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We investigated the efficiency and formation mechanism of ammonia generation in recombining
plasmas generated from mixtures of N2 and H2 under various plasma conditions. In contrast to the
Haber-Bosch process, in which the molecules are dissociated on a catalytic surface, under these
plasma conditions the precursor molecules, N2 and H2, are already dissociated in the gas phase.
Surfaces are thus exposed to large fluxes of atomic N and H radicals. The ammonia production turns
out to be strongly dependent on the fluxes of atomic N and H radicals to the surface. By optimizing
the atomic N and H fluxes to the surface using an atomic nitrogen and hydrogen source ammonia
can be formed efficiently, i.e., more than 10% of the total background pressure is measured to be
ammonia. The results obtained show a strong similarity with results reported in literature, which
were explained by the production of ammonia at the surface by stepwise addition reactions between
adsorbed nitrogen and hydrogen containing radicals at the surface and incoming N and H containing
radicals. Furthermore, our results indicate that the ammonia production is independent of wall
material. The high fluxes of N and H radicals in our experiments result in a passivated surface, and
the actual chemistry, leading to the formation of ammonia, takes place in an additional layer on top
of this passivated surface. © 2007 American Institute of Physics. �DOI: 10.1063/1.2645828�

I. INTRODUCTION

The synthesis of ammonia from nitrogen and hydrogen
gas on iron catalysts, known as the Haber-Bosch process, is
considered as one of the most important discoveries in the
history of industrial catalysis1 and has often been called the
most important invention of the 20th century.2 Today, the
artificial fertilizer produced with the Haber-Bosch process is
responsible for sustaining roughly 40% of the Earth’s
population.3 To fully understand the processes on the surface
leading to ammonia and to increase its efficiency, e.g., by
using other catalysts like ruthenium,4,5 even today the pro-
cess of ammonia synthesis is investigated.

The mechanism that is generally accepted for the ammo-
nia production is the following: dissociative chemisorption
of N2 is followed by stepwise recombination of chemisorbed
atomic nitrogen and hydrogen to NH3 at the surface of the
catalyst with NH and NH2 as reaction intermediates.6,7 The
rate-limiting step in the ammonia synthesis is the dissocia-
tive chemisorption of N2 molecules on the surface of the
catalyst, due to the very high binding energy of 9.6 eV of N2.

Nomura et al.8 suggested that excited N2 molecules
would improve the dissociative adsorption of N2. The lowest
excited state of N2, the A 3�u

+ state, lies at 6.2 eV; then, only

3.4 eV is necessary to dissociate the nitrogen molecule. The
production of excited N2 or even direct production of N at-
oms can be achieved by plasma and then other catalysts than
iron or ruthenium may be used to enhance the ammonia pro-
duction.

In 1971, Eremin et al.9 showed that the synthesis of am-
monia in mixtures of nitrogen and hydrogen in a barrier dis-
charge was increased by a factor of 1.5 to 4 when, respec-
tively, copper, nickel, iron, or platinum wires were wound on
the inner electrode of the reactor. It was shown by various
research groups that ammonia production using plasmas is
dependent on the type of wall material �up to a factor of
3�.10–13 The wall is namely still used as a catalyst to form
adsorbed nitrogen atoms by the dissociative adsorption of
excited N2 molecules or molecular nitrogen ions. In 1989,
Uyama and Matsumoto reported that zeolite added to the
downstream plasma in high-frequency discharges facilitated
the ammonia production. This enhancement can at least
partly be ascribed to a change in effective surface area. The
ammonia production was ascribed to the surface reaction of
NHx radicals adsorbed on the zeolite with hydrogen atoms.14

The formation of ammonia in plasmas is still not completely
understood but it is assumed that plasma-surface interactions
play an important role. The formation of ammonia is gener-
ally ascribed to stepwise addition reactions between ad-
sorbed nitrogen and hydrogen containing radicals at the sur-
face and incoming N and H containing radicals.15–18

To gain a better understanding of plasma-surface inter-
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actions that take place during the generation of stable mol-
ecules, we have chosen to investigate the formation of am-
monia in plasmas of mixtures of nitrogen and hydrogen in
more detail. Plasmas containing nitrogen and hydrogen are
also extensively studied because of their widespread applica-
tions in research and industrial environments. The plasmas
are used for the chemical synthesis of ammonia,9,11,14 nitrid-
ing of materials,17 the deposition of amorphous silicon ni-
tride �a-SiNx :H� films for solar cell applications,19 the
plasma-assisted atomic layer deposition of TiN thin films,20

and the etching of organic low k films.21

Previously, we have shown that ammonia can be formed
efficiently in plasmas generated from mixtures of nitrogen
and hydrogen via plasma-activated catalysis.22 In this article,
we present a detailed study of the plasma-activated catalytic
generation of ammonia in recombining plasmas generated
from mixtures of N2 and H2 with the remote expanding ther-
mal plasma �ETP� technique.23 In the experiments, the
plasma is used to dissociate the precursor molecules already
before they come in contact with a surface. Then, the surface
is exposed to fluxes of atomic and molecular radicals rather
than molecules. The �passivated� surface of the plasma reac-
tor, i.e., a surface covered by atomic and/or molecular radi-
cals, acts as a catalyst. The process is called plasma-activated
catalysis.22 We note that in our experiments, the N and H
radicals are already produced in the plasma and as a result
the flux of N and H radicals to the surface is up to
1021 m−2 s−1,24–26 which is at least one order of magnitude
higher than in previous experiments in which plasma was
used �see, e.g., Ref. 12�. In the present experiments, the
fluxes of radicals at the surface of the vessel are several tens
of monolayers per second.

In this study, fluxes of hydrogen and nitrogen radicals
are produced in a high-density plasma source with high dis-
sociation degree. This plasma expands into a low-pressure
vessel, where most of the atomic radicals will arrive at the
reactor wall at which they may reflect, but will finally ad-
sorb. There, new molecules can be generated which subse-
quently may desorb. In this way the dissociation in the
plasma source is geometrically separated from the produc-
tion zone of the molecules. Because the plasma production,
plasma transport, and plasma-surface interactions are sepa-
rated, the plasma conditions can be controlled independently
from the downstream plasma chemistry, which allows inde-
pendent studies of the different aspects of the process in a
relatively simple manner.

We studied the formation of ammonia in expanding plas-
mas generated from: �a� expanding Ar plasma to which mix-
tures of N2 and H2 were added; �b� expanding H2 plasma to
which N2 was added; �c� expanding N2 plasma to which H2

was added; �d� expanding N2-H2 plasma. By using various
plasmas the relation between the NH3 production and the
fluxes of atomic N and H radicals, which increase from con-
dition �a� to �d�, can be studied. The density of NH3 was
measured with three different detection techniques, i.e., tun-
able diode laser absorption spectroscopy �TDLAS�, cavity
enhanced absorption �CEA� spectroscopy, and mass spec-
trometry. With mass spectrometry, also N2 and H2 can be
detected, which is not possible with the two laser techniques.

The laser techniques have the advantage that the measure-
ments are not hampered by the presence of water as may be
the case for ammonia using mass spectrometry. We investi-
gated the efficiency and formation mechanism of ammonia
generation in these plasmas under various plasma conditions
and in three different plasma reactors, with different geom-
etries.

We will first describe the basics of the ETP technique
�Sec. II A�. Next, in Sec. II B, the experimental details of the
three techniques used to measure ammonia will be discussed,
i.e., tunable diode laser absorption spectroscopy, cavity en-
hanced absorption spectroscopy, and mass spectrometry. In
Sec. III, we will discuss the measured ammonia densities in
the various plasmas. The conclusions are presented in the last
section.

II. EXPERIMENTAL DETAILS

A. Expanding thermal plasma setup

To obtain high fluxes of reactive species, the expanding
thermal plasma �ETP� technique was used. This technique,
extensively described in literature �see, e.g., Ref. 23�, is a
remote technique in which reactive species are created in a
high-pressure cascaded arc plasma source and the plasma
processes take place downstream at lower pressure �Fig. 1�.
Here, only a short description of the main constituents is
given.

In the cascaded arc plasma source a subatmospheric
�typically 40 kPa� plasma is created with a power of 2–8 kW.
The cascaded arc source consists of a 4 mm diameter bore
channel of five water-cooled insulated copper plates with a
total length of 30 mm. The cascaded plates are at floating
potential. The last plate acts as the common anode for the
discharge. A gas flow is admitted to the channel and a dc
current is drawn from the three cathodes concentrically
placed around the channel, to the grounded anode plate pro-
ducing the plasma. The high heavy particle temperature of
approximately 1 eV leads to almost full dissociation of mo-
lecular gases when these are injected in the arc. The plasma
expands supersonically through a conically shaped nozzle
into a low-pressure vessel �typically 20 Pa�, and after a sta-

FIG. 1. Schematic representation of the plasma source, vacuum vessel, and
the plasma expansion with the recirculation flow in the chamber. The radius
of the process chamber in all setups was 0.2 m, and the length of the plasma
reactors was, respectively, 0.4 m �HNO�, 0.6 m �Depo II�, and 3 m
�PLEXIS�.
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tionary shock, expands subsonically toward the other end of
the process chamber. The position of the shock depends on
the gases fed through the arc and is located 7 cm from the
nozzle for an expanding Ar plasma and around 3 cm from
the nozzle for an expanding N2-H2 plasma. As there is no
power input anymore in the process chamber, the plasma is
recombining. Furthermore, in the expansion, the electron
temperature decreases to 0.1–0.3 eV. Dissociation and exci-
tation by electrons can be neglected at these temperatures.23

The resulting high-density plasma has an ionization de-
gree of around 12% in argon27 and around 1%−5% in pure
nitrogen and mixtures of nitrogen and hydrogen.26,28 The
current through the arc channel was set to 55 A in the ex-
periments reported here and the voltage over the arc ranged
from 40 V in argon plasmas to 150 V for N2-H2 plasmas. In
the experiments, the pressure in the vessel was varied be-
tween 20 and 100 Pa by adjusting the gate valve to the pump.

N2 and H2 gas can also be injected into the background
of the plasma vessel, i.e., into the recirculation flow in the
chamber. If the source is operated on argon �or nitrogen�, the
injected molecules, together with molecules generated in the
plasma vessel, form the basis of influx in the expanding
plasma beam. It has been established that diffusion inwards
occurs mainly in the subsonic region, but can also already
occur in the supersonic region if the flow is rarefied.24,25 The
point of inward diffusion is thus independent of the place
where the gases are injected into the background. As a result,
the gas mixture in the recirculation flow in the periphery of
the chamber is mixed into the forward plasma beam emanat-
ing from the source. Molecules which diffuse into the ex-
panding plasma beam can undergo charge-transfer with Ar+

�or N+� ions emanating from the source. Subsequent disso-
ciative recombination reactions lead to atomic and/or mo-
lecular radicals. Furthermore, the monomers may undergo
abstraction reactions with radicals, e.g., N atoms, leading to
additional radicals.

Production of molecules out of atomic or molecular radi-
cals in the volume by three-particle reactions can be ex-
cluded, since these reactions are too slow to lead to any
significant production under our low-pressure conditions
�mostly �100 Pa�. This is certainly true for the time in the
plasma beam, which is short ��1 ms�. It holds also for the
relatively long �0.1–1 s� residence time of particles, relevant
for the background kinetics. However, during the residence
time molecules may undergo reactions in the recirculation
flow in the background of the plasma vessel, since even the
lifetime of active particles as N and H atoms in the back-
ground is relatively long.

To determine the contribution of bimolecular nitrogen-
hydrogen gas phase reactions to the ammonia generation, we
modeled the chemistry in the expanding plasma beam and in
the recirculation flow by a reaction model using the chemical
kinetic software package CHEMKIN.29 All possible reactions
that can take place in N2-H2 plasma, with the rate constants
as given in Ref. 30, are included in the model. From the
results, we conclude that less than 1% of the measured am-
monia density can be formed in the expanding plasma beam
and that ammonia generation is not possible via gas phase
reactions during the residence time in the vessel. Though we

cannot exclude the possibility that ammonia is formed at the
end of the plasma source, when both nitrogen and hydrogen
are fed through the plasma source, it is clear that also disso-
ciation is very effective there. The results, which will be
shown, indicate that no significant ammonia formation takes
place at the end of the plasma source.

If the production of ammonia is due to plasma-surface
interactions, a larger “active” surface to “active” volume ra-
tio should lead to more ammonia production. The word “ac-
tive” underlines the fact that the plasma�-surface� chemistry
is dependent on geometry of the plasma reactors, i.e., the
total surface or volume of the plasma reactor is not always
used in the processes. The active surface to volume ratio is
determined by the combination of the flow pattern of the
plasma in the reactor and the total surface to volume ratio.

An indication that flow pattern and surface to volume
ratio is important is offered by the use of three reactors of the
same type �ETP-remote source�, but different geometries. On
the one hand there is a long �3 m�, very effectively pumped
reactor, PLEXIS, dedicated to these studies and in which
most experiments were performed. On the other hand, two
other similar reactors, HNO and Depo II �length, respec-
tively, 0.4 and 0.6 m�, which are much shorter with a larger
active surface to volume ratio are used. The radius of the
process chamber in all three setups was 0.2 m. All the ex-
periments have been performed on clean stainless-steel
walls. It is to be expected that in the last two reactors the
surface generation is more effective than in the PLEXIS re-
actor in which the produced particles are more easily lost by
pumping. This by itself already provides an indication of the
significance of surface interactions for molecule generation.

The flow patterns in the vessel leading to the recircula-
tion flows, depicted in Fig. 1, influence the plasma-surface
interactions as they determine the effective area exposed to
the fluxes of radicals and the time constants. Due to the
recirculation flows, the complete wall of HNO and Depo II is
exposed to a high flux of radicals. On the other hand,
PLEXIS has an effective length of around 2 m, which is a
factor of 5 larger than the HNO setup. In that case, not one
recirculation pattern, but more recirculation patterns may ex-
ist along the axial direction in PLEXIS.31

It is evident that in PLEXIS, the loss of chemistry may
be faster than in the relatively short Depo II and HNO ex-
periments. Also, the surface/volume �S /V� ratio of the Depo
II �14 m−1� and HNO �16 m−1� reactors is roughly a factor of
3 larger than that of PLEXIS �4 m−1�. We will later see that
the efficiency of molecule production is correspondingly
smaller in PLEXIS compared to the Depo II and HNO ex-
periments.

In this respect also a difference in location of arrival of
radicals may play a role. Hydrogen atoms diffuse more
readily out of the plasma beam and arrive at surfaces closer
to the source, whereas the heavier N atoms will arrive more
at the downstream side. Also, this “mass-defocusing” effect
may be more serious in the long PLEXIS reactor than in the
other shorter reactors.
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B. Diagnostics

1. Tunable diode laser absorption spectroscopy

In PLEXIS, we detected NH3 in the downstream plasma
by tunable diode laser absorption spectroscopy �TDLAS� at
70 cm from the plasma source. An infrared multicomponent
acquisition �IRMA� system of the INP institute in Greifswald
was used, which consists of four independent tunable diode
lasers, which can be multiplexed.32 With this system, the
mole fractions of several molecules can be simultaneously
measured with millisecond time resolution. The laser beam
from the IRMA system was directed twice through the vessel
by the use of a retroreflector, to increase the path length and
thus the sensitivity by a factor of 2.

The density of the produced NH3 was monitored as func-
tion of various experimental parameters as the nitrogen and
hydrogen flows, the background pressure in the plasma ves-
sel, and the arc current. The density of ammonia was ob-
served via the transition at 770.914 cm−1 with a line strength
of 2.445�10−20 cm−1/�molecule cm−2�.33

2. Cavity enhanced absorption spectroscopy

In PLEXIS, we also measured the density of NH3 with
cavity enhanced absorption �CEA� spectroscopy.34 CEA
spectroscopy with this setup has been performed previously
to measure the ammonia generation in N2-H2 plasma,22 to
study the ammonia spectrum in the 1.5 �m region,35 and to
demonstrate the feasibility of open-path trace gas detection
of ammonia with CEA spectroscopy.36

In the CEA measurements, the recorded ammonia spec-
tra represented an average of 1000 scans, i.e., a measurement
took about 30 s of acquisition time. After every measurement
a spectrum was recorded without laser radiation coupled into
the cavity to correct the ammonia spectra for the emission of
the plasma. We note that the absorption spectrum over the
full scanning range appears directly on the display of an
oscilloscope in a fraction of a second. The recorded spectrum
is a relative absorption spectrum expressed in loss of the
empty cavity per round trip, i.e. �1−R� /d. The factor �1
−R� /d cannot directly be determined in the experimental
configuration. The spectrum can be put on an absolute scale
by measuring, e.g., the CEA spectrum of a known amount of
a certain gas. We obtained the factor by recording the CEA
spectrum of a known amount of water in the same frequency
range as in which the ammonia transitions were measured.
The H2O transitions that were measured were the 651←542

and the 652←541 rotational transitions of the �1, 1 , 3�
← �0, 0 , 0� vibrational band, and have line strengths of
1.13�10−24 cm−1/�molecule cm−2� and 3.39
�10−24 cm−1/�molecule cm−2�, respectively.33 Using these
line strengths and the known density of the ground-state wa-
ter molecules of 2�1023 m−3, the factor �1−R� /d was deter-
mined as �5.5±0.5��10−5 cm−1. Since d was 1.1 m, a reflec-
tivity of the mirrors of R=0.994±0.006 was deduced from
repeated measurements, which is in agreement with the
manufacturer’s specifications.

Ammonia was observed via the transitions in the combi-
nation band �1+2�4 reported by Lundsberg-Nielsen et al.37

with the line positions 6568.299, 6568.401, and

6568.463 cm−1, and absorption coefficients 7.556�10−4,
7.602�10−4, and 0.948�10−4 cm−1 Torr−1. All CEA mea-
surements have been performed at about 20 cm downstream
from the exit of the arc. However, by moving the arc source
it was verified that theNH3 density was not dependent on the
measurement position in the plasma.

3. Mass spectrometry

Depo II and HNO were equipped with a mass spectrom-
eter for measurements of the stable species present in the
background of the plasma. In the case of Depo II, a residual
gas analyzer �Balzers Prisma 200 Quadrupole RGA� was at-
tached with a pinhole to sample the gas in the reactor. HNO
was equipped with a quadrupole mass spectrometer �Balzers
QMS 421C� and the mass spectra were measured by sam-
pling the gas through a controlled all-metal regulating valve
�UDV 035�. The operating pressure in the mass spectrometer
unit was in the 10−5−10−4 Pa range depending on the cham-
ber pressure. Absolute concentrations of the stable gas spe-
cies N2, H2, and NH3 were obtained by calibrating the mass
spectrometer signals by injecting the relevant gases into the
chamber at various known pressures.

In Fig. 2, a typical mass scan, after background subtrac-
tion, is shown as measured in an expanding N2-H2 plasma,
with 0.8 slm �standard liter s−1� N2 and 1.2 slm H2 flowing
through the arc. The arc current was 55 A and the back-
ground pressure was 20 Pa. From the mass spectrometry
measurements, we concluded that next to NH3 �m /e
=15,16,17�, N2 �m /e=14,28,29�, H2 �m /e=1,2�, and a small
amount of H2O �m /e=16,17,18�, no other stable species
were present in the plasma. In particular, no significant
amounts of N2H4 or N3H are found, confirming the generally
observed dominance of NH3 �and N2 and H2� generation. To
show that this is valid for all relative hydrogen flow rates, the
resulting molar fractions of N2, H2, and NH3 and their sum
are presented in Fig. 3, measured for a total flow of 1 slm
�mass scan of Fig. 2 for 2 slm�. The sum of the molar frac-
tions turns out to be 0.985 ± 0.006 over the whole range of

FIG. 2. Mass scan as measured in expanding N2-H2 plasma �HNO setup�.
Both nitrogen and hydrogen were applied through the arc �0.8 slm N2 and
1.2 slm H2�. The arc current was 55 A; the background pressure was kept
constant at 20 Pa. NH3 �m /e=15,16,17�, N2 �m /e=14,28,29�, H2 �m /e
=1,2�, and H2O �m /e=16,17,18� are detected.
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0��H2
/�total�1 �with constant �total�. The remaining 1.5%

is the small amount of water always present in the plasma
reactor.

III. RESULTS AND DISCUSSION

We studied the ammonia generation in four different ex-
panding plasmas generated from mixtures of nitrogen and
hydrogen as schematic depicted in Fig. 4: �a� expanding Ar
plasma to which mixtures of N2 and H2 were added; �b�
expanding H2 plasma to which N2 was added; �c� expanding
N2 plasma to which H2 was added; �d� expanding N2-H2

plasma. These plasma conditions were chosen to study the
relation between the NH3 production and the fluxes of
atomic N and H radicals. In the conditions from �a� to �d�,
the amount of produced N and H atoms in the plasma in-
creases and thus the flux of radicals toward the surface in-
creases. In condition �a�, the dissociation of N2 and H2 and
thus the creation of N and H atoms can be controlled as the
N and H radicals are produced in the plasma expansion by
charge-transfer reactions. In conditions �b� and �c�, the fluxes
of, respectively, H and N atoms are optimized by applying
the gas through the plasma source, while, respectively, N2

and H2 molecules are admixed downstream. In the final situ-
ation �d�, both N2 and H2 are fed through the plasma source,

creating a plasma beam of mainly N and H atoms. In this
way, the dependence of the ammonia production on the
plasma composition and the role of N and H atomic radicals
can be studied.

A. Expanding Ar plasma with N2 and H2 injected in
the background

In the first experimental situation, an expanding argon
plasma was created with 3 slm argon applied through the arc,
and nitrogen and hydrogen were injected downstream into
the background of the vessel. The characteristics of expand-
ing Ar plasmas created with the cascaded arc source have
been described extensively in literature27 and here only the
main issues will be discussed briefly. In the case of an ex-
panding argon plasma, the plasma source emanates a par-
tially ionized ��12%� argon flow. The metastable argon den-
sity Arm

* formed in three-particle recombination processes of
the argon ions is typically a factor of 10 lower than the argon
ion density38 and we neglect the contribution of these states
to the plasma chemistry. Molecules injected in the back-
ground mix with the recirculation flow, of which a part in-
vades in the expanding plasma beam. These molecules are
dissociated by charge-transfer reactions with argon ions from
the plasma source followed by dissociative recombination
leading to atomic N and H radicals,39–41

Ar+ + N2 → Ar + N2
+, k � 2 � 10−16 m3 s−1, �1�

Ar+ + H2 → ArH+ + H, k = 1.1 � 10−15 m3 s−1, �2�

N2
+ + e → N + N, k = 8.4 � 10−14 m3 s−1, �3�

ArH+ + e → Ar + H, k � 10−13 m3 s−1. �4�

In Fig. 5, the measured ammonia density as a function of
the hydrogen flow rate relative to the total flow rate of nitro-
gen and hydrogen is depicted for three different conditions as
measured by TDLAS on the PLEXIS setup. In conditions 1
and 2, an Ar flow of 3 slm was applied through the arc at an
arc current of 55 A, and a total flow of nitrogen and hydro-
gen of 0.3 slm was injected in the background. The two
conditions only differ in the value of the background pres-
sure, i.e., 20 vs 100 Pa. At 55 A, the Ar flow is partially
ionized �12%�, i.e., an Ar+ ion flow of 0.36 slm, as deter-

FIG. 3. Relative amount of N2, H2, and NH3 as measured by mass spec-
trometry as a function of the relative hydrogen flow rate in expanding N2-H2

plasmas �HNO setup�. Both nitrogen and hydrogen were applied through the
arc at a total flow rate of 1 slm. The arc current was 55 A; the background
pressure was kept constant at 20 Pa.

FIG. 4. Schematic representation of
the expanding plasma jet for the four
types of plasmas: �a� Ar plasma to
which mixtures of N2 and H2 were
added in the background; �b� H2

plasma with N2 injected into the back-
ground; �c� nitrogen plasma with H2

injected in the background; �d� N2-H2

plasma.
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mined from Langmuir probe measurements in the argon
expansion,42 is injected into the vessel. Thus, the Ar+ ion
flow is approximately equal to the total injected flow of N2

and H2 molecules; thus, a significant dissociation of the mol-
ecules can be expected. In condition 3, an Ar flow of 5 slm
was applied through the arc at an arc current of 75 A, and a
total flow of nitrogen and hydrogen of 0.5 slm was injected
in the background at a constant pressure of 20 Pa. In this
case, the ionization degree is 15%, resulting in an Ar+ ion
flow of 0.65 slm, i.e., again the Ar+ ion flow is approxi-
mately equal to the total injected flow of N2 and H2 mol-
ecules. The ammonia density in condition 3 is a factor of 1.8
higher compared to condition 1. Since more N2 and H2 mol-
ecules can be dissociated in condition 3 than in condition 1,
this shows that the ammonia production is determined by the
dissociation of the injected N2 and H2.

The maximum in ammonia density is not observed at the
stoichiometric ratio of H2 and N2 in NH3, but at lower frac-
tions of H2. The reason for this is that Ar+ ions are needed
for the dissociation of both nitrogen and hydrogen mol-
ecules. Meulenbroeks et al.40 have shown that the presence
of small amounts of hydrogen in expanding plasmas leads to
a strong decrease in the ionization degree of the plasma ex-
pansion. Also in this plasma, the charge-transfer reaction of
Ar+ with molecular hydrogen is 5 times faster than the reac-
tion with molecular nitrogen �reaction �1� vs reaction �2��.
This means that less nitrogen is dissociated in the presence
of hydrogen. The optimal N to H ratio leading to maximum
NH3 production is therefore already reached at lower hydro-
gen flows.

At 100 Pa �condition 2 in Fig. 5�, the maximum ammo-
nia production shifts to even lower hydrogen flows. At
higher pressure, the charge-transfer reaction of Ar+ with H2

is faster than at 20 Pa, so now even at lower relative hydro-
gen flows, the ions are already almost completely consumed
by hydrogen molecules. Thus, at higher relative hydrogen

flows smaller amounts of atomic nitrogen are formed. The
optimum ratio between N and H atoms at the surface to form
ammonia is therefore already reached at even lower hydro-
gen flows.

As no other molecules than N2, H2, and NH3 �besides
Ar�, are present in the plasma �Sec. II B 3�, the use of N2 and
H2 to form NH3 can be calculated from Fig. 5. The use of N2

�or H2� is defined as the amount of N �or H� atoms in the
formed NH3 divided by the amount of N �or H� atoms ad-
mitted to the system in the form of N2 �or H2�. The use of N2

and H2 gas in condition 3 is plotted in Fig. 6 as a function of
the relative hydrogen flow. At small hydrogen flows, the
fraction of the admitted H2, which is used for NH3 forma-
tion, increases to 70%. On the other hand, the use of nitrogen
at small nitrogen flows, thus high hydrogen flows, is never
more than 15%. This discrepancy is explained by the fact
that the dissociation of nitrogen decreases in the presence of
hydrogen.

B. Expanding H2 plasma with N2 injected in the
background

The plasma source was operated on 2 slm H2 at an arc
current of 55 A. The background pressure in the experiments
was 20 Pa. Simultaneously, 0–1.5 slm N2 was injected down-
stream. Under this experimental condition no ammonia was
detected with the CEA technique in PLEXIS. From the de-
tection limit of our CEA setup we conclude that less than
1018 m−3 ammonia is produced. The reason for this is that
under this plasma condition only very few ions leave the
source and thus N atoms can only be produced by the
reaction30

H + N2 → NH + N,

k = 2.7 � 10−17T0.5 exp�− 75 900

T
� m3 s−1. �5�

However, this reaction is too endothermic to be effective. We
conclude from these results that for the production of ammo-
nia both H2 and N2 need to be dissociated and thus H atoms
and N atoms are essential.

FIG. 5. Ammonia density in expanding Ar plasmas with N2 and H2 injected
in the background. In conditions 1 and 2, the argon plasma was created with
a flow of 3 slm Ar flowing through the arc. Simultaneously, a mixture of N2

and H2 molecules was admixed into the background of the vessel with a
total flow rate of 0.3 slm. The arc current was set at 55 A; the background
pressure was 20 Pa in condition 1 and 100 Pa in condition 2. In condition 3,
the argon plasma was created with a flow of 5 slm Ar flowing through the
arc, while �N2

+�H2
=0.5 slm. The arc current was set at 75 A; the back-

ground pressure was 20 Pa.

FIG. 6. The use of N2 and H2 in the formation of NH3 in condition 3 of Fig.
5 as a function of the relative hydrogen flow rate.
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C. Expanding N2 plasma with H2 injected in the
background

In PLEXIS, the ammonia generation in expanding argon
plasmas to which nitrogen and hydrogen were admixed was
hampered by the amount of N radicals produced in the
plasma �Sec. III A�. To increase the amount of N radicals, an
expanding nitrogen plasma is generated and hydrogen is
added downstream into the plasma. In a pure nitrogen
plasma, the dissociation degree of N2 in the arc is expected
to be up to 35%, while an ionization degree of around 1%
−5% is reached.26,28 The densities of the metastable N at-
oms, N�2P� and N�2D�, emanating from the plasma source
are expected to be at maximum in the order of 20% of the
N�4S� atoms �assuming a thermal population at a temperature
of 1 eV�. In the expansion, the N�2P� and N�2D� densities
decrease due to deexcitation by collisions with electrons,
N�4S� atoms, N2 molecules, or the nozzle wall. Deexcitation
will also limit the densities of metastable N atoms produced
in the expansion by dissociative recombination of N2

+ with
electrons. Note that the production via N2

+ would be directly
linked to the ion density, i.e., to the ionization degree of the
plasma.

All experiments until now have been performed with a
long nozzle installed in the plasma source. However, Vankan
et al.43 proved that the main loss channel for radicals pro-
duced in the plasma source is surface recombination on the
nozzle surface. They showed that in pure expanding H2 plas-
mas the use of a short nozzle results in a 10 times higher
atomic H flux. By shortening the length of the nozzle, the
surface area is reduced and thus the atomic flux is increased.
Although we did not measure the atomic N flux in pure
nitrogen plasmas produced using the short nozzle, we ex-
pected that this loss mechanism is similarly important for the
nitrogen atoms. We therefore measured the ammonia density
in PLEXIS with a long �length of L=14 mm� and a short
nozzle �L=7 mm�.

The ammonia density as measured in PLEXIS is plotted
in Fig. 7�a� as a function of the hydrogen flow rate relative to
the total flow rate. The ammonia densities in PLEXIS with a
long and a short nozzle were measured by CEA spectroscopy
and TDLAS, respectively. In the experiments, the plasma
source was operated on 2 slm N2 at an arc current of 55 A.
Simultaneously, hydrogen molecules were admixed into the
background of the vessel with a flow rate of 0–1.5 slm. The
downstream pressure was kept constant at 100 Pa.

With the long nozzle installed, the ammonia density in-
creased with increasing hydrogen flow and saturated at a
level of 2.5�1019 m−3 for relative hydrogen flows larger
than 0.26 �Fig. 7�a��. This means that at T=600 K, which is
determined from the Doppler width of the measured ammo-
nia transitions, 0.2% of the background gas is ammonia. The
saturation of the ammonia density can be explained by not-
ing that the hydrogen molecules, which are injected in the
background, can only be dissociated by N atoms and N+

ions, which are however less present than N atoms, emanat-
ing from the arc. We determined that mainly N atoms are
responsible for the dissociation of H2, resulting in NH radi-
cals,

N + H2 → NH + H, �6�

which has a rate constant of 4�10−16 m3 s−1 in our plasmas.
In a later article, it will be shown that NH in a follow-up
reaction with N and H atoms is dissociated, resulting in
mainly N and H atoms. Next to this process, hydrogen mol-
ecules can also efficiently be dissociated by charge-transfer
reactions with N+ followed by dissociative recombination as
proposed by Vankan et al.,22

N+ + H2 → NH+ + H, �7�

NH+ + e → N + H, �8�

with reaction rates of, respectively, k=5.4�10−16 m3 s−1 and
k�10−13 m3 s−1,30 producing two H atoms and one N atom,
all of which can be used for the production of ammonia. The
production of H containing radicals �H, NH� will increase
until all N atoms and N+ ions are consumed, limited by the
time these reactions can take place. This also explains the
saturation, as adding more H2 molecules does not lead to the
production of more H atoms, and thus no extra NH3 is pro-
duced.

The NH3 density increased by a factor of 5 using a short
nozzle �Fig. 7�a��. This must be ascribed to a higher disso-
ciation degree of the nitrogen plasma ejected from the
source. This conclusion must be drawn, despite the fact that

FIG. 7. Ammonia density in expanding N2 plasmas with H2 injected in the
background. �a� The nitrogen plasma was created with a flow of 2 slm in
PLEXIS flowing through the arc. Simultaneously, hydrogen molecules were
admixed into the background of the vessel with a flow rate of 0–1.5 slm. The
arc current was set at 55 A; the background pressure was 100 Pa. �b� The
nitrogen plasma in Depo II was created with 1 slm N2 while the other
conditions were the same. The background pressure was 20 Pa.
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the reported values of loss probability of H and N atoms on
copper differ appreciably. The loss probability of H atoms
and N atoms on copper surfaces is reported to be 0.3 to 0.5
�Refs. 44 and 45� and 3.9�10−2 to 8.5�10−4,46,47 respec-
tively.

In Depo II, the ammonia density was measured with
mass spectrometry. The plasma source with a long nozzle
installed was operated on 1 slm N2 at an arc current of 55 A
and the downstream pressure was kept constant at 20 Pa. The
ammonia density saturated at a level of 3�1019 m−3 for rela-
tive hydrogen flows larger than 0.13 �Fig. 7�b��. This means
that 0.6% of the background gas was ammonia. The ammo-
nia density in PLEXIS saturated at twice the relative hydro-
gen flow, because the initial nitrogen flow is also twice as
large, leading to twice as much N atoms and N+ ions.

Again, the use of N2 and H2 to form NH3 can be calcu-
lated. The use of H2 and N2 gas in Depo II is plotted in Fig.
8 as a function of the relative hydrogen flow. At small hy-
drogen flows, the fraction of the admitted H2 which is used
for NH3 formation is 20% and decreases with higher hydro-
gen flows. The decrease is due to the fact that at a certain
relative hydrogen flow rate adding more H2 molecules does
not lead to the production of more NH3 molecules as ex-
plained before. On the other hand, the use of nitrogen is
always 2% or less. The low use of N2 gas indicates that the
ammonia production is limited by the amount of H radicals
produced.

At the condition of 0.45 slm H2 injected in the back-
ground, the ammonia density was measured as a function of
the background pressure in PLEXIS from 10 to 200 Pa as
shown in Fig. 9. The measured ammonia density shows a
linear dependence on pressure. This can be explained assum-
ing that only N and H atomic radicals are involved in the
production of ammonia. The H atoms are mainly produced
by the reaction between N atoms and H2 molecules �reaction
�6��, and dissociation of the resulting NH radicals with N
atoms. The atomic N flow is only dependent on the cascaded
arc source parameters and remains thus constant, when the
pressure in the vessel is changed. This means that the amount
of H produced in the experiments is independent of pressure.
The total amount of NH3 formed is then also constant, but its

residence time � in the vessel increases with increasing pres-
sure, i.e., nNH3

	�. And, since � is linearly dependent on the
pressure in the vessel, the ammonia density should also in-
crease linearly with increasing pressure. Furthermore, this
indicates that three-particle reactions are not responsible for
the ammonia production, because the ammonia density
would then show a stronger than linear dependence on the
pressure, which is not observed. Moreover, under all condi-
tions the density of ammonia proved to be independent of the
axial and lateral position in the plasma jet at which the CEA
spectrum was taken. This shows that ammonia is not pro-
duced in the expanding plasma jet. All these observations
together with the results from the CHEMKIN simulations dis-
cussed in Sec. II A are consistent with wall production of
ammonia.

D. Expanding N2-H2 plasma

In the previous section �Sec. III C�, the ammonia genera-
tion was limited by the amount of H radicals produced in the
plasma by the dissociation of H2 by N atoms and N+ ions,
but much less, from the source. To optimize the dissociation
of both nitrogen and hydrogen, the plasma in the fourth ex-
perimental situation was produced with both nitrogen and
hydrogen fed through the plasma source. The experiments
were performed on all three plasma reactors, which all had
clean stainless-steel walls. In HNO and PLEXIS the total
flow was 2 slm, and in Depo II the total flow was 1 slm. The
current through the arc was set at 55 A and the downstream
pressure was kept constant at 20 Pa. In the experiments, the
hydrogen flow rate relative to the constant total flow rate was
varied. The plasma contains mainly nitrogen and hydrogen
atoms and molecules, since most of the ions �N+, H+� are lost
very fast—most probably even faster than in the previous
case as now H2 is already present in the source—via charge-
transfer reactions with hydrogen molecules in the beginning
of the expansion.

In Fig. 10, the ammonia molar fractions as a function of
the hydrogen flow rate relative to the total flow rate, as was
measured in N2-H2 plasmas in the three setups, are plotted.
In the case of HNO and Depo II, the ammonia density was

FIG. 8. The use of N2 and H2 in the formation of NH3 in Depo II �Fig. 7�b��
as a function of the relative hydrogen flow rate.

FIG. 9. Ammonia density as a function of the background pressure in the
vessel as measured with CEA spectroscopy. The plasma is created with 2
slm N2 flowing through the arc at an arc current of 55 A and 0.45 slm H2

injected in the background.

043305-8 van Helden et al. J. Appl. Phys. 101, 043305 �2007�

Downloaded 11 Feb 2008 to 131.155.109.134. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



measured with mass spectrometry. The ammonia densities in
PLEXIS in the experiments with the long and short nozzles
were measured by CEA spectroscopy and TDLAS, respec-
tively. The maximum ammonia molar fraction increased
from 2% in PLEXIS to about 10% in Depo II and HNO. The
normalized NH3 molar fractions are plotted in Fig. 11, which
shows that the trend of ammonia as a function of the hydro-
gen flow rate relative to the total flow rate is the same in all
setups. Only the absolute amounts differ: the production is
the largest in HNO and Depo II, the two smaller volume
reactors and the smallest in PLEXIS, with the large volume.
This is in agreement with the remarks made in Sec. II A that
we expect that the ammonia density is dependent on the
“active” surface to volume ratio and should be the highest in
HNO and Depo II, and the lowest in PLEXIS. This is in line
with the idea that ammonia is generated at the wall.

As under the conditions discussed in Sec. III A, N2 and
H2 injected in an Ar plasma expansion, also in the case of N2

and H2 flowing through the arc, the maximum ammonia pro-
duction is not observed at the stoichiometric ratio of hydro-
gen and nitrogen in ammonia. This is a priori not to be
expected, since the dissociation degree of the plasma source

for different flow ratios of N2 and H2 could change greatly.
For expanding N2-H2 plasma the ammonia density increased
by a factor of 2 in PLEXIS, when the long nozzle was re-
placed by a short nozzle. The same reasoning as mentioned
in Sec. III C is also applicable to expanding N2-H2 plasmas
for the N and H fluxes. An increase of N and H flux, due to
less loss in the nozzle, leads to an increase in ammonia gen-
eration. Furthermore, this shows that the ammonia in the
plasma chamber does not originate from plasma-surface in-
teractions at the nozzle wall, but from the surface in the
vessel, because with a shorter nozzle a decrease in the NH3

generation would have been observed.
The trend of the ammonia molar fraction as a function of

the hydrogen flow rate relative to the total flow rate, as
shown in Fig. 10, is generally observed in N2-H2 plasmas �rf,
microwave, barrier discharge, low-pressure dc flowing
discharge�.9,21,48 The resulting curve of a self-consistent
model of the ammonia production in a low-pressure �270 Pa�
flowing discharge as presented by Gordiets et al.16 is also
depicted in Fig. 11.

In the model it is assumed that NH3 is mainly produced
at the surface of the vessel by the stepwise addition reactions
between adsorbed nitrogen and hydrogen containing radicals
at the surface and incoming atomic N and H radicals.16 Their
proposed reaction mechanism at the surface was validated by
others17,18 and can be summarized as follows:

N�s� + H → NH�s� , �9�

H�s� + N → NH�s� , �10�

NH�s� + H → NH2�s� , �11�

NH�s� + H2 → NH3�s� → NH3�g� , �12�

NH2�s� + H → NH3�s� → NH3�g� . �13�

From the strong similarity of the self-consistent model
with our measurements, we conclude that in the present ex-
periments ammonia is formed at the surface via the above
reaction mechanism.

1. Influence of surface material on ammonia
production

To investigate the influence of the wall material of the
plasma reactor on the ammonia production in expanding
N2-H2 plasma, we measured the ammonia density in a clean
stainless-steel vessel and with a 1 �m a-SiNx layer deposited
on the reactor wall in Depo II. The ammonia molar fraction
as deduced from mass spectrometry measurements as a func-
tion of the relative hydrogen flow rate proves to be the same
for both wall materials �Fig. 12�. This indicates that the am-
monia production is independent of the wall material. This
seems to be in contrast to experiments of various research
groups in the world, in which it was shown that the ammonia
production is dependent on the type of wall material, e.g.,
iron, stainless-steel, copper, nickel, silver, aluminum, Pyrex,
zinc, or platinum.9–13 However, a major difference with our
experiments is that in those experiments the wall is used to
form adsorbed nitrogen atoms by the dissociative adsorption

FIG. 10. Relative amount of ammonia as a function of the relative hydrogen
flow rate in expanding N2-H2 plasmas. Both nitrogen and hydrogen were
applied through the arc, in PLEXIS and HNO at a total flow rate of 2 slm
and in Depo II at a totalflow rate of 1 slm. The arc current was 55 A; the
background pressure was kept constant at 20 Pa.

FIG. 11. Normalized ammonia molar fraction as a function of the relative
hydrogen flow rate in expanding N2-H2 plasmas. The curve is reproduced
from Fig. 6 of Ref. 16 and presents a self-consistent model in which it is
assumed that NH3 is mainly produced at the surface of the vessel in a
low-pressure �2 Torr� flowing discharge.
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of excited N2 molecules or nitrogen molecular ions. The ad-
sorbed nitrogen atoms react with impinging hydrogen atoms
or molecules from the plasma. In our experiments, the N and
H radicals are already produced in the plasma and as a result
the fluxes of N and H radicals to the surface are around
1021 m−2 s−1,24 which is one order of magnitude higher than
in the other experiments.

We observed that the ammonia molar fraction is inde-
pendent of the two wall materials studied, which indicates
that the N and H flux to the surface is most likely not
changed by an a-SiNx deposited wall. The high N and H flux
to the surface leads to a surface covered with N and H radi-
cals and other molecular radicals. This coverage passivates
the surface, i.e., the actual wall material is screened off and
the surface processes become more or less independent of
the actual wall material. The actual chemistry takes place in
an additional layer at the passivated surface. The presence of
weakly bonded radicals at a surface was previously sug-
gested by Gordiets et al.49 to explain the NO production in
N2-O2 plasmas, by Gelb et al.50 to explain atomic recombi-
nation on surfaces, and was observed in ammonia decompo-
sition experiments on ruthenium.51

2. Pressure decrease

In the experiments discussed up until now, the pressure
was kept constant while the hydrogen flow rate relative to
the total flow rate was changed. In experiments with a con-
stant flow through the plasma source, constant pumping
speed, assuming a constant temperature, and no change in
the amount of particles in the vessel, one expects a constant
pressure in the vessel and constant residence times for the
particles. Consider now the production of ammonia from ni-
trogen and hydrogen by the reaction: N2+3H2→2NH3. This
means that if two molecules of NH3 are formed from one N2

molecule and three H2 molecules, the total number of mol-
ecules decreases by two. Since the pressure in the vessel is
linearly dependent on the number of molecules, we should
observe a pressure decrease in the vessel with the same trend
as in Fig. 10. With a starting background pressure of 22 Pa

for a pure nitrogen plasma, a relative pressure decrease was
found with a maximum of 11% in HNO for expanding N2-H2

as shown in Fig. 13. The observed pressure change occurred
only when the plasma source was operated on a mixture of
N2 and H2; the pressure was observed to remain constant at
22 Pa for the pure hydrogen and nitrogen plasmas. This de-
crease is not due to the pumping system, as the pumping
capacity is constant and independent of the gas type. Second,
it is not caused by a temperature change, because the pres-
sure is observed to change almost instantaneously after ad-
justment of the flows. Therefore, we concluded that more
than 10% of the total background pressure is ammonia, as
was also concluded from the NH3 measurements in HNO
plotted in Fig. 10.

3. Efficiency of the ammonia generation

As no other molecules besides N2, H2, and NH3 are
present in the plasma �Sec. II B 3�, the use of N2 and H2

must be equivalent to the amount of gas needed to produce
NH3. The use of N2 and H2 gases as determined from mass
spectrometry measurements in HNO is plotted in Fig. 14.

FIG. 14. The use of N2 and H2 for NH3 production as a function of the
relative hydrogen flow rate as measured in expanding N2-H2 plasmas by
mass spectrometry. Both gases were applied through the arc with a total flow
of 2 slm at an arc current of 55 A; the background pressure was kept
constant at 20 Pa.

FIG. 12. Ammonia molar fraction as a function of the relative hydrogen
flow rate as measured by mass spectrometry in Depo II in expanding N2-H2

plasmas with and without 
-SiNx deposited on the reactor wall. Both nitro-
gen and hydrogen were applied through the arc at a total flow rate of 1 slm.
The arc current was 55 A; the background pressure was kept constant at 20
Pa.

FIG. 13. Relative decrease of the pressure in the vessel as a function of the
relative hydrogen flow rate as measured in expanding N2-H2 in HNO. Both
gases were applied through the arc with a total flow of 2 slm at an arc
current of 55 A. The starting background pressure was 22 Pa for a pure
nitrogen plasma.
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The results at low flows of N2 and H2 indicate that the mi-
nority gas is almost fully dissociated, i.e., a dissociation de-
gree of at least 60% for H2 gas for small H2 flows and 48%
for N2 gas for small N2 flows. This means that about 1020

atomic N and H radicals per second arrive at the reactor wall
at which they will react with particles at the surface.

The use of H2 and N2 can be made plausible in a picture
that at the passivated �stainless-steel� surface only H atoms,
N atoms and NHx �x=1,2� radicals can be present. At small
hydrogen fractions the surface will then only be covered with
N and NHx radicals. Incoming N radicals form N2 molecules
by association with N atoms on the surface or adsorb at
surface sites. The few H atoms impinging at the surface will
readily form NHx radicals and finally NH3 molecules which
desorb. With increasing hydrogen flow, the H coverage on
the surface increases. Then, the H atoms impinging at the
surface are more and more converted back into H2 mol-
ecules, or adsorb at surface sites, or are used to form NHx

radicals. The N-atom flux toward the surface decreases with
increasing hydrogen flow. As a result, the N atoms impinging
on the surface react mainly with H atoms on the surface
leading to NH radicals on the surface. These are quickly
hydrogenated by the incoming H-atom flux. This results in
an increasing use of N2. The above picture is in agreement
with the general proposed reaction mechanism for the am-
monia production at the surface in N2-H2 plasmas,16–18 but
also in surface studies related to catalysis.6,7,52–54 In conclu-
sion, ammonia is mainly produced by association of atomic
and molecular radicals at the surface, e.g., by the successive
hydrogenation of adsorbed nitrogen atoms and the interme-
diates NH and NH2 at the surface of the plasma reactor.

That 11% of the background gas is ammonia �Figs. 10
and 13� is a remarkable result if one compares this with the
total ammonia that could have been produced in our experi-
mental conditions. To estimate the efficiency of the ammonia
generation in our experiments, let us assume that a dissocia-
tion degree of 60% for H2 and 48% for N2 gas is applicable
over the whole range of the hydrogen flow rate relative to the
total flow rate of nitrogen and hydrogen. Furthermore, we
assume that all H and N atoms are used to produce ammonia,
i.e., 3 H atoms per 1 N atom, only limited by the availability
of one of the atomic radicals. The maximum ammonia molar
fraction that could have been generated in the experiments
would have been 30% at a relative hydrogen ratio of 0.7.
This means that an efficiency in the ammonia generation of
33% is achieved in our experiments.

IV. CONCLUSIONS

We studied the ammonia generation in four different
types of expanding plasmas containing mixtures of nitrogen
and hydrogen. In the experiments, the plasma is used to dis-
sociate the precursor molecules already before they come in
contact with a surface, and the surface is then exposed to
large fluxes of atomic and molecular radicals. The efficiency
and formation mechanisms of ammonia generation were de-
termined under various plasma conditions and in three simi-
lar plasma reactors, with different geometries. Three diag-
nostic techniques, i.e., tunable diode laser absorption

spectroscopy, cavity enhanced absorption spectroscopy, and
mass spectrometry, were employed to measure the ammonia
density.

We have shown that the ammonia production is strongly
dependent on the fluxes of atomic N and H radicals to the
surface. To produce large amounts of ammonia, nitrogen gas
has to be dissociated in the plasma source and not injected in
the background. By using an atomic nitrogen and hydrogen
source, ammonia can be formed efficiently, i.e., more than
10% of the total background pressure is measured to be am-
monia. The ammonia density was the highest in the plasma
reactor with the highest “active” surface to volume ratio.
This is in line with the picture that ammonia is generated at
the surface exposed to plasma. Furthermore, our results in-
dicate that the ammonia production is independent of wall
material, contrary to other experiments in which a material
dependence was observed. The explanation is that the fluxes
of N and H radicals in our experiments are two orders of
magnitude higher. This results in a passivated surface, cov-
ered with N, H and NH and NH2 radicals. The actual chem-
istry leading to the formation of ammonia at the surface
takes place in an additional layer on top of the passivated
surface. Our results for expanding N2-H2 plasma are in
agreement with reported trends in literature, which were ex-
plained by the production of ammonia at the surface through
plasma-surface interactions. We therefore conclude that am-
monia is formed via plasma-surface interactions by stepwise
addition reactions between adsorbed nitrogen and hydrogen
containing radicals at the surface and incoming atomic H
radicals, e.g., by the successive hydrogenation of adsorbed
nitrogen atoms and the intermediates NH and NH2 at the
surface of the plasma reactor.
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