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Plasma-catalytic ammonia synthesis in a dielectric barrier discharge reactor has emerged as a possible route for
electrification of nitrogen fixation. In this study, we use a combination of experiments and a plasma kinetic
model to investigate the ammonia synthesis from N3 and Hj, both with and without a solid packing material in
the plasma zone. The effect of plasma power, feed flow rate, No:Hy feed ratio, gas residence time, temperature,
and packing material (MgAl;O4 alone or impregnated with Co or Ru) on the ammonia synthesis rate were
examined in the experiments. The kinetic model was employed to improve our understanding of the ammonia
formation pathways and identify possible changes in these pathways when altering the Ny:H, feed ratio. A higher
NH3 synthesis rate was achieved when increasing the feed flow rate, as well as when increasing the gas tem-
perature from 100 to 200 °C when a packing material was present in the plasma. At the elevated temperature of
200 °C, an optimum in the NH3 synthesis rate was observed at an equimolar feed ratio (No:Hy = 1:1) for the
plasma alone and MgAl»04, while a Na-rich feed was favored for Ru/MgAl;04 and Co/MgAl204. The optimum in
the synthesis rate with the Na-rich feed, where high energy electrons are more likely to collide with Nj, suggests
that the rate-limiting step is the dissociation of N3 in the gas phase. This is supported by the kinetic model when
packing material was used. However, for the plasma alone, the model found that the N3 dissociation is only rate
limiting in Hy-rich feeds, whereas the limited access to H in Na-rich feeds makes the hydrogenation of N species
limiting.

1. Introduction [29]. However, many of these materials have thus far been selected

without bearing in mind the specific requirements for the plasma envi-

A global incentive to electrify chemical processes has recently
increased the interest in plasma catalysis [1-3]. This technology has
shown a potential for energy storage applications such as CO5 and CHy
conversion [4-7], Hy formation from NH3 decomposition [8-11], and
decentralized NHj3 synthesis [12-15]. Especially, NH3 synthesis in
dielectric barrier discharges (DBDs) has been investigated in the recent
literature [16-28]. Here, a variety of potential catalytic packing mate-
rials have been examined, including y-Al,O3, SiO2, Ru/y-Aly,03, Ru-Mg/
y-Al;03, Ru-Cs/Si-MCM-41, Ni/SiOo, lead zirconium titanate (PZT), and
BaTiOs, in various forms (powder/pellets) and sizes, which have all
exhibited a beneficial effect in plasma-catalytic NH3 synthesis. The
introduction of solids in the plasma increases the complexity of the
process and affects the discharge characteristics and reaction kinetics
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ronment [2]. Based on microkinetic modeling, Mehta et al. [30] pro-
vided some guidance in the catalyst selection process. They showed that
the plasma environment shifts the optimal nitrogen bond strength,
compared to thermal catalysis, as the vibrationally excited Ny allow
metals that bind N relatively weakly to achieve higher activity. Under
these conditions, Co step sites were predicted to achieve the highest
activity for the hydrogenation reactions leading to NH3 [30]. Rou-
wenhorst et al. [16] similarly reported that vibrational excitation of Ny
in the plasma helped to overcome the dissociative adsorption energy
barrier and that the following hydrogenation to NH3 occurs mainly on
the surface. However, in more recent publications by Rouwenhorst et al.
[15,17], it was reported that the formation of N radicals enhanced the
NHj synthesis when operating the plasma at elevated temperatures
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(>300 °C). Engelmann et al. [18] similarly found from microkinetic
modeling that the NHs synthesis was enhanced in a plasma with high
radical densities, compared to a plasma with only vibrational excita-
tions. It was further reported that the conditions giving the high radical
densities were closer to the regime of a DBD plasma, where radical ad-
sorptions on the surface and Eley — Rideal (ER) reactions dominate the
NHjs synthesis [18]. Based on experimental observations of similar NHg
concentrations obtained when using different transition metal catalysts
(Fe, Ru, Co, and Cu), Gorbanev et al. [19] suggested a major importance
of radical adsorption and ER reactions in plasma-catalytic NHg synthe-
sis, rather than dissociative adsorption of vibrationally excited mole-
cules. A good agreement between their experimental results [19] and
the computational findings of Engelmann et al. [18] was reported.

Iwamoto et al. [20] proposed that adsorption of electronically
excited N leads to the formation of NH3 through reaction with surface-
bound hydrogen (i.e. H(s)). Peng et al. [21] stated that NHgs is pre-
dominantly formed through NH formed in the gas phase, which then
adsorb on the surface and undergo further hydrogenation. From analysis
of optical emission spectra, Gémez-Ramirez et al. [22] identified N3 as
the likely reaction-initiating species, which is in agreement with the
experimental observations made by Bai et al. [23].

In a kinetic analysis by Hong et al. [31] it was established that the
NH; formation initially was from interaction between surface-adsorbed
NH (i.e. NH(s)) and H; and three-body reactions with NH, N3 and Hj in
the gas phase. In their model, the plasma was described as a continuous
low electron energy discharge. The generation of NH was found to be
through reaction between N and Hy(v), which both are produced by
reactions involving collisions with electrons. Subsequently, the impor-
tance of surface reactions was found to increase as the discharge
continued with H(s) driving the chemistry, as the formation rate of H(s)
was 4 orders of magnitude higher than for surface-adsorbed N (i.e., N
(s)). These surface species were largely formed by dissociative adsorp-
tion of their ground state. Furthermore, with the increasing importance
of the surface reactions, the NH3 formation was predicted to come
mainly from an ER reaction between NH, and H(s) [31].

van 't Veer et al. [32] utilized a kinetic model to capture the role of
the micro-discharges and their afterglows. They found that some of the
synthesized NH3 was decomposed during the micro-discharges. How-
ever, due to formed N and H atoms from electron impact dissociation, a
net production of NHs in the successive afterglows was predicted
through surface reactions. Significant importance of H(s) was reported,
in agreement with Hong et al. [31], since the formation of NH(s) was
predicted to originate from an ER reaction with N. Subsequently, NH(s)
is hydrogenated to NH3 through Langmuir — Hinshelwood (LH) reaction
steps. Thereby, the rate-limiting step under the plasma-catalytic condi-
tions was identified to be Ny dissociation to N in the gas phase by
electron impact, followed by adsorption of N on the surface.

As evident from the above discussion of the previous studies, varying
reaction steps are suggested to be significant in the synthesis of NH3 and
it remains unclear which step is rate limiting. Studies that combine ex-
periments with a kinetic analysis by modeling have the opportunity to
yield a better understanding of the underlying mechanisms. Yet, many of
the currently available studies are either experimental or model-based.

Therefore, a combined study of experiments and modeling work is
presented in this paper. A DBD reactor was used in the experimental part
where the influence of plasma power, feed flow rate, Ny:H, feed ratio,
gas residence time, temperature, and packing material were examined.
Additionally, a zero-dimensional (0D) plasma kinetic model was used to
analyze the reaction kinetics and understand the performance of the
individual phenomena in the plasma (micro-discharges and their
afterglows).
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2. Experimental
2.1. Dielectric barrier discharge setup

The experimental work was conducted using a quartz DBD reactor
(outer and inner diameter of 22 and 19 mm, respectively) in a setup
previously [8] described in detail. A stainless steel rod (¢: 10 mm) was
used as the inner electrode, while a steel mesh of variable length (1-5
cm) was tightly wrapped around the reactor as the outer electrode. A
discharge gap of 4.5 mm between the inner electrode and the reactor
wall was therefore used. The outer electrode was powered by a TREK
high voltage amplifier (model 20/20C-HS) controlled by a Tektronix
function generator (AFG1022). To measure the current, applied voltage,
and generated charges, a Rogowski coil (Pearson, 4100), a high voltage
probe (Tektronix, P6015A), and a low voltage probe (Picotech, TA150)
with an external capacitor (10 nF) were used, respectively. Continuous
recording of current, voltage, and charges, and calculation of plasma
power was done by a digital oscilloscope (Picotech, Picoscope 6402C).

The NHj synthesis was investigated at different plasma power
(10-30 W) at a sinusoidal frequency of 3.0 kHz, apart from experiments
using Co/MgAl,04. Here a plasma power of 25 W could at maximum be
attained due to limitations of the high voltage amplifier. For experi-
ments using a packing material, the full discharge volume was filled
with packing material, with glass wool placed on each side of the bed.
The variable length of the outer electrode was used to modify the gas
residence time, instead of altering the feed flow rate, such that a con-
stant plasma power to feed flow rate ratio could be kept.

To investigate the effect of an increase in gas temperature, woven
ceramic fibers (insulation material) were wrapped around the reactor to
utilize the heat released from the plasma. The temperature was
measured on the outside of the reactor wall with a thermocouple, just
after the plasma was turned off, to estimate the working temperature of
the reactor. Without insulation, a reactor temperature of 100 °C was
consistently measured with or without the various types of packing
material. When insulation was added, the thermocouple was inserted
between the insulation material and the reactor wall, resulting in tem-
perature measurements of 200-210 °C for the plasma alone and the
tested packing materials. The reactor wall temperature was then
assumed to be equal to the gas temperature.

Bronkhorst mass flow controllers were used to feed Ny (99.999 %
purity) and Hj (99.999 % purity) mixtures to the reactor at flow rates of
40-100 Nml/min. Any oxygen present in the reactor was initially
removed by passing a flow of Ny through the reactor for 10 min, after
which the feed ratio was applied and kept for an additional 10 min,
before igniting the plasma. A period of 1 h was used to stabilize the
plasma after ignition, followed by a 15 min steady state period where the
concentration of NHj in the effluent was analyzed using an online NHs-
analyser (ABB, AO2000-Limas 11 HW gas analyzer).

2.2. Plasma-catalytic material

The effect of implementing MgAl,04 (Topsoe A/S) or MgAl,O4
impregnated with Co or Ru in the discharge zone was investigated.
Physicochemical properties of MgAl,O4 have been described in our
previous work [8]. These materials were prepared by incipient wetness
impregnation, using nitrate salts as the metal precursors, of MgAl,O4
pellets, after which the samples were dried and calcined at 450 °C. The
pellets were then crushed and sieved to a particle size of 0.85-1.18 mm.
The resulting metal-containing materials used were 2 wt% Ru/MgAl,04
and 10 wt% Co/MgAl»04.

Pre-reduction of the Co and Ru containing materials was done prior
to use, in Hy (300 N1/min) at 525 °C for 8 h in a muffle furnace, followed
by passivation at room temperature with 1 % O3 in Na. The samples were
then transferred to the plasma reactor where they were re-reduced in situ
in a 20 vol% Hy/Ar plasma (25 W at 3 kHz) with a total flow rate of 75
Nml/min for 2 h.
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3. Computational method

The 0D plasma kinetics model ZDPlasKin [33,34] was used to gain
insight in the effect of the Ny:Hy feed ratio on the chemistry of the
plasma-catalytic synthesis of NH3 in a DBD reactor. The model predicts
the time evolution of the species included in the kinetic model based on
calculated reaction rates. These reaction rates were determined from
reaction specific rate coefficients taken from an earlier version of the
model [35]. The reactions incorporated in the model include collisions
between electrons and heavy particles, giving rise to ionization, exci-
tation, and dissociation, as well as reactions between heavy particles,
surface adsorption, etc. A full list of the considered surface and gas phase
species and chemical reactions was reported by van 't Veer et al. [35].

The base model was expanded by van 't Veer et al. [35] to include the
separate behavior of the micro-discharges and their afterglows, with a
power density distribution factor (y) determining the minimum power
density of the afterglow based on the maximum power density in a
micro-discharge. The method to determine y was based on the appear-
ance of the experimental power profile, such that an agreement between
the experimental and model power of the micro-discharges and the
uniform plasma was achieved. This method was described in greater
detail in our previous work [9]. The afterglow is a weaker and long-
lasting plasma, compared to the short-lived micro-discharges (life-time
ca. 100 ns) in the DBD plasma. The effect of these two plasma phe-
nomena will also be investigated in this study. The plasma conditions
used in the model to describe the micro-discharges and their afterglows
were determined from the experimentally measured current, voltage,
and charges. The parameters determined from the current were the
number of micro-discharges per half cycle (Nyp) and their lifetime
(tmp). From the voltage and charge measurements, the charge transfer
(Qo), burning voltage (AU), capacitance of the cell (C.), effective
capacitance ({g,), and dielectric capacitance (Cg) were determined.
Each of the fed gas mixtures yield different effects on the measured
electrical parameters. These parameters were used to determine the
electric field (E) and electron conductivity (¢) (see Supporting Infor-
mation, section 1). A table of the obtained case-specific parameters is
also shown in the Supporting Information (see Table S1).

As described in the previous work by van ’t Veer et al. [32], a number
of assumptions were made in the calculations of the surface kinetics,
when the model was used to describe reactions in the presence of a solid
packing material. One assumption concerns the value of the sticking
coefficients of the gas phase species on the metal surface, which dictates
the adsorption of N, H, and NHy, thereby influencing the rate of the
elementary ER and LH reactions. The coefficients used are for an iron
surface, not distinguishing between steps and planar sites, as this was
reported to be the most complete data set available. However, in this
study no iron-based catalyst was tested. This was mainly due to the
observation in our previous work [8], where iron-based catalysts were
found to be difficult to reduce under the plasma conditions, causing an
uncertainty about the presence of oxidized phases. Consequently, the
results obtained from the model in the simulations with packing can
mainly be used to qualitatively understand which additional reaction
pathways a surface may provide. Further work is required for more
quantitative insights.

To adapt the rate coefficients of the surface reactions from s 'tocm
s~ or em® s7, a reactor specific volume-to-surface area ratio was
needed. The specific surface area was determined as the sum of the
electrode, reactor wall, and only the outer surface area of the particles,
due to the negligible plasma propagation into the MgAl,O4 pores
[36,37]. Indeed, the pore size of our catalysts is in the nm-range, which
is much smaller than the Debye length at the conditions under study, and
thus, too small for the plasma streamers to propagate inside the pores, as
predicted by modeling [36,37]. An equal combination of spheres and
cylinders was assumed as the shape of the particles, with radius and
height obtained from the sieve size, which allowed for the determination
of the outer surface area of particles. For the utilized reactor, this ratio

3
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was found to be 0.225 cm when no packing material was used and
0.0157 cm with packing material. Furthermore, a surface site density of
10'®> cm~2 was assumed, based on a nonspecific metal surface repre-
sentation [38].

In the model, the micro-discharges were assumed to be uniformly
distributed in the plasma volume and to occur one at a time with a fixed
time interval. However, the experimental current measurements showed
that the micro-discharges mainly occur in the periods where the voltage
changes from a value of zero to its maximum or minimum value (see
Fig. S1). Nevertheless, a single molecule in the DBD reactor cannot
interact with all the formed micro-discharges due to their short lifetime
compared to the residence time of the gas (equal to the simulation time).
Therefore, a probability factor was introduced, as the ratio between the
time of a full discharge period and the residence time of the gas, which in
turn defined how many micro-discharges a molecule encounters.
Moreover, when no packing material was placed in the plasma, the
volume of a micro-discharge was represented as a cylinder with the gap
size (4.5 mm) as the length and the radius of the discharge equal to 0.1
mm [39]. With packing material in the plasma zone, the micro-discharge
volume was represented as a sphere between solid particles. Addition-
ally, a packing factor of 0.65 was determined for MgAl,04, by deter-
mining the volume of water displaced by the solid material, to define the
volume of gas in the reactor when packing material was included. This
factor was expected to apply for the other materials as well, since
MgAl,04 was the majority component in all samples.

4. Results and discussion
4.1. Effect of plasma power on the NH3 concentration

The influence of plasma power on the production of NHg is shown in
Fig. 1. It can be seen that the NH3 concentration increases with plasma
power. A clear increase in the NH3 concentration is also seen when
introducing a packing material in the plasma. At a plasma power of 25
W, the presence of MgAl;04 approximately doubles the formation of
NH;3 compared to the plasma alone, while Ru/MgAl,04 and Co/
MgAl,O4 increases the formation by a factor of ca. 3 and 4, respectively.
Remarkably, the NH3 concentration achieved with the Co-catalyst at 10
W (3000 ppm) is 67 % higher than for the plasma alone at 30 W (1800
ppm). Furthermore, the NH3 concentration reaches a plateau for the
plasma alone, while a linear increasing trend is observed for the Co/
MgAl,04 packing in the tested plasma power range. The full set of data
for NH3 concentration for the plasma alone, MgAl>O4, Ru/MgAl>04, and
Co/MgAl,04 packing, for the feed ratio range investigated (No:Hy = 3:1
to 1:3) as function of plasma power is shown in the Supporting Infor-
mation (see Fig. S2).

Plasma streamers are not expected to enter the pores of the packing
material due to the far greater Debye length of a micro-discharge in a
DBD plasma (in the order of pm) compared to the pore size of MgAl,04
(in the order of nm) [8,36,37]. The internal porosity/surface of the
plasma-catalytic material is therefore mainly expected to facilitate mo-
lecular and surface collisions and adsorb species with a sufficient life-
time to diffuse through the pore. The internal surface is therefore
expected to operate as a thermal catalyst, which, under the applied
conditions, most likely will have essentially zero activity.

4.2. Effect of flow rate on the NHs synthesis rate

Fig. 2 depicts the NH3 synthesis rate as function of the feed flow rate
with and without the insulation material. The synthesis rate is observed
to increase for both the plasma alone and for the tested packing mate-
rials with increasing feed flow rate. An increase of 1.75 pmol NHs/min
(49 %) is found for the plasma alone, while the packing materials
(MgAl204, Ru/MgAl»04, and Co/MgAl;04) show an increase of ca. 3
pmol NHz/min (38 %, 23 %, and 22 %), when changing the feed flow
rate from 40 to 100 Nml/min. In contrast to the NH3 synthesis rate, the
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Fig. 1. NH; concentration as function of plasma power for different packing materials and plasma alone (Flow rate of 80 Nml/min and Ny:Hy = 1:1).
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Fig. 2. Effect of the feed flow rate on NHj3 synthesis rate (plasma power 20 W at 3.0 kHz and Ny:Hy = 1:1).

measured NH3 concentration decreases upon increasing flow rate (see
Fig. S3). It has been reported that the shorter residence time, which
follows with the increase in feed flow rate, lowers the possibility of
effective collisions between reactive species, thereby lowering the for-
mation of NH3 [23,24]. The NH3 formation and removal rates will be
discussed further below.

In our previous work [8] we reported that the plasma-catalytic NHg
decomposition was affected negatively by a higher gas temperature (at a
fixed molar feed rate), mainly due to the reduced residence time origi-
nating from the gas expansion. For the NHjs synthesis, the effect of
increasing the temperature is observed to improve the synthesis rate
when packing material is utilized (patterned bars), despite the lower
residence time. For the plasma alone, the change in residence time and

the positive effect of the temperature increase might cancel out, as the
observed reaction rate is temperature-independent. The rate increase
shown by the packing materials (15-20 %) is independent of the flow
rate, with the temperature affecting the synthesis rate for Co/MgAl;04
to a larger extent, reaching a synthesis rate of 23.3 pmol NHz/min at 100
Nml/min and 210 °C. The energy efficiency of NH3 synthesis for the
investigated conditions is shown in the Supporting Information (Figs. S4
and S5).

The temperature change is found to marginally affect the measured
electrical parameters for the Co/MgAl;04 catalyst (as illustrated for the
Q-U Lissajous plot in Fig. S6), hence the increase in the synthesis rate is
deemed to be due to improved reaction kinetics in the gas phase and on
the surface at the elevated temperature. The plasma kinetic model
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confirmed this (see Fig. S7), as increasing the gas temperature, at which
the surface reactions also are evaluated, is found to result in a higher
NHj; concentration. Interestingly, the rise found by the model is 20 %,
which matches that found from the experimental results.

4.3. Effect of feed ratio on the NH3 synthesis rate

The influence of the Ny:H, feed ratio on the synthesis of NH3 has
been reported in previous studies [20-24,26-28], and is also investi-
gated here. Fig. 3 shows that at 100 °C the highest NH3 synthesis rates
are achieved at an equimolar feed ratio (N:Hy = 1:1) for the plasma
alone, MgAl;04, and Co/MgAl;04 packing. Only the Ru/MgAl,O4
catalyst shows a slightly higher synthesis rate in a Ny-rich environment
(Ng:Hy = 2:1), which is similar to the findings of Kim et al. [26]. For the
Ru/MgAl;04 and Co/MgAl,04 catalysts, the negative effect of a Hp-rich
feed is found to be greater than for the plasma alone and MgAl,O4
packing, as the synthesis rate drops below that of the Ny-rich feed.

Similar to the results of the flow rate experiments, increasing the gas
temperature improves the NH3 synthesis rate at the different feed ratios
when packing materials are used. However, a larger impact of increasing
the temperature (from 100 to 200 °C) is observed for the Na-rich feed, as
observed in Fig. 3. For the plasma alone, a slight decrease in the NH3
synthesis rate, too small to be visible in Fig. 3, occurs, while an increase
from 19.0 to 24.6 pmol NH3/min is found for the Co/MgAl,04 catalyst at
Ngo:Hy = 2:1, which at the elevated temperature becomes the optimal
feed ratio. Having a higher content of N, in the feed increases the
probability of N, dissociation, resulting in higher concentrations of N.
The improved NHj synthesis rate at the No-rich feed therefore indicates
that the rate-limiting step is the dissociation of Ny. This is in agreement
with the findings of van 't Veer et al. [32].

Mehta et al. [30] predicted that vibrational excitation of Ny plays an
important role in the formation of N(s) when using a Co-containing
catalyst. From the results in Fig. 3, it is difficult to say if the Co sur-
face sites promote the dissociation of ground state, vibrationally exited,
or electronically excited N5 or simply increase the mobility of the surface
species to promote a LH route. In contrast, van 't Veer et al. [32] did not
find dissociative adsorption of vibrational/electronically excited Ny to
be of importance. Similarly, Engelmann et al. [18] reported that the
contribution of catalytic dissociation of vibrationally excited N5 towards
the synthesis of NHj is several orders of magnitude (10%-10'%) lower

Il Plasma 100°C

Chemical Engineering Journal 457 (2023) 141294

than from radical adsorption (ER) reactions. Hence, the vibrationally/
electronically excited N species might not be of great importance at the
tested conditions.

Additionally, it was reported in our previous work [8] that Co/
MgAl,04 show a very low activity for plasma-catalytic NH3 decompo-
sition compared to the pure support material. A lower current spike
intensity is observed for the Co/MgAl;,04 compared to the bare support
(see Fig. S1), which is likely due to enhanced surface discharges in the
presence of metal particles. This leads to weaker micro-discharges where
a lower rate of NH3 decomposition potentially occur, yielding the
overall higher synthesis rate of NHs.

The kinetic model predicts a small influence of the feed ratio on the
NHj synthesis rate for the plasma alone (unpacked) as seen in Fig. 4. The
NHj3 synthesis rate was calculated from the last determined NH3 density
by the model, which was at maximum residence time, always corre-
sponding to the end of an afterglow. In Fig. 4, the synthesis rate is
predicted to have a stable value of ca. 0.23 pmol NH3/min for the feed
ratios No:Hy = 3:1 to 1:1, while the rate decreases slightly for the Ho-rich
feed (0.16 pmol NH3/min). A substantial influence of the feed ratio is
predicted for the packed bed, as Fig. 4 shows a continuous decrease in
reaction rate from a No-rich feed to a Hy-rich feed. At the feed ratio No:
Hj = 1:3, the synthesis rate has decreased by a factor of 3.5 relative to
the value at No:Hy = 3:1. The synthesis rates predicted by the model are
lower than the experimental values, i.e., 17-27 times for the unpacked
case and 10-28 times for the packed bed, but the qualitative trends are
described well by the model. Both the several fold increase in the rate
due to a metal-containing packing material and the difference between a
Ng:Hjy-ratio dependent rate with the packing material and the ratio-
independent rate for plasma alone are described well by the model.
The model’s ability to describe the qualitative behavior suggests that the
model captures the important trends in the underlying mechanism of
NHj synthesis. The differences in absolute rates are most likely a result
of assumptions made in the model, interpretation and translation of
experimental electrical data (Nymp, Tmp, Qo, AU, Ceeit, Cgiet» Caier) to the
model, and uncertainty in the kinetic parameters, especially with respect
to the catalytic kinetics (see section 3 Computational method above, and
Supporting Information). In the following sections, we will present more
detailed computational results, to obtain further insights in the under-
lying mechanism of NHg synthesis.

{ Plasma 200°C

B VgAlLO, 100°C # MgAlL,O, 210°C
[ Ru/MgAlLO, 100°C Ru/MgAl,0, 210°C
I Co/MgAlL,0, 100°C E88 Co/MgAlL0, 210°C

NH; synthesis rate (umol/min)

31 2:1

Fig. 3. Effect of Ny:H; feed ratio on NH; synthesis rate (plasma power 20 W at 3.0 kHz and flow rate of 80 Nml/min).
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J.A. Andersen et al.

4.4. Transient plasma species densities and surface coverages at different
feed ratios

The model predicts the time-evolution of the density (concentration)
of the various species considered, i.e., ground state and excited mole-
cules and atoms, ions, radicals, electrons, and surface adsorbed species
(noted by X(s)). Fig. 5 depicts the transient progress in the concentration
of selected gas phase species from the start of the plasma to a residence
time of 125 ms. After the 125 ms, the system has reached a state where
the densities in the next cycle (micro-discharge and afterglow) re-
sembles the previous, except for NHs, which continues to show a slow
increase in density upon increasing residence time. In Fig. 5 we only
illustrate the density of the No:Hy = 3:1 and 1:3 feed ratios, as these
show the biggest differences in synthesis rates (cf. Fig. 4). Within the
plotted residence time, four micro-discharges are encountered for the
Ng:Hy = 3:1 feed ratio and 5 for No:Hy = 1:3. The frequency of micro-
discharges in the model is determined based on the experimental
number of micro-discharges per half cycle (noted in Table S1).

The density of all the gas-phase species increases during the initial
milliseconds, except for the feed gas species (N3 and Hy), which also are
the only species that do not show an increase in density during the
micro-discharges (Fig. 5). During the micro-discharges, the densities of
vibrationally excited Ny (N2(V)), NH, and NHjy, rise very quickly to then
almost immediately drop back to more or less the same values, as soon as
the strong plasma environment of the micro-discharges wears off. The
density of N3(V) in the Nj-rich feed is predicted to be ca. 3 times higher
than in the Hy-rich feed, which matches the difference in Ny density in
the feed (cf. Fig. 5a). Interestingly, the density of NH is predicted to
reach a higher peak value for the Ny:Hy = 3:1 feed ratio, but with the
feed ratio No:Hy = 1:3 a higher NHy peak density is obtained (see
Fig. 5¢). According to the model, this is because the main formation path
of NH; is not through NH, but from dissociation of NH3 in the micro-
discharges.

Contrary to the behavior of N(V), NH, and NHj, the densities of H
and N are found to decrease slowly after the micro-discharges, showing
that these radicals have a longer lifetime. Additionally, it can be
observed on Fig. 5b that the density of H is higher than that of N, in-
dependent of the feed ratio, which can be attributed to the lower bond
strength of Hy (4.5 eV) compared to N3 (9.8 eV) [40]. Yet, the No-rich
feed yields a ca. 3 times higher maximum density of N (1.56 x 10'®
em™2) compared to the Hy-rich feed (5.22 x 105 cm’3), which almost
correlates with the difference in NHj synthesis rate (factor of 3.5). Fig. 6
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Fig. 6. Correlation between the normalized maximum density of N atoms in a
micro-discharge and the normalized NH; synthesis rate. Both the densities and
the synthesis rates are normalized with the obtained values from the feed ratio
Ny:Hy = 3:1.
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shows the model prediction of the NHg synthesis rate (see Fig. 4) for the
unpacked and packed setup as a function of the maximum simulated N
density across the variations in the Ny:H; ratio. Each data point in Fig. 6
(calculated maximum density of N and NHj3 synthesis rate) is obtained
from one feed ratio and then divided by the values obtained from the
feed ratio of Ny:Hy = 3:1, thereby yielding the point of (1,1) furthest to
the right.

Fig. 6 shows a linear relationship between the maximum density of N
in the micro-discharges and the NHj3 synthesis rates in the presence of a
packing material, indicating that the formation of N is the rate-limiting
step for all the feed ratios (N2:Hy = 3:1 to 1:3) under the tested condi-
tions, similar to the observation made from the experiments. This is also
in agreement with the observation made by Navascués et al. [41], who
used a surface reaction model and found that the rate-limiting step is the
dissociation of Ny in the plasma, and by Engelmann et al. [18], who
found a direct relation between the plasma-catalytic NH3 synthesis and
the density of N atoms in the gas phase from microkinetic modeling.
However, the mechanism is complicated and therefore a degree of rate
control analysis is needed to unambiguously determine the rate-limiting
step [42].

For the plasma alone, the NH3 synthesis rate is constant when a N-
rich feed is used (N2:Hy = 3:1 to 1:1, corresponding to the last three
points to the right in Fig. 6). This indicates that a different set of re-
actions are rate-limiting at these feed ratios, which could be the hy-
drogenation of N atoms to NH, as the access to hydrogen is limited
without the surface. The formation of NH has also been reported by
Navascués et al. [41] to be a limiting reaction in the formation of NH3.

Additional reactions are introduced when using a packing material,
which shifts the sole need for collisions in the gas phase to progress the
NHj3 formation, to include ER and LH reactions on the surface sites of the
packing material. Similar to the gas-phase species, the adsorbed species
show an increase in the surface coverage during the initial milliseconds
and during the micro-discharges (except H(s)), as seen in Fig. 7. H(s) is
found to be the main adsorbate independent of feed ratio, and with an
almost constant coverage for the Ny:Hy = 1:3 feed ratio. Similar results
were obtained by Hong et al. [31], who found H(s) to be the main sur-
face specie, followed by N(s). However, they found the NHa(s) coverage
to be higher than that of NH(s), which is opposite to the results shown in
Fig. 7. It should be noted that the model used by Hong et al. [31] did not
take into account the strong and weaker plasma characteristic for the
micro-discharges and their afterglows. In view of this, their results are
only expected to partly agree with our results. A closer look at the results
obtained by Hong et al. [31] reveals that during the initial milliseconds
the NH(s) coverage is actually higher than the NH(s) coverage, which is
similar to Fig. 7, until the time frame where the first micro-discharge
occurs.

The surface coverage of H(s) is found to decrease during the micro-
discharges (change too small to be fully visible in Fig. 7) for both feed
ratios, resulting in a slight increase in empty-sites. In the afterglows, the
H(s) coverage increases to the same value as before the micro-discharges
by re-occupation of the empty-sites. This high coverage of H(s) leads to
reactions with N to form NH(s) (discussed further below). Additionally,
the Ng-rich feed shows a higher peak coverage of N(s), NH(s), and
NHy(s) during the micro-discharges. The higher NHg synthesis rate for
this feed ratio, seen in Fig. 3 and Fig. 4, can partly be explained by this
observation, as these surface species previously have been identified to
be more dominant in the formation of NH3 compared to their gas phase
equivalents (N, NH, and NH,) [16,31,43].

4.5. Predicted time-averaged source terms of gas phase and adsorbed
species at different feed ratios for the packed setup

To understand the difference in the synthesis rate for the packed
setup due to the change in feed ratio, the time-average source term (S)
for Ny, N, Ho, H, NH,, electrons, and the surface species are presented in
Fig. 8 for the two extremes in the feed ratio (Ny:Hz = 3:1 and 1:3). As
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described earlier, the dissociation of Ny is believed to be the rate-
limiting step, hence it is of great importance to form N, and possibly N
(s), to yield a higher NH3 synthesis. When comparing the consumption of
Ny and the formation of N and N(s) for the two feed ratios, it is clearly
seen that the Ny-rich feed shows higher N3 consumption and formation
of N and N(s) in the micro-discharges (ind, grey bars). A higher removal
of N and N(s) is also observed in the afterglows (ag) for this feed ratio
(red bars). On the other hand, the Hy-rich feed shows higher source
terms for the removal of Hy and the formation of H and H(s). Similar to
the observation in Fig. 7, Fig. 8 shows that H(s) is consumed in the
micro-discharges and formed in the afterglows, which is opposite to the
other surface species. This is mainly due to the high density of H in the
gas phase (see Fig. 5b), which reacts with H(s) to form again Hy and an
empty-site (Reaction 1). This ER route was also reported by Shah et al.
[44] to dominate the re-formation of Hy over the LH route.

(md) H+H(s)—>H, + surf (RD

As mentioned previously, the Na-rich feed has a higher formation of
NH and NH(s) compared to the Ha-rich feed. Yet, for both feed ratios, the
NH formation mainly occur through collision of N and electronically
excited states of Hy (Reaction 2 to 4), which is true for both the micro-
discharges (contribution of 89 %) and their afterglows (contribution of
80 % for No:Ho = 3:1 and 94 % for No:Hs = 1:3). However, the reaction

rates strongly depend on the feed ratio, with the rate of Reaction 3
showing the highest level of dependence in the micro-discharges (7.84
x 10%! - 1.02 x 10%22 em™3 57! for Ny:Hy = 1:3 — 3:1) and Reaction 2 in
the afterglows (2.20 x 10'® = 3.94 x 10" em 357! for No:Hy =1:3 =
3:1).

(md/ag) N+H,(b’E))—H+NH (R2)
(md/ag) N+H, (BIZ:) —-H+NH (R3)
(md/ag) N+H,(c’I,)—~H+NH (R4)

Moreover, the formation of NH(s) during a micro-discharge is largely
aresult of an ER reaction between ground state (X) or electrically excited
(E) N and H(s) (Reaction 5, 96 % contribution) for the N-rich feed. Note
that Reaction 5 is also the dominant path for the Ha-rich feed (80 %
contribution of NH(s) formation in md), however, direct NH adsorption
(Reaction 6) also contributes with 10 %, which is in contrast to the 3 %
for the Ny-rich feed.

(md) N(X, E)+H(s)—>NH(s) (R5)

(md) NH+ surf—NH(s) (R6)

Similarly, during the micro-discharges, NHa(s) is formed through an
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ER route (Reaction 7) due to the high concentration of NH present in the
short period (cf. Fig. 5¢). Yet, for the Ny-rich feed, Reaction 8, a LH
reaction, contributes with 9 % to the NH5(s) formation, which for the
Hy-rich feed only is 3 %. In the afterglows, Reaction 8 contributes with
99.6 % of the NHy(s) formation for both feed ratios (No:Hy = 3:1 and
1:3). The formed NHy(s) is then solely used to form NH3 through another
LH reaction (Reaction 9) independently of feed ratio in both micro-
discharges and afterglows. The feed ratio is therefore found to alter
the contribution of the dominant reactions in the NH3 synthesis mech-
anism and not to create/eliminate reaction steps.

(md) NH+ H(s)—>NH,(s) (R7)
(md/ag) NH(s)+ H(s)—>NH,(s) + surf (R8)
(md/ag) NH,(s)+ H(s)—>NH; + surf + surf (R9)

Additionally, a net removal of NHgs is predicted during micro-
discharges (except for the very first micro-discharge), which is formed
again in the afterglows, with the feed ratio only affecting the source
terms slightly. For the feed ratio No:Hy = 3:1, the source term in the
micro-discharge is —1.14 x 10%2 cm ™2 s~! and in the afterglow it is 3.95
x 10'® cm ™3 s71, which changes to —1.09 x 10?2 and 4.56 x 10'® cm™>
s~ for Ng:Hj = 1:3. This means that a lower rate of removal and higher
rate of formation of NHj is observed for the Hy-rich feed, even though
the NHj; synthesis rate is higher for the No:Hy = 3:1 feed ratio (cf. Fig. 4).
However, to determine the amounts formed, the duration of a micro-
discharge and the afterglow must be taken into account. In this study,
the lifetime of a micro-discharge was determined to be 100 ns (see
Table S1), while the duration of the afterglow was determined by the
model to be 29.4 ms for Ny:Hy = 3:1 and 23.6 ms for Ny:Hy = 1:3. As a
result of the longer afterglow the formation of NH3 becomes higher for
the Ny:Hy = 3:1 feed ratio.

Interestingly, the formation of electrons in the micro-discharges is
highest for the Hy-rich feed, which is not found to benefit the NH3
synthesis (cf. Fig. 4). In contrast, the higher electron concentration leads
to a higher NH; dissociation through Reaction 10 (3.92 x 10%! cm 3 s7!
for No:Hy = 1:3 compared to 2.66 x 10* em 3 s7! for No:Hy = 3:1),
while the dissociation through Reaction 11 is the same for both feed
ratios (ca. 6.5 x 102! ¢m ™3 s’l).
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(md) NH;+e »NH+H,+e” (R10)

(md) NH;+e —NH,+H+e (R11)

4.6. Experimental and modelled NHs concentration as function of
residence time

A comparison of the model-predicted and the experimentally deter-
mined NH3 concentration as function of the normalized residence time is
presented in Fig. 9. As previously mentioned, the residence time was
experimentally altered by changing the length of the outer electrode (1,
2, and 5 cm), thereby altering the plasma zone. The experimental resi-
dence times, at which the NH3 concentrations were measured, were 1.2,
2.4, and 6.3 s for the unpacked setup (Exp-unpacked) and 0.4, 0.8, and
2.1 s for the packed setup (Exp-packed). However, on Fig. 9, normalized
residence times are used for easier comparison. The Exp-packed results
were obtained with Co/MgAl,04.

From the model results, it can be observed that the unpacked case
shows a continuously rising NH3 concentration over the full residence
time, with the destruction of NHj increasing during the micro-
discharges at longer residence times, which indicates a gradual prog-
ress towards a cyclic steady state. Within the residence time of the
unpacked case, a molecule is predicted to encounter 20 micro-
discharges, which for the packed bed increases to 84 micro-discharges.
In contrast to the unpacked reactor, the packed bed reactor quickly
reaches a cyclic steady state, after encountering 15 micro-discharges,
where the destruction of NHg in the micro-discharges equals the for-
mation in the afterglows, as shown in Fig. 8. This is in agreement with
the observations made by Navascués et al. [41] and Rouwenhorst et al.
[45], who reported on the limiting effect of NH3 decomposition, on the
overall NH3 concentration obtainable in the reactor outlet.

Similar to the simulated time-profile, the experimental results show
an initial increase in NHg concentration with residence time (see Fig. 9),
with a slower increase for the unpacked setup compared to the packed.
For the packed system, the change in concentration is relatively limited
for normalized residence times between 0.4 and 1, which is in reason-
able agreement with the model. For the unpacked setup, an approximate
steady state is also seen for a normalized residence time between 0.4 and
1, which is a contradiction to the gradually increasing production
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predicted by the model. However, altering the length of the outer
electrode also changes the electrical behavior of the setup (Nyp, 7amp, Qo,
AU, Ceett, giets Caiel), as reported in our previous work [9], hence addi-
tional simulations are needed for a true comparison between the model
and experimental results. Since the model uses the electrical behavior of
the experiment as input parameters, it is not capable of predicting the
effects of the I, U, and Q parameters. To investigate the effects of these
parameters, a 1D (or higher dimensional) model is needed, where the
Poisson equation is solved, such that the electric field and current are
calculated self consistently.

5. Conclusion

A combination of experiments and kinetic modeling was used to
study the NHj synthesis from Ny and H; in a DBD plasma reactor both
without and with various packing materials. From experiments, it was
found that increasing the feed flow rate improved the NHs synthesis rate
for the tested packing materials and for the plasma alone. However,
changing the gas temperature from 100 to 200 °C only enhanced the
NHj; synthesis rate when utilizing a packing material. For the packed
setup, the model predicted a similar relative increase in NH3 synthesis
rate of 20 % when changing the temperature. At 200 °C an optimum in
the NHj synthesis rate was observed with an equimolar feed ratio (Ny:
Hy = 1:1) for the plasma alone and MgAl,04 packing, while a Ny-rich
feed was favored for Ru/MgAl;,04 and Co/MgAl,04 catalysts. Interest-
ingly, a larger influence of the temperature was observed for the No-rich
feed when packing material was utilized, while the plasma alone showed
a slight decrease in the synthesis rate. This optimum in the synthesis rate
with the Nj-rich feed, where high energy electrons are more likely to
collide with Ny, suggests that the rate-limiting step is the dissociation of
Ny in the gas phase. The plasma kinetic model indicated a similar trend
when packing material was used. However, for the plasma alone, the
model found that the density of N in the gas phase does not affect the
NHj3 synthesis rate when using a Hp-rich feed, whereas the limited access
to hydrogen makes the hydrogenation of N species limiting in Np-rich
feeds.

The model predicted a cyclic steady state to be reached for the
packed setup after encountering only 15 micro-discharges. This in-
dicates that the catalytic NH3 formation was not limited by the gas
residence time at these conditions, but by the NH3 dissociation rate in
the micro-discharges. On the other hand, the plasma alone did not reach
a steady state within the residence time of the gas and after encountering
20 micro-discharges.

A Nj-rich feed was found to yield a higher N density and a similar H
(s) coverage compared to a Hy-rich feed, which in turn resulted in a
higher coverage of NH(s) and NHy(s). These surface species were
revealed by the kinetic model to be formed through adsorption and
elementary Eley-Rideal and Langmuir — Hinshelwood reactions, which
therefore have a significant role in the plasma-catalytic NH3 synthesis.
Additionally, the feed ratio was found to modify the contribution of the
dominant reaction steps leading to NHs formation and not to create new
or eliminate existing reaction steps.
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