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ABSTRACT

This study establishes the first low temperature kinetic model for plasma-assisted ammonia decomposition based
on the experiment in a dielectric barrier discharge reactor, addressing the limitations in both conventional
combustion chemical kinetics models and plasma models and improves the model prediction at low tempera-
tures. By integrating the diagnostics with kinetic modeling, a multi-scale framework is developed which
explicitly couples electron-impact reactions with excited Ar* pathways. The model uniquely achieves 53.4 %
higher predictive accuracy than combustion models through systematic validation against measured concen-
trations. Key mechanistic insights reveal: (i) Plasma-driven processes predominantly govern the initial decom-
position of NH3 and subsequent Hj formation, with direct electron-impact dissociation of NHg accounting for
over 95 % of the total Hy yield; (ii) Ar* serves dual roles as energy carrier (11.55 eV excitation) and reactive
collision partner, enabling efficient energy transfer via quenching-induced NH3 decomposition (Ar*+H + NH3 —
NH; + 2H + Ar); (iii) Ny formation proceeds through NH, dimerization (NH, + NH,=N3H,4) followed by
sequential H-abstraction dehydrogenation (NogH4 — NoH3z — NyHy; — NNH — Nj). These findings provide
fundamental guidelines for designing plasma-assisted NH3 decomposition, demonstrating the viability of low-
temperature on-demand hydrogen production with enhanced energy efficiency.

1. Introduction

The excessive carbon emissions resulting from widespread fossil fuel
utilization have triggered a global greenhouse effect, driving significant
attention toward ammonia and hydrogen energy systems. While
hydrogen stands as an ideal zero-carbon fuel due to its complete com-
bustion yielding only water, practical implementation faces critical
barriers including challenges in liquefaction (requiring temperatures
below —253 °C) and safety risks from high flammability and explosion
potential.

Ammonia utilization for hydrogen production has emerged as a
strategic solution to these limitations [1]. Conventional thermal
decomposition methods demand sustained high temperature with long
system activation periods and substantial energy consumption,
rendering them unsuitable for on-demand hydrogen generation. In
contrast, plasma-assisted decomposition presents a promising alterna-
tive pathway. Plasma technology not only exhibits flexible start-stop
operation but also demonstrates adaptability to the intermittent and
fluctuating nature of renewable energy generation, thereby enabling
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efficient utilization of low-cost surplus and off-peak electricity [2].
This emerging field has attracted substantial research attention, with
extensive experimental and computational investigations being con-
ducted to elucidate the underlying mechanisms and optimize system
performance. Alexander et al. [3] qualitatively detected ammonia
decomposition products under ambient temperature and atmospheric
pressure conditions using emission and absorption spectroscopy.
Through application of the Lambert-Beer law, they quantitatively
determined the NyH,4 concentration. Their findings demonstrated that
the primary stable products generated Ar/NHs3 gas mixtures at atmo-
spheric pressure within a dielectric barrier discharge (DBD) reactor were
Ha, No, and NyH4.The first experimental study of plasma-assisted
ammonia combustion was conducted by Sun et al [4]. The results
showed that plasma can simultaneously extend the lean blowoff limits of
ammonia flames and reduce NOy emissions, however, no specific kinetic
analysis was performed. Zhong et al. [5] investigated the non-
equilibrium reaction pathway of ammonia oxidation at 4 kPa by
combining in-situ laser diagnostics with plasma modeling, and showed
that non-equilibrium plasma controls the ammonia oxidation process
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through electron collisional dissociation and quenching of excited state
species. Zhang et al. [6] performed plasma-assisted ammonia cracking
and oxidation experiments at low temperature(350 K) and low pressure
(8 kPa), and calculated the mole fraction of Hy, N5 and NH3 based on a
combustion model of Glarborg et al [7] which focuses on the prediction
of ammonia flames, shock tubes and flow reactors at high temperatures
(>1000 K).

This work addresses the insufficient research on plasma-assisted
ammonia decomposition under low temperature: (1) Current experi-
mental investigations are predominantly focused on low-pressure con-
ditions, with a notable absence of data under atmospheric pressure and
elevated pressure, result in excessive E/N ratios and inefficient electron
energy distribution; (2) Existing models, primarily based on combustion
kinetics, demonstrate inadequate predictive capabilities for plasma-
driven ammonia decomposition at ambient temperatures; (3) Prevail-
ing plasma reaction mechanisms lack comprehensive inclusion of crit-
ical electron impact processes, compromising their physicochemical
accuracy. Therefore the following works has been carried out in this
paper: (1) DBD discharge experiments under nanosecond pulsed
discharge excitation were carried out at atmospheric pressure and room
temperature under appropriate E/N ratio range, and the concentrations
of products under plasma were measured; (2) A novel and detailed
modified model is developed and experimentally validated, which is
able to accurately predict the ammonia decomposition with plasma
assisted at low temperature and path analysis for excited state and key
radicals in the discharge and afterglow process are provided; (3) Based
on the above pathways, the influence of plasma on NH3 consumption
and Hy formation is discussed and revealed.

2. Experimental and numerical method
2.1. Experimental setup

The experiments were conducted in a dielectric coaxial DBD reactor
under atmospheric and room temperature. The experimental installa-
tion used in this study is presented in Fig. 1. Flow rates of NHs and Ar are
individually controlled by mass flow controllers and thoroughly mixed
before the DBD reactor. The reactor consists of a quartz tube integrated
with a coaxial stainless-steel electrode inside and a concentric copper
electrode affixed to the quartz tube. This reactor measures 450 mm in
length and 15 mm in inner diameter. The high-voltage electrode spans
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30 mm, leading to a reaction volume of 4.71 cm® and a residence time of
0.28 s in the discharge region. The residence time is calculated as:

7=—=n(R? - *)L(F, r ol

R had 1
V27315 p ) )

Where 7(min) is the residence time, V(em®) is the volume of the flow
reactor, Fy (SCCM) is the flow rate under standard conditions, F (ml/
min) is the practical flow rate, T (K) is the practical temperature and p
(MPa) is the practical pressure.

The gas temperature at the reaction region was monitored using a K-
type thermocouple at the end of the discharge region to avoid plasma
interference. And within the 30 mm reaction zone, the system temper-
ature remains constant after the discharge reaches steady state. The
system utilizes a nanosecond-pulsed power supply to generate plasma
discharges within the setting voltage range of 0-20 kV, the setting fre-
quency range of 1-100 kHz and the pulse width setting range of 0-1 ms.
And the square waveform was applied for all the experimental condi-
tions with pulse voltage, pulse frequency and pulse width of 3500-6500
V, 20 kHz and 150 ns, respectively. The discharge voltage and current
curves and NHs, NO, N,O and NO, data collection are shown in Sup-
plementary material.

The gas mixtures consist of 1 % NH3/99 % Ar with a total flow rate of
1000 SCCM. The choice of diluent gas can indeed influence the experi-
mental results. Mao et al. [8] have investigated the difference of diluent
gases (He, Ar, N3). The results show that Ar is the most easily ionized
gas, producing the highest current upon breakdown, followed by He.
This behavior is due to the fact that Ar has a lower ionization potential
(~15.8 eV) compared to He (24.5 eV). The concentrations were
analyzed by gas chromatograph (GC) equipped with a thermal con-
ductivity detector (TCD) and Fourier transform infrared (FTIR) spec-
troscopy. The detection limit for species analyzed using the TCD and
FTIR was 10 ppm causing 1 % uncertainty for major species like NHs,
Hp, and Nj. Additionally, the random error of the measurement is less
than 5 % on the basis of test repeatability. In general, these factors result
in an uncertainty of about 10 % for the species as mentioned before [7].

2.2. Numerical method

A coupled plasma and combustion chemistry solver (CPCC) [9] by
combing the ZDPlaskin code [10]with combustion dynamics solver
CHEMKIN [11] has been developed on the basis of Hybrid Plasma and
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Fig. 1. The schematic diagram of the experimental setup.
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Combustion code [12]. Electron collision reaction rates were obtained
by solving the Boltzmann equation by the BOLSIG + solver [13].In this
work, we use the CPCC code to simulate the nanosecond pulsed
discharge-assisted methanol decomposition and analyze the microscopic
chemical reaction kinetics. The Poisson equation is not solved in this
model, so it is assumed that the deposited energy in plasma is an
adjustable parameter that controls the discharge duration.

3. Chemical kinetic model

Based on the existing combustion model, a detailed mechanism of
plasma-assisted NH3 decomposition is developed which improves low-
temperature computational accuracy by optimizing rate constants. The
mechanism consists of two parts, the ground state kinetic mechanism
and the plasma kinetic mechanism, with 72 components and 250 re-
actions. Major updates are made to the ground state kinetic mechanism,
as detailed below. In addition, thermodynamic properties were updated
using the database from Glarborg et al [6] (see Appendix).

3.1. Nhy chemistry

The key reaction in traditional ammonia pyrolysis is NHy + H +
M=NHj3 + M (R1). Alturaifi et al. [14] showed that NH; and H radicals
were rapidly generated during the first few microseconds of NH3 py-
rolysis, followed by the rapid formation of intermediates such as NH, N,
and NyHj from the two mixtures. And H radicals are consumed by the
hydrogen abstraction reaction NH3 + H=NH, + Hy, with a consequent
decrease in the rate of H production. Davidson et al. [15] first reported
the rate constant for this reaction, expressed as 2.2 x 10'® exp(—93470/
RT) cm®mol !s™!, which is applicable over a temperature range of
1740-3300 K with an uncertainty of 15 %. This result has been subse-
quently cited by Otomo et al. [16], Song et al. [17], Konnov et al. [18],
and Zhang et al. [19] in their follow-up studies. Furthermore, Oliver
et al. [20] developed their own kinetic model based on the NH3 model
proposed by Dagaut et al. [21] and the NNH model constructed by
Klippenstein et al. [22]. Alturaifi et al. [14] demonstrated that the
mechanism developed by Davidson et al. [15] is the only model spe-
cifically tailored for NH3 pyrolysis, which was validated and refined
against the experimental data from their study. The refinements
included the addition of reactions involving NHg, NH, and NgHj; the
incorporation of reactions for NoHs, NoHy4, and HoNN; and the adoption
of recent thermodynamic data as well as updated rate constants for in-
dividual reactions. Glarborg et al. [23] validated the existing rate con-
stants for this reaction across a wide range of low pressures and
temperatures, based on the results from Klippenstein et al. [22], showing
excellent agreement with experimental values at lower temperatures.
The experimental and theoretical computational results are presented in
Fig. 2, and the computational results from Glarborg et al. [23] were
adopted in this study. Detailed chemical reaction rate constants and
their sources are listed in Table 1.

The chain propagation reaction NHs + H=NH; + Hj (R2) has been
extensively studied over a wide temperature range (as shown in Fig. 3).
Experimental measurements were conducted by Ko et al. [24] at low
temperatures and by Michael et al. [32,33] at intermediate tempera-
tures. Numerous computational and fitting results [23,34-36] have
demonstrated excellent agreement with the experimental data. In this
study, the fitting data from Ko et al. [24] were selected.

NH, is primarily consumed through reactions with radicals such as H
and NH. At high temperatures, NH; can dissociate into NH and H via the
three-body reaction NH + H + M=NH, + M (R3). Deppe et al. [37]
reported the only high-temperature experimental measurements, while
Glarborg et al. [23] fitted the reaction rates at low temperatures.
However, the reactions of NH, with H and NH dominate its consumption
pathway. As shown in Fig. 4(a), experimental data on the rate constant
for the reaction NH, + H=NH + H, (R4) are relatively limited. In the
low-temperature range, only Bahng et al. [38] provided experimental
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Fig. 2. Low pressure limit rate constant of NH, + H + M=NH3 + M as a
function of temperature. Symbols denote experiment and lines denote
calculation.

measurements, while Davidson et al. [15], Fontijn et al. [39], Rohrig
et al. [40], and Dove et al. [40] reported relevant experimental data at
intermediate and high temperatures. The rate constants proposed by
Linder et al. [25] were compared with experimental results in the range
of 1100-1300 K and were adopted by Song et al. By comparing the
fitting results from Linder et al. [25], Glarborg et al. [23], and Davidson
et al. [15], it was found that the rate constants provided by Glarborg
et al. [23] offer better agreement with low-temperature experimental
data. Therefore, this study adopts the rate constants from Glarborg et al.
[23] to more accurately predict ammonia decomposition behavior at
low temperatures.

Klippenstein et al. [25] demonstrated that for the reaction NHy +
NH — Products, the pathway NHy + NH=NsH, + H (R6) exhibits greater
kinetic dominance over the temperature range of 200-2500 K, while the
branching ratio of the alternative pathway NH; + NH=NH3 + N (R7) is
only about 4 %. The rate constants proposed by Davidson et al. [15]
show better agreement with experimental data at low temperatures (as
shown in Fig. 4(b)), and thus, their values are adopted in this study.

For the reaction NH; + NHy — Products, Dean et al. [27] demon-
strated that at low temperatures, the recombination of NHj primarily
yields NoHy4, followed by HoNN + Hy, while at high temperatures, the
pathway leading to NHs + NH becomes dominant. Klippenstein et al.
[25] suggested that the internal energy of the pathway NyHs + H is
significantly high, resulting in a relatively small rate constant except at
extremely high temperatures. They also predicted the rate constants for
the pathways HoNN + Hy and NyHz + Hj, which were found to be
considerably lower than that of the dehydrogenation reaction NH3 +
NH. The specific pathways for the NHy + NH; reaction remain incon-
clusive, and thus, this study adopts the results from Klippenstein et al.
[25]. See Fig. 5.

For the NH radical, its consumption is primarily governed by re-
actions with other radicals, such as H and NH. The model of Meng et al.
[45] uses a constant value of 3.0E13 ecm®mols™. By comparing theo-
retical calculations of the reaction NH + H=N + H; with experimental
data in Fig. 6(a), it was found that the predictions by Zhang et al. [19]
exhibit excellent agreement across the entire temperature range.
Therefore, this study adopts the results from Zhang et al. [19].

Next, the reaction NH + NH — products is analyzed. As shown in
Fig. 6(b), Klippenstein et al. [25] illustrated the reaction pathways of
NH + NH based on CCSD(T)/CBS//CCSD(T)/aug-cc-pvtz theoretical
calculations. The study revealed that the addition reaction of NH ex-
hibits no barrier on either the singlet or triplet states, whereas the
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Table 1
List of reactions in the proposed ground mechanism in Arrhenius expression k =
AT" exp(—E,/(RT)). Units are mol, cm, s, cal.

Reactions A n Ea Source
R1 NH; + H + M=NH3 + M 1.5E14 0.167 0 [6]
R2 NH; + H=NH; + Hy 7.3E13 0 13,750 [24]
R3 NH;, + M=NH + H + M(r) 1.2E25 —-2.71 0 [6]
R4 NH; + H=NH + H, 5.1E08 1.50 3700 [6]
R5 NH; + N=N, + H+ H 7.0E13 0 0 [6]
R6 NH; + NH=N,H, + H 1.5E15 —0.5 0 [15]
R7 NH; + NH=NH;3; + N 9.6E03 2.46 107 [6]
R8 NH; + NHy=NHj3 + N 5.6E0 3.53 552 [25]
R9 NH; + NH=N,H, + Hy 1.7E08 1.02 11,783 [25]
R10  NH; + NHy=H,NN + Hj 7.2E04 1.88 8802 [25]
R11  NH; + NHj + M=NyH4 + M 5.6E14 —0.414 66 [25]
R12 NH+M=N+H+M 1.8E14 0 74,800 [6]
R13 NH + H=N + H, 1.65E11 0.71 931 [19]
R14 NH + N=N; + H 8.7E13 0 186 [26]
R15 NH + NH=N,H, 6.26E13 -0.036  —160.9 [25]
R16 NH + NH=NNH + H 6.2E13 —0.036 161 [23]
R17 NH+ NH=N, +H+H 5.634E13  —0.036  —160.9 [25]
R18 NH + NH=N; + Hy 6.26E12 —-0.036  —160.9 [25]

R19 NH + NH=NH, + N 5.7E-1 3.88 172 [25]

R20 N,H, + M=NNH + H + M 1.9E27 -3.05 66,107 [27]
R21  N,H, + H=NNH + H, 1.1E14 0 3128 161

R22  N,H, + H=N,H; 1.3E14 0 3871 [61

R23  N,H, + NH=NNH + NH, 2.4E6 2.0 1192 [23]
R24  N,H, + NH,=NNH + NHj 2.71E5 2.226 ~1030  [19]
R25  NHp + NpHp=NNH + NpH;  1.0E13 0 9935 [19]
R26  NoH, + NoH3=NNH + NoH,  1.0E13 0 6028 [281
R27  NoHs(+M)=NoH, + H(+M) 1.28E11  0.819 41,800  [28]
R28  N,H; + H=N,H, + H, 7.476E3  2.796 4684 [29]
R29  NyHs + H=H,NN + H, 6.243E6  1.89 246.6 [29]
R30  N,Hs + H=NH, + NH, 7.926E14 —0.189  521.5 [29]
R31  N,H; + NH=N,H, + NH, 2E13 0 0 [30]
R32  NyHj + NH,=N,H, + NH3 6.08E-1 3.574 1190 [29]
R33  NyHj3 + NHp=H,NN + NHj 1.11E1 3.08 211 [29]
R34  NyHj + NpHz=N,H, + H,NN  9.325E-8  4.97 6249.5  [29]
R35  NoH,=H,NN + H, 1.4E14 0 74911  [23]
R36  NoH,=N,H, + H, 5.2E38 -7.84 67,100 [19]
R37  NoH, + H=N,H; + H, 7.0E12 0 2500 [31]
R38  N,H, + H=NH; + NH, 3.0E06 2.07 8012 [23]
R39  NyH4 + N=N,H; + NH 1E10 0 2008 [281
R40  N,H,; + NH=N,H; + NH, 1E9 1.5 2000 [28]
R41  N,H, + NH,=N,H; + NH3 1.8E6 1.71 —1387  [28]
R42  H,NN=N,H, 1.3E14 0 46,931  [6]

R43  H,NN=N, + H, 2.5E14 0 52,785  [6]

R44  H,NN=NNH + H 3.4E26 —4.83 46,228  [22]
R45  H,NN + H=NNH + H, 4.8E8 1.5 -894 [271
R46  HoNN + H=N,H, + H 1.8E10 0.97 4470 [22]
R47  H,NN + NH,=NH; + NNH 1.8E6 1.94 -1152  [27]
R48 NNH=N, + H 1E9 0 0 [22]
R49  NNH + H=N, + H, 1.0E14 0 0 [281
R50 NNH + N=N, + NH 3.0E13 0 2000 [18]
R51  NNH + NH=N, + NH, 5.0E13 0 0 [15]
R52  NNH + NH,=N, + NHs 5.0E13 0 0 [15]
R53  NNH + NNH=N, + N,H, 1.0E13 0 10,000  [18]

dehydrogenation reaction leading to NH; + N possesses barriers on both
the triplet and quintet states. Consequently, the addition reaction
dominates the kinetics. Furthermore, the energy barrier for the singlet
state pathway NNH + H is significantly lower than the saddle point of
the N2 + Hp pathway and is barrierless, making reaction (R16) more
important than reaction (R18).

3.2. NjH, chemistry

Linder et al. [49] employed variational transition state theory cal-
culations to determine the rate constants for the reactions NoHy +
H=NNH + Hj (R21) and NyH; + NH>=NNH + NH3 (R24) over a tem-
perature range of 300-3000 K. The rate constant for the reaction NoHy
+ H=NNH + H; was cited by Konnov et al. [18]. Results from other
studies are similar, with differences within one order of magnitude.
Zheng et al. [50] provided the branching ratios for the dehydrogenation
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Fig. 3. Rate constant of NH3 + H=NH, + H, as a function of temperature.
Symbols denote experiment and lines denote calculation.

reaction NoHy + H=NNH + Hs (R21) and the addition reaction NoHy +
H=N3H3 (R22). Theoretical calculations revealed that the classical
barrier height for the addition reaction is approximately 1 kcal/mol
lower than that of the dehydrogenation reaction. However, due to
vibrational adiabaticity, the rate of the addition reaction is lower than
that of the dehydrogenation reaction. At 200 K, the branching ratio
between the dehydrogenation and addition reactions is 3.5, decreasing
to 1.2 at 1000 K and further to 1.06 at 1500 K. Therefore, under the low-
temperature conditions considered in this study, the dehydrogenation
reaction rate is dominant. Fig. 7 compares the rate constants from
various models, and the rate and branching ratio for the NoHy + H re-
action in this model are based on the results from Zheng et al. [50].

Miller et al. [30] incorporated reaction (R23) into the mechanism,
demonstrating that the experimental results are insensitive to this value.
The reaction NyHg + NHy — products exhibits two branching pathways,
with reaction (R24) being the dominant one. Linder et al. [49] con-
ducted theoretical calculations across the entire temperature range, and
their results have been referenced in the models of Glarborg et al. [23]
and Song et al. [17]. Pascal et al. [29] performed the most recent
theoretical calculations in the temperature range of 250-2500 K, which
were subsequently incorporated into the model by Zhang et al. [19]. Our
model also adopts this result. Although there have been numerous
theoretical studies on the reaction NoH3 + H/NH, — products, the re-
sults vary within four orders of magnitude. This model adopts the latest
research findings from Pascal et al. [29].

For the hydrogen abstraction reactions of NoHy4, reaction (R37)
predominates over (R38) as the main pathway. Fig. 8(a) compares
experimental results with theoretical calculations at low temperatures,
showing that the results from Glarborg et al. [31] exhibit the best
agreement. Therefore, this study adopts their results.

There have been numerous computational results for reaction (R41),
and Fig. 8(b) compares the existing experimental values with simulated
values. Significant discrepancies are observed among the models, and
this study adopts the results from Konnov et al. [18], which demonstrate
better agreement with the experimental data.

3.3. Plasma kinetics

Present plasma model is developed based on the NH3 reaction
mechanism proposed by Liu et al. [59]. Their model incorporates a
comprehensive set of electron-impact cross sections for NHs, calculated
using the R-matrix method, along with vibrational-translational (VT)
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and vibrational-vibrational (VV) relaxation rate constants derived from
SSH theory. These improvements significantly enhance the accuracy of
plasma-assisted NH3 decomposition and oxidation modeling. Further-
more, as highlighted by Qiu et al. [9], electron-impact reactions
involving NH; and NH radicals should also be considered as they are key
dissociation products of NHs. Present model incorporates these re-
actions, with relevant data sourced from Refs. [60] and [61]. Since Hs is
the primary product in NH3 decomposition, we adopted the Hy-related
electron-impact reactions from the works of Mao et al. [62], which
utilize cross sections from the Phelps database [63] and Itikawa data-
base [64], as well as ion-related reactions from the IST-Lisbon database
[65]. Electron-impact excitation reactions, Vibrational-translational
(VT) relaxation reactions, Vibrational-vibrational (VV) energy ex-
change reactions and Chemical reactions enhanced by vibrationally
excited species were all included in Mao et al. [62], and simulations
demonstrated excellent agreement with experimental data, validating
the Hy model’s predictive capability. The collision cross sections for Ar
and H, were obtained from the Phelps database [63] in the Lxcat
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database (see Appendix).
4. Results and discussion
4.1. Measured and predicted results

Given that the E/N ratio critically regulates energy distribution
pathways and governs the formation of reactive species within plasma
systems, a comprehensive investigation is required to identify the
dominant active species generated across varying E/N gradients,
thereby facilitating the optimization of ammonia decomposition
processes.

Fig. 9(a) demonstrates the ratio of electron energy distribution
during ammonia cracking process. The energy loss distribution of
NH;j(v) particles exhibits a marked reduction in 10-100 Td. Within this
range, the energy deposited by electrons into NH3(v) significantly de-
creases, while the energy absorbed by Ar* and electronically excited
NH; species rapidly increases. Notably, energy deposited in ions is
limited. This phenomenon is desired to observe because vibrationally
excited states primarily induce gas heating through collisional quench-
ing rather than fuel decomposition. In contrast, electronically excited
species Ar* directly dissociate ammonia molecules via impact reactions.
The E/N ranges from 297 to 594 Td in the study of Zhang et al [6] and
most of the electron energy in their conditions deposited to dissociation
of NH3 and ionization of Ar and NHj as their pressure is low (8 kPa).
Consequently, we selected the reduced electric field strength range of
40-80 Td (highlighted in blue) in Fig. 9 (a) as the following experi-
mental conditions. Fig. 9 (b) shows the time evolution of key radical and
active particle concentrations in a single pulse for plasma-assisted NH3
pyrolysis system at an applied voltage of 5000 V. It can be observed that
NH; and H radicals are generated synchronously in the initial reactions
of NH3 consumption and in larger concentrations than NH radicals;
vibrationally excited states quenches in the afterglow stage and rapidly
converts to radicals and ions (NH,, NH, H, NHY). Following this stage,
NHZ (the most abundant ionic species) exhibits a gradual concentration
decline, attributed to its dissociative recombination with electrons
generating NHg alongside NH; and H radicals. Consequently, sustained
accumulation of NH; and H radicals are observed throughout the reac-
tion process.

Fig. 10 depicts the measured molar distribution of ammonia during
the cracking process at applied voltages of 3500-6500 V and compares it
with the simulation results of different models. Compared with the Liu et

N,H,+NH,=N,H,+NH,
1E13
= 1E12 | . L,
'g B Michel 1965
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=4 Konnov 2001
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Fig. 8. (a) Rate constant of N,H, + H — products as a function of temperature. Symbols denote experiment([53,54]) and lines denote calculation([23,31,55]). (b)
Rate constant of NoHy + NH, — products as a function of temperature. Symbols denote experiment([56-58]) and lines denote calculation([18,19,23,31,55]).
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Fig. 10. Measured (symbols) and simulated (lines) mole fraction profiles of ammonia decomposition in flow reactor.

al model [59], the present modified model can predict the concentra-
tions of NHg and Hj very well, and successfully reduces the prediction
error of Hy concentration from + 66.7 % to within + 13.3 %, which
significantly improves the problem of systematic positive bias of Hy
concentration that exists in the traditional combustion kinetic model,
which was also discussed by Tamaoki et al. [66]. In the presence of
plasma, ammonia can be decomposed at room temperature, with Hy and
Ny being the main products, and simulations show that this is accom-
panied by products such as NoHo(10 ppm) and NoH4(200 ppm). It is
important to note that once ionization of the gas has occurred by
breakdown, the increase in ammonia cracking gain from continued
voltage increases is not significant.

4.2. Pathway flux of NHs

To further explore the mechanism behind the effect of plasma on
ammonia consumption, as well as to study the decomposition process of
NH;j, a rate of product (ROP) analysis is conducted under different
voltage conditions in Fig. 11. Unlike conventional ammonia pyrolysis,
NHj is consumed under plasma mainly through collisional reactions
with excited state Ar* (R54) rather than reactions (R1) and (R2). The
generation of NH, occurs mainly through collisions of NH3 with the
excited state of Ar* as well as with energetic electrons, which suggests

that the collisional dynamics of the electrons dominates the process of
NHj consumption and the generation of NHs.

Increasing the voltage promotes the collisional dissociation reaction
between NH3 and Ar* (R54), while decreasing the flux of NH3(v1-v4),
which effectively promotes the decomposition of NH3 and the increase
in the concentration of the radical pool; the collisional reactions of NH,
and NH with high-energy electrons ((R55) and (R56)) are promoted,
while the addition reactions (R11) and (R15) are inhibited, thus the new
reaction mechanism introduced by plasma allows more NHy, NH and H
to be generated in system.

NH, + H+ M = NH; + M (R1)
NHs +H = NH, + H, (R2)
Ar’ + NH; + H-Ar + NH, + 2H 54)
NHy,+e—->NH+H+e 55)
NH+e->N+H+e 56)
NH, +NH, +M = N,H, + M 11)
NH + NH = N,H, 15)
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Fig. 11. The ROP analysis of NH3 under two applied voltages (3500 V and 5500 V).

In addition to the H-abstraction reactions NH3 — NHy; — NH — N, a
portion of NHy and NH radicals participate in recombination processes,
leading to the formation of NoHy species. Among them, NoHy is gener-
ated via an addition reaction (R11), which undergoes a H-abstraction
reaction (R38, R40, R41) via collisions with NH,, H, and NH radicals to
generate NoHs, and is ultimately converted to NNH via NoH; (R21, R23,
R24). Given that the lifetime of NNH is on the nanosecond timescale, the
reaction (R48) rapidly attains equilibrium, followed by the subsequent
decomposition of NNH into N3 and H.

N,H, +H = NH; + NH, 38)
N,;H4 +NH = N,H; +NH, 40)
N,;H4 +NH, = N,H3 + NH; 41)
N,H; +NH = N,H, +NH, 31)
N,H; + NH, = NNH + NHj3 24)
N,H; + NH = NNH + NH, 33)
N,H, +H = NNH + H, 21)
NNH =N, +H 48)

Fig. 12 compares the formation and consumption pathways of Hy
under different voltages. Within the operating conditions investigated in
this study, Hp is primarily generated through the electron-impact
dissociation of NH3 (R57), which differs from conventional Hy forma-
tion pathways. Although H; can be excited to vibrational and electronic
states through collisions with electrons, the focus of this study remains
on its formation process, as Hy does not participate as a reactant in the
considered reactions.

NH; +e—NH+H, +e 57)

3500V

5500 V s

+€

v
I H, |
+e|77|64% +e|10|16% +e|7|6.1% +e|1.8|4.1% +e|1.8|4.1%

[Hv1) | [HaB3) | [ Hyv2) | [HyBT)] [HaC3)]

Fig. 12. The ROP analysis of Hy under two applied voltages (3500 V and
5500 V).

NH; +e—NH, +H+e 58)

The sensitivity analysis of NHs and Hy are shown in Fig. 13. A pos-
itive sensitivity coefficient indicates that doubling the reaction rate
would increase the species concentration, while a negative value sug-
gests a decrease. Through sensitivity calculations, the key reactions
governing NH3 consumption are identified. At both voltages, the re-
actions NHz + e - NH3 +2e and Ar + e — Ar'+2e exhibit significant
sensitivity coefficients. As the voltage increases, the importance of Ar +
e — Ar*+e becomes more pronounced. This is because higher electric
field excites more Ar* species, which subsequently enhance NH3 con-
sumption. The sensitivity analysis of Hy reveals that Ar 4+ e — Ar'42e
plays the most critical role in Hy production. This reaction ionizes
ground Ar to generate additional electrons, triggering an electron
avalanche effect that simultaneously promotes NH3 decomposition and
H, formation. Conversely, the recombination reaction between NHZ
ions and electrons (NH4 +e — NH3 -+ H) negatively impacts H, gener-
ation. This is because it consumes high-energy electrons to reform NHg,
thereby reducing the availability of electrons for NH3 decomposition
into Ho.
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Fig. 13. Sensitivity analysis for NH3 and H, under 3500 V and 5500 V.

In this work, Ar plays a crucial role in the ammonia decomposition
process. Ar* is easily formed and mainly reacts with NH3 to produce H
and NH; radicals that boost system’s radical concentration. The
following illustrates the transformation process in the Ar system shown
in Fig. 14. Under the influence of the electric field, Ar is initially excited
to Ar* through collisions with high-energy electrons (R59), subse-
quently participating in fuel consumption reactions (R54). Simulta-
neously, a small fraction of Ar is ionized to ionic Ar™ (R60), which then
interacts with fuel molecules, converting NHs into NHJ ions and H
radicals through collision processes (R61).

Ar+e—Ar +e 59)
Ar+e—Art +e+e 60)
Ar* + NH; + H—Ar + NH + 2H 61)

4.3. Effects of key particles

Fig. 15 compares the concentrations of key particles at different
voltages. After the applied voltage is increased from 3500 V to 5500 V,
the concentration of H radicals increases by a factor of 3, accompanied
by an increase in the concentration of NH; radicals. NoH4 shows the
highest mole fraction among Nj-products, increases by a factor of 10.
And NyH; concentration rises by a factor of 3. In contrast, NNH main-
tains the lowest concentration due to its high reactivity which readily
converts into Ny and H atom. Thus, the plasma greatly facilitates the
generation of reactive radicals in the system and drives ammonia
decomposition.

Fig. 16 illustrates the pathways and fluxes for the generation and
consumption of H radicals. H is mainly generated through dissociation

NH2+H<\ +e +e /»NHZ*+H
+NH3 +NH3
94/
v v
Ar’ Art

Fig. 14. The ROP analysis of Ar.

reactions of NHs with Ar* and electron collisions, accompanied by the
generation of NH,.The generated H radicals is consumed through hy-
drogenation reactions with NyHs and hydrogen abstraction reactions
with the excited state NH3(e).

5. Conclusion

This work conducted a synergistic experimental and modeling study
for non-equilibrium plasma chemistry in dielectric barrier discharge
(DBD) reactors, specifically targeting ammonia decomposition. Species
profiles of key species were measured and a new kinetic model is
developed to more precisely predict the ammonia decomposition at low
temperature with plasma assisted. This modified model incorporates
more accurate rate constants, and an optimized plasma-coupled mech-
anism is integrated. Systematic validation against concentration profiles
revealed improvement in predictive accuracy over conventional com-
bustion kinetic models, with radical flux analysis identifying the con-
crete mechanism of NH3 decomposition.

The plasma-driven decomposition mechanism is fundamentally
governed by synergistic interactions between excited Ar* species and
energetic electrons. Notably, the initiation of NH3 decomposition is
predominantly driven by electron impact dissociation (e + NH3 — NH,
+ H + e) and Ar* collisional activation (Ar*+H + NH3 - NHy + 2H +
Ar). Hydrogen production is critically dominated (more than 95 % flux
contribution) by direct electron impact on NHs (e + NH3 — NH + Hy +
e). The high-energy Ar* species play a key role as energy carrier (11.55
eV) and reactive collision partner facilitating energy transfer via
quenching-induced dissociation pathways. Formation of NoH4 proceeds
through NH; dimerization (NHy + NHy=N3H,), followed by sequential
dehydrogenation via H-abstraction (NoH4 + H=NyH3 + Hp, etc.) ulti-
mately yielding molecular nitrogen.
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