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1. Introduction

Ammonia synthesis plays a crucial role in various industrial processes, particularly
in the production of fertilizers, which are essential for global food production. The
traditional Haber-Bosch method for ammonia synthesis is energy-intensive, requiring
high temperatures and pressures, leading to significant energy consumption and
greenhouse gas emissions [1-3]. In response to these challenges, plasma-catalytic
ammonia synthesis has emerged as a promising alternative, offering the potential for
more energy-efficient and environmentally friendly production. This method involves
the use of non-thermal plasma to activate nitrogen and hydrogen molecules, with the
assistance of catalysts to facilitate ammonia formation at lower temperatures and
pressures [4-6].

Catalysts are key to improving the efficiency and selectivity of plasma-catalytic
processes, and their performance can be influenced by the choice of support material
and metal catalysts. Various catalyst supports, such as transition metal-loaded supports
and zeolite-based materials [7-14], have been explored in plasma-assisted ammonia
synthesis due to their unique properties, including high surface area, tunable acidity,
and thermal stability. These supports help disperse active metal sites, enhance electron
transfer, and promote the interaction with plasma, all of which contribute to improved
ammonia yields.

This project investigates the role of various catalyst supports, including y-Al>Os,
carbon black, MgO, and zeolites, in plasma-catalytic ammonia synthesis. It examines
transition metals (Ni, Co, Fe) and precious metals (Pt, Ru) as active components, along
with Ba and Ca as promoters to enhance catalytic performance. By analyzing catalyst
behavior under different plasma conditions, the study aims to optimize metal-support
interactions for improved ammonia yield and energy efficiency. Additionally, it

explores the impact of metal-loading techniques on catalyst stability and long-term



performance. Specifically, WP4 is dedicated to developing and evaluating innovative
catalyst designs aimed at improving plasma-catalytic ammonia production and
enhancing energy efficiency.

Despite rigorous experimental investigations, a comprehensive understanding of
the underlying plasma mechanisms has not yet been fully characterized due to the
complex nature of the discharge environment. Therefore, a thorough understanding of
plasma chemistry in DBD plasma-assisted ammonia synthesis is critical for achieving
high energy efficiency and a high ammonia synthesis rate, both of which are essential
for the successful scale-up and application of this technology.

In this deliverable 4.3, our research is also dedicated to gaining a fundamental
understanding of plasma chemistry and formation pathways in plasma-assisted
ammonia synthesis. To achieve this, we performed computational plasma chemical
kinetics modeling to elucidate the possible chemical pathways for plasma-assisted

ammonia synthesis.

2. Methods

2.1 Numerical method and kinetic model

A zero-dimensional (0D) plasma kinetic model, incorporating various atoms,
radicals, excited species, neutral molecules, and ions, is developed to obtain insights
into the underlying mechanism of plasma-assisted ammonia synthesis processes. The
plasma kinetics solver ZDPlasKin, which integrates the Boltzmann equation solver
BOLSIGH+, is employed to determine the time evolution of species densities generated
in the reaction chamber [8]. A schematic diagram illustrating the execution flow of
ZDPlasKin is presented in Figure 1. It solves the continuity equations for species

densities, as described in Equation 1:

dn,

|-l .
where n; stands for the density of species i, aj and a; are the stoichiometric coefficients
of species i on the right- and left- hand sides of reaction j, respectively. n; is the density

of species | on the left side of the reaction j, and k; is the rate coefficient of reaction j.



Figure 1. Schematic diagram of the execution flow of ZDPlasKin.

The electric field E, at which BOLSIG+ solves the Boltzmann equation, is
calculated using the differential form of the Joule heating equation [9], shown in

Equation 2, as:

j—\F;zJE:aEZ (Eq.2)

where P is the power, dV is a volume element, J is the current density, and o is the
electron conductivity. Assuming no spatial dependence, the reduced electric field (E/N)

thus can be calculated from the power density p = P/V by the Equation 3:

-8
where N is the total number density of gas-phase species. The electron conductivity is
calculated by the Equation 4:

o =enu, (Eq.4)
where e is the elementary charge, ne is the electron number density, and e is the electron

mobility, calculated by BOLSIG+ [10]. This reduced electric field is calculated at each

time step due to the changing gas composition as a function of time.

2.2 Kinetic Mechanism of Plasma

In this work, we propose a detailed kinetic mechanism for DBD plasma-assisted



ammonia synthesis, which includes electron impact reactions, neutral-neutral and
neutral-ion reactions, electron-ion recombination, and reactions involving excited
species. The rate coefficients for electron impact reactions are calculated using
BOLSIG+ by solving the Boltzmann equation based on electron impact cross sections
data. Most of these cross sections are available in the online LXCat database

(https://nl.Ixcat.net). The cross sections for the ionization and dissociative ionization of

NHs molecule are obtained from Itikawa’s work [11]. The gas-phase chemistry set is
primarily built upon Sun’s work [12], with additional reactions integrated from the

NIST Chemical Kinetics Database (https://kinetics.nist.gov/Kinetics).

Furthermore, the plasma kinetic model incorporates a detailed description of
vibrational kinetics, including vibrational-translational (V-T) relaxation, vibrational-
vibrational (V-V) energy exchange between two same molecules and V-V’ interactions
among two different molecules as well as chemical reactions accelerated by
vibrationally excited molecules. The rate coefficients for V-T and V-V relaxations are
determined using the Schwartz-Slawsky-Herzfeld (SSH) theory [13,14]. Meanwhile,
the rate coefficient for chemical reactions involving vibrational species can be
calculated by the theoretical-information approach, as given in Eq.5
E,—aE,

0

ke (E, . To) = Kgo exp[— ]Q(Ea—aEv) (Eq.5)

here, kro is the pre-exponential factor, To is the translational gas temperature, Ex is the
activation energy barrier for the chemical reaction, Ey is the vibrational energy of a
vibrationally-excited molecule, and 9(x) is the Heaviside step function (3(X) = 1 when
X>0; and 9(x) = 0 when x < 0). The coefficient « for the efficiency of vibrational energy
can be calculated based on the Fridman-Mecheret a-model [15].
f
a :EET (Eq.6)

The superscript f and b stand for forward and backward reactions.

To describe the electronic kinetics, the model incorporates a set of reactions,

including electronic transitions between N2(A3) and N2(B3) mediated by N2(v), optical

transitions, and interactions of electronically excited species through collisions with
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electronic states and neutral species. The reactions describing electronic states of N and
N2 are adopted from Sun et al [12]. Furthermore, ion-neutral reactions, electron-ion
recombination reactions, and neutralization reactions are all accounted for in the ion
chemistry mechanism. The kinetic parameters for these processes are obtained from the

UMIST Database for Astrochemistry (https://udfa.ajmarkwick.net). As a result, the

model considers 41 species and 520 elementary reactions for the plasma assisted
ammonia synthesis process. A complete list of species included in this model is
provided in Table 1.

Table 1. Species considered in the numerical modelling.

Species type Symbol Number
Molecules N2, Hz, NH3 3
Atoms/radicals H, N, NH, NH; 4

Ha(v1), Ha(v2), Ha(v3), N2(v1), N2o(v2),

Vibrational
N2(v3), N2(v4), N2(v5), N2(v6), N2(V7), 14
states
N2(V8), NHs(v2), NHs(v4), NHs(v13)
Electronic N2(A3), N2(B3), N2(a'1), N2(C3), N(?D), 6
states N(%P)
H*, H2*, Hz*, N*, N2*, N3*, Na*, NH*, NH>*, 14
lons

NHs*, NHs*, N2H*, H, e

Note: N2(A3) is the sum of N2(A3Y:, v=0-4), N2(A3Y,, v=5-9), and N2(A%Y ., v=10); N2(B3) is the
sum of N2(B®I1g), N2(W3AL), and N2(B'3Y:); N2(a'l) is the sum of N2(a™y,), N2(a'llg), and N2o(W*Ay);

N2(C3) is the sum of N2(C3I1y), N2(E3Y;), and Na(a">5;).

2.3 Discharge description in the model
In reality, an AC-activated DBD plasma typically exhibits a filamentary character,

consisting of micro-discharge filaments and weaker plasma in between [16]. To mimic
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the conditions of AC-activated DBD plasmas, we defined time-dependent periodically
pulsed power density functions. The power density in between those pulses (i.e., micro-
discharges) was nonzero and significantly influenced the outcome of the calculations.
Power density profiles were used, mimicking both filamentary and more uniform DBDs,
to determine gas phase compositions of radicals in actual plasma conditions [9]. Both
the micro-discharges (strong plasma) and their afterglows (weak plasma) in a
filamentary plasma are considered. Those conditions correspond to a maximum power
density of 7.65x10° W/cm® and to a minimum power density of 1.25 W/cm3,
respectively. The gas temperature in the discharge region was measured using a fiber

optical thermometer (Omega, FOB102).
2.4 Materials

The synthesis and sourcing of catalysts for this study were carried out through a
collaborative effort. The y-Al>Os, carbon black, MgO, mordenite, and Y-zeolite-based
catalysts were synthesized by DTI, ensuring controlled preparation methods and
consistency in material properties. Meanwhile, all ultra-stable Y (USY)-based catalysts
were synthesized by Katja from the National Institute of Chemistry (NIC). Additionally,
Zeolite I, 11, 111, and 1V were obtained from Fluka Chemie GmbH and their modification

was performed by Xin Tu’s group.

2.4.1 Preparation of Metal/Zeolite Catalysts via the Incipient Wetness Impregnation Method

All chemicals used in this study were sourced from Fisher Scientific. The metal-
loaded zeolite catalysts were prepared using the incipient wetness impregnation method,
also known as the dry impregnation method. This process involves dissolving the
desired metal precursor in a liquid solvent, such as distilled water, to create a
homogeneous solution. The zeolite support, in powder form, is then added to the
solution, forming a slurry that is stirred for 30 minutes at room temperature to ensure
uniform dispersion of the metal precursor.

Following this, the impregnation step takes place over 12 hours at room
temperature, during which capillary action facilitates the absorption of the metal-

containing solution into the pores of the zeolite support. After impregnation, the mixture



undergoes drying in an oven at 110 °C for 12 hours to remove excess solvent, followed
by calcination in a muffle furnace at 500 °C for 4 hours, with a controlled heating rate
of 5 °C min™. This calcination step decomposes the metal precursor, leading to the
formation of metal oxide species on the zeolite support.

Finally, the metal oxide/zeolite composite is subjected to a reduction process in a
hydrogen atmosphere (30% H: in Ar) at a specific temperature for 5 hours. This
reduction step converts the metal oxides into their active metallic forms, yielding the

final metal/zeolite catalyst for further characterization and catalytic testing.

2.4.2 Preparation of Metal-Zeolite Catalysts via lon-Exchange Method

Metal-zeolites were synthesized using the ion-exchange method. Initially, a
specified amount of metal nitrate was dissolved in 50 mL of distilled water to prepare
a 0.1 M metal nitrate solution. To this solution, 2 g of zeolite 5A support was added,
and the mixture was stirred using a magnetic stirrer for 12 hours. During this time, metal
ions from the solution exchanged with the cations in the zeolite structure.

Following the ion-exchange process, the zeolite was washed by centrifugation at
6000 rpm for 5 cycles, using distilled water to remove any unexchanged metal ions.
The washed zeolite was then dried in an oven at 110 °C. Subsequently, the dried zeolite
was calcined in a muffle furnace at 500 °C for 4 hours, with a controlled temperature
ramp of 5 °C min™, resulting in the formation of metal oxide-zeolite composites.

Finally, the metal oxide-zeolite catalysts were reduced in a hydrogen atmosphere
(30% H: in Ar) at a specific temperature for 5 hours, converting the metal oxides into

their active metallic forms, and yielding the final metal-zeolite catalyst.
2.5 Experimental setup

Plasma-catalytic ammonia production experiments were conducted in a coaxial
dielectric barrier discharge (DBD) reactor, as detailed in Deliverable D4.1. The
schematic of the system is shown in Figure 2. A4 mm inner diameter, 1 mm thick quartz
tube acted as the dielectric, while a 20 mm long stainless-steel mesh wire wrapped
around it served as the ground electrode. A 2 mm diameter stainless-steel rod inserted

into the quartz tube acted as the high-voltage electrode, creating a 1 mm discharge gap



between the quartz tube and the high-voltage electrode.

Figure 2. Schematic diagram of the plasma-catalytic ammonia production system.

An AC high-voltage power supply, delivering a peak-to-peak voltage of 30 kV at
a frequency of 11 kHz, was used to generate plasma within the discharge gap. The
voltage was monitored using a high-voltage probe (Tektronix P6015A), while the
external capacitor voltage was measured with a voltage probe (Tektronix TPP0101),
and the current was measured using a current monitor (Pearson 2877). All electrical
signals were recorded on a four-channel digital oscilloscope (Tektronix MDO 3024).
Power consumption was calculated via the Q-U Lissajous method. A catalyst load of
120 mg was placed within the discharge gap, and a mixture of pure N2 and H> was fed
into the system at a total flow rate of 40 mL min*, with an N2/H; ratio of 1:3, unless
otherwise stated. Ammonia concentration was measured using a Fourier Transform
Infrared (FTIR, Jasco FT/IR-4200). Energy yield (E) for ammonia production was

calculated as follows:

Ammonia concentration (ppm)xFlow rate (L/s)x60x60x17

E (gkWh™1)= -
(8 ) Discharge powder (kW)x24.5 (L mol=1)x1000000

(Eq.7)

3. Results and discussion

3.1 Validation of the model

As shown in Figure 3, model validation is performed by comparing the steady-
state experimental results with the predicted values of NHsz concentrations under
identical conditions. As shown in Figure 3, ammonia concentration exhibits a clear

upward trend with increasing input power, attributed to more energy deposited into the



discharge mixture. The model demonstrates good agreement with experimental data,
achieving an accuracy of better than 10% for most cases (4 W, 8 W, and 12 W). However,
a noticeable overestimation is observed for the predicted ammonia concentration at 16
W, where the maximum deviation reaches approximately 15%. Overall, some
discrepancies exist between the calculated and measured ammonia concentrations.
However, these differences are not unexpected in view of the large number of chemical
reactions that can occur and the fact that the rate coefficients of several of these
reactions are subject to large uncertainties. Nevertheless, we deliberately choose not to
“tune” our model to reach a better agreement with the experiments without a real
scientific basis. All assumptions in our model are grounded in logical and plausible
physics. In conclusion, we believe that our model is sufficiently realistic to capture the

underlying plasma chemistry in the DBD-assisted ammonia synthesis process.
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Figure 3. Comparison of NH3 concentrations between steady-state measurements and model

predictions as a function of input power in plasma assisted ammonia synthesis (error bar: 10%).

3.2 Chemical reaction pathway analysis

In this section, the underlying plasma chemistry mechanisms for ammonia
synthesis in the DBD will be discussed. Indeed, a better insight into the dominant
chemical reactions might help steer the process to improve ammonia synthesis.

The reduced electric field (i.e., the ratio of the electric field over total gas number



density, E/N) is one of the important parameters in controlling the direction of electron
energy deposition and formation of active species in plasma discharge. Figure 4(a)
shows the fractions of plasma energy deposited into different channels as a function of
E/N in a 0.5 N2/0.5 H> mixture discharge. The blue area indicates the range of E/N
values for the discharge conditions solved in our kinetic model. The rotational
excitation and vibrational excitation mode of H> dominate the plasma discharge at a
relatively low reduced electric field (< 10 Td). When E/N values range from 10 Td to
30 Td, the majority of electron energy is allocated to the vibrational excitation of N2. In
our studied E/N range of 30-230 Td, as shown in Figure 4(b), the primary mechanism
of energy loss shifts to H> dissociation and vibrational excitation of N». In this range,
the electron impact dissociation of H> gradually becomes important with increasing E/N

value. At high E/N values (> 230 Td), the primary mechanism remains H. dissociation.
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Figure 4. (a) Fractions of plasma energy deposited into different excitation modes in a 0.25
N2/0.75 Hz mixture as a function of E/N; (b) time-resolved E/N (ela: elastic; rot: rotational
excitation; vib: vibrational excitation; ele: electronic excitation; dis: dissociation; ion: ionization)

The time evolution of the number density for the most important species is
presented in Figure 5. Generally, we see that the micro-discharges, because of their ns
time scale, cause a pulsed behavior in atom and radical densities, with pulse widths on
the ms scale. During micro-discharges, the electron density increases rapidly due to the
ionization of both Nz and H. N and N(?D) are initially formed via the electron impact
reaction. In addition to the electron impact dissociation of N2, the dissociation of N2(A3)

also plays a significant role in atomic N formation. As a result, the number density of



N is higher than that of N(?D). Subsequently, N and N(?D) undergo successive
hydrogenation, leading to the formation of NH and NH; radical. The concentration of
NHs increases as the process propagates, primarily due to the recombination reactions
NH2+H+M — NHsz + M and NH + H2 + M — NH;3 + M. However, within the uniform
plasma between micro-discharges, a decrease in the NHz profile is observed. This
decline is attributed to the dissociation of NH3 induced by electronically excited species
N2(A3) and N(?D) (see figure 6), which coincides with an increase in NH2 number

density.

Figure 5. Time-dependent evolution of main species at an input power of 8 W, a gas flow rate of
40 mL min™.

To elucidate the underlying mechanism of ammonia formation, we present the
reaction pathway analysis for plasma-assisted ammonia synthesis at a 40 mL min flow
rate and 8 W input power in Figure 6. The thickest arrows represent the contribution of
reactions to the species formation or consumption in the order of 10 mol cm, while
the thinnest arrows represent the contribution of reactions in the order of 10™° mol cm-
3, The number attached to the arrows indicates the percentage of its relative contribution

rate.



Figure 6. Network of ammonia formation pathways for plasma assisted N2/Hz conversion with a
detailed chemistry set at an input power of 8 W (N2* includes N2(B3), N2(C3), and Nz(a'l)).

A significant portion of N is consumed through electron impact excitation, e + N
— ¢ + Nz(v), leading to the formation of vibrationally excited N.(v). More than 99.9%
of Na(v) undergoes quenching to form the ground state N,, which contributes to a
temperature rise in the N»/H, mixture. Only a small part of N is dissociated by electrons
to produce N and N(°D) and excited by electrons to generate electronically excited
N2(A3). The results show that 1.1% of N>(A3) are consumed via the reaction N2(A3) +
N2(A3) — N2 + N + N to generate N atom, which serves as the primary pathway for
atomic N formation. Among the N atoms produced, 0.8%, 10.0% recombine with NH
and NH; radicals, respectively, via the reactions N+ NH — N, + Hand N + NH, — N;
+ H2/2H, leading to the regeneration of N,. Additionally, 16.7% of N atoms are excited
by N2(A3) to form N(?P) through the reaction N + Nz(A3) — N(?P) + N,. Beyond these
two consumption pathways, the three-body reaction N + H + M — NH + M
significantly contributes to N consumption, accounting for 69.5% of total N depletion.
Furthermore, chain-branching reactions stimulated by excited N(?D), particularly N(°D)
+ Hz — NH + H and N(?D) + NH3z — NH + NHp, are the key pathways for NH radical
formation. It is noteworthy that vibrationally excited hydrogen, Hz(v), accelerates NH
consumption through the reaction NH + Hz(v) — NHz + H to form NH2, which accounts

for 76.4% of total NH consumption. Additionally, 16.2% of NH radicals are consumed



through the recombination reaction NH + H2 + M — NHz + M, while it accounts for
8.0% of NHs formation. NH2 primarily combines with H atom to form NHs, which is
responsible for 73.7% of total NH2 consumption. From the perspective of NHs
formation, the reaction NHz2 +H + M — NHs + M is the dominant pathway, contributing
43.4% to total NHs production. Meanwhile, the dehydrogenation of NH, to NH
accounts for 23.5% of total NH> consumption. Regarding NHs consumption, the
primary pathway involves its dissociation by N2(A3) and N(?D) to produce NH
radicals. The transformation of NHz to NHz(v) via electron impact vibrational
excitation (e + NHs — e + NHza(Vv)) contributes to 4.7% of total NH3 consumption.
Furthermore, the ionic reaction NHs + NoH* — NH4" + N2 accounts for 13.3% of total
NH3 consumption. The NH4" ion primarily recombines with electron to regenerate NHs.
Furthermore, 9.1% of NH4" undergoes recombination with electron to form NH:

radicals.
3.3 Plasma-catalytic ammonia production from non-zeolite-based catalysts
3.3.1 Performance of transitional metals loaded catalysts

v-Al203, carbon black, and MgO were evaluated as catalyst supports for plasma-
catalytic ammonia synthesis, with transition metals acting as the active sites. Each
support material offers distinct advantages and challenges that influence catalytic
activity in different ways.

v-Al203 has a high surface area, which enables better dispersion of active metal
sites, enhancing their accessibility and improving reaction efficiency. Additionally, y-
Al>Oz is chemically stable under plasma conditions, which helps prevent unwanted side
reactions and degradation over time. Compared to other support materials, y-Al2O3 is
cost-effective, widely available, and easily processed into various morphologies,
making it a highly practical choice for catalyst development in plasma-catalytic systems.

Carbon black serves as an electrically conductive support, offering a unique set of
advantages and challenges. Its conductivity enhances charge transfer and plasma-
induced reactions, which may facilitate the electron-driven activation of N2 and Ho.

Furthermore, its ability to interact effectively with plasma can generate stronger local



electric fields, potentially fostering radical formation. However, the impact of carbon
black on ammonia synthesis remains less clear compared to oxide supports like y-Al2O3
and MgO, necessitating further investigation.

MgO is another promising support due to its inherent basicity, thermal stability,
and potential to enhance nitrogen activation. The basic sites on MgO may play a crucial
role in adsorbing and activating nitrogen species, which is key to improving the
efficiency of plasma-catalytic ammonia synthesis.

Effect of support, metal type, and loading:

Figure 7 illustrates the performance of catalysts supported on these materials. Both
v-Al203 and MgO-based catalysts exhibited a 2-3-fold enhancement in ammonia
production compared to plasma-only conditions. In contrast, carbon black-based
catalysts showed minimal to no improvement, regardless of the transition metal used.
Among the metals tested, Ni and Co demonstrated higher catalytic activity than Cu,
with Ni exhibiting the best overall performance. For Ni-loaded y-Al2Og, increasing the
metal loading had little impact on ammonia production, with ammonia concentration
staying around 3700 ppm, which is more than three times higher than the plasma-only

condition. Similarly, increases in Co loading had little to no effect on performance.

Figure 7. Ammonia concentration after the plasma reaction using transitional metals loaded y-
Al,QOs, carbon black, and MgO, under fixed conditions: 8 W discharge power, 40 mL min-* flow
rate, and a 1:3 N2:H> ratio.

These findings highlight the important role of catalyst support in plasma-catalytic
ammonia production. The support material not only provides a structural framework

for the active metal sites but also significantly influences reaction pathways through



factors such as metal dispersion, electron transfer, and interactions with the plasma. The
choice of support material is therefore pivotal in optimizing catalyst performance and
energy efficiency in plasma-assisted ammonia synthesis.

Effect of discharge power

Figure 8 illustrates the influence of discharge power on ammonia production using
v-Al2Oz-based catalysts. An increase in discharge power led to higher ammonia yield
rates under both plasma-only and plasma-catalyst conditions. Notably, loading Co and
Ni onto y-Al203 enhanced catalytic activity compared to the bare support, particularly
at higher power levels. At a discharge power of 16 W, the ammonia yield rate with
10Ni/y-Al,03 exceeded 5000 pmol gt h?, whereas y-Al,O3 alone and plasma-only
conditions achieved 4127 pmol g h't and 1865 pumol g h%, respectively.

A comparison between y-Al2Os-based catalysts and plasma-only conditions
suggests that the catalytic activity is primarily governed by the support material rather
than the loaded metal. This observation suggests a key distinction between plasma
catalysis and conventional thermal catalysis. Unlike thermal processes, where the
catalyst support is typically inert, plasma catalysis enables direct interactions between

the plasma and the support, significantly influencing the overall catalytic effect.

Figure 8. Ammonia production rate as a function of discharge power for 10 wt.% Co and Ni
loaded y-Al03, y-Al2O3 support, and plasma only condition.
3.3.2 Performance of precious metals loaded support
Precious metals, such as Ru, have been extensively studied for plasma-catalytic

ammonia synthesis and have shown promising results under specific conditions [15-



17]. In this study, Pt and Ru were selected as metal catalysts and supported on y-Al203
and carbon black to investigate their role in plasma-enhanced ammonia production.
However, as shown in Figure 4, the ammonia synthesis activity of Pt and Ru loaded v-
Al>03 was similar to that of bare y-Al>Oz3, suggesting that the addition of these metals
did not significantly enhance catalytic performance.

This observation may indicate that ammonia production in this system is primarily
driven by plasma-induced reactions rather than metal-mediated catalysis. Additionally,
Pt and Ru may not effectively activate nitrogen on y-Al203 and carbon black, or their
interaction with the support may alter their catalytic properties, leading to suboptimal
performance. Furthermore, the specific reaction conditions, such as plasma parameters,
metal dispersion, and reaction temperature, could have influenced the observed results.
Further investigations into alternative supports, optimized metal loadings, and tailored
plasma conditions may be necessary to unlock the full potential of these metals for

plasma-catalytic ammonia synthesis.

Figure 9. Ammonia concentration after the plasma reaction using precious metals loaded y-Al>O3
and carbon black, under fixed conditions: 8 W discharge power, 40 mL min flow rate, and a 1:3
N2:H> ratio.

3.4 Plasma-catalytic ammonia production from zeolite-based catalysts
3.4.1 Performance of Y-zeolite based catalysts
Transitional metals loaded catalysts
The choice of catalyst support plays a crucial role in optimizing reaction

performance possibly by influencing metal dispersion, adsorption properties, and



plasma-catalyst interactions. Among various support materials, zeolites stand out due
to their high surface area, tunable acidity, and favorable dielectric properties, which can
enhance the generation of reactive nitrogen species and improve ammonia yield. This
project first investigated the role of Y-zeolite as a support in plasma-catalytic ammonia
synthesis. Different transitional metals and their combination were loaded on Y-zeolite
to enhance its activity. Figure 10 shows the performance of these catalysts. Packing Y-
zeolite into the discharge zone led to a notable improvement compared to the plasma-
only condition. Loading transitional metals on Y-zeolite further promoted the
performance, regardless of the type of transitional metals. Co, Ni, and Fe showed
similar activity at the same loading. However, the combination of Fe and Ni led to a

negative effect.

Figure 10. Ammonia concentration after the plasma reaction using transitional metals loaded Y-
zeolite under fixed conditions: 8 W discharge power, 40 mL min-* flow rate, and a 1:3 N2:H ratio.
Effect of Ba and Ca promoters

The incorporation of Barium (Ba) and Calcium (Ca) as promoters in plasma-
catalytic ammonia synthesis is intended to enhance nitrogen activation, modify catalyst
properties, and stabilize active sites [17]. As strong electron donors, they facilitate N2
dissociation and regulate hydrogenation, preventing catalyst deactivation. Additionally,
their high dielectric constants improve plasma-catalyst interactions, while their oxides
(BaO, CaO) contribute to thermal stability and reduce sintering. However, as shown in
Figure 11, the catalysts containing Ba or Ca exhibited similar activity to those without

a promoter, indicating that their anticipated benefits did not significantly enhance



ammonia production under the tested conditions.

Although Ba and Ca are known to improve catalytic performance in plasma-
catalytic ammonia synthesis [17], their role in plasma-catalytic systems appears to be
limited under the studied conditions. The results suggest that plasma effects may
dominate the reaction mechanism, reducing the influence of traditional promoters.
Further investigations are needed to optimize promoter loadings, catalyst-support
interactions, and plasma parameters to determine whether Ba and Ca can contribute

more effectively to enhancing ammonia production in plasma-driven processes.

Figure 11. Ammonia concentration after the plasma reaction using Ba and Ca promoters
incorporated transitional metals loaded Y-zeolite catalysts, under fixed conditions: 8 W discharge
power, 40 mL min-* flow rate, and a 1:3 N:H ratio.

Figure 12 presents the performance of Co-cluster and single-atom-modified Y-
zeolite catalysts in plasma-catalytic ammonia production. However, neither
modification strategy led to an enhancement in catalytic activity compared to the
catalysts that had been tested previously. Notably, the 0.1% Co single-atom-modified
Y-zeolite exhibited a detrimental effect, resulting in lower ammonia production than
unmodified Y-zeolite. Bi-metallic catalysts incorporating Ba or Ca as promoters were
investigated to further explore potential improvements. However, these bi-metallic
systems did not yield any significant enhancement in performance, with ammonia

concentrations consistently remaining around 3000 ppm.



Figure 12. Ammonia concentration after the plasma reaction using Co cluster and Co single atom
incorporated Y-zeolite, Ba and Ca promoters incorporated transitional metals loaded Y-zeolite
catalysts, under fixed conditions: 8 W discharge power, 40 mL min-* flow rate, and a 1:3 N2:H; ratio.
3.4.2 Performance of USY zeolite-based catalysts

The results indicate that the catalytic effect of metals supported on Y-zeolite is
limited, likely due to weak metal-support interactions. To enhance ammonia production
in the plasma-catalytic process, a range of zeolite materials were screened. Figure 8
presents the performance of the tested zeolites. Zeolites I, 11, and I11 were derived from
zeolite 4A via ion exchange, retaining the Linde-Type A (LTA) structure, which features
a highly porous framework of interconnected cages and channels that facilitate efficient
molecular sieving and adsorption. Zeolite IV, in contrast, possesses a Faujasite X-type
structure with larger pore sizes than LTA zeolites. Among the tested materials, Zeolites
I and Il exhibited improved ammonia production compared to the plasma-only
condition, while Zeolites Il and IV had a negative impact. Specifically, at a discharge
power of 8 W and a flow rate of 40 mL min™, Zeolite Il achieved an ammonia
concentration of approximately 3300 ppm, comparable to previous metal-loaded
catalysts. In contrast, Zeolites Il and 1V resulted in ammonia concentrations below 1000
ppm.

Mordenite (MOR-type zeolite) was also evaluated as a potential support due to its
high surface area, strong acidity, and excellent thermal stability. With a medium-to-high
Si/Al ratio, mordenite offers a balance between Brgnsted and Lewis acidity, which can

enhance nitrogen activation while minimizing excessive hydrogen adsorption that



could poison the catalyst. However, Figure 13 shows that using mordenite as a catalyst
lowered ammonia production, exhibiting similar performance to Zeolites Il and IV.
Ultrastable Y (USY) zeolite, a modified form of Y-zeolite, was also investigated
due to its enhanced thermal stability, optimized acidity, and improved catalytic
performance. The dealumination process increases its Si/Al ratio, reducing excessive
acidity while maintaining strong metal-support interactions. Three USY variants were
tested: USY | (Si/Al = 10:1), USY Il (Si/Al = 100), and USY IlI (Si/Al = 500).
Interestingly, all USY zeolites outperformed Y-zeolite, with USY I1l demonstrating the
highest activity, achieving an ammonia concentration exceeding 3700 ppm, which is
three times higher than the plasma-only condition and twice that of y-Al2O3. For USY
materials, the higher Si/Al ratio, the higher activity in plasma-catalytic ammonia
production process. A higher Si/Al ratio in USY zeolites could enhance plasma-
catalytic ammonia synthesis by optimizing acidity, improving metal-support
interactions, and strengthening plasma-catalyst interactions. These findings highlight
the importance of zeolite structure and composition in plasma-catalytic ammonia

synthesis, with USY zeolites showing significant potential for further optimization.

Figure 13. Ammonia concentration after the plasma reaction using various zeolite materials, under
fixed conditions: 8 W discharge power, 40 mL min flow rate, and a 1:3 N:H; ratio.
Metal oxides loaded catalysts
Given the exceptional performance of USY Ill in plasma-catalytic ammonia
synthesis, metal loading was explored to further enhance its activity. However, as seen

in Figure 14, Fe>Os exhibited negligible catalytic effects, while RuO2 and RuO»-Fe>O3



provided only limited improvements over the bare USY 111 support. In contrast, loading
3% NiO via the precipitation method significantly enhanced ammonia production to a
concentration of 7277 ppm, highlighting the strong synergy between Ni and USY lII
under plasma conditions. Interestingly, increasing the NiO loading to 5% resulted in an
activity similar to that of the unmodified USY Il1, suggesting an optimal NiO content
for maximizing catalytic efficiency. Additionally, NiO loading via wetness
impregnation also led to improved performance compared to the bare support,
demonstrating that both the loading method and NiO concentration play crucial roles

in optimizing the activity of the catalyst.

Figure 14. Ammonia concentration after the plasma reaction using various metals loaded USY llI,
under fixed conditions: 8 W discharge power, 40 mL min flow rate, and a 1:3 N2:H ratio.

Comparison of metal and metal oxides

Figure 15 compares transition metal oxides and their corresponding metal-loaded
USY Il catalysts in the plasma-catalytic ammonia synthesis process. The results
indicate a variation in catalytic activity depending on the oxidation state of the transition
metals. Specifically, for Fe, Co, and Ni-Co-based catalysts, the oxide forms exhibited
notably higher performance than their metallic counterparts. This suggests that the
presence of oxygen species might play a critical role in facilitating nitrogen activation
and stabilizing reactive intermediates under plasma conditions. Metal oxides,
particularly Fe-O3, Co0304, and NiO, may enhance electron transfer dynamics and
promote the formation of highly reactive nitrogen species for efficient ammonia
synthesis. Additionally, metal oxides can provide stronger metal-support interactions,

reducing the likelihood of catalyst deactivation through sintering or surface



reconstruction.

Conversely, in the case of copper-based catalysts, metallic Cu demonstrated
slightly superior activity compared to CuO. This deviation from the trend observed with
Fe, Co, and Ni-Co systems could be attributed to the unique electronic properties of Cu,
which enable more efficient electron transfer between the plasma and catalytic surface,
thereby enhancing nitrogen dissociation and subsequent hydrogenation to ammonia.
Furthermore, the relatively low affinity of Cu for oxygen may limit the beneficial
effects of oxide formation, making the metallic state more effective in plasma
environments.

These findings indicate a relationship between oxidation state, plasma-catalyst
interactions, and overall ammonia production efficiency. The superior performance of
Fe, Co, and Ni-Co oxides highlights the potential of carefully tuning the oxidation state
of transition metal catalysts to maximize plasma-catalytic activity. Moreover, the
contrasting behavior of Cu-based catalysts suggests that different transition metals
interact uniquely with plasma-generated species, necessitating further investigation to

optimize catalyst design for enhanced ammonia synthesis.

Figure 15. Ammonia concentration after the plasma reaction using metal oxides and metallic metal
loaded USY I11, under fixed conditions: 8 W discharge power, 40 mL min flow rate, and a 1:3
N2:H> ratio.

Effect of discharge power:
Figure 16 illustrates the impact of discharge power on ammonia production for
catalysts based on USY Ill. As the discharge power increased, there was a consistent

enhancement in ammonia yield across all catalyst conditions. Notably, the increase in



discharge power had the most pronounced effect on the NiO-USY |11 catalyst, which
achieved the highest ammonia yield rate of 18253 umol g h™l. This suggests that the
NiO-USY Il catalyst is particularly responsive to higher discharge power, leading to a

substantial improvement in ammonia production efficiency under the tested conditions.

Figure 16. Ammonia production rate as a function of discharge power for NiO, Co304, and NiO-
Co0304 loaded USY 11, and plasma-only condition.

3.4.3 Performance of zeolite 111 based catalysts
Effect of metal type and incorporation method

Among the various zeolite materials tested for plasma-catalytic ammonia
production, zeolite Il ranked second in terms of catalytic activity. Recognizing the
potential for further enhancement, additional modifications were carried out to improve
its performance. Specifically, different transition metals were loaded onto zeolite 11
using the wet impregnation method, a well-established technique that allows for
uniform distribution of metals on the support. The results of these modifications
revealed that cobalt (Co)-loaded zeolite Ill exhibited the highest catalytic activity,
achieving an ammonia yield rate of 5373 pumol g h'* (Figure 17). This was followed
by nickel (Ni), iron (Fe), and copper (Cu), each of which also demonstrated improved
ammonia production compared to unmodified zeolite I1l. While the catalytic activity
varied between metals, all of the transition metals had a beneficial effect on the plasma-
catalytic process, promoting higher ammonia yields than those observed with zeolite
111 alone.

To further enhance the catalytic performance, a more advanced technique, ion-



exchange, was employed to load Co onto zeolite I1l. This method allows for a more
precise incorporation of metal ions into the zeolite structure, potentially improving the
interaction between the metal and the zeolite framework, and leading to more effective
catalysis. The Co-loaded zeolite Ill, prepared through ion-exchange, produced
ammonia at an rate of 7352 umol g h™t, more than double the yield achieved using
zeolite 111 without metal loading. This significant improvement indicates the critical
role of metal loading techniques in optimizing the plasma-catalytic process and
highlights the superior performance of Co when compared to other transition metals in
this specific application.

These findings demonstrate that the choice of metal and the method of
incorporation can have a huge impact on the activity of zeolite-based catalysts in
plasma-catalytic ammonia production. The ion-exchange method, in particular, appears
to be an effective strategy for enhancing the catalytic performance of zeolite IlI,

offering the potential for more efficient and scalable ammonia production processes.

Figure 17. Ammonia concentration after the plasma reaction using metal-loaded zeolite 111, under
fixed conditions: 8 W discharge power, 40 mL min flow rate, and a 1:3 Na:H; ratio.
Stability test
In terms of stability, both zeolite 111 and Co-loaded zeolite 111 demonstrated long-
term durability during a continuous 24-hour test, as illustrated in Figure 18. The results
showed that these catalysts maintained a stable ammonia production rate over the entire
duration of the experiment, with minimal degradation in performance. This suggests

that both the zeolite I11 support material and the Co-modified version are well-suited



for extended use in plasma-catalytic ammonia production processes. The Co-loaded
zeolite 11, in particular, exhibited not only superior catalytic activity but also
remarkable stability, indicating that the incorporation of cobalt did not negatively affect
the long-term performance of the catalyst. These findings are crucial for evaluating the
practical viability of these materials in real-world large-scale applications, where
stability over extended periods is essential for efficient and cost-effective ammonia

synthesis.

Figure 18. Stability test of Co-zeolite 11l and zaolite 111 in plasma-catalytic ammonia production
process for 24 hours under fixed conditions: 8 W discharge power, 40 mL min! flow rate, and a
1:3 N2:H; ratio.

Effect of N2:H. ratio

Previous results presented in Deliverable D4.1 demonstrated that the N2:H> ratio
plays a crucial role in influencing ammonia production in plasma-catalytic processes.
To further optimize the plasma-catalytic reaction, a series of experiments were
conducted at varying N2:Ha ratios. As shown in Figure 19, when zeolite I11 was used as
the catalyst, the ammonia concentration peaked at a N2:H> ratio of 1:1. This contrasts
with the optimal N2:Ha ratio in plasma-only conditions, which was found to be 1:2. The
introduction of Co-loaded zeolite Il as the catalyst resulted in a shift in the optimal
N2:H: ratio, with the highest ammonia concentration observed at a ratio of 2:1. These
findings highlight the significant influence of the N2:H> ratio on ammonia synthesis,
indicating that the presence of Co in the catalyst modifies the reaction pathway, thereby

enhancing the overall efficiency of ammonia production under specific gas mixture



conditions. A high N2:H> ratio for ammonia production is advantageous in industrial
applications because it can help reduce the amount of hydrogen needed, which is often
the more expensive and energy-intensive reactant to produce. In many industrial
processes, hydrogen is sourced from natural gas or other fossil fuels, which incurs high
costs and carbon emissions. By increasing the nitrogen content relative to hydrogen,
the process can make better use of abundant and relatively inexpensive nitrogen,
reducing the reliance on hydrogen. This adjustment also helps in optimizing the reaction
conditions, making the ammonia synthesis process more cost-effective and potentially
more sustainable. Additionally, a higher N2:H: ratio can improve the overall efficiency
of plasma-catalytic systems, leading to enhanced ammonia production with lower
energy consumption, which is highly beneficial for large-scale industrial operations

looking to improve both productivity and energy efficiency.

Figure 19. Effect of N2:H. ratio on ammonia production using Co-zeolite 111 and zeolite 111 as

catalysts.

In terms of energy efficiency, the highest energy yield for ammonia production
was achieved using Co-loaded zeolite 11l as the catalyst (Figure 20). Under optimal
conditions, including a discharge power of 8W, a flow rate of 40 mL min, and a N2:H.
ratio of 2:1, the Co-zeolite catalyst produced an impressive energy yield of 2.25 g kWh"
. This result is particularly noteworthy because it demonstrates a highly efficient
conversion of electrical energy into ammonia, which is essential for scaling up the
process in industrial applications where energy costs are a significant factor.

When compared to the same conditions without the Co-zeolite catalyst, the energy



yield was substantially lower (0.18 g kWh™). This contrast highlights the crucial role
that the catalyst plays in enhancing the overall energy efficiency of the ammonia
production process. The Co-zeolite catalyst significantly improved the conversion
efficiency by facilitating the plasma-catalytic reaction, thereby enabling a higher
ammonia output for the same input of electrical power.

This result also highlights the importance of optimizing catalyst properties and
reaction conditions in plasma-assisted ammonia synthesis. The use of Co-loaded zeolite
not only boosts ammonia production rates but also enhances the energy efficiency of
the entire system, making it a more viable and sustainable option for large-scale
ammonia production. By improving the energy yield, it becomes possible to reduce the
operational costs and environmental impact of ammonia synthesis, aligning with the

growing demand for more energy-efficient and eco-friendly industrial processes.

Figure 20. Effect of N2:H. ratio on energy yield of ammonia production using Co-zeolite 111 and

zeolite 111 as catalysts.

3.5 Understanding plasma-catalytic ammonia production mechanism based on
zeolite materials

3.5.1 Performance of zeolite I, 11, 111, and IV

The significant differences in the catalytic activity of zeolites I, 11, 11l, and IV provide
valuable insights into the underlying mechanism. In this study, we examined the effect
of discharge power on plasma-catalytic ammonia production while keeping all other
parameters constant. As shown in Figure 21(a), increasing the power led to higher
ammonia concentrations and NHsz yield rates across all tested zeolites. This
enhancement can be attributed to the generation of more active species at higher power



levels, which are essential for NHz formation. Specifically, increasing plasma discharge
power results in a greater number of energetic electrons, which interact with atoms and
molecules to produce the reactive species necessary for ammonia synthesis.

The positive effect of increased power was particularly pronounced for zeolites Il and
IV, where ammonia concentrations rose more than tenfold as the power increased from
4 W to 16 W. For instance, with zeolite 11, the ammonia concentration increased from
144.8 ppm to 2517.7 ppm under these conditions. Notably, while zeolites Il and 1V
initially exhibited an inhibitory effect on ammonia production, this shifted to a catalytic
enhancement when the power exceeded 12 W. Despite these variations, the highest
ammonia production rate (536.9 umol g h™') was achieved with zeolite III at the

maximum power of 16 W.

Figure 21(b) illustrates the relationship between discharge power and NHs production
energy Yield. For zeolites | and Ill, energy yield decreased with increasing power,
mirroring the trend observed under plasma-only conditions. This negative effect of high
power on plasma-catalytic reactions is well-documented in the literature [7, 8, 18-20].
The decline in energy yield can be attributed to the excessive generation of electrons at
higher power levels, many of which fail to effectively collide with target molecules (N2
and Hy), resulting in energy loss and reduced overall efficiency.

However, this explanation does not fully account for the contrasting behavior observed
with zeolites Il and IV, where energy yield increased at higher power levels. As shown
in Figure 21(d), the energy yield for NHs production with zeolite II rose from 0.06 g
kWh™t00.26 gkWh™" as power increased from 4 W to 16 W. Despite this improvement,
the energy efficiency achieved with zeolites 1l and IV remained lower than that of
zeolites I and 111 across all tested power levels.

Figure 21. Effect of discharge power on (a) ammonia concentration and (b) energy yield of ammonia
production using zeolite I, 11, 111, and 1V as catalysts.



3.5.2 Characterizations of zeolite I, I, I11, and IV

The X-ray diffraction (XRD) profiles of zeolites I, Il, 11, and IV (Figure 22) confirm
their crystalline purity and phase integrity, as no additional peaks indicative of
impurities or secondary phases are observed. The XRD patterns of zeolites I, 11, and 11
align with the characteristic cubic structure of Linde-Type A (LTA) zeolite, which
belongs to the space group Fm3c. This highly porous framework consists of
interconnected cages and channels, facilitating efficient molecular sieving and
adsorption [21].
In contrast, zeolite IV exhibits an XRD pattern characteristic of Faujasite X-type zeolite,
which crystallizes in a cubic structure with space group Fd3m. Faujasite zeolites are
distinguished by their larger pore sizes compared to LTA zeolites, which can
significantly influence their adsorption behavior and interactions with gas molecules

[22].

Figure 22. XRD results of zeolite I, 1, Ill, and IV.
Figure 23 presents SEM images of the zeolite materials, further confirming their well-
defined cubic morphology. The uniform cubic crystals observed in zeolites I, 11, I11, and
IV highlight their structural consistency, which is essential for ensuring reproducibility
and reliability in catalytic applications. Notably, while all zeolites exhibit distinct and
regular crystalline forms, zeolite 1V tends to have smaller crystals compared to the LTA-

type zeolites.



Figure 23. SEM images of zeolite I, 11, 11, and 1V

The EDX results in Table 2 summarize the elemental composition of the zeolite
materials. The Al/Si ratio remains approximately 1 across all samples. In addition to
aluminum and silicon, sodium is present in all zeolites, with molar percentages ranging
from 11.7% in zeolite 111 to 32.9% in zeolite 11.

Zeolites | and 111 are typically synthesized through ion exchange, where Na* is partially
replaced by K* and Ca?* within the LTA structure (Si/Al ratio = 1) [23], a finding
corroborated by our EDX analysis. Additionally, the EDX results confirm that the
Faujasite X-type structure of zeolite IV (Si/Al ratio = 1.2) predominantly contains Na*

[24].

Table 2. EDX elemental analysis of different zeolite materials

at. % (C, O A )
Si Na K Ca
excluded) I
Zeolite | 3 32.0 19.4 15.0
Zeolite |1 3 32.9 32.9
Zeolite 111 3 36.0 11.7 14.7
Zeolite IV 3 38.1 30.1

Figure 24(a) presents the NH3-TPD results for the zeolite materials, revealing distinct



desorption profiles. In Figure 24(b), the relative ammonia adsorption capacities of the
zeolites are compared based on desorption intensity. Zeolite 111 exhibited the highest
ammonia adsorption capacity, followed by zeolite IV, zeolite I, and zeolite 1.

However, the catalytic activity, ranked as zeolite III > zeolite I > zeolite II = zeolite IV,
suggests that higher ammonia adsorption capacity does not necessarily translate to
greater catalytic performance. For instance, although zeolite IV adsorbed nearly twice
as much ammonia as zeolite I, the latter demonstrated higher activity. To investigate
this discrepancy, we further analyzed the acid properties of the zeolites through

deconvolution of the NH3-TPD data, which will be discussed later.

Figure 24. (a) NH3-TPD results and (b) normalized acid site concentration of zeolite I, 11, 111, and

v

3.5.3 Characterization of plasma-catalysis discharge

Discharge signals

As previously discussed, the varying effects of zeolites on plasma-catalytic ammonia
production may be attributed to differences in plasma discharge characteristics. To
explore this further, we analyzed the electrical signals of the discharge. As shown in
Figure 25(a), the peak-to-peak voltage across the electrodes remained around 16 kV,
regardless of the packing material.

Current spikes, indicative of micro-discharges [25, 26], were observed, with the
corresponding current profiles presented in Figure 25(b). While micro-discharges
occurred in all cases, they were significantly stronger under plasma-only conditions. In
the dielectric barrier discharge (DBD) system without packing material (plasma only),
micro-discharges spanned the entire discharge gap, extending from the inner electrode
to the dielectric surface. However, when the gap was packed with catalyst support, the
micro-discharges could no longer propagate freely. Instead, the available space for



filamentary micro-discharge formation became restricted, resulting in fewer
filamentary micro-discharges and an increased occurrence of surface discharges [25,
26]. This explains the weaker micro-discharges observed in DBD reactors packed with
zeolite materials compared to the plasma-only condition.

A higher number of micro-discharges could potentially enhance plasma-assisted
reactions [27]. However, discharge characteristics do not fully explain the superior
performance of zeolite | relative to zeolites Il and 1V, nor do they account for the

observed trends in ammonia (NHs) yield rates and energy efficiency.

Figure 25. Comparison of (a) discharge voltage and (b) discharge current when packing
zeolite I, 11, 11, and 1V in the discharge area.

OES diagnosis of plasma

Figure 26 presents the OES spectra obtained when different zeolite materials were
introduced into the plasma-catalytic system. Across all conditions, the spectra primarily
feature emissions from the second positive system of nitrogen (N2, SPS), the first
negative system of nitrogen ions (N2, FNS), the first positive system of nitrogen (N2,
FPS), the hydrogen atom (H.), and the nitrogen atom (3p*p° - 3s?p). These signals
indicate electronic excitation and ionization of N2, as well as the dissociation of N, and
H: in the N2-H2 plasma.

The overall spectral intensity follows the order: plasma only = zeolite I > zeolite 111 >
zeolite IV > zeolite 11, which does not directly correlate with the observed performance
trends. The stronger OES signals observed with zeolites | and 111 suggest that these



materials interact more significantly with the plasma, facilitating enhanced gas-phase
excitation and energy transfer.

To compare the relative intensities of hydrogen and nitrogen emissions, the nitrogen
atom spectra were normalized, as shown in Figure 26(b). Zeolite | exhibited the highest
H/N intensity ratio, followed by zeolite 11, zeolite IV, zeolite 111, and the plasma-only
condition. A higher H/N ratio suggests a greater extent of hydrogen dissociation
compared to nitrogen dissociation, implying that the catalyst is more effective at
breaking H2 bonds than N2 bonds. Alternatively, as proposed by Wang et al. [28], a
higher fraction of H atoms could result from the enhanced adsorption of nitrogen atoms
on the zeolite surface.

Energetic electrons within the plasma dissociate N> and H> molecules into atoms (N
and H) through electron-molecule collisions under strong electric fields (see Eq. (8) and
(9)). While no clear relationship exists between catalytic performance and the N/H ratio,
zeolite 111, which exhibited a high N/H ratio, demonstrated the best performance among
the tested zeolites. This is likely due to its enhanced ability to promote N2 dissociation,
a key step in plasma-enhanced catalytic ammonia synthesis [29].

Figure 26(c) compares the relative intensity of NH to N2(0,0). Among all tested zeolites,
only zeolite | exhibited an increased NH intensity relative to the plasma-only condition,
whereas all other materials showed nearly identical NH intensities.

e + N, — e + 2N (threshold 9.75 eV) (Eq. 8)
e + H, — e + 2H (threshold 4.52 eV) (Eq. 9)

The intensity ratio between the N2"(0,0) (391.4 nm) and N2(2,5) (394.3 nm) emissions
in optical emission spectroscopy (OES) serves as a key diagnostic tool for analyzing
plasma characteristics. Both emissions originate from the interaction of metastable
nitrogen molecules [30]. An increase in the N2* (391.4 nm) to N2 (394.3 nm) ratio
indicates enhanced ionization, potentially driven by stronger electric fields near the
surface of zeolite materials [31].

Among the tested zeolites, Zeolite 1V exhibits the highest N2*(0,0)/N2(2,5) ratio,
suggesting that its surface facilitates the generation of high-energy electrons, thereby
promoting ionization over neutral excitation. Conversely, despite showing the highest
catalytic activity, Zeolite 111 presents the lowest N>*(0,0)/N2(2,5) ratio. This observation
implies that neutral excitation might play a more significant role in plasma-catalytic
ammonia production.



Interestingly, performance trends reveal that neither a higher spectral intensity nor a
specific N2*(0,0)/N2(2,5) ratio directly correlates with ammonia production efficiency.
This discrepancy suggests that factors beyond gas-phase excitation, such as the surface
properties of zeolite, their ability to adsorb and activate reactants, and their role in
stabilizing reactive intermediates, may play a more decisive role in determining
catalytic activity.

Figure 26. Comparison of (a) broad scope OES spectra (200 - 800 nm), (b) the spectra
of the H atom and the N atom by normalizing the N atom spectra, (¢) NH (0, 0) spectra
by normalizing N (0, 0), and (d) the spectra of the N>*(0 ,0) (391.4 nm) and N (2, 5)
(394.3 nm) by normalizing N>*(0 ,0), using zeolite I, II, I1l, and IV as the catalyst.

3.5.4 Proposed mechanism based on NHs-TPD results



Figure 27 presents the deconvoluted NHs3-TPD results, where the fitted peaks are
categorized into three groups based on desorption and plasma temperatures: weak acid
sites (peaking below 210 °C), medium acid sites (peaking between 210 °C and 275 °C),
and strong acid sites (peaking above 275 °C). This classification helps differentiate the
various NHz desorption sites on the catalysts. Zeolite | primarily consists of weak and
medium acid sites, with the intensity of the weak acid sites significantly exceeding that
of the medium acid sites.

Figure 27. Deconvoluted NH3-TPD results of zeolite I, 11, I11, and V.

Given the operating temperature of the DBD reactor, it is hypothesized that ammonia
formed during the catalytic reaction cannot be adsorbed onto weak acid sites.
Consequently, materials composed solely of weak acid sites do not contribute to
ammonia production, as they lack the ability to retain ammonia generated in the plasma-
catalytic reaction.

In contrast, materials containing medium and strong acid sites can adsorb ammonia
from the gas phase into the zeolite pores under plasma conditions. This adsorption
creates a "'shielding effect," protecting the formed ammonia and shifting the equilibrium
toward increased ammonia production. However, if a material contains only strong acid
sites, the adsorbed ammonia is unlikely to desorb, particularly at low power levels.
Moreover, high-energy electrons may interact with the ammonia adsorbed on the zeolite
surface, negatively impacting ammonia production.

On the other hand, ammonia adsorbed on medium acid sites desorbs more readily. This
suggests that medium acid sites enhance ammonia production by capturing the formed
ammonia near its generation sites while preventing surface decomposition.



The results supported this assumption. For zeolite I, the presence of a few medium acid
sites and the absence of strong acid sites enhanced ammonia production compared to
plasma treatment alone. In contrast, when the DBD reactor was packed with zeolite 11
or zeolite 1V, ammonia production decreased at discharge powers below 12 W. This
reduction was attributed to the high concentration of strong acid sites in these zeolites
and the relatively low number of medium acid sites. However, increasing the discharge
power mitigated this negative effect, as higher temperatures and more energetic
electrons facilitated ammonia desorption. Among the tested zeolites, zeolite 111, which
has a high density of medium acid sites and significantly fewer strong acid sites, was
expected to perform best, a prediction confirmed by the results.

4. Collusion

In this deliverable, we first presented a detailed kinetic model for plasma-assisted
ammonia synthesis. This model encompasses a variety of electron impact reactions,
reactions involving excited species, ionic reactions, and chemical reactions between
neutral species. The model is validated by comparing the model predictions and
experimentally measured steady-state data of ammonia concentration as a function of
input power. The model prediction shows a good agreement with the experimental data,
confirming the validity of the designed plasma chemical kinetics model. The path flux
analysis was conducted to elucidate the underlying mechanism of ammonia synthesis
at 40 mL min* and 8 W input power. The simulation results show that ammonia is
primarily formed through the recombination reactions NH> + H+ M — NHz + M and
NH + H, + M — NHz + M. Meanwhile, the formation of NH and NH. radicals is
attributed to the successive hydrogenation of N and N(?D). These findings provide
new insights into improving the ammonia formation for the plasma-assisted ammonia
synthesis process.

The experimental studies highlight the significant impact of catalyst support materials
and metal loadings on plasma-catalytic ammonia production. The performance of non-
zeolite-based catalysts, such as y-Al2Os, carbon black, and MgO, demonstrates the
critical role of support materials in optimizing catalytic activity, electron transfer, and

metal dispersion. Among these, y-AloOs proved to be the most effective support,



promoting substantial improvements in ammonia yield through efficient metal
dispersion and strong interactions with the plasma. Notably, the catalytic performance
was highly influenced by the discharge power, with y-Al.O3-based catalysts showing
remarkable enhancements when combined with metals like Ni and Co, underscoring
the importance of careful selection and optimization of both the support and metal
catalyst.

The incorporation of transition metals such as Ru and Pt, supported on y-Al>O3
and carbon black, did not significantly enhance ammonia production, suggesting that
plasma-driven processes may primarily rely on plasma-induced reactions rather than
metal-catalyzed steps. This highlights a key distinction between plasma-catalytic and
conventional thermal catalytic processes, where the role of support materials is more
pronounced in plasma systems due to direct plasma-support interactions.

Further investigation into zeolite-based catalysts revealed that Y-zeolite, along
with various metal and promoter modifications, showed promising potential in
enhancing ammonia production. Particularly, USY zeolite exhibited significant
improvements in ammonia yield, with a notable synergy observed when combined with
NiO. The results from zeolite 111, both in its unmodified form and as modified with Co
through ion-exchange, showed remarkable catalytic activity and stability, establishing
its potential for large-scale applications. Additionally, the optimization of the N2:H>
ratio demonstrated that Co-loaded zeolite 111 could shift the optimal conditions,
enhancing ammonia production efficiency and reducing hydrogen consumption, which
is crucial for economic and environmental sustainability in industrial ammonia
synthesis.

The study also demonstrated the importance of energy efficiency in plasma-
catalytic processes. The Co-loaded zeolite I11 catalyst achieved the highest energy yield
of 2.25 g kWh'l, emphasizing the potential of plasma-assisted ammonia synthesis for
industrial-scale applications where energy costs are a major consideration.

Regarding the underlying mechanism, we have demonstrated that the
characteristics of acid sites play a crucial role in the catalytic performance of zeolite

materials in plasma-catalytic ammonia synthesis. Our results show that zeolite I,



which is rich in medium acid sites, enhances NHs production by facilitating efficient
adsorption and desorption processes. In contrast, zeolites with a high concentration of
strong acid sites impede ammonia desorption, reducing their catalytic efficiency,
especially at lower discharge powers.

In summary, the project highlights the importance of selecting the right catalyst
support, metal loading, and plasma conditions to optimize ammonia production. It also
highlights the promising potential of Co and Ni-loaded zeolites, particularly USY
zeolite and tailored LTA zeolite, for enhancing energy efficiency and ammonia yield.
The insights into the mechanisms governing plasma-catalytic ammonia synthesis
emphasize the importance of rational catalyst design that prioritizes the balance of acid
site types. These findings provide valuable insights into advancing plasma-catalytic
ammonia synthesis, paving the way for more sustainable and efficient industrial
processes.
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