friried applied
e sciences

Article

Effectiveness of Noble Gas Addition for Plasma Synthesis of
Ammonia in a Dielectric Barrier Discharge Reactor

Yihao Xu !, Hao Yuan 2, Hongli Wang 2, Ke Lu 2 and Dezheng Yang 1-2*

check for
updates

Citation: Xu, Y,; Yuan, H.; Wang, H.;
Lu, K;; Yang, D. Effectiveness of Noble
Gas Addition for Plasma Synthesis of
Ammonia in a Dielectric Barrier
Discharge Reactor. Appl. Sci. 2024, 14,
3001. https://doi.org/10.3390/
app14073001

Academic Editor: Francis Verpoort

Received: 7 March 2024
Revised: 24 March 2024
Accepted: 30 March 2024
Published: 3 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 College of Sciences, Shihezi University, Shihezi 832003, China; 20212018006@stu.shzu.edu.cn

Key Lab of Materials Modification by Laser, Ion, and Electron Beams, Dalian University of Technology,
Ministry of Education, Dalian 116024, China; yuanhao@dlut.edu.cn (H.Y.);
wanghonglil10@mail.dlut.edu.cn (H.W.); lukeloOk@mail.dlut.edu.cn (K.L.)

*  Correspondence: yangdz@dlut.edu.cn; Tel.: +86-13322214836

Abstract: Non-thermal plasma driven ammonia synthesis has great potential for future industrial
applications due to its low theoretical energy requirements. To achieve technological advancement
and environmental sustainability, it is crucial to boost the energy yield in plasma-assisted ammonia
synthesis. Therefore, optimizing energy transfer and utilization are key strategies for enhancing
energy efficiency. In this study, dielectric barrier discharge driven by a nanosecond pulsed power
supply is used to enhance plasma-assisted ammonia synthesis by controlling the energy transfer
through the addition of noble gases. It was found that the addition of noble gases changed the plasma
characteristics, significantly improved the uniformity of the discharge, and achieved a high energy
yield for ammonia synthesis. The effects of additive amounts of argon (Ar) and helium (He), as
well as the pulse parameters including the pulse voltage, pulse repetition frequency, pulse width,
and pulse rise time on the energy yield of ammonia synthesis are discussed. The inclusion of noble
gases expanded the pathway for gas-phase reactions, with the active components of critical reactions
examined through optical emission spectra. This analysis revealed an increased presence of both Np*
and N,* particles in the reaction’s rate-limiting step, attributed to the addition of noble gases. Finally,
a zero-dimensional (0D) plasma chemical kinetic model was established to investigate the influence
of Ar addition on the reaction mechanism of ammonia synthesis.

Keywords: ammonia synthesis; dielectric barrier discharge; non-thermal plasma; optical emission
spectra; kinetic modelling

1. Introduction

Ammonia is a promising energy source and industrial raw material. In recent years,
ammonia has attracted widespread attention [1]. As a carbon-free hydrogen energy carrier,
ammonia has the advantage of being safe and easy to store and transport [2]. Ammonia is
also of great economic importance as a basic precursor for many essential chemicals [3]. The
Haber-Bosch (H-B) process using an iron-based catalyst is the current method of industrial
ammonia synthesis. This reaction requires high temperatures (500 °C) and high pressures
(200 bar) to proceed [4]. However, the H-B process is responsible for consuming 1-2% of
the world’s total energy and contributes to 1.6% of global CO, emissions [5]. Over the past
decades, high temperature and pressure reaction conditions have prevented significant
increases in the efficiency of the H-B process, and improvements in catalysts have not
resulted in significant increases in energy yields or improvements in economics [6].

In the past few years, many researchers have investigated green, environmentally
friendly, and gentle methods for ammonia synthesis. Among them, non-thermal plasma
(NTP) technology is a novel solution, especially when combined with catalysts [7]. In the
plasma region, collisions between electrons and gas molecules cause various reactions. As
a result, low activation barriers are produced under mild reaction conditions, effectively
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activating molecules with strong bonds such as N=N triple bonds [7]. The plasma can be
initiated and halted at any moment and is flexible to intermittent renewable energy sources,
including solar, wind, and hydropower [8]. Plasma ammonia synthesis reaction units
are very small and can be adapted to practical conditions for decentralized, small-scale
ammonia production. Based on these advantages, plasma-catalyzed ammonia synthesis
has great application potential.

To date, researchers have investigated NTP-assisted ammonia synthesis using var-
ious types of discharges, including glow discharges [9,10], radio frequency discharges
(RF) [11,12] and microwave discharges [13,14], arc discharges [15-17], and dielectric barrier
discharges (DBD) [18-20]. Uyama et al. attempted the synthesis of ammonia by NTP
using microwave discharges and RF plasma. These processes were performed at a pressure
of about 650 Pa, well below atmospheric pressure [21]. However, to eliminate the need
for a vacuum and allow for the continuous operation of the system, studies published
in recent years have focused on ammonia synthesis using DBD. Gomez et al. described
a ferroelectric packed-bed DBD reactor. Two planar electrodes and a filled catalyst form
the main body of this reactor. In this study, the ferroelectric material acts as both the
catalyst and the electrode [22]. However, in their most recent study using this DBD device
coupled with a metal catalyst, although the discharge characteristics could be modified to
produce a stronger plasma, ammonia decomposition or hydrogen exchange processes were
promoted in the process, and the ammonia synthesis of this reactor was not significantly
enhanced [23]. This structure of the DBD makes it easier to couple the plasma to the
catalyst to support ammonia synthesis, and improves ammonia synthesis by changing the
discharge characteristics of the plasma and adding new chemical kinetic reactions [24].
In addition to the addition of suitable catalysts, the addition of noble gases to gas-phase
reactions can also improve plasma utilization. It has been discovered that the addition of
noble gases alters the properties of the plasma, which accelerates the chemical reactions
within it. Adding noble gases to the RF plasma resulted in much improved ammonia
synthesis by Yaala et al. [25]. The addition of Ar to the DBD plasma by Liu et al. resulted
in an increase in the conversion of N of 4.53-8.13%, indicating that the addition of Ar
favors the generation of NHj [26]. Patil et al. used a packed-bed DBD plasma to synthesize
ammonia by adding a small amount of Ar to the gas feed, which resulted in a 2% increase in
ammonia concentration and energy yield, but the addition of excess Ar reduced ammonia
production by 5.6% [27]. Zhou et al. modified the plasma characteristics and increased
ammonia production by adding He to various configurations of DBD reactors [28]. For
different types of plasma, the addition of noble gases under different conditions produces
different effects, so it is crucial to study the optimal reaction conditions and synthesis
mechanism for the interaction between the reactor and the plasma. From previous work,
it can be seen that DBD ammonia synthesis is mostly plasma generated by AC power
sources and nanosecond power sources are rarely used for ammonia synthesis. Optimizing
the plasma source is one way to improve the use of energy in the process. Nanosecond
pulses enable controlled discharges on shorter time scales than AC power sources, allowing
electrons to gain high energy in the free range, avoiding energy loss in the gas heating
process and providing high efficiency in terms of energy consumption and energy yield.
Second, nanosecond pulsed power supplies have more adjustable parameters for better
control of plasma properties [29].

In this work, we integrated a nanosecond pulsed power supply with a DBD system
to enhance ammonia synthesis by incorporating noble gases, specifically Ar and He. This
study thoroughly explored how various gas conditions, noble gas additions, and pulse
parameters influenced the rate of ammonia synthesis and its energy yield. Additionally, the
impacts of Ar and He additions on plasma characteristics were examined using electrical
characterization diagnostics. The analysis of the influence of noble gases on the ammonia
synthesis mechanism was conducted using optical emission spectra (OES) and 0D plasma
chemical kinetic modeling.
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2. Experimental Setup and Methods
2.1. Experimental Setup

Figure 1 shows a schematic diagram of NTP-assisted ammonia synthesis. The reactor
is a coaxial DBD. Stainless steel rods are used as high voltage electrodes. A pulsed power
supply (HVP20P, Xi’an Smart Maple Electronic Technology Co., Xi’an, China) capable of
delivering voltages up to 30 kV and operating in the frequency range of 100-3000 Hz was
used for the experiments. An 80 mm long copper mesh served as the grounding electrode,
while a stainless-steel electrode with a 6 mm diameter acted as the high voltage counterpart.
The quartz tube featured a 1 mm wall thickness and the gap for discharge was set at
2 mm. Hydrogen was obtained from a hydrogen generator (TH-300, Beijing Institute of
Cogeneration Analysis Technology, Beijing, China). A gas mixture of nitrogen (99.999%),
hydrogen (99.99%), and argon (99.999%) or helium (99.999%) was introduced into the
reactor. Its flow rate and volume ratio were adjusted by a mass flow controller. To capture
the electrical characteristics of the plasma within the reactor, an oscilloscope (TDS 3054B,
Tektronix Inc., Beaverton, OR, USA) equipped with a current monitor (TCP312A, Tektronix
Inc., USA), a voltage probe (P6015A, Tektronix Inc., USA) all supplied by Tektronix, was
utilized. OES were recorded and transferred to a grating monochromator (ANDOR SR-7501I,
Andor Technology, Belfast, UK), and the optical signals were converted to digital models
by a CCD (Newton 920, Andor Technology, UK).
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Figure 1. Experimental setup for ammonia synthesis by DBD.

2.2. Parameters Calculation and Kinetic Model

After the reaction, the tail gas was transferred to 10 mL of 0.005 mol/L HySO; dilute,
and 0.5 mL of absorbed H,SO, dilute was transferred to the ammonium nitrogen detector
to determine the ammonium concentration. The chemical formula of the reaction is shown
in Equation (1):

2NH3H20 + HzSO4 = (NH4)2804 + 2H2O (1)
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The measured ammonium concentration was the ammonia concentration. From
Equation (2), the ammonia synthesis rate could be calculated as follows:

C(mg~L_1) x 10(mL) x 60(min-h—1)

NHj; synthesis rate (ymol g L. h_1> = )

18(g : molfl) X t(min)

where C is the NHj3 concentration. ¢ is reaction time. Equation (3) was used to determine
the energy yield (g kWh™1):

C(mg-L™") x10(mL)
f(min)

X 60 (min . h_l)

B(W) x 1073 3)

Enm, (8 : kWh_l) =

P :f/V(t) x 1(1)dt @)

In Equation (4), “V(t)” is the voltage in “V”, “I(t)” is the current in “A”, “f” is the
frequency in s~ 1.

The experimentally measured spectra of N (C3IT,—B3 Ilg) were imported into the
Specair software (Version 3.0), and the OES curves were fitted to them by setting the
parameters of spectral species and the narrow peak coefficient, and adjusting the set values
of rotation and vibration temperatures to derive the rotation and vibration temperatures of
the nitrogen molecules under the experimental conditions. Given the minimal energy gap
between rotational energy levels, the plasma’s gas temperature can be closely estimated by
the rotational temperature of Nj.

A 0D plasma chemistry model was used to understand the key intermediates and
chemical pathways following the addition of noble gases. The electron temperature in a
non-equilibrium plasma is much higher than the gas temperature, and the electron en-
ergy distribution function deviates from the Maxwell distribution, which is subject to the
Boltzmann equations, which are too complicated to solve because they include all possible
transport and collision terms. The BOLSIG+ Boltzmann equation solver, developed by
Hagelaar et al. [30], provided a swift method to approximate the solution of the Boltzmann
equation. It utilized two approximations to calculate the electron energy distribution func-
tion, Fy. After the Boltzmann equation was solved and F determined, the rate coefficients
for every substance involved in the electron collision reaction process were calculated using
Equation (5).

ke =0 /0 eocFyde (5)

In Equation (5), kje is the electron collision reaction rate coefficient in “m3/s”; vis the
viscosity coefficient in “Pa-s”, € is the electron energy in “eV”; ¢ is the electron collision
cross section, and F is the obtained electron energy distribution function.

When simulating the discharge process, the ZDPlaskin Fortran90 program calls the
BOLSIG+ solver to solve the electron transport coefficients and the reaction rate coefficients
quickly and in real time, and calls the DVODE_90 solver to solve the component concentra-
tion equations to obtain the reaction rate and the evolution of reactive particles over time
during the discharge process.

The support material lists the 51 particles (Table S2), the chemical reactions involved,
and the corresponding reaction rate constants (Table S3) considered in the chemical
modeling of the synthesis of ammonia with the addition of Ar in nanosecond pulse
discharge plasmas.

3. Results and Discussion
3.1. Effect of Ar and He Addition on Electrical Characteristics

We compared the discharges without noble gas addition, with Ar addition, and with
He addition under the same discharge conditions, with the pulse voltage set to 13 kV, the
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pulse repetition frequency set to 1200 Hz, and the amount of noble gas added to 40% of the
total gas volume. Maintaining the gas ratio of H:N, = 3, the total gas flow rate was set at
120 mL/min without the addition of noble gas, and at 200 mL/min when noble gas was
added. Refer to Table S1 for the various gas flow rate configurations (the impact of gas flow
rate will be examined subsequently). Figure 2 shows the voltage—current profiles for the
three cases of no noble gas addition, Ar addition, and He addition. The figure illustrates
that the current’s amplitude escalates with the incorporation of Ar and He. Without any
noble gas, the current amplitude stands at 18.49 A, but this figure climbs to 25.18 A with Ar
and further to 27.24 A with He. This rise in current amplitude is attributed to the reduction
in breakdown voltage caused by the addition of Ar and He [26]. The lower breakdown
voltage is responsible for its stable discharge at lower energy input [28]. In contrast to the
case without noble gas addition, the waveform of the discharge current becomes smoother
in the discharge, indicating that the uniformity of the discharge is improved. Previous
research has shown that the most significant impact of adding noble gases to discharge
plasma is the facilitation of a more uniform and diffuse plasma generation [31]. This is due
to the fact that the metastable energy levels of Ar and He atoms are higher in energy than
the metastable energy levels of N atoms. The addition of a noble gas to the feed gas results
in a Penning reaction, which causes the ionization coefficient to increase, thereby reducing
filamentary discharges and making the plasma more uniform and diffuse [32]. In addition,
the increase in voltage amplitude is greater for the case of adding He, which also indicates
that the discharged power is higher for the case of adding He. This is related to the thermal
conductivity of Ar and He. The thermal conductivity of Ar is 0.018 W/mK, compared to
He is 0.15 W/mK. The superior thermal conductivity of He contributes to maintaining
discharge stability by facilitating rapid heat transfer. In addition, rapid diffusion during
discharge contributes to the uniformity and diffusion of the discharge because the diffusion
coefficient of He is much higher than that of Ar [28].
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Figure 2. Effect of Ar and He addition on voltage—current profile.

3.2. Effect of Ar and He Addition on NH3 Formation

In NTP-assisted ammonia synthesis applications, the gas flow rate can affect the
ammonia synthesis. The effect of the total gas flow rate on ammonia synthesis was explored
using 13 kV, 1200 Hz pulse parameters without noble gas addition, always keeping the gas
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ratio Hy:Nj = 3. Figure S1 illustrates that elevating the low flow rate enhances both the
ammonia synthesis rate and the energy yield. This enhancement plateaus once the flow
rate hits 120 mL/min and starts to decline when exceeding 280 mL/min. Increasing the gas
flow rate will provide a larger supply of raw reactant gas, thereby increasing the collision
probability between reactive particles. This will be beneficial for ammonia production [26].
At the same time, with the shortening of the residence time, the possibility of effective
collisions of electrons with the reacting material, both on the surface of the packing and
in the gas phase, decreases, thus reducing the rate of NHj synthesis [33]. Similarly, Wang
et al. combined experiments and calculations to conclude that a reasonable increase in the
flow rate would improve the synthesis rate of NH3;. However, too high a flow rate leads to
a decrease in the specific energy input (SEI), which is the main reason for the decrease in
NHj; yield [34]. Based on the experimental results, we conclude that increasing the initial
number of reactants significantly increases the efficiency of ammonia synthesis at low flow
rates. Once the “synthesis capacity” of the system is reached, the reduction in the SEI and
the shortened reaction time result in a decrease in the rate of ammonia synthesis. In the
experiments investigating the effect of noble gas addition on ammonia synthesis, the total
gas flow rate was always maintained at 120-280 mL/min. Although the ammonia synthesis
rate and energy yield decreased slightly in this flow rate range, the ammonia synthesis rate
did not decrease by more than 5.76% and the energy yield did not decrease by more than
8.06%. Therefore, it was considered to be a stable “flow rate window”. The flow rates of
the added gases under various conditions are shown in Table S1.

Under the same pulse parameters (13 kV, 1200 Hz), the effect of the feed gas ratio
and adding noble gases to different feed gas ratios on the effect of ammonia synthesis was
investigated. Figure 3 shows the energy yield of ammonia synthesis with different raw gas
ratios and with the addition of Ar and He to different raw gas ratios. As shown in the figure,
the energy yield of ammonia synthesis without the addition of Ar and He increases with the
nitrogen content and has a maximum value of 0.417 g-NH3 /kWh at Hy:N, = 3. Beyond this
ratio, the energy yield starts to decrease with increasing nitrogen content. This is consistent
with the gas ratios in the theoretical reaction (N + 3H; <+ 2NHj3) [35]. The dissociation
of N=N is the rate-limiting step of the entire reaction, owing to the significantly higher
dissociation energy of N (9.75 eV) compared to that of H, (4.52 eV) [36]. When the value of
Hj:N; changes from 3 to 5, the energy yield decreases, which suggests that increasing the
H; content also decreases the energy utilization because excess active hydrogen contributes
to ammonia decomposition. Energy yield also begins to decrease when the Hj:N, ratio
exceeds 3. Increasing the N; concentration beyond the optimum ratio will use less H; for
ammonia production. With the addition of noble gases, the optimal ratio of gases changed;
the optimal ratio with the addition of Ar was H,:N, = 1, while the optimal ratio with
the addition of He was H):N, = 2. The different optimal ratios observed with no noble
gas addition and with different noble gas additions are due to the different sensitivities
of the optimal gas ratios to the reduced field in the reaction and to the electron density
in the reactor [37]. The addition of either Ar or He increased the energetic yield of NH3
synthesis in all gas ratios. The introduction of noble gas improved the discharge conditions
and increased the electron density in the reactor, which had a positive effect on ammonia
synthesis [38]. Furthermore, additional non-surface reactions (described in detail in a later
section) promoting ammonia synthesis will be provided by new collisional particles such
as Ar*, He*, etc.
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To study the effect of the amount of noble gas added on the synthesis of ammonia, we
added different amounts of noble gas at different feed gas ratios. Figure 4a,b illustrate how
different additions of Ar and He at different gas ratios affect the energy yield in ammonia
synthesis. According to the data presented, optimal results were obtained with both Ar and
He additions at a ratio of 40%. Beyond this point, the energy yield of ammonia synthesis
begins to decrease as the additions increase. The diminished lifting effect observed at a gas
ratio of Hy:Np = 3 stems from the shift in the optimal gas ratio caused by the incorporation
of noble gases. This result indicates that moderate addition of noble gases is favorable
for ammonia synthesis, while excessive addition of noble gases can have a negative effect
on ammonia synthesis. In the previous analysis, we concluded that the addition of an
appropriate amount of noble gas can optimize discharge uniformity, while the addition
of noble gas adds more collision particles to the reaction, increasing the likelihood of
inelastic collisions and thus increasing the production of intermediate reaction products.
However, in the case of further ionization, the increase in metastable Ar* and He* helps
to maintain the plasma for a longer period of time, a process that may promote ammonia
decomposition [28,39]. In a later section, we will discuss the fact that the number of active
particles in the metastable state increases with the addition of noble gases. When the
density of the reacting species reaches its optimum level, further addition of noble gas
changes the properties of the plasma, leading to an increase in both electron density and
electron energy. This enhancement triggers additional decomposition of the intermediate
product NH, in the gas phase [31]. Additionally, More energy is wasted on ionization and
excitation of Ar and He than the dissociation of N, and H, when noble gases are added at
too high a concentration [40].

Figure 4 demonstrates that the energy yield from ammonia synthesis notably improves
as the nitrogen content increases, whereas the optimal gas ratio remains unchanged with
an increase in noble gas content. The addition of noble gases increases the average electron
energy and electron density, making N, easier to dissociate. For a given energy input, the
conversion of Ny increases with the addition of Ar and He, thus shifting the optimum gas
ratio to a higher nitrogen concentration by noble gas injection. Figure S2 illustrates that the
discharge power escalates with an augmentation in Ny content, aligning with the findings
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of Brand et al., who reported that incorporating Ar into the gas mix enhances the average
electric field strength [41]. It should be noted that too much Hj leads to a weakening of the
ammonia synthesis. The increase in metastable H* in the plasma undergoes a quenching
reaction, and the intensity of the plasma discharge weakens as the H, content increases [42].
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Figure 4. Effect of the addition of (a) Ar and (b) He on the energy yield of the synthesis of ammonia.

3.3. Effect of Discharge Parameters on NH3 Formation

The impact of pulse voltage on the discharge is notably crucial, given that pulse
voltage is instrumental in the ionization process of N and H;. Figure 5a,b show the effect
of different pulse voltages on the effect of ammonia synthesis. As shown in Figure 5a,
without addition of noble gases, the ammonia synthesis rate rises and then decreases with
increasing voltage, indicating that when the voltage exceeds 13 kV, more input energy can
promote the ammonia decomposition reaction. After the addition of noble gas, the ammonia
synthesis rate did not decrease with increasing voltage. The increase of voltage makes the
ionization of gas molecules more intense, which makes the rate of electron collision reaction
greatly increase, so the increase in voltage can effectively promote ammonia synthesis.
Figure 5b shows that after introducing Ar and He, the ammonia synthesis rate rises with
an increase in voltage, yet the peak energy yield for both is attained at 13 kV. This means
that after the discharge voltage exceeds 13 kV, the energy utilization of ammonia synthesis
decreases with increasing voltage for the same input energy. Since the increase in voltage
also increases the probability that Ar and He will collide with electrons, this consumes
some of the input energy. As for the increase in the rate of ammonia synthesis, we attribute
it to the increase in the number of active particles of Ar and He, whose collisions with other
particles produce more reactive substances such as Np*, Np*, and H*. The mechanism
of generation of active species will be described in detail later. This is because more non-
surface reaction pathways compared to the case without the addition of noble gases means
that intermediate reactants can be produced by more particle collisions, especially reactive
particles of Ny, which have the rate-limiting effect on the reaction [43].

Figure 5¢,d illustrate how variations in pulse frequency impact the rate of ammonia
synthesis and the efficiency of energy yield. Increasing the pulse repetition frequency
increases the electron density and the amount of active material due to the increased
energy input within the discharge period. Figure 5c reveals that the rate of ammonia
synthesis progressively rises with an increase in pulse repetition frequency. The reason is
that a higher pulse frequency augments the charge within the discharge channel, thereby
enhancing discharge activity. This amplification in discharge intensity boosts collision



Appl. Sci. 2024, 14, 3001

90f17

chances, leading to a surge in high-energy electron generation per unit time, which in turn
elevates the ammonia synthesis rate. Figure 5d shows that the energy yields for both the
cases without and with the addition of noble gases have a maximum at a pulse repetition
frequency of 1200 Hz. The pulse repetition frequency begins to decrease when it exceeds
1200 Hz, and too high a pulse repetition frequency leads to a decrease in energy yield. The
power formula indicates that a rise in frequency corresponds to an increase in discharge
power. However, the energy yield from ammonia synthesis diminishes when the pulse
repetition frequency becomes excessively high. However, for ammonia synthesis, which
is a reversible reaction, we cannot intuitively determine from the conclusions whether an
increase in frequency results in facilitated ammonia decomposition.
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Figure 5. Effects of pulse voltage and pulse repetition frequency on (a,c) the rate of ammonia synthesis
and (b,d) the energy yield.

The effect of pulse width on the rate and energy yield in the three systems is shown
in Figure 6a,b. It can be seen that increasing the pulse width decreases the energy yield.
Increasing the pulse width decreased both the synthesis rate and the energy yield without
the addition of noble gases. In contrast, the addition of Ar and He gave the best results at
a pulse width of 120 ns. As the pulse width increases from 100 ns to 120 ns, the energy
input and discharge time also increase, and the number of high-energy electrons and
reactive species involved in the ammonia synthesis reaction increases, which facilitates the
promotion of ammonia synthesis. The essence of the pulse width is the discharge time of
the highest voltage of a single pulse of a nanosecond pulse, in which the prolongation of
the discharge time of a single pulse continuously excites the active particles and reduces
the relaxation process of the active groups [44]. Increasing pulse width in plasma-assisted
ammonia synthesis experiments can raise energy input, but extending the single-pulse
maximum voltage discharge time beyond the optimal pulse width can negatively affect
ammonia synthesis, promoting its decomposition. Comparing pulse voltage and pulse
width, increasing pulse voltage boosts energy input without extending relaxation time,
while increasing pulse width maintains energy input per unit time, prolonging pulse
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duration. Due to plasma’s unique properties, reactions occur on very short timescales;
extending discharge time can decompose produced ammonia, reducing energy yield [29].
Appropriately increasing pulse width injects more energy into the reaction, but exceeding
optimal parameters leads to the decomposition of synthesized ammonia; the optimal pulse
width parameter is a balance between energy input and efficient utilization of the input
energy. Thus, controlling energy input over time is crucial for studying the impact of pulse
width on ammonia synthesis. Notably, gas breakdown characteristics vary with pulse
width, with shorter pulses (1 ns) breaking down after the pulse and longer pulses (100 ns)
during the pulse, highlighting pulse width’s influence on plasma properties [45].
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Figure 6. Effect of pulse width on (a) the rate of ammonia synthesis and (b) the energy yield and
effect of pulse rising time on (c) the rate of ammonia synthesis and (d) the energy yield.

During operation of a pulsed power supply, the time it takes for the voltage to rise from
zero to the maximum voltage is known as the pulse rise time. The excited state particles
produced in the plasma have short lifetimes. The pulse rise time directly determines the
properties of the plasma [46]. Figure 6¢,d depict how varying pulse rise times impact the
rate of ammonia synthesis and the efficiency of energy yield. As depicted in the figure, both
the rate of ammonia synthesis and the energy yield diminish as the pulse rise time increases,
with a more pronounced effect observed in the presence of noble gas addition. A shorter
pulse rise time means a faster change in voltage over time, which favors the generation of a
higher reduced field, thus increasing the average electron energy, leading to an increase
in the probability of excitation or dissociation of N, and Hj [47]. Similarly, increasing the
pulse rise time results in a longer reaction time during which the NH3 produced has a
higher probability of colliding with electrons or other particles, leading to decomposition.

3.4. OES of Plasma with Addition of Ar and He

The intensities of the characteristic spectral lines represent the relative concentrations
of the corresponding species, and Figure S3 presents the OES for the cases of adding Ar
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and He, highlighting the characteristic peaks at specific wavelengths. Figure 7 shows
the OES of the N second positive system (N, (C*I1, — B%II,, 337.1 nm)) and the Np*
first negative system (N, * (B?Z,* — X2E,*, 391.4 nm)) for Ar and He, respectively. This
suggests that electronic excitation (6) and ionization (7) reactions occur during the synthesis
of ammonia. As can be seen in Figure 7, the intensities of the N»* and N,* spectral lines
increase with increasing Ar and He content, a phenomenon that suggests that electronic
excitation and ionization reactions occur more strongly with increasing noble gas addition.
Combined with experimental results, increasing the number of reactive particles in the gas
phase reaction improves ammonia synthesis, but OES was unable to quantify whether the
reactive particles were more involved in the forward or reverse reaction. However, despite
the higher strength of No* and N, * at higher additions of noble gases, the experimental
results show that the energy yield of ammonia synthesis with 50% Ar and 50% He is lower
than that with 40% Ar and 40% He. Because the energy of metastable He exceeds the
ionization energy of Ny, they generate He" particles through charge transfer between Ny
and metastable He*. (8), and the He,* particles collide with Ny to produce Ny* (9) at a very
high reaction rate [28]. Similarly, the metastable Ar* collides with N to form Np* [48]. This
collision process is thus facilitated with increasing noble gas additions, which also leads to
an increase in the excited state N, content with increasing noble gas additions.

e+ Ny — e+ Ny* (6)
e+Ny —e+Ny" +e (7)
He*+ N, — N, + He + e (8)
H62+ + Ny — N2+ + 2He (9)
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Figure 7. Influence of the content of (a,b) Ar and (c,d) He on the spectra of N,* and Np*.

The properties of the plasma can be significantly altered by the addition of noble
gases. We used Specair software to fit the OES of N, *(B-X) to derive the gas temperature
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under experimental conditions. Electrons gain energy from the electric field and transfer
it to other particles through collisions; the vibrational excitation of Nj helps to lower the
dissociation potential barriers to produce more intermediate species [49]. Figure 8 shows
the effect of noble gas addition on gas temperature. As can be seen from the figure, the
rotational temperature decreases as the amount of noble gas added increases, indicating
that more energy is being used to dissociate Ny. In particular, gas temperature also has an
important effect on ammonia synthesis; in previous reports, elevated temperatures promote
particle collisions, while excessive temperatures can cause decomposition reactions in the
ammonia produced [50].
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Figure 8. Effect of different Ar and He additions on rotational temperature.

3.5. NHj3 Generation Mechanism

In order to further investigate the reaction mechanism of ammonia synthesis by pulsed
discharge plasma after the addition of noble gases, we analyzed the main reactions after
the addition of Ar using a 0D ZDPlaskin reaction kinetics model. In this model, we used
the optimal reaction conditions, i.e., the gas ratio of Ny:Hj =1, the addition of Ar of 40%,
the pulse voltage of 13 kV, and the pulse repetition frequency of 1200 Hz.

Figure S4 represents the time-dependent changes in the density of the main reactive
species during ammonia synthesis by nanosecond pulse plasma. The solid lines in the
figures represent the initial reactants N, Hy, and the product NH3, respectively. In each
discharge cycle, the species density shows a periodic pattern. Within a discharge cycle, the
number of active particles increases at the onset of discharge due to the energy provided
by the discharge, leading to the ionization and dissociation of the initial reactants into
intermediate active species. During the intervals between discharges, the active particles
and radicals lose external energy, leading to a reduction reaction and a decrease in density.
Within a single pulse discharge, there is significant variability in the concentration of
different particles. In previous studies, within systems containing only N, and Hj, the
density of N typically ranged between 10® and 10!2 cm 3, and the density of H between
10'% and 10'® cm 3. However, after adding Ar, the density of N ranges between 10'° and
10'® cm~3, and the density of H between 10'® and 10! cm~2 (compared under the same
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voltage conditions, as discharge voltage can alter particle density) [51]. This indicates that
the involvement of Ar promotes the dissociation of N, and Hj. The lower density of N
compared to H also suggests that the dissociation of N is the rate-limiting step in the
entire ammonia synthesis reaction. The intermediate species NH and NH, are at a lower
magnitude, only increasing in particle density at the start of discharge, indicating that the
ammonia synthesis reaction primarily occurs with the involvement of discharge plasma.

According to the previous studies, N,*, N, and H* were considered as important
initial reactants. NH, species were also considered as important intermediates [52,53].
By facilitating a charge transfer reaction with N; (10), the introduction of Ar augmented
the density of N,* ions. A similar charge transfer process is observed between Ar* and
H, (11) [54]. Figure 9 shows the conversion between Ar and Ar*. As shown in Figure 9,
the decrease in Ar particle density indicates that Ar is consumed throughout the reaction,
Ar collides with electrons to produce Ar* (12), and the reaction of Ar* with N, and H;
increases the particle density of No™ and Hp*. At the beginning of the discharge, as the
charge transfer between Ar* and N; and Hj is reduced to Ar, and the particle density of Ar
increases, but is always lower than in the previous discharge cycle.
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Figure 9. Varying Ar and Ar* densities with time in reaction.

The effect of different additions of Ar on the rate of the charge transfer reaction is
shown in Figure 10. Adding Ar leads to a higher rate of the charge transfer reaction,
suggesting a rise in the likelihood of inelastic collisions. This is indicative of elevated
densities of Np* and H,*, a finding that aligns with the OES outcomes presented in
Figure 7b. In addition to the enhanced electron collision reaction, the enhancement of the
Penning excitation and ionization reactions also leads to enhanced N; dissociation. Ar
atoms can be excited to form Ar* and Ar+, and the energy stored in these reactive species
can be used in the Penning excitation and ionization reaction, which aids in generating
intermediate reactive species, thereby enhancing the synthesis of ammonia [26,55].

Ny + Art — No* + Ar (10)

Hy + Art — Hy" + Ar (11)

e+Ar - Arf +e+e (12)
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Figure 10. Effect of different additions of Ar on chemical reaction rates.

4. Conclusions

In this work, NTP-assisted ammonia synthesis by the addition of noble gases in a DBD
reactor driven with nanosecond pulsed power supply is investigated. The addition of He
produces a more uniform and diffuse plasma than the addition of Ar. The addition of noble
gases significantly improves the ammonia synthesis effect, and the addition of moderate
amounts of noble gases accelerates the production of key reactive particles through penning
excitation and ionization reactions. The excessive noble gas additions can lead to ammonia
decomposition, as well as more energy wasted on Ar and He excitation and ionization,
and reduced energy utilization. By optimizing the reaction conditions, i.e., 40% addition of
Ar, gas ratio of Hy:Nj = 2, 40% addition of He, gas ratio of H,:N, = 3, and the optimum
parameters of the pulses, i.e., pulse voltage of 13 kV, pulse repetition rate of 1200 Hz,
pulse width of 120 ns, and pulse rise time of 50 ns, the addition of Ar can increase the
ammonia synthesis energy yield by 45.1%, and the addition of He can increase it by 47%.
The energy yield was increased by 45.1% with the addition of Ar and 47% with the addition
of He. We have studied the key reactive particles by OES and found that the number
of particles of both N* and Ny* in the rate-limiting step of the reaction increases with
the addition of noble gases. To further investigate the process, the reaction involving Ar
active particles was simulated using the 0D plasma chemical dynamic model. The addition
of Ar adds new gas-phase reaction pathways, and as the addition increases, the rate of
electron transfer reactions and intermediate reactive species increases, which can facilitate
ammonia synthesis.
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