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A B S T R A C T

NH3 is emerging as a carrier of green H2, but it requires a green and economical NH3 cracking process based on 
renewable energy. Plasma technology is promising for this purpose, as it can crack NH3 without the need for a 
catalyst and is highly compatible with renewable electricity, reducing the environmental footprint of the 
cracking process. This work investigates the NH3 cracking performance of four different warm plasma reactors 
with different configurations and operating in a wide range of conditions. We show that the NH3 conversion in 
warm plasma reactors is primarily determined by the specific energy input, with the main difference observed in 
the energy cost (EC) of cracking. The lowest EC obtained is 146 kJ/mol but at a conversion of only 8 %. A more 
reasonable conversion of around 50 % yields an EC of around 200 kJ/mol in two of the reactors investigated. 
Plasma reactors operating at higher feed flow rates are more efficient and yield a higher H2 production rate. Our 
data indicate that NH3 cracking in these warm plasma reactors occurs mainly via thermal chemistry, with non- 
thermal plasma chemistry playing a less prominent role. NH3 decomposes not only inside the plasma core but 
also in a hot volume around it, which reduces the EC. Our study shows that warm plasmas are significantly more 
efficient for NH3 cracking than cold plasmas, even when the latter are combined with catalysts.

1. Introduction

The increased demand for hydrogen (H2) in the near future due to the 
transition to renewable and carbon-free energy is already established in 
the energy transition strategies of various countries. For example, H2 
plays a significant role in the EU’s long-term strategy for a climate- 
neutral economy [1]. However, the limited access to renewable en
ergy sources for green H2 production means that some European coun
tries will need to import large volumes of green H2 to achieve the EU 
2050 climate neutrality target [1]. This requires the ability to transport 
it over long distances and store it in large quantities for extended pe
riods. Currently, H2 is most often stored in gaseous form in pressure 
vessels at pressures of 20 – 30 MPa. However, due to its low molar 
weight, storing gaseous H2 is severely limited by its poor mass storage 
efficiency, which can only be improved by storing it at higher pressure 
(70 MPa or higher) via cryogenic compression [2].

Due to the complex and costly nature of H2 storage and trans
portation, there is a need for a suitable H2 carrier that can mitigate these 
problems. From all potential H2 carriers, NH3 is the main carbon-free 
option that can be produced using only renewable energy. One 

advantage of NH3 is its high volumetric and gravimetric hydrogen 
density. Another advantage is that NH3 is a chemical with high demand 
for fertiliser production, and, as a result, it has a well-established 
transportation infrastructure.

The production of H2 using electricity is currently expensive. This 
might raise questions about the feasibility of storing it in NH3 and then 
converting NH3 back into H2 using electricity, based on the current 
infrastructure. However, while the economic assessment of NH3 gener
ation from renewable H2 is beyond the scope of this article, it is a rapidly 
developing field with a lot of interest from governmental and commer
cial stakeholders. Furthermore, H2 can be produced in areas with 
abundant and cheap renewable electricity, where it will be converted to 
NH3, which can then be transported over long distance to areas with 
more expensive energy [3].

Although technological solutions exist for NH3 production and 
transportation, the H2 delivery scheme via NH3 requires an energy- 
efficient technology for cracking NH3 into H2 and N2 that is preferably 
fully compatible with renewable energy sources, which currently is not 
available [4]. Thermo-catalytic cracking is the most studied NH3 
decomposition option, but to be thermodynamically favoured, it 
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requires high temperatures (>300 ◦C), with 400–600 ◦C needed to 
achieve NH3 conversion above 99.5 % [5]. Heating the gas feed and 
catalyst bed to these temperatures consumes additional energy and de
creases the round-trip efficiency. Reducing the process temperature is 
possible by selecting the most effective catalysts, which include expen
sive materials, such as ruthenium. In addition, highly effective Ru-based 
catalysts have been shown to suffer from deactivation during NH3 
cracking due to Ru sintering and diffusion into the support [5], nega
tively impacting the efficiency and costs of the process. The best com
mercial performance of catalytic NH3 cracking was claimed by Haldor 
Topsøe A/S, stating 95 % NH3 conversion at an energy cost (EC) of 
approximately 65 kJ/mol [6] using a process derived from the tech
nology designed for the production of high-purity H2 in metallurgy and 
heavy water production.

The EC is an important parameter that defines the energy efficiency 
and minimal operational costs of the NH3 cracking process. The aim of 
the NH3 cracking process lies in extracting H2 back from its carrier at the 
lowest possible energy consumption, which can be effectively described 
by the EC. Additionally, the EC gives a common point of comparison 
between the estimated efficiency of the different NH3 conversion pro
cesses that are independent of process specifics, such as the presence of a 
catalyst or the method for heating the feed gas. In our plasma process, it 
is defined by the (plasma) energy needed to convert a certain amount of 
NH3 (see Eqs. (2) and (5) below).

Plasma technology offers a promising alternative for NH3 decom
position. Plasma is a partially ionised gas comprising molecules, elec
trons, ions, radicals, and excited species. The electrons activate the gas 

molecules, creating reactive species that allow endothermic reactions, 
like NH3 cracking, to occur at milder conditions. Plasmas are commonly 
split into two types: thermal, in which the temperatures of all plasma 
species are equal, and non-thermal, in which there is a high degree of 
non-equilibrium with lighter electrons having much higher temperature 
than heavier ions and neutral particles. From a plasma chemistry point 
of view, non-thermal plasmas can be further split into either cold 
plasmas, which have a strong non-equilibrium between translational, 
rotational, and vibrational temperatures of plasma species, with gas 
temperatures typically around room temperature up to 1000 K, or warm 
plasmas, in which these three temperatures are almost equal to each 
other, with gas temperatures usually between 1000 K and 6000 K, and 
the electron temperature being significantly higher. The classification of 
plasma as cold or warm is thus mainly determined by the gas temper
ature. The four plasma types investigated in this work belong to the 
category of “warm plasmas”.

Using plasma for NH3 cracking can provide several advantages over 
thermo-chemical cracking. Warm plasmas can easily heat the gas to high 
temperatures that are not easily achievable in traditional reactors, 
allowing thermal NH3 cracking to occur more rapidly. The absence of 
catalysts reduces the costs of the process and removes possible problems 
caused by catalyst deactivation. In addition, it allows for a more 
compact cracking setup, expanding the range of possible applications. 
Last but not least, plasma can be created by using electricity and can be 
quickly switched on/off, which combines perfectly with the intermittent 
nature of renewable electricity, allowing the process to produce green 
H2.

Table 1 
Overview of various plasma reactors used for NH3 cracking, indicating the plasma type (thermal, warm or cold), operating conditions (with or without catalyst, 
preheating, power, feed flow rate, NH3 concentration in the feed, specific energy input (SEI) per mole of NH3 in feed gas; see Eq. (2) below), and the performance (in 
terms of NH3 conversion and energy cost (EC)), collected from the literature. RF=inductively coupled RF plasma, DBD=dielectric barrier discharge, AC=alternating 
current, GA=gliding arc, NTAP=non-thermal arc plasma, MW=microwave plasma.

Plasma 
reactor

Plasma 
type

Catalyst and/or preheating Power 
(W)

Feed flow 
rate (L/min)

NH3 

concentration (%)
SEI (per NH3) 
(kJ/mol)

NH3 

conversion (%)
EC (per NH3) 
(kJ/mol)

Ref.

RF thermal none 25,000 184.6 14.6 1245 91.3 1364 [7]
RF thermal none 25,000 171.6 8.2 2402 98.7 2433 [7]
DBD cold Co/fumed SiO2, heated to 380 ◦C 10 0.04 100 336 98 343 [8]
DBD cold 1.5 % Ru/La2O3, heated to 380 ◦C 12 0.04 100 404 99.9 404 [9]
DBD cold 1.5 % Ru/La2O3 12 0.04 100 404 20 2017 [9]
DBD cold 6Fe-4Ni, heated to 500 ◦C 48.2 0.12 100 540 100 540 [10]
DBD cold heated to 500 ◦C 48.2 0.12 100 540 22 2455 [10]
DBD cold Ni, heated to 700 ◦C 500 1.5 100 449 75 598 [11]
DBD cold 2 % Ru/Al2O3 with SA-600 A 

zeolite and hydrogen membrane
500 1 100 672 96.6 696 [12]

DBD cold none 500 0.5 100 1345 2.7 49,809 [12]
DBD cold Co/fumed SiO2 22 0.04 100 749 99.2 755 [13]
DBD cold none 19 0.04 100 629 6 10,490 [13]
DBD cold Fe/Fe4N/Fe3N, heated to 410 ◦C 25 0.04 100 841 100 841 [14]
DBD cold heated to 470 ◦C 25 0.04 100 841 9.7 8665 [14]
DBD cold Mo2N 15.8 0.3 100 888 100 888 [15]
DBD cold Mo2N, heated to 490 ◦C 40 0.04 100 1345 92 1462 [16]
DBD cold heated to 490 ◦C 40 0.04 100 1345 33 4075 [16]
DBD cold none 300 1 100 403 19 2123 [17]
DBD cold MgAl2O4 21 0.075 100 377 15.1 2494 [18]
DBD cold none 21 0.075 100 377 5 7531 [18]
DBD cold hydrogen membrane 400 0.5 100 1076 22 4890 [19]
DBD cold none 10 0.009 100 1494 20 7471 [20]
DBD cold none 11 0.03 67 736 29 2538 [21]
DBD cold Ni, heated to 435 ◦C 20 0.05 15 3586 99.6 3601 [22]
DBD cold none 50 0.2 4.9 6904 100 6904 [23]
DBD cold heated to 325 ◦C 5 1 1 672 8 8405 [24]
DBD cold none 15 0.05 2 19,973 82 24,357 [25]
DBD cold none 121 1 0.5 32,545 21.5 151,372 [26]
AC warm none 24.3 0.04 100 817 98 834 [27]
GA warm none 250 3.667 100 90 20.7 443 [28]
GA warm none 340 3 18 847 55 1540 [28]
NTAP warm none 700 30 100 31 16 196 [29]
NTAP warm 15 % NiO/Al2O3 700 30 100 31 20 157 [29]
GA warm Ba-Co/CeO2 300 3 50 269 70 384 [30]
MW warm none 150 2 2.3 4348 75.6 5752 [31]
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NH3 cracking using plasma technology is gaining increasing interest 
in recent years. Table 1 presents an overview of the conditions for NH3 
cracking and the performance of selected plasma reactors from the 
literature. Early experiments with thermal radio frequency (RF) plasma 
[7] showed low energy efficiency and limited practicality due to using 
NH3 diluted in Ar/H2 and significant heat losses. However, there has 
been a recent surge of interest in NH3 cracking using various plasmas 
[8–31], particularly with dielectric barrier discharge (DBD) plasmas 
[8–26], sometimes combined with catalysts [8–10,12–16,18,22]. 
Nevertheless, these plasmas are generally much less energy efficient 
than warm plasmas, such as gliding arc (GA) plasmas [32], which can 
decompose NH3 more easily due to the higher plasma temperatures, 
reaching and exceeding 3000 K in the core [33]. This can be inferred 
from the difference between the minimum EC of DBD reactors without 
catalyst (2123 kJ/mol [17]; see Table 1), which is more than ten times 
higher than the lowest EC in warm plasma reactors without catalyst 
(196 kJ/mol [29]; see Table 1).

Warm plasmas were not so often used for NH3 cracking up to now. An 
AC discharge [27] demonstrated high NH3 conversion (98 %) but at a 
high EC (834 kJ/mol). NH3 cracking in MW plasma has also shown high 
EC (5752 kJ/mol) [31] due to a significant dilution of NH3 with Ar. Two 
interesting papers [28,29] on warm plasmas, i.e., gliding arc (GA) and 
non-thermal arc plasma (NTAP), published in 2021, are especially 
noteworthy. The first paper [28] investigated a classical GA plasma, 
which has the major drawback of only sending a fraction of the total gas 
feed through the arc plasma [34]. Later, the same reactor was supple
mented with a catalyst positioned downstream from the plasma, which 
reduced the EC (to 384 kJ/mol) and improved NH3 conversion (to 70 %) 
[30]. However, the feedstock consisted of NH3 diluted by N2, which 
makes performance evaluation with most other plasma-based NH3 
cracking reactors less straightforward. The second paper [29] demon
strated highly efficient NH3 decomposition on a large scale in an NTAP, 
with an EC as low as 157 kJ/mol when combined with a catalyst. 
However, this EC was still about 2.5 times higher than commercial 
thermo-catalytic NH3 cracking (reaching 65 kJ/mol [6]; see above), and 
the conversion achieved in the plasma reactor was almost five times 
lower (20 % vs up to 95 %) [29,35]. The limited number of studies on 
the use of warm plasmas for NH3 cracking into H2 indicates that addi
tional research is necessary to explore their full potential for this 
application.

Therefore, in this paper, we investigate the feasibility of plasma- 
based NH3 cracking for green H2 production. We will evaluate various 
warm plasmas for NH3 cracking under a wide range of power and flow 

rate conditions. The aim is to compare the NH3 conversion, EC, and H2 
production rates to reveal which are the best conditions and compare 
them with existing plasma-based NH3 cracking and thermo-catalytic 
cracking. In addition, we want to obtain more insight into the under
lying mechanisms of plasma-based NH3 cracking in these warm plasmas.

2. Experimental setup

All our experiments in the various plasma reactors were conducted 
with pure NH3, and the experimental system is illustrated in Fig. 1. The 
experimental setup consists of a gas supply system, a plasma system, and 
an analytics system. All parts of the experimental setup in direct contact 
with NH3 were made from materials resistant to NH3 and H2.

All gas connections in the experimental setup were made using 1/4 
in. PFA tubing and Swagelok 1/4 in. fittings. NH3 (≈99.96 %, Air Liq
uide) was supplied into the system from 10 L gas cylinders using a 
Brooks SLA5850 mass flow controller (MFC). All mass flow rates were 
converted into a volumetric flow rate represented by normal litres per 
minute (Ln/min), with normal conditions defined as the temperature of 
0 ◦C and pressure of 1 atm. Due to the low NH3 vapour pressure at 
gas–liquid equilibrium at room temperature, two gas cylinders had to be 
used in parallel to maintain the NH3 flow rates above 10 Ln/min without 
freezing the NH3 gas cylinders. The flows from both NH3 gas cylinders 
were mixed before entering the NH3 MFC. N2 (≈99.999 %, Air Liquide) 
was supplied using another Brooks SLA5850 MFC to flush the setup of 
NH3 remains and decomposition products between the experiments. 
NH3 was supplied at a set flow rate into each plasma reactor. The gas 
pressure at the outlet of the plasma reactor was monitored by a Wika 
DG-10-S pressure gauge. The system was fitted with a Swagelok SS- 
RL3S4-EP low-pressure proportional relief valve set to 180 kPa for 
overpressure protection.

The plasma system comprised a plasma reactor, a power supply, a 
ballast resistance if needed, and a watt meter for measuring power 
consumed from the mains. Four different warm plasma reactors were 
evaluated for their NH3 decomposition performance: a rotating gliding 
arc (RGA), an atmospheric pressure glow discharge (APGD), a gliding 
arc plasmatron (GAP), and a pin-to-pin (P2P) arc discharge. We used the 
same gas supply and analytics systems for all plasma reactors.

The RGA, APGD and P2P reactors were powered by current- 
controlled direct current (DC) power supplies connected to the 3- 
phase power, each with a ballast resistor with a nominal resistance 
selected to stabilise the plasma (see Table 2). We used different power 
supplies, depending on the requirements of each specific plasma reactor, 

Fig. 1. Schematic overview of the experimental setup.

I. Fedirchyk et al.                                                                                                                                                                                                                               Chemical Engineering Journal 499 (2024) 155946 

3 



i.e., Topower Tn-XX02, Technix SR12kV-10 kW, and Technix SR30kV- 
1.2 kW, respectively (see Table 2). A Chauvin Arnoux Memo TD80 watt 
meter was used to monitor the power consumed by the whole plasma 
system. The methodology for measurement of the plasma power is 
described in section 3. Due to the loss of energy on the ballast resistors, 
the plug-to-plasma efficiency (ratio between plasma power and power 
consumed from the mains) of the RGA, APGD, and P2P systems was 
about 50 %. The GAP reactor was operated with the AFS G10P AC power 
supply connected to the residential power, which worked at 28 kHz and 
did not need a ballast resistor for stabilisation. The power consumption 
of the GAP plasma system was monitored with the help of a Voltcraft 
Energy Check 3000 W meter, and its plug-to-plasma efficiency was 
around 85 %.

Schematic diagrams of the investigated reactors are shown in Fig. 2. 
All investigated reactors were developed at the PLASMANT research 
group (University of Antwerp, Antwerp, Belgium) and used to study a 
variety of plasma-assisted gas conversion applications. The inlet of each 
reactor was connected to the gas supply system, while its outlet was 
connected to a volume leading to the gas analytics system. All reactors 
used the same gas supply and analytics systems and could be easily 
switched by disconnecting their inlet and outlet from the gas lines, 
taking them out and plugging in another reactor.

The RGA plasma reactor consists of an internal high-voltage (HV) 
electrode and a grounded (GND) electrode, which is also the reactor 
body. The HV electrode is a modified spark plug (NGK BP6ES) without a 

ground pin. The reactor body has a cone shape with the largest diameter 
of 13 mm and is connected to a cylindrical outlet 4 mm in diameter. The 
reactor body is 38 mm long. The electrodes are electrically isolated from 
each other by the ceramic body of the spark plug. The shortest inter- 
electrode distance in the reactor is 4 mm. The reactor outlet opens 
into the stainless-steel cylinder, providing a gas line connection out of 
the RGA reactor. More details of this reactor design can be found in [36].

The body of the APGD plasma reactor consists of a 300 mm long 
quartz tube with an internal diameter of 45 mm, which is connected on 
one end to the outlet gas line. On the other end, it is connected to a 
smaller quartz tube, 100 mm long, with a diameter of 10 mm, which 
contains a stainless steel HV grooved pin electrode with a diameter of 5 
mm. The pin electrode is confined to the ceramic tube with an internal 
diameter of 5 mm. The feed gas enters the reactor through the smaller 
quartz tube and flows along the grooves of the pin electrode that act as 
gas channels. The ceramic tube that confines the pin electrode is in 
contact with a grounded plate mounted on three metal pins inside the 
main quartz tube. The movement of the pin electrode can adjust the 
inter-electrode distance. More details of this reactor design can be found 
in [37,38].

In the GAP reactor, the feed flow enters the reactor through a 
tangential inlet, creating a vortex flow. When the reactor outlet (which 
acts as a grounded electrode) has a smaller opening diameter than the 
reactor body (which acts as the HV electrode), the gas first moves to
wards the end of the reactor body in an outer forward vortex before it 
moves downward in a smaller inner reverse vortex and leaves the 
reactor through the outlet. An arc is ignited between the electrodes and 
is stabilised at the central axis of the reactor by the reverse vortex flow 
(RVF), which, in the ideal case, is forced to go through the plasma to 
reach the reactor outlet. More details of this reactor design can be found 
in [39,40].

Finally, the P2P reactor body consists of a quartz tube with an 
external diameter of 20 mm and an internal diameter of 16 mm. A 
stainless-steel pin inside a ceramic tube is inserted into each side of the 
quartz tube. The pins have 30 mm long cylindrical tungsten tips screwed 
on top of each of them, which serve as the electrodes. The side of the 
reactor with the HV electrode is connected to a swirler that supplies feed 
gas into the quartz tube, creating a forward vortex flow (FVF). The side 
of the reactor with the grounded electrode is connected to the gas outlet 
line. The inter-electrode distance in the reactor can be regulated by 

Table 2 
Plasma system components for the investigated plasma reactors.

Plasma 
reactor

Power 
supply

Ballast 
resistance 
(kΩ)

Oscilloscope Watt meter 
(mains power 
consumption)

RGA Topower 
Tn-XX02

50 Tektronix TDS 
2012C

Chauvin Arnoux 
Memo TD80

APGD Technix 
SR30kV- 
1.2 kW

100 Tektronix TDS 
2012C

Chauvin Arnoux 
Memo TD80

GAP AFS G10P None Keysight DSO- 
X 1102G

Voltcraft Energy 
Check 3000

P2P Technix 
SR12kV- 
10 kW

25 Rohde & 
Schwarz RTB 
2004

Chauvin Arnoux 
Memo TD80

Fig. 2. Schematic diagrams of the four different plasma reactors: rotating gliding arc (RGA), atmospheric pressure glow discharge (APGD), gliding arc plasmatron 
(GAP), and pin-to-pin arc discharge (P2P). Each reactor’s inlet and outlet, the high-voltage (HV) and grounded (GND) electrodes, insulation, and the plasma region 
are indicated.
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moving the electrodes along the axis of the quartz tube. More details of 
this reactor design can be found in [41].

Each plasma reactor has different experimental parameters, such as 
flow rate and plasma power, allowing us to evaluate the NH3 cracking 
performance in a wide range of conditions. A unifying condition be
tween different reactors is the specific energy input (SEI) per unit of NH3 
introduced into the reactor. The specific reactor conditions are listed in 
Table 3.

Besides the feed flow rate, plasma power, and corresponding SEI 
range, Table 3 also includes the reactor volume for each reactor. 
Furthermore, the plasma itself is typically concentrated in the centre of 
the reactor and does not necessarily fill the entire reactor volume. 
Therefore, we also added approximate estimates of the volume of the 
plasma zone for each reactor. Indeed, the plasma zone, together with the 
gas flow rate, might give a first indication of the residence time of the gas 
inside the plasma, which is also important for determining the NH3 
conversion. From these values, we can estimate the residence time of 
NH3 feed inside the plasma to be around 2–3 ms in the GAP reactor, 
5–18 ms in the P2P reactor, 18 ms in the RGA reactor, and 8–48 ms in the 
APGD reactor. However, this estimation does not account for complex 
and possibly turbulent flow dynamics, which are taking place inside the 
plasma reactors due to vortex flows. Additionally, the NH3 cracking 
takes place not only inside the plasma core but also in the hot zone 
around the plasma, which is hard to estimate without knowing the 
temperature profile inside each plasma reactor. Therefore, it is not 
possible at this stage to estimate the real residence time and, thus, its 
impact on the conversion. This would require input from fully coupled 
3D (or 2D axisymmetric) modelling of the reactors, incorporating gas 
flow, plasma dynamics and chemistry, but such models have not yet 
been developed to the required level.

3. Measurement methods

The average power supplied to each of the plasma reactors (Pplasma) 
was calculated as an average between the average instantaneous powers 
of m recorded waveforms, containing the instantaneous discharge cur
rent Im(k) and voltage Um(k), each with n samples of current and voltage 
per waveform: 

Pplasma =
1
m
∑m

i=1
(
1
n
∑n

k=1
Ui(k)⋅Ii(k)) (1) 

The discharge current and voltage waveforms were recorded via Tek
tronix TDS 2012C, Keysight DSO-X 1102G, or Rohde & Schwarz RTB 
2004 oscilloscopes. The discharge voltage was measured using a high- 
voltage probe (Pintek HVP-39pro). The discharge current was deter
mined by measuring the voltage drop on a 10 Ω shunt resistance. In our 
research, the power was averaged over m = 10 waveforms for each 
measurement point. For the power calculations for the AC discharge in 
the GAP reactor, the waveforms were recorded at a horizontal scale that 
was picked to allow the capture of at least 20 AC periods and trimmed to 
include only an integer number of periods.

The outlet gas line was split into an extraction line and an analytics 
line leading to a Swagelok® VAF-G2-01 M-1–0-G variable area flow 

meter, a gas analyser, and a 500 mL gas washing bottle, followed by 
another extraction line. The outlet gas composition was analysed for its 
H2 content using a Rosemount™ X-Stream Enhanced general-purpose 
gas analyser equipped with a thermal conductivity detector (TCD) 
capable of measuring the H2 concentration from 0 % to 100 % with an 
accuracy of 0.5 %. Due to the non-selective nature of TCD measurements 
and the cross-sensitivity of a TCD to gases besides H2, the gas analyser 
was calibrated with a range of mixtures containing NH3, H2, and N2, 
simulating the decomposition products at different NH3 conversions. 
The resulting calibration curve, illustrated in the Supporting Informa
tion (SI, section S1), was used to calculate the H2 concentration in the 
NH3 decomposition products. The H2 concentration was recorded after 
its fluctuations measured by the gas analyser were less than 1 % relative 
to its value for more than 2 min. The resulting H2 concentration was 
measured by averaging the concentration data recorded for 1 min.

The gas washing bottle set on the analytics line was used to test each 
setup for the presence of hydrazine (N2H4) in the decomposition prod
ucts. Hydrazine was collected by passing a set flow rate of the decom
position products for a set time through a gas washing bottle filled with 
250 mL of deionised water. 1 mL of the hydrazine-containing solution 
was mixed with 100 µL of the Hy-1 reagent from the Spectroquant Hy
drazine Test Kit and incubated for 10 min. The hydrazine content in the 
resulting solution was measured via spectrophotometry using a UV–Vis 
Thermo Fischer Genesys 6 spectrophotometer with Hellma quartz cu
vettes with a 10 mm path length. The hydrazine content was determined 
using calibration for the absorbance measured at the peak maximum of 
458 nm. More details about this measurement can be found in SI, section 
S.2.

The quartz wall of the P2P reactor allowed for the capture of its 
emission spectrum, which was used to estimate the plasma temperature 
in the arc discharge. The temperature was calculated based on the 
relative intensity measurements of the spectral lines in the rotational 
structure of the second positive system of nitrogen (N2 C3Πu → B3Πg) in 
the 350–390 nm range, which was recorded using an Avantes AvaSpec- 
3048 high-resolution spectrometer. The temperature was obtained by 
fitting the experimental data to simulated spectra using SpecAir soft
ware [42].

Due to the differences between the plasma reactors, the key common 
parameter describing the operating conditions is the SEI per mole of 
NH3: 

SEI
(

kJ
mol

)

=
Pplasma(W)⋅60( s

min)

1000(W
kW)⋅Q

in
NH3

(
Ln
min

)⋅Vm

(
Ln
mol

)

(2) 

where Qin
NH3 

is the mass flow rate of NH3 in the feed into each reactor, 
and Vm is the molar volume of the feed gas, for which we use 22.4 Ln/ 
mol as these are the units used by our MFC to represent the mass flow 
rate of gas.

The performance of each plasma reactor was evaluated based on two 
parameters: NH3 conversion (XNH3 ) and EC of NH3 decomposition. H2 
production rate is another interesting parameter that will be compared 
later in this paper. The NH3 conversion was calculated from the H2 
concentration in the decomposition products based on the assumption 
that NH3 decomposes to a 3:1 mixture of H2 and N2 with a statistically 
insignificant quantity of other byproducts. This assumption was 
confirmed multiple times in the literature [9,10,15,23] and by our ex
periments, as explained in the SI, section S.2.

We must account for the gas expansion during NH3 decomposition 
because 2 mol of NH3 decompose into 3 mol of H2 and 1 mol of N2. 
Therefore, the NH3 conversion should be calculated as: 

XNH3 =
yin

NH3
− α⋅yout

NH3

yin
NH3

= 1 − α⋅yout
NH3

= 1 −
(1 − XNH3 )+

3
2XNH3 +

1
2XNH3

1
⋅yout

NH3

= 1 − (1 + XNH3 )⋅y
out
NH3

(3) 

Table 3 
Experimental conditions for the four different plasma reactors.

Plasma 
reactor

NH3 

feed 
flow 
rate 
(Ln/ 
min)

Plasma 
power 
(W)

SEI 
range 
(per 
NH3) 
(kJ/ 
mol)

Approximate 
reactor 
volume (mL)

Approximate 
plasma zone 
volume (mL)

RGA 1 70–350 104–291 4.7 0.3
APGD 1–3 55–235 30–300 1–1.4 0.4–0.8
GAP 10–20 220–910 30–120 7.3 0.5
P2P 10–20 60–1200 7–130 15.1–19.1 1.5–2.5
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where yin
NH3 

is the fraction of NH3 in the feed (our feed contains only NH3, 
so yin

NH3
= 1), yout

NH3 
is the fraction of NH3 in the decomposition products, 

and α is the gas expansion coefficient calculated according to the 
methodology described in [43]. By rearranging Eq. (3) to extract the 
conversion, we get: 

XNH3 =
1 − yout

NH3

1 + yout
NH3

(4) 

The EC of NH3 decomposition is calculated from the SEI and the NH3 
conversion: 

EC
(

kJ
mol

)

=
SEI( kJ

mol)

XNH3

(5) 

Finally, the H2 production rate equals the flow rate of H2 at the reactor 
outlet (Qout

H2
) and is calculated from Qin

NH3
, XNH3 and taking into account 

that 2 mol of NH3 decompose into 3 mol of H2 via Eq. (6): 

Qout
H2

= Qin
NH3

⋅XNH3 ⋅
3
2

(6) 

Each parameter is obtained as an average of three repeat measurements 
of plasma power and NH3 conversion at each investigated operating 
condition. The errors reported in this work are equal to the standard 
deviations calculated from the values for the above-mentioned repeat 
measurements.

4. Results and discussion

We performed NH3 cracking in the four different plasma reactors 
described above for different feed flow rates and SEI values. While the 
performance of each individual reactor is interesting, our goal was to 
compare and contrast them against each other and the state-of-the-art, 
taken from the literature. By studying several (somewhat similar) re
actors at the same time, we can gain additional insight into the under
lying mechanisms of plasma-assisted NH3 cracking and identify possible 
limitations of the process.

4.1. RGA plasma reactor

The results of NH3 conversion and EC in the RGA plasma reactor are 
plotted in Fig. 3. All measurements were conducted at a 1 Ln/min feed 
flow rate.

Based on the plasma power introduced in the RGA reactor (i.e., 
70–350 W), the SEI ranges between 100 and 300 kJ/mol. The NH3 
conversion rises almost linearly with the SEI. The RGA reactor achieves 
the highest conversion out of all tested plasma reactors: 83 %, with an 
EC of 360 kJ/mol at an SEI of 290 kJ/mol. The lowest EC of NH3 
decomposition achieved in the RGA reactor is 320 kJ/mol, with an NH3 
conversion of 49 %. The EC of decomposition in the RGA reactor shows 
little dependence on the SEI: on average, it stays between 300 and 400 

kJ/mol. This behaviour follows directly from Eq. (5) because the rise in 
NH3 conversion is proportional to the increase of SEI.

The presented data comes with the caveat of high measurement er
rors, limiting the reliability of the results. The error spans from the 
changes in the discharge electrodes during the reactor operation. During 
the experiments, the HV electrode of the RGA reactor underwent sig
nificant erosion, potentially due to the critically high temperature of the 
electrode tip. As a result, the performance of the RGA plasma reactor 
during NH3 decomposition was unstable, leading to large error margins 
when calculating the average NH3 conversion and EC. We believe this 
explains the unexpected trend (noticeable deflection) in NH3 conversion 
and EC observed at SEI above 200 kJ/mol in Fig. 3, and there is no 
physical reason for this trend. The observed changes in electrode 
configuration and the instability led to the lack of repeatability in the 
experimental results. As such, the presented results are more indicative 
of the potential of the RGA reactor for NH3 decomposition than of its 
optimal performance.

In its original configuration, the RGA reactor achieves a high NH3 
conversion due to its ability to reach a high SEI. The reactor has the 
potential to be highly performant for NH3 decomposition, but it is 
hampered by the insufficient cooling of the HV electrode. Further re
designs and adjustments are needed to fully exploit the potential of the 
RGA plasma reactor for NH3 decomposition. This can be done by 
replacing the HV electrode with a material with a higher melting point, 
such as tungsten, or by the addition of electrode cooling. Both options 
require a complete redesign of the HV part of our RGA plasma reactor, 
which was beyond the scope of this study.

4.2. APGD plasma reactor

Fig. 4 illustrates the results of NH3 conversion (top) and EC (bottom) 
for the APGD plasma reactor at different feed flow rates (1, 1.5, 2, 2.5, 
and 3 Ln/min) and different inter-electrode distances (20, 30, and 40 
mm). A larger inter-electrode distance requires a higher applied voltage 
at the same discharge current, which results in a higher power and, 
consequently, a higher SEI at the same feed flow rate. Indeed, the 
maximum SEI, achievable for 1 Ln/min feed flow rate with the available 
power supply and ballast resistor, rises by about a factor of two, from 
152 kJ/mol at 20 mm to 287 kJ/mol at 40 mm. As a result, the NH3 
conversion also rises, although less than a factor two, i.e., from 48 % at 
20 mm to 78 % at 40 mm, and therefore, the EC slightly rises, from 319 
kJ/mol at 20 mm to 367 kJ/mol at 40 mm inter-electrode distance. A 
comparison between the NH3 conversions at the same feed flow rate and 
the same SEI but at different inter-electrode distances shows that at 
longer inter-electrode distances the conversion slightly decreases, indi
cating the loss of NH3 decomposition efficiency. This can be attributed to 
the decrease of power density at longer inter-electrode distances when 
maintaining a constant SEI at the same feed flow rate (and thus constant 
power) due to the increase of plasma volume. This could reduce the feed 
gas temperature during the cracking process, resulting in a lower con
version. However, this assumption is only a hypothesis, which we plan 

Fig. 3. NH3 conversion (left) and EC (right) in the RGA plasma reactor, as a function of SEI per mole of NH3 feed. Feed flow rate – 1 Ln/min.
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to test in our future work using computer modelling.
Overall, the NH3 conversion in the APGD plasma reactor rises faster 

than the rise in SEI. Consequently, the EC of NH3 conversion signifi
cantly drops upon higher SEI (cf. Eq. (5)). This behaviour differs from 
that in the RGA plasma reactor, where the EC was more or less constant. 
This indicates that a higher SEI is advantageous in the APGD reactor 
because it yields a higher NH3 conversion and lower EC. However, the 
increase in NH3 conversion slows down at the highest conversion values 
(cf. 1 Ln/min feed flow rate and inter-electrode distance of 30 and 40 
mm), which explains the slight rise in EC. This indicates that the APGD 
reactor will require progressively higher SEI to achieve complete NH3 
conversion. The highest NH3 conversion of 78 % was achieved at an EC 
of 367 kJ/mol for an SEI of 287 kJ/mol, a feed flow rate of 1 Ln/min, and 
an inter-electrode distance of 40 mm. When the SEI of the system is kept 
constant, the feed flow rate directly impacts the NH3 conversion, with a 
higher flow rate corresponding to a higher conversion. This can be 
explained by the fact that the plasma power should rise correspondingly 
at a higher flow rate when the SEI is kept constant. Hence, the higher 
power has more impact on the NH3 conversion than the higher flow rate 
(or shorter residence time). Nevertheless, the conversion difference 
between different flow rates decreases at higher flow rates and may 
become negligible for feed flow rates exceeding 3 Ln/min.

The lowest EC of NH3 decomposition in the APGD plasma reactor is 
269 kJ/mol, corresponding to 34 % NH3 conversion at 2.5 Ln/min feed 
flow rate and 30 mm interelectrode distance. Of all tested plasma re
actors, the APGD reactor exhibits the most pronounced drop in EC upon 
rising SEI, from 450 – 500 kJ/mol to 270 – 300 kJ/mol. As with the NH3 
conversion, the EC is improved by applying a higher feed flow rate while 
maintaining the same SEI.

Compared with the RGA reactor, the APGD reactor reaches similar 
NH3 conversion at similar SEI values. We could apply higher SEI values 
in the RGA and APGD reactors than in the GAP and P2P reactors (see 
following sections) because they operate at slightly lower plasma power 
but significantly lower feed flow rates (see Table 3), which explains their 
high NH3 conversion. Additionally, at the same feed flow rate, the EC of 

NH3 decomposition in both APGD and RGA reactors is very close. 
Increasing the feed flow rate and reducing the inter-electrode distance 
benefit the APGD reactor performance at the same SEI. While the exact 
reason for the conversion improvement is unclear, both actions reduce 
the residence time of the feed gas inside the plasma reactor and poten
tially increase the feed gas temperature during cracking due to a higher 
power density inside the plasma. Last but not least, the APGD reactor 
showed no signs of erosion or overheating after the experiments, which 
is a significant advantage compared to the RGA reactor.

4.3. GAP plasma reactor

The NH3 conversion and EC of NH3 decomposition in the GAP plasma 
reactor are plotted as a function of SEI in Fig. 5 for five different feed 
flow rates (10, 12.5, 15, 17.5, and 20 Ln/min). The power supply output 
power was varied between 250 and 1000 W, which resulted in a plasma 
power between 220 and 910 W and an SEI between 30 and 60 kJ/mol for 
all feed flow rates. In addition, we also performed experiments at higher 
SEI (60–120 kJ/mol), but the maximum power supply output only made 
this possible at the lowest feed flow rate of 10 Ln/min.

The GAP plasma reactor showed higher stability for NH3 conversion 
than the RGA and APGD reactors, which can be observed from the 
smaller error bars in the NH3 conversion and EC data. Within the tested 
range of SEI, the NH3 conversion shows a linear increase with rising SEI. 
The highest NH3 conversion is 51 % with EC of 235 kJ/mol, achieved at 
10 Ln/min feed flow rate and SEI of 120 kJ/mol. In general, although the 
maximum SEI value reached in the GAP reactor is lower than what could 
be obtained in the RGA and APGD reactor, the GAP reactor reaches a 
higher NH3 conversion than the RGA and GAP reactor at the same SEI, in 
most cases outperforming them by up to 10 %. The observed difference 
between NH3 conversion values at the tested feed flow rates is small, 
indicating that SEI is a major factor determining NH3 conversion in the 
GAP reactor.

Upon rising SEI in the GAP reactor, the EC of NH3 decomposition 
drops from about 260 to 220 kJ/mol at 10 Ln/min and more moderately 

Fig. 4. NH3 conversion (top) and EC (bottom) in the APGD plasma reactor, as a function of SEI per mole of NH3 feed, for different feed flow rates and inter- 
electrode distances.
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from 225 to 215 kJ/mol at 20 Ln/min. This can be explained by the fact 
that the NH3 conversion rises slightly faster than the SEI, especially at 10 
Ln/min (cf. Eq. (5)). However, starting at an SEI of 50 kJ/mol, the EC 
remains constant in the 210–230 kJ/mol range, depending on the feed 
flow rate. The lowest EC achieved in the GAP reactor is 210 kJ/mol with 
an NH3 conversion of 27 % at 15 Ln/min feed flow rate and 56 kJ/mol 
SEI. This value is 60 kJ/mol and 110 kJ/mol lower than the lowest 
values observed in the APGD and RGA plasma reactor, respectively.

Finally, as mentioned above, the GAP reactor exhibits stable NH3 
decomposition performance at all conditions investigated. It shows 
several advantages over the RGA and APGD reactors: fewer fluctuations 
in the NH3 conversion, a lower EC, and higher operating feed flow rates, 
which yield higher H2 production rates, as will be discussed in section 
4.5. However, during the experiments at SEI values higher than 60 kJ/ 
mol, the reactor body reached temperatures exceeding 327 ◦C. This is 
evidenced by the melting and slight deformation of the PTFE isolator 
placed between the GAP electrodes. This indicates that the GAP reactor 
has to be equipped with either additional electrode cooling or a ceramic 
isolator if we want to increase the SEI to enhance the NH3 conversion 
further. This will be the subject of future work.

4.4. P2P arc plasma reactor

Fig. 6 illustrates the NH3 conversion and EC data for the P2P low- 
current arc plasma reactor at four feed flow rates (5, 10, 15, and 20 
Ln/min). The inter-electrode distance between both pins was set to 30 
mm. The SEI in the P2P reactor was regulated via the discharge current, 
which was between 20 and 50 mA for all feed flow rates. Additional 
measurements were done at 130 mA for 10 and 20 Ln/min, and at 150 
and 170 mA for 20 Ln/min. The SEI range was limited to under 80 kJ/ 
mol due to excessive heating and melting of the inner part of the plasma 
reactor quartz wall (melting point at 1670 ◦C) at higher SEI values.

The NH3 conversion dependence on the SEI in the P2P reactor re
sembles the behaviour in the GAP reactor, with an almost linear con
version increase with SEI, similar conversion values and only limited 

dependence on the feed flow rate. The highest NH3 conversion in the 
P2P reactor reaches 28 % with an EC of 235 kJ/mol at 10 Ln/min feed 
flow rate and an SEI of 66 kJ/mol.

The EC of NH3 decomposition in the P2P reactor is at a minimum 
when the SEI is below 30 kJ/mol for all feed flow rates investigated. The 
minimum at 20 Ln/min corresponds to the lowest EC of NH3 decom
position in the P2P reactor and all the other plasma reactors investi
gated, reaching 146 kJ/mol at an SEI of 11 kJ/mol. However, the NH3 
conversion is limited to only 8 % at this low SEI. The EC of NH3 
decomposition in the P2P reactor increases upon raising the SEI. Thus, it 
behaves differently from the other plasma reactors, where the EC stays 
constant or even drops (APGD and GAP at low SEI) upon rising SEI. To 
investigate whether a further increase of SEI will further enhance the EC, 
we performed additional experiments at 20 Ln/min feed flow rate, an 
inter-electrode distance of 50 mm, and higher discharge currents of 130, 
150, and 170 mA. The larger inter-electrode distance led to a higher 
applied voltage at the same current values, increasing the SEI while 
maintaining the temperature of the reactor components low enough to 
avoid thermal damage. The results of these additional experiments are 
plotted in Fig. 7.

Operating at higher SEI enhances the NH3 conversion, achieving a 
new maximum of 36 % with an EC of 225 kJ/mol at 20 Ln/min feed flow 
rate and SEI of 80 kJ/mol. The obtained data confirms that increasing 
the SEI in the P2P reactor leads to a rise in both the NH3 conversion and 
EC. This is because the NH3 conversion rises slightly slower than the SEI 
(cf. Eq. (5)). As a result, using the P2P arc plasma reactor for NH3 
decomposition may be limited by the necessity to choose between a high 
conversion (operating at high SEI) or a low EC (operating at low SEI), 
depending on the needs of a particular application. On the other hand, 
the rise in EC seems more moderate (especially in the higher SEI range) 
than the rise in NH3 conversion. Hence, operating at a higher SEI might 
be beneficial, yielding higher conversion at only a slightly higher EC. 
However, operating at higher SEI was currently not possible in the P2P 
reactor due to thermal damage.

As mentioned in section 3, the quartz tube of the P2P reactor allows 

Fig. 5. NH3 conversion (left) and EC (right) in the GAP plasma reactor, as a function of SEI per mole of NH3 feed, for different feed flow rates.

Fig. 6. NH3 conversion (left) and EC (right) in the P2P arc plasma reactor, as a function of SEI per mole of NH3 feed at different feed flow rates.
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OES measurements to obtain the rotational temperature inside the 
plasma. In warm plasma, the rotational temperature is a good measure 
of the gas temperature. When operating at a feed flow rate of 20 Ln/min 
and SEI of 68.9 kJ/mol, we obtained the best fit of the OES spectrum for 
a rotational temperature of 4000 ± 500 K inside the core of the arc 
plasma channel (see section S3 in SI for the fitted spectrum). We could 
not obtain reliable values at lower SEI due to a very low signal-to-noise 
ratio in the measured emission spectra, which may indicate a decrease in 
temperature. The measured temperature of 4000 K indicates that the 
NH3 conversion will proceed mainly by thermal chemistry, as was 
demonstrated in [24], although non-thermal chemistry cannot be 
conclusively ruled out. A more detailed investigation of the contribution 
of thermal vs non-thermal chemistry requires complex computer simu
lations, which is out of the scope of this work.

In conclusion, the P2P arc plasma reactor exhibits the lowest EC of 
NH3 decomposition among all plasma reactors investigated in this study. 
However, the simultaneous increase in NH3 conversion and EC poses a 
limitation that is absent for the other reactors, although this rise in EC is 
limited in the higher SEI range. In addition, the P2P discharge in NH3 
posed the highest risk to the reactor integrity due to high heat transfer 
from plasma to reactor components and the corresponding thermal 
damage.

4.5. Comparison between the reactors

Based on our extensive study, we can see that the different reactor 
configurations exhibit different performances and trends in terms of NH3 
conversion and EC within the given SEI range. Fig. 8 compares the NH3 

conversion, EC, and H2 production rates of the four different reactors at 
their best-performing flow rate: 1 Ln/min for the RGA reactor, 3 Ln/min 
for the APGD reactor, and 20 Ln/min for the GAP and P2P reactors. 
These NH3 flow rates correspond to the shortest estimated residence 
times of gas inside the plasma for each reactor. Such behaviour may 
indicate that at longer residence times the NH3 feed is overheated inside 
the plasma at the investigated reactor conditions, leading to a loss of 
efficiency. In addition, the GAP features data at 10 Ln/min as this was 
the flow rate at which we could perform experiments at higher SEI (see 
section 4.3), allowing us to compare the performance over a somewhat 
wider SEI range.

We managed to operate the APGD, GAP and P2P reactors in a similar 
range of SEI, which allows for a more direct comparison between these 
reactors. The P2P and GAP show very similar conversions, slightly 
exceeding that of the APGD reactor at the same SEI. The NH3 conversion 
of the RGA reactor is higher, but it suffers from much higher variability 
between the experimental repeats. The higher NH3 conversion in the 
RGA reactor stems from operation at a higher SEI than the other re
actors. By extrapolating trends of the P2P, GAP, and APGD NH3 con
version plots into the higher SEI range, we can expect that the P2P and 
GAP reactors will reach a higher conversion than the RGA and APGD.

The EC obtained in the four reactors separates them into two groups: 
the P2P and GAP reactors with a very close EC at approximately 200 kJ/ 
mol (or lower for the P2P reactor) and the APGD and RGA reactors with 
EC around 300 kJ/mol. The P2P reactor shows the best EC of all 
investigated reactors (down to 146 kJ/mol) due to its operation at lower 
SEI, but for that same reason, it corresponds to the lowest NH3 
conversion.

Fig. 7. NH3 conversion (left) and EC (right) in the P2P arc plasma reactor, as a function of SEI per mole of NH3 feed at two different inter-electrode distances. Feed 
flow rate – 20 Ln/min.

Fig. 8. NH3 conversion (left), EC (middle), and H2 production rate (right) in the investigated plasma reactors, as a function of SEI per mole of NH3 feed. Each reactor 
is represented at its best-performing feed flow rate: 1 Ln/min for RGA, 3 Ln/min for APGD, 10 and 20 Ln/min for GAP, and 20 Ln/min for P2P. Data for the GAP is 
plotted for both 10 and 20 Ln/min to compare its performance over a wider SEI range.
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Another striking difference in the EC data is the variety of the change 
of EC with SEI between the reactors. Indeed, it stays more or less con
stant in the RGA and GAP reactor (at least for 20 Ln/min; at lower flow 
rates, the GAP shows a drop in EC upon rising SEI, followed by a slight 
rise above SEI=60 kJ/mol; see Fig. 5). In contrast, the P2P reactor ex
hibits a slightly upward EC trend with rising SEI, while the APGD shows 
a clear drop in EC. This behaviour is explained by the variation of NH3 
conversion upon SEI increase: if the NH3 conversion rises faster than the 
SEI, it results in a drop in EC upon higher SEI, but if the rise in NH3 
conversion is slower than the rise in SEI, the EC rises upon higher SEI (cf. 
Eq. (5)).

The different EC behaviour and the different slope of the NH3 con
version vs SEI of the four reactors point to some differences in the un
derlying mechanisms of conversion, even at a comparable SEI range. For 
the APGD, GAP, and P2P reactors, the SEI is very close, indicating that 
the energy input in the gas is the same. If this same energy input yields a 
similar electron temperature and gas temperature in the plasma, this 
would mean that the underlying chemistry of the conversion, either 
thermal or non-thermal, is the same. Therefore, there must be other 
reasons for the difference. This will be discussed in section 4.7 below.

Overall, when comparing the four different plasma reactors, we see 
that the reactors with higher flow rates (P2P, GAP) perform better than 
those with lower flow rates (APGD, RGA) at the same SEI. Despite 
similar conversion in the P2P and GAP reactors, the P2P reactor man
ages to reach a lower minimum EC (146 kJ/mol) than the GAP (211 kJ/ 
mol). Both reactors, however, produce excess heat during operation, 
which causes reactor damage and is wasted, potentially increasing the 
EC of cracking. Hence, they need modifications and adjustments, espe
cially to expand their SEI operating range and further improve their EC.

In general, Fig. 8 suggests that all four reactors might show further 
performance improvements when operating at higher SEI. Indeed, the 
conversion rises with SEI, while the EC stays constant or even drops (for 
the APGD). Furthermore, the H2 production rate rises dramatically 
(especially for the GAP and P2P reactors). Indeed, the H2 production 
rate depends largely on the operating flow rate. The P2P and GAP 
reactor, working at 20 Ln/min, show by far the highest H2 production 
rate due to their higher flow rate than the RGA and APGD (cf. right panel 
of Fig. 8). The maximum production rate achieved in our study is 11.3 
Ln/min, namely for the P2P reactor operating at a flow rate of 20 Ln/ 
min and SEI of 80 kJ/mol. Moreover, Fig. 8 suggests that it would rise 
further if we could apply a higher SEI (hence higher power, keeping a 
high flow rate).

However, expanding the reactors to higher SEI (or higher power) 
requires modifications to the reactor designs, including specific heat- 
resistant materials, to avoid thermal damage. This will be pursued in 
our future work.

4.6. Comparison with the state-of-the-art

To benchmark our results with existing literature, we compare in 
Fig. 9 the NH3 conversion vs EC of our investigated plasma reactors with 
all data found in other works on plasma NH3 cracking. The literature 
data presented in Fig. 9 comprises plasma-based decomposition of pure 
NH3 with EC below 10 MJ/mol. Indeed, literature data with even higher 
EC (see Table 1 in the Introduction) or for diluted NH3 mixtures are not 
interesting or relevant for comparison. Most studies reported in the 
literature were performed in cold plasma reactors, such as DBD reactors 
[8–20], DBD reactors with catalysts [8–10,12–16,18] with or without 
external heating, and DBD reactors with hydrogen membrane [12,19]. 
Studies involving warm plasma reactors for pure NH3 cracking are much 
more scarce (see Table 1 in the Introduction) and only include an at
mospheric pressure AC discharge [27], a GA plasma [28], and a non- 
thermal arc plasma (NTAP) [29]. Fig. 9 makes a distinction between 
cold plasmas (with and without catalyst) and warm plasmas (again with 
and without catalyst). Our reactors (“This work”) also belong to the 
category of warm plasmas.

It is clear from Fig. 9 that cold (non-thermal) plasma reactors without 
catalysts exhibit very poor NH3 decomposition performance, with NH3 
conversion typically around or below 20 %, and, especially, very high 
EC exceeding 2 MJ/mol. Note the logarithmic scale of the x-axis in 
Fig. 9. The performance of these reactors can be significantly improved 
by adding catalysts, such as Fe, Ni, Co, and Ru, inside the plasma, 
leading to a conversion close to 100 %, although the EC remains rather 
high (300–2000 kJ/mol). Moreover, even with added catalysts, an 
external heat source is often required to reduce the EC below 800 kJ/ 
mol (cf. Table 1). For example, the lowest EC achieved in these cold 
plasma reactors was 345 kJ/mol, with 98 % NH3 conversion at 0.04 Ln/ 
min feed flow rate, applying a DBD reactor that was packed with Co/ 
SiO2 catalyst, using Co nanoparticles with 27 wt% metal loading, but 
also preheated to 380 ◦C [8]. This makes cold plasmas less appealing for 
NH3 cracking, as they need to use the same catalysts as thermal catalysis 
at similar conditions but at much higher EC [35]. Compared to these 
cold plasma reactors, the warm plasma reactors investigated in our work 
exhibit significantly lower EC even without using any catalysts.

The performance characteristics of our plasma reactors are similar to 
those of the other warm plasma reactors reported in the literature: GA 
and NTAP. The lowest EC achieved in our GAP plasma reactor (211 kJ/ 
mol) is only 5 % higher than the lowest EC of purely plasma-based NH3 
decomposition in the NTAP reactor (196 kJ/mol), while the NH3 con
version obtained in our GAP reactor in this case is 67 % higher than in 
the NTAP [29] (i.e., 16 % in NTAP vs 27 % in GAP). The higher con
version in our GAP compared to the NTAP most likely originates from 
the higher SEI supplied to the GAP (i.e., 35 kJ/mol in the NTAP vs 55 kJ/ 
mol in the GAP), which in our experiments has been shown to lead to 
increased NH3 conversion. We see the same picture for our P2P reactor, 
which reaches 24 % conversion at an EC of 198 kJ/mol, hence 50 % 
higher than the NTAP (16 %) at the same EC (196 kJ/mol). Finally, our 
P2P reactor shows the lowest EC among all plasma-based systems for 
NH3 decomposition reported up to now (146 kJ/mol), even below the 
NTAP plasma reactor combined with post-plasma catalysis (157 kJ/ 
mol), albeit at a low NH3 conversion.

When comparing the H2 production rate, we see that most reactors in 
literature were operated at low flow rates, which severely hampers the 
amount of H2 they could produce. In the cold (DBD) reactors, the highest 
H2 production rate was 0.29 Ln/min (feed flow rate of 1 Ln/min) 
without catalysts [17] and 1.45 Ln/min (feed flow rate of 1 Ln/min) 

Fig. 9. NH3 conversion, plotted as a function of EC, for our four investigated 
plasma reactors and compared with literature data (see corresponding refer
ences in Table 1 for the operating conditions of the literature reactors). The red 
squares correspond to cold plasmas (DBD), the orange squares are the same cold 
plasmas, but with catalyst, the dark blue triangles correspond to warm plasmas 
(AC, GA and NTAP), while the light blue triangle is NTAP with catalyst. Finally, 
the black data points, contained by the black oval, originate from our work 
(APGD, GAP, P2P and RGA). Note the logarithmic scale of the x-axis.
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with catalysts [12]. The highest H2 production rate achieved in the 
literature for cracking of pure NH3 was 9 Ln/min in the NTAP reactor 
operating at 30 Ln/min feed flow rate with post-plasma catalysis [29]. In 
our work, we exceeded this H2 production rate with our P2P reactor at 
20 Ln/min NH3 flow rate, producing H2 at a rate of 11.3 Ln/min.

Finally, when comparing our results with the best data reported in 
the literature for commercial thermo-catalytic NH3 cracking (which 
reaches up to 95 % conversion at an EC of only 65 kJ/mol [6]), it is clear 
that plasma-based NH3 cracking is not yet competitive. We need to 
further improve the cracking performance by employing smart reactor 
design, including modifications to allow reactor operation at higher SEI. 
On the other hand, our plasma reactors do not require expensive Ru- 
based catalysts that dominate the field of thermo-catalytic NH3 
decomposition [35], which also need to be accounted for in the overall 
cost assessment of NH3 cracking. Such a comparison of the overall 
process will be performed in a separate study.

4.7. Underlying mechanisms of NH3 cracking in the different reactors

(a) Thermodynamic equilibrium calculations

In terms of underlying mechanisms, the linear rise of conversion with 
SEI, as observed for all reactors in Fig. 8 (left panel), might suggest that 
the NH3 conversion proceeds mainly by thermal chemistry. In order to 
improve our understanding of what is driving the NH3 conversion, we 
calculated the EC of NH3 conversion as a function of temperature, 
assuming thermodynamic equilibrium; see Fig. 10.

The EC as a function of temperature exhibits a minimum of 58.5 kJ/ 
mol at 451 K. Our thermodynamic equilibrium calculations show that 
NH3 is fully decomposed at 700 K, in line with literature [35,44], and the 
energy supplied at higher temperatures goes only to gas heating. The 
linear increase in EC between 700 and 3000 K mostly coincides with 
depositing energy in the vibrational degrees of freedom of N2 and H2, 
while the sharp rise at higher temperatures is associated with the 
dissociation of H2 and N2.

We can see in Fig. 8 that in the RGA reactor, the EC stays roughly 
constant at ~ 340 kJ/mol as a function of SEI. This corresponds to quite 
a high average temperature of 3200 K, estimated based on the temper
ature required for this EC (see Fig. 10). A similar temperature can also be 
estimated for the APGD reactor at low SEI, where the EC is high, 
although it drops upon higher SEI. For the GAP and P2P reactor, the 
notably lower EC of ~ 200 kJ/mol corresponds to temperatures of about 
2500 K. Interestingly, for our best EC results, the temperature should be 
very low (close to 1900 K for an EC of 150 kJ/mol; see Fig. 10) if the NH3 
conversion would only proceed by thermal chemistry. These results 
indicate that the different reactors produce substantially different 

plasma conditions and that non-thermal chemistry cannot be ruled out.
Fig. 11 presents the calculated temperature of NH3 gas as a function 

of SEI. If we assume that all energy is deposited uniformly into the gas in 
the SEI range of our plasma reactors, the resulting values of the gas 
temperature are very low. For example, for the highest SEI values of 300 
kJ/mol (reached by the APGD and RGA), Fig. 11 indicates a temperature 
of 3000 K, which is realistic for the warm plasmas under study. How
ever, around SEI=100 kJ/mol (i.e., the lower range of the RGA and 
upper range of the GAP and P2P reactor), the temperature would only be 
slightly above 1000 K, while for SEI values around 10–30 kJ/mol (i.e., 
the lower range of APGD, P2P and GAP), the temperature would be only 
around 500 K. Clearly, these temperatures are too low for warm 
plasmas, as they should be around 3000 K [45], or even higher (i.e., 
4000 K, as indicated from our OES measurements for the P2P reactor). 
Furthermore, such low temperatures would yield much lower EC (cf. 
Fig. 10) than the values observed in our reactors (cf. Fig. 8).

The reason for this discrepancy between Fig. 11 and the real tem
perature in our plasma reactors in this SEI range is that the energy 
(coming from the plasma power) is not uniformly deposited in the gas in 
our plasma reactors. The plasma typically has a smaller diameter than 
the reactor, and not all gas passes through this narrow (arc) plasma 
channel. Hence, this must be accounted for when trying to explain the 
mechanisms, which is discussed in the next section.

(b) Fraction of gas passing through the plasma: Difference between 
macroscopic and “real” SEI

In earlier work by our group, albeit for other gas conversion appli
cations (namely CO2 splitting and NOx generation from air), we 
observed that only a limited fraction of the gas passes through the arc 
plasma in the GAP and P2P reactor, explaining the limited CO2 con
version and obtained NOx concentration, respectively [39–41]. Indeed, 
the gas flow rate passing through the plasma is typically smaller than the 
total gas flow rate, and thus, the SEI inside the plasma, i.e., the “real 
SEI”, is larger than the macroscopic SEI, because SEI is inversely pro
portional with flow rate (cf. Eq. (2) in section 3). Because the conversion 
and EC are mainly determined by the real SEI inside the plasma and not 
necessarily by the macroscopic SEI, we should consider the higher SEI 
values of Fig. 11, which indeed correspond to a higher temperature 
(around 3000 K or higher), being more realistic for warm plasmas. This 
indicates that the temperature inside the arc plasma channel, deter
mined by the higher real SEI, is much higher than the colder gas around 
it.

On the other hand, the temperature just outside the hot arc plasma 
will still be high enough for NH3 conversion, so the “chemically active 
region” will be larger than only the arc plasma. This region and the 
fraction of gas passing through it should also be accounted for when 

Fig. 10. Calculated EC of NH3 conversion as a function of gas temperature, 
assuming thermodynamic equilibrium. Fig. 11. Calculated temperature of NH3 gas as a function of SEI.
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considering the real SEI. As we don’t know the exact diameter of the arc 
and of the “chemically active region” around it, we don’t know the exact 
fraction of gas passing through the arc and through this chemically 
active region. Indeed, this requires detailed coupled gas flow – plasma 
fluid dynamics simulations, which are beyond the scope of this work. 
Therefore, we don’t know the real SEI giving rise to NH3 conversion in 
the various plasma reactors under study. For this reason, the trend of 
conversion as a function of macroscopic SEI, and thus also the trend of 
EC, is more complex, and to fully understand it, we need detailed 
computer simulations.

In general, increasing the macroscopic SEI, and thus the power, does 
not necessarily mean that the plasma arc diameter rises proportionally, 
because plasma contraction and power concentration are complex 
physical phenomena (see e.g., [46] for details). For example, in the case 
of the P2P reactor, the EC increases with SEI, which indicates an increase 
in the gas temperature (cf. Fig. 10). However, above a certain SEI, the EC 
stays almost constant (cf. Fig. 7) with conversion continuing to rise, 
suggesting that the plasma diameter increases.

In contrast to the P2P and GAP reactor, where the plasma arc is 
concentrated in the centre [39–41], the APGD reactor was specifically 
designed so that all the gas passes through the plasma by confining the 
plasma in a ceramic tube with a diameter similar to the calculated 
plasma size [37,38]. Thus, the flow rate passing through the APGD 
plasma is very close to the total flow rate and the real SEI inside the 
plasma will be very close to the macroscopic SEI. This might explain the 
different behaviour of EC vs SEI for the APGD reactor, as compared to 
the GAP and P2P reactor.

Importantly, in the GAP and P2P reactor, NH3 decomposes both in 
the contracted arc plasma and in the volume of hot gas surrounding it. 
This means that part of the NH3 may be converted at a lower tempera
ture than directly inside the plasma, which may again explain the lower 
EC in these reactors compared to the APGD and RGA, where most of the 
gas passes through plasma.

(c) Interaction between hot plasma core and surrounding colder gas, and 
thermal insulation

In earlier work by our group, we have shown that the cold gas sur
rounding the plasma is quenching the reverse reactions, which are 
inhibiting CO2 conversion [47] and NO formation [41], improving 
process performance. In the case of NH3 conversion, however, the ki
netic processes are much different. The reverse reaction of NH3 
decomposition, the recombination of N2 with H2, is mostly absent 
because it is an exothermic reaction that proceeds towards NH3 forma
tion only at lower temperatures, although it is characterised by high 
activation energy due to the splitting of the N2 triple bond. This means 
that quenching of the product gases will not help to improve the NH3 
conversion. In other words, the underlying mechanisms driving con
version in NH3 plasma reactors will most likely be different from the 
mechanisms of CO2 splitting and NO formation from air plasmas. 
Notably, the mixing between the cold peripheral gas and the contracted 
plasma will not be a beneficial factor, as the fast temperature drop will 
stop the conversion.

Furthermore, because back reactions are likely not important for 
NH3 cracking, the thermal efficiency of the reactor will play a major role 
in the chemistry and in determining the energy efficiency of NH3 
cracking. We know that the confined design of the APGD and also the 
narrow constriction of the RGA result in a high energy density (which 
may be too high for efficient NH3 conversion; cf. Fig. 10), as well as a 
stronger interaction between the plasma and the walls leading to heat 
losses. As a result, both reactors exhibit a higher EC (around 300 kJ/ 
mol) than the P2P and GAP reactor (around 200 kJ/mol or lower; cf. 
Fig. 8), which have their design optimized for thermal efficiency by 
utilizing a vortex gas flow in a large volume [48,49] to thermally 
insulate the contracted arc. A similar conclusion was obtained in [29], 
where operating the reactor with a swirling flow improved the 

performance, indicating that the flow pattern plays a crucial role in 
improving the reactor efficiency.

Thus, both the gas flow dynamics and thermal insulation of the hot 
plasma arc, as well as the fraction of gas passing through the plasma, 
might explain the different behaviour of EC as a function of SEI for the 
four different reactors, due to their distinct designs and gas flow 
behaviour.

(d) Different current–voltage behaviour of the plasma reactors: Non- 
thermal vs thermal chemistry

Obviously, there could also be other reasons for the different 
behaviour in the different reactors. For instance, the individual plasma 
reactors might have the same SEI because they have the same plasma 
power at the same flow rate, but they might still exhibit different elec
trical behaviour. Indeed, plasma power is the product of discharge 
voltage and current, and a high voltage/low current discharge can yield 
the same power as a low voltage/high current discharge, but the plasma 
behaviour will be different. For example, the APGD operates at a current 
of 25–40 mA, with a voltage of 2.2–6.3 kV, the P2P reactor operates at a 
current of 20–170 mA, with a voltage around 2.8–6.9 kV and the GAP 
reactor operates at a higher effective current of 320–560 mA, with an 
effective voltage around 1–2.3 kV. In other words, for the same SEI, the 
APGD is characterised by higher voltage/lower current than the GAP, 
while the P2P reactor can operate in a range of currents and voltages in 
between the APGD and GAP. A higher voltage typically yields a higher 
electric field in the plasma, which increases the electron energy, while a 
higher current typically results in higher electron densities. The electron 
energy dictates which electron impact reactions are dominant (e.g., 
ionisation, dissociation, vibrational or electronic excitation) and, thus, 
which reactive species are predominantly formed, affecting the plasma 
chemistry.

Based on those assumptions, we hypothesise that a higher voltage/ 
lower current plasma might have a large contribution from non-thermal 
chemistry due to higher electron energies. Meanwhile, the chemistry in 
a lower voltage/higher current plasma will have more thermal character 
because of lower electron temperature, higher electron densities and 
higher gas temperature. In other words, the APGD might have a larger 
fraction of non-thermal chemistry contributing to the NH3 conversion 
than the GAP and P2P reactor, and increasing the SEI might thus give 
rise to more efficient conversion pathways, i.e., non-thermal chemistry.

(e) Most important electron impact and thermal NH3 cracking reactions

When discussing the electron impact reactions, we have to keep in 
mind that their role in NH3 decomposition will depend on the plasma 
temperature. The importance of electron impact reactions for NH3 
cracking at low temperatures is discussed in [24].

Direct electron impact dissociation of NH3 via high-energy electrons 
occurs via reaction (7): 

e− + NH3 → e− + NH2 + H                                                            (7)

However, in cold plasma reactors operating in an NH3/N2 mixture, it 
has been shown that in the presence of N2 at low temperatures, reaction 
(7) plays only a minor role. In those conditions, the dominant pathway 
for the NH3 bond-breaking sequence, shown by reactions (8)–(11), is the 
dissociative quenching of N2(A3) and N2(a1), which are produced by 
electron impact excitation [24]. The importance of these reactions for 
the decomposition of pure NH3 has not yet been evaluated in the 
literature. 

e− + N2 → e− + N2(A3)                                                                 (8)

e− + N2 → e− + N2(a1)                                                                  (9)

N2(A3) + NH3 → N2 + NH2 + H                                                   (10)
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N2(a1) + NH3 → N2 + NH2 + H                                                   (11)

On the other hand, the large rate coefficients for thermal NH3 
cracking at high temperatures (>1500 K) reported in [50] point to 
thermal chemistry being the dominant pathway for NH3 decomposition. 
Reactions (12) and (13) are the most important ones. 

NH3 + M⇌NH2 + H+M                                                               (12)

NH3 + H⇌NH2 + H2                                                                   (13)

A more detailed overview of the important thermal and electron- 
impact reactions can be found in [24,50] and the references therein.

(f) How to improve the NH3 cracking efficiency? Heat recovery and 
reactor design improvements.

As mentioned in section 4.4, the plasma temperature measured in the 
P2P reactor is around 4000 K, and similar values might be expected in 
the GAP reactor. This is higher than needed for thermal conversion, 
because thermodynamic equilibrium calculations reveal that a temper
ature of ~ 700 K is sufficient for nearly complete decomposition (see 
Fig. 10 and [35,44]). However, the time needed to reach full conversion 
will be excessively high, which was confirmed experimentally even a 
century ago [51]. Because the measured plasma temperature in the P2P 
reactor (and possibly also in the GAP at higher SEI) is much larger, part 
of the supplied energy may be wasted on overheating the gas to higher 
temperatures than needed for NH3 decomposition, resulting in a sig
nificant heat loss to the environment. A possible solution could be to 
recycle this excess heat to preheat the gas before it enters the reactor. 
This reduces the plasma power used for gas heating so that it can be 
more efficiently used for the conversion process. Alternatively, the 
excess heat could be recovered and used for thermal activation of a 
catalyst, placed pre- or post-plasma. We will investigate these options in 
our future work. Finally, it is worth mentioning that the electrode ma
terial can also play the role of a catalyst, providing an additional boost to 
NH3 conversion and EC, as reported in [27].

Of course, the above explanations are only hypotheses based on our 
general knowledge of the plasma behaviour in our different plasma re
actors. Their verification requires detailed 3D (or 2D axisymmetric) 
computational modelling that takes into account the complex gas flow 
behaviour in the reactors (to evaluate whether all the gas passes through 
the plasma and pinpoint possible limitations in the reactor design), the 
complete chemistry (thermal and non-thermal electron-induced re
actions), and a full coupling between gas flow dynamics and plasma 
behaviour. Developing such comprehensive models requires a signifi
cant amount of time, so it is beyond the scope of our paper. However, we 
hope our results inspire other researchers to develop such models and 
improve their reactor designs for enhanced cracking performance.

5. Conclusions

In this work, we investigated NH3 cracking for green H2 synthesis in 
four different warm plasma reactors, which can operate with renewable 
electricity: RGA, APGD, GAP, and P2P arc plasma. We compared their 
performance in NH3 conversion, EC and H2 production rate in a wide 
range of SEI values, determined by the plasma power and feed gas flow 
rate.

Overall, the GAP and P2P reactor outperform the other reactors and 
are interesting for further investigation. Furthermore, the P2P and GAP 
reactor can operate at higher NH3 flow rates than the APGD and RGA, 
which results in significantly higher H2 production rates at the same SEI. 
The GAP reactor is particularly stable and the NH3 conversion can easily 
be increased by supplying additional energy into the plasma upon rising 
the SEI. However, while initially the EC of NH3 decomposition in the 
GAP drops to 210–220 kJ/mol with rising SEI up to 50 kJ/mol, it does 
not decrease further at higher SEI, thus exceeding the lowest EC reached 

for thermo-catalysis (i.e., ca. 65 kJ/mol [6]) at comparable conversion. 
Likewise, while the EC in the P2P reactor drops upon lower SEI, 
achieving a minimum EC of 146 kJ/mol, it is still higher than in thermo- 
catalytic cracking, and at quite low NH3 conversion of only 8 %.

All our investigated plasma reactors significantly outperform the 
various cold plasma reactors reported in the literature in terms of EC, 
and they exceed the conversion in cold plasmas without catalysts. 
Moreover, they are comparable to, or better than the performance of the 
few warm plasmas investigated already in literature. Thus, our results 
show that warm plasma systems are much more efficient for NH3 
decomposition than cold plasmas, even when combining the latter with 
catalysts.

As the measured gas temperature exceeds 4000 K in the P2P reactor, 
and the P2P and GAP reactor show similar conversion performance, it is 
highly likely that the NH3 cracking in the P2P and GAP reactor is pre
dominantly thermal, although non-thermal plasma chemistry may also 
play a role. In the case of the APGD, the behaviour is different, which 
may point to a larger impact of non-thermal plasma chemistry on the 
conversion. However, the extent of its role remains unclear. As such, we 
believe that the heat, characteristic of warm plasmas, plays an essential 
role in the NH3 decomposition, which is an endothermic reaction. 
However, additional studies into the nature of NH3 decomposition in 
these plasmas are needed to elucidate the underlying mechanisms. This 
requires 3D (or 2D axisymmetric) computational modelling, which de
scribes the complex gas flow behaviour in the reactors, as well as 
detailed chemistry, including thermal and non-thermal electron- 
induced reactions, and a full coupling between gas flow dynamics and 
plasma behaviour, which is beyond the scope of our paper but is planned 
in our future work.

The obtained EC of plasma-based NH3 cracking exceeds thermo- 
catalytic cracking by a factor of three. One of the reasons behind the 
higher EC in plasma reactors may be that only a limited fraction of the 
feed flow is treated by the plasma, as the plasma is typically confined in 
the centre of the reactor, and a significant fraction of the gas can pass 
through the reactor without passing through the plasma or plasma- 
heated zone [40,41,52]. Additionally, part of the energy supplied to 
the plasma could have been wasted on overheating the feed to higher 
temperatures than necessary for NH3 decomposition, and thus, a sig
nificant amount of heat could be lost to the environment. An obvious 
first step to addressing these issues is designing a heat integration so
lution for warm plasma reactors, to recycle the excess heat into feed gas 
heating or as a heat source for an additional catalytic step, either pre- 
plasma or post-plasma.

Compared to other gas conversion applications, such as CO2 splitting 
or NOx production from air, which are also gaining increasing interest in 
warm plasmas [36–41,53], NH3 decomposition presents an extra chal
lenge for plasma reactors. The main limitation seems to arise from the 
higher temperatures inside the reactor, measured to be around 4000 K in 
the P2P reactor, and likely with similar values in the other reactors. This 
causes severe damage, even to the reactor components normally resis
tant to high temperatures, such as stainless steel (service temperature of 
925 ◦C for SS316L) or quartz (service temperature of 1100 ◦C). In our 
future work, we will implement solutions to recover the reaction heat 
and reintegrate it into the process, which should alleviate this problem 
in our future plasma setups. Necessary modifications include a cooling 
system that provides a way for heat recovery and at the same time 
protects the reactor from thermal damage, as well as adjustment to the 
gas inlets and reactor geometry to increase the amount of feed that is 
treated by the plasma. Overall, we hope that our paper will also inspire 
other researchers to design improved reactors for enhanced NH3 
cracking performance.
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