (NH;) and found that the electrode mate-
rial (e.g., Ni, Cu, W) changed the process yield by up to 400%. On
Cu electrodes, we found that by tuning the N, : H, feed ratio from
1:3to 1:7, the NH; yield increased sevenfold (from 0.3% to 2.2%),
with surface analysis (SEM-EDX, XPS) confirming the formation of
Cu/Cu-N nanoparticles and electrode nitridation that enabled
dynamic nitrogen storage and release. These findings will be used
to demonstrate that electrodes function as active catalytic elements
rather than passive boundaries, and that neglecting their role can
obscure mechanistic interpretation. Recognizing electrodes as
integral reaction interfaces, not just emissive components, is
critical to better understand plasma-driven chemical mechanisms
and to design more efficient and sustainable plasma processes.

2. The plasma-catalytic design space

Plasma catalysis opens a fundamentally different design space
for chemical reactions. Plasmas generate reactant molecules in
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a variety of excited states, including vibrational, electronic,
radical, and ionic species, that adsorb and interact with surfaces
in ways that are distinct from ground-state and inert reactant
molecules. By decoupling specific bond activations from catalyst
properties or bulk thermal conditions, plasmas create opportu-
nities to control selectivity and reaction pathways that are
inaccessible in conventional catalysis. The plasma catalytic
design space emerges from the overlap of plasma states, surface
conditions, and bulk material properties, each contributing
distinct factors that govern reaction kinetics and branching
pathways (Fig. 1A). Plasma parameters such as electron, ion,
and vibrational temperatures (Te, T;, Tvib), species densities (7.,
n,), and energy distributions regulate the flux of radicals, ions,
metastables, and excited molecules to surfaces, states that are
inaccessible under purely thermal excitation at mild conditions.
At the interface, properties like surface temperature (Tsyur),
roughness (R,), and chemical condition (oxides, adsorbates,
defects) control sticking, intermediate recombination, and local
field enhancement. The bulk material, including supports, adds
intrinsic properties, including work function (@), conductivity,
resistivity, and thermal transport, which define thresholds for
electron emission, charge balance, and heat dissipation. The
next section explores how the intersection of these plasma
parameters, surface states, and material properties reshapes
catalytic reactions, and emphasizes the role of electrodes as
active contributors.

View Article Online
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Heterogeneous catalysis in plasmas proceeds through well-
established surface mechanisms, but the discharge environment
fundamentally reshapes how these mechanisms operate. The
continuous flux of radicals, ions, and vibrationally or electroni-
cally excited molecules extends bond activation beyond the sur-
face, directly coupling catalytic reactions with processes that are
initiated in the plasma phase. Unlike thermal catalysis, this
activation is not limited by surface adsorption energies or bulk
gas properties, since plasmas sustain non-equilibrium states
where internal molecular temperatures (e.g., vibrational, T.,)
that far exceed the translational gas temperature (Tg,s). These
conditions allow the rates of individual reaction steps to be tuned
independently, providing a means to break catalytic scaling
relations and enable the use of less expensive materials. Plasma
control has already been shown to overcome scaling laws for NH;
synthesis and non-oxidative CH, conversion.>**® Within this
framework, Langmuir-Hinshelwood steps involve co-adsorption
and bond rearrangement on the surface, while Eley-Rideal steps
occur when plasma-activated species collide directly with
adsorbed intermediates.’® Additional pathways, such as Lang-
muir-Rideal (L-R) processes where a gas-phase radical or meta-
stable from the plasma reacts with a weakly adsorbed species
before it fully equilibrates on the surface,>*"** may also arise
because plasma-driven fluxes lower activation barriers and open
channels that are unavailable under thermal conditions. Once
species adsorb, however, their non-thermal “memory” is lost
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A.

Plasma
vib’ Te’ Ti, ne’ nn
f(e), f (i), B,

T

Erosion Rate
Sticking Coefficents
Thermionic Emission

Binding energy

Physisorption” @, p, G,

®

Field emission
o @® o

Surface roughness

\,

Thermionic emi‘ssion

Secondary electron «
emission o

—_—
—
—

[ ]
]
@
I Sheath +

Surface charge Surface heating

@ Material atom @ Gas molecule lon eElectron
C. Electrode as Chemical Interface
Chemisorption Ablation
°°
Physisorption Implantation Film growth
>

Fig. 1 Plasma catalytic design space at plasma solid interfaces. (A) A Venn diagram showing how plasma conditions, surface state, and material
properties define the operational space for plasma catalysis. Plasma variables include the temperature of electrons, ions, and molecular vibrational (Te, T;,
T.uib); number density of electrons, and neutral gas (ne, n,,); distribution functions of plasma species f (e) and f (i); and magnetic field (B). Surface descriptors
include stress (o), surface temperature (Tg,), and roughness (R,). Bulk material properties include work function (@), resistivity (p), and electrical
conductivity (g). Overlaps mark coupled processes, plasma-surface (recombination, catalytic reactions), plasma—material (chemisorption, binding
energy), and surface—material (physisorption, binding energies, etc.). The center lists shared responses: secondary electron emission (SEE), erosion rate,
sticking coefficients, and thermionic emission. (B) Electrodes act as emissive elements to supply electrons to sustain plasma discharges through field
emission, SEE, and thermionic processes. (C) Electrodes also act as chemical interfaces where physisorption, chemisorption, implantation, ablation, and
film growth can occur, linking plasma chemistry to catalytic function.
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rapidly as vibrational relaxation equilibrates them with the lattice
on picosecond timescales (~1-6 ps for chemisorbed species,
~10 ps for physisorbed species).®*' At that point, reaction
pathways proceed according to surface and materials properties,
governing whether intermediates recombine, transform, or desorb,
rather than the non-thermal character of the plasma itself. As a
result, plasmas enable outcomes that are inaccessible under purely
thermal conditions, including breaking scaling relations,™” alter-
ing product speciation,"?° increasing reaction rates,”** and limit-
ing catalytic deactivation."> Demonstrated examples include CH,
conversion with coke resistance and tunable speciation,**>®
site regeneration,” and co-reactant-enabled N,O conversion.'’
Further opportunities lie in tailoring supports, such as Al,O;,
SiO,, and TiO,, where interactions between supports and active
sites tune plasma-driven chemistry, and in designing complex
catalysts such as bimetallic systems, which expand the design
space by promoting recombination to desired products while
limiting surface poisoning.

In addition to catalysts and supports, electrodes represent
another class of surfaces that are present in a variety of plasma
discharges that influence both chemistry and discharge beha-
vior directly. Electrodes are not passive boundaries, they shape
reactions by emitting electrons that sustain ionization processes
and excite neutral species, thereby controlling how the plasma
generates reactive intermediates (Fig. 1B). Each electrode is
enveloped by a sheath that regulates particle and energy
exchange in its vicinity. The sheath potential drop, current-
voltage response, and overall plasma stability are not deter-
mined by applied voltage alone but also depend on electrode
properties. The work function (@) sets thresholds for thermionic
emission, while surface temperature (T,,) influences emission
intensity. Local roughness and microstructural features
enhance field emission, amplifying electron fluxes, and second-
ary electron emission (SEE) is sensitive not only to ion energy
but also to oxide coverage, contamination, or transient adsor-
bates. Bulk resistivity and thermal conductivity govern charge
transport and heat removal, ensuring material stability under
discharge conditions. These dependencies are made explicit in
plasma model boundary conditions: electrodes may be fixed or
operate at a floating potential depending on circuit connections,
electron flux balances include SEE and thermionic terms, and
ion energies reflect sheath potential drops. By controlling
electron energy distributions near the wall, electrodes deter-
mine which neutral processes receive energy from the electrical
discharge, vibrational excitation at low mean electron energies,
dissociation at moderate energies, or ionization at higher
energies. For CH,, for instance, electrons at different kinetic
energies drive vibrational pumping (fundamental modes at
0.16-0.37 eV; efficient excitation occurs in the ~1-3 eV range),
fragment generation (CHjz, CH,, H) once dissociation channels
open above ~9 eV, and ultimately ionization near 12.6 eV,**
supplying the reactive species that feed into L-H and E-R
processes. In this sense, electrodes function as active electrical
boundaries that co-determine how energy is partitioned into
neutral molecules close to surfaces. Vibrational excitation
modes, in particular, provide favorable lifetimes (via V-T

active
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relaxation) and are energy-efficient compared to dissociative
chemisorption barriers on catalysts, while radical-driven reac-
tions represent more energy-expensive alternatives.’® These
electrode-dependent electrical effects have direct implications
for plasma chemistry. Differences in work function and second-
ary electron emission coefficients between electrode materials
can alter electron energy distributions, radical production rates,
and sheath potentials even when external discharge settings are
held constant. Simulations demonstrate that secondary electron
emission, which varies with both material identity and surface
condition, can shift discharges between different operating
modes, dramatically altering plasma density and electron heat-
ing dynamics.*® Similarly, particle-in-cell simulations have
shown that electrode surface roughness modifies local field
enhancement and electron emission characteristics, further
coupling electrode condition to plasma behavior.*® As a result,
changing the electrode material may simultaneously change
both the plasma state and the surface chemistry, making it
difficult to fully separate these contributions without in situ
plasma diagnostics. For studies seeking to decouple electrode-
driven plasma effects from surface catalytic contributions,
diagnostics that quantify radical densities and electron tem-
peratures near electrode surfaces are essential.

Electrode polarity introduces a further asymmetry in
plasma-surface interactions. In DC and pulsed DC discharges,
the cathode sheath develops a substantial potential drop (cath-
ode fall), accelerating positive ions toward the cathode with
energies sufficient to drive sputtering, secondary electron emis-
sion, localized heating, and implantation of reactive species.'®
The anode sheath has a comparatively small potential drop and
primarily collects electrons, resulting in less intense surface
modification dominated by radical and metastable interactions
rather than energetic ion bombardment. This asymmetry is well
established in plasma processing: plasma nitriding specifically
places workpieces at the cathode to maximize ion-driven nitro-
gen incorporation.’” Corona discharge studies further demon-
strate polarity-dependent behavior, with positive coronas
generating streamer-based plasmas and negative coronas pro-
ducing more diffuse discharges.'®*® These differences imply
that anodes and cathodes may contribute to plasma-catalyzed
reactions through distinct mechanisms, an effect that remains
under characterized but may significantly influence both
mechanistic interpretation and reactor optimization.

Beyond their electrical role, electrodes also act as chemical
interfaces that evolve continuously under plasma exposure
(Fig. 1C). Classical discharge physics often treats electrodes as
inert boundaries, and many “catalyst-free” studies emphasize gas
phase chemistry.*” For example, numerous studies model
plasma chemical processes as volumetric production while
neglecting catalytic boundary conditions on electrodes.*®>*®° In
reality, radicals, ions, and vibrationally excited molecules trans-
ported to electrode surfaces undergo adsorption, desorption, or
recombination, with probabilities governed by surface tempera-
ture, roughness, and chemical state. Chemisorption binds reactive
intermediates according to the metal’s d-band structure, while
physisorption stabilizes metastable species that may later desorb

EES Catal., 2026, 4, 642-659 | 645
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or react. Jon bombardment, influenced by the surface polarity,
generates defects such as vacancies, adatoms, and step edges,
which act as preferential adsorption sites with altered binding
energies. These impacts can also implant atoms into subsurface
layers, forming interstitial species or new phases that modify the
surface’s catalytic activity. Simultaneously, sputtering, ablation, or
micro-melting releases metal atoms and nanoparticles into the
plasma. These species can act as hidden catalysts through gas-
phase reactions, redeposit to form catalytic films on reactor walls
and internal surfaces, or be distributed into liquid phases in
plasma-electrochemical systems, complicating the mechanistic
interpretation of product formation. This dynamic behavior gen-
erates an extended catalytic network throughout the reactor that
originates from electrodes but extends beyond their geometric
boundaries. Electrode surfaces also undergo phase transforma-
tions under reactive plasmas: nitrogen plasmas produce metal
nitrides, oxygen-containing discharges form oxides, and hydrocar-
bon environments generate carbides. These phases exhibit differ-
ent catalytic properties than the parent metal, thereby affecting
reaction selectivity and activity.

Importantly, the catalytic properties of these transformed
phases differ substantially from those of the parent metal.
Nanoparticles ejected from electrodes undergo compositional
changes as they transit through the plasma, reacting with acti-
vated species to form nitrides, oxides, or carbides depending on
the gas environment. These transformed nanoparticles then
redeposit throughout the reactor with altered catalytic properties
that affect reaction yields. For example, copper nanoparticles
generated in nitrogen-containing plasmas may partially convert
to Cu3N, which has different nitrogen binding characteristics
than metallic Cu. The catalytic activity of the system thus
depends not only on the initial electrode material but also on
the plasma-induced phase transformations that occur both at the
electrode surface and on dispersed nanoparticles.

Erosion, redeposition, defect formation, and phase transfor-
mation cause electrode surfaces to evolve continuously during
plasma operation. Consequently, electrodes function as
dynamic boundaries that participate actively in plasma chem-
istry, including surface catalytic reactions that influence both
reaction yields and product selectivity. Their combined elec-
trical and chemical roles have important practical and mecha-
nistic implications, shaping where reactions occur, how
products form, and how the chemistry of a catalytic bed can
be optimized to achieve desired outcomes. Despite this, the
catalytic effects of electrodes remain largely overlooked in
literature. Gaining mechanistic insight into electrode catalysis
provides opportunities to control plasma chemistry and reac-
tion pathways. However, to make these contributions explicit
and enable meaningful comparisons across reactors, a systema-
tic classification based on catalytic surface location is essential,
as discussed in the following section.

Beyond electrode and catalyst effects, numerous other fac-
tors contribute to the variability observed in plasmacatalysis
literature. Reactor geometry plays a central role: discharge gap
dimensions directly influence electric field strength and
plasma uniformity, while discharge length affects residence

646 | EES Catal, 2026, 4, 642-659
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time and conversion efficiency.”’ In packed-bed systems,
plasma penetration depth limits how much of the catalyst
bed participates in reactions-typically only the first ~1 mm near
the electrodes experiences significant plasma exposure.”® Pulse
parameters such as frequency, rise time, and pulse width strongly
affect electron energy distributions and radical production rates,
with nanosecond pulses enabling distinct reaction pathways com-
pared to AC-driven discharges.®® The dielectric properties of pack-
ing materials determine discharge modes and microdischarge
distributions, with transitions from surface discharges to filamen-
tary discharges occurring as dielectric constants increase.®* Finally,
feed gas composition and impurities, including trace humidity,
can alter plasma chemistry by introducing additional reaction
pathways involving OH radicals and other oxygen-containing
species.®* These factors often interact in complex ways, making
systematic comparisons across studies challenging and highlight-
ing the need for standardized reporting of operating conditions
alongside electrode specifications.

3. Classifying plasmas in chemical
synthesis

The impact of electrodes on catalysis in plasma systems depends
on both the type of discharge and the reactor geometry. In plasma
reactors, boundaries define the interfaces between the plasma and
solid surfaces, constraining plasma properties, physics, and chem-
istry through boundary conditions. These boundaries can be
classified as external boundaries (EB) or internal boundaries (IB)
(Fig. 2A), based on their location within the plasma. External
boundaries are the surfaces that confine the plasma at its outer
edges, typically including reactor walls, dielectric barriers, or
electrodes that sustain the discharge. Internal boundaries, by
contrast, include any solid objects placed within the active plasma
zone, such as pellets, packed-bed catalysts, or inserted electrodes.
Within this framework, plasmas can be broadly categorized as
contact (electrodes in direct contact with the plasma) or contact-
less (plasma forms without direct electrode contact) schemes. This
classification provides a systematic way to identify where plasma-
solid interactions occur and whether these interfaces participate
actively in chemical transformations across different forms of
plasma catalysis. The classification framework presented here
complements the conventional system that is widely used in the
plasma catalysis literature, which distinguishes configurations
based on catalyst placement relative to the discharge zone."**
The existing classification system categorizes reactors as:
(1) plasma-only, where no intentional catalyst is present; (2) in-
plasma catalysis (IPC), where catalyst material is placed directly
within the discharge region; and (3) post-plasma catalysis (PPC),
where catalyst is positioned downstream of the plasma. By focus-
ing on which surfaces contact the plasma regardless of intent, our
EB/IB framework captures catalytic contributions from electrodes
in systems designated as “plasma-only”, contributions that would
otherwise be overlooked.

Three distinct cases arise when considering the catalytic
nature of plasma reactor boundaries: inert EBs, catalytic EBs,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Classification of plasma reactors by boundary type and catalyst
placement. (A) Schematic illustration of external boundaries (EB) and
internal boundaries (IB) in a plasma discharge. EB represents the reactor
walls and electrodes, which can be inert or catalytic. IB refers to solid
materials present inside the discharge region, such as packed-bed cata-
lysts. (B) Plasma sources categorized based on boundary and catalyst
configuration. Rows are organized from top to bottom as follows: dielec-
tric barrier discharge (DBD), spark, gliding arc, microwave (MW), and
plasma-liquid interface. Columns arranged from left to right include inert
EB, which consists of inert material; catalytic EB, which features electrodes
or conductive walls; and catalytic IB, where the catalyst is placed directly in
the discharge as a packed bed or particles. “x" indicates combinations that
are uncommon.

and catalytic IBs. Inert EB systems employ non-catalytic materi-
als, such as quartz, ceramic, or certain phases of Al,O;, to
confine the plasma without contributing catalytic reactions on
surfaces that change the product speciation in a chemical
process. These represent true catalyst-free discharges, where
catalysis at the boundaries is negligible. Catalytic EB systems,
in contrast, use boundary materials that themselves act as
catalysts, most commonly catalytic electrodes. These surfaces
offer adsorption sites, facilitate dissociation of stable molecules
such as N, and CO, and stabilize plasma-generated radicals.
Despite these roles, EB are often commonly not recognized as
catalysts because they are integrated into the reactor hardware,
leading to underestimation of their effects on reaction yields
and energy efficiency, which may be misattributed to “plasma-
only” effects. Catalytic IB systems introduce the catalyst directly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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into the plasma, as in packed-bed or monolithic configura-
tions, where for example transition-metal sites (Ni, Cu, Fe, Ru)
on oxide supports interact with plasma-activated species. Post-
plasma catalytic configurations place packed beds outside the
plasma but within transport lifetimes so that reactive species
generated in the plasma can still interact with surfaces and
contribute to catalytic reactions.®® The presence of catalytic IB
within plasmas adds multiscale complexity, generating micro-
scale plasma regions in pores, modifying mesoscale transport
through porous networks, and influencing macroscale dis-
charge stability.”>>®"%

These descriptors can be used to categorize existing plasma
reactor designs, each exhibiting distinct electrode arrangements
and discharge characteristics. Dielectric barrier discharges form
plasmas along dielectric surfaces between electrodes, where at
least one electrode is covered by a dielectric material. Streamers
propagate along the dielectric surfaces in these discharges or
between exposed electrodes and the dielectric, driving localized
plasma chemistry. Fully insulated electrodes create DBDs in an
inert EB configuration, while exposed catalytically active electro-
des (i.e., asymmetric designs)®® yield catalytic EBs. Spark dis-
charges generate transient (~ns), high-voltage discharges
between exposed metal electrode tips, often producing surface
ablation and localized heating on the electrodes. Gliding arcs
(GAs) create flow-stabilized, steady-state arcs that travel along
diverging electrodes with the gas flow. Their non-equilibrium
character arises from rapid arc elongation by gas flow, which
cools the arc column faster than equilibrium can be established.
This creates a unique regime where electron temperatures reach
1-2 eV while gas (translational) temperature remains below
3000 K, enabling efficient vibrational excitation and selective
chemistry not achievable in thermal arcs.®®> Spark and gliding
arc discharges operate as catalytic EB systems because metal
electrodes are needed to maintain the discharge. Microwave
(MW) plasmas, like other RF contactless discharges (e.g., induc-
tive plasmas), use directed electromagnetic waves to induce
gaseous breakdown within cavities, eliminating the need for
direct contact between electrodes and the plasma. Microwave
reactors function with inert EBs typically depending on how far
away the cavity walls are from the discharge. Plasma-liquid
systems couple discharges to electrode and liquid interfaces,
typically forming catalytic EB configurations, common modes
include post-plasma (post-discharge) treatment of liquids or
plasma-activated water produced upstream,®” glow-discharge
electrolysis where a gas-sheath discharge forms above the
liquid,*® and contact glow-discharge electrolysis (also called
plasma-driven solution electrolysis) where a luminous plasma
envelope forms directly around a submerged electrode.®® Despite
these differences in power sources and geometries, all of these
configurations share a common feature: the plasma interacts
with boundaries that influence discharge properties and chem-
istry. Fig. 2B maps each configuration onto the EB/IB framework,
with X marks highlighting combinations that are uncommon due
to practical constraints in reactor design and discharge physics.

When packed beds, monoliths, catalyst coatings, or electro-
des are added to suitable setups, the system gains catalytic IB
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reactions, but an important limitation reduces their effective-
ness. Computer modeling by Van Laer and Bogaerts shows that
plasmas penetrate packed beds only ~1 mm deep, meaning
90% or more of typical packed catalysts operate in dead zones
while electrodes experience efficient coupling to the plasma
phase.>® Zhang et al. showed that plasmas only enter catalyst
pores larger than the Debye length, further limiting the effec-
tive catalytic volume.>® This penetration limit explains a cur-
ious observation: catalytic EB systems often match or beat the
performance of complex packed-bed reactors despite having
much less surface area and active sites. Consistent with this, a
recent study of CH,~CO, plasmacatalysis*® reports that bare y-
Al,O; often achieves 8-10% methanol selectivity, comparable to
Ni/AlL,O; (7-9%) and Cu/SiO, (6-8%), showing that many metal-
loaded beds add little under plasma conditions.®®””> The elec-
trodes succeed through position rather than size, operating
where domain overlap is strongest while packed catalysts
function in regions with reduced coupling with plasmas.

4. Electrodes as catalysts in plasma
systems

The classification framework can also be applied to identify
trends in the literature, revealing where catalytic effects may
arise and whether they were considered. Plasma chemistry
studies often distinguish between “plasma” and ‘“plasmacata-
lysis”, yet this boundary becomes blurred when electrodes or
other catalytic surfaces interact directly with the plasma. For
example, while publications on plasma chemistry and plasma
catalysis have grown rapidly since the 1980s (Fig. 3A, Web of
Science, SI Section 2.1), a large share continue to report “plasma
chemistry”” without mentioning catalysts, including in detailed
reaction mechanisms. In 2024 alone, over 2000 articles on
plasma chemistry were published, yet only about 500 referred
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to catalysis explicitly. Many of these studies nonetheless relied
on electrodes in direct contact with plasmas. Overlooking this
distinction complicates the interpretation of plasma chemical
processes, including the validation of reaction mechanisms and
the optimization of plasma conditions (Fig. S1B).

We analyzed several decades of plasmacatalysis reports on
NH; synthesis, CO, splitting, and CH, partial oxidation to
determine whether catalytic EBs were described or if an effect
could be inferred from reaction conditions that were used
(Fig. S2C). Each study was classified using the three boundary
frameworks: inert external boundaries, catalytic external bound-
aries, or catalytic internal boundaries. Performance metrics were
converted to common units of yield or conversion versus specific
energy input (SEI), with efficiency metrics'® included to assess
how effectively each system converted electrical energy into
desired chemical products (SI Section 2.2). This standardization
enables direct comparisons across reactor types and provides
insight into the catalytic role of electrodes (Fig. 3B and C).

Analysis of these standardized datasets reveals that elec-
trode material has a significant impact on ammonia synthesis
(Fig. 3). As early as 1983, Yin and Venugopalan demonstrated
that changing the electrode material in a glow discharge, with-
out adding any packing, showed significant shifts in ammonia
production rates.>® This was early evidence that electrodes
could do more than simply sustain a plasma. The full extent
of electrode catalysis becomes clear in Fig. 3B, where catalytic
EB systems achieve production efficiencies () from 0.1% to
10% - the same range as packed-bed catalysts. Among these
many data points, several studies illustrate how electrode
design affects performance. Iwamoto et al. (2017) used “wool-
like” electrodes made from Au, Pt, Pd, or Cu.® These high-
surface-area metal electrodes not only sustained the discharge
but also served as active catalytic sites, yielding significant
amounts of ammonia at atmospheric pressure. Ma et al.
achieved similar success in a DBD setup by replacing simple
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rod electrodes with a tangled-wire electrode, which increased
the available metal surface area.*® This modification boosted
ammonia concentration and reduced energy cost, directly link-
ing electrode morphology to catalytic efficiency.

Studies involving CO, conversion reveal the same hidden
electrode effects across numerous investigations. In Fig. 3C,
catalytic EB systems achieve conversion efficiencies (1.) above
5%, matching and sometimes surpassing packed-bed reactor
performance. Early DBD studies by Aerts et al. showed that
significant CO, conversion could be achieved without any
catalyst packing, simply by tuning discharge parameters such
as gap size and SEL®” They found energy input was the domi-
nant factor controlling both conversion and efficiency. More
recently, Yong and colleagues reported that a nanosecond-
pulsed plasma operating at elevated pressure achieved ~14%
CO, conversion with 20-23% energy efficiency, performance
comparable to many plasma catalyst systems.”* Surprisingly,
adding catalyst pellets to DBD reactors often yielded only
modest gains, improving efficiency by just a few percent rather
than transforming performance. This suggests metal electrodes
already catalyze key steps, including dissociative adsorption of
CO, and oxygen atom recombination. Vibrationally excited CO,
also interacts with electrode sites, lowering bond-breaking
barriers. Electrode sputtering releases metal nanoparticles that
become floating catalysts in the discharge. Thus, what seems
like “plasma-only” processing actually involves both plasma
and electrode catalysis. CH, partial oxidation (Fig. S1C) shows
identical patterns.

Together, these data demonstrate that electrodes act as
active catalysts across a wide range of plasma-driven reactions.
However, the rapid growth of publications, coupled with
incomplete reporting of electrode details, has resulted in many
studies overlooking their catalytic role. Treating electrodes as
chemically reactive interfaces not only deepens mechanistic
insight into plasma environments but also reveals opportu-
nities to enhance process performance.

5. Case study — nanosecond pulse
spark discharge for NHz synthesis

Controlled experiments were performed to demonstrate the
mechanisms by which electrodes act as catalytic participants
in plasma chemistry. Nanosecond-pulsed spark discharges in a
pin-to-pin configuration were selected as a model system
because plasma is sustained directly between metallic tips
(i.e., catalytic EBs). In this configuration, electrodes experience
intense fields, ion bombardment, and ablation, allowing them
to serve simultaneously as sources of electron emission and
catalytic active sites. Ammonia synthesis was chosen as the
representative reaction because its surface-driven mechanism
is well characterized, highly sensitive to catalytic composition,
and directly illustrates how nitrogen activation couples into
surface-driven catalytic pathways. Under spark conditions,
ablation injects nanoparticles and alters surface phases, creat-
ing a dynamic catalytic interface that continuously reshapes

© 2026 The Author(s). Published by the Royal Society of Chemistry
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plasma chemistry. By varying electrode composition system-
atically under identical discharge settings, these experiments
isolate surface-driven mechanisms, track ablation-induced
effects, and connect them to performance in plasma-driven
ammonia synthesis.

5.1. Reactor design and plasma overview

The reactor used in this study is a compact flow cell designed to
operate with nanosecond-pulsed spark discharges at ambient
pressure (Fig. 4A). Two electrodes face each other in a pin-to-pin
configuration across a narrow 3 mm gap: one is flat, while the
other is sharpened to concentrate the electric field and reliably
ignite sparks.'” A premixed N,/H, feed, controlled between 1.2
and 8 scem (details in SI Section 1), passed through the gap
where high-voltage pulses of 8 kV, current at ~4 A and 200 ns
duration are applied at 3 kHz frequency. These short, high-
voltage bursts allowed stable operation while keeping the bulk
gas near room temperature, ensuring that most of the supplied
energy was directed into the plasma to drive chemical reactions.

A nanosecond spark forms an intense, localized channel
between the electrodes. Because the pulse lasts only a few
hundred nanoseconds, the discharge develops and quenches
before the surrounding bulk gas can heat appreciably. This
converts electrical energy into high-energy electrons, which
drive electronic and vibrational excitation, ionization, and
partial bond breaking in the N,/H, mixture. Each spark thus
generates a dense burst of excited N, molecules, N radicals, and
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Fig. 4 Nanosecond pulsed spark discharge reactor for ammonia synth-
esis. (A) Reactor with flat and shaped electrodes, operated at ambient
pressure with No/H; fluxes (1.2—8 sccm), ~8 kV, 200 ns pulses at 3 kHz. (B)
Plasma-driven NHz production pathway illustration. Sparks generate ener-
getic electrons that dissociate N, and H,, forming reactive N* and H*®
species that combine through radical-mediated steps to produce NHsz in
near-ambient conditions. (C) Reaction coordinate diagram for N, disso-
ciation at a surface. Showing how vibrational excitation (N>(v)) raises the
molecular energy and lowers the effective barrier to bond breaking.
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H radicals. The electrodes play a critical role in this process
because they provide the current required to sustain the
discharge and shape the strong local electric fields that deter-
mine the electron-energy distribution and activation efficiency.
This transient but highly energetic environment is especially
effective at activating nitrogen. High-energy electrons collide
with N,, driving vibrational excitation and even direct dissocia-
tion of the N=N bond. On a potential-energy diagram
(Fig. 4C), ground-state N, (0 eV) must overcome a steep dis-
sociation barrier of ~9.8 eV to dissociate on a surface.'®
Vibrationally excited N, (N,(v)) begins at a higher energy level,
with the first few quanta adding 0.29 eV (v = 1), 0.57 eV (v = 2),
and 0.85 eV (v = 3) above the ground level, which lowers the
effective dissociation barrier. The Fridman-Macheret para-
meter (2)* is used to capture this effect: it reflects the fraction
of vibrational energy that contributes to barrier crossing. As o
increases, the apparent activation energy decreases, making
dissociative adsorption more favorable. In addition, electron-
impact dissociation releases atomic N radicals (N°®), each
~4.9 eV above N,, bypassing molecular activation altogether.
Once generated, activated species cross the sheath and adsorb
on the electrode. This sequence, plasma activation followed by
transport, raises the adsorption rate constant for a fixed catalyst
because species arrive pre-energized or dissociated. Adsorbates
thermalize with the surface within 1-10 ps of binding,’**" and
the chemistry thereafter follows normal surface kinetics.
From this point forward, the catalytic surface determines all
recombination paths. Both Langmuir-Hinshelwood and Eley-
Rideal couplings are possible. The L-H pathway involves
sequential hydrogenation of adsorbed N atoms through N-H
abstraction steps (N* + H* - NH*, NH* + H* —» NH,*, NH,* +
H* — NH;3). The E-R route involves direct reactions between
plasma-derived radicals in the gas phase and adsorbates, such
as N(g) + H* — NH*. This E-R channel, which complements
the classical L-H hydrogenation cycle, is thought to be impor-
tant in nanosecond discharges due to their large radical
populations.> Adsorbed nitrogen atoms may recombine and
desorb as N, if the surface binds nitrogen too weakly, poten-
tially wasting active nitrogen. Plasma excitation speeds up
adsorption, but the electrode surface’s catalytic characteristics
predominantly determine the final product selectivity (e.g,
recombination to N,, hydrogenation to NH; or surface nitrida-
tion). Importantly, plasma-surface interactions can also
enhance desorption. Gas-phase radicals or excited species
may impinge on adsorbates and abstract them through L-R
processes, forming volatile products that leave the surface.
Physical energy transfer from vibrationally or electronically
excited molecules can also induce non-thermal desorption by
imparting sufficient energy to break adsorbate-surface bonds.
Additionally, ion bombardment can sputter adsorbed species
or etch surface films. These desorption pathways can ‘“clean”
surfaces that would otherwise remain saturated, freeing active
sites for subsequent reactions. For ammonia synthesis under
our conditions, the dominant plasma effect is enhanced nitro-
gen uptake; however, in other applications, such as plasma-
assisted coke removal for catalyst regeneration’®® or CO,
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desorption from sorbents,'”” plasma-enhanced desorption is
the primary mechanism. Thus, plasma activation can modify
both adsorption and desorption rates depending on the spe-
cific system, but catalyst identity governs the critical recombi-
nation steps that set selectivity and yield.””*>°

In this way, the nanosecond spark discharge provides a well-
defined testbed: it strongly involves the electrodes, couples
energy efficiently into N,/H, activation, and generates the
reactive species needed to overcome the intrinsic barriers of
nitrogen chemistry. These features make it a great platform to
directly observe how electrode materials participate in ammo-
nia synthesis and to connect plasma activation with electrode-
driven catalysis.

5.2. Evidence of catalytic effects from electrodes

Comparative experiments with Ni, Cu, SS and W electrodes were
performed to reveal how strongly electrode composition controls
performance in plasma ammonia synthesis. Under identical
discharge settings: the same electrode gap, plasma current, and
pulse conditions, the four electrode materials produced strikingly
different results. At an N,:H, ratio of 1:3, and SEI
34.5 eV molecule™ ", Ni electrodes consistently showed the high-
est NH; yield, reaching 0.37%, while Cu electrodes delivered
intermediate performance of 0.32%, SS 304 produced 0.23% and
W remained lowest at 0.11% (Fig. 5A). The corresponding
N, conversion values followed the same order (Ni > Cu >
SS 304 > W; Fig. 5B). These differences are well beyond
measurement uncertainty and cannot be explained by discharged
power density alone, which was held constant. Instead, they
demonstrate that electrodes are chemically active boundaries
that directly govern efficiency. These differences reflect catalytic
scaling relations. Nitrogen binding energies follow W > Ni >
Cu, with W binding strongly (—2.5 to —3.0 eV), Ni near the
volcano optimum (—0.5 to —0.7 eV), and Cu weakly (—0.1 to —0.3
€V)."%® SS 304 contains ~70% Fe near the volcano peak, though
alloying effects may limit its activity. Under thermal conditions,
weak-binding metals like Cu are inactive because N, dissociation
is rate-limiting; however, Mehta et al. predicted that plasma
bypasses this barrier, shifting the rate-limiting step to hydroge-
nation and making plasma enhancement greatest on weak-
binding metals.> Our observed ranking (Ni > Cu > SS > W)
is aligns with this prediction: when plasma supplies activated
nitrogen, Cu approaches Ni performance because the dissocia-
tion bottleneck is bypassed, while W remains limited by strong N-
surface interactions that trap intermediates regardless of plasma
activation. We note that while external operating conditions
(reactor geometry, electrode gap, pulse parameters, and flow
rates) were held constant across all electrode materials, the
plasma state itself, including electron energy distribution, radi-
cal densities, and sheath structure, may vary with electrode
composition. Electrodes serve as boundary conditions in
plasma systems, and changing the electrode material can alter
the plasma properties that couple to surface reactions. The
observed differences in yield therefore reflect the combined
effect of electrode-dependent plasma generation and surface
catalysis, both of which are influenced by electrode identity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of electrode material and feed composition on plasma NHs
synthesis. (A) NHsz yield SEI for Ni, Cu, and W electrodes at a fixed N, : H,
ratio of 1:3. Ni delivers the highest yield, Cu is intermediate, and W the
lowest, despite identical discharge conditions. (B) Corresponding N, con-
version follows the same order. (C) On Cu, changing feed composition
from Ny :H, =1:3to 1:7 produces a strong enhancement in NH3 yield (D)
N> : H, conversion ratios exceed the stoichiometric 1: 3 requirement (gray
dash line), especially in N5 rich feeds, consistent with electrode nitridation
and direct nitrogen incorporation into the metal surface.

Spatially resolved optical emission spectroscopy comparing
electrode materials would help deconvolute these contributions
and is a target for future work.

The effect of feed composition is particularly noticeable on
Cu electrodes. When the gas ratio was shifted from N,:H, =
1:3 to 1:7, the NH; yield increased, from 0.3% to 2.2%, at
34.5 eV molecule™" (Fig. 5C). The corresponding N, conversion
nearly doubled as well, whereas nickel and tungsten electrodes
showed much smaller composition-dependent responses. This
disproportionate enhancement on Cu indicates strong
composition-electrode coupling under nitrogen-rich feeds, Cu
surfaces can stabilize dissociated nitrogen and promote hydro-
genation more effectively than under H,-rich conditions. For
ammonia synthesis, the stoichiometric N,/H, consumption to
synthesize NH; is 1: 3. In Fig. 5D, the apparent measured N,/H,
conversion is consistently higher than this limit (i.e., 1:3);
about 0.8-1.2 for the 1:7 feed and as high as 5-5.7 for the case
of 1:3 N,/H, flow rates. In other words, nitrogen is consumed
at rates three to nearly eighteen times above what stoichiometry
would predict, with the effect most pronounced when the feed
is richer in N,. Combined with the elevated N, conversions

© 2026 The Author(s). Published by the Royal Society of Chemistry
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shown in Fig. 5B, this points to an extra nitrogen reservoir at play.
Experiments were performed to prove that nitrogen was being
sequestered onto surfaces as a nitride film. This behavior rein-
forces the broader point that electrodes in so-called ‘“catalyst-
free” plasmas are not passive, they act as reactive interfaces.
Taken together, these results demonstrate that electrodes are
active participants in chemistry. Changing the electrode material
or the gas composition significantly alters both NH; yield and
conversion balance, while the persistent nitrogen excess signals
surface storage. The N,/H, conversion ratio showed no systematic
drift over hours of testing, indicating that steady-state conditions
are maintained during extended operation. This stability reflects
the selfrenewing nature of the electrode surface: continuous
ablation removes nitrided layers and exposes fresh metallic Cu,
while nanoparticle generation distributes catalytic material
throughout the reactor. The coexistence of metallic Cu and Cu-
N phases in post-mortem XPS analysis supports this dynamic
equilibrium between nitride formation and erosion.

5.3 Catalytic nanoparticle production from electrodes in
plasmas

SEM-EDX was used to examine electrodes and plasma-generated
particles, revealing erosion and nitrogen incorporation consis-
tent with electrodes as active catalytic boundaries. Nano-
particles were collected on polished Si wafers placed beneath
the discharge during operation, and complementary analyses
were performed on the electrodes before and after long-term
plasma exposure (Fig. 6A). Full experimental details provided in
the SI Section 1.4. In this pin-to-pin configuration, the pointed
electrode served as the cathode and the flat electrode as the
anode, a fixed polarity determined by the nanosecond pulsed
power supply. Both electrodes showed evidence of plasma-
induced modification, though to different extents: the pointed
cathode tip exhibited pronounced erosion and localized melting
(Fig. S5F), consistent with the concentrated electric field at the
tip and intense ion bombardment from the cathode fall, while
the flat anode showed microcrater formation and nanoparticle
generation under comparatively milder conditions (Fig. 6C).
The flat anode surface shows clear evidence of erosion and
chemical modification after extended operation, while the
pointed cathode tip exhibits pronounced erosion (SI Fig. S5E
and F). Before plasma exposure, wide-field SEM images show a
clean metallic surface. However, after 54 x 10° pulses, the same
region has pits, roughening, and redeposited material (Fig. 6C).
The orange box highlights the spark attachment zone, the
region where the discharge repeatedly contacts the electrode,
which shows the most pronounced morphological changes,
appearing as bright, textured features consistent with localized
heating and material redistribution. The light regions within
this zone correspond to micro-melt pools formed by localized
arc attachment, exhibiting smooth, resolidified surfaces sur-
rounded by ejected debris (Fig. S5D). A higher-magnification
view of this spark attachment zone (blue box) reveals surface
texturing from repeated discharge events. At the electrode edge
(green box), away from the primary spark attachment zone,
nanoparticles accumulate through redeposition of material
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Fig. 6 SEM-EDX of plasma-generated nanoparticles on Si and electrode surface changes. (A) Schematic of sampling configuration: nanoparticles were
collected on polished Si wafers beneath the discharge, while electrode surfaces were examined before and after plasma operation. (B) SEM images and
corresponding size distributions of nanoparticles collected on Si wafers under identical N, :H, = 1: 3 feed (4 sccm total flow) with the same number of
pulses. Top: 0.83 mJ pulse™?; bottom: 1.5 mJ pulse™ . At higher energy, both particle density and size increase, with distributions broadening toward
larger diameters. (C) SEM of the Cu electrode before and after 54 x 10° pulses: the spark-active region (orange) and its zoom (blue) reveal filament-
induced cratering, while the edge (green) shows redeposited particles. EDX spectra confirm nitrogen incorporation after plasma exposure.

transported from the discharge-active region. This spatial dis-
tribution, intense modification at the spark zone and particle
accumulation at peripheral regions, is consistent with electrode
erosion and redeposition mechanisms in pulsed spark dis-
charges. EDX spectra acquired from the same electrode surface
region before and after plasma exposure support this interpre-
tation: the post-plasma spectrum shows nitrogen peaks at
0.39 keV, indicating surface nitridation. The minor increase
in carbon signal observed in post-plasma spectra is attributed
to adventitious carbon contamination during sample transfer
between the reactor and SEM chamber, a common artifact for
air-exposed surfaces.

Under the same gas feed (N,:H, = 1:3, 4 sccm total flow
rate) and same number of pulses (~10% pulses), the particle
population changed strongly with the discharge energy (Fig. 6B).
At ~0.83 m] pulse ™, only a thin layer of relatively small particles
was collected, with a log-normal size distribution centered at y =
151.4 nm (¢ = 123.8 nm). Most particles stayed below 300 nm,
giving a fairly narrow distribution. When the energy was
increased to ~1.5 mJ pulse™ ", the surface was instead covered
with a dense layer of near spherical particles, and the histogram
shifted to much larger sizes with x4 = 325.5 nm (¢ = 248.1 nm),
extending out toward 700 nm. Because of the increased particle
number and size, higher energy sparks inject more catalytically
active material into the discharge, extending the accessible sur-
face area and possibly introducing new active phases. Control
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experiments with doubled exposure time (~2 x 10® pulses) at
0.83 mJ pulse ' yield a similar size distribution (Fig. S5C),
confirmed that particle size is governed primarily by instanta-
neous pulse energy rather than total accumulated energy, indi-
cating that ablation dynamics during individual discharge events
control nanoparticle formation. As a result, pulse energy not only
governs electrode erosion but also alters the nanoparticle popula-
tion that participates in plasma-driven chemistry.

These findings suggest that nanoparticles are continuously
produced from the electrodes during plasma operation. Pulse
energy acts as a direct control over their yield and size, while
long-term runs reshape and chemically age the electrodes
themselves. In practice, this means that even in systems
described as ‘catalyst-free,” the electrodes act as a built-in
source of catalytic nanoparticles.

5.4 Compositional changes of electrodes

Nanoparticles were collected on polished Si wafers beneath the
discharge, using the same sample configuration as in Fig. 6A.
Each sample was exposed to 10° pulses at 0.83 m] pulse *,
under either N,:H, = 1:3 or 1:7 feeds. After collecting, Si
substrates were examined using X-ray photoelectron spectro-
scopy (XPS) (details in SI S1.4). XPS shows that the chemical
state of Cu nanoparticles released from the electrodes depends
strongly on the N,/H, ratio (Fig. 7). In the Cu 2p;,, region,
metallic Cu® appears at 932.6 eV with overlapping Cu* features

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 XPS of particles collected on Si wafer after 108 pulses at 0.83 mJ pulse™*

under N»:H, = 1:3 or 1:7. (A) Cu 2p with fitted Cu®, Cu™, Cu?* states. (B) N 1s
with N—Cu and N-Si signals. Bar plots show relative fractions.

at 932.7 eV, while a weaker signal at 933.8 eV, characteristic of
Cu*", is observed; because the plasma reactor was oxygen-free,
this Cu®" contribution is attributed to atmospheric contamina-
tion during sample transport to the XPS chamber rather than
in-plasma chemistry.'*™'** Quantification from Cu LMM Auger
spectra (SI Section 5) reveals that under N,-rich feed (N,:H, =
1:3), the nanoparticles were dominated by Cu’(58.2%) with
smaller fractions of Cu®* (32.4%) and Cu® (9.0%)."** Nitrogen
bound to Cu accounted for 55.5% of the total N signal,**%***113
while the remainder (44.5%) was assigned to N adsorbed on the
Si substrate. In contrast, under H,-rich feed (N,:H, = 1:7),
metallic Cu® increased to 52.5% with Cu” at 31.9% and Cu®"
reduced to 15.6%. Here, the Cu-N fraction dropped to 29.3%,
while Si-N adsorption dominated at 71.9%. The N 1s spectra
corroborates these results: a distinct peak at ~397.8 eV,
characteristic of Cu-N bonding, is prominent in the N,-rich
case but strongly suppressed under H,-rich conditions. This
quantitative comparison confirms that hydrogen-rich condi-
tions suppress surface nitridation, excess hydrogen increases
the probability that activated nitrogen is hydrogenated to NH;
rather than stored as Cu-N phases.

Despite the stronger nitridation signature at 1:3 feed, the
1:7 feed produced the higher NH; yield. This contrast can be
rationalized by stoichiometric considerations and competing
reaction pathways. The H,-rich mixture supplies over twice the
stoichiometric hydrogen, raising the chance that each activated
N atom is fully hydrogenated rather than stored as a nitride. In
this regime, hydrogenation becomes probability-driven: abun-
dant H, and H radicals shift the chemistry toward NH; release
instead of lattice storage. Quantitatively, the 1:7 condition
(87.5% H,) increased NH; yield about sevenfold - from 0.3%
to 2.2% - even at constant SEI, while the N,/H, conversion ratio

© 2026 The Author(s). Published by the Royal Society of Chemistry
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fell from 5-5.7 (at 1:3) to 0.8-1.2 (at 1:7), showing that
nitrogen was no longer trapped in the electrode. The XPS
confirms this trend: Cu-N accounted for ~55% of the total N
signal at 1: 3 but only ~29% at 1: 7, meaning less nitrogen was
locked as Cu;N-like phases. Together, these results indicate
that excess hydrogen suppresses nitride formation and main-
tains more metallic surface sites for catalysis. Concurrently,
spark erosion continuously delivers Cu/Cu-N nanoparticles
that coat internal surfaces, extending the effective catalytic area
beyond the geometric electrode boundary. Overall, the XPS and
performance data together reveal dynamic electrode-supplied
catalysis: while both feed ratios activate nitrogen through the
electrode, hydrogen-rich conditions minimize unproductive
nitrogen storage in nitrides and maximize NH; production,
whereas nitrogen-rich conditions favor nitride formation that
acts as a nitrogen sink.

The coexistence of metallic Cu and Cu-N phases has impor-
tant catalytic implications for the design and optimization of
plasma processes. Copper nitride has different electronic struc-
ture than metallic Cu, with modified d-band characteristics that
alter nitrogen adsorption energies and hydrogenation barriers.
The active surface during plasma operation is therefore not pure
metal but a dynamic mixture of phases, and the observed
catalytic behavior reflects this mixed-phase composition. The
correlation between feed ratio, surface nitridation, and NH; yield
suggests that maintaining metallic Cu sites is beneficial for
ammonia production: hydrogen-rich conditions suppress nitride
formation, preserve metallic surface character, and produce
sevenfold higher NH; yields. This phase-dependent behavior
extends to electrode material selection, W forms highly stable
nitrides that could lock nitrogen in inactive phases, contributing
to W’s poor performance, whereas the less stable copper nitride
allows more dynamic nitrogen exchange between surface and gas
phase.'*

6. Are electrode plasmas ever catalyst-
free?

Plasma systems with metal electrodes in direct contact with
discharges exhibit catalytic reactions in addition to the volu-
metric plasma-phase chemistry that has traditionally been
emphasized. The combined evidence from literature and our
experiments demonstrates that electrodes catalyze plasma reac-
tions actively by both driving surface reactions and the produc-
tion of nanoparticle impurities that coat surfaces, rather than
merely emitting electrons to sustain discharges. As outlined in
Section 4, electrode composition and morphology have been
shown to alter plasma chemistry across different discharge
types and energy conditions within plasmas even in the absence
of packed beds. Early glow discharge studies showed that
changing only the electrode metal shifted NH; production rates,
while later work with wool-like pads or tangled-wire electrodes
achieved large improvements in yield and energy efficiency.
Comparable activity has been observed across CO,, CH,, and
NH; systems, confirming electrode catalysis as a universal
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phenomenon. In our spark discharge case study, this effect
becomes quantifiable: under identical discharge settings, Ni
electrodes produced 0.37% NH; yield, Cu 0.32%, SS 304 0.23%,
and W only 0.11%, variations far beyond experimental uncer-
tainty. Most dramatically, changing the feed from N,:H, =1:3
to 1:7 on Cu electrodes increased NH; yield sevenfold to 2.2%.
Surface analyses revealed the underlying mechanisms: nitrida-
tion creates dynamic nitrogen reservoirs, erosion generates
catalytic nanoparticles, and redeposition spreads these particles
throughout the reactor.

These catalytic effects arise because plasma conditions
couple directly to electrodes as boundary conditions. While
electrodes act as emissive elements to sustain discharges, ion
bombardment and localized heating also drive surface reactions
that evolve dynamically during operation. Continuous ion bom-
bardment refreshes active sites, sputtering exposes fresh metal,
and strong electric fields enhance surface reactivity. Even refrac-
tory metals erode under plasma exposure, releasing nanoparticles
that seed new catalytic sites across the reactor. As a result,
electrodes cannot be treated as passive current carriers, they act
as chemically active participants whose composition and morphol-
ogy shape the performance of plasma chemical processes. Recog-
nizing this opens opportunities: rather than choosing electrodes
solely for conductivity or durability, they can be deliberately
engineered as catalytic elements. In turn, more accurate and
reproducible plasma chemical mechanisms, including where pro-
ducts form and how intermediates couple, can be achieved.

Opportunities to tailor plasma reactions expand dramati-
cally when electrodes are treated as catalytic elements rather
than passive conductors. Alloying electrode materials can opti-
mize catalytic properties by tuning the d-band center and
modifying binding energies of key intermediates. Protective
coatings offer another lever, offering a mechanism to maintain
catalytically active phases while mitigating erosion and limiting
redeposition of sputtered material onto other reactor surfaces.
Electrode geometry provides yet another design dimension:
wool-like pads or tangled-wire meshes introduce large surface
areas and diverse active sites, sustaining high ion fluxes and
enhancing radical-surface coupling. By engineering the surface
geometry and chemistry of electrodes, there are opportunities
to promote favorable surface-assisted pathways to enhance
both the selectivity and energy efficiency of processes directly.
Importantly, plasma continuously refreshes electrode surfaces,
via ion bombardment, sputtering, and redeposition, so active
sites are regenerated rather than deactivated. This self-
renewing feature gives plasma-catalyst electrodes a distinct
advantage over conventional heterogeneous catalysts, which
are often susceptible to poisoning or sintering depending on
the kinetics and mechanisms of particular chemical processes.

To fully realize these opportunities, the field must broaden
mechanistic investigations of plasma processes to include the
surface chemistry occurring at electrode interfaces explicitly.
Stainless steel is a common electrode material in plasma
reactors and is often assumed to be “inert.” Our results show
that SS 304 contributes catalytically measurably to ammonia
synthesis, falling between Cu and W in performance. Studies
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should therefore document electrode design and geometry, includ-
ing material composition and purity, surface preparation methods,
operational changes during use (such as color shifts, roughening,
or mass loss), and post-reaction characterization, to ensure repro-
ducibility. Models and mechanistic frameworks must account for
the catalytic roles of electrodes, as well as their potential to
introduce impurities into other phases and interfaces through
erosion and redeposition. In this context, terms like “catalyst-
free” become difficult to justify without clear mechanistic evidence
that electrodes contribute negligibly to the observed chemistry.
Without these changes in practice and terminology, electrode
effects will remain hidden variables in plasma systems, obscuring
mechanisms, compromising reproducibility, and hindering their
optimization.”

7. Conclusions

This study demonstrates that plasma chemical processes are
rarely “catalyst-free.” Even in the absence of dispersed hetero-
geneous catalysts, surfaces that bound the plasma - such as
electrodes-act as chemically active sites where catalytic reac-
tions occur. These surfaces influence the local plasma environ-
ment, undergo erosion and composition changes, and
continuously supply nanoparticles into the discharge. Far from
incidental, these processes directly affect yields, selectivity, and
mechanistic pathways.

We propose a classification framework that makes electrode
contributions visible from the outset, linking plasma catalytic
behavior to the nature of both external and internal boundaries.
Combining literature analysis with our spark-discharge case study,
we show that electrode material, surface chemistry, and nanopar-
ticle generation all leave measurable imprints on plasma reactions.
Systems long considered “catalyst-free” in fact experience catalytic
effects from electrodes, either through surface reactions or by
injecting nanoparticles into other phases. Recognizing electrodes
as catalytic elements is therefore essential for accurate mechanistic
understanding and benchmarking of plasma processes. Reporting
electrode composition, surface condition, and signs of particle
generation should become standard practice. Looking forward,
treating electrodes as tunable catalytic elements rather than
passive current carriers opens the door to systematic design
strategies where electrode engineering can be directly linked to
plasma chemistry and reaction mechanisms.
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