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Abstract

N2-Hy discharges are systematically studied using a coaxial dielectric barrier discharge
reactor for ammonia synthesis by means of mass spectrometry, electrical characterization
and high-resolution emission spectroscopy. The influence of packing is investigated by ac-
commodating chemically inert SiO5 beads in the discharge volume from 920 to 13 mbar.
Above 275 mbar, the discharge is dominated by filaments associated with intense micro-
discharges, whereas at lower pressures, the plasma becomes diffuse and occupies a large
volume. In presence of packing, the intensity of the microdischarges at 920 mbar are
strongly suppressed, while the electrical and emission properties of the diffuse plasma
remain largely unaffected. The absence of intense microdischarges in the diffuse mode at
low pressures eliminates important NHs dissociation channels. Decreasing the pressure
below 100 mbar leads to a significant increase in [NH3] with SiO5 beads. This is attributed
to both an increase of E/n, which favours He and Ny dissociation, and consequently to an
increase in plasma-surface reactions involving H and N towards ammonia formation. In-
vestigations at 50 mbar reveal that introducing SiOy beads in contact with the plasma has
a more limited impact on [NH3] than at 920 mbar. The emission spectra are dominated by
the second positive system of Ny, first negative system of N, and H,, with no evidence
of excited NH*. The rotational temperature of No(C) is mostly affected by [Ns3] in [Ha]
in the empty reactor at 920 mbar, reaching about 808 K at 75 vol.% Ny. With packing or
at 50 mbar the rotational temperature remains at =~ 400 K. For all tested conditions, the
vibrational temperatures of N2(C) lie in the range of 3500 — 3900 K.
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Introduction

Several plasma sources have been studied for the synthesis of ammonia (NH3) using
nitrogen-hydrogen (N2-Hz) mixtures, which include low pressure plasmas, such as micro-
wave [1, 2], radiofrequency (RF) [3, 4] or glow discharges [5, 6], and atmospheric pressure
plasmas, such as Dielectric Barrier Discharges (DBDs) [7, 8] or RF discharges [9]. For
all plasmas, NH3 synthesis is possible by generating a discharge containing Hy and Ny
without any catalyst at pressures and gas temperatures significantly lower than those in
the commercial Haber-Bosch process, which relies on a reactor packed with an iron-based
catalyst operated at 100 — 200 bar and 723 K [10]. This is enabled by the highly reactive
environment of plasmas. The presence of metallic surfaces [11], dielectric beads [12], con-
ventional catalysts with active phases and promoters [13] or porous zeolites [14] do usually
lead to larger formation rates than with plasma alone. For instance, Gorbanev et al. studied
the influence of doping AloO3 beads with transition metals on ammonia synthesis using a
DBD [8]. Although differences in synthesis rates between iron, ruthenium, cobalt and cop-
per are reported, these differences appear to be minimal when compared to the well-known
volcano plot in thermal catalysis. Such a volcano plot was predicted to occur in plasmas
as well by Mehta et al., who predicted that the rate-limiting step was the dissociation of
vibrationally excited Ny [15]. However, when extending this model to radical adsorption
and Eley-Rideal (E-R) reactions, no volcano plot is retrieved, and a very good match with
plasma-catalytic experiments is obtained [8]. Plasma-surface reactions involving radicals
such as H, N or NH are identified as key to enable the increased formation rates. Atomic H
and N, mainly produced by electron-impact dissociation of Hy and N» in the plasma, can
adsorb on the catalyst surface and be involved in hydrogenation of N(s) towards NH3 by
Eley-Rideal and Langmuir-Hinshelwood reactions. The formation of NH,(s) on a metallic
surface through E-R reactions has been experimentally demonstrated [16]. Numerical stud-
ies have suggested that the dissociation of N2 into N followed by its adsorption is the rate-
limiting step [17]. Bayer et al. demonstrated that in atmospheric RF plasma jets, although
the production of vibrationally excited N2(v) exceeds that of atomic N, the relaxation of
N2 (v) on the catalyst surface makes its contribution to the formation of NHj3 significantly
less important than that of N [18]. Electron-impact dissociation of NH3 has been identified
to be the main loss channel in various plasmas [19-21], one example of which being the
NHj; dissociation taking place in microdischarges in DBDs. Other works have identified
additional channels such as collisions between NH3 and atomic N(?D), NoH* or excited
N2 (A3) [22, 23], while thermal decomposition of NH3 is the main destruction mechanism
in warm and thermal plasmas [24, 25].

Owing to their relative ease of operation at atmospheric pressure and compatibility
with catalytic surfaces due to relatively low gas temperatures, DBDs are by far the most
studied plasmas for ammonia synthesis. DBDs operate at comparatively large E/n, often in
the order of hundreds of Td, which favour the production of electronically excited species
and radicals [26]. In general, studies are focussed on how ammonia yields are affected by
macroscopically accessible parameters, such as discharge power, flow rates or gas inlet
composition in presence of a wide variety of packing materials. Both physical and chemi-
cal properties of the packing materials influence the resulting plasma electrical character-
istics and chemistry, making it challenging in many studies to disentangle their individual
effects [13]. For instance, De Meyer et al. systematically studied how the packing of a DBD
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reactor with y-Aly O3 beads with and without metallic doping can affect the morphology and
electrical characteristics of No-Hy discharges and ammonia formation [27]. The modifica-
tion of the plasma from filamentary to a homogeneous discharge by spray-coating the beads
with cobalt or nickel led to a significant improvement in NH3 formation. This enhancement
is attributed to a large volume occupation and an absence of filaments which contribute to
ammonia dissociation by electron-impact dissociation.

Beyond the lack of systematic study of the electrical properties of DBD discharges in
the literature of plasma-catalysis [28], the use of spectroscopic tools such as high-resolution
optical emission spectroscopy (OES) to gain insights into the plasma chemistry remains
limited. Great focus is usually given to NH* (with most intense peak at 336.0 nm), which
indicates the presence of a key ammonia precursor in the plasma volume [7, 14, 29]. How-
ever, its emission strongly overlaps with that of the main N3 band (334 — 337.1 nm), which
hinders its identification with widely used low-resolution spectrometers. By means of high-
resolution spectroscopy, Chen et al. did not observe NH* under various conditions of plasma
power in a packed DBD [30], thereby highlighting the need for further systematic studies.

This work aims at providing a systematic study of No-Hs discharges for the formation of
ammonia in a coaxial DBD reactor by means of mass spectrometry (MS), electrical char-
acterization and high-resolution OES. The investigations are carried out with the reactor in
an empty configuration as well as packed with SiOy beads. The choice of packing mate-
rial is not aimed at maximizing performances, but rather to exclude the influence of any
potential chemical (catalytic) effect on the plasma properties. In particular, this work dem-
onstrates the influence of packing a DBD discharge on important plasma parameters, such
as the vibrational and rotational temperatures of N2(C) and chemistry of the excited states
in N-Ho plasmas, which are often not reported in the literature of ammonia synthesis with
DBDs. This study also investigates the role of pressure, a largely unexplored parameter in
the literature of DBDs, on the discharge properties across the range of 920 to 13 mbar.

Experimental

The schematic of the experimental setup used is depicted in Fig. 1. A coaxial DBD reactor
features a quartz tube with an inner/outer diameter of 22/25 mm, a 34 mm long, 12.7 mm
wide inner stainless steel rod and a stainless steel mesh of equal length tightly wrapped
around the outer wall of the quartz tube. The inner electrode is kept in place by two 3.5 mm
thick alumina rings placed at both ends and it is connected to the ground via a feedthrough.
A monitoring capacitor (Cy, = 22 nF) is installed between the feedthrough and the ground,
and the voltage V. across it is measured by a passive probe (Teledyne LeCroy, PP026). A
current transformer (Magnelab Inc., CT-D1.0-B) is used to measure the total current, while
a high-voltage probe (Testec, TT-HVP 2739) measures the applied voltage V., supplied
by a power generator (AFS GOS5F), operating at a frequency of 23.6 kHz. The applied high-
voltage, the voltage across the capacitor and the current waveforms are recorded with an
oscilloscope (Teledyne LeCroy, WaveSurfer 4024HD 200 MHz). The discharge is continu-
ously cooled with two pressurized air blowers placed perpendicularly to the quartz tube
axis, which guarantees that the temperature changes remain limited and comparable for all
conditions investigated in this work. A digital camera (Nikon, Z30) is used to take photos
of the discharge. The gases (Air Liquide, purity 5.0 for Ny and 6.0 for Hs) are supplied to

@ Springer



44 Page 4 of 23 Plasma Chemistry and Plasma Processing (2026) 46:44

oG
Ex_ i)

CH2 o—T—>
CH3 o]

iH

Fig. 1 Experimental setup depicting the co-axial DBD, electrical circuit and dignostics of mass spectrom-
etry and Echelle spectrometer

Table 1 Experimental matrix Packing Pgen /W [N2]/vol% Fiotal /sccm  p/mbar
Empty, SiO2 40 — 110 25 100 920, 50
Empty, SiO2 100 10 — 75 100 920, 50
Empty, SiO2 100 25 25 — 300 920, 50
Empty, SiO2 100 25 100 13 — 920

the reactor by means of mass flow controllers (Brooks Instrument, GF40), and a vacuum
pump (Leybold, TRIVAC D16B) connected to the outlet of the reactor enables studying the
discharge at different pressures. The pressure in the reactor is regulated by a high-precision
dosing valve and its absolute value is measured by a sensor (Pfeiffer Vacuum, CM361)
placed upstream of the reactor. A sampling line between the outlet of the reactor and the
dosing valve is connected to a quadrupole mass spectrometer (Pfeiffer Vacuum, QMG 220
PrismaPlus) to determine the gas composition. An absolutely calibrated, high-resolution
Echelle spectrometer (LTB Berlin, Aryelle 400 with A/ AX = 45000) is used to acquire the
emission spectra of the discharge axially through a quartz window. To prevent contribution
from unwanted discharges between the mesh and the quartz wall to the emission spectra,
the outer wall of the quartz tube has been painted black, without a measurable impact on the
electrical waveforms and ammonia synthesis compared to the unpainted quartz tube. Note
that the exposure times of both the digital camera (40 ms) and emission spectrometer (~
minutes) are significantly larger than the period of the applied voltage (~ 40 us) and time
scales of microdischarges (~ 10 — 100 ns), thereby representing a temporal- and spatially-
averaged information of the discharge.

Experimental Matrix
Hy—Njy discharges are studied over a wide range of parameters summarized in Table 1.
At 920 mbar and 50 mbar, the generator power Pyep, is varied between 40 and 110 W, the

total volumetric flow rate Fiota) Spans 25 to 300 sccm (sccm corresponds to cm3 min ™!
at Tp = 273.15K and py = 1013 mbar) and the feed gas composition ranges from
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10 to 75 vol.% Ns. For the reference conditions of Pgen, = 100 W, Figta1 = 100 scem,
[N3] = 25 vol.%, the pressure is varied from 920 down to 13 mbar. The latter corresponds
to the lowest pressure achieved for a flow rate of 100 sccm. These conditions are carried out
for the empty reactor as well as with a packing of 1.4 — 1.8 mm dense, non-porous SiO»
beads (Sigmund Lindner GmbH, Typ Q). The packing fraction +y is estimated to be 0.64.
Mass spectrometer as well as electrical measurements are carried out simultaneously and
the results are discussed in the next sections. OES measurements are done for most of the
experimental conditions, with the exception being those where the light intensity emitted
by the discharge is too weak (e.g. low powers at 920 mbar). All conditions were repeated at
least once and the average values are presented and discussed. The statistical component of
the uncertainties are determined with the standard deviation of several measurements, while
the systematic component is calculated using the information available from calibrations.

In order to measure bulk gas temperatures during plasma operation, the quartz window
used for OES was replaced by a feedthrough with a type K thermocouple, concentrically
installed 10 mm downstream of the discharge. For all operating conditions the gas tempera-
ture measured by the thermocouple ranged between 320 and 373 K.

Mass Spectrometer

The mass spectrometer has been calibrated for Ha, Ny and NH3 following the procedure
described in [31], in which gas bottles (Air Liquide) containing calibrated mixtures of
around 50 vol.% of the molecule of interest and 50 vol.% argon are used. The presence of
residual water HoO (mass-to-charge ratio, m/z = 18) inside the MS chamber influences the
NHj; (m/z = 17) current signal upon cracking of HoO into OH. While a calibration for H,O
is not trivial and was not performed, the cracking pattern of HoO into OH (m/z = 17) could
be estimated by allowing a steady release of water from highly porous AlxO3. The estimated
contribution of H2O to the current at m/z = 17 is subtracted and the resulting value consid-
ered to be from ammonia only. Notwithstanding, the H2O current signal is significantly
lower than that of NHj3 and therefore its influence on the final concentrations is minor.

As a typical procedure, the current signals of m/z = 17 and m/z = 18 are measured before
and after plasma and its average is used as background and subtracted from the signals
estimated during plasma operation, thereby yielding net currents: I7¢* = I;7 — BG17 and
I¢t = 15 — BG1s. The signals of the main gas species during plasma, Ny and Ha, are
subtracted from their background values before gas injection. The resulting current values
for the species of interest, which are proportional to their molar flow rates, are determined
using relations (1)—(4): the denominators represent the calibration factors in respect to
argon, while the contributions of NH3 cracking to m/z =2, 18, 28 and the cracking of HoO
to m/z = 17 are given in the numerators. The background without plasma typically reaches
constant values within 10 min, while 15 min are usually required for the signals to reach
steady-state during discharge.

I3t — Inm, x 0.013

Ly — 1

He 2.196 M
Inet — INH x 0.005

I = 28 3 2

Nz 0.971 o)
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It — Iy, 0 x 0.320
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met — et 5 0,010
1.277

“)

Ig,o =

The concentration of ammonia is determined using Eq. (5) and the Specific Energy Input
(SEI), which defines the average energy delivered per molecule, is given by relation (6)
expressed in eV molec. ™! [32]. Pplasma is the plasma power determined using the electri-
cal chracteristics as described in the next section and Tpjasma is the residence time, defined
by the time a molecule is exposed to the plasma and it depends on the gas pressure p and
temperature 7 inside the reactor (Eq. (7), where T = 273.15K and py = 1013 mbar).
Nplasma = NVplasma (1 — 7) is the number of particles in the discharge volume Vjjasma
with 7z being the gas number density and ~y the packing fraction.

For simplicity, a constant 7' = 373 K is used for the residence time and E/n calculations.
As discussed below, the rotational temperature (7} ) becomes closer to the background gas
temperature with the decrease of pressure, while at 920 mbar it is more representative of the
plasma filaments and less of the surrounding gas.

Ing.
NH3| = 3 5
[ 3] IH2 + INz + INH3 + IHgO ®)
SEI = M X 6.24 x 1018 ev 1 ~ 13.9M (6)
Nplasma Ftotal [sccm]
Vi lasma
Tplasma — (1 - ’Y)p— 7
Ftotal (%J) (Tlo) ( )
p
Nplasma = anlasma(l - 7) = @Vplasma(l - 'Y) (8)

Electrical Characteristics

During plasma operation waveforms encompassing eleven cycles (time spanning 500 ps)
are saved within regular intervals. For each cycle the electrical energy consumed by the
plasma is determined via the widely used Lissajous and current methods. The former is
determined by integrating the Lissajous curve (Fig. 2), which plots the total charge Qtotal
transferred over one cycle as a function of the applied voltage V,pp,, while the latter is deter-
mined by integrating the product of the total current iota1 With Vapp. Qrotal is determined
by the product between the voltage V. across the monitoring capacitor and its capacitance
Ch. The product of these integrals with the frequency f of the applied high-voltage yields
the plasma power, which typically reaches stable values within 15 min of plasma opera-
tion. Owing to the similar values using both methods, only the Lissajous powers will be
presented.
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Fig. 2 Example of a Lissajous curve obtained for the reactor packed with SiO2 beads at 920 mbar with
Pgen = 100 W, Fiotal = 100scem, [No] = 25 vol. %

The Lissajous curves are also used to experimentally determine the cell (CC.}) and
dielectric (Cqie1) capacitances by fitting the slopes of the inactive and active phases with first
order polynomials (Fig. 2). Cg;‘l’ is the capacitance of the reactor without plasma, while
Cdiel assumes a value between zero and the capacitance of the dielectric barrier (Cyje]) and
it can be used to determine the discharge fraction /3, defined according to Eq. (9) [33]. As
recently discussed by De Meyer et al., the determination of 3, which can be used as proxy
for the plasma volume, can give important insights into NH3 formation in DBDs [27]. A
partially-bridged gap corresponds to 0 < 5 < 1, while a discharge completely covering
both electrodes yields S = 1. The uncertainty in the dielectric constant of quartz used to
estimate Cyje], the expansion of the plasma beyond the electrodes and the presence of para-
sitic capacitances hinder an accurate determination of Cg;e) using the theoretical coaxial
relation [34]. Therefore, in this work, the largest value for (4;0] Was determined using pure
argon which yields a highly diffuse discharge. This value, hereafter represented by C: ), is
found to be around 83 pF and is independent of the pressure range of interest. To increase
confidence in the determination of C¢.} and (gsel, both positive and negative half-cycles
are fitted and the obtained values averaged, with the exception of the Lissajous curves for
the empty reactor at atmospheric pressure. Under these conditions, the asymmetric nature
of the discharge hinders fitting the active phase of the negative half-cycle. The displace-
ment current ¢qis given by Eq. (10) is subtracted from the total current yo¢,; to determine
the plasma current 7pjasma and thus the charge @ plasma transferred within a half-cycle, i.e.
over a half-period 7/2 (Eq. (11)). The so-called burning voltage U}, is determined by (12),
where AU is half of the width of the Lissajous curve at Q¢ota1 = 0 and used to estimate the
reduced electric field strength via (13), where dgap = 4.65 mm is the reactor gap [35, 36]. It
should be noted that the reduced electric field strength determined in this fashion provides
a spatially and temporally averaged estimation [37] and is used to investigate trends across
the different experimental conditions. The determination of local electric fields, which vary
within micrometric and nanosecond scales at atmospheric pressure and ultimately deter-
mine the plasma chemistry [38], has not been pursued.
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5= Caiel — Cony )
Caiel — Ceen
. dV;
iais = Conf =222 (10)
Qplasma = / iplasma dt (1 1)
T/2
1 O /Oe
U, = ce)il d;el AU (12)
1= C1ceelIl)/<celieIi
Uy
E/n=——""" 13
/ dgapn(l —7) (13)

Optical Emission Spectroscopy

The light from the discharge is collected using an axially positioned parabolic mirror serv-
ing as collimator and coupled into an optical fiber connected to the spectrometer. First, a
compact low-resolution spectrometer (Ocean Optics S2000) is used to optimize the mirror
position for maximum emission signal using the most intense peak of the Second Positive
System (SPS) of N3 (337.1 nm) as reference. This step is necessary, because the radial
orientation of the optical access openings of the alumina spacers that hold the inner elec-
trode in place (see Fig. 1) may vary after the reactor is disassembled and reasssembled, for
example in order to introduce the packing. The actual OES measurements are performed
with the high-resolution Echelle spectrometer introduced in Sect. "Experimental” allowing
to capture the entire spectral range with one exposure. Since the light intensity emitted by
the DBD is relatively weak, especially at atmospheric pressure, exposure times of several
minutes are required to record the high-resolution spectra. The recorded spectra are intensity
calibrated using an Ulbricht sphere (above 360 nm) and a Deuterium lamp (below 360 nm).
The wavelength calibration is performed before the measurement using a Hg lamp and the
spectrometer’s control software.

An example of a fully calibrated spectrum obtained with the empty reactor at S0 mbar
is shown in Fig. 3a. The spectra are largely dominated by N SPS emission at all pressures
with and without packing. However, when decreasing the pressure, hydrogen atomic lines,
H, and Hg, as well as the First Negative System of N become gradually more intense.
As discussed in more detail later, NH* is not observed in the spectra, except for extremely
minor contributions at the lowest investigated pressures, where its intensity is still orders
of magnitude weaker than that of N3, as shown in Fig. 3b, where the 50 mbar spectrum
is compared to that obtained at 13 mbar. The OES spectra are fitted using the transitions
involving Av = —1 and Av = —2 bands with the software massiveOES to determine the
rotational (7}ot) and vibrational (7y;,) temperatures of NQ(CBHu) [39]. The temperatures
typically agree very well and the deviation between the two fits is much lower than the
overall uncertainty assigned to the fitting itself. A projection of these temperatures to the
ground state Ny (X 12;‘) at the investigated pressures is not trivial. In particular, since
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Fig. 3 a. Emission spectrum obtained for the empty configuration at 50 mbar, FPgen = 100 W,
Fiotal = 100 sccm, [N2] = 25 vol.%. b. zoom-in into 334 — 339 nm, corresponding to the region where
the band N2 (C-B, 0-0) overlaps with the NH(A-X) band. In b. the spectrum obtained at 50 mbar (black
line) is compared to that obtained at 13 mbar (magenta line). The insets indicate the excited species re-
sponsible for the main features

the lifetimes of No(C) in presence of Hy are estimated to be around 10710 at 920 mbar
(using the data available in [40, 41]) and close to the rotational-translational relaxation
times [42], the rotational temperatures of No(C) are not necessarily representative of the
gas temperature. For this reason, this work reports on 7}t and 7%, of No(C). The emis-
sion of N3 (330.0 — 338.0 nm), N ™ (386.0 — 391.9 nm) and H, (656.1 — 656.5 nm) are
integrated to calculate normalized intensity ratios.

Results and Discussion

Effect of Pressure on the Electrical Characteristics

The decrease of pressure in a DBD has a strong effect on the nature of the discharge, both
optically as well as in the corresponding current waveforms and Lissajous curves (Fig. 4).
With the empty reactor, the discharge is markedly filamentary at 920 mbar and 500 mbar

(Fig. 4a and b). At 920 mbar the current waveforms reflect the asymmetric nature of the
DBD reactor: high-intensity microdischarges are more prevalent in the negative half-cycle
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Fig. 4 Applied high-voltage, total current waveforms and Lissajous curves obtained with the empty re-
actor at a. 920 mbar, b. 500 mbar, ¢. 100 mbar, d. 50 mbar, e. 13 mbar using the standard conditions:
Psen = 100 W, Fiota1 = 100 scem, [N2] = 25 vol.%. The photos were taken with an unpainted quartz
tube using the digital camera settings: aperture /9, shutter speed 1/25, ISO 8000

when the quartz tube acts as the cathode. By reducing the pressure to 500 mbar, the dis-
charge is still filamentary, albeit with a reduction in the intensity of the microdischarges,
rendering the waveforms relatively more symmetric.

When decreasing the pressure below 275 mbar, filaments are no longer observed with the
naked eye. This is consistent with the findings from Engeling et al., who reported a mode
transition in a packed bed reactor, in which air plasma transitions from a regime where
filamentary microdischarges dominate to a discharge characterized by surface ionization
waves below 266 mbar [43]. At 100 mbar and lower the discharge appears highly diffuse,
thereby occupying a large fraction of the gas volume (Fig. 4c to e) which results in an
increase in discharge fraction 8. The current waveforms exhibit similar positive and nega-
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tive half-cycles, characterized by low-intensity, high-frequency current spikes super-impos-
ing a larger slowly varying signal. Moreover, a current spike appears at the beginning of the
active phases and decreases in intensity when lowering the pressure from 100 to 13 mbar.
In this range, for a constant Fye, = 100 W, the resulting plasma power is found to slightly
decrease from ~ 49 W to ~ 44 W with the decrease of pressure. Introducing SiO2 beads
in the discharge volume results in two main effects: (i) an overall reduction of the current
peak values of the microdischarges at all pressures, and (ii) a suppression of the filaments
(no longer visible) at 500 and 920 mbar. The transition from filamentary microdischarges to
surface ionization waves with quartz packing is discussed at length in the modelling work
by Engeling et al. [43]. Qplasma and § are mainly affected by pressure and power, with only
minor differences between empty and packed configurations.

An important effect arising when reducing the pressure is a gradual extension of the
active phase (“plasma ON” time toN), which can be observed both in the current wave-
forms and Lissajous curves. The latter become narrower (i.e. AU decreases) and vertically
enlongated with the decrease of pressure, since more charge has to be transferred for simi-
lar coupled powers (i.e. Qplasma increases). As a result, the active phase in respect to the
period of the applied high-voltage T, i.e. ton /7, increases from 0.59 to 0.88 with the empty
reactor and from 0.49 to 0.86 with SiOs beads upon decreasing p from 920 to 13 mbar. As
discussed below in more detail, while a decrease in pressure yields a reduction in AU (e.g.
AU ~ 3.1kV at 920 mbar, AU ~ 1.3kV at 13 mbar), p has a much stronger impact on n,
which results in an overall increase of E/n according to p~! (Eq. (13)).

Effect of Pressure on NH3 Formation

The results obtained for the pressure dependency investigation are displayed in Fig. 5, with
the empty symbols representing the empty configuration and filled symbols corresponding
to the packed reactor. From 920 to 100 mbar, the concentration of NH3 remains constant
with the empty reactor, while a decrease is observed for the packed configuration. The fur-
ther decrease of pressure leads to an increase of [NH3]. This effect is enhanced in the packed
configuration, with which [NH3] increases from ~ 1230 to 2530 ppm upon decrease of
pressure from 100 to 13 mbar. Such behaviour occurs even though the discharge remains
diffuse at these pressures and unaffected by the introduction of beads. The decrease in pres-
sure leads to an increase in [ towards values close to 1 (Fig. 5b) and larger transferred
charge (Fig. Sc¢), with similar values for both empty and packed configurations. The energy
yield as a function of pressure has the same trend than that displayed in Fig. 5a for [NH3].
For example, the energy yields with packing at 920 and 13 mbar are, respectively, 0.15 and
0.27 g-NH3 kWh~!. Ty, of No(C) remains constant at about 3700 K in the whole pressure
range and T} is around 370 K between 13 and 100 mbar and increases to about 480 K at
920 mbar (Fig. 5d). The effect of pressure on the ammonia yield is attributed to the interplay
between the residence time and E/n as discussed next.

The decrease in [NH3] from 920 to 100 mbar with the packed configuration (Fig. 5a)
may be attributed to a decrease in the residence time, which is directly proportional to the
pressure (Eq. (7)). At 100 mbar both empty and packed configurations yield similar [NH3].
Below 100 mbar, the residence time is further reduced to ~ 10 ms which cannot explain the
increase in [NH3] since production-dominant regimes in DBDs are expected with residence
times up to several seconds [44]. Rather, E/n substantially increases in this pressure range
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[N2] = 25 vol.%. a. NH3 concentration at the outlet, b. discharging fraction 3, ¢. charge transferred dur-
ing the active negative half-cycle, d. rotational (circles) and vibrational (triangles) temperatures. Empty
data points: empty reactor, filled data points: reactor packed with SiO2

which can be qualitatively compared with the increase of [NH3] in Fig. 6a and b. Note that
the larger E/n values in Fig. 6b for the packed reactor are due to the effective lower gap
(Eq. (13)). Similar reduced electric field strengths have been reported elsewhere with DBDs
operated at comparable pressures [45—47]. As discussed in several works, the increase in
E/n leads to more energetic electrons which significantly alter the plasma chemistry in Ho—
N2—NHj3 plasmas [23, 48, 49]. For instance, as discussed by Rouwenhorst et al. [48], in No—
Hs 25 — 75 vol.% plasmas with a gas temperature of 400 K and a vibrational temperature of
3000 K, vibrational excitation of No in N2-Hy dominates at E'/n < 10 Td. Above 200 Td,
ionization and dissociation processes of Ny and He become increasingly important relative
to the electronic excitation of Ny. This is in line with the increase of both N3 /N3 and H,,/N3
intensity ratios (normalized to their maximum) between 100 and 13 mbar (Fig. 6¢ and d),
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which cannot be solely explained by the effect of pressure on the quenching of N»(C),
N3 (B) and H,, by Hs and Ny (see Sect. "Normalized Intensity Ratios, [NH;] and E/n").

Owing to the large E/n at reduced pressures, the observed increase in [NH3] is attributed
to a larger availability of both atomic H and N by electron-impact dissociation of Hz and Na.
At the same time, NH3 electron-impact dissociation is reduced by the absence of microdis-
charges, which are important ammonia loss channels in a filamentary plasma [19, 20]. Note
that the dissociation of NH3 by collisions with N2(A3) metastables, relevant in highly dil-
Iuted NH3/N2 plasmas [23], is expected to be of reduced importance in No-Hs plasmas due
to quenching of No(A?) by H and H, [6, 50]. The larger availability of atomic species in the
plasma volume enables formation of NH,(s) intermediates through Eley-Rideal reactions
in packed configuration, thereby increasing [NH3]. The interplay between the residence
time and reduced electric field strength in the pressure range 100 — 500 mbar has also been
discussed by Sun et al. in nanopulsed DBD N3-Hs discharges [46].

The two plasma regimes - filamentary and diffuse - are studied in the next sections for
various plasma powers, feed gas compositions and flow rates at two representative pres-
sures: 50 and 920 mbar.

Effect of Plasma Power on NH3; Formation
Figure 7 shows the effect of plasma power on [NH3] and electrical characteristics. In gen-
eral, the increase in power results in larger Qplasma and 3, both of which with significantly

higher values at 50 mbar. [NH3] increases with plasma power, in agreement with other
literature studies [44, 51-53]. Generally speaking, the increase in power delivered to the
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discharge produces more reactive species, such as atomic H and N, which contribute to an
increase in ammonia formation [7, 54]. Moreover, the increase in 3 observed at 50 mbar and
for the packed configuration at 920 mbar (Fig. 7b) further benefits NH3 formation by effec-
tively increasing the discharge volume. 7%, is found to be independent of the plasma power
and reactor configuration, while a slight increasing trend of 7}, with power at 920 mbar and
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50 mbar can be appreciated in Fig. 7d.

For the lowest generator power FPyenn, = 40 W, the resulting plasma power at 920 mbar
(~ 4 — 8W) is significantly lower than at 50 mbar (~ 17 W). The low plasma powers at
920 mbar, and accordingly low 3, lead to a significant drop in ammonia synthesis, e.g.
down to ~ 360 ppm with the packed configuration (Fig. 7a). In contrast, the greater E/n at
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50 mbar allows a discharge to be sustained with relatively high 5, which contributes to a
higher plasma power and therefore a larger [NH3], e.g. ~ 1080 ppm with beads.

For both 920 and 50 mbar the introduction of SiOs beads results in larger ammonia
concentrations. However, the impact is more pronounced at 920 mbar, especially beyond
30 W. In part, this can be attributed to the relatively constant 3 with the empty reactor, which
implies that the discharge fraction in filamentary mode remains unaffected by the plasma
power, thereby limiting the increase in [NH3]. Also, the electron density in the filaments is
expected to rise with the increase of power [55], which contributes to a larger destruction
of NHj3 by electron-impact dissociation. In contrast, the SiOy beads enable an increase in
[NH3] since they suppress filaments/microdischarges and permit the increase of 5 with
larger powers. Moreover, the beads promote plasma-surface pathways to form NHs (e.g.
through Eley-Rideal reactions between radicals and adsorbed species) as well as electric
field strength enhancement at contact points [43, 56]. At 50 mbar the discharge remains sim-
ilarly diffuse in both configurations with comparable electrical characteristics, which makes
the effect of packing on ammonia formation less pronounced. For both configurations at this
pressure, an increase in plasma power yields larger plasma volumes (i.e. 3 increases), hence
enabling larger ammonia concentrations.

Effect of the Inlet Concentration on NH3; Formation

The effect of feed gas composition on NHj3 formation and plasma characteristics is shown
in Fig. 8 for a constant total feed flow rate and generator power at 920 and 50 mbar. Under
these conditions, 8 and Qplasma are found to be independent of [N2] and therefore not
shown. With the empty reactor at 920 mbar, [NH3] remains constant for 10 and 25 vol.% N
and decreases monotonically from 25 to 75 vol.% N,. Packing the reactor favours NHj
synthesis across the whole [N2] range, with the largest enhancement at 40 vol.% No: [NH3

o
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Fig. 8 Results obtained for the feed concentration scan experiments for Pgen = 100W,
Fiotal = 100sccm at 920 and 50 mbar. a. NH3 concentration at the outlet, b. rotational (circles) and
vibrational (triangles) temperatures. Empty data points: empty reactor, filled data points: reactor packed
with SiOg, black color: 920 mbar, red color: 50 mbar
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] increases from ~ 726 ppm to ~ 1603 ppm with SiOy beads, resulting in a shift of the
maximum towards larger [N2], which means that lower amounts of hydrogen are required
to produce similar quantities of [NH3]. This shift is attributed to the lower dissociation
energy of Hy compared to N2, which results in adsorbed H(s) being the main adsorbate on
the packing’s surface according to Andersen et al. [44]. Saturating the surface with H(s)
inhibits adsorption of other important plasma-phase species, and as a result a larger amount
of N is required to increase the likelihood of atomic N adsorbing on the surface and enable
formation of NH,(s) precursors [57, 58]. The variation in the optimum gas composition in
DBDs depending on the physical and chemical properties of the packing materials has been
reported in the literature [13, 52, 59].

At 50 mbar there is a significant improvement in [NH3] between 40—75 vol.% Na with-
out beads. This is attributed to the absence of filaments as well as to the larger £/n favouring
N, dissociation into N. Although with the introduction of beads there is a further increase in
[NH3] due to plasma-surface reactions, the benefit of using beads in this concentration range
is significantly more limited than at 920 mbar. Another aspect seldom discussed in the litera-
ture is the impact of the No—Ho gas composition on the vibrational and rotational tempera-
tures (Fig. 8b). At 920 mbar and with empty reactor, 7+, decreases from 3850 to 3460 K,
while 7} increases from 609 to 808 K for 25—75 vol.% Na. In presence of beads, there is
a sharp reduction in the rotational temperatures down to =~ 400 K over the whole concentra-
tion range, close to the values obtained at 50 mbar and to the background gas temperatures
measured with the thermocouple.

Effect of the Feed Flow Rate on NH3 Formation

Decreasing the feed flow rate from 300 to 25 sccm leads to an increase in [NH3] shown in
Fig. 9a, while the electrical properties of the plasma (not shown) as well as the rotational
and vibrational temperatures (Fig. 9b.) remain constant. With the decrease of the feed flow
rate, both the specific energy input and residence time increase 12-fold (Egs. (6) and (7)).
The [NH3] concentration shown in Fig. 9a is plotted as function of the effective residence
and SEI in Fig. 10 (note the log scale in the x-axis of the residence time plot),

: eff
time Tplasma

with ngsma = Tplasma(ton/T) to account for a longer plasma exposure at lower pres-

sures. Generally put, an increase in residence time increases the likelihood of radicals to
undergo plasma-surface reactions, while a large SEI is conducive to more energy being
transferred into the plasma, thereby promoting dissociation of Hy and Ns. Although the
increase in residence time and specific energy input also promotes dissociation of NHgs in

ammonia plasmas [19], the increase of [NH3] with both ngsma and SEI in Fig. 10 demon-

strates that the discharge is in a production-dominated regime. With 25 sccm the increase
in [NH3] with packing is substantial at 920 mbar while no effect is observed at 50 mbar.
This is explained by the discharge modification induced by the introduction of SiO5 beads
at 920 mbar and the longer residence times at this pressure.

Absence of NH(A-X) Emission

Excited NH*(A%II — X3¥~) with most intense emission at 336.0 nm, reported in other
works with No-Ho DBD discharges (see e.g. [60, 61]) and whose formation has been pro-
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posed as one possible rate-limiting step in ammonia synthesis [62], has not been detected
under the investigated conditions, both in empty configuration as well as with the reac-
tor packed with SiO5 beads. These studies have used relatively low resolution spectrom-
eters, with which NH* is identified in the shoulder of the Ny (C-B, 0-0) band. As shown
in Fig. 3b, this band consists of many rotational features, which are not distinguishable in
low resolution spectra. Under the experimental conditions pursued in this work, no distinct
peak at 336.0 nm can be discerned, which is in agreement with the findings reported by
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Chen et al. [30]. Since the threshold for the electronic transition from the ground state to
NH(A) is only around 3.7 eV [63], these observations suggest that either NH(X) is not
present in sufficient quantities in the gas phase and/or the excited state NH(A) is effectively
quenched by Hs [64]. Modelling work by van’t Veer et al. predicts that the number densi-
ties of NH produced in microdischarges are close to that of atomic N and several orders of
magnitude lower than H [57].

Normalized Intensity Ratios, [NH3z] and E/n

Several studies have correlated intensity ratios of excited species in Na-Hy DBD plas-
mas with ammonia synthesis rates, sometimes with conflicting conclusions. For example,
Wang et al. correlated an increase in NHj synthesis with the increase of N /N3 and H,/
N3 when packing the DBD with Ni/y-Al,O3 beads, an effect explained by the larger avail-
ability of radicals in the plasma [7]. Instead, Patil et al. established a link between a decrease
of [NH3] with Mn/y-Al,O3 beads and a higher N3 /N3, attributed to a less efficient use of
the electron energy into ionization of Na [52]. While a necessary condition that allows this
to be done is to use intensity-calibrated spectrometers, several factors can contribute to the
observed intensity ratios, as discussed below.

In Sect. "Effect of Pressure on NH; Formation", the increase in [NH3] with the decrease
of pressure from 100 to 13 mbar is correlated with an increase in E/n. The resulting larger
electron energies at lower pressures contribute to an in increase in both Nj*/Nj and H,/
N3 normalized intensity ratios. A similar comparison can be done for the dependency with
the plasma power, e.g. for the empty reactor at 50 mbar: [NH3] is found to increase with
the plasma power (Fig. 7a), which can also be used to explain the observed increase in E/n
as well as N */N3 and H, /N3 (Fig. 11a). Note that the NJ*/N3 intensity ratio is widely
used in the literature to estimate £/n in air or pure Ny plasmas [65]. Such a method requires
the development of detailed kinetic models that compute population and depopulation of
excited levels as well as dedicated calibration procedures, which are beyond the scope of
this work [66, 67].

The correlations between [NH3], E/n and intensity ratios cannot be so easily established
for the dependency with [Na]. As discussed in Sect. "Effect of the Inlet Concentration on
NH; Formation", [NH3] decreases between 25 and 75 vol.% [N2], e.g. for the empty reactor
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at 50 mbar. The N3 /N and H,,/N} normalized intensity ratios also decrease with [N2], but
differently from one another as displayed in (Fig. 11b), suggesting additional factors influ-
encing the emission of the excited states. Under these conditions, £/r, which even slightly
increases with [N2], is no longer a good representation of N */N%. Instead, the decrease of
N3 */N% with [N2] can be well explained by the role played by Hy and N on the quenching of
the excited states, which can be demonstrated by considering their influence on the lifetimes
of No(C?I1,,),—o and N (B?IL} ),/ —¢, hereafter labeled as C and B states, respectively. The

B/C

lifetimes afftect the intensity ratio Ig/Ic given by (14), where 7, '~ are the natural life-

times (780 = 62. 3 ns [68], 7'OC = 42ns [40]) and Tfﬁ/ © are the effective lifetimes determined
by (15) [69]. N =8.84 x 10~ cm?®s~! [70], kCN =0.13 x 107 cm3s™! [40],
kBH =6.8x107%cm?3s™! and k:CH = 3.2 x 10719cm?s™! [41] are the depopulation

rates of the corresponding energy levels by collision with N2 and Ho, and ny, and ny, are
the number densities of Ny and Hy determined at 50 mbar and 373 K using the ideal gas
law. Note that the full expression for Iz /I¢ also includes the reaction rates for the electron
excitation from the ground state which depend on E/n [71]. However, since E/n is weakly
dependent on [N3] and only a comparison with normalized intensity ratios is pursued, they
are not considered.

C._B
Is T Teq (14)
Ie 774
1 1 B/C B/C
B/C ~ B/C + kg N, N, kg, T, (15)

Toff To

The I /Ic normalized to its maximum value is plotted in blue in Fig. 11b with a very good
agreement with the normalized intensity ratios obtained with OES. This is a strong indica-
tion that the light emitted by N (B-X) and Ny(C-B) transitions at different gas composi-
tions is mainly governed by H2 and N2 quenching. A similar approach using the effective
lifetime for H,, and quenching rates by Hy and Ny available in the literature [72] does not
explain the observed trend for H,/N3 in Fig. 11b, indicating the need for more sophisticated
approaches, such as collisional radiative models [73]. This discussion, which becomes even
less trivial when the plasma is in contact with materials with given physical-chemical prop-
erties, demonstrates that establishing a link between the emission of excited species with
[NH3] and E/n should be done with caution.

Conclusions

The influence of a wide pressure range on the electrical characteristics, optical emission and
NHj; formation in a coaxial DBD is presented. At pressures above 275 mbar the discharge is
characterized by filaments/microdischarges, while for lower pressures the plasma becomes
diffuse with a large volume occupation. Introducing SiO; beads in the discharge volume
at 920 mbar induces a strong suppresion of filaments or intense microdischarges. The sup-
pression of filaments alongside the presence of plasma-surface pathways to form NHjs are
important factors enabling larger [NH3] in presence of beads. At pressures < 100 mbar, the
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SiO; beads have a minor impact on the discharge morphology and discharge fraction (/3).
However, decreasing the pressure from 100 to 13 mbar favours ammonia formation, espe-
cially in the presence of beads. This is attributed to the increase of E/n, which favours the
production of atomic species, alongside plasma-surface reactions enabled by the SiO5 beads
(e.g. Eley-Rideal), resulting in an overall increase of [NH3].

Under the studied conditions, the main transitions identified in the emission spectra are
N2(C-B), NJ (B-X), H,, and Hy molecular bands, with no differences for both reactor con-
figurations. The rotational temperature of No(C) at 920 mbar decreases in presence of beads,
an effect which enhanced towards larger concentrations of [N3] in [H2], while the vibra-
tional temperatures are found to be in the range of 3500 — 3900 K. The normalized intensity
ratios of N3 /N3 and H,/Nj are found to increase below 100 mbar, indicating the increasing
importance of ionization and dissociation processes. Excited NH* has not been identified
in the emission spectra, evidencing that NH(X) is either not present in sufficient amounts in
the plasma volume or NH(A) is effectively quenched e.g. by H or Ho. These findings shall
be used to benchmark N5-Hs kinetic models.

The role played by NH on NHj3 synthesis could not be confirmed in this study and the
limitations in correlating intensity ratios with synthesis rates have been addressed. These
findings underscore the importance of a systematic and careful use of spectroscopic tech-
niques in the literature of DBDs packed with dielectrics and catalyst materials in order to
ellucidate the impact of their physical and chemical characteristics on the plasma properties
and NHj3 formation.
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