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Abstract

Plasma-catalytic ammonia synthesis is receiving ever increasing attention, especially
in packed bed dielectric barrier discharge (DBD) reactors. The latter typically operate in the
filamentary regime when used for gas conversion applications. While DBDs are in principle
well understood and already applied in industry, the incorporation of packing materials and
catalytic surfaces considerably adds to the complexity of the plasma physics and chemistry
governing the ammonia formation. We employ a plasma kinetics model to gain insights into
the ammonia formation mechanisms, paying special attention to the role of the filamentary
micro-discharges and their afterglows. During the micro-discharges the synthesized ammonia
is actually decomposed, but the radicals created upon electron impact dissociation of N> and
H> and the subsequent catalytic reactions cause a net ammonia gain in the afterglows of the
micro-discharges. Under our plasma conditions, electron impact dissociation of N> in the gas
phase followed by the adsorption of N atoms is identified as rate-limiting step, instead of
dissociative adsorption of N> at the catalyst surface. Both elementary Eley-Rideal and
Langmuir-Hinshelwood reaction steps can be found important in plasma-catalytic NH3

synthesis.
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Introduction

The potential applications of decentralized ammonia (NH3) synthesis on small scale,
i.e. fertilizer production or energy storage,' have caused increasing interest in plasma-catalytic
NH; synthesis.? Starting late 1960, the synthesis of NH3 in plasma systems has been attributed
to ‘wall effects’, i.e., the reactor walls and/or electrodes appear to have a (catalytic-like)
contribution to the NH3 formation.? Especially dielectric barrier discharges (DBDs) received
major attention over the past few decades.>”” DBDs are already commonly used in industry,
e.g. for ozone generation,® and are quite well understood. However, for plasma-catalytic
synthesis, typically a packing material is introduced into the reactor, yielding a so-called
packed bed DBD (PB DBD), greatly increasing the complexity. The packing support material
and the catalytic material applied on the support influence the discharge characteristics’ and
reaction kinetics. In addition, the discharge characteristics and reaction kinetics, especially in
the plasma itself, are closely tied to each other. The radicals or excited molecules created in the
plasma can, in turn, either influence the physical properties of the catalytic surface'® or steer
the surface reaction kinetics.!!!> This causes a complexity that is difficult to resolve with
experimental studies only. Hence, modelling studies are helpful, allowing to disentangle the
different effects. At the same time, the sheer amount of choice for catalytic and support
materials and their intrinsic properties, in combination with the lack of data in literature on the
catalytic reaction rates, makes it difficult to capture in detail the full complexity of plasma
catalysis in a single model. Therefore, the combination of individual modelling and
experimental studies with properly set boundaries can increase our understanding of plasma-
catalytic mechanisms. Particularly, NH3 synthesis from No/H> feed gas is an important case
study due to the simplicity of the reaction (i.e. only NHx as reaction products).

Mehta et al. proposed that vibrational excitation of N> can increase the NH3 synthesis
rate by decreasing the dissociative adsorption energy barrier.!! Rouwenhorst et al. confirmed
by additional experiments that indeed vibrational excitation in the plasma helps to overcome
this barrier and that further hydrogenation towards NH3 happens on the catalytic surface.!”
However, the specific energy input (SEI) of the DBD plasma was relatively low when
compared to typical DBD values, as reported in reference 3. Many researchers observed an
increasing NH3 synthesis rate with increasing plasma power (or SEI).'*"'7 Aihara et al.
proposed that NH3 synthesis occurred through the adsorption of electronically excited N> with
further hydrogenation on the surface, based on a direct correlation between the NH3 synthesis
rate and electronically activated N2.!*> Zhu et al. also hypothesized that electronically excited

metastable N> aids in the adsorption processes.'® Bai et al. assumed ionization to be detrimental
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for the NH3 formation.'* Akay et al. argued that NH plasma radicals are most likely created
between N and H», and that NH3 can be formed by further hydrogenation reactions in the gas
phase. At the same time, they also reported NH3 formation due to hydrogenation on the surface,
starting with N> and H»> adsorption, but the gas phase and surface reaction pathways were not
linked to each other.'> Peng et al. reported the stepwise hydrogenation on the surface as the
faster pathway.'® Hong et al. performed a detailed kinetic analysis with and without a catalytic
surface. They found that the surface-adsorbed N atoms (i.e. N(s)) were formed mainly by
dissociative adsorption of ground state N> molecules, followed by the first vibrational level and
direct adsorption of N atoms. H(s) was also mainly formed by dissociative adsorption from
ground state H> molecules, but followed by direct adsorption of H atoms, and only then by
dissociative adsorption from the first vibrational level. The rate of H(s) formation was four
orders of magnitude higher than that of N(s). The authors did not only consider stepwise
hydrogenation on the surface, but also reactions between gas phase radicals and surface-
adsorbed species (so-called Eley-Rideal reactions), and they actually found that the reaction of
gas phase NH, with H(s) was more important in the formation of NH3."”

It is clear that the existing studies claim different processes to be important, so there is
a clear need for a more detailed understanding. The mentioned studies were all specific to
DBDs, but to our knowledge, the strong filamentary micro-discharges and what happens in
between them are typically not considered separately in the assessment of the reaction
mechanisms.

Therefore, in this study, we present a reaction kinetics analysis, based on a zero-
dimensional (0D) plasma kinetics model, in which we explicitly capture the filamentary
behaviour of an experimental PB DBD. In the assessment of the reaction mechanisms, we pay
special attention to the separate notion of the filamentary micro-discharges and their
afterglows. We consider both elementary Eley-Rideal (ER) and Langmuir-Hinshelwood (LH)
reaction steps. The LH reactions correspond to the classical (thermal) hydrogenations on the
surface, while the ER reactions describe the interaction of plasma radicals with surface-
adsorbed species. We will discuss the evolution of the species densities and reaction rates, as
well as the overall NH3; formation mechanisms.

Computational Details

We used a time-dependent OD plasma kinetics model, called ZDPlasKin,>*?! to
investigate the plasma-catalytic synthesis of NH3 from a N»:H» 1:3 stoichiometric gas mixture
in a PB DBD at 400 K and atmospheric pressure. This plasma kinetics model uses rate

coefficients from literature to describe the density evolution of various species, i.e. the
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precursor gases, various plasma radicals, the electrons, various ions, and electronically and
vibrationally excited molecules, as well as surface-adsorbed atoms and molecules. The rate
coefficients and the concentrations of these species provide the actual reaction rates, which in
turn govern the time evolution of all these species, described by the continuity equation:

dni
E =8 = Z Ci,rRr = Z Cir k. nnc (1)

r r c

where n is the concentration or density of species i, S is the source term, ¢ is the stochiometric
number of the species in reaction r, R is the reaction rate, k is the rate coefficient and the
subscript ¢ represents the colliding species in the reaction.

The considered gas phase and surface kinetics were reported in our recent paper>? and
are also listed in the supplementary information (SI, section S.1.1). The surface kinetics use
reaction rates based on sticking coefficients corresponding to a metal surface, which could be
related to iron,'%??’ they describe the catalytic reactions leading to N, H and NHy adsorption
or hydrogenation and the eventual desorption of NH3. Both elementary ER and LH reaction
steps are included.

We assume a surface site density of 10'> cm™, which is generally representative of metal
surfaces.?* This value, together with the volume-to-surface area ratio of the reactor, is used to
convert the rate coefficients of the catalytic reactions from s to cm’s!, or cm%s™! in case of
dissociative adsorption. A volume-to-surface area ratio of 0.007 cm was used.”® Any change in
these parameters would cause an equal change in the rate coefficients of all surface reactions,
i.e. the relative surface reaction rates remain the same.

The surface kinetics are subject to many assumptions and thus also to uncertainties.
That includes the exact surface described, i.e. step or surface sites. We describe the surface as
being representative of iron, merely for reference and context. A detailed description of the
surface kinetics would require micro-kinetics models.!!?®2 The latter type of model uses
surface reaction rates more closely derived from density functional theory calculations and
generally solves a system under steady state conditions, while not including a full gas phase
chemistry. To our knowledge, such models have not yet been combined with a full time
dependent plasma kinetics model, as developed in present study. The present study focusses
mainly on the plasma chemistry, and the temporal discharge behaviour (i.e. the role of the
micro-discharges and their afterglows). We believe it provides important insights that will

allow to better focus future studies, considering that such a combined model would yield an



increased number of degrees of freedom (such as the surface, described by the surface binding
energy).”®

We chose to only describe one surface in our model and neglect the wall effect’ due to
the electrodes or dielectric barrier, which represent different gas-surface interfaces. Indeed,
those surfaces would require different kinetic parameters which are subject to the same
uncertainties.?® Furthermore, recent experimental insights show us that the NH3 formation in
an empty reactor is very low compared to a reactor packed with supports (Al203) and that both
cases are significantly lower than when a (metal) catalyst is loaded onto the supports.

The principles to capture the properties of a PB DBD in a 0D model, i.e., how the
applied plasma power is distributed over the micro-discharges and their afterglows, are also
described in our previous work.?? In the present work, we derive the plasma conditions from
experimentally measured current and voltage characteristics of a PB DBD (see figure S2 and
S3 in the SI). The average plasma power was 68 W and a discharge frequency of 23.5 kHz was
applied. The reactor volume was 20 ml. The flow rate was 100 ml/min. The reactor was packed
with 1.9-2.0 mm diameter Al,O3 beads. The measured electrical characteristics determine the
plasma parameters during the calculations. Generally, we see no large difference in those
characteristics between the Al2O3 supports alone and when a metallic coating (5 - 10 wt %) is
on the beads. A detailed translation of the experimental conditions is given in the SI (section
S.1.2).

To summarize, we mimic the micro-discharges by applying the experimentally
measured plasma power over 50 triangular pulses with pulse duration of 200 ns (100 ns at
FWHM), equally spaced over the residence time of 3.84 s. In practice, there will be millions
of micro-discharges in the reactor during this typical residence time, but individual gas
molecules are never exposed to all micro-discharges. Therefore, we consider that individual
gas molecules see, on average, 50 micro-discharges over their full gas residence time. This
number is based on the average number of micro-discharges that we counted during a single
discharge cycle. Each micro-discharge is followed by weaker plasma conditions, with 76.8 ms
duration, which we refer to as the afterglow of a micro-discharge. In addition, the first micro-
discharge in the model starts at 38.4 ms, to account for the gas that is already present in the
plasma reactor before being exposed to an actual micro-discharge.

The adopted maximum and minimum instantaneous plasma power (i.e., during the
micro-discharges and their afterglows) correspond to 332 W and 33 W, respectively, based on
the typical experimentally measured instantaneous plasma power. These values are converted

to a maximum and minimum power density of 3.4x10°® W/cm?® and 12 W/cm?, for the micro-
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discharges and their afterglows, respectively. The discharge volumes used in these conversions
are based on the micro-discharge and reactor volume, respectively, as described in detail in the
SI (section S.1.2). This power is used to heat the electrons, allowing us to also self-consistently
calculate the reduced electric field in our model.??
Results and Discussion

We studied the production and destruction mechanisms of NH3 and its precursors
during a single micro-discharge and its afterglow. We evaluated the mechanisms in all the
successive micro-discharge and afterglow pairs and found that the most important reactions are
always the same. Therefore, in the following sections, we focus on the reaction kinetics in the

first micro-discharge and afterglow pair, as well as the overall NH3 evolution during the full

residence time.

Surface Coverages and Plasma Species Densities in the Micro-Discharges and Their
Afterglows. Our model predicts that the electrons, the plasma radicals and surface-adsorbed
species (indicated with (s)) govern the most important reactions taking place, leading to NH3
production. Some of these species are mainly important in the micro-discharges, while others
mainly in the afterglows. Figure 1(a) depicts the surface coverage from the start of the plasma
until the end of the first afterglow, while in figure 1(b), the concentrations of the gas phase
species are plotted.

The first afterglow ends after approximately 115 ms. At this time scale, the 200 ns
micro-discharge pulse is not resolved in figure 1. For the sake of completeness, we plot the
time evolutions of the various species during the micro-discharge alone in the SI (section S.2;
figure S5). Typical densities of all species in figure 1 are also summarized in table S8.

Figure 1 shows that all the adsorbed and gas phase species rise (either quickly or more
gradually) during the first (few) ms, and reach a plateau after approximately 15 ms, i.e., well
before the first micro-discharge takes place, while the fraction of empty sites decreases over
three orders of magnitude. H(s) is the main adsorbate, and both H(s) and N(s) reach their
plateau within 0.3 ms. The coverages or concentrations of NH(s), NHx(s), H, N, the electrons,
NH and NH: clearly increase due to the micro-discharge (up to six orders of magnitude), after
which they drop back smoothly to almost their original values over approximately 20 ms, but
both NH and NHo rise slightly again in the late afterglow. The N(s) coverage stays almost
constant during the micro-discharge, but rises in the early afterglow, while H(s) is the main
adsorbate throughout. The latter is initially due to the dissociative adsorption, which has an

initial high reaction rate, and then due to radical adsorption (which is discussed later and in SI
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section S.4, figure S12). The NH3 concentration decreases during the micro-discharges (but
only slightly in the first micro-discharge where the NH3 concentration is still low, see figure
S5(b)), but rises in the early afterglow.

Figure 1(b) shows that radicals are already present in the gas phase before the first
micro-discharge. This is due to the non-zero power density outside of the micro-discharges.
Thus the electrons are already slightly heated by a small amount of power deposition, allowing
for electron impact reactions that create the various plasma radicals. However, the reaction
rates are of course small compared to the micro-discharge itself.

It 1s also clear from figure 1(b) that besides the H> and N> gas molecules (with
concentrations of approximately 75 % and 25 %, or 1.4x10" cm™ and 4.6x10'® cm?,
respectively; not plotted in figure 1), the H atoms have the highest density in the plasma
(1.2x10"7 c¢cm™ and 1.0x10' cm™ in the micro-discharge and afterglow, respectively;
corresponding to an H> dissociation degree of 0.4 % and 0.0004 %, respectively), followed by
NH; (up to 38 ppm or 6.9x10'* cm™ after the first micro-discharge and afterglow pair). The N
atom density is two orders of magnitude lower than H, corresponding to a maximum
concentration of 8.4x10'* cm™ in the micro-discharge and an N> dissociation degree of 0.01
% attributed to the much higher bond strength of N2 (9.8 eV) vs. Hz (4.5 eV).? The NH radical
density (1.5x10'! cm™) is the same order of magnitude as the N atom density in the afterglow,

while the NH; density is one order of magnitude higher (1.9x10'2 cm™).
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Figure 1. Surface coverages and fraction of empty surface sites (a), and number densities of the neutral gas phase species and
electrons (b), as a function of time in the plasma, from the start of the plasma to the end of the first micro-discharge and

afterglow pair. The micro-discharge with 200 ns duration takes place at 38.4 ms. The feed gas was N2:Hz 1:3 and the N2 and
H: densities were approximately 4.6x10'® cm™ and 1.4x10'° cm3, respectively.

Of course, this figure applies to the first pair of micro-discharge and afterglow. The
picture is a bit different after periodic steady state is reached, at least for the NH3 concentration,
because NH3 will accumulate during successive micro-discharge and afterglow pairs, while the
other plasma species already reach periodic steady state after the first pair (see discussions in
next section).

Under the present DBD plasma conditions, the electron impact collisions with N> and
Ho typically involve the ground state, but also both the electronically and vibrationally excited
molecules. In figure 2 we show the time-evolution of the number densities of N2 and H in the
ground state, as well as in the vibrationally and electronically excited states, while in figure 3
we plot the N> vibrational distribution function (VDF) in the micro-discharges at various
moments in time. The time-evolution of the number densities in the micro-discharge is depicted
in the SI (section S.2, figure S6), as well as the H> VDF, for completeness (figure S7).

Clearly, in the afterglows the vibrationally excited N> and H> molecules are higher in
density than the electronically excited molecules, and this is most apparent for N>. The
vibrational temperature is approximately 700 K in the afterglows (cf. figure S8(a)). Also,
during the micro-discharges, the vibrationally excited N2 molecules have a higher density than
the electronically excited states, and the vibrational temperature reaches 2100 K. On the other
hand, the electronically excited H> molecules have a higher density than the vibrationally
excited states during the micro-discharges (cf. figure S6). The N> VDF shows a clear
overpopulation compared to a Boltzmann distribution at the gas temperature, both at the start
and especially during the micro-discharges. Note that the start of a micro-discharge
corresponds to the end of the previous afterglow. An overpopulation is also observed in the

afterglows, because of the non-zero power deposition between the micro-discharges, which



allows for continuous electron impact vibrational excitation, in turn causing a non-equilibrium

compared to the gas temperature of 400 K.
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Figure 2. Number densities of the N2 (solid lines) and H2 (dashed lines) molecules in the ground state and the sum of the
electronically and vibrationally excited states, as a function of time in the plasma, from the start of the plasma to the end of

the first micro-discharge and afterglow pair. The micro-discharge with 200 ns duration takes place at 38.4 ms.
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Figure 3. N2 vibrational distribution function (VDF) at various moments in the micro-discharge, as well as the Boltzmann

distribution at the gas temperature (400 K).

Production and Destruction of Plasma Radicals, Adsorbed Species and NH3 in the Micro-
discharges and Their Afterglows. To illustrate more clearly whether species are being
produced or destroyed during the micro-discharges or the afterglows, we present in figure 4
their time-averaged source terms, for a single micro-discharge and its afterglow separately. As
noted before, NHa(s), NH(s), NH2, N(s), and especially NH, H, N and the electrons are net
produced during the micro-discharges. For all these neutral species, the source term in the
afterglows is destructive but small (compare red bar to gray background, and keeping in mind
the log-scale), except for H, which is largely destroyed, and N(s), which is also produced in the

afterglow, but again the net production is relatively small (cf. gray background). In other words,



the actual production and destruction in the afterglows (grey bars) are nearly equal for all these
species, which means that upon formation, the species are quickly converted into other species.
For the electrons, the destruction far exceeds the production in the afterglows. This is attributed
to the lack of electron impact ionization processes in the afterglows, where the plasma is

significantly weaker compared to the micro-discharges.

I \Vicro-discharge Production
I Afterglow

10g,(IS/)
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NH,(s)NH(s) H(s) N(s) NH, NH, NH H N H, N,

Figure 4. Time-averaged species source terms in the first micro-discharge and its afterglow, of the surface-adsorbed and neutral
gas-phase species and the electrons. The source term is either positive or negative, representing net production (top y-axis)
and net destruction (bottom y-axis), respectively. The logarithm of the (absolute) source terms S; is plotted. The grey bars
indicate the total production and destruction source terms of the species i, S;;, and S; 4, respectively. The net production or
destruction §; = S; , — |Si,d|- Note: the units of S are in cm™ s!. Comparing the blue or red bars with the grey background
reveals whether production is much larger than destruction (or vice versa) (i.e., when the blue or red bar is as large as grey
background), or whether they are nearly equal to each other (i.e., when the blue or red bar is smaller than the grey background).
In other words, the colored bars correspond to the source terms S; (cf. equation 1 and y axis labels) which can either be positive
(production, upper panel) or negative (destruction, lower panel) and the grey background specifically corresponds to S; ;, and

S; 4 in the micro-discharge and the afterglow.

In contrast to the above species, NH3 is largely destroyed during the micro-discharges
and produced in the afterglows. Likewise, the N> and H> ground state molecules also exhibit
high loss rates during the micro-discharges, because they are converted into reactive species
by the electron impact reactions, but their population slightly increases again in the afterglows,
due to recombination of these reactive species. This is also illustrated in figure 5, showing the
time-averaged source terms of the ground states and electronically and vibrationally excited
molecules of both H> and N». During the micro-discharges, the ground state H, and N>
molecules get destroyed, while the electronically and vibrationally excited molecules are

produced, and the opposite is true for the afterglows. The production of the N> vibrational
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levels in the micro-discharges and the subsequent depopulation in the afterglows is most

pronounced, corresponding to their highest number density (cf. figure 2).
I \Vicro-discharge I Afterglow

L

Hy(X) Ny(X) HA(E) No(E) H,(V) N,(V)

Figure 5. Time-averaged species source terms in the first micro-discharge and its afterglow, of the ground state (X),
electronically excited (E) and vibrationally excited (V) H2 and N2 molecules. Cf. caption of figure 4 for more information.

In general, the average production and destruction rates and thus the species source
terms are much larger in the micro-discharges than in the afterglows (i.e., typically 10'® - 10?3
cms! vs 101 - 108 cm3s!), attributed to the stronger plasma environment (cf. the difference
in power density, mentioned in section 2) and the associated high radical and electron densities.
However, the micro-discharge lifetime is significantly shorter than the afterglow duration (i.e.,
200 ns vs 76.8 ms).

Hence, to determine whether the various species accumulate or drop in consecutive
micro-discharge and afterglow pairs, we also need to account for the duration of the micro-
discharge and afterglow. We calculate the average production-to-destruction ratio across one

pair with

Safterglow X 7:afterglow (2)

) ‘

D Smicro—discharge X Tmicro—discharge
where S is the average source term (i.e., production minus destruction, red and blue bars in
figures 4 and 5) of a species in the afterglow or micro-discharge, 7 is the duration of the
afterglow or micro-discharge, and « is given by

3)

o= { 1, Safterglow > 0 and Smicro—discharge <0

-1, Safterglow < 0and Smicro—discharge >0

For all gas phase and surface-adsorbed species, including electronically and
vibrationally excited molecules, equation 2 yields a value of approximately 1, expect for NHs.

This means that the surface coverages and gas phase concentrations of all species very quickly
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reach a periodic steady state, while NH3 is able to accumulate by the consecutive micro-

discharges and afterglows, as shown in figure 6.
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Figure 6. Production-to-destruction ratio of NH3 based on the net production in the afterglows and net destruction in the micro-
discharges (equation 2, left y-axis), and NH3 concentration (right y-axis), as a function of time (bottom x-axis) and micro-

discharge pulse number (top x-axis).

In this figure, the vertical lines in the NH3 concentration correspond to the destruction
of NHj3 in each micro-discharge, followed by the strong rise in the beginning of each subsequent
afterglow. Considering that the electron concentration immediately reaches periodic steady
state, it is logical that the drop in each micro-discharge increases with rising NH3 concentration,
as the electron impact dissociation rate is proportional to the NH3 concentration. We identified
this process as the main loss mechanism of NHj3 in the micro-discharges. The NH3 production
in the afterglows has to overcome this dissociation in the micro-discharges in order to increase
the overall NH3 concentration. Note that electron impact dissociation still occurs in the
afterglows as well, despite a very low electron density. Hence, even in the afterglows, electron
impact dissociation determines the eventual steady state NH3 concentration.

The presented results are for a stoichiometric feed gas ratio (i.e. N2:Hz of 1:3), but our
model predicts the NH3 concentration to reach values up to 2000 ppm at higher N> contents
(not shown). Indeed, for plasma-catalytic NH3 synthesis, the optimal ratio does not necessary
correspond to the stoichiometric gas ratio, among others because N> dissociation requires more
energy than H dissociation.’® Furthermore, while we believe that the adopted plasma
conditions in our model are representative for a PB DBD, the exact conditions, however, are
subject to uncertainties. Therefore, higher NH3 yields may be reached by using other input
values, such as for the maximum and minimum instantaneous power, the micro-discharge
volumes and the number of micro-discharges. However, we have generally observed no drastic

differences in reaction mechanisms as a function of these model parameters (see also the
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species density evolution in our previous work under different conditions®?). Therefore, while
the exact species concentrations in figure 1 and 6 must be considered with caution, as they
depend on the conditions assumed in the model, the qualitative reaction mechanisms and the

related discussions, presented in the next sections, should still contribute to a better insight.

NH:3 Formation: Reaction Rates and Determination of the Rate-Limiting Step. In reaction
kinetics, the complete system can reach a steady state, meaning that the plasma parameters and
the various species concentrations remain unchanged as a function of time, but reactions can
still take place, with the total production and destruction rates of species being equal to each
other. When in a chain of consecutive reactions, the reaction rate of the final reaction is equal
to those of the preceding steps, the rate-limiting step can be determined. A DBD is a periodic
discharge and thus such steady state is not evident. Instead, a periodic steady state might be
reached, that is, each discharge period becomes identical.

Our calculations reveal that electron impact dissociation of N> in the plasma, followed
by N adsorption at the catalyst surface, is the rate-limiting step for NH3 synthesis at our
conditions, and not dissociative adsorption of N». This can be explained by the observation that
shortly after a micro-discharge, when NH3 increases (cf. figure 1(b)), multiple surface catalytic
reaction rates are almost equal to each other. This is true for the formation of NH3 as well as
the NH3 precursors. Hence, all intermediate surface species, i.e., N(s), NH(s) and NHa(s),
created during the afterglows, are immediately converted towards NH3 according to our model.
In addition, electron impact dissociation of the feed gas becomes negligible during this period.
The NHj3 formation rate was found to be equal to the various adsorption rates of N atoms, i.e.
both direct adsorption and the ER reaction between N and H(s). As mentioned, in the early
afterglow the N atom source (electron impact dissociation of N2) is not present, and thus, the
N atoms are consumed by adsorption, reducing the N density and thus also the N adsorption
rate. Consequently, the rates of the further processes (i.e., hydrogenation steps) that exhibit the
same rate as the N atom adsorption also drop, and thus also the densities of the NH3 precursors
(i.e. NH(s) and NHa(s), cf. figure 1(a)). We summarize this observation in figure 7, while in
figure 8 we schematically depict the involved surface reaction mechanisms. A more detailed
analysis is presented in the SI (section S.4). We note that the mechanisms in figure 8 are in
principle subject to the actual catalytic surface and the temperature at which the process takes

place.
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Figure 7. Graphical summary of the detailed analysis presented in the SI (section S.4), showing surface reaction rates that are
identical shortly after the micro-discharge (indicated with the arrow) and the N electron impact dissociation rate in the plasma
as a function of time, from the start of the plasma to the end of the first micro-discharge and afterglow pair. The micro-
discharge with a 200 ns duration takes place at 38.4 ms. The electron impact N> dissociation rate, and thus the N atom source,
becomes negligible after the micro-discharge. The first group of overlapping reaction rates (1) consists of N + H(s) — NH(s),
NH(s) + H(s) — NH2(s) and NH2(s) + H(s) — NHas. The second group of overlapping reaction rates (2) consists of N + Surface
— N(s) and H + N(s) — NH(s). The reactions are also depicted in figure 8.

N(s)
+Surface

Figure 8. Schematic diagram of the various surface reactions, starting with N atoms, which form NH3 shortly after a micro-
discharge. The blue and red arrows correspond to the reactions in group (1) and (2) in figure 7, respectively.

As part of our detailed analysis (cf. SI, section S.4) we saw a relatively large increase
in NH3 concentration when increasing the N atomic adsorption rates (i.e., N + Surface — N(s),
N + H(s) — NH(s) and N + N(s) — N2) and an even larger increase when increasing the N>
electron impact dissociation rate (cf. figure S14). We conclude that, among the surface
reactions, the adsorption of N atoms is the rate-limiting step, both through the ER reaction
between N and H(s) and direct adsorption of N, which leads to the other ER reaction, H + N(s)
(see Figure 8: blue and red arrows, respectively). This is attributed to both the relatively low N
atom gas phase density and the large H(s) surface coverage. Note that the latter reaction is less
significant to the formation of NH(s) (cf. figure 7, group (2) compared to group (1)) under the
conditions investigated. It is clear that the rate of those reactions can be increased by increasing
the N atom density, i.e. by a higher N> gas phase dissociation. Thus, we conclude that electron

impact N> dissociation in the plasma, followed by N adsorption at the surface, is the rate-
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limiting step determining the NH3 yield in our DBD. In other words, we do not find that the
dissociative N> adsorption, from the ground state or vibrational levels, due to the surface itself,
is rate limiting.

N2 Dissociation Rates in the Plasma. The dissociation of N> in the plasma occurs exclusively
by electron impact collisions. In figure 9, we show the various electron impact N> dissociation
rates as a function of time. The dissociation is only significant in the micro-discharges and
consequently, the N atoms are consumed directly after the micro-discharges. In our previous
work we showed that even in a filamentary DBD, vibrational excitation and thus dissociation
from vibrational levels can be important.?? In experiments, high N» vibrational temperatures
were also reported for PB DBDs.!!! Colonna et al. showed the significance of the vibrational
distribution function and electron energy distribution function in strong ns pulsed N> and H»
discharges.’>* As discussed before, our model predicts a maximum N vibrational temperature
slightly above 2100 K during the micro-discharges, at the conditions under study, and it relaxes
back to slightly above the gas temperature (700 K compared to 400 K) in the afterglows over
approximately 1 ms (cf. SI: section S.3, figure S8(a)). Thus, vibrational excitation is quite
prominent during the micro-discharges. The reduced electric field (E/N) and electron
temperature are also plotted as a function of time in SI (section S.3, figure S8(b)). The
maximum E/N was calculated to be 105 Td in each micro-discharge and the maximum electron
temperature (Te) was 5.9 eV. In the afterglows, they reach constant values, around E/N =6 Td

and T. =0.7 eV.

Figure 9. Nz electron impact dissociation rates from the ground state (X), electronically (E) and vibrationally (V) excited states
in the plasma, as a function of time, from the start of the plasma to the end of the first micro-discharge and afterglow pair (a),
and as a function of time in the first micro-discharge (b). In (a), the micro-discharge with a 200 ns duration takes place at 38.4

ms.

When comparing the N> dissociation rates from the ground state, vibrational levels and

electronically excited states in figure 9, it is clear that ground state dissociation is always the
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highest, followed by dissociation from the vibrational levels in the afterglows, and from the
electronically excited levels during the micro-discharges. However, dissociation from the
vibrational levels during the micro-discharges is still high and contributes for 8 % to the total
electron impact N> dissociation, while the contribution of the ground state and the
electronically excited states is 73 % and 19 %, respectively. Compared to the micro-discharges,
the dissociation in the afterglows is much lower, and mainly due to the ground state (98.4 %),
but dissociation from the vibrational levels (1.6 %) is higher than from electronically excited
levels (only 0.0001 %). Even if we account for the duration of the micro-discharges (200 ns)
and afterglows (76.8 ms), similar to before (cf. equation 2), we find that 99 % of all N; electron
impact dissociation occurs during the micro-discharges.

Many authors reported an increase in NH3 yield upon increasing plasma power or
applied voltage.'>"!” A higher plasma power or applied voltage leads to a stronger plasma, and
thus higher electron densities and/or energies, and faster electron impact processes, including
N> dissociation. Hence, these experimental observations from literature qualitatively support
our model prediction that electron impact N> dissociation in the plasma directly affects the NH3
formation rate, or in other words, that it can be considered the rate-limiting step for NH3

formation in DBD plasma.

NH:3 Formation Reaction Scheme for the Micro-discharges and Their Afterglows. Based
on the preceding sections, we can summarize the NH3 formation mechanisms as follows, as
revealed by our model. First, dissociative adsorption of H; covers the surface with H(s), before
the first micro-discharge occurs, due to the large amount of free surface sites (cf. figure 1(a)
and SI, section S.2).

H, + Surface — H(s) + H(s) (€))

Subsequently, during the micro-discharges (indicated with md), first electron impact
dissociation of the feed gases takes place, from the ground state but also from the electronically
and vibrationally excited states (cf. figure 9).

(md) e +N,(X,VLE) > e " +N+N 5)
(md) e +H,X,V,E)>e +H+H (6)

The dissociation is enhanced by the high electron density and high electron energy in the micro-
discharges (cf. figure 1(b) and figure S8(b)). The high electron density is a result of ionization
of the feed gases.

(md) e +N,—>e +e +Nj 7)
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(md) e +H,—>e +e +HJ (8)

In addition, dissociation of H> also occurs upon collisions with electronically excited N>
(contribution of 10 %).
(md) e +N, »>e” +N,(E) 9)

(md) N,(E)+H, >N, +H+H (10)

During the micro-discharges, the formation of NH2(s) from NH and H(s) (ER reaction)
is also significant, and even more, it only happens significantly during the micro-discharges

(cf. figure S9). The full pathway of this formation mechanism is as follows:

(md) e 4+ H,—-e” +Hy(E) (11)
(md) N+ H,(E) > H+ NH (12)
(md) NH + H(s) = NH,(s) (13)

This causes some depletion of H(s) at the surface, but the latter is immediately compensated
by the supply of fresh H(s) upon H atom adsorption in the afterglows (indicated with ag) (cf.
figure S12 and S13).

(ag) H+ Surface - H(s) (14)

Note that during the micro-discharges, H(s) is also consumed via the very large number of H
atoms in the plasma (cf. figure 1(b) and SI, section S.2).

(md) H+ H(s) » H, (15)
H atom recombination is also reported by Shah et al. to be more significant due to the surface
in comparison with gas phase reactions.>*
Looking further to the NH3 formation, the NH3 precursors are formed according to the

same reactions during both the micro-discharges and afterglows, i.e., a combination of ER and

LH reactions (cf. figure 7 and 8).

(md+ ag) N+ H(s) » NH(s) (16)
(md + ag) N+ Surface - N(s) (17
(md +ag) H+ N(s) - NH(s) (18)
(md + ag) NH(s) + H(s) - NHx(s) (19)

Finally, NH3 is formed by the following LH reaction (cf. figure 7 and 8).
(md + ag) NH,(s) + H(s) - NH; (20)
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This process takes place both during the micro-discharges and the afterglows, but in the micro-
discharges a larger fraction of NH3 is dissociated (cf. figure 4) due to the high electron density.

(md+ag) e +NH;—>e +NH,+H (21)
(md+ag) e +NH;—->e +NH+H, (22)

The same reactions govern the eventual NHj3 yield, i.e. in steady state, in the afterglows (cf.
figure 6). In other words, reactions 21 and 22 balance with the NHj3 formation in the late
afterglow, due to the high NHj3 density, in spite of the low electron density in the afterglows
(cf. figure 1(b)). The most significant NH3 formation in the late afterglow is actually the ER
reaction with NH».

(ag) NH,+ H(s) = NH; (23)

It should be noted however that this reaction does not contribute to the actual net NH3 formation
(cf. figure 1 and figure S9(a)). NH3 is mainly formed by reaction 20.
The electrons created in the micro-discharges are lost in the afterglows due to

recombination reactions.

(ag) e +Hf -H,+H (24)
(ag) e +Hf D H+H+H (25)
(ag) e +N,H* >N, +H (26)

The formation of these ions occurs in the micro-discharges through the quick conversion of
N>* and Ho*.
(md) HF +H, > Hf +H (27)

(md) Nf+H,->N,H*+H (28)

As mentioned, the electrons govern the NH3 steady state yield (through reactions 21
and 22). They are produced upon ionization reactions 7 and 8, which are followed by charge
transfer reactions 27 and 28, of which the products eventually recombine again with the
electrons (reaction 24, 25 and 26). Thus, the electron source in the micro-discharges is directly
linked to the electron losses in the afterglows. This could explain why in literature, no
saturation in NH3 yield is observed upon increasing the plasma power or applied voltage.!>!”

Nevertheless, Mizushima et al. do speculate that NH3 decomposition is promoted with

increasing applied voltage.?
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Note that recombination reaction 25 is often mentioned in literature to be important for
the formation of NH.?**3® In our model, this is not the case. The latter is in agreement with
Molek et al. who reports that only 5 % of this recombination leads to NH.** On the other hand,
this NH formation mechanism may become important at different plasma conditions, such as
low pressure.*0

Hong et al. performed a kinetic analysis based on a similar model as ours, but the
plasma conditions, albeit derived from a PB DBD as well, were described as constants. Thus,
their model did not explicitly capture the micro-discharges. They also found that the surface is
covered with H(s) under all plasma conditions due to dissociative adsorption (reaction 4),
which they attribute to the low dissociation rates in the plasma.' This agrees with our model,
up to the first micro-discharge. Once a micro-discharge occurs, the dissociation rate in the
plasma increases, and our model predicts that direct adsorption of N and H atoms (reaction 14
and 17) are more important. In addition, instead of reaction 12, Hong et al. observed the
formation of NH from vibrationally excited H».!® At our plasma conditions, however, the NH
formation is only important during the micro-discharges, which represent a stronger plasma
than in reference 19, thus it is logical that electronic excitation is more significant, explaining
the difference in predicted NH precursors by both models. Furthermore, the subsequent ER
reaction that forms NHz(s) (reaction 13) was reported to be the main NHa(s) source in reference
19, while in our study, this is again only true during the micro-discharges. In the afterglows,
the formation is attributed to an LH reaction instead (reaction 19). Finally, Hong et al. did not
observe the ions to play an important role in the formation of NH or NH3,!? in agreement with
our study, and they also found that gas phase NH; arises from the dissociation of NH3 (reaction
21). However, they claimed that NH> is recirculated back to the desired products,l9 which is in
contrast to the conclusions of our model.

According to our reaction analysis, NH2 only occurs as product of reaction 21, i.e. NH3
electron impact dissociation, and it does not actively contribute towards NH3 formation, despite
NH, + H(s) = NH; (reaction 23) having the highest NH3 formation rate in the late afterglow
(cf. figure S9(a)). Indeed, collisions with neutral species convert NH» into NH and back to the
feed gas. Those collisions account for 71 % of the NH> destruction in the afterglow, while
reaction 23 accounts for 10 % (cf. section S.6, table S11). Furthermore, our model reveals that
N2(E), H2(E) and NH radicals do not contribute towards NH3; formation in the afterglows.
Indeed, these three species are produced by electron impact collisions, which have a much
lower rate in the afterglows than in the micro-discharges (see for example figure 6), and they

are quenched back to the feed gas.
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As mentioned above, at the DBD conditions under study, our calculations reveal that
dissociative adsorption of N2 does not play a significant role in the NH3 synthesis. Furthermore,
the surface is most significantly covered by H(s). Mehta ef al. proposed that vibrational
excitation of N; increases the NH3 synthesis rate by an enhanced dissociative adsorption rate.!!
If we consider all N(s) sources, i.e. both direct adsorption of N atoms and dissociative
adsorption from N> ground state and excited molecules, we find that only at the very beginning
dissociative adsorption of N2 molecules in the ground state or from vibrational levels causes
the initial coverage with N(s) (96 % and 4 % contribution for ground state and vibrational
levels, respectively). The same applies to the initial H(s) adsorption, i.e. due to the empty
surface sites and the lack of other radicals. However, quickly thereafter, and already before the
first micro-discharge, the contribution from direct adsorption of N atoms is already 98 %, while
dissociative adsorption accounts for the remainder of N(s) (i.e., 1.6 % from the ground state
and 0.1 % from the vibrational levels). During the micro-discharges, the contribution of
dissociative adsorption does not rise, because the N atom density largely increases (cf. figure
1(b)). After the micro-discharges, the contribution of dissociative adsorption reduces further to
only 0.28 % and 0.02 % for the ground state and vibrationally excited levels, respectively. Still
the contribution of the vibrational levels in the afterglow is generally higher than that of the
electronically excited molecules in dissociative adsorption; see also figure S16.

The above reaction mechanisms are summarized in figure 10, in which we also
distinguish between the micro-discharges and their afterglows. During the micro-discharges,
electron impact excitation creates electronically excited levels (H2(E), N2(E)), and vibrationally
excited levels, while electron impact dissociation of Hz and N2 ground state and electronic and
vibrationally excited molecules creates H and N atoms, and electron impact ionization creates
H>* and N3* ions. The latter are converted into Hs™ and N>H™ ions, which recombine with the
electrons in the afterglows. These ions do not contribute to the NH3 formation. The N2(E)
molecules also contribute to Hz dissociation. The collision between Ho(E) molecules and N
atoms yields NH radicals. In addition, the N atoms adsorb on the surface. Two types of ER
reactions (N(s) + H, and H(s) + N) form NH(s). Both NH and NH(s) form NHa(s) upon reaction
with H(s), i.e., in an ER and LH reaction, respectively. Finally, NH2(s) forms NH3, but the
latter gets destroyed in the micro-discharges upon electron impact dissociation.

In the afterglows, roughly the same processes occur as during the micro-discharges,
1.e., the two ER reactions (N(s) + H, and H(s) + N) form NH(s), which reacts further with H(s)
into NH2(s) (LH). Note that the ER reaction (NH + H(s) — NH2(s)) does not occur in the

afterglows, because there are virtually no NH radicals present in the afterglows. The same is
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true for NH> radicals, which are actually quenched back to the feed gas (not shown). Finally,
NHa(s) reacts again with H(s) into NH3 (LH), but in contrast to the micro-discharges, NH3 is
virtually not consumed through electron impact dissociation (except by some residual
electrons), so there is net NH3 formation in the afterglows, until periodic steady state is reached
(when NH3 formation is balanced by dissociation due to the residual electrons at the high NH3
density).

The data used in the assessment of the reaction mechanisms (reactions 4 through 28
and figure 10) is presented in detail in the SI (section S.6), where we comment on the sensitivity
of the assessed mechanisms to possible uncertainties in the underlying reaction rate
coefficients. The effect of the uncertainties in rate coefficients has been studied in the past by
our group, for plasma-based CO, conversion and dry reforming of methane.*’*® While the
absolute values of model outputs, e.g. conversion, were greatly affected by the uncertainties in
reaction rate coefficients, the general plasma behavior and reaction pathways remained the
same. Hence, we have to keep in mind that the present study aims at qualitatively clarifying

the reaction mechanisms, rather than providing quantitative predictions.

(a) Feed gas

Previous
afterglow

(b) Previous micro-discharge

---------------------------

+NH*

(Steady state)

. -

Figure 10. Reaction mechanisms governing the formation of NH3 in a DBD during the micro-discharges (a) and their
afterglows (b). Elementary ER and LH reaction steps are drawn with red and blue arrows, respectively. In (a), the creation of

reactive species during the micro-discharges from electron impact collisions with the feed gas is shown, next to the further
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reactions of these species into NH3 formation, as well as NH3 destruction. In (b), the further reactions of these species, leading

to a net production of NH3 in the afterglows are shown, starting with the radicals produced in the previous micro-discharge.

Within the reaction mechanisms of figure 10, we can thus identify four elementary ER
reaction steps taking place during the micro-discharges (i.e., N + H(s) — NH(s); H + N(s) —
NH(s); NH + H(s) — NH2(s); and H + H(s) — Ha; reaction 16, 18, 13 and 15 above). Two of
these reactions (reaction 16 and 18) also play an important role in the afterglows. In addition,
both in the micro-discharges and afterglows, two elementary LH reaction steps occur (i.e.,
NH(s) + H(s) — NHaz(s); and NH2(s) + H(s) — NH3; reaction 19 and 20 above) but the ER
reactions are mainly responsible for the formation of the precursor, NH(s) (reaction 16 and 18),
indicating the overall importance of ER reactions in a DBD plasma.

If we would only consider the gas phase reactions, the most significant NH3 formation
(in the afterglow) is due to H + NH, + M and NH + H, + M, both with reaction rates in the
order of 10 cm3s! to 10'> cm3s™!. These reactions account for less than 10 % of the overall
NH3 formation rate. A calculation with only the gas phase reactions taken into account results
in only 20 ppm of NH3 formed, compared to 220 ppm with the catalytic reactions (cf. figure
6).

The exact reaction mechanisms of course depend on the reaction and activation
energies, and in turn, the latter can depend on the surface. For example, the activation barriers
for Langmuir-Hinshelwood reactions are different across different metals.!! Our present model
does not easily capture the properties of different metal surfaces, but we have seen that the
reaction mechanisms beyond the formation of NH(s) indeed depend on the activation energies
of Langmuir-Hinshelwood reactions and the overall available reactions in the chemistry
description, and this should be subject to future studies. In the supplementary information
(section S.7) we provide a small analysis, which reveals that indeed with faster LH reactions,
the results are unchanged and that with slower reactions other reactions will form NH3 with the
same reaction rate, resulting in the same NH3 concentrations, due to the reactions being limited
by the ER formation of NH(s). Based on these test cases, we found that NH3 can also be formed
in a single ER reaction (instead of reactions 19 and 20).

H, + NH(s) —» NH; (28)

We acknowledge that this reaction appears to be a thermal-only process, but that it is
generally not considered in typical thermal catalytic models of ammonia synthesis. When this
reaction was not considered, we found that the stepwise ER hydrogenation reactions can form

NHj3 instead.
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H + NH(s) = NH,(s) (29)

H + NH,(s) - NH, (30)

In addition, the surface is quickly covered by H(s) due to dissociative adsorption due to
the large presence of empty surface sites and the lack of radicals at the start of the plasma. The
dissociative adsorption rates in principle also depend on the metal surface. This in combination
with various feed gas mixtures, i.e. an excess of N2, could change the (initial) surface coverage
towards more N(s). Due to the high gas phase dissociation rate of H», the ER reaction between
N(s) and H to form NH(s) is then expected to gain importance relative to H(s) + N — NH(s).

Our model reveals that radicals play an important role in the assessed reaction
mechanisms, through direct adsorption and elementary ER reaction steps. Although the
underlying rate coefficients suffer from large uncertainties, as there are no extensive (density
functional theory calculation) reports on this type of reactions available yet, Engelmann et al.
showed that for typical gas phase concentrations found in DBDs, the radical-surface
interactions are important over a wide range of ER activation barriers (i.e. 0 eV to 1.5 eV) for
this type of reactions.?®

Apart from NH3, which is created due to the presence of the catalytic reactions, the
surface is most likely to influence the gas phase composition through the N and H atoms and
NHo radicals. The former are the most significant gas phase precursors and undergo radical
adsorption. The latter is a dissociation product of NH3 and thus dependent on the formation of
NH3;, which happens mainly through the surface reactions. A change in the radical adsorption
would either deplete the gas phase N and H atoms quicker or slower. A change in the NH3
synthesis would result in more or less NH3 dissociation and consequently NHo.

The gas phase concentrations would be more directly influenced by the plasma
conditions themselves. Those conditions serve as model input (i.e. the power density) and are
derived from experimental current and voltage characteristics of a PB DBD. Next to the
catalytic reaction rates, the type of packing and the precise catalytic surface can also influence
the current-voltage characteristics, which presents another way of the packing or catalytic
surface to directly influence the gas phase reaction rates, e.g. dissociation. Indeed, the dielectric
constant of the support is known to influence the discharge characteristics.’ In addition, Patil
et al. observed an effect of the (metal) catalyst on the discharge characteristics, but no clear

explanation has yet been given.*’
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In their recent paper,'> Rouwenhorst et al. proposed four plasma-catalytic NHj
synthesis regimes, i.e. (1) NH3 synthesis in the plasma phase only, (2) NH3 formation in the
plasma phase and at the catalytic surface, through direct adsorption of N and H atoms, which
are first formed in the plasma by electron impact dissociation, (3) the same as (2), but H»
adsorbs dissociatively onto the catalytic surface, and (4) both Hz and N> undergo dissociative
adsorption on the catalytic surface and NH3 formation occurs at the surface only. In the latter
case, the dissociative adsorption of N> is promoted by vibrational excitation in the plasma, and
this regime was claimed to be energetically most favourable.!> Our model reveals that the
conditions under study mostly give rise to the third proposed mechanism, except that in our
case, NH3 is not significantly formed in the gas phase and the adsorption of N atoms does not
only occur onto free surface sites.

Conclusions

We performed a detailed kinetic study of NH3 synthesis in a PB DBD. Such plasma
operates in a filamentary regime, characterized by strong micro-discharges, followed by
weaker afterglows. Hence, we determined the formation mechanisms that take place in the
micro-discharges and their afterglows, as well as how they are connected. Our findings can be
summarized as follows.

e Initial surface coverage with H(s).
e Creation of plasma radicals (e.g., N, H, NH) by electron impact collisions in the micro-
discharges.
e Adsorption of these radicals onto the surface and subsequent hydrogenation until
desorption of NHs.
The last step causes a net production of NHj3 in the afterglows, while during the micro-
discharges, the formed NH3 is destroyed again by electron impact dissociation.

Specifically, we could identify electron impact dissociation of N> during the micro-
discharges and the subsequent adsorption of N atoms on the catalyst surface as rate-limiting
reaction step for NH3 formation in a DBD, and thus determining the eventual NH3 yield, and
not dissociative adsorption of N2. Despite the fact that a PB DBD is typically a filamentary
plasma, electron impact dissociation from vibrationally excited N> levels still contributes for
about 8 % to the overall N> dissociation rate in the plasma. The larger this contribution, the
more energy efficient the overall NH3 synthesis would be, as the required dissociation energy
is reduced by vibrational excitation. While vibrational excitation can also overcome the energy

barrier of dissociative adsorption, within our reaction mechanisms we did not observe this
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process to play an important role. The N(s) formation is accounted for by the direct adsorption
of N atoms for at least 98 %.

Overall, our model reveals that both elementary ER and LH reaction steps can play an
important role in plasma-catalytic NH3 synthesis. The ER reactions (involving N, H and NH)
are mainly attributed to the large abundance of plasma radicals in the micro-discharges, while
in the afterglows, only the H and N atoms contribute to ER reactions, forming NH(s), but the
subsequent NH3 formation occurs by LH steps.

However, the rate coefficients used in the model are subject to significant uncertainties.
They are adopted from earlier plasma-catalytic models of NH3 synthesis, and they are often
collected from various sources with different conditions (e.g., pressure), and are sometimes
explicitly assumed therein. Hence, the model conclusions are only as reliable as the
assumptions used, and the assumptions should be considered with caution. This applies
especially to the ER sticking coefficients because there is no reliable kinetics data available. In
addition, the results will also be sensitive to the reaction temperature and the choice of catalyst.
For instance, changing the reaction temperature will significantly influence the surface
coverage of adsorbed species and the relative rates of the LH vs ER reactions. Therefore, also
the presented results should be considered carefully, certainly in terms of absolute values.
However, the predicted trends on the importance of certain pathways are expected to be
reliable, as they were found to be the same even when varying the rate coefficients within their
range of uncertainties.

In the future we plan to combine this the presented plasma kinetics model with a more
detailed surface kinetics model, in which both the specific catalytic surface and the feed gas
ratio will be explored. The present study gives novel insights in the interplay between the
micro-discharges and their afterglows, which will allow to better focus future studies.
Supplementary Information
S.1. Description of the Model: (S.1.1) Plasma Kinetic and Surface Kinetic Reactions, (S.1.2)
Translation of Experimentally Measured Current and Voltage Characteristics to the Model
Conditions, (S.1.3) Relationship Between Instantaneous Power and Power Density: Choice of
Discharge Volumes
S.2. Surface Coverages and Gas Phase Concentrations in the Micro-Discharge
S.3. Calculated Plasma Parameters
S.4. NH3 Formation: Detailed Analysis of the Reaction Rates and Determination of the Rate-
Limiting Step
S.5. N2 Dissociative Adsorption Compared Against N Atom Direct Adsorption
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S.6. Data Used in the Assessment of the Reaction Mechanisms

S.7. Influence of Langmuir-Hinshelwood Reactions and Alternative Reaction Mechanisms
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S.1. Description of the Model

We used a time-dependent OD plasma kinetics model'* to investigate a PB DBD. The principles to capture the
properties of a PB DBD in a 0D model are already described in our previous work.> We list the chemical
reactions in the plasma and at the surface in section S.1.1. In contrast to our previous work, we now derive the
plasma conditions more directly from experimentally measured current and voltage characteristics of a PB

DBD, as described in section S.1.2 and S.1.3.
S.1.1. Plasma Kinetic and Surface Kinetic Reactions

Table S1 through S5 report all the gas phase reactions included in the model. In table S1, the electron-impact
reactions are reported, most of which are evaluated from a unique cross section (i.e. a(€), with € the electron
energy) and the electron energy distribution function, which is calculated in the model with BOLSIG+.? Each
cross section has a different threshold energy, which describes the onset of the reaction. For example, the
threshold energy of N dissociation is higher than of H, dissociation (9.8 eV and 4.5 eV, respectively).* Table
S5 reports the included vibrational interactions of the feed gas molecules. Table S6 reports the surface kinetics,

followed by a small discussion on the parameters describing those reactions.

Table S1. Electron-impact collisions describing the plasma kinetics. The ground state, vibrational levels and electronically excited states
are indicated with X, V and E, respectively. The temperatures are given in Kelvin unless otherwise noted.

# Reaction Rate coefficient Ref.
Excitation and de-excitation

R1 e"+H,XV) & e +H,(E) 0r1(€) 50123

R2 e+ N,XV) & e +N,(E) Oz (€) 50123

R3 e"+N - e +N(E) O3 (€) 51
Ionization

R4 e +N,(X,V,E) - e +e +Ni O (€) 6 12

R5 e"+H,XV) - e +e +Hj ors (€) 5012

R6 e +N - e +e +N* Ore(€) 501

S1



R7 e"+H - e +e +H* Og7(€)
RS e +NH - e +e +NH? ogrg(€)
R9 e"+NH, - e +e +NHJ ORo(€)
R10 e"+NH; - e +e +NHJ Ogr10(€)
Dissociative Ionization
R11 e"+N,X,V) - e +e +N*+N Or11(€)
R12 e"+H, - e +e +H+H* Or12(€)
R13 ee+NH - e +e +H+N* Ogr13(€)
R14 e"+NH, - e +e +H+NH* Or14(€)
R15 e"+NH; - e +e +H+NHJ Og1s5(€)
Dissociation
R16 e+H, - e +H+H Or16(€)
R17 e +N,(X,VVE) - e +N+N Og17(€)
R18 e+NH - e +N+H 5.0 x 1078 T,[eV]®® exp(— 8.6 /T, [eV])
RI19 e"+NH, - e +N+H, 5.0 X 1078 T,[eV]®S exp(— 7.6/ T,[eV])
R20 e"+NH, > e +NH+H 5.0 x 1078 T,[eV]®S exp(— 7.6/ T,[eV])
R21 e +NH; - e +NH,+H 5.0 X 1078 T, [eV]%® exp(— 4.4/T,[eV])
R22 e"+NH; — e +NH+H, 5.0 x 1078 T,[eV]®® exp(— 5.5/T,[eV])
(Dissociative) recombination
R23 e +Nf - N+N 0.50 x 1.8 x 10~7(300/T,)°3?
R24 e +NI - N+NEGDY 0.45 x 1.8 x 10~7(300/T,)3°
R25 e +Nf > N+NCP 0.05 X 1.8 x 1077(300/T,)°3°
R26 e +Nf > Ny+N 2.0 x 1077(300/T,)°S
R27 e +Nf > Ny(A)+N 6.91 x 10787, [eV] 05
R28 e +Nf > NyB)+N 6.91 x 10787, [eV] 05
R29 e"+Nf - N,+N, 2.3 x 107%(300/T,)%>3
R30 e+Nf - Ny+N+N 3.13 x 10777, [eV] 041
R31 e"+Hf - H+H see footnote*
R32 e"+H¥ - H+H+H see footnote’
R33 e"+H¥ - H,+H see footnote’
R34 e"+NH* - N+H 4.30 x 1078(0.026/T,[eV])°*S
R35 e +NHf - NH+H 1.02 x 1077(0.026/T, [eV])**
R36 e +NHf > N+H+H 1.98 x 1077(0.026/T,[eV])**
R37 e +NHf > NH+H+H 1.55 x 1077(0.026/T,[eV])®5
R38 e +NHf - NH,+H 1.55 x 10~7(0.026/T, [eV])°3
R39 e +NHf - NH;+H 8.01 x 1077(0.026/T,[eV])°65
R40 e +NHf - NH,+H+H 1.23 x 1077(0.026 /T, [eV])%-605
R41 e"+N,H* - N,+H 7.1 X 1077(0.026/T,[eV])%72

Three-body recombination

S2



R42 e +N*+e” > N+e 7.0 x 1072°(300/T,)*° =

R43 e +Nt+M - N+M 6.0 X 107%7(300/T,)*5 136

R44 e +Nf+e” - Ny+e” 1.0 X 107*°(T,/300)~*> 13

R45 e"+Nf+M - N,+M 2.49 X 1072°T,[eV] 1 26
Attachment

R46 e"+H,(X,V) - H+H" ORag(€) 115 17

'The rate coefficient is calculated from the electron impact cross section o(€) using BOLSIG+.2 The
reference of the cross section is given.

2 The cross section threshold energy is reduced when the reaction takes places from an excited state.

3 The rate coefficients for de-excitation processes are calculated using detailed balancing.?

*The rate coefficient is a fit as a function of the electron temperature, given by: k = 7.51 x 1079 — 1.12 X
107°T,[eV]! + 1.03 X 1071°T,[eV]? — 4.15 x 107 12T, [eV]3 + 5.86 x 107 14T, [eV]*.10

3 The rate coefficient is a fit as a function of the electron temperature, given by: k = 0.5 X (8.39 x 107° +
3.02x 107°T,[eV]* — 3.80 X 107197, [eV]? + 1.31 x 107! T,[eV]3 + 2.42 X 107 13T, [eV]* — 2.30 x

107 T,[eV]® + 3.55 x 107167, [eV]®).!°
®The third body, M, is any neutrally charged gas phase species.
"The cross section data is resolved for each individual vibrational state.!#!5

Table S2 Neutral-neutral collisions describing the plasma kinetics. The ground state and vibrational levels are indicated with X and V,
respectively. The temperatures are given in Kelvin.

# Reaction Rate coefficient Ref.
Neutral-neutral collisions

R47 N,(X,V)+M - N+N+M  837x1074(T,/298) " exp(-113710/T,)  '® '2
R48 NCD)+M - N+M 2.4 x 1071 172
R49 N(?P)+N - N(CD®+N 1.8 x 10712 1
R50 N(?P®) +N, - N+N, 2.0 x 10718 i
R51 N,(@')+N - N, +N 2.0x 1071 7
R52 Ny(@)+N, - Ny+N, 3.7 x 10716 7
R53 Ny(a')+N, - Ny(B)+N, 19 x 10713 R
RS54 N,(A) +N = N, +N(P°) 4.0 x 1071(300/7,)"*" :
R55 N,(A)+N - N,+N 2.0 x 10712 L
R56 N,(A3) +N, - N,+N, 3.0 x 10716 i
R57  N,(A®) +N,(A®) - N,+N,(A%) 2.0 x 10712 17
R58  N,(A®) +N,(A®) - N,+N,(B3) 3.0 x 10710 i
R59  N,(A®) +N,(A®) - N,+N,(C? 1.5 x 10710 L
R60 N,(B®)+N, - N,+N, 2.0 x 10712 i
R61 N,(B) +N, — N,(A®)+N, 3.0 x 10711 L
R62 No(CH+ N, - Ny(@t)+N, 1.0 x 10712 11
R63 N+NH - H+N, 5x 10711 18
R64 H+NH - N+H, 5.4 x 107! exp(— 165/T,) 18
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R65
R66
R67
R68
R69

R70
R71

R72
R73
R74
R75
R76

R77
R78

R79
R80
R81

R82
R83
R84

R85
R86
R87
R88
R89
R90
RI1
R92
R93
R9%4
R95
R96
R97

R98

NH + NH
NH + NH

NH + NH
H + NH,
N + NH,
N + NH,

NH + NH,

H,(V) + N
H, + NH,

H + NH,4
N,(A%) +H
N,(A3) 4+ H,
N, (A3) + NH,
N,(B%) + H,
N,(a') +H
N,(at) + H,
N + H,(E)
N(?D°) + H,
N(2D%) + NH,4
N(?P°) + H,
N + NH

H, + NH

N, +H

NH, + N
NH, + NH,
NH,; + NH
H, + H

H, + N,

H, + H,

NH + M

NH, + M
NH; + M
NH; + M

N

N

Three-body collisions

N+N+M

=

H, + N,
N + NH,
N,+H+H
H, + NH
N,+H+H
N, + H,
NH; + N
NH +H
NH, +H
NH, + H,
N, +H
N, +H+H
N, + NH,
N,(A%) + H,
N, +H
N,+H+H
H + NH

H+ NH
NH + NH,
H+ NH

H+N+N
H + NH,
NH + N
NH + NH
NH; + NH
NH, + NH,
H+H+H
H+H+N,
H+H+ H,
H+N+M
H+NH+M
H+ NH, + M
H, + NH+ M

N, + M

2.61x107%(T,/298)

5 x 107**(T,/300)
1.7 x 107'%(T, /300)"*
8.5 x 1071
6.6 x 107! exp(—1840/T,)
1.2x 10710
1.2x1071°
1.66 x 10712
4.0 x 1071°(T, /300)*° exp(— 16600/T, )
5.4 x 107! exp(— 6492/T,)

8.4 x 107%(T,/300)"" exp(— 4760/T,)
5x 1071t
2 x 107 exp(—3500/T,)
1.6 x 10710
2.5x 10711
1.5x 10711

2.6 x 10711

4.0 x 1071°(T, /300)™°
2.3 x 10712
1.1 x 10710
2.5 x 10714

4.02 x 1071°(T, /298)**° exp(—27303/T,)

3.50 x 10~ exp(—7758/T,)

5.27 x 10710(T, /298) """ exp(— 74453 /T,)

2.99 x 1073 exp(—7600/T,)

5.07 x 10715(T, /298) """ exp(— 278/T,)

2.33 x 10714(T,/298) """ exp(~ 7350/T,)

2.54 x 1078(T,/298) """ exp(— 52561/T,)

1.40

2.61x 1078(T,/298) """ exp(—52561/T,)

2.99 x 107 exp(— 37647/T,)
1.99 x 1077 exp(— 38248/T,)
4.17 x 107% exp(—47149/T,)
1.05 x 1077 exp(— 47029/T,)

1.38 x 107%3 exp(502.978/T,)

exp(—52561/T,)

19

20

19

21

22

22

23

23

23

24

25

25

26
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R99

R100
R101
R102
R103
R104
R105
R106
R107
R108
R109
R110
RI111
R112
R113

R114

R115
R116
R117
R118
R119

R120
R121
R122
R123

!'The rate coefficient is scaled according to the Fridmann-Macheret alpha-model?’” with & = 1.
2The third body, M, is any neutrally charged gas phase species.

N+N+N
N+N+N
N+ N+ N,
N+N+N,
N+ N+ H,
H+H+N,
H+N+M
N+H,+M
H+ NH+M

H+ NH, + M

NH+H, + M
N+ N+ H,
N+N+H
N+ N+ H,
N+N+H
H+H+ H,

Tonization processes

N+ N

N2@@") + Ny @@™h)

N2@@") + Ny @@™h)

No@@") + Ny (@™

N,(A%) + Ny(a'™h)
Radiative decay

N,(A%)

N,(B?)

N,(a™)

N,(C*)

-

-

-

N,(A%) + N
N,(B%) + N
N,(A®) + N,
N,(B%) + N,
N, + H,

H, + N,
NH+ M
NH, + M
NH, + M
NH,; + M
NH,; + M
N,(A%) + H,
N,(A®) +H
N,(B3®) + H,
N,(B%) +H
H, + H,

e” + N3
e”+NJ +N,
e” + Nf
e” + Nf

e”+NJ +N,

N,
N, (A%)
N
N, (B%)

1.0 x 10732
1.4 x 10732
1.7 x 10733
2.4 % 10733

(1/380) x 8.3 x 10~3* exp(500/T,)
(1/380) x 8.3 x 10733(300/T,)
(1/380) x 1.0 x 10733
(1/380) x 1.0 x 10734
(1/380) x 1.0 x 10732
(1/380) x 5.5 x 1073°
(1/380) x 2.5 x 10735(T, /300) exp(1700/T,)
(1/380) x 1.7 x 10733
(1/380) x 1.0 x 10732
(1/380) x 2.4 x 10733
(1/380) x 1.4 x 10732

_ 0.6
(1/380) x 8.8 x 1073%(300/T,)

2.7 x 107! exp(— 67400/T,)

5.0 x 10713
1.0 x 10711
4.0 x 10712
1.0 x 10712

0.5
1.34 x 10°
1.0 x 10?
2.45 x 107

7.8

7.8

7.8

7.8

7.8

3R65, R66 and R67, are adopted from reference 18, however the product channel R65 can be considered very

unlikely, as also reflected by the rate coefficients.

4 A more likely reaction channel is NH + NH, — N,H, + H, however the N,H, species is not described in

our model.

3 The reaction only occurs for the vibrational levels.'® The reported rate coefficient is scaled according to the

Fridmann-Macheret alpha-model*’ with a = 0.3.'8
® The adopted rate coefficients of R96 and R97 are related by krog/krg; = 40, following the

recommendations of Hanson et al.?
"The rate coefficients of the three-body collisions are multiplied by (1/380) to account for the reaction taking

place at atmospheric pressure,® opposed to low pressure.'®
8 The third body, M, is Na(X), Na(V), Ha(X) or Ha(V).
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Table S3. Ion-neutral collisions describing the plasma kinetics. The ground state and vibrational levels are indicated with X and V,

respectively. The effective ion temperature T;,y, '! is given in Kelvin.

#

R124
R125
R126
R127
R128
R129
R130
R131
R132
R133
R134
R135
R136
R137
R138
R139
R140
R141
R142
R143
R144
R145
R146
R147
R148
R149

R150
R151
R152
R153

Reaction

Ton-neutral collisions

N* + H,
N* + NH,
N* + NH;
N* + NH,

N+ +N

N +H,

NI + N, (A%)
NI + NH;
N¥ +N
Nf+N

Ni +N,
H* + NH;

H} + H
Hi + H,
Hf + N,
HI + NH;
NH* + H,
NH* + H,
NH* + NH;
NH* + NH;

NH* + N,

NHJ + H,
NHF + NH;
NHZ + NH;
NHZ + NH;
N,H* + NH;4

-

-

NH* + H
NHZ + NH
NHY + N
N,H* + H,
Nt +N,
N,H* + H
Ni+N
NHI + N,
NI +N,
N*+ N, +N,
N3 + N, +N,
NHI + H
H* + H,
Hi +H
N,H* + H
NH? + H,
H¥ +N
NHJ + H
NH# + NH
NHf + N
N,H* +N
NHI + H
NHZ + NH,
NHZ + NH
NHZ + NH,
NHf + N,

Ton-neutral three-body collisions

Ny +N+N,
N* + N, + N,(X, V)
N + N, + N, (X, V)
Nt +N+N,

-

-

-

-

N} +N,
NI +N,
Ni +N,
Nf +N,

Rate coefficient

5.0 x 10710

0.20 X 2.35 x 107°

0.71 X 2.35 x 10~°

0.09 X 2.35 x 107°
7.2 X 1073(T;,,,/300)

2.00 x 107°
3.0x 1071
1.95 x 107°
6.6 x 10711
1.0 x 10712

2.1 X 10716 exp(T;pn/121)

5.20 x 107°
6.4 x 10710
2.0x107°
2.00 x 107°
5.70 x 107°

0.15%x 1.23x 107°
0.85%x 1.23 x 107°
0.75 % 2.40 x 107°
0.25 % 2.40 x 107°

6.50 x 10710
1.95 x 10710

0.5x2.30x 107°
0.5x2.30x107°

2.10 x 107°
23x107°

9.0 x 1073% exp(400/T;,,)
1.7 X 10729(300/Tp,) %!
5.2 X 10729(300/T;pp,) %>

1.0 x 107%°

Ref.

29

29

29

29

29

29

29

29

29

29

29

29

29

11
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Table S4. Negative-positive ion recombination reactions describing the plasma kinetics. The ground state and vibrational levels are

indicated with X and V, respectively. The temperatures are given in Kelvin.

# Reaction

H™ recombination
R154 H™ +HJ
R155 H™ +Hi
R156 H™ +NJ
R157 H™ + Nf
R158 H™ + N,H*

H™ three-body recombination

-

-

H+H+H

H, + H+H

N, + H

N, + N, + H

R159

R160

R161

R162

R163 H~

I 'The rate coefficients of the three-body collisions are multiplied by (1/380) to account for the reaction taking place at

H +Hf +M
H™+Hf + M
H" +Nf+ M
H +Nf+M

+N,H* + M

- Hy+H+N,

-

-

H, + H, + M
N, +H+M
N, +N, +H+M

H, + N, + M

atmospheric pressure,”® opposed to low pressure.'®
2The third body, M, is Na2(X), Na(V), Hx(X) or Ha(V).

Table S5. Vibrational processes describing the plasma kinetics. The calculations of the rate coefficients can be found in the listed

references.

#

R164
R165

R166
R167
R168
R169
R170
R171
R172
R173

R174
R175
R176
R177

Reaction

Excitation and de-excitation

e+N,(v) & Ny(v'>v)+e

e+H,(v) & H,(v'>v)+e

Vibrational-translational relaxation

N,(v)+N &

N,(v) + N,
H,(v) + H,
H,(v) + H
H,(v) + H
N,(v) + H,
N,(v) + H
N,(v) + H

U d

! T 7111

Ld

N,(v' <v) +N
N,(v—1) + N,
H,(v—1) +H,
H,(v—1)+H
H, + H

N,(v—1) +H,
N,(v—1)+H
N, +H

Vibrational-vibrational relaxation

N,(v+ 1)+ Ny(w) o
H,(v+ 1)+ H,(w) o
Hy(v) + N, (w—-1) ©
N,(v) + H(w—-1) o

N,(v) + N,(w+ 1)
H,(v) + Hy(w + 1)
H,(v —1) + N,(w)
N,(v—2) + Hy(w)

Rate coefficient

2.0 x 1077(300/T,)
2.0 x 1077(300/T,)
2.0 x 1077(300/T,)
2.0 x 1077(300/T,)
2.0 x 1077(300/T,)

(1/380) x 2 x 10725(300/T,)**
(1/380) x 2 x 10-25(300/T,)**
(1/380) x 2 x 10725(300/T,)**
(1/380) x 2 x 10-25(300/T,)**

(1/380) x 2 x 10725(300/T,)**

v=1..24
v=1..14
v=1..24
v=1..24
v=1..14
v=1..14
v=1..14
v=1..24
v=1..24
v=1..24

v=1..24,w<v
v=1..14,w<v
v=1..14,w=1..24
v=2..24,w=1..24

Ref.

Ref.

31,32

33

34

18

18

18

' Only the single quantum processes are included separately (R156 and R159), the multi quantum processes are included

by an effective sum (R157 and R160).
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Table S6. Surface reactions included in the plasma kinetics model. The ground state, vibrational levels and electronically excited states
are indicated with X, V and E, respectively. The sticking coefficients, y, diffusion energy barrier, E;, and the activation energy, E,, are
given. For the rate coefficient expressions we refer to 3.

#

R178
R179
R180
R181
R182

R183
R184
R185
R186

R187
R188
R189
R190
R191
R192

R193
R194
R195

R196
R197
R198

R199
R200
R201
R202
R203
R204
R205

Reaction
Wall relaxation
N, (A%)
N, (A
H,(E)
N2 (V)
H, (V)
Direct adsorption
N(X, E) + Surface
H + Surface
NH + Surface
NH, + Surface
Eley-Rideal
N(X,E) + N(s)
H + H(s)
N(X,E) + H(s)
NH + H(s)
H + N(s)
H + NH(s)

Eley-Rideal: NH; formation

Ll

\)

-

-

NH, + H(s)

H + NH,(s)

H,(X,V) + NH(s)
Langmuir-Hinshelwood

N(s) + H(s)

NH(s) + H(s)

NH, (s) + H(s)

Dissociative adsorption
N, (X, V) + Surface
N, (E) + Surface
H, (X) + Surface

H,(v = 1) + Surface

H, (v = 2) + Surface

H,(v = 3) + Surface
H,(E) + Surface

-

-

-

N(s)
H(s)
NH(s)
NH,(s)

NH(s)
NH,(s)
NH;

N(s) + N(s)
N(s) + N(s)
H(s) + H(s)
H(s) + H(s)
H(s) + H(s)
H(s) + H(s)
H(s) + H(s)

y=1x1073
y=1x1073
y=1x1073
y=45x 10
y=1x10"*
=1
=1
=1
-1
y=6x1073
y=15x%x10"3
y=1x1072
y=1x1072
y=8x1073
y=8x10"2
y=1x1072
y=8x1073
y=8x10"*

E, =1.099 eV,E; = 0.2 eV
E,=03eV,E; =0.2¢eV
E,=02eV,E; =0.2¢eV

See references

y=1x10"1
y=1x10"3
y=1x1072
y=5x10"2
y=1x10"1
y=1

Ref.

18

35,36

28

28

28

28

28

28
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The sticking coefficients (y) for the wall relaxation of the vibrationally excited molecules were adopted from
Gordiets et al.'® The authors assumed y = 4.5 X 10™* for No(V) (Reaction R181) based on Black et al., who
performed a detailed study on the deactivation coefficient of N»(V=1) upon collisions with various surfaces,
including stainless steel.’’ The value of y = 1 X 10~* for Ha(V) (R182) is based on Heidner et al., who
considered multiple de-excitation channels in flow tube experiments.*® The relaxation of No(E) (specifically
metastable N, R178 and R179) was estimated by Gordiets et al. upon comparison between their predictions

and experiments.'® Relaxation of Ho(E) (R180) is assumed equal, after Hong et al.?®

Direct adsorption sticking coefficients (R183-R186) are adopted from Carrasco et al. who selected y =1 as a

generally high value representing transition metals '°.

The Eley-Rideal (ER) sticking probability of y = 1.5 x 103 between H and H(s) (R188) was adopted from
Carrasco et al. who used the value yielding best agreement in their earlier experimental study, in which the
apparatus had stainless steel walls.'** The value of y = 6 X 1073 for N, (R187) was estimated by Carrasco et
al.'"” The remaining sticking probabilities of ER type reactions (R189-R195) were adopted from the same study,
where the values were chosen based on agreement with experimental data, due to a lack of reported values.
Specifically, the ER reaction with H» as the gas phase reactant (R195) was chosen as significantly lower (order
of magnitude 10™* compared to 1072 ...1073). Note that Hong et al. report three unique sets of sticking

probabilities for three types of surfaces (aluminium oxide, nanodiamond coated alumina and metal).?®

The diffusion energy barrier of 0.2 eV for Langmuir-Hinshelwood (LH) type reactions (R196-R198) is adopted
from Carrasco et al. who assumed this value based on the typical characteristics of chemisorbed H atoms on
Fe.!02840 The activation barrier for NH(s) formation (R197) was taken as 0.3 eV based on detailed surface

#4142 while for the production of NH3, a barrier of 0.2 eV was adopted.!® For the elementary LH

kinetics studies,
step between N(s) and H(s) (R196), an activation energy of 1.099 eV is used, after Hong et al.?®*! They used
the H atom diffusion barrier because the N atom diffusion barrier was reported as significantly higher (0.9 eV

compared to 0.2 eV).%

The sticking coefficients for N, dissociative adsorption (R199) are resolved for the vibrational levels based on
the studies by Hansen et al. Their calculations generally represent metallic surfaces.’* The sticking
probabilities of the dissociative adsorption of electronically excited N, and all H, molecules (R200-R205) were
adopted from Hong et al., following their assumptions.?® We assumed their Ha(v = 3) sticking probability also

for any higher level (R204).

From the above, it is clear that the surface kinetics are subject to many assumptions and thus also to
uncertainties. That includes the exact surface described. We summarize the above as a metal surface, most
representative of iron, merely for reference and context. Indeed the exact surface characteristics, such as step or
surface sites, are not captured. This would require a more detailed model, such as micro-kinetics models.**

This type of model uses surface reaction rates derived from density functional theory calculations and generally
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solves those reaction rates in steady state conditions and does not include a full gas phase chemistry. To our
knowledge, such micro-kinetics models have not yet been combined with a full time dependent plasma kinetics
model. The present study, albeit with a less accurate surface description, focusses mainly on giving novel insight
in the temporal discharge behaviour (i.e. the role of the micro-discharges and their afterglows). This study thus
allows to better demarcate future studies, considering the increased number of degrees of freedom in a combined
model (i.e. surface kinetics + plasma kinetics, introducing the exact surface, described by the surface binding

energy).*

Nevertheless, the surface kinetics without radical-surface interactions (i.e. without radical adsorption and ER
reactions) in our model provided similar NH3 turnover frequencies as Mehta et al.** Indeed, our steady state
NH; turnover frequencies are calculated to be 1.39 x 1078 s and 1.44 x 10~8 5! when vibrational dissociative
adsorption is neglected and included, respectively. Considering that our surface kinetics are an approximation,
we believe that this turnover frequency of 1078 s is in good agreement with the left side of the volcano plots

by Mehta et al. (see figure S1: our results are indicated with a red dot).

log,,(TOF, 57"

-1.2 -0.6 LH 0.6
E,, (eV)

Figure S1. Comparison of our calculated turnover frequency (red dot) against the volcano curves of Mehta et al. Adapted by permission

from Springer Nature: Nature Catalysis, Overcoming ammonia synthesis scaling relations with plasma-enabled catalysis, Mehta et al,
2018.
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S.1.2. Translation of Experimentally Measured Current and Voltage Characteristics to the Model

Conditions

We measured the charge-voltage characteristics, i.e. Lissajous figures, to (1) calculate the actual plasma current

and gas voltage from the measured current and applied voltage, and (2) determine the partial discharging “°. The

Lissajous figures of the N»/H» plasma are given in figure S2(a). In addition, in figure S2(b), the Lissajous figure

for a measurement in pure argon is plotted, for which it is assumed that the plasma reactor is fully discharging

47_With those figures, we can determine the dissipated plasma power, Pj;,, and the partial discharging factor,

B, using the following equations .

Pdiss = WfD
W = 2U,AQ)
AQp %

1= Ceen/Caier

aC 1
U =(1+— = )AU
b B Caier

a+p=1

_ Caier — Caier
Caiet — Ceenr

(SD

(52)

(83)

(S4)

(85)

(56)

where W is the work done by the plasma, f, is the discharge frequency, Uj is the burning voltage, AQp, is the

charge transferred by the discharge, @ is the measured charge transferred, AU is the measured burning voltage,

Cg;e1 18 the capacitance of the dielectric, C.;; is the capacitance of the reactor and {;,; is the effective dielectric

capacitance.
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Figure S2. Lissajous figure measured in our PB DBD and a 1:3 N2:H> gas mixture (a) and operated with argon only (b). From those

measurements, AU = 3066.7 V and Q, = 385.72 nC are determined (a). The capacitances {y;,; = 88.87 pF and C.;; = 16.468 pF are

determined from the two steepest and the two slighter slopes in (a), respectively. In addition Cy;e; = 181.28 pF is determined according

to the plotted slopes in (b).

The plasma current i,,;4¢mq and gas voltage Uy, are given in figure S3, calculated with 46

] ® 1 [dQ(t) dv(t)
l = - E—
plasma 1— Ccell/Cdiel dt cell dt

1
BCaiel

Ugas(t) = (1 +2 C“”) V() - Q(t)

B Caicl

. . . - 300

5t N 1200

-
o
(]

Voltage [kV]
(@]
o
Current [mA]

-100

- - - -Applied voltage

-5 Gas voltage N~ 1-200
—Plasma current
1 1 1 1 _300
0 10 20 30 40 50

Time [us]

Figure S3. Plasma current and gas voltage, as well as the actual applied voltage, in our PB DBD and a 1:3 N2:H> gas mixture.

(S7)

(S8)
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The plasma current and gas voltage are used to calculate the instantaneous plasma power, which is shown in
figure S4. Based on this figure (black line), we defined the average life-time of the micro-discharges as 200 ns

(100 ns at FWHM), and we assume 25 micro-discharge per discharge half cycle.

800 . 1 . .

600 1

Power [W]
N
o
o

|

-ul M

Time [us]

[l

40 50

Figure S4. Instantaneous plasma power measured in our PB DBD and a 1:3 Na:Ha2 gas mixture, as well as the model representation of

the instantaneous plasma power (red line).

The average instantaneous maximum power, i.e., if all micro-discharge peaks would be of the same height, is

given by ?
Pdiss
Pnax = (S9)
(A= yY)Nupfotup + v
Priin = YBnax, Yy € [0,1] (S10)

Where Ny;p is the number of micro-discharges per discharge half cycle, fp is the discharge frequency, 7p is
the micro-discharge life-time, P, , and P,y,;, are the average instantaneous maximum and minimum power,
respectively, and y is a distribution factor which defines the eventual minimum and maximum instantaneous
power and power density (see section S.1.3 below). Table S7 summarizes all parameters introduced in section

S.1.2, together with the values assumed in our model of the most relevant parameters.

S13



Table S7. Summary of the parameters explained in section S.1.2.

Symbol Description Determination Value Units

Pgiss Average dissipated plasma power Eq. S1 68 W

w Work done by the plasma Eq. S2

o Discharge frequency Experiments 23.5 kHz

U, Burning voltage Eq. S4

AQp Charge transferred by the discharge Eq. S3

Qo AQp, as measured Figure S2(a)

Ceenr Capacitance of the reactor Figure S2(a)

Caier Capacitance of the dielectric Figure S2(b)

a Non-discharging fraction Eq. S6

B Partial discharging fraction Eq. S5 0.44

AU U, as measured Figure S2(a)

Qgiel Effective dielectric capacitance Figure S2(a)

Nyp Number of micro-discharges per discharge half cycle Figure S4 25

TMD Micro-discharge life time Figure S4 200 ns
Power distribution factor Chosen 0.1

Prax Average maximum instantaneous power Eq. S9 332 '

Prin Average minimum instantaneous power Eq. S10 33 Y

It should be noted that the distribution factor, y, is different from the definition in our previous work, in which
we did not consider the experimentally measured instantaneous plasma power. With the more direct translation
of the experimental current and voltage characteristics, we found that the relevant order of magnitude of the
distribution factor is now in the range between 0.1 and 1, instead of between 10 and 1 as in our previous work
3. We chose y = 0.1, such that P, is in reasonable agreement with the experimental measurement (cf. the red

curve in figure S4). Lower y values would result in very high P4y, i.e. 540 W for y = 0.01.

Figure S4 represents all the micro-discharges (red line) over a time of 50 ps. In our model we consider an
interpulse time of 76.8 ms, because the gas molecules do not feel all the micro-discharges when they travel
through the reactor, i.e. we consider the number of micro-discharges of a single discharge period, but distributed

over the longer gas residence time.
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S.1.3. Relationship Between Instantaneous Power and Power Density: Choice of Discharge Volumes

The model description of the instantaneous power (cf. the red line in figure S4) consists of micro-discharge
pulses and a constant, minimum, power value. We assign the latter to a uniform plasma component that is also
present in between the micro-discharges. We thus need to define a discharge volume for both the micro-

discharges and the uniform plasma. We assign the following volume to the uniform plasma:

Vy=p(1— apacking)VR (S11)

i.e., the uniform discharge volume, Vy, is the reactor volume, Vg, corrected for packing with the packing factor,
®packing» as Well as corrected for partial discharging of the plasma reactor, . We chose apqcking = 0.68, i.e.
corresponding to a body-centred cubic structure, which is not the most optimal packing, but more likely to occur
in practice. Indeed, the hexagonal close-packed structure, with @pgcring = 0.74, i.e. most optimal packing, is

assumed to be unlikely. This was based on counting the number of beads in our reactor after the standard
preparation procedure (e.g. including a vibrating step to ensure a dense packing). Equation S11 yields a uniform

plasma discharge volume of 2.8 cm®.

Furthermore, we attributed the size of typical voids in the assumed packed bed structure to the discharge volume

of individual micro-discharges, such that the micro-discharge volume, V), depends on the packing bead radius,

Thead

4
Vup = 5”(0-297ﬂbead)3 (S12)
For a packing bead radius of 0.95 mm, Equation S12 yields a micro-discharge volume of 8.8x107° cm?’.

Using the above discharge volumes for the micro-discharges and the uniform plasma, we calculate the maximum

and minimum power density in the model as 3.4x10% and 11.8 W/cm?, respectively.
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S.2. Surface Coverages and Gas Phase Concentrations in the Micro-Discharge
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Figure S5. Surface coverages and fraction of empty surface sites (a), and concentrations of the neutral gas phase species and electrons

(b), as a function of time in the first micro-discharge. This figure corresponds to figure 1 in the main paper.
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Figure S6. Number densities of the N2 (solid lines) and Hz (dashed lines) molecules in the ground state and the sum of the electronically

and vibrationally excited states, as a function of time in the first micro-discharge. This figure corresponds to figure 2 in the main paper.
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Figure S7. H2 vibrational distribution function (VDF) at various moments in the micro-discharge, as well as the Boltzmann distribution

at the gas temperature (400 K).

Table S8. Typical species densities in cm™ of the various surface adsorbed species and plasma radicals in both the micro-discharge and
afterglow. The equivalent coverages are given between brackets.

Micro-discharge Afterglow
Species (at maximum power density) (end)
NH,(s) 8.6 x 108 (6.0 x 10~%) 6.1 X 10° (4.3 x 10711)
NH(s) 8.5x10°(5.9x107%) 3.0 x 107 (2.1 x 10719)

H(s) 1.4 x 1017 (1.0)
N(s) 1.5 x 1013 (1.0 x 10™%)

1.4 x 1017 (1.0)
2.4 x 103 (1.7 x107™%)

Surface 1.5 x 10 (1.1 x 1073%) 1.4 x 10 (9.9 x 107%)
NH; 2.9 x 1013 6.9 x 1014
NH, 1.6 x 1012 1.9 x 1012
NH 2.0 x 104 1.5 x 101
H 1.2 x 1017 1.0 x 104
N 8.4 x 104 8.1 x 101°
H, 1.4 x 10*° 1.4 x 10*°
N, 43 x 108 4.6 x 108
e” 1.2 x 1014 1.2 x 101°

S.3. Calculated Plasma Parameters

The N, vibrational temperature (figure S8(a)) is calculated to be slightly above 2100 K during the micro-
discharges, and it relaxes back to above the gas temperature (700 K compared to 400 K) over approximately 1
ms. The H» vibrational temperature behaves similarly but reaches lower values, i.e. 600 K and 1100 K in the
afterglow and micro-discharge, respectively. Figure S8(b) illustrates the calculated reduced electric field (E/N)
and electron temperature (T.), as a function of time. The maximum E/N was calculated to be 105 Td in each
micro-discharge (and the maximum electron temperature was 5.9 eV. After the micro-discharges, both values
significantly drop to virtually zero, but then rise again, and reach constant values in the entire afterglows, around

E/N=6Tdand T. =0.7 eV.
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Figure S8. N2 and H> vibrational temperature (a) and reduced electric field and electron temperature (b) as a function of time in the
plasma, from the start of the plasma to the end of the first micro-discharge and afterglow pair. The maximum values of the reduced
electric field and electron temperature are 105 Td and 5.9 eV, respectively. The micro-discharge with a 200 ns duration takes place at

38.4 ms.

S.4. NH; Formation: Detailed Analysis of the Reaction Rates and Determination of the Rate-Limiting

Step

Figure S9(a) depicts the actual reaction rates of the main NH3 (and precursor) formation reactions as a function
of time from the start of the plasma until the end of the first afterglow. The main NH3 formation reaction is the
elementary LH step of NHa(s) with H(s); blue curve. Similarly, NH»(s) is mainly formed from the LLH reaction
of NH(s) with H(s); red curve. NH(s), however, is formed from elementary ER steps, either by gas phase N with
H(s), or by gas phase H with N(s); black curve in figure S9(a). This process is predominant in the micro-
discharges (cf. figure S9(b)). In addition, we also plot the formation rate of NH»(s) from gas phase NH and H(s)
(ER mechanism; green curve), as it is also important in the micro-discharges (cf. figure S9(b)). Similarly, the
ER formation of NH3; by NH, and H(s) is also plotted (dark yellow curve), becoming important in the late

afterglow.
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Figure S9. Main reaction rates for the formation of NH3, NHz(s) and NH(s) as a function of time in the plasma, from the start of the
plasma to the end of the first micro-discharge and afterglow pair (a), and as a function of time in the first micro-discharge (b). “Total ER
— NH(s)” stands for the sum of both reactions N + H(s) and H + N(s) reactions. In (a) the blue, red and black curve mostly overlap with

each other. In (a), the micro-discharge with a 200 ns duration takes place at 38.4 ms.

Directly after the micro-discharge, we see in figure S9(a) a complete overlap between the reactions forming
NH3, NHa(s) and NH(s) (blue, red and black curves). This means that the intermediate products, NH(s) and
NHa(s), are immediately converted towards NH3. During the micro-discharges, there is no overlap between the
various reaction rates, and the earlier products are generally formed at a higher rate (black and green curves are
higher than blue curve). Note that in addition to the reactions in figure S9(b), NH3 is net destroyed during the
micro-discharges due to electron impact dissociation (cf. figure 2 in the main paper). Towards the end of the
afterglow, the NH3 formation is faster than the NH,(s) formation, and the latter is slightly faster than NH(s)
formation, meaning that both NH»(s) and NH(s) are slightly being depleted in the afterglow, as discussed in

section 3.2 in the main paper.

To find the rate-limiting step, we further investigate the formation of NH(s) in figure S10, where we plot the
rates of the individual ER reaction steps as a function of time, again from the start of the plasma until the end
of the first afterglow (figure S10(a)) and in the micro-discharge (figure S10(b)). The ER reaction of N with H(s)
is generally faster, especially in the micro-discharges, and generally determines the total NH(s) formation,
except before the first micro-discharge, where the ER reaction of H with N(s) seems more important. This is

attributed to the relatively high dissociation of H» at the very beginning (see figure S13 below).
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Figure S10. Reaction rates for the formation of NH(s) as a function of time in the plasma, from the start of the plasma to the end of the
first micro-discharge and afterglow pair (a), and as a function of time in the first micro-discharge (b). In (a), the micro-discharge with a

200 ns duration takes place at 38.4 ms.

Based on figures S9 and S10, we can identify the elementary ER reaction step between N and H(s) as the limiting
reaction in NHj3 formation, i.e. N, dissociation in the plasma and H» or H (dissociative) adsorption are required
for this. Similarly, the alternative ER reaction requires N(s). In figure S11, we show that the rate of this reaction
overlaps with the direct adsorption of N, shortly after the micro-discharge. Thus, N atoms are required in both

NH(s) formation pathways.
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Figure S11. Reaction rates for the formation and consumption of N(s) as a function of time in the plasma, from the start of the plasma
to the end of the first micro-discharge and afterglow pair (a), and as a function of time in the first micro-discharge (b). In (a), the micro-

discharge with a 200 ns duration takes place at 38.4 ms.

Unlike N(s), which is only significantly formed by direct adsorption and only reacts further to the desired
products (NH(s)), the formation and consumption of H(s) is more complex. In the afterglow, we found that the
net H(s) formation rate, attributed to direct adsorption (red curve in figure S12) overlaps in the afterglow with
the total H(s) consumption rate to the desired products (blue curve). The contributions of individual processes

to the net H(s) formation is given in figure S13.
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During the micro-discharges (figure S12(b) and S13(b)), more H(s) is destroyed than formed. Indeed, this is
due to the importance of H + H(s) — H,. The dissociative adsorption (H, — 2 H(s)) has the lowest reaction
rate once a micro-discharge occurred and the net formation of H, is then always higher, this means that the net
H(s) formation is not determined by the dissociative adsorption anymore. However, the H(s) coverage is never
significantly influenced after the initial coverage, due to the predominant dissociative adsorption before the first

micro-discharge, and it is always nearly 1 (cf. figure 1(a) in the main paper and figure S5(a)).
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Figure S12. Total and net reaction rates for the formation and consumption of H(s) as a function of time in the plasma, from the start of
the plasma to the end of the first micro-discharge and afterglow pair (a), and as a function of time in the first micro-discharge (b). In (a),
the micro-discharge with a 200 ns duration takes place at 38.4 ms.
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Figure S13. Net formation of H(s) and the individual reactions that determine the net formation as a function of time in the plasma, from
the start of the plasma to the end of the first micro-discharge and afterglow pair (a), and as a function of time in the first micro-discharge
(b). The green and blue curves generally overlap (i.e., H — H(s) and H + H(s) — Hz). In (a), the micro-discharge with a 200 ns duration

takes place at 38.4 ms.

We show in figure S14 the rates of direct adsorption of N and H atoms and compare it to the dissociation rates
of N, and H,. The dissociation rates of both N, and H, (i.e., upon electron impact) exhibit a sharp peak in the
micro-discharge (red curves), followed by a pronounced drop, because the electric field reduces to near O
directly after the micro-discharge (cf. section S.3 above). In the micro-discharges, the H» dissociation rate is 3

orders of magnitude higher, and consequently H adsorption is also 3 orders of magnitude faster than N
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adsorption. Directly after the micro-discharges, the ER reaction between H and N(s) (green dashed curve)
clearly overlaps with direct adsorption of N (blue solid line). The dissociation of H» eventually overlaps with
the direct adsorption of H in the afterglows (red and blue dashed lines), while the N, dissociation overlaps more
with the ER reaction between N and H(s) (red and green solid lines). However, due to the quenching of H(s)
back to H», we need to consider the net formation of H(s). This reaction rate is higher than for the ER reaction
between N and H(s) (green curve). Instead, the net H(s) formation overlaps with the sum of all the ER and LH
reactions that lead towards NH3 and which require H(s) (cf. figure S12(a)).
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Figure S14. Gas phase dissociation and atomic adsorption reaction rates for nitrogen (solid lines) and hydrogen (dashed lines) as a
function of time in the plasma, from the start of the plasma to the end of the first micro-discharge and afterglow pair. The curves of “ER
— NH(s)” are defined according the gas phase atom, i.e. N + H(s) is the solid curve and H + N(s) is the dashed curve. In (a), the micro-

discharge with a 200 ns duration takes place at 38.4 ms.

Based on the above, we identify the adsorption of N and H atoms, both in ER reactions and direct adsorption,
as rate-limiting. Consequently, electron impact dissociation of N, or H in the plasma can be the overall rate-
limiting step. In order to further specify the rate-limiting step, we performed calculations in which the rate
coefficients for the atomic adsorption processes or for electron impact gas phase dissociation are multiplied by

a factor 2. The adjusted reactions are listed in table S10 and the results are compared in figure S15.

Table S9. The test cases to confirm the rate-limiting reaction step. In each case the rate coefficient of the listed reactions was multiplied

by a factor two.

Case Modified reactions
Reference None
Increased H; dissociation e~ + H,(X,V) - e"+H+H
H + Surface — H(s)
H + H(s) -» H,
Increased H atom adsorption H + N(s) — NH(s)
H + NH(s) - NH,(s)
H+ NH,(s) - NH;
Increased N, dissociation e~ + N,(X,E,V) - e"+ N+ N
N + Surface - N(s)
Increased N atom adsorption N + H(s) —» NH(s)
N + N(s) > N,
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Figure S15. Comparisons of the various test cases presented in table S8 in which we increase the rate coefficients of specific reactions
by a factor 2 (cf. table S8), showing the effect on the NH3 formation rate, i.e. the reaction rate of NHz(s) + H(s) — NH3, as a function of
time (a), and 15 ps after the micro-discharge (b), and the eventual NH3 concentration (c). In (a), the micro-discharge with a 200 ns

duration takes place at 38.4 ms.

It is clear from figure S15(a) that the increased rate coefficient of the feed gas dissociation and of the atomic
adsorption influences the final NH3 synthesis reaction step (NHa(s) + H(s) — NH3). Most notably, the slope of
the increased N adsorption is steeper, due to faster depletion of gas phase N atoms. Only an increased H atom
adsorption does not increase the NH3 formation rate throughout the afterglow, which is attributed to the faster

H atom recombination rate by H + H(s) — Ha.

In figure S15(b) the NH3 formation rates are compared shortly after the micro-discharge. Clearly both an
increase in N» dissociation and N atom adsorption by a factor 2 effectively enhance the NH3 formation rate by
the same factor 2, directly after the micro-discharge. However, as noted before, the NH3 formation rate with
increased N atom adsorption rates will fall below the reference, due to the faster depletion of N atoms in the

gas. An increase in the H; dissociation by a factor 2 also enhances the NH3 formation rate, but only by a factor
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1.3, due to a slight increase in H(s), and thus all further hydrogenation processes on the surface (N + H(s) —
NH(s), NH(s) + H(s) — NHa(s) and NH»(s) — NH3). The increase by a factor 1.3, instead of 2, approximately

follows by considering all these three hydrogenation processes (i.e., V2 = 1.26).

In figure S15(c) the eventual NH;3 concentration is shown. Here the factor 2 increase is not directly reflected,
due to how steady state is reached, i.e. because the overall system is non-linear in time. An increased gas phase
H, dissociation enhances the NH3 concentration by a factor 1.22. N atom adsorption increases the NH3
concentration slightly more (factor 1.27), mainly due to an increase in N + H(s) — NH(s). H atom adsorption
does not increase the NHs formation rate and the eventual NH3 concentration is equal. The largest benefit is

seen from an increased electron impact N> dissociation in the gas phase, enhancing the NH; concentration by a

factor 1.41.

Based on the above analysis, electron impact N, dissociation in the plasma, followed by N atom adsorption at
the surface, is identified as the rate-limiting step determining the NH3 yield. H, dissociation in the plasma can
also increase the formed NH3, but to a lesser extent, as the H(s) precursor is required in multiple reaction steps.
In addition, the surface is always generally covered with H(s) (see figure 1(a) in the main paper) and H» is easier
to dissociate than N> (i.e. a dissociation threshold of 4.5 eV and 9.8 eV, respectively), thus the rate-limiting

behaviour of the NH3 synthesis in a DBD is attributed to nitrogen.

S.5. N; Dissociative Adsorption Compared Against N Atom Direct Adsorption
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Figure S16. Comparison of N(s) formation rates from the various atomic adsorption and dissociative adsorption processes, resolved for
the ground state species (X), electronically excited states (E) and vibrational levels (V), as a function of time in the plasma, from the
start of the plasma to the end of the first micro-discharge and afterglow pair. The micro-discharge with a 200 ns duration takes place at

38.4 ms.

S24



S.6. Data Used in the Assessment of the Reaction Mechanisms

We present the data based on which we assessed the reaction mechanisms presented in the main paper. We
based ourself on the NxHy gas phase species (i.e. N, H, NH, NH, and NHj3), the surface adsorbed and related
species (i.e. Surface (free sites), N(s), H(s) NH(s) and NHa(s)) and the electrons and feed gas (i.e. e~ and H»
and N, respectively). In addition, any other relevant species that is dictated by the significant reactions are also
presented (i.e. electronically excited molecules: H2(E) and N»>(E) and ions: N»>*, Ho*, NoH* and Hs*). We first
considered separately whether or not the species is produced or destroyed during the micro-discharge and during
the afterglow (cf. also figure 4 in the main paper). The reaction rates, source terms and the reactions themselves
were carefully inspected to determine whether or not the single reaction could be considered, and if indeed only
the production or destruction had to be considered during a single phase of the discharge (i.e. the micro-

discharges and their afterglows).

The above analysis was based on the relative information instead of the absolute rates, i.e. the production-to-
destruction ratio and the contribution of a reaction to either the production or destruction of a specific species.
This is because the total source terms, and thus the typical reaction rates, can differ by orders of magnitude
between the various species (cf. figure 4 and 5 in the main paper). In table S10 and S11 we present the reactions
and their contribution to either the production or destruction of a species during the micro-discharge and the
afterglow, respectively. In addition we note how we considered the species, based on the production-to-
destruction ratio. The (individual) vibrational levels of both the N, and H, molecules, as well as the N, electronic
states, N2(E), are not resolved in table S9 of the micro-discharges, as those species typically show fast excitation
and de-excitation processes between the various levels or states. Similarly, in addition in the afterglow (table
S10), the H2(X) and N»(X) ground states are populated (and depopulated) by the various vibrational interactions
and (de-)excitation processes and H»(E) is mainly quenched back to the feed gas. Those interactions were not
considered in detail, however typical vibrational distribution functions were shown in figure 3 and S6 for N,

and Ho, respectively.

For context, we provide the reaction rates of the listed reactions in table S12, time averaged over the first micro-
discharge and over the afterglow. Some reactions were not explicitly mentioned in the main paper (numbered
in the tables with n.a.), those reactions typically quench any desired product back to the feed gas or indicate the
population of electronically excited states or vibrational levels, which lead to the subsequent interactions

between those states or levels.
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Table S10. The various species considered in the assessment of the reaction mechanisms and the most significant reactions and their
contribution to the production (+) and/or destruction (—) of this species in the micro-discharges. Either the production, destruction or
both are given, depending on the specific consideration made, which is based on the production-to-destruction ratio (P/D).

Species Consideration (# main paper) Reaction Contribution
NH,(s) Most significantly produced (P/D=1.8)  (13) NH + H(s) - NH,(s) 0.86 (+)
(19) NH(s) + H(s) —» NH,(s) 0.14 (+)
NH(s)  Most significantly produced (P/D = 12) (16) N + H(s) — NH(s) 0.84 (+)
H(s) Produced and destroyed (P/D = 0.98) (14) H + Surface — H(s) 1.00 (+)
(15) H + H(s) - H, 0.98 (-)
N(s) Most significantly produced (P/D=3.2)  (17) N + Surface — N(s) 0.96 (+)
Surface Produced and destroyed (P/D =1.01) (15) H + H(s) = H, + Surface 0.99 (+)
(14) H + Surface — H(s) 1.00 (—)

NH;4 Most significantly destroyed (P/D =0.08) (21) e~ + NH; - e~ + NH, + H 0.56 (—)
(22) e + NH; > e~ + NH+H, 0.32 (—)

NH, Produced and destroyed (P/D = 18) (21) e + NH; > e~ + NH, + H 0.92 (+)
NH Most significantly produced (P/D=3.1) (12) N+ H,(E) - H+ NH 0.99 (+)
H Most significantly produced (P/D =421) (6)e” + H,(X,V,E) > e+ H+H 0.89 (+)
(10)N,(E) +H, >N, + H+ H 0.10 (+)
N Most significantly produced (P/D=14) (5)e” + N,(X,V,E) > e "+ N+ N 0.78 (+)
H,(X)  Most significantly destroyed (P/D =0.03) (6)e” + H,(X) » e~ +H+H 0.63 (—)
(11) e~ + H, — e~ + H, (E) 0.27 (-)
H,(E)  Most significantly produced (P/D=6.0) (11)e” + H, - e~ + H,(E) 1.00 (+)
N,(X)  Most significantly destroyed (P/D =0.13) (n.a.) e” + N,(X) - e~ + N, (V) 0.94 (-)
e” Most significantly produced (P/D=3.1) (7)e” + N, > e~ +e~ + NJ 0.65 (+)
(8)e"+H, >e” +e +HI 0.17 (+)
NF Produced and destroyed (P/D = 1.00) (7)e"+N, e +e” +NJ 0.52 (+)
(n.a.)e” +Ny(E) > e  +e” +NJ 044 (+)
(28) N + H, » N,H* + H 0.98 (-)
H¥ Produced and destroyed (P/D = 1.00) (8)e"+H,»>e +e +HI 1.00 (+)
(27)Hf + H, > HY + H 0.76 ()
(n.a.)Hf +N, > N,H* + H 0.24 (-)
HY Most significantly produced (P/D=5.8) (27)Hf + H, > HY + H 1.00 (+)
N,H*  Most significantly produced (P/D=2.1)  (28) N + H, » N,H* + H 0.67 (+)
(n.a.)Hf + N, > N,H* + H 0.33 (+)
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Table S11. The various species considered in the assessment of the reaction mechanisms and the most significant reactions and their
contribution to the production (+) and/or destruction (—) of this species in the afterglows of the micro-discharges. Either the production,
destruction or both are given, depending on the specific consideration made which is based on the production-to-destruction ratio (P/D).

Species Consideration (# main paper) Reaction Contribution
NH,(s) Produced and destroyed (P/D = 1.00) (19) NH(s) + H(s) = NH,(s) 0.99 (+)
(20) NH, (s) + H(s) » NH, 1.00 (-)
NH(s)  Produced and destroyed (P/D = 1.00) (16) N + H(s) = NH(s) 0.86 (+)
(18) H + N(s) > NH(s) 0.14 (+)
(19) NH(s) + H(s) » NH,(s) 1.00 (-)
H(s) Produced and destroyed (P/D = 1.00) (14) H + Surface — H(s) 1.00 (+)
(15) H + H(s) - H, 0.98 (-)
N(s) Produced and destroyed (P/D = 1.1) (17) N + Surface — N(s) 1.00 (+)
(18) H + N(s) —» NH(s) 1.00 ()
Surface Produced and destroyed (P/D = 1.00) (15) H + H(s) = H, + Surface 0.98 (+)
(14) H + Surface — H(s) 1.00 (—)
NH, Most significantly produced (P/D =8.7) (20) NH,(s) + H(s) - NH; 0.88 (+)
NH, Produced and destroyed (P/D = 1.00) (21)e” + NH; e~ + NH, + H 0.29 (+)
(n.a)N+H, +M - NH, + M 0.66 (+)
(n.a.) H+ NH, > H, + NH 0.33 (-)
(n.a.) N+ NH, - N, + H, 0.19 (-)
(n.a.)N+NH, > N, + H + H 0.19 (-)
(23) NH, + H(s) —» NH, 0.10 (-)
NH Produced and destroyed (P/D = 0.97) (12) N+ H,(E) » H+ NH 0.99 (+)
(n.a)H+NH->N+H, 0.98 (-)
H Most significantly destroyed (P/D = (14) H + Surface — H(s) 0.35(—)
0.14)
(15) H + H(s) - H, 0.35 (=)
(n.a)H+H+H, - H, +H, 0.13 (-)
(n.a.)H+NH - N+ H, 0.13 (-)
N Produced and destroyed (P/D = 0.98) (n.a.)H+NH - N+ H, 1.00 (+)
(12) N + H,(E) - H + NH 0.96 (-)
o Most significantly destroyed (P/D = (24)e” +H} > H, +H 0.30 (—)
0.008)
(25)e"+HY > H+H+H 0.30 (-)
(26) e + N,H* > N, + H 0.37 (-)
Ny Produced and destroyed (P/D = 0.98) (n.a.) N, (E) +E21\§§)+ N, + e 100+
(28) N§ + H, » N,H* + H 0.98 (-)
HE g/l(())gg)significantly destroyed (P/D = (27)Hf + H, - Hf + H 0.78 (-)
(n.a.)Hf + N, » N,H* + H 0.21 (-)
n Most significantly destroyed (P/D = (24)e” +HY > H, +H 0.50 (-)
Hs 3x10°)
(25)e"+HY >H+H+H 0.50 (-)
N, H* Most significantly destroyed (P/D = (26) e~ + N,H* — N, + H 1.00 ()

0.0002)
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Table S12. The time averaged reaction rates, of the reactions in table S10 and S11, during a micro-discharge and its afterglow.

Reaction rate (cms!), time averaged over the:

(# main paper) Reaction Micro-discharge Afterglow

(4) H, + Surface — H(s) + H(s) 1.01 x 1015 9.46 x 104
(5)e” +N,(X,V,E) > e "+ N+ N 4.63 x 10%! 1.19 x 1013
(6)e” +H,(X,V,E) > e+ H+H 4.81x10%3 7.72 x 1015
(7)e"+N, »e” +e” +NJ 1.78 x 1020 7.80 x 10°

(8)e"+H, > e  +e” +HJ 6.84 x 1020 3.65 x 107

(9)e” + N, > e” + N,(E) 2.45 x 1023 6.41 x 10°
(10)N,(E)+H, > N, +H+H 5.59 x 1022 1.64 x 101
(11) e + H, » e~ + H,(E) 2.04 x 1023 1.81 x 10%°
(12) N + H,(E) > H + NH 7.81 x 102! 417 x 107
(13) NH + H(s) - NH,(s) 8.77 x 101 3.89 x 1013
(14) H + Surface - H(s) 1.55 x 10%° 1.17 x 1018
(15) H+ H(s) » H, 1.55 x 10%° 1.15 x 108
(16) N + H(s) = NH(s) 1.49 x 107 7.36 x 1015
(17) N + Surface — N(s) 2.57 x 10 1.30 x 10%°
(18) H + N(s) —» NH(s) 8.46 x 1015 1.18 x 101°
(19) NH(s) + H(s) —» NH,(s) 1.47 x 106 8.51 x 10%°
(20) NH,(s) + H(s) » NH; 5.57 x 1016 8.60 x 10°
(21)e” + NH; » e~ + NH, + H 1.36 x 10%° 8.54 x 104
(22) e” + NH; » e~ + NH + H, 7.73 x 1018 1.88 x 1014
(23) NH, + H(s) - NH;4 3.40 x 1014 3.09 x 1014
(24)e” +Hf > H, +H 4.29 x 1019 5.53 x 10%*
(25)e"+H} > H+H+H 429 x 10*° 5.53 x 1014
(26) e” + N,Ht* > N, + H 2.30 x 102° 6.85 x 1014
(27)Hf +H, > HI +H 5.19 x 10%° 3.36 x 10°

(28) Nf + H, » N,H* + H 3.38 x 102° 1.38 x 10!
(n.a.) H+ NH, - H, + NH 1.63 x 10%7 9.67 x 101*
(n.a.) N+ NH, - N, + H, 1.43 x 107 5.75 x 1014
(n.a.)N+NH, >N, +H+H 1.43 x 10%7 5.75 x 104
(n.a.)e” +N,(E) e +e” +NJ 1.53x102%° 498 x 108

(n.a.) Hf + N, > N,H* + H 1.64 x 102° 9.23 x 108

(n.a.)N+H, +M - NH, + M 1.06 x 101° 1.94 x 105
(n.a.)H+NH - N +H, 2.51 x 1021 425 x 107
(n.a.)H+H+H, > H, +H, 5.03 x 1018 2.23 x 1017

The data presented in table S10 and S11 also gives some insight in the sensitivity of the overall assessed reaction
mechanisms to changes in the underlying rate coefficients of either the involved reactions themselves or of other
reactions also present in the chemistry set (cf. table S1-S6). Indeed, reaction rate coefficients always have an
uncertainty, typically in the order of 30%.*° In general, if we concluded that there is only one significant
reaction relevant to the production or destruction of one species, while the contribution of this reaction is just
slightly above 0.5 (i.e. 50%), then it is clear that a slight change in this or other reactions could change the actual
main reaction taking place. On the other hand, if we find a large contribution to the overall production or
destruction (i.e. contributions of 0.8, or 80%, and up), then it is less likely that other reactions that were not part
of our assessed reaction mechanisms (which thus have very low contributions) would become the most

important, even when the uncertainties in the rate coefficients are considered. In table S10 and S11, the lowest
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considered contribution to the production or destruction of a species, for determining the reaction mechanisms,

is 0.81, i.e. 81%, which is the sum of the four reactions (0.33 + 0.19 + 0.19 + 0.1) accounting for the destruction

of NHo in the afterglow (cf. table S11).

S.7. Influence of Langmuir-Hinshelwood Reactions and Alternative Reaction Mechanisms

Because the adopted Langmuir-Hinshelwood activation energies are subject to uncertainties, we calculate

several hypothetical cases in which we change the activation energy and thus the rate coefficients governing the

reactions, as shown in table S13. The diffusion barrier is kept constant, as reported in table S6. We cover cases

in which the reactions are slower and faster. Results are given in table S14.

Table S13. Summary of the calculations performed to investigate the influence of the LH reactions.

Rate coefficient

Case Reaction Activation energy cm’s! st
H(s) + N(s) — NH(s) E, =1099eV  75x107%2 1.1x107*
Adopted chemistry  H(s) + NH(s) — NH,(s) E, =03eV 8.8x1071? 1.3 x10°
H(s) + NH,(s) — NH, E,=02eV 1.6 x 1071 2.3 x 107
H(s) + N(s) — NH(s) E, =1.0eV 1.3x107%20 19x1073
Equal barriers H(s) + NH(s) — NH,(s) E,=1.0eV 1.3x107%° 19x1073
H(s) + NH,(s) — NH; E,=1.0eV 1.3x107%2% 19x1073
H(s) + N(s) — NH(s) E,=20eV 33x1073 4.8x 10716
Increased barriers ~ H(s) + NH(s) — NH,(s) E,=20eV 33x10733% 48x1071°
H(s) + NH,(s) — NH;j E,=20eV 33x1073% 48x 10716
H(s) + N(s) — NH(s) E, =0.0eV 53x107®%  7.6x10°
Barrierless H(s) + NH(s) — NH,(s) E, =00eV 53x107® 7.6 x10°
H(s) + NH,(s) — NH;j E, =0.0eV 53x107®%  7.6x10°

Table S14. Calculated steady state NH3 concentration and NH3 formation rate through the LH pathway (H(s) + NH,(s) = NH3) for

the various test cases.

LH NH; formation rate (cm>s™)

in the first afterglow

Case NH; concentration (ppm)
Basic chemistry 223
Equal barriers 224
Increased barriers 224
Barrierless 223

8.6 x 1015
2.4 x 100
6.0 x 1073
8.7 x 101>
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Table S14 lists the calculated steady-state NH3z concentration for the basic model and the additional calculations.
It can be seen that all additional calculations give the same concentration as the basic chemistry which was used
to assess the reaction mechanisms in detail. In the basic chemistry model we found that the eventual formation
of NHj is through the LH reaction: H(s) + NH,(s) — NHj;. Table S14 also reports the corresponding reaction
rate of this LH reaction. Despite the same NHj3 concentration, we do see different LH reaction rates when
increasing the activation energy (i.e. for barriers of 1.0 eV and 2.0 eV in the case of equal barriers and increased
barriers, respectively). This means that reactions other than this LH reaction should be responsible for the
formation of NHs;. When the LH reactions were barrierless, the eventual rate is the same, despite a significantly
higher rate coefficient (cf. table S13), thus indicating a preceding step as rate limiting, i.e. the formation of
NH(s) by ER reactions. Indeed, also when the LH formation of NH(s) is increased, i.e. the barrierless case, the
formation rate is still the same, indicating that the same ER NH(s) formation is still faster than the LH

alternative.

In addition, when the LH reactions are slower (increased barriers), we don’t see a change in the main
formation of NH(s) by the ER reactions, but we do see other NH3 formation reactions taking place in the final
step, with the same rate as when the formation was due to LH reactions, as shown in table S15.

Table S15. Comparison of the NH3 formation rate by the most important reactions for the various test cases.

NH; formation rate (cms™) in the first afterglow

Case H(s) + NH,(s) - NH;3 H, + NH(s) - NH; H + NH,(s) = NH;
Basic chemistry 8.6 x 1015 3.4 x 1013 2.2 x 1011
Equal barriers 2.4 x 1010 7.7 x 105 7.6 x 1014
Increased barriers 6.0 x 1073 7.7 X 1015 7.6 x 1014
Barrier-less 8.7 x 105 6.8 x 108 6.8 x 108

The reaction H, + NH(s) —» NH3 is dominant when the LH reaction (H(s) + NH,(s) = NHj) is not fast
enough, and is characterized by a nearly equal rate (underlined in table S15). We also list H + NH,(s) = NH;
which has the highest reaction rate after the LH reaction and the H, ER reaction in the basic chemistry case.
Indeed, we also found that the stepwise ER hydrogenations with H are fast enough to account for the same NH3

formation rates if the H, ER reaction is absent.

Based on the above we can present two alternative NH3z formation paths as revealed by our model. After the ER

formation of NH(s), a single reaction step might form NHj:

H, + NH(s) - NH, (S13)

Alternatively, stepwise ER hydrogenation reactions might form NHs:
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H + NH(s) - NH,(s) (S14)

H + NH,(s) - NH, (S15)
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