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Green Foundation

1. This work advances green chemistry by establishing mechanistic design rules for electrified,
catalyst-free ammonia synthesis under mild, atmospheric-pressure conditions. It enables direct
conversion of N2 and Hx using renewable electricity, offering a fossil-free alternative to Haber-
Bosch.

2. We demonstrate that optimizing plasma microdischarge behavior in dielectric-barrier
discharge (DBD) reactors can double nitrogen activation efficiency while operating below 100 °C
and 1 bar. Systematic correlation of reactor geometry, pulse timing, and excitation channels
provides a quantitative framework to minimize energy losses and guide low-energy plasma
process design.

3. Further greening could be achieved by coupling the plasma reactor with renewable H>
generation or plasma-catalyst hybrids to enhance yield at lower power densities. Integration with
life-cycle and techno-economic assessments will advance scalability toward carbon-neutral
ammonia production.
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Systematic Evaluation of Plasma and Reactor Parameters in Non-Thermal
Dielectric Barrier Discharge Plasma Ammonia Synthesis

Rutvija Dange?, Daniel Sinausia?, Anatoly Bekkerman?, Denis Leybo?, Charlotte Vogt®*

Schulich Faculty of Chemistry, and Resnick Sustainability Center for Catalysis, Technion - Israel
Institute of Technology, 3200003 Haifa, Israel

*C.Vogt@technion.ac.il

Abstract: Dielectric barrier discharge (DBD) plasmas provide an electrified, nonequilibrium route
to ammonia synthesis that can be directly powered by renewable electricity. Yet, the coupled
effects of reactor geometry, operating conditions, and microdischarge influence on plasma
characteristics and process performance remain poorly understood. Here we present a
comprehensive study of N2-H. conversion in a DBD reactor, systematically varying barrier
thickness (1.0—-2.0 mm and empty-cell reference), electrode and discharge gaps, applied voltage,
gas composition, flow rate, and pulse timing parameters. Integrated diagnostics including
Lissajous power analysis, microdischarge statistics, optical emission spectroscopy of N2, N2*, and
NH, and colorimetric NH3 quantification, were combined with statistical correlation and machine-
learning (Random Forest) analyses. We show that reactor geometry governs microdischarge
charge and energy distributions through capacitive coupling, while residence time and pulse
timing regulate excitation partitioning across electronic, ionic, and dissociative channels. Gas
composition further determines the balance between nitrogen excitation and radical generation
pathways. Ammonia yields correlate most strongly with NH(A—X) emission intensity and scale
with microdischarge dynamics, linking discharge structure directly to nitrogen activation efficiency.
This parameter-mapped framework provides mechanistic design rules for tuning plasma reactors
and advances the development of sustainable, decentralized ammonia synthesis under mild
conditions.
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Introduction

Ammonia sits at the nexus of food, fuels, and net-zero ambitions. It is indispensable for fertilizers
and increasingly recognized for its potential value as a hydrogen carrier, yet its production still
relies on the Haber-Bosch process, which consumes 1-2% of global energy and emits more CO-
than any other single industrial chemistry'. Because Haber-Bosch is bound to high temperatures,
pressures, and fossil-derived hydrogen, new sustainable routes to ammonia are urgently sought
for2. Electrified nitrogen fixation has therefore emerged as a central grand challenge in catalysis
and green chemistry3-5.

Non-thermal plasmas (NTPs) offer a distinctive pathway for small scale, delocalized ammonia
synthesis, as they operate fundamentally out of equilibrium, with “hot” electrons coexisting
alongside a comparatively “cold” bulk gas®. This disparity allows electrical work to be funnelled
into vibrational, electronic, and radical channels rather than dissipated as heat*87. For nitrogen,
NTPs can generate vibrationally excited nitrogen, N2(v), electronically excited N2*, atomic
nitrogen, ions, and radicals, all sustained at near-ambient conditions. In an N2-H2> mixture, these
non-equilibrium ensembles can interact with catalytic surfaces via, for example, non-thermal Eley-
Rideal®, hot-precursor mechanisms®, or homogeneous reactions'®'!, and when persistent, they
can even drive apparent conversions beyond the thermal equilibrium limit at modest bulk
temperatures'213,

Dielectric barrier discharges (DBDs) have gained attention recently particularly in light of ammonia
synthesis because they combine operational simplicity at atmospheric pressure with a
microdischarge-driven mode of energy deposition’#-2'. Microdischarges - short-lived, flamentary
discharges in the plasma initiated by streamer breakdown -, occur on nanosecond timescales
with high local fields and electron densities, and are central to the plasma chemical kinetics?°.
Microdischarges are primarily generated in the bulk plasma gap, though discharge filaments have
also been observed at the entrances of macropores, interparticle voids, or micro- to millimetre-
scale channels in structured catalysts. The formation of microdischarges inside porous catalysts
is highly dependent on pore size, dielectric properties, and local field enhancement, and they are
not typically believed to form within conventional nano- or microporous catalyst architectures,
where pore dimensions and local field screening prevent breakdown??-26, The statistics of
microdischarge formation are regulated by the dielectric barrier's material and thickness,
electrode geometry, and discharge gap. These parameters determine charge accumulation, local
field distributions, and ultimately the spatiotemporal distribution of microdischarges?°25-27_ In turn,
these features sculpt the electron energy distribution function (EEDF), partition energy flow into
internal modes, and define the spectrum of reactive species delivered to the catalyst surface?s.
Establishing mechanistic connections between microdischarge characteristics like dynamics,
vibrational, and electronic excitation, and plasma chemical process performance remains an open
frontier, and has been identified as a key priority in recent community roadmaps®20-21,
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Converging theory and experiments have suggested that vibrational activation of N2 can, in some
plasma systems, lower the effective barrier for N=N dissociation and thereby promote ammonia
synthesis’2%-31, Kinetic modelling and microkinetic analyses show that elevating the population of
N2(v) selectively lowers the effective barrier for dissociation on metal surfaces, without
proportionally accelerating the subsequent hydrogenation sequence, thus biasing rate control
toward the N-N bond-activation step that is rate-determining in thermal catalysis3'. Recent
experiments have reported correlations between vibrational excitation and NHs formation under
certain conditions.?' However, recent analyses®?3% caution that the significance of Nz(v) in
atmospheric-pressure DBDs may be substantially reduced due to the high reduced electric field
(E/N), rapid V-T quenching, and limited survival of high-v states’*°. As a result, vibrational
pathways may play a secondary or system-dependent role compared with electronic, ionic, and
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dissociative channels in typical DBD regimes. Taken together, these studies underscore the
importance of characterizing both internal-mode excitation and microdischarge behaviour when
seeking to rationally optimize plasma-enabled NH3 synthesis.

Plasmas also offer a second advantage: they can circumvent classical scaling relations that
constrain thermal catalysis’-3* because a significant fraction of the input energy can be channelled
into non-thermal electronic and vibrational activation pathways rather than uniformly into gas
heating. Although DBDs can still exhibit appreciable gas heating through V-T relaxation,
collisions, and exothermic chemistry, this partial decoupling of internal excitation from bulk gas
temperature can reshape the reaction kinetics, enabling forward-reverse rate asymmetry and
apparent yields that surpass equilibrium-limited values. This opportunity has been demonstrated
for Ru catalysts in DBD reactors, motivating systematic efforts to map the operating regimes
where non-thermal promotion is strongest®.

Despite rapid progress'®-21:3637 the literature remains fragmented, as many studies vary a single
parameter (e.g. gas ratio, voltage, or catalyst) and report only subsets of diagnostics. Controlled,
multi-parameter studies that couple reactor configuration properties with electrical driving modes
and integrated diagnostics, are required in order to reveal how plasma structure governs catalytic
function. As in many other fields, machine learning tools have recently increasingly been applied
in plasma science, particularly for addressing computationally expensive simulations and complex
parameter optimization. Neural network approaches have been applied to predict product
densities in pulsed discharge systems®, enabling efficient extraction of operating parameters
from experimental data with relative errors below 10-3. Deep neural networks have also been
employed to simulate atmospheric dielectric barrier discharges®® and CO2 conversion plasmas?*°,
reducing computational time from hours to seconds while maintaining high accuracy. For
ammonia synthesis, artificial neural networks have successfully correlated operational
parameters with synthesis rates and energy yields*'. While these studies primarily focused on
predicting macroscopic outcomes, our work advances the field by integrating machine learning
with multi-modal plasma diagnostics - combining electrical measurements, optical emission
spectroscopy, and chemical analysis - to reveal mechanistic connections between
microdischarge characteristics, excited-state distributions, and ammonia formation efficiency.

Here, we address that need through a systematic analysis of N>-H> plasma characteristics and
parameters in a DBD reactor to an ammonia yield. We vary dielectric barrier thickness, electrode
and discharge gaps, applied voltage amplitude, gas composition, and flow rate to isolate the most
significant features for ammonia yield. Each condition is characterized by set of complementary
characterization techniques, including time-resolved electrical measurements (to assess total
power and microdischarge statistics), optical emission spectroscopy of N2, N2* and NH, and
colorimetric NH3 quantification. Statistical correlation analysis is used to identify which plasma
descriptors (microdischarge total charge, energy per microdischarge, distribution of molecular
excited states) best correlate with ammonia production and energy efficiency. By systematically
decoupling reactor geometry from operating mode and linking discharge structure to process
performance, we establish mechanistic design rules for out-of-equilibrium nitrogen activation.
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Experimental Input Data Analysis
Figure 1. Schematic overview of the dielectric-barrier discharge (DBD) plasma reactor and the full experimental
parameter matrix. Eight geometrical and process parameters were systematically varied: pellet thickness (P, 0—2 mm),
electrode gap (EG, 3.5-5.5 mm), discharge gap (DG, 1.5-3.5 mm), applied voltage (19-21 kV), gas flow (20—40 mL
min-'), nitrogen-to-hydrogen mixing ratio (N2:H2 = 1:1, 1:2, 2:1), and pulse timing combinations (DT and ST = 75-80
and 200-475). These variations produced several hundred operating points, summarized in Supplementary Table S1.
To identify statistically significant dependencies, both Spearman rank correlations (to capture monotonic trends) and
Random-Forest regressions (to capture nonlinear and interaction effects) were applied to all parameter—response pairs.

Results and Discussion

Electrical diagnostics and microdischarge behaviour

To gain a fundamental and generalizable understanding of how reactor geometry and process
parameters control plasma-driven ammonia synthesis, we systematically varied eight geometrical
and process parameters (Fig. 1), namely: pellet thickness (P), electrode gap (EG), discharge gap
(DG), applied voltage, total gas-flow rate, nitrogen-to-hydrogen mixing ratio (N2:H2), and pulse-
timing parameters (DT and ST) (further details in Supplementary Table S1; Supplementary Figs.
S1, 2). The full factorial combination of these levels would result in ca. 13.000 combinations
making the problem intractable. Therefore, a partial factorial design of experiments was
implemented, yielding several hundred operating points (including repetitions) that are
systematically analysed in the following sections. Figure 2 summarizes how these parameters
influence the electrical diagnostics and microdischarge behaviour of the DBD plasma (see
Supplementary Information Section S1 for full experimental details). Representative Lissajous
plots (Fig. 2A) show the characteristic charge-voltage loops, while current-voltage traces (Fig. 2B)
resolve the nanosecond-scale microdischarge spikes within each AC half-cycle.
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Varying the dielectric barrier thickness by introducing pellets P of given thickness (made of
MACOR®, the same material as the reactor components), and gap geometry (EG, DG) tunes
both the charge and energy of microdischarges. To understand their effects, two cases must be
distinguished, as the reactor geometry differently influences the external electric field applied
across the discharge gap (Supplementary Fig. S1). When maintaining a constant-EG, increasing
barrier thickness raises the reactor capacitance, thereby amplifying the electric field within the
discharge gap. However, if keeping a constant DG, the increased distance between electrodes
outweighs the effect of higher capacitance, leading to an overall decrease in the external field
strength. Although the field inside the discharge gap results from the superposition of external
and internal fields generated by charged plasma species, making the geometric—field relationship
inherently complex, these two configurations must be analyzed separately to capture the distinct
directionality of external forcing.
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Experimentally we observed that increasing the barrier thickness at constant DG decreases the
total microdischarge charge, it simultaneously increases the median microdischarge energy (Fig.
2C,E). Conversely, under constant EG, increasing the barrier thickness (and thus reducing the
DG) decreases both the total charge and median energy (Fig. 2D,F). This behavior indicates that,
for constant DG, thicker barriers distribute less total charge among fewer (but more energetic)
filaments, whereas for constant electrode gap less energetic microdischarges carrying less overall
charge are produced as the result of weakened superposition of external and internal fields.
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Figure 2. Discharge characteristics as a function of geometry and process settings. (A) Lissajous figure for the empty
reactor, showing the capacitor-like charge-voltage relationship across a dielectric layer of MACOR on both the high
voltage and ground electrode of 1.2 mm thickness, in an otherwise empty cell. (B) Representative zoomed in current—
voltage waveform of single envelope revealing microdischarge spikes during AC (half-)cycles. (C) Distribution of total
charge of microdischarges per one envelope across all experimental conditions at constant DG as a function of
dielectric barrier thickness. (D) Distribution of total charge of microdischarges per one envelope across all experimental
conditions at constant EG as a function of DG. (E) Distribution of median energy of microdischarges across all
experimental conditions at constant DG as a function of dielectric barrier thickness. (E) Distribution of median energy
of microdischarges across all experimental conditions at constant EG as a function of DG. (G) Statistical relationships
between all geometrical/process inputs and discharge outputs (mean median energy, mean total charge) obtained from
Spearman and Random-Forest analyses. The colour indicates the correlation sign and strength (Spearman p); bubble
size represents Random-Forest feature importance; numbers to the right denote model R2. Asterisks (*) indicate
statistically significant correlations (p < 0.05, two-tailed Spearman test).
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To generalize these relationships, we performed a statistical analysis linking geometric and
process inputs to electrical outputs (total charge and median energy of microdischarges).
Monotonic trends independent of linearity were captured using Spearman rank correlation
(quantified by the Spearman coefficient p), and nonlinear or coupled effects were identified using
Random-Forest (RF) regression. Details of data preprocessing, cross-validation, and model
tuning are provided in the Supplementary Information, Section S1.5. The resulting correlation map
(Fig. 2G) reveals that sustain-time (ST) frequency and gap geometry dominate energy deposition
(Ip| = 0.5; RF importance = 0.7), while applied voltage strongly influences total charge. Increasing
voltage increases both total charge and per-discharge energy due to higher input power and
stronger external field, whereas reducing the ST parameter directly shortens the energy-
accumulation window (energy and charge are calculated per single pulse envelope).

The mechanistic origin of the observed geometric effects is less straightforward. Generally,
decreasing the discharge-gap distance (or the electrode spacing, with corresponding change in
dielectric barrier thickness) enhances the external field due to higher reactor capacitance*?43. The
actual field distribution, however, is also shaped by space charges generated through electron-
molecule collisions®4445, and further modified by reactive fragments that contribute to the local
potential landscape?4446, Nevertheless, these dependencies show that geometric control alone
- as demonstrated here in the catalyst-free configuration - can effectively modulate the
microdischarge regime and energy dissipation, enabling plasma-structure tuning. We note,
however, that introducing catalyst loading, packing structure, or additional dielectric materials
would modify the effective geometry experienced by the discharge and represent an additional
layer that must be considered in plasma-catalytic systems.

Optical-emission spectroscopy and excitation pathways

We next employed optical emission spectroscopy (OES) to elucidate how the electrical plasma
characteristics described above partition energy among internal excitation channels.
Representative spectra recorded under pure N2 and mixed N>— H: feeds at different ratios (for
constant EG and DG with varying P) are shown in Fig. 3A,B. OES provides a window into the
electronically and vibrationally excited states within the discharge, as the emitted photons reflect
relaxation from molecules, ions, and radicals formed under the prevailing electron energy
distribution function (EEDF)*47:48, A spectrum for pure H: is provided in Supplementary Fig. S8.
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In nitrogen plasmas, emissions arise from a dense manifold of electronic levels, 27 primary states
ranging from the ground XX to the z'Ag level at 14.3 eV, each containing multiple vibrational
and rotational sublevels*3#4. Under the low effective electron temperatures (=1-5 eV) typical of
dielectric-barrier discharges, excitation is dominated by triplet states. The metastable N2(A3Z,*)
serves as a long-lived reservoir that can be collisionally promoted to higher triplet states, B3Hg,C3
I1,,, producing the observed UV-visible bands*%5°. To describe these transitions consistently, we
adopt the spectroscopic notation Species: “(Upper — Lower) (v'=v") A’ (see Supplementary
Information Section 2 and Supplementary Tables 2, 3 for more details on energy levels, notation
and assignments). For example, N2(C-B)(2—1) 313 nm denotes a photon emitted as neutral
nitrogen relaxes from the excited C3I1, to the B317g state (both electronically excited) while
changing vibrational level from v' = 2 to v" = 1. Fig. 3C schematically depicts these electronic
systems and their associated neutral and ionic transitions.

Within our spectral window, four distinct emission families dominate, each linked to a specific
excitation pathway. Neutral N> bands arise from the C-B system SLC3H - B311,; commonly

called the “second positive system”"), ionic N2* B-X transitions (B%X,, — XZZ'g, the “first negative
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system”), NH radical emission A-X (i.e., A3l —X3X"), and atomic hydrogen contributes the
Balmer series. The feature near 434 nm, often associated with Hy, may also include contributions
from the N2(C-B)(0—4) transition (A = 434.36 nm), and we therefore treat it as a composite peak
rather than a purely hydrogen emission. These nitrogen-containing emission families represent
distinct electronic excitation pathways of increasing energy cost; neutral excitation (N> C-B),
ionization (N2* B-X), and dissociation leading to radical (NH A—X).
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Figure 3. Optical-emission spectroscopy (OES) signatures and their statistical interpretation. (A, B) Representative
emission spectra for (A) constant EG, and (B) constant DG under different gas mixtures (N2:Hz2 = 1:1, 2:1, 1:2) for
different pellet thicknesses P, and for the empty reactor, with reference spectra for pure N2. (C) Schematic of the
electronic and vibrational energy levels of N2(C—B), N2*(B—X), NH(A—X), and H (Balmer) transitions probed by OES,
also indicated in (A, B). (D) Spearman correlations between discharge-derived quantities (mean total charge, mean
median energy) and the intensity of each individual spectral line obtained via Gaussian integration (see Supplementary
Table S2 for more details), revealing which discharge properties most strongly influence which excited-state
populations. Tile color encodes Spearman p. (E) Combined analysis of geometrical/process inputs versus summed
integrated OES band intensities (N2(C-B), N2*(B-X), NH(A-X), H Balmer). Bubble size indicates the Random-Forest
importance, and right-hand labels the model R2. The figure highlights how voltage and gas composition jointly govern
excitation of nitrogen and hydrogen species.

All four families can clearly be observed in all spectra in Fig. 3A, B, with the neutral N2(C-B)
features appearing most intense within our detection window. We note that OES intensities
convolve excited-state populations, radiative probabilities, quenching, and detector sensitivity;
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therefore, ‘dominance’ refers only to measured emission strength, not to the full distribution of
electronically or vibrationally excited species. Systematic variation of input parameters reveals
pronounced intensity redistributions among manifolds (Fig. 3E). As expected, the N2/Hz ratio
exerts the strongest influence: higher nitrogen content directs energy into electronically excited
N2 species. Notably, both NH and H emission intensities also positively correlate with N2/H: ratio
despite reduced absolute H2 concentration, suggesting that nitrogen addition enhances hydrogen
dissociation through energy transfer from long-lived N> metastable states (A3Z,*) and modification
of the electron energy distribution function toward energies favorable for H: dissociation.
Geometric effects further modulate excitation. For constant discharge gap, increasing barrier
thickness strengthens NH emission while H features diminish, whereas nitrogen bands remain
largely unchanged. For constant electrode gap, however, increasing the discharge gap enhances
the fraction of ionized N2* species.

To determine whether these spectral changes arise directly from the tuneable inputs or indirectly
through modified discharge behaviour, we compared Random-Forest models trained on (i)
process parameters alone and (ii) parameters plus microdischarge descriptors (total charge and
median energy) (Supplementary Figs. S9-11). The results show that microdischarge
characteristics strongly affect predictions of optical-band intensities (Supplementary Fig. S9), with
the total charge being a more influential feature than the median energy, particularly for NH and
H species. Comparing both models reveals little change in the importance of total flow rate and
N2/H2 ratio, moderate shifts for dielectric thickness and discharge gap, and pronounced changes
for applied voltage and waveform parameters (DT/ST) once microdischarge features are included.
These findings indicate that total flow and gas composition act as direct “tuning knobs” for active-
species distributions, while most other parameters influence chemistry indirectly through their
impact on microdischarges. The effect of N2/H2 ratio stems from direct modification of reaction
kinetics, whereas the flow rate, although minimally affecting discharge characteristics due to large
disparities in convective and electron timescales52%3, modulates residence time and thus reaction
probability®354, Reactor geometry has a dual effect by shaping the external electric field that
governs microdischarges and by defining the flow residence time that controls reaction kinetics.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

To connect spectral fine structure with discharge physics, we further correlated the integrated
area of each emission line with electrical descriptors. The Spearman analysis (Fig. 3D) reveals
non-uniform trends: for N2(C—B), most peak intensities increase with total charge, except the
dominant 329 nm line, which decreases. In contrast, ionic No* bands show opposite trends, while
both NH and H features increase total charge, they decrease with median microdischarge energy.
By combining electrical and spectroscopic analyses, we thus reveal how reactor geometry and
process parameters govern excitation partitioning underlying non-thermal N activation in No—H>
plasmas. Reactor geometry and flow parameters act as simple yet powerful levers to bias the
discharge toward electronic, ionizing, or dissociative pathways, thus bridging plasma physics and
process chemistry in plasma-driven ammonia synthesis. In the following section, we link
electronically, ionically, and dissociatively dominated regimes, characterized by enhanced No(C—
B), N2*, and NH emission, respectively, to ammonia yields, establishing a mechanistic bridge
between plasma structure, reactive-species generation, and catalytic function.

Open Access Article. Published on 10 Desember 2025. Downloaded on 2025-12-11 11:17:04 nm..
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From plasma descriptors to ammonia formation

To establish how plasma excitation pathways relate to ammonia formation, we correlated the
integrated optical-emission features with measured NH3 concentrations. As shown in Fig. 4A, the
aggregate neutral N2(C—B) emission exhibits the highest (though moderate) correlation with NH3
yield (p = +0.43), whereas the NH(A-X) band exhibits the highest Random-Forest predictive
power (= 0.8). Interestingly, neither the absolute intensity of N2*(B—X) nor the N2*/ N2 ratio
correlates strongly with yield. Testing the effect of different families of excited states normalized
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on total intensity of spectra revealed that although all of the species concentrations have high
predictive power, only NH and H species show monotonic increase with the increase of ammonia
concentration (Supporting Information Fig. S12), whereas the relationships between ammonia
and different nitrogen species concentration is more complex.

Electronically excited and ionized species have long been proposed to participate directly or
indirectly in nitrogen activation. Van 't Veer et al. showed that microdischarges with higher local
fields enhance N2*(B-X) and NH(A-X) emission, with these features scaling positively with NH3
production in a DBD reactor?°. Kinetic modelling by Mehta et al.”%35 revealed that electronically
excited N2 and N2* lower the effective N=N dissociation barrier on metal surfaces, enabling non-
thermal Eley—Rideal-type N insertion pathways. These models, however, assume catalytic
surfaces (typically Ru or Fe) and may not directly translate to barrier-only discharges such as
ours, where ion-driven channels likely influence gas-phase radical formation rather than surface
activation.

Vibrational activation can be regarded as one of the most energy-efficient routes to weaken the
N=N bond, but its quantitative contribution remains contested. Rouwenhorst et al. reported that
higher N2*/N2 emission ratios correlate with improved yields and interpreted this as evidence that
high-energy electrons co-populate vibrationally excited ground-state N2(X,v) levels®!. However,
this interpretation is indirect, since OES cannot detect N2(X,v) transitions directly, the observed
N2(C-B) and N2*(B-X) transitions are purely electronic. Bayer et al. combined modelling with time-
resolved OES and concluded that only highly excited vibrational states (v =2 8-10) survive long
enough near catalytic surfaces to contribute to turnover before vibrational relaxation quenches
them3°., Whether such populations are sustained under atmospheric DBD conditions and
contribute to NH3 in meaningful quantities thus remains an open question.

Across the literature, three activation regimes are distinguished, difficult to disentangle
experimentally, and likely often co-existing. However, they are not (yet) hierarchically ranked in
importance. Firstly, vibrationally assisted dissociation, energetically efficient but experimentally
elusive; its contribution depends on sustaining high-v populations at the surface’3°. Secondly,
electronic and ionic activation, clearly observable via OES; enhances radical formation and likely
dominates in dielectric-barrier reactors without catalysts*®. Thirdly, ion-mediated radical
chemistry, N2* and Haz collisions forming NH* or NH* intermediates that recombine or relax to NH3;
inferred from correlated NH(A—X) and Hy emissions. While the relative importance of these
channels remains under debate, especially comparing catalytic to non-catalytic plasmas, the
consensus is that optimal operation requires balancing neutral excitation with ionizing and
dissociative events rather than maximizing any single pathway.

Since direct measurement of N2(X,v) is not feasible here, the N2*(B—X)/N2(C-B) ratio is commonly
adopted as a qualitative indicator of a “harder” electron-energy distribution function (EEDF)2%:31.
The same electrons energetic enough to ionize N2 can also populate high-v states of N2(X,v) and
drive dissociative channels leading to NH(A-X) and H Balmer emission. This ratio, although
influenced by Franck—Condon factors, quenching, and collection geometry, is thus taken as proxy
of discharge regimes with greater ionization and dissociation capacity?®3'. In our experiments, the
relatively weak correlation of N2* intensity with NH3 yield therefore suggests that ionization alone
is not rate-determining but that mixed electronic-ionic regimes favouring simultaneous H formation
and (thus) NH are most productive (Fig. 4A, Supplementary Figure S12).

The interdependence matrix of OES peaks (Fig. 4B) provides further nuance. The NH(A-X)
intensity, an indirect yet robust indicator of gas-phase N-H bond-formation capacity, is strongly
negatively correlated with specific lines such as N2(C-B)(3-3) 329 nm and N2*(B—X)(0-1) 392
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nm, but positively correlated with several higher-v" N2 (C-B) transitions. A similar pattern is
observed for the H Balmer emission. This anticorrelation does not imply NH3 dissociation; rather,
it reflects competition for nitrogen excitation pathways. When a larger fraction of electron energy
is channelled into dissociation and radical formation (producing NH and H), fewer neutral or ionic
excited states are populated radiatively. The resulting redistribution signifies that nitrogen
previously emitting as N2(C-B) or N2*(B—X) is being consumed or diverted toward NH formation.
Consistent with this, NH and H emissions correlate positively with measured NH; concentration,
indicating that enhanced radical generation promotes net synthesis. The positive association with
higher-v" N2(C-B) transitions further suggests that partial vibrational excitation of electronically
excited N, accompanies or facilitates NH formation. This is consistent with stepwise excitation
mechanisms in which moderately energetic electrons concurrently promote vibrational and
dissociative channels. NH(A—X) emission provides a useful qualitative indicator of productive N—
H chemistry, as NH radicals arise from reactions between N and H atoms generated via electron-
impact dissociation and energy-transfer pathways (e.g., N2 + H> - N2 + H + H). Both kinetic
modelling and laser-induced-fluorescence measurements have shown that NH is a key
intermediate linking N and H radical pools to subsequent NH> and NH3 formation®5-57. Accordingly,
increased NH emission is consistent with enhanced access to N-H bond-forming channels,
although it does not directly quantify absolute radical concentrations. Although gas-phase
indicators correlate strongly with NH3 formation, they may not capture the full reaction network.
Because NH3 is more readily dissociated by electron impact than N2, wall-mediated pathways can
provide additional stabilization routes even on non-catalytic surfaces. These contributions are not
reflected in OES signals and may help explain residual variability in NHz yield. The present study
focuses on gas-phase plasma characteristics, but the role of surface pathways represents an
important direction for future mechanistic work.
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Figure 4. Linking plasma parameters and spectroscopy to ammonia formation. (A) Statistical relationships between
OES features and measured NH3 concentrations. Tile color = Spearman p, bubble size = RF importance, R2 per row
indicates predictive power. The strong contributions of N2* (B—X) and NH (A—X) emissions demonstrate that excitation
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of reactive N-H intermediates correlates with NH3 yield. (B) Per-peak intercorrelation matrix (Spearman) among all
detected emission lines. (C) Geometrical and process parameters as inputs versus NH3 production as output. Color
encodes correlation and bubble size indicates RF importance. The analysis shows that NH3 generation depends most
strongly on the applied voltage and gas flow, as well as ST, pointing towards pulsed plasma as a practical optimization
parameter.

Figure 4C maps how reactor geometry and operating parameters correlate with (Spearman) or
predict (RF) ammonia production. NHs concentration increases with applied voltage and,
interestingly, also with total gas flow, but decreases with the ST parameter. The positive
correlation with voltage is readily explained by its influence on discharge characteristics: higher
voltage increases both the number and energy of microdischarges (Fig. 2G), raising electron
energy and thus excitation and reaction rates. The negative correlation with ST aligns with its role
in reducing total charge and median microdischarge energy (Fig. 2G), thereby lowering effective
electron energy. The modest positive dependence on flow suggests that enhanced gas renewal
or improved heat removal can offset the reduced residence time, an effect previously noted for
atmospheric DBDs operating near power-density limits®3. Overall, these trends indicate that
voltage, flow, and pulse timing jointly define the operational window for efficient nitrogen
activation, requiring sufficient field strength to initiate ionization and N-H formation, but short
plasma lifetimes to avoid over-fragmentation and recombination.
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Figure 5. Energy-efficiency analysis of plasma ammonia synthesis. (A-E) Experimental mean + standard-deviation
plots of NH3 production efficiency (kWh g NHs™") versus each varied input: applied voltage, gas-flow rate, N2:Hz ratio,
DT, and ST. (F) Random-Forest summary of feature importance for predicting energy efficiency from all input variables.
Efficiency improves primarily with optimized gas flow and applied voltage, while timing parameters (DT/ST) and pellet
geometry play secondary roles.

Absolute yield and energy efficiency, however, need not coincide. Figs. 5A-E compare NHs
energy efficiency (kWh g NHs") across all operating variables. Feature-importance analysis (Fig.
5F) identifies flow rate and reactor geometry as the primary determinants of efficiency, while
timing parameters (DT/ST) and voltage play secondary roles. This ranking agrees with the
constant-discharge-gap case but contrasts with the constant-electrode-gap configuration (Fig.
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4C), where voltage dominates yield. The divergence arises because efficiency normalizes yield
by energy consumption: parameters that increase discharge energy (narrow gaps, high voltage)
enhance yield but diminish efficiency, whereas higher flow directly contributes to throughput in
the numerator of the efficiency metric. Retraining both models on identical data subsets and
comparing permutation importances (Supplementary Table S4) confirmed that this “rank
inversion” originates from intrinsic physical trade-offs rather than sampling bias.

Taken together, these results establish a simple set of design rules for optimizing plasma-driven
ammonia synthesis. In this work we employ a catalyst-free DBD configuration to provide a clean
mechanistic baseline, as catalyst loading can introduce additional geometric and dielectric effects
that complicate interpretation. Prior studies have shown that catalyst performance in DBD
reactors is highly metal-dependent, some catalysts perform worse than plasma-only operation,
while others improve yields, reflecting the fundamentally different reaction environment of non-
thermal plasmas®8-80, Moreover, operating without catalyst means that bulk discharge behaviour
is largely unaffected by catalyst presence, meaning that catalyst-free operation offers a robust
platform for isolating how geometry, pulse timing, and gas composition govern microdischarge
statistics and excitation pathways. Building on this plasma-intrinsic baseline, these design rules
can later be extended to plasma-catalytic systems.

(i) Applied voltage and waveform time constants governs the balance between microdischarge
integral charge and its energy, parameters directly related to electron energy distribution and the
mixture of electronic, ionic, and dissociative channels that dictate NH3 yield. (ii) Flow rate and gas
composition have more direct effect on distribution of active species through other mechanisms
such as residence time, microkinetics and heat transfer directing energy into transient ionization
and N-H bond formation rather than bulk heating or product breakdown. (iii) Reactor geometry
exerts dual control, modifying both electrical capacitance and residence time, to tune energy
delivery and reactive throughput. (iv) Flow rate (or, by inference, pulsed plasma) serves as a
practical handle for overall NH3 production energy efficiency, improving gas renewal and
suppressing back-reaction losses.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Conclusions

This study quantitatively links plasma microphysics to macroscopic ammonia synthesis in
dielectric-barrier discharge (DBD) reactors. By systematically varying geometry and operating
modes and combining electrical, spectroscopic, and statistical analyses, we show how
microdischarge behaviour governs excitation partitioning and nitrogen activation efficiency. Three
main insights emerge:

(1) Excited-state competition: No single emission feature predicts ammonia formation,
reflecting interconnected excitation and reaction pathways. NH(A-X) correlates most
strongly with NHs yield, while inter-peak analysis reveals competition for electron energy
between neutral and ionic N2 channels.

(2) Geometry-composition coupling: Reactor geometry, together with gas composition,
defines the excitation balance. Geometry modulates both capacitance and residence time,
while composition and flow act as kinetic levers through stoichiometry and renewal rate.

(3) Yield-efficiency trade-off: Parameters that raise discharge power (high voltage, narrow
gaps) increase NH3z concentration but reduce energy efficiency, whereas higher flow
enhances throughput and efficiency.

Open Access Article. Published on 10 Desember 2025. Downloaded on 2025-12-11 11:17:04 nm..
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In essence, reactor geometry and operating mode act as low-complexity yet powerful tuning
knobs that shift plasma behaviour from radiative, power-dense regimes toward energetically
optimized operation emphasizing productive ion—radical chemistry. By mapping these
dependencies quantitatively, we establish a framework in which microdischarge statistics, optical
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descriptors, and reactor-scale metrics converge to guide the rational design of sustainable,
electrically driven nitrogen-fixation systems.
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