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ABSTRACT

Herein we report about the ammonia to hydrogen conversion induced at ambient conditions in a ferroelectric barrier discharge
plasma. Decomposition yields of 40% have been found at 2.5kV of applied voltage in a packed-bed reactor moderated with
ferroelectric PZT pellets, bared and coated with layers of agglomerated Al,0; and Ru/AlL,O; powders. The electrical analysis of
plasma discharges, their modeling within an equivalent circuit approach and their optical emission spectroscopy characteri-

zation suggest that conventional catalytic contributions to reaction yield are negligible, even with Ru/Al,O; coated pellets for

which a maximum decomposition yield was found. We propose that the main function of the Ru/Al,O; coating is to act as a

high permittivity effective medium material enhancing plasma current and hence conversion yield.

1 | Introduction

More than a century after the development of the Haber-Bosch
process, the easier handling and transportation of ammonia
with respect to hydrogen has fostered a so-called second
ammonia revolution centered on the use of ammonia as a
hydrogen vector to feed fuel cells and other devices [1]. A key
issue for these applications is the in-situ decomposition of
ammonia, customarily referred to as ammonia to hydrogen.

The ammonia decomposition process is typically performed at
high temperatures [2] with the aid of catalysts based on metals
such as ruthenium, iron, or nickel [3, 4]. These thermo-catalytic
processes usually proceed in large reactors, require long
induction periods to reach steady state conditions, and are
unsuitable for intermittent low-temperature operation [3].

Reducing reactor size and decreasing the stabilization times are
additional requirements for an efficient use of the ammonia to
hydrogen technology in a distributed way (i.e., in processes
based on small production plants connected with the electricity
grid). Electricity driven plasma-catalysis processes comply with
these conditions as they operate on small scales at ambient or
mild temperatures and require a practically zero induction time.

First studies about ammonia decomposition using plasmas were
reported in the second half of the past century, using glow [5]
and radiofrequency (RF) discharges [6, 7] at low pressures, in
investigations that had an academic character. It has been only
recently realized that, in parallel to studies about the synthesis
of ammonia at higher pressures [8-10], plasma decomposition
of this compound is highly relevant for the production of
hydrogen [11-14]. Plasma ammonia to hydrogen processes,
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following an in-plasma catalysis approach [15], have been car-
ried out at atmospheric [16, 17] and reduced [18] pressures
using microwave (MW), gliding arc [19-22], or dielectric barrier
discharge (DBD) packed-bed reactors [8-10, 23-30]. Using this
latter approach with different catalysts and pure ammonia
flows, L. Wang and collaborators reported decomposition yields
higher than 15% at 300°C that amounted to ca. 99% at 410°C
[25-27]. Andersen et al. reported a decomposition yield of 12.6%
for a packed-bed reactor filled with MgAl,O; pellets [29]. Fur-
thermore, studies by Hayakawa et al. proved the relevance of
incorporating hydrogen selective membranes into packed-bed
reactors, obtaining decomposition yields of 24% at room tem-
perature [28]. Higher ammonia decomposition yields have been
reported by other authors, but in many cases working at high
temperatures [22-24, 27, 31] or at room temperature with
ammonia diluted in inert carrier gases [8, 10]. For example, Y.
Gao et al. recently reported 100% of ammonia decomposition
using FeCo/CeO, nanospheres at 550°C and a 5% NH;/Ar
mixture [31].

Herein, we investigate the effect of incorporating a ruthenium
catalyst into the ammonia to hydrogen process in a packed-bed
plasma reactor. The packed-bed consisted of ferroelectric PZT
(lead zirconate titanate) pellets acting as discharge moderators.
From now on this configuration will be designated as ferro-
electric barrier discharge, FBD [32]. This type of reactor oper-
ates at lower voltages than common DBD reactors, resulting in
relatively lower power consumptions, i.e., a promising trade-off
between reaction yield and energy efficiency for plasma-assisted
reactions [33, 34]. In this study, coated ferroelectric pellets were
introduced in the center of the packed barrier, incorporating
agglomerated powders of either alumina or alumina-supported
ruthenium. The studied distributions of pellets are referred to as
PZT (bare ferroelectric barrier), Al,O3/PZT (incorporating only
the alumina support) and Ru-Al,Os/PZT (incorporating the
alumina support and ruthenium) reactor configurations. These
barriers have been previously tested by our group for the syn-
thesis of ammonia using N,/H, mixtures [35]. The reaction
mechanisms have been analyzed by optical emission spectros-
copy (OES) to determine possible effects of the barriers and Ru
nanoparticles in the process. The results showcase that PZT-
moderated FBD reactors efficiently decompose ammonia at
ambient conditions, and that the reaction yield increases when
using metal-dielectric layers (i.e., Ru-Al,O3) as coatings for the
ferroelectric pellets.

2 | Materials and Methods

2.1 | Ferroelectric Packed-Bed Plasma Reactor,
Electrical Characterization, and Reaction
Efficiency

Experiments were carried out at room temperature and atmo-
spheric pressure in a packed-bed plasma reactor with a parallel-
plate geometry, with electrodes separated by a 5mm gap.
Figure 1 illustrates a sketch of the packed-bed reactor and its
connection with the power supply and the analytical systems.
Experiments were performed at a fixed operating frequency of
5 kHz and high voltage was applied in the range of 1.0 to 2.5 kV.
The applied voltage served as a control parameter to adjust the

electric field distribution between the electrodes and, hence, the
energy of plasma electrons. Analytical techniques include
Optical Emission Spectroscopy (OES), Electrical Characteriza-
tion, and Quadrupole Mass Spectrometry (QMS). The OES
spectra were acquired with a Horiba monochromator (Jobin
Yvon FHR640) equipped with a diffraction grating with a
density of 1201 lines/cm, centered at 330 nm, and measuring
with a resolution of 0.5 nm and an integration time of 1s. The I
(t) and V(t) characteristic curves were determined by means of a
current monitor (Pearson, 6585) located after the reactor and a
high voltage probe integrated into the power supply, respec-
tively. A 2.51uF-capacitor located between the reactor and the
ground was used to determine the transferred charge and, from
it and the applied voltage, the average consumed power, this
latter estimated from the area of the monitored Lissajous
plots [36]. For the mass spectrometry analysis, a quadrupole
mass spectrometer (Pfeiffer Vacuum, QMG 220 Prisma Plus)
was used. The ferroelectric material used as discharge moder-
ator (i.e., barrier material) was lead zirconate titanate (PZT).
PZT pellets were prepared by sintering powders of this material
supplied by APC International Ltd. (US) as described in the
reference [37]. The PZT beads have sizes in the range of
0.5-2 mm. Ru-Al,O03 (0.9 wt% Ru) or Al,0Os-coated PZT pellets
with an average diameter of 1.25 mm were prepared as reported
in Supplementary Material S1 following a typical wet impreg-
nation method. The packed bed barrier consisted of three

Gas output

Ferroelectric
pellets 4

Ferroelectric
pellets

Pearson coil
Capacitor

FIGURE 1 | (a)Sketch of the reaction system (packed-bed reactor &
electrical excitation system). (b) Experimental setup indicating the
connections between the gas supply, the reactor, and the analytical
system used.
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FIGURE 2 | (a) Diagram of the geometry used for the simulations,
(b) Evolution of the electron density across the interelectrode gap for
increasing values of the permittivity of the coating layer on the pellet.
Blue and red curves correspond to the calculations carried out for the
permittivity values assumed for Al,O; and Ru-Al, O3 coatings, respec-
tively. Simulations correspond to a difference of voltage of 750V
between pellets.

sandwiched layers of piezoelectric pellets: PZT/PZT/PZT, PZT/
Al,05-PZT/PZT, and PZT/Ru-Al,O3-PZT/PZT, the central layer
defining the three investigated reactor configurations (PZT,
Al,O3/PZT and Ru-Al,03/PZT). This specific distribution of pellets
was chosen to prevent direct contact between the metal nano-
particles and the electrodes, which could result in short circuits
hazards when using Ru-Al,O5/PZT pellets. For more details on the
experimental configuration, we refer the reader to our previous
publication [35]. To ignite the discharge, high voltage sinusoidal
signals were applied between the electrodes by means of a func-
tion generator (Stanford Research Systems, Model DS345) con-
nected to an amplifier (Trek Inc. Model PD05034).

The NH; was introduced into the reactor through a hole located in
the center of the bottom electrode, while the outlet gas mixture left
the reactor chamber through two exhaust tubes located in the
upper part. The gas flow rate was monitored with mass flow
controllers (MFC, Bronkhorst, Netherlands). Pure-ammonia dis-
charges were ignited for an input flow rate of 9 sccm.

To evaluate the performance of the process we used the
decomposition yield and the energy efficiency as key parame-

ters. The decomposition yield, DYnus [%] is defined as:

Mpp, (in) [sccm] — My, (out) [sccm]

DYng, [%] = -100

Mg, (in) [scem]
(ED)

where My (in) and Myys (out) refer to the inlet and outlet
ammonia flows, respectively. We also evaluate the energy effi-
ciency for H, production, EE-H, [LH,/kWh] defined as:

Vg, (out) [sccm]-60 [min-h~!]
Power [kW]

EE—H, [LH,-(kWh)™] =
(E2)

where Vi, (out) refers to the volume (in liters) of H, that is
produced by the decomposition of ammonia.

The electrical behavior of the packed-bed reactor in the absence
of plasma for the PZT, Al,05/PZT and Ru-Al,O3/PZT configu-
rations was characterized by means of impedance spectroscopy
using an AUTOLAB 302N potentiostat/galvanostat combined
with a FRA32M module [32]. The measurements were carried
out in the absence of plasma, but after having performed the
plasma experiments, i.e., to determine the electrical character-
istics of the reactor once steady state conditions had been
reached during plasma activation. As a result of this charac-
terization, specific Nyquist plots were obtained for the three
investigated configurations of the reactor.

2.2 | Characterization of Powders Used to Coat
the Pellets

As described in the previous section, the pellets used to build
the ferroelectric barrier consisted of bare PZT ferroelectric
pellets, as well as pellets coated with Al,Oz or Ru-Al,O3 pow-
ders. These powders were characterized by means of trans-
mission electron microscopy, scanning electron microscopy
(equipped with an energy-dispersive X-ray analyzer), and X-ray
photoelectron spectroscopy. The characterization of the mate-
rial has already been published in a previous work dedicated to
ammonia synthesis [35], and we refer the reader to this study.
EDX, SEM, and TEM analysis of the Al,O; and Ru-Al,03
powders showed that Ru is dispersed within the Al,O; phase,
forming aggregates of Ru nanoparticles with an average size of
120 nm. XPS analysis corroborated these results and allowed
estimating the concentration of Ru at the surface of the powder
as around 0.9 wt%.

Coated ferroelectric pellets were analyzed with the same tech-
niques. The details of this characterization are also provided in
the reference [35], but it is worth mentioning that coatings were
not fully conformal and that a minor part of the surface of some
PZT pellets might be uncoated with Al,O3 or Ru-Al,O3; pow-
ders. Results also confirmed that Ru is dispersed homoge-
neously in the pores of the alumina, although, as mentioned
earlier, it may aggregate in the form of nanoparticles and small
agglomerates. This distribution allows us to treat the coatings as
an effective metal-dielectric medium (Ru-Al,O;) where Ru
particles are not only on the outer surface of the coating but also
inside. As demonstrated in subsequent sections, the high
dielectric constant of this effective medium contributes to en-
hance the plasma intensity in the packed-bed reactor.

2.3 | COMSOL Multiphysics® Simulation of
Interpellet Plasma Discharge

The COMSOL Multiphysics® [38] simulation implemented in
this work is a variation of the well-established 1D-DBD
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FIGURE 3 | Electrical characterization and simulation of the plasma for the utilized rector configurations. (a) V(t) and I(t) plots. (b) Lissajous

curves. (c) Power consumed by the reactor as a function of the applied voltage. (d) Theoretically calculated I(t) curves for the equivalent circuit

employed to simulate the reactor, which is included as an inset.

simulation of an argon plasma [39, 40]. This simulation was
carried out to gain insight into the effect of ruthenium particles
onto the electron density, assuming these particles are distrib-
uted within the coating of the pellets and that such coating can
be treated in the simulation as an effective medium. As previ-
ously mentioned, our goal is to comparatively assess the influ-
ence of this Ru-containing coating on the plasma electron
density. Therefore, for the sake of simplicity, an argon plasma
was used for this purpose. To obtain the electron density in the
inter-pellet region, we model the discharge in a small gap (50
um) assuming a planar geometry, as schematically represented
in Figure 2a. A coating thickness of 50 um was assumed. The
dielectric permittivity for the materials forming part of the bed
was taken as 1704.4 for PZT, 11.54 for Al,Os, both obtained
from the COMSOL Multiphysics® materials reference, and 23.08
for the Ru/Al,O; coating. This value of dielectric permittivity
has been taken from reference [41] and correspond to Fe/
Al,O5; composite, with a metal phase content of 3% in mass
percentage/1.5% in volume percentage, values in the order of
magnitude expected for the Ru/Al,O; powder. Ceramic-metal
composites are known by their high permittivity and the ratio
ceramic/metal and the distribution of the latter in the matrix
are key issues for the control of this parameter [42, 43]. The AC
voltage drop across the inter-pellet distance was chosen as a
750V, varying with a frequency of 5kHz and a sinusoidal
profile. The voltage amplitude was chosen because it is close to
one-third of the DBD voltage (2.5kV) used in the experiments
where the bed is formed by three layers of pellets defining four

air gaps from the ground bottom to the active top electrode,
Assuming that the voltage drop will be very small through the
fourth air gap existing between the pellets and the ground
electrode, it is a reasonable assumption that the applied voltage
distributes rather homogeneously between the other three gaps.

For the simulations carried out in this study, the imaginary part
of the dielectric permittivity is neglected due to the low fre-
quency used in our experiments, i.e., 5 kHz. This assumption
stems from the results of Shi et al. 2014 [41], and takes into
account the low ruthenium volume percentage used in this
study. For the calculations, we assume a time-dependent 1D
plasma system, which is iteratively solved until a stationary
result is found. Then, the concentrations of the ions, electrons
and neutral species are determined as in reference [44].

3 | Results and Discussion
3.1 | Electrical Characterization

To analyze the effect of the electrical characteristics of the
coatings (i.e., their permittivity) and the electron density, we
have conducted COMSOL Multiphysics® simulations to assess
the evolution of plasma density between two adjacent PZT
pellets covered with either Al,O3; or Ru-Al,O5 coatings (50 um
thickness) for a voltage difference between pellets of 750V, as
schematically represented in Figure 2a.
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FIGURE 4 | Evolution with respect to the power of (a) decompo-
sition yield and (b) energy efficiency of the ammonia to hydrogen
reaction at room temperature for the three reactor configurations. The
yellow band in (b) highlights that efficiency is similar for the three
reactor configurations for decomposition yields higher than 5%. Note
that the zone of the curves corresponding to low values of decomposi-
tion yield that were subjected to high uncertainties are plotted with
dashed lines and empty dots. The power values correspond to applied
voltages ranging between 1.0-2.5kV.

The PZT core of the pellets is assumed to have constant
potential. In DBD, this approximation has been shown to be
valid for electromagnetic simulations of the full packed bed
[45, 46]. By the 1D-DBD planar geometry simulations carried
out here we consider different situations in the region between
the two PZT cores. Namely, we consider that the coatings on
two opposed pellets act as effective medium materials charac-
terized with specific dielectric properties. The permittivity of
the coating on the pellets was systematically varied from the
value used for alumina to that assumed for Ru-Al,O; (see the
Materials and Methods section). The profiles of plasma density
curves along the interpellet gap space were then estimated as
shown in Figure 2b for AL,O; -blue curve- and Ru-Al,O; -red

curve- (note that the plasma density curves are plotted at the
instant when the plasma density reaches a maximum value
during an AC cycle). It is apparent that the higher permittivity
values used for the simulation of the plasma, the higher the
obtained electron density values. Furthermore, the maximum
electron density increased with voltage, as expected, for both
electrical permittivity values (see Supplementary Material S2).
As it will be shown below, this result is consistent with the
experiments and supports that a coating behaving as an effec-
tive medium with a higher electrical permittivity leads to an
increase in plasma density across the inter-pellet region.

The simulation analysis of the effect of pellet coatings on the
density of plasmas was confirmed experimentally. Figure 3a
shows the I(t) curves recorded upon plasma ignition for the
different reactor configurations at 2.5kV. The amplitude of
current curves follows the order Ru-Al,O3;/PZT > PZT> Al,O3/
PZT. The Lissajous curves (Q-V plots) in Figure 3b derived from
these plots clearly visualize the differences in the amount of
electric charge exchanged during operation with these three
barriers. Data in these figures show that the Al,O; coating
decreases the current, while the Ru-Al,O; coating enhances
plasma current. A similar result has been previously reported
for FBD plasmas intended to induce the ammonia synthesis
reaction from pure N, + H, mixtures [35]. The evolution of
power with the applied voltage confirms the found tendency for
the three configurations (c.f. Figure 3c). Both the Lissajous
curves and the power plots as a function of the voltage support
that plasma responds differently to the electrical characteristics
of the barrier. It is noteworthy in this regard that in the absence
of plasma, the electrical features of the reactor varied with the
type of barrier as determined by impedance electrical spec-
troscopy analysis [32], (see Nyquist plots Supplementary
Material S3).

The electrical behavior of plasma discharges in DBD reactors is
usually described using equivalent circuits as that depicted in
the inset in Figure 3d for plasma -on states [36]. Based on this
equivalent circuit model, we have calculated the capacitance of
the barrier (Cg4;1) and the plasma current for the three config-
urations (see details of this analysis in the Supplementary
Material S4). The calculated curves shown in Figure 3d indicate
that the intensity jumps in I(¢) follow the same trend than the
experimentally determined intensity of microdischarges (c.f.,
Figure 3a). These calculations and the electrical evaluation of
plasma current indicate that the higher value of this magnitude
experimentally obtained for the Ru-Al,O3/PZT configuration
can be associated with a higher value of Cg;¢ in this case. This
agress with the already enunciated thesis that the Ru-Al,O3
coating behaves as an effective metal-dielectric medium char-
acterized by a higher permittivity than that of the pure Al,O;
coating (a similar electrical behavior is well-known for metal-
dielectric composites characterized by a high value of permit-
tivity [42, 43]).

3.2 | Efficiency of Ammonia Decomposition
Reaction

Pure NH; discharges were ignited at room temperature for the
electrical operation conditions described above. Experiments
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FIGURE 5 | OES spectra for different consumed powers for the (a,c) 200-450 nm region and (b,d) the 450-800 nm region. Data acquired for the
(a,b) PZT and (c,d) Ru-Al,O3/PZT configurations. The indicated power values correspond to applied voltages within a range between 1.0 and 2.5 kV

for both reactor configurations.

showed that plasma decomposition of pure ammonia rendered
N, and H, with no signs of hydrazine (see Supplementary
Material S5), results thar are in line with other DBD
atmospheric-pressure plasma experiments [8, 20, 21, 29].
Results for FBD ammonia to hydrogen conversion are shown in
Figure 4. Figure 4a and b show that decomposition rate and
energy efficiency for hydrogen production increase with power
for the three reactor configurations in a similar way. A maxi-
mum decomposition yield of 40% was achieved for the Ru-
Al,03/PZT configuration, of 34% for PZT, and of 26% for the
Al,03/PZT configuration. This is so because for a given voltage,
the Ru-Al,O;/PZT configuration delivers a higher current,
resulting in higher power and, consequently, greater decom-
position yields. The energy efficiencies as a function of power
(c.f., Figure 4b) varied between 25 and 55 LH,/kWh and fol-
lowed a similar decreasing tendency for the three cases when
the power was higher than 2W, i.e., when decomposition yield
is high enough to discard large errors and therefore a sound
calculation of the EE. We emphasize that the similar evolu-
tion of decomposition rate and energy efficiency as a function of
power found for the three configurations supports that the total
current is the main factor controlling the ammonia to hydrogen
decomposition process. The higher decomposition yield in the
presence of Ru agrees with results by El-Shafie et al. i.e.,
showing that the addition of Ru particles to a packed-bed
reactor produced an increase in the ammonia decomposition

yield with respect to that in a standard (in case of these authors,
SiO,) dielectric packed-bed [30]. However, whether the
observed increases are due to catalytic effects driven by the
ruthenium is a question of debate [35, 47, 48], as indicated by
the results in the present work evidencing the higher intensity
of the plasma when the Ru-Al,0;/coating covers the PZT pellets
(c.f., Figure 3).

3.3 | Optical Emission Characterization and
Reaction Mechanisms

To gain insights into the reaction mechanisms, NH; discharges
were analyzed using OES for the PZT, AL,O3/PZT and the Ru-
Al,03/PZT configurations (see a set of emission spectra in the
240-450 nm range in Supplementary Material S6). This tech-
nique permits detecting plasma excited species [49] and to
compare their relative populations [33]. Figure 5 shows steady-
state OES spectra for the 200-450 nm region (Figure 5a,c) and
for the 450-800 nm region (Figure 5b,d) recorded for the PZT
and Ru-AlL,O;/PZT configurations at different powers. These
measurements were carried out once the reactor reaches
steady-state conditions and therefore the concentration of ex-
cited species derived from ammonia and the resulting reaction
products do not change over time. The 200-450 nm spectra in
Figure 5a,c depict characteristic bands of NH* (transition
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FIGURE 6 | Decomposition yield (square dots, black line), NH*

emission intensity (triangle dots, red dashed line), and NH;* emission

intensity (circle dots, blue dashed line) as a function of power for (a)

PZT and (b) Ru-Al,O3/PZT configurations. Note the different scales
used to represent the emission intensity of the NH* and NHs* bands.

[A’TT - X337]), N, (second positive system), and N,™* (first
negative system) species. These bands can be also followed
during the ammonia synthesis reaction [33, 50]. The
450-800 nm NH;* Schuster's bands shown in Figure 5b,d
appear between 564 and 567 nm [11], while a little H, line
appears at 656.3nm [52]. Bands between 560 and 900 nm
are second order N,-bands.

In previous studies, the formation of NH* species has been at-
tributed to plasma processes resulting from the interaction of
plasma electrons with ammonia molecules. It has been also
assumed that these species were involved in the decomposition
of NH; [50, 51]. On the other hand, working with a Fe-based
catalyst in a DBD reactor, Wang et al. [25] identified NH;* as an
effective intermediate species involved in the ammonia to
hydrogen conversion at T > 673°C and assumed that this spe-
cies decomposed through an adsorption/reaction mechanism at
surface catalytic sites. This author's assumption relied on the
observation of a drastic decay of the NH3* OES intensity at high
temperatures, coinciding with a maximum in the ammonia
decomposition yield into N, and H, [25].

For our experiments without external heating, Figure 6 show-
cases the evolution with the consumed power of the ammonia
decomposition yield and the intensity of the NH* and the NH;*
emission bands for the PZT and Ru-Al,O3/PZT reactor config-
urations. In the two cases, NH* band intensities and

decomposition yields followed a similar trend. This similar
evolution supports that NH* species are involved in the plasma
decomposition of ammonia (note that OES is not quantitative
and that only relative values have significance here). Regarding
NH;* bands, it is found that their intensity also increases with
power, although at a different pace than the NH* bands (note
the different scales in the plots of Figure 6). It is thus note-
worthy that, at the highest power, the NH;*/NH* ratio is less
than 1/4 for the PZT configuration (see Figure 6a), while it is
around 1/2 for the Ru-Al,O3/PZT configuration (see Figure 6b).
In other words, there is a comparatively greater concentration
of NH;* species when the PZT pellets are coated with Ru-Al,O3,
i.e., a reactor configuration rendering the maximum decompo-
sition yield of NH;. This result contrasts with the said obser-
vations of Wang et al. [25] of a sharp decrease in NH;* species
occurring when the decomposition yield of ammonia is maxi-
mum, a result attributed to the direct interaction of these
intermediate plasma species with surface catalytic sites to ren-
der N, and H, at high temperatures. The different behavior in
our experiments where NHs* species keep a rather constant
intensity (c.f., Figure 6b) supports that under the studied
reaction conditions at room temperature the decomposition of
these species upon adsorption on the Ru-Al,O; coating surface
must be negligible with respect to other pure plasma phase
decomposition processes. In fact, according to Figure 6b, only at
the highest power of 12.5 W there is a small relative decrease in
the intensity of NH;* bands, a feature suggesting an additional
but not significant extra decomposition under these conditions.

Unlike other plasma driven reaction processes induced by
electron impact, ammonia decomposition does not require very
high electron energies. The dissociation energy of the first
H-NH, bond of the ammonia molecule is 4.7 eV, followed by 4.0
and 3.4 for the H-NH and N-H bonds in NH, and NH inter-
mediates, respectively [11]. On the other hand, threshold en-
ergies for the following plasma reactions

e_+NH3—>NH+H2+e_ (1)
e” + NH; > NH, + H + e 2)
e” + NH; » NH + 2H + e~ 3)

are 4, 5.6 and 8.6 eV respectively [11]. These energy barriers are
low in comparison with the dissociation of the N-N bond in the
N, molecule (i.e., 9.8€eV) [53], a process that has been con-
sidered a limiting step for the synthesis of ammonia [51]. We
assume that reactions (1)-(3) may readily take place in the FBD
reactor for the three different configurations. The detection in
the plasma of NH* and NH;* species supports that plasma
processes involving electron impact excitation to render NH;*
species or reactions such as those in (1)-(3), followed by dis-
sociation reactions of the formed NH,* radicals, may account
for the ammonia decomposition results obtained here at room
temperature. In this regard, the similar evolution of NH* spe-
cies and decomposition yields (c.f., Figure 6) as a function of
power supports that, under our working conditions, ammonia
decomposition into H, and N, is mainly controlled by electron-
driven processes. This is further confirmed by the results in
Figure 4, indicating that the main experimental parameter
controlling reaction efficiency is the current intensity. In
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agreement with previously reported COMSOL Multiphysics®
simulation studies about the ammonia synthesis reaction [35],
we deem that coating the PZT pellets with Al,0;, a material
characterized by a much lower permittivity than PZT, will
reduce the total current intensity and be the cause of the
observed decrease in reaction yield. In the same line of rea-
soning, we assume that the incorporation of a Ru-Al,0O; coating,
characterized by an effective higher permittivity as demon-
strated by our analysis in Figure 3d, is the key factor responsible
for the observed increase in reaction yield [54]. The COMSOL
Multiphysics® simulations in Figure 2 effectively confirms that
increasing the permittivity of the coating, as expected for an
metal-alumina effective medium, produces an enhancement in
the plasma density among pellets.

The considerations above support an effective control of reactor
performance (i.e., yield and efficiency) by the electrical char-
acteristics of the FBD reactor depending on the electrical per-
mittivity of the material incorporated into the pellets. However,
this does not necessarily discount second order contributions
[54-56], such as the emission of high-energy electrons by the
metal particles at the surface as proposed by Kushner and col-
laborators [57], and/or a marginal involvement of Eley-Rideal
and/or Langmuir-Hinshelwood processes at the surface of the
modified pellets [58]. In this regard, XPS analysis of the used
Ru-AlL,O3/PZT pellets provided some hints of a possible inter-
action of ruthenium nanoparticles with ammonia species. An
inconclusive evidence in this regard was a small shoulder at
around 397-398 eV (i.e., the region where N1s peaks appear)
that is compatible with the formation of surface metal nitride
bonds (see spectra in Supplementary Material S7) [59].

3.4 | Comparison with State-of-The-Art Results

The high reaction yields obtained in this study compare well
with recently published results obtained with packed-bed
reactors and hydrogen selective membrane plasma systems
working at high temperatures or with mixtures of ammonia and
other gasses [28, 60]. In Table 1 we gather data from other
studies in comparison with the herein reported results [24, 25,
27, 29, 50, 61]. Most studies in literature with packed bed DBD
reactors use catalysts and operate at high temperatures. The
promising 40% decomposition yield obtained here with pure
ammonia at atmospheric pressure and room temperature
proves the high efficiency of FBD plasmas. We think that new
approaches based on ferroelectric packed-bed reactors applying
effective medium concepts—based on metal/dielectric layers to
further enhance total current in the reactors—constitute a
promising strategy to enhance reactivity and to leverage the
development of alternative pure-ammonia decomposition pro-
cesses of practical interest.

4 | Conclusions

The ammonia to hydrogen process has been studied in a mod-
ified ferroelectrically moderated packed-bed plasma reactor
working at room temperature and atmospheric pressure. Three
different barrier configurations have been used to properly
assess the effect on process performance of the incorporation

onto the packed-bed of metal nanoparticles with potential cat-
alytic effects. Our results show a higher percentage of ammonia
decomposition when metal ruthenium nanoparticles are
incorporated into an alumina coating. The obtained results
reveal an increase in current intensity and electron density due
to the inclusion of the Ru metal particles, the latter attributed to
a higher dielectric permittivity of the barrier, as expected from
considerations based on effective medium concepts. The col-
lected findings support those catalytic effects, if present,
are second order and that most processes leading to NHj
decomposition occur in the plasma (gas) phase. Conclusively,
under the conditions studied, the incorporation of a metal-
dielectric coating has a more significant impact on the electrical
properties of a FBD plasma reactor than possible catalytic in-
teractions. Our findings support the use of effective medium
materials as an alternative concept to describe the modifications
occurring in the plasma when metal-oxide coatings are added to
the barrier of packed-bed plasma reactors.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

Appendix A: Questionnaire/Interview script The Supplementary
Material includes the following information: S1 - Alumina-supported
ruthenium (Ru) catalyst preparation procedure, S2 - Stability analysis
and voltage dependence in the COMSOL simulations, S3 - Impedance
spectroscopy analysis of the packed-bed reactor with different barriers,
S4 - Equivalent circuit model, S5 - QMS spectra before and after plasma
ignition for pure-ammonia discharges, S6 - Comparison of OES spectra
for the three barrier configurations, S7 - XPS analysis of the Ru-Al,O5/
PZT pellets before and after plasma exposure.

11 of 11

551801 SUOWILLOD BANESID 3(edljdde U Aq pausenob 9. SO YO ‘88N JO'SaINI 10} Aiq 1T BUIIUO AB]IM UO (SUONIPUOO-PUR-SWLBILI0Y B | IM ARG BU 1 UO//Sa1Y) SUORIPUOD PUE SWLB 1 3U) 885 *[9202/20/G2] U0 ARIqI 8UIUO 481 *2900. dedd/Z00T 0T/10p/00 A 1M AReIq jBu [Uo//SdNY W1y papeo|umod ‘0T ‘G202 ‘69882T9T


https://doi.org/10.3390/atoms7010014
https://doi.org/10.1016/j.jpowsour.2015.07.038
https://doi.org/10.1016/j.jpowsour.2015.07.038
http://www.comsol.com
http://www.comsol.com
http://www.comsol.com
https://doi.org/10.1039/C4TC01117A
https://doi.org/10.1039/C4TC01117A
https://doi.org/10.1016/J.JALLCOM.2015.12.171
https://doi.org/10.1016/J.JALLCOM.2015.12.171
https://doi.org/10.1039/B820815H
http://www.comsol.com
http://www.comsol.com
https://doi.org/10.1088/1361-6595/aa7c59
https://doi.org/10.1016/j.jechem.2023.06.016
https://doi.org/10.1016/j.cej.2024.150838
https://doi.org/10.1016/j.cej.2024.150838
https://doi.org/10.1021/acssuschemeng.1c05660
https://doi.org/10.1021/acssuschemeng.1c05660
https://doi.org/10.1021/ACSSUSCHEMENG.0C04461
https://doi.org/10.1021/ACSSUSCHEMENG.0C04461
https://doi.org/10.1002/ppap.201600081
https://doi.org/10.1098/RSPA.1956.0135
https://doi.org/10.1016/j.cattod.2023.114156
https://doi.org/10.1016/j.cattod.2023.114156
https://doi.org/10.1016/j.cogsc.2024.100990
https://doi.org/10.1016/j.cogsc.2024.100990
https://doi.org/10.3390/catal10121476
https://doi.org/10.3390/catal10121476
https://doi.org/10.1088/1361-6463/ABCC92
https://doi.org/10.1088/2516-1067/ab5a30
https://doi.org/10.1088/2516-1067/ab5a30
https://doi.org/10.1016/j.jpcs.2007.06.002
https://doi.org/10.1016/j.ijhydene.2018.12.141
https://doi.org/10.1016/j.ijhydene.2018.12.141
https://doi.org/10.1007/s11090-023-10427-7

	Ammonia to Hydrogen Conversion in a Ferroelectric Packed-Bed Plasma Reactor: The Effect of a High-Permittivity Effective Medium Material
	1 Introduction
	2 Materials and Methods
	2.1 Ferroelectric Packed-Bed Plasma Reactor, Electrical Characterization, and Reaction Efficiency
	2.2 Characterization of Powders Used to Coat the Pellets
	2.3 COMSOL Multiphysics® Simulation of Interpellet Plasma Discharge

	3 Results and Discussion
	3.1 Electrical Characterization
	3.2 Efficiency of Ammonia Decomposition Reaction
	3.3 Optical Emission Characterization and Reaction Mechanisms
	3.4 Comparison with State-of-The-Art Results

	4 Conclusions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information




