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ABSTRACT

Hydrogen is a vital energy carrier to decarbonize hard-to-electrify sectors. However, its storage and transport
remain challenging. Hence, hydrogen-carriers—chemicals and materials that are hydrogen-rich and easier to
store and transport—offer a potential solution. Ammonia stands out due to its carbon-free nature and existing
global infrastructure, nevertheless its potential relies on the development of low-cost, high-purity cracking
technology. Non-thermal plasmas offer a promising electron-driven approach to achieve this. Previous studies
already demonstrated its feasibility, but were typically limited to low conversions. However, for practical ap-
plications achieving near-complete conversion to produce high-purity hydrogen is essential. Combined experi-
ments and simulations can provide critical insights into the chemical reaction pathways. Here, we show how the
cracking products influence the cracking performance starting from pure ammonia to near-complete conversion.
While nitrogen enhances cracking performance, hydrogen hinders it. Based on these findings we propose stra-
tegies to exploit these insights and improve cracking efficiency.

1. Introduction

As a carbon-free energy carrier, hydrogen (Hy) is set to play an
essential role in achieving a sustainable energy future. Hydrogen will be
particularly vital for decarbonizing hard-to-electrify, energy-intensive
sectors due to its zero greenhouse gas emissions at the point of use.
However, hydrogen's physical properties pose significant challenges for
storage and transportation. In its pure form, hydrogen requires either
extreme compression or liquefaction at cryogenic temperatures, both of
which are energy-intensive and costly [1].

A potential solution involves converting hydrogen into ammonia
(NH3) at its point of origin, transporting ammonia, and cracking it back
into hydrogen at its point of use. Ammonia is easier to store and trans-
port due to its high energy density (cf. at liquid phase, 15.6 MJ/L for
NH;3 vs 9.1 MJ/L for Hy), liquid state at moderate pressures (7.5 bar,
while Hj can't be liquified by adjusting pressure) and temperatures (cf.
240 K for NH3 vs 20 K for Hy), and established global infrastructure. One
should keep in mind, however, that ammonia poses other challenges due
to its toxicity [2]. Nevertheless, for this approach to be viable, the
combined efficiency of the conversion, transport, and cracking steps

must surpass alternative methods.

To achieve this, the final cracking step must be energy efficient and
produce high-purity hydrogen, ideally powered by renewable energy.
Non-thermal plasma is a promising approach as it can activate gas-phase
chemical reactions through energetic electrons, independent of gas
temperature, in low-cost reactors without the need for expensive cata-
lysts [3-6]. Plasma technology offers a unique opportunity; it is highly
flexible, operating across a broad temperature range (from ambient to
tens of thousands of Kelvin) with a large reactive volume. Unlike elec-
trochemical methods, plasma systems can be switched on and off
instantly, eliminating the need for lengthy preheating [7] and thereby
making them compatible with intermittent renewable energy sources.
Furthermore, plasma processes differ from conventional thermal
methods in their ability to operate under various temperature regimes,
where the process is controlled by electron-driven reactions (determined
by the electron temperature, Te); thermally-driven reactions (deter-
mined by the gas temperature, Ty); or a combination of both [8-11].
Additionally, in contrast to catalysis, which is limited by the available
surface area, often of rare-earth materials, plasma processes occur in the
bulk gas phase, lowering the reactor cost and dramatically increasing
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the available reactive volume [3]. These characteristics make plasma
processing an ideal Power-to-X (P2X) technology to convert renewable
electricity into value-added products matched to the variable output of
renewable energy sources. This in turn makes its economics appealing,
on both large and small modular scales [4,12].

Prior studies made significant progress in revealing the various re-
action pathways involved in the plasma-based NHj cracking process to
produce Ny and Hy [13-17]. Additionally, several studies have suc-
cessfully explored the opposite process, plasma-based NHj3 synthesis
from Ny and Hj [18-22]. Even for the thermodynamic nonequilibrium
conditions in a plasma, chemical equilibrium principles will dynami-
cally balance NHj3 synthesis from N/Hg, and NHs decomposition into
No/H,, depending on the operating conditions. Hence, understanding
how NHj conversion evolves from pure NH3 to a cracked NHs/Ny/Hy
mixture is crucial for optimizing the process.

We investigated Hy production rates and NHz conversion for varying
mixtures: (i) NH3/Ny/Hy with No/Hy mimicking the 1:3 cracking ratio,
(i) NH3/Ny, and (iii) NH3/H,. These mixtures represent plasma-based
ammonia cracking: (i) without intervention, (ii) with selective
removal of Hy and (iii) with selective removal of N,. Herein, we
demonstrate how the cracking products, Ny and Hj, affect the plasma-
based cracking process—both individually and combined—when pro-
gressing from pure ammonia to the nearly completely cracked mixture.
Additionally, through OD plasma chemical kinetics modeling, we
revealed underlying chemistry that causes distinct cracking behaviors in
various mixture conditions. Finally, we present a brief outlook for the
future development of plasma-based ammonia cracking by asking: how
can we enhance plasma-based ammonia cracking performance at high
conversions (low NH3 concentration in the mixture)? Here, our findings
demonstrates that in-situ Hy removal and/or N5 recirculation will be
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essential to maintain a stable Hy production rate and low energy cost
throughout the process.

2. Results and discussion

The reference H; production rate for pure NHgz is 7.2 NmL/min (star,
Fig. 1). For the NH3/No/H; mixture (fixed No:Hj ratio of 1:3) (black
circles, Fig. 1), this rate decreases significantly when the NH3 concen-
tration is lowered. Upon initially lowering the NH3 concentration to 90
%, the Hy production rate drops to 4.3 NmL/min, followed by a steady
decrease to 2.9 NmL/min at 50 %, and a slightly stronger decrease to 0.6
NmL/min at 10 %. The NH3/H, mixture (blue circles, Fig. 1) exhibits a
similar trend albeit with slightly lower Hy production rates: 3.9 NmL/
min at 90 %, 2.8 NmL/min at 50 %, and 0.3 NmL/min at 10 %. Hence,
both the NH3/No/H; and NHz/Hjy mixtures exhibit diminishing perfor-
mance as NHs cracking progressed from O to 90 %.

The NH3/N, mixture (red circles, Fig. 1) behaves dynamically.
Initially, the Ho production rate is halved to 3.4 NmL/min at 75 %,
similar to the other mixtures. However, the decrease is less pronounced,
with an initial rate of 5.1 NmL/min at 90 %—the highest among the
three. After this initial decline, the Hy production rate nearly completely
recovers, reaching 6.7 NmL/min at 25 %. Upon further lowering the NH3
concentration, although decreasing again, the rate remained signifi-
cantly higher compared to the other mixtures: 4.6 NmL/min at 10 %—
about 8 times higher than the NH3/Ny/H, mixture and 15 times higher
than the NH3/H; mixture. Hence, the NH3/N; mixture exhibits superior
performance compared to the NH3/N5/Hy and NH3/Hy mixtures, espe-
cially for NHs concentrations <50 % (probably even extending to
<65-70 %, similar as reported by Mlotek et al. [23]). This can be
regarded as a composition-dependent regime (gray-shaded area).

H, production rate (NmL/min)

Composition-dependent regime

72} %
i EELF-based approx. *
iSp : :
39| H,
29| é
1.1F
0.6 T,=600K e
0.3 SEI=6Jcm® ;
| | | | | | |
100 90 75 50 25 10 0

NH,; concentration (v/v%)

Fig. 1. The measured H, production rate generally decreases as the initial NH3 concentration is lowered. Initially, the three mixtures behave similarly up to the
composition-dependent regime. In this regime, the H, production rate for NH3/H, and NH3/No/H, (fixed No:H, ratio of 1:3) continues to decline, whereas that for
NH3/N, recovers. A linear dilution approximation (solid line) indicates which mixtures have a positive or negative contribution, whereas an electron energy loss
fraction (EELF)-based approximation (dash-dotted line) succeeds in capturing the differences between the mixtures.
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The better performance of the NH3/No mixture is further highlighted
when evaluating one of the main parameters for process optimization,
the energy cost (see SI for details). For the conditions mimicking the
start of the process (pure NHs), the energy cost is 58 eV/molecule-NHs.
While for the conditions mimicking the end of the process (only 10 %
NH3 in the mixture), this value rises to 709 eV/molecule-NHj3 for the
NH3/N2/H. mixture and to 1488 eV/molecule-NH3 for the NHs/Hy
mixture. In contrast, the NH3/N5 mixture requires only 91 eV/molecule-
NHj3 for 10 % NHs in the mixture, while for 25 % NHs in the mixture, the
energy cost of 62 eV/molecule-NHjs is even comparable to the pure NH3
conditions (58 eV/molecule-NH3). Hence, for continuous operation
from pure NH3 down to low concentrations (up to 10 % in this study),
the average energy cost for NH3/N» (84 eV/molecule-NH3) is approxi-
mately three times lower compared to NH3/Ng/H; (252 eV/molecule-
NH3) and about five times lower compared to NH3/H; (424 eV/mole-
cule-NHj3).

The obtained energy costs are comparable to those reported in
literature for DBDs (e.g. 85 eV/molecule-NHs with packed-bed DBD
[24] and 143 eV/molecule-NH3 with Cu-catalysts-loaded DBD [25], see
Table 1). Additionally, as is clear from the available data in literature
(Table 1), pin-to-pin, non-thermal arc plasma jet (NTAP) and gliding arc
(GA) reactors operating at relatively high gas temperatures (~3000 K)
outperform DBDs when evaluated in terms of energy cost. Among
others, this is a consequence of the difference in activation energy be-
tween electron-induced (threshold energy, Ey) and thermally driven
(reaction enthalpy, AH,) reactions [11,26], with the former dominating
in low-temperature plasmas (e.g. DBD, radio frequency (RF), Corona)
and the latter in warmer plasmas (e.g. NTAP, GA, MW). Hence, future
work should explore whether the effects of different mixture composi-
tions observed here for low-temperature plasmas are also valid for
plasmas operating at higher gas temperatures (and typically lower
reduced electric fields).

Regardless of traditional chemical equilibrium considerations, it is
not surprising that a lower NH3 concentration leads to a reduced Hy
production rate and increased energy cost. In plasma-based gas con-
version, energy is distributed across the entire gas volume (i.e. SEI) [11].
When the NH3 concentration decreases, less energy is transferred to
NHjs, while more is transferred to Ny and Hj. As a first approximation, if
NH3 is only cracked proportional to the supplied energy, and the energy
supplied to N» and Hy is not transferred to processes that can contribute
to cracking of NH3, then we can represent the expected decrease in Hy
production rate through a linear function that reaches 0 NmL/min at 0
vol% NHs (gray solid line, Fig. 1). Deviations from this case then indi-
cate that at least part of the energy supplied to N» and Hj contributes to
reactions that do affect the cracking process. In general, the values for
NH3/H, and NH3/Ny/H, are clearly below this linear approximation,

Table 1
Energy cost of NH3 cracking obtained with various plasma reactors.
Reactor type Gas Gas Energy cost Ref.
composition temperature (eV/molecule-
) NH3)
DBD 100 % NHj3 600 58 This
10% NH3in N, 600 91 work
10 % NH3 in 600 709
Na/H(1:3)
10 % NH3 in Hy 600 1488
Packed-bed DBD 100 % NH3 300 84 [24]
DBD with Cu- 5 % NHj3 in Ny 523 143 [25]
catalysts
RF Plasma 1 % NHs in Ar 315-600 20-50 [15]
Non-thermal Arc 100 % NHj3 1116 1.6 [27]
Plasma jet
(NTAP)
Pin-to-pin plasma 100 % NHj3 - 1.5 [28]
Gliding Arc 100 % NHj3 - 2.19
Plasmatron
(GAP)
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whereas that for NH3/N» is above it. This indicates that the energy
transferred into electron-collisions with Hj is contributing to processes
that counteract NH3 conversion, while the energy transferred into
electron-collisions with N3 is contributing to processes that enhance NH3
conversion. This is in line with findings in literature where gases such as
Ar, He, and N, have a beneficial effect through their highly energetic
metastable states [13,14,29,30].

However, the energy transferred to NH3, No, and Hj is not directly
proportional to its concentration but depends on the threshold energies
and cross-sections of the various electron-neutral collision processes. A
more accurate approximation relies on calculating the fraction of elec-
tron energy lost—or rather supplied—to the specific processes that are
influencing the cracking efficiency for each individual mixture (dash-
dotted lines Fig. 1) using their cross-section data [31,32] and a Boltz-
mann solver (e.g. Bolsig+ [33]). The processes considered are NHj
dissociation (positive contribution), Ny electronic excitation (positive
contribution), and Hy dissociation (negative contribution). For more
details see Section S3 in the SI.

This electron energy loss fraction (EELF)-based approximation cap-
tures the differences in behavior of the three mixtures remarkably well.
At NH3 concentrations >75 v/v%, the Hy production rate remains nearly
identical across all three mixtures. Below this threshold, the NH3/Ny
mixture (red dash-dotted line, Fig. 1) exhibits only a minor decrease,
followed by a near constant Hy production rate > 5.7 NmL/min up to 1-
v/v% NHs. In contrast, the NH3/H: (blue dash-dotted line, Fig. 1) and
NH3/Ny/Hjy (gray dash-dotted line, Fig. 1) mixtures exhibit a dramatic
decrease, with Hz production dropping to 0 NmL/min at 13 and 23 v/v%
NHs, respectively. This highlights that, besides electron impact disso-
ciation of NHs, H radicals and electronic excited Ny play a key role in the
cracking process.

Our results show that the presence of Ny enhances NHj3 cracking,
while Hj inhibits it. Notably, Hs's negative impact is stronger than N»'s
positive effect, as NH3/Ny/Hy performs only slightly better than NH3/
H,. This highlights the importance of understanding the underlying
dynamics. Successfully leveraging these effects could contribute to im-
provements in the efficiency of the plasma-based NHj cracking process
through optimized reactor performance.

To explore the chemical reaction pathways behind the observed
trends, we performed 0D plasma-chemical kinetic simulations. We
developed an improved version of our previously published
temperature-dependent plasma-chemical reaction mechanism [13] and
assessed its performance against experimental data for two distinct
operating regimes and the same three mixtures with an NHs concen-
tration of 1 v/v%: thermal NHj cracking (900 < T; < 2300 K and Pgjs =
0 W; Fig. 2a) and plasma-based NH3 cracking (300 < T < 900 K and Pgis
=20 W, SEI = 1.2 J/cm?; Fi g. 2b). In follow-up work, we aim to extend
the validity of the mechanism to cover the full range of operating con-
ditions (i.e. NH3 concentrations and temperature range), however, as
outlined in our previous work, this requires the development of more
accurate reaction rate and cross section data for several important spe-
cies [13].

Our improved reaction mechanism showed better performance
compared to the previous mechanism (see Section S2.4 in SI) in
capturing the experimental trends. For thermal cracking, our simula-
tions effectively captured the shift in conversion onset to higher gas
temperatures for NH3/Ny/Hp and NH3/H, compared to NHj3/No,
showing only a minor deviation of the experimental onset temperature
for NH3/No: 1200 K (red line, Fig. 2a) versus 1350 K experimentally (red
symbols, Fig. 2a).

For plasma-based cracking, our simulations captured the differences
between the mixtures: predicting a negligible conversion for NHs/H,
consistent with the experiments; for NH3/Ny/Hy a minor conversion
compared to a negligible conversion in the experiments; and for NHs/Ny
an increased NH3 conversion with increased gas temperature (at Ty <
600 K), followed by a decrease, and gradual increase. In absolute values,
the latter displays an underestimation at Ty < 600 K, an overestimation
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Fig. 2. With an improved plasma-chemical reaction mechanism, the model (lines) captures the experimental trends of NH3 conversion (symbols) for both (a) thermal
and (b) plasma-based NHj cracking. For thermal cracking, the conversion onset temperature varies significantly with mixture composition: NH3/N, exhibits the
lowest onset temperature (red, 1200 K) compared to NH3/N,/H, (black, 1550 K) and NH3/H, (blue, 1550 K). For plasma-based cracking, NH3/N, shows significant
conversions independent of the gas temperature, whereas NH3/No/H, and NH3/H, show negligible conversions. The maximum attainable gas temperature was
limited to 1450 K for the thermal cracking experiments (which was the limit of the electric furnace) and only 900 K for the plasma-based NH; cracking experiments
(due to discharge instabilities at higher temperatures). Experimental data points for the NH3/N5 mixture are reproduced from our previous work [13].

at Ty > 600 K, and a shift of 100 K for the peak value. The qualitative
match between our experiments and simulations supports using the
model to explore the underlying chemical pathways and identifiy op-
portunities for optimizing plasma-based ammonia cracking.

Thirteen reactions play a pivotal role throughout the cracking pro-
cess. Five of those are primarily driving NH3 cracking and recombina-
tion. Like other plasma-based gas conversion processes [9,10,34-36],
plasma-based NHjs cracking is initiated by collisions with highly
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energetic electrons, triggering electron-impact reactions. Due to the low
NH3 concentration (1 v/v%) and high Ny/Ha concentrations in our
simulations, the dominant initiation channels are electron-impact re-
actions with Ny (R1) and Hy (R4) rather than electron-impact reactions
with NH3 (R6). Whereas, the latter are important for studies with higher
NHj; concentrations or using Ar as dilutant [15,37], in the present work
they have a negligible contribution (see Fig. S23 in the SI).

For the NH3/N» mixture (1:99), the main process is electronic exci-
tation of Ny (Eq. (R1)):

e + N2—>67 + ].\124r (R]-)

Ny is excited to eight different excited states (i.e., No(A%ED),
No(BMlp), Na(B’Ly), Na(WPA), No(a'Tly), Naa'z,), Na(W'a),
N(C311,,)), which mostly relax to the highly energetic meta-stable states
N2(A% and Ny(a!) (see Fig. S19-521 and Table S15 in SI for details).
These meta-stable species subsequently induce NH3 decomposition via
Penning dissociation reactions (R2 and R3):

N (A%) +NH;—>NH, + H (R2)

N, (a') + NH;—>NH, + H (R3)

Thus, the observed NH3 conversion primarily results from the indi-
rect energy transfer via these metastable states (on average, 80 % of NHg
decomposition is due to R2, and 14 % due to R3, see Fig. S23 in SI). It is
important to note that Penning dissociation by other excited states such
as NZ(BB) is negligible, for the conditions investigated (1 v/v% NHjs),
because under atmospheric pressure, these states are efficiently
quenched into lower-lying metastable states through collisions with
neutral N, and Hy (Figs. S19-S21). For conditions with low Ny and Hy
(and high NH3) concentrations it is possible that Penning dissociation of
NH;3; with other metastable states does play a role—due to the low
concentration of the non-dissociative quenching partners (N3 and Hy).

For the NH3/Hy mixture (1:99), on the other hand, the main process
is the electron impact dissociation of Hy (Eq. (R4)):

e +H,—»e +H+H (R4)
with 84 % of the H radicals recombining to Hy (Eq. (R5)):
H-+H (+M)-H, (+M) (R5)

In the NH3/Hy mixture, there is no strong mechanism for indirect
energy transfer leading to NHg conversion. Hence, despite its negligible
reaction rate, electron impact dissociation of NH3 (R6) is the main
process at low temperatures (Tg < 800 K):

e +NHs;—e +NH,+H (R6)

Only at Ty > 600 K, H-abstraction reaction involving NH3 become
more significant and contribute to NH3 conversion (Eq. (R7)):

NH; + H—NH, + H, (R7)

In contrast to pure thermal NHjs cracking, the rates of H-abstraction
reactions with NH, and NH were generally negligible. Only for the NH3/
N mixture at Ty = 800 K, H-abstraction with NH, became relevant
(Fig. S16b in SI).

Nevertheless, the recombination of NHy with H (Eq. (R8)) competes
with Egs. (R5) and (R7) throughout all low-temperature conditions
examined in this study (Ty < 900 K):

NH, +H (+M)—NH; (+M) (R8)

This recombination reaction is responsible for undoing any NHj
conversion in the NH3/H, mixture (and the NH3/N,/H, mixture, see
below).

For the NH3/No/Hy mixture (1:24.75:74.25), 17 % of the electron
energy is going into R1 versus 48 % into R4 (Fig. S12a), explaining why
the mixture behaves more similar to NH3/H; rather than to NH3/Nj.
Moreover, the metastable states Ng(AS) and Nz(al) contribute to
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additional dissociation of Hy (Egs. (R9) and (R10)) at the expense of NH3
dissociation (Egs. (R2) and (R3)):

N, (A®) +Hy»>N, +H+H (R9)

N,(a') + H,»N, +H+H (R10)

Although the metastable states still enable some indirect energy
transfer for NHg conversion (Egs. (R2) and (R3)), the dominant recom-
bination reaction (R8)—supported by the additional production of H
radicals (Egs. (R9) and (R10))—suppress net conversion, similar to the
NHs/H, mixture.

The absence of other reactions with notable contributions in the
main chemical pathways for NH3 conversion suggests that even for
higher NH3 concentrations (Fig. 1), the competition between Penning
dissociation (Egs. (R2) and (R3)) and recombination (Eq. (R8)) is most
likely the primary factor for NH3 conversion (and Hj production rate).
Additionally, for high N3 concentrations our simulations show electron-
impact dissociation of Ny (Eq. (R11)) and the reactions of NHy with N
radicals (Eq. (R12) and (R13)) become important-and thus potentially
contributing to the recovery in Hy production rate (and NH3 conversion)
between 75 and 10 v/v% NHs:

e +Ny;—»e +N+N (R11)
NH,; +N-N, +H+H (R12)
NH, + N—N, +H, (R13)

Eq. (R13) generates N radicals that subsequently react with NH; into
Ny and H radicals (Eq. (R12)) or Hy (Eq. (R13)). This reaction introduces
a pathway that disrupts the balance between Penning dissociation and
recombination (Fig. 3), effectively enhancing the H, production rate and
NH3 conversion for NH3/No mixtures.

Based on these insights, we can start to explore strategies to

T, > 600 K
(_‘_\ BRRLN -
. ~. +e~ (R6)
/,” .

+N,(A 3) (R2)

4 1
4
i (re)| [ Na@ D) (R3)
(R7) v /
AN S /s
Seo \*”/
<~
NH, |7
+N :I+H
(R12, R13) /[ (R5)
II
,l
o’

H,

Fig. 3. Although the cracking process is initiated by electron impact reactions,
the overall NH3 conversion is predominantly determined by competition be-
tween penning dissociation (Egs. (R2) and (R3)) and recombination (Eq. (R8)).
Environments with high N5 concentrations enhance penning dissociation (Egs.
(R2) and (R3)), while reactions between NH, and N (Egs. (R12) and (R13))
further facilitate NH3 decomposition (red). Conversely, environments with high
H, concentrations favor recombination reactions (blue). Additionally, at tem-
peratures above 600 K, hydrogen abstraction reaction (Eq. (R7)) be-
comes significant.
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maximize Hy production efficiency at high NH3 conversion rates.

The first strategy involves in-situ Hp removal to minimize recombi-
nation (Eq. (R8)), which can be achieved by integrating Hy-permeable
membranes, similar to thermal NH;3 cracking [38]. Beyond mitigating
recombination effects (as already attempted by Hayakawa et al. [39]),
we must also optimize NHj3 cracking (e.g. via penning dissociation of
NH;3 (Egs. (R2) and (R3)) and electron impact dissociation of Ny (Eq.
(R11))) by controlling the NH3/N> ratio through selective NH3 or No
addition after Hy removal. This could be achieved through recirculating
Nj and/or uncracked NHs. It should be considered, however, that the
dominant role of metastable states may only be observed in high-E/N
plasmas, such as DBDs and nanosecond pulsed discharges. This could
explain why the contribution of Penning dissociation by Ar was absent in
RF plasma-based NHj cracking with 1 % NHs in Ar [15].

A second potential strategy is coupling the plasma with a catalytic
material—known as plasma-catalysis [40-44]—to promote the cracking
efficiency in a synergistic manner. Plasma-generated vibrational and
electronic excited species (via Eq. (R1)) can reduce the activation energy
required for NH3 decomposition on the catalytic surface. However, the
choice of catalyst and packing material (e.g., Al2Os, BaTiOs as supports)
requires careful consideration, as they can shift the discharge mode from
energetic micro-discharges to diffuse, thereby reducing the contribution
of electron-impact dissociation reactions [45]. Deliberate catalyst and
support design can yield positive effects—for example, increasing the
number of discharge channels [46] or promoting a transition from
diffuse to energetic micro-discharges, thereby facilitating dissociation of
the strong N2 bond (via Eq. (R11)) [47]. Both approaches could enhance
cracking efficiency and highlight the importance of thoughtful system-
atic studies on tailored catalyst design. Moreover, although catalyst
nitridation by N radicals has been shown to negatively impact conven-
tional NH3 cracking [48], in plasma-catalysis under low Ty, it could
prove beneficial by providing abundant N radicals on the catalytic sur-
face that can facilitate NH; reactivity (via Egs. (R12) and (R13)).

A third strategy is using non-thermal plasma reactors operating at
higher gas temperatures, Ty > 1500 K (e.g. microwave and gliding arc
discharges), to stimulate thermal decomposition with the heat produced
by the discharge [26,27,49,50], with a potential additional efficiency
gain due to non-equilibrium effects from the increased entropy [11,26].
Here, it is essential to maximize the transfer of electron energy into gas
heating and obtain control over the gas temperature to maximize overall
energy efficiency.

Despite these prospects, a key challenge in plasma-based NHj3
cracking remains the limited understanding of reaction kinetics across
the broad operating parameter space [13]. Therefore, a parametric study
of plasma-based NHj3 cracking for pure NHs, coupled with validated
kinetics that can be used for self-consistent multidimensional simula-
tions, is pressing. Combined with system analysis at a practical scale,
these steps will allow to optimize plasma-based NH3 cracking and assess
its feasibility in facilitating the adoption of NH3 as a hydrogen carrier.

3. Methods

Experiments were performed in a temperature-controlled dielectric
barrier discharge (DBD) reactor [13] and coupled with zero-dimensional
(OD) plasma-chemical kinetic simulations using KAUSTKin and an
improved temperature-dependent ammonia reaction mechanism (de-
tails in Sections S1, S2 and S6 in Supporting Information (SI)).

To examine non-thermal plasma-based NHj cracking ranging from
pure ammonia at the start to high conversions (90 %), the Hy production
rate (in NmL/min) was experimentally measured for different initial
NH; concentrations (ranging from 100 to 10 v/v%-NH3). Lowering the
NH;3 concentration mimics the continuous progress of the cracking
process under fixed conditions, allowing us to systematically assess the
Hy production rate without changing operating conditions (e.g. flow
rate, power, specific energy input (SEI)). Additionally, three different
mixtures were used to evaluate both the combined effect of N, and Hy, as
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well as their individual effects on the process: (i) NHs/Ns/Hy with No/H,
reflecting the stoichiometric 1:3 cracking ratio, (ii) NH3/Nj, and (iii)
NH3/H; (Fig. 1). The chosen gas temperature (T, = 600 K) and discharge
power (Pgis = 20 W, corresponding to SEI = 6 J/cm®) showed the best
performance in our previous work [13].

For 0D plasma-chemical kinetic simulations, the temperature-
dependent ammonia reaction mechanism was implemented in 0D ki-
netics solver called KAUSTKin and benchmarked against the full set of
experimental data. Simulations were performed across the same tem-
perature window explored experimentally (300-900 K), at 1 v/v%-NHg,
and for the three feed-gas configurations detailed above—NH3/Ny/Hy
with the stoichiometric Ny:Hy = 1:3 ratio, NH3/Ny, and NH3z/H,. This
unified framework confirms that the mechanism reliably reproduces the
combined and individual effects of No and Hy on plasma-assisted NHg
cracking over the entire range of operating temperatures.
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