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Abstract

®
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Low-temperature plasma-catalyzed ammonia synthesis is an environmentally friendly process
well-suited for distributed energy systems. Among these methods, nanosecond pulsed discharge
plasma is favored for its rapid production of reactive species that drive chemical reactions.
However, prior studies were constrained by experimental limitations: key reactive species were
difficult to measure, their behavior during the discharge process was poorly understood.
Besides, zero-dimensional kinetic models overlooked the spatial distributions of species,
electron energies, and electric fields. In this study, the spatiotemporal evolution of key reactive
species in a plasma-assisted ammonia synthesis system is investigated. A two-dimensional fluid
model is developed for ammonia synthesis under nanosecond pulsed voltage. A coaxial
dielectric barrier discharge reactor with packed catalysts is employed to study the behavior of
key species under varying peak voltages (vp), pulse rise times (#;), and catalyst dielectric
constants (¢;). The results indicate that plasma propagation inside the reactor occurs via surface
ionization waves and filamentary micro-discharges. At v, = —10kV and ¢, = 9, the average
densities of electrons, N»(vy), Ha(vy), N, and H first rose and then fell with pulse rise time,
peaking at 20 ns. At #, = 10 ns and &, = 9, the average densities of all species increased with
peak voltage. At#, = 10 ns and v, = —10 kV, electron, N, and H densities peaked at ¢, = 15,
while N, (v) and H,(v;) increased monotonically with dielectric constant. The model provides a
theoretical basis to enhance ammonia synthesis in low-temperature plasma.

Supplementary material for this article is available online

Keywords: plasma, ammonia synthesis, nanosecond pulse, fluid model,

dielectric barrier discharge

1. Introduction

Global energy and environmental challenges highlight the
need for low-carbon and sustainable energy development [1].
Ammonia (NH3) is not only one of the most widely used
industrial chemicals worldwide but also a promising long-
term energy carrier and an efficient zero-carbon fuel [2].
Currently, industrial ammonia production still relies on the

* Author to whom any correspondence should be addressed.

conventional Haber—Bosch process, which requires nitrogen
(N,) and hydrogen (H;) to react under high temperatures (650—
750 K) and pressures (50-200 bar). This process accounts for
1%—-2% of global energy consumption and contributes approx-
imately 1.44% of global carbon dioxide (CO;) emissions
annually [3]. Therefore, there is an urgent need to develop
alternative, sustainable, and environmentally friendly methods
for ammonia synthesis.

Low-temperature plasma enables ambient ammonia syn-
thesis through energetic electrons, excited molecules, ions,
and radicals [4]. This reduces energy costs and enhances

© 2025 IOP Publishing Ltd. All rights, including for text and
data mining, Al training, and similar technologies, are reserved.
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production capacity. Dielectric barrier discharge (DBD) is
one of the most widely used plasma sources [5], and can
be generated using DC, AC, or pulsed power supplies [6].
Pulsed power supplies are highly favored for efficiently produ-
cing energetic electrons while keeping gas temperatures low
[7]. Nanosecond pulsed discharge has been demonstrated to
offer significant advantages in reducing discharge energy con-
sumption and enhancing discharge uniformity. Zhang et al
[8] reported that in atmospheric-pressure plasma characteriz-
ation experiments, nanosecond pulsed discharges consumed
approximately 1/13 the energy of sinusoidal AC discharges.
Chen et al [9] experimentally demonstrated that increasing
the pulse rise time from 50 ns to 500 ns improves discharge
uniformity. Additionally, nanosecond pulsed plasma has been
proven effective in improving the reaction performance of
plasma-assisted ammonia synthesis. Kim et al [10] reported
that pulsed power improved energy efficiency in Ru-catalyzed
atmospheric-pressure plasma ammonia synthesis by a factor
of four over AC power. Wang et al [11] achieved efficient
ammonia synthesis using nanosecond pulsed plasma with only
nitrogen and pure water under ambient temperature and pres-
sure. Yang et al [12] reported that combining nanosecond
pulsed and radio-frequency (RF) discharges, with a superim-
posed sub-breakdown RF waveform, enhanced the ammonia
yield by 20%. Xu et al [13] employed nanosecond pulsed
DBD for ammonia synthesis and achieved an ammonia syn-
thesis rate of 5145.16 ymol-g~'-h~! and an efficiency of
0.48% under optimized conditions. Liu et al [14] found that
shorter pulse rise times increase peak reduced electric field
(E/N), elevate electron energy, and thus enhance N»/H: activ-
ation and ammonia production. Kang et al [15] reported a
similar finding. However, the maximum NHj; volume frac-
tion was observed at a pulse rising edge of 100 ns with a
nitrogen-to-hydrogen ratio of 2:1. However, despite the abil-
ity to visualize enhanced ammonia synthesis performance, key
parameters—such as electron density, electric field strength,
electron temperature, and reactive species—remain difficult
to measure directly during the reaction. For example, Cui
et al [16] measured the electric field in a negative DC corona
discharge via electric field-induced second harmonic genera-
tion, with the 1.5 mm laser—surface distance limiting accur-
acy. Chen et al [17] measured electron density in nanosecond
pulse DBD using incoherent Thomson scattering, however,
its low detection limit limited the detection of early-stage
changes.

Many researchers have developed microkinetic models
to elucidate the key reactions and intermediates in Na—
H: plasma ammonia synthesis [18]. Hong et al [19] con-
ducted zero-dimensional modeling of atmospheric N>—H-
plasma, finding that radical-vibrational reactions are crucial
and surface H(s) atoms dominate NHs formation. Van’t Veer
et al [20] used ZDPlasKin to develop a zero-dimensional
plasma model, finding that filamentary microdischarges
decompose NHs, whereas the afterglow phase enhances its
formation. Moreover, Van’t Veer et al [21] developed another
zero-dimensional kinetic model to study vibrational dynam-
ics in DBD ammonia synthesis with and without packed

beds. Their results indicate that microdischarges and uniform
plasma both contribute to NHs production, vibrationally
excited states accelerate N dissociation, and the packing
dielectric constant influences the electric field distribution,
producing filamentary and surface discharges. Wang et al
[22] studied streamer propagation in packed-bed DBD react-
ors with fillers of different dielectric constants using a fluid
model and ICCD imaging. Higher dielectric constants shif-
ted the discharge from surface to filamentary microdischarges,
accelerated streamer propagation, and enhanced reactive spe-
cies production, while reducing ozone due to increased high-
energy electrons and N>—Q: ionization. Sun et al [18] repor-
ted from a zero-dimensional kinetic model that excited spe-
cies N(2D), Ha(v;), and Na(v) are critical for the formation of
NH, NHz, and N(s). However, zero-dimensional models often
fail to capture the spatial distribution of key species within
the reactor. Chen et al [23] developed a one-dimensional
hydrodynamic model for plasma-catalyzed ammonia syn-
thesis, mapping electric field, electron temperature, and dens-
ity, and evaluating voltage, N2:Ha ratio, and catalyst site effects
on NH;s yield, providing a basis for two-dimensional exten-
sion. Zhang et al [24] used a 2D axisymmetric fluid model
to study N»/H: streamer development, finding that higher H-
ratios enhance arc quenching and thermal breakdown resist-
ance. Overall, direct observation of variations in electron dens-
ity, electric field, and key reactive species during the process
remains challenging. Moreover, most existing kinetic mod-
els for low-temperature plasma-catalyzed ammonia synthesis
remain limited to zero- or one-dimensional. These models
primarily focus on the evolution of key reactions and species
during the discharge process and the identification of critical
intermediates. However, they lack spatial resolution of relev-
ant parameters, particularly under varying power supply con-
ditions. Although one-dimensional plasma ammonia synthesis
models can represent spatial distributions of parameters such
as electron density and electric field strength to some extent,
a significant gap remains between these models and the actual
reactor structure.

In low-temperature atmospheric-pressure plasmas, low-
electron energy plays a crucial role in breaking the N = N
triple bond and in generating reaction intermediates. This is
primarily due to the long lifetimes of vibrationally excited
molecules, which store significant energy [25]. In this con-
text, vibrationally excited N2(v) can directly participate in N2
dissociative adsorption. This occurs through two V-V energy
transfer pathways: (1) transferring energy to H: to generate
vibrationally excited Ha(v) via N (vi —1)+Hy (vj+1) <>
N, (v;)) +Hz (v;); and (2) producing higher-energy Na(v)
levels through N, (v; — 1) + Ny (v +1) <> Na (vi) + N3 (7).
NH, has been identified as a key intermediate in low-
temperature plasma ammonia synthesis. According to
literature [26], the reaction H, (v) +N —NH+H is the
dominant pathway for NH formation. Therefore, analyz-
ing the spatial and temporal evolution of Nz(v) and Ha(v)
during the reaction is essential. In addition, Atomic N
and H drive NH formation in the gas phase and generate
N(s) and H(s) via Eley—Rideal and Langmuir—Hinshelwood
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surface reactions, playing a central role in ammonia syn-
thesis. Thus, the spatial and temporal evolution of atomic
N and H under varying reaction conditions warrants further
investigation.

To investigate the mechanism of plasma-assisted ammo-
nia synthesis, this study develops a two-dimensional fluid
model of a simplified N»-H. packed-bed reactor. The
model examines the spatiotemporal distributions of elec-
tron density, reduced electric field strength, and key spe-
cies, including first vibrational states of nitrogen N2(vy)
and hydrogen Hx(v;), as well as atomic nitrogen (N) and
atomic hydrogen (H). The variations in these paramet-
ers offer valuable insights into optimizing reaction condi-
tions for nanosecond pulsed plasma-catalyzed ammonia
synthesis.

2. Model description

2.1 Plasma chemistry

The model includes 57 species and 64 chemical reactions.
Reactions with long timescales are excluded, as this study
focuses on nanosecond-scale plasma dynamics. The spe-
cies and reaction pathways included in the model are lis-
ted in tables 1 and S1. These include electrons, ground-state
molecules, positive and negative ions, atoms, and molecules
in electronically or vibrationally excited states. This study
focuses on the nanosecond-scale processes occurring within
the reactor, mainly analyzing gas-phase species that are likely
to trigger subsequent key surface or gas-phase reactions, while
excluding plasma—catalyst surface interactions. It is mainly
due to that most important surface reactions typically occur
over a much longer timescale. Based on the literature [26],
the gas-phase reaction mechanisms incorporated in the model
include: (1) electron excitation and ionization, (2) vibra-
tional excitation, (3) electron-impact dissociation, (4) dissoci-
ative ionization and recombination by electrons, and (5) ion—
molecule reactions. The key species and reactions considered
in this study (indicated by yellow arrows), along with the
possible subsequent reactions (indicated by gray arrows), are
shown in figure 1.

2.2. Governing equations for plasma dynamics

Plasma hydrodynamics is modeled by coupling the Poisson
equation, the particle continuity equation, and the electron
energy conservation equation [27]. Equation (1), the Poisson
equation, determines the electric potential ¢ and electric field
E distribution. Equation (2), the particle continuity equation,
computes particle densities. Equation (3), based on the drift-
diffusion approximation, describes particle transport. Finally,
equation (4) calculates electron temperature using the conser-
vation of electron energy. Following [24], the initial electron
density is setto I x 10'> m~3 to simplify the influence of pho-
toionization on streamer propagation.

E=-Vyp, Ve=-£ (1)

4V -Ge=58, k=1,2,... .k )
Gk = —uknngp —DkVnk, k= 1,2,...7kg (3)

% + V- (3¢Ge — 3n.D.Ve) = + €G. -V
—EZ AE‘?I‘,‘ — %kbne Zme (Te - Tg) Ve, kb ’ (4)

Mip

Here, E denotes the electric field, ¢ is the electric potential,
p represents the space charge density, and ¢ is the vacuum
permittivity. Gy represents the flux of species k, and S is
the source term accounting for the production and loss of
that species. ny, g, and Dy represent the density, mobility,
and diffusion coefficient of species k, respectively [28]. The
total electron energy is approximated by the average electron
energy, given as €. ~ (3/2)nckgT.. The three source terms
on the right-hand side of equation (4) represent Joule heat-
ing, inelastic collision heating, and elastic collision heating,
respectively. e is electron unit charge, the energy lost by an
electron in a single collision event is AE;, which involves
a reaction i with r;, the rate of progress, and v; denotes the
momentum transfer collision frequency for the species. T¢
and T, represent the electron temperature and gas temperat-
ure, respectively. The local field approximation is employed
to relate particle transport coefficients to the reduced electric
field, using results obtained from Bolsig+ calculations. In the
two-dimensional model, the gas temperature is fixed at 300 K,
and the pressure is maintained at 1 atm, with a nitrogen-to-
hydrogen ratio of 3:1.

2.3. Reactor configuration and parameter settings

This study employs the passkey parallel streamer solver with
kinetics, based on the finite element method, to simultan-
eously resolve multiple coupled physical equations. The com-
putational grid spacing is 10 um in both X and Y directions.
The time step is adaptively determined based on the Courant—
Friedrichs—Lewy condition, medium relaxation time, and reac-
tion kinetics timescales. Figure 2 presents a two-dimensional
cross-sectional schematic of the reactor geometry. The reactor
comprises two coaxial quartz tubes, each 0.5 mm thick, with
er = 9. The inner electrodes were connected to a pulsed power
supply with a pulse width of 50 ns. The external electrodes
were grounded, and the radial discharge gap was maintained
at 3 mm. Catalyst beads with a radius of 0.9 mm were uni-
formly packed in the discharge gap and directly contacted one
another, which is same as the experiment setup of [29].

3. Result and discussion

3.1. Discharge dynamics inside the reactor

Figures 3 and 4 present the temporal evolution of electron
density and electric field distributions within the reactor, for
tr = 10 ns, vp = —10 kV, and catalyst ¢, = 9. As observed
in previous studies [30], the plasma develops via filament-
ary micro-discharges and surface ionization wave discharges
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Table 1. Chemical species considered in the model.

Types

Species

Ground-state and vibrationally excited molecules
Electronically excited molecules

Ions

Atoms and NHx particles

N2(X),H2(X),No(X,vi) 1 <i <8, Ho(X,vy) 1 <i <3,
N2(A3,B3,W3,C3,E3,al,wl,a2),H,(B3,B1,C3,A3,C1,G1,D3)

N, Nyt H P Nt HT H ™ ,NH3 7 ,NH;3~
N,N(2PA4P,4S,4D),H,H(2P,2S,1,2,3),NH;3,NH, NH3(V2,V4,V13.¢el,e2)

Ny g ¢
& N
e+ H,— e+ Hy¥) ’ “ .
e+ N, — e+ Ny(v) '
N,
e+Hy— e+ Hy N [ o @
) 8 o H, QI
e+N,— e+ Ny e [ ]
etN; =Ny t+tete Pl:sms ’
N+H,() = NH+H ’ o,
N+H —NH+H «® H 3 -
Sl A Ny(v) ~
Np+eN+N “. - o
Ny te—2N+e %
Ny(¥) + 2surf(s) — 2N(s) Y < NH@ o~

H,(v) + 2surfls) — 2H(s) N
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NH(s) + H(s) — NHx(s)
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Figure 1. Key reactions and subsequent processes involving N2(v), H2(v), N, and H species.
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Figure 2. Simulation geometry.

inside the reactor. Figure 4(a) illustrates that the intense elec-
tric field (E/N ~ 250 Td) between the inner electrode and the
adjacent catalyst bead induces strong electron collision reac-
tions. These reactions produce high-energy electrons, lead-
ing to the formation of a high-energy electron density region
with an average electron density of about 4.29 x 10" m~3,
as illustrated in figure 3(a). Under the influence of the sur-
face electric field (E/N = 200 Td) in figure 4(b), a surface dis-
charge propagates along the catalyst, as shown in figure 3(b).
When the discharge approaches the inner surface adjacent to

the outer catalyst bead, the polarized electric field between the
inner and outer beads reaches about 228 Td, thereby further
intensifying the discharge [31]. This leads to the formation
of negative streamers, reaching electron densities of approx-
imately 2 x 10" m~3 at 13 ns. Subsequently, surface dis-
charges propagate along both sides of the inner surface of the
outer beads. As shown in figures 3(c) and (d), the discharge in
the outer void region is mainly confined to the surface due to
the distorted electric field induced by space charge accumula-
tion, with the near-surface E/N reaching about 272 Td, which
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(f) 60 ns.
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Figure 4. Evolution of the reduced electric field at #r = 10 ns, vp = —10kV, and catalyst e, = 9. (a) 7 ns; (b) 11 ns; (c) 13 ns; (d) 20 ns;

(e) 32 ns; (f) 60 ns.

is considerably higher than that in the gap center. In certain
regions, however, the distorted electric field induces the form-
ation of positive streamers along the surface of the dielectric
layer, directed toward the catalyst beads. This phenomenon
is consistent with the observations reported by Zhang et al
[32]. At 32 ns, as shown in figures 3(d) and 4(d), the discharge
becomes relatively stable, exhibiting an average electron dens-
ity of approximately 4.8 x 10! m—3, and maintains this sta-
bility until 60 ns. Notably, the maximum electron density con-
sistently appears on the surface of the catalyst beads, providing
a reliable driving force for surface reactions that are likely to
occur in practice.

3.2. Influence of pulse voltage parameters on plasma
dynamics

3.2.1. Effect of pulse rise time on discharge characteristics.
In this section, we examine how varying pulse rise times
influence plasma behavior, with v, = —10 kV and catalyst
er = 9. Figures 5 and 6 show that shorter pulse rise times
yield higher discharge currents and increased energy delivery
[33]. Figure 5 further indicates that the peak electron dens-
ity at a 10 ns rise time is 5.93 x 10*' m~3, compared to
5.43 x 102! m~3 at 40 ns, demonstrating that shorter rise times
produce higher peak electron densities. However, figure 7(a)
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Figure 5. Evolution of electron density for different pulse rise times at v, = —10 kV and catalyst = 9. (a) 10 ns; (b) 20 ns; (c) 30 ns;

(d) 40 ns.
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Figure 6. Waveforms of (a) voltage and (b) current with varying rise times.

shows that after discharge stabilization, the highest average
electron density occurs at t, = 20 ns. At this point, the electron
density distribution is more uniform, which likely contrib-
utes to improved ammonia synthesis efficiency, as reported in
recent studies [34]. At shorter rise times, the rapid increase
in electric field strength initiates intense electron avalanches,
resulting in partial discharges characterized by exponential
increases in electron density. This explains why the highest
peak electron density and discharge current occur at 10 ns.
In contrast, a longer pulse rise time leads to a slower rate
of change in electric field strength, resulting in lower aver-
age electron energy (figure 7(b)) and weaker ionization. This
may account for the disappearance of the outer gap streamer
observed in figure 5. In contrast, at #, = 20 ns, the electric field

strength increases quickly but not excessively. Electron ava-
lanches develop moderately while allowing sufficient diffu-
sion. This yields the most homogeneous spatial electron distri-
bution and highest average electron density—supporting pre-
vious findings that excessively steep rise edges hinder plasma
homogeneity [9].

Reactions E16 and E39 require only 0.3 eV and 0.52 eV
of energy input, respectively, resulting in much higher dens-
ities of N2(vyy and Ha(v) compared to ions, radicals, or elec-
tronically excited species. As shown in figures 8(a),(b) and 9,
the average densities of N2(v;) and Hz(v|) peak at a 20 ns rise
time, reaching 9.19 x 10*' m~3 and 2.04 x 10> m—3, respect-
ively. This indicates that N2(v,) and Ha2(v;) are more uniformly
distributed at 20 ns, consistent with the distribution pattern
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Figure 8. Variation of the average densities of (a) N2(v;), (b) Hz(v1), (c) N, and (d) H over time under different rise time conditions, at

vp = —10kV and catalyst &; = 9.

of average electron density. This may be because shorter rise
times rapidly increase the electric field strength, accelerating
electrons to high energies more quickly. As a result, more elec-
trons undergo ionization rather than vibrational excitation. In
contrast, longer rise times lead to slower rise of electric field.
Electrons then lose energy through inelastic collisions, shifting
the energy distribution toward lower values (figure 7(b)). At
t. = 20 ns, as previously described, the moderately increasing
electric field strength neither causes excessive electron energy
loss nor directs a large portion of electrons toward ionization.
Consequently, both the average electron density (figure 7(a))
and the average electron energy (figure 7(b)) reach higher

values. This indicates that more electrons are available for
vibrational excitation of N> and Ha, resulting in the highest
average densities of N2(v;) and Hz(v;) at this time. The peak
H2(v)) density is approximately one order of magnitude lower
than that of N2(v;), due to the 3:1 nitrogen-to-hydrogen ratio in
the model and the higher energy requirement for Hz(v) excit-
ation compared to Na(v}).

Figure 10 shows the spatial distributions of N and H
densities at the onset of the pulse voltage decline under
different rise times. From figures 8(c) and (d) and 10, it
is observed that the maximum average densities of atomic
N and H are 7.12 x 10*° m=3 and 1.96 x 10 m3,
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Figure 9. Densities of (a)—(d) N2(v1) and (e)—(h) Hz(v;) at the initiation of the falling edge of the pulse under v, = —10 kV, catalyst e, =9,

and varying rise times.
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Figure 10. Densities of (a)—(d) N and (e)—(h) H at the initiation of the falling edge of the pulse under v, = —10 kV, catalyst e; = 9, and

varying rise times.

respectively. Both maxima occur at 7, = 20 ns, consistent with
the trends of vibrational species and electron density. This
result aligns with previous analysis: at #, = 20 ns, sufficient
high-energy electrons are available to drive dissociation reac-
tions (E14 and E64), while maintaining good spatial homo-
geneity, leading to the highest average densities of N and H
atoms.

3.2.2. Effect of peak voltage on discharge characteristics.

This section examines the impact of varying peak voltages on
discharge characteristics, with 7. = 10 ns and catalyst &, = 9.
Figure 11 illustrates that both discharge current and power
increase with rising peak voltage. Figure 12 and S1 show that
higher peak voltages generate stronger reduced electric fields
and more intense electron collision reactions. This results in
increased average electron density within the reactor void
and enhanced overall discharge uniformity, facilitating more
streamer channels between catalyst beads and the surrounding

medium in both inner and outer reactor regions. Furthermore,
figure 12 indicates that higher peak voltages accelerate dis-
charge development. Notably, figure 13 shows that the aver-
age electron temperature reaches its peak at v, = —10kV after
13 ns. This phenomenon may be attributed to the rapid ioniz-
ation rate at high peak voltages, producing more electrons and
accumulating surface charge on catalyst beads. This creates
a stronger reverse electric field, which slows electron accel-
eration and reduces electron energy. Moreover, the slope of
the waveform in figure 13(b) suggests that although electron
temperature initially rises rapidly at higher voltages, increased
collisions with gas molecules transfer energy more quickly
to heavy particles, causing a rapid electron temperature
decline.

Based on figures 14-16, increasing the peak voltage
to —14 kV yields significant increases in reactive spe-
cies densities: Ha(v}) rises to 2.97 x 10! m™3, Na(v}) to
1.09 x 10?2 m—3, atomic N to 8.91 x 10%° m—3, and atomic
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Figure 11. Waveforms of (a) voltage and (b) current with varying peak voltage.
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Figure 12. Evolution of electron density with #» = 10 ns and catalyst e, = 9, at voltage peaks of (a)-(c)—10 kV, (d)-(f)—12 kV, and

(g)-(1)—14 kV, respectively.

H to 4.31 x 10> m—3—each showing notable improvements
compared to the —10 kV case. This increase is attributable
to the higher electric field intensity achieved in the reactor
for the same duration, which promotes a more uniform dis-
charge and enhances the density of reactive species. However,
it was demonstrated that excessively high voltages acceler-
ate NHs decomposition and reduce overall energy yield due
to increased discharge power, indicating the existence of an
optimal operating voltage [3, 35-37].

3.3. Effect of catalyst dielectric constant on discharge
characteristics

This section discusses the influence of catalyst dielectric con-
stants on discharge characteristics, under #, = 10 ns and
vp = —10 kV. As shown in figures 17, 18, and S2, increas-
ing the catalyst dielectric constant enhances the local elec-
tric field within 22 ns, resulting in faster discharge develop-
ment and higher average electron density. As the discharge
progresses, the average electron density slightly decreases.
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vp = —10kV,—12kV, and—14 kV, respectively.

At 60 ns, the reactor exhibits average electron densities of
487 x 10 m=3 for e, = 9, 5.61 x 10" m~3 for &, = 15,
and 5.48 x 10" m~3 for &, = 25, indicating a general trend
of initial increase followed by a slight decline.

According to Maxwell-Wagner interfacial polarization the-
ory, at discharge initiation, increasing the dielectric con-
stant enhances inter-particle and particle-dielectric polariza-
tion. This intensifies the local electric field, as shown in figure

S2. The stronger electric field (figure 18) increases electron
energy. Consequently, ionization, dissociation, and vibrational
excitation reactions are enhanced. This accelerates discharge
development and yields higher, more uniformly distributed
electron densities. However, as streamer continues, a higher
dielectric constant may cause surface charge accumulation
on catalyst beads, which in turn generates an electric field
opposing the original field and weakens the effective reduced
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Figure 16. Densities of (a)—(c) N and (d)—(f) H at the initiation of the falling edge of the pulse, for #; = 10 ns, catalyst e, = 9, and

vp = —10kV,—12kV, and —14 kV, respectively.

electric field intensity. This effect is shown in figure S2. The
local field strength near catalyst contact points decreases dur-
ing streamer propagation at higher dielectric constants, for
example, at 20 ns, the reduced electric field at a specific
point on the catalyst bead increases from 316 Td (¢, = 9) to
351 Td (¢ = 15), and then sharply drops to 58 Td (&, = 25).
At e, = 15, the electric field is strong enough to support
a stable discharge without substantial weakening caused by
surface charge, resulting in the highest average electron dens-
ity. Figures 19-21 reveal that average densities of Nz(v;)
and H:(v|) increase monotonically with dielectric constant.
In contrast, N and H densities follow the same trend as the

average electron density. This difference arises because N and
H are produced primarily via high-energy electron—-induced
dissociation (E14 and E64). The trend in average electron
energy and density (figure 18) reflects the high-energy elec-
tron population. At &, = 15, the reactor contains the most
high-energy electrons, yielding maximum N and H densities
(8.14 x 10 m~3 and 2 x 10 m™3). By contrast, Na(v;)
and Hz(v;) have low vibrational excitation thresholds and can
be efficiently excited by low-energy electrons. As a result,
a decrease in average electron energy has little impact on
their populations. Therefore, N2(v) and Hz(v;) exhibit differ-
ent trends compared to N and H radicals.
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4. Conclusion

This study presents a 2D fluid model for ammonia syn-
thesis under nanosecond pulsed voltage. The model invest-
igates streamer discharge dynamics and the spatiotemporal
evolution of key N2 and H: species at 0.1 MPa and 300 K,
under varying pulse parameters and catalyst dielectric
constants.

The results indicate that the discharge initially occurs
in the high electric-field region at the interface between
the electrode and the catalyst bead. Subsequently, the
plasma evolves into surface ionization waves and fila-
mentary microdischarges. Throughout the process, the
maximum electron density consistently appears on the
catalyst surface, highlighting the critical role of surface
reactions in low-temperature plasma-assisted ammonia
synthesis.

In addition, a shorter pulse rise time leads to a stronger
discharge current. With increasing rise time, the peak elec-
tron density decreases, whereas the average electron density
initially increases and then decreases, reaching a maximum
of 492 x 10" m™3 at a rise time of 20 ns. The average
densities of key species—including Nz(v;), H2(v}), atomic N,
and atomic H—follow a trend similar to that of the average
electron density. This behavior may be attributed to the fact
that, at , = 20 ns, the electric field strength rises moder-
ately, enabling moderate electron avalanche development and
providing adequate time for diffusion. The average electron
temperature reaches its maximum at this point, enhancing the
vibrational excitation and dissociation reactions. Furthermore,
increasing the peak pulse voltage strengthens the overall dis-
charge intensity, resulting in higher average electron density
and elevated average densities of various reactive species.

The maximum average electron density of 5.61 x 10! m—3

is observed at a dielectric constant of 15, as the dielectric
constant increases from 9 to 25. This enhancement is attrib-
uted to the stronger surface electric field at higher dielectric
constants, which accelerates electrons, increases the ionization
rate, and consequently raises the electron density. However,
as the dielectric constant continues to increase, a stronger
reverse electric field is generated, suppressing the discharge
and thereby reducing the electron density. Since the genera-
tion of N and H primarily depends on dissociative collisions
with high-energy electrons, their average densities follow the
same trend as the electron density. In contrast, due to their
low excitation thresholds, Nz(v;) and Ha(v) are less affected
by the decrease in average electron energy. As a result, the
average densities of N2(v;) and Hz(v) increase with dielectric
constant.

This study is limited by the exclusion of plasma—catalyst
surface interactions and the assumption of idealized reactor
conditions, so further experimental validation and more com-
prehensive multi-physics modeling are required. In future
work, we will further investigate optimal pulse parameters
through experimental validation, with a particular focus on
discharge characteristics and species evolution driven by the
synergistic interactions between the plasma and the catalyst
surface.
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