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The generation of ammonia from atomic hydrogen and nitrogen has been demonstrated by means of
cavity enhanced absorption spectroscopy. The atomic species are produced in a thermal plasma
source in which plasma is created from mixtures of hydrogen and nitrogen. It is shown that for large
atomic flux conditions, 2% of the hydrogen and nitrogen can be converted to ammonia. The process
in which the ammonia molecules are formed from atomic radicals at the fully covered surface is
called plasma-activated catalysis. © 2002 American Institute of Physics.
关DOI: 10.1063/1.1494104兴

In applications in which plasma is used for surface treatment or deposition, newly formed stable molecules are often
detected in the background gas. It has been acknowledged
for quite some time that plasma-surface interaction is of
great importance in the production of these new stable molecules. For example, in 1975 Eremin1 reported that the synthesis of ammonia was increased by a factor of 3, when
platinum was used as a coating for the quartz wall of a
plasma reactor in which discharges in N2 – H2 mixtures were
created. In high-frequency discharges it was reported in 1989
that zeolite added to the downstream plasma facilitated the
ammonia production, which was ascribed to NHx radicals
adsorbed on the zeolite.2 We propose a different way of generating ammonia, i.e., via plasma-activated catalysis. In this
process fluxes of hydrogen and nitrogen radicals are produced in a high density plasma source with high dissociation
degree. The plasma then expands into a low pressure vessel,
where most of the atomic radicals will arrive at the surface at
which they will adsorb. At the surface new molecules can be
generated which subsequently may desorb. In this way the
dissociation in the plasma source is geometrically separated
from the production of molecules from atomic constituents at
the surface. This process can thus be called plasma-activated
catalysis.
We here present absolute density measurements of ammonia produced in a vessel in which a plasma expands,
which is created by a cascaded arc plasma source.3 In the
cascaded arc a direct current generates a thermal plasma in
mixtures of N2 and H2 at a typical pressure and power of
0.5 bar and 5 kW, respectively. The arc is connected via a
nozzle to a stainless steel vacuum vessel, which is kept at a
pressure between 10 and 200 Pa. From the nozzle the thermal plasma expands first supersonically and then after a stationary shock subsonically into the vessel.
The light source that has been used for the cavity enhanced absorption 共CEA兲 measurements4 is a continuous
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wave diode laser, which is tunable in the 1520–1560 nm
region. It has been used to perform open-path trace gas detection measurements5 and to study the ammonia spectrum in
the 1.5 m region.6 A beam splitter directs 10% of the radiation into a reference cell, which is filled with 5 mbar of
ammonia. The radiation that passes the beam splitter is
coupled into a high finesse optically stable cavity with a
length of 1.1 m. The two plano-concave mirrors with a diameter of 25 mm, a radius of curvature of ⫺1 m and reflectivity of R⫽0.994, are directly flanged onto the stainless
steel vessel in which the plasma expands. To avoid optical
feedback from the cavity to the laser, a Faraday isolator is
used. During the experiments the laser is repeatedly scanned
at a rate of 32 Hz over a spectral range of typically 1 cm⫺1 .
The light that leaks out of the cavity is detected by an InGaAs photodiode. The detector signal is amplified with a
0.1 ms rise time amplifier and displayed on one of the channels of a digital oscilloscope 共10 bits, 300 MHz兲. A second
channel is used to record simultaneously the signal of the
photodiode behind the reference cell.
In Fig. 1 part of the CEA absorption spectrum of ammonia is shown as measured in the plasma reactor after 1000
averages, i.e., about 30 s of acquisition time. Of the four
transitions that are shown in Fig. 1, three are reported by
Lundsberg-Nielsen et al.7 with 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 ,
respectively. In the vertical direction the inverse of the timeintegrated intensity behind the cavity is plotted after subtraction of the base line. This relative absorption spectrum, expressed in loss of the empty cavity per round trip, i.e.,
(1-R)/d, can be put on an absolute scale by recording the
CEA spectrum of a known amount of water. Using the transition strength8 and the known density of the ground-state
water molecules, the factor (1-R)/d is determined as
(5.5⫾0.5)⫻10⫺5 cm⫺1 .
Three different experimental situations have been studied. However, the current through the arc is kept constant at
55 A during all experiments. For the first situation the nitrogen flows through the arc at a rate of  N2 ⫽2.0 standard liters
per minute 共slm兲, thus delivering a substantially dissociated
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FIG. 1. Typical NH3 CEA spectrum measured in a vessel in which plasma
expands that is created from a N2 – H2 mixture. The dashed line is a fit
assuming four Gaussian line profiles. The plasma is created in a cascaded
arc that operates at a pressure of about 0.5 atm. and a current of 55 A. The
background pressure was 20 Pa.

and partially ionized 共5%–10%兲 nitrogen flow. The hydrogen
molecules were injected into the vessel at a flow rate,  H2 ,
between 0 and 1.45 slm. The background pressure is kept
constant by controlling the pump speed. The absolute density
of ammonia as a function of the relative flow rate of hydrogen with respect to the total flow rate is shown in Fig. 2 for
a background pressure of 100 Pa. The ammonia density in
the background gas reaches a maximum of 2.5⫻1019 m⫺3 at
a H2 flow rate of 0.25 times the total flow rate. The increase
and saturation can be understood by noting that the hydrogen
molecules can only be dissociated by the N⫹ ions from
the arc delivering two H atoms via the reactions
N⫹ ⫹H2 →NH⫹ ⫹H, followed by dissociative recombination
of NH⫹ , forming N and H. Then the H production will increase with H2 flow until all N⫹ ions are consumed. This
explains the saturation behavior of the ammonia density as
can be seen in Fig. 2. Under the condition of maximum NH3
production, 0.2% of the background gas is NH3 , independent of the background pressure over the measured range,
i.e., from 10 to 200 Pa. Starting from atomic radicals, vol-
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FIG. 3. Density of ammonia as a function of the hydrogen flow rate relative
to the total flow rate of nitrogen and hydrogen. Both nitrogen and hydrogen
are applied through the arc at a total flow rate of 2 slm. The background
pressure is kept constant at 20 Pa.

ume production of NH3 would require more reactions and/or
three particle association reactions. However, these reactions
are slow for the present pressure range. Also the production
would show a stronger than linear dependence on pressure,
which is not observed.
In the second situation, the same experimental settings
were used as in the first situation, except that the hydrogen
flows through the arc while nitrogen molecules are injected
into the vessel. In this case no NH3 was detected. Note that
with H2 in the arc the ionization degree is substantially less,
and thus less N radicals are produced. This shows the importance of the need for atomic radicals in the production of
NH3 .
In the third situation, the highest efficiency of ammonia
production is reached, i.e., when plasma is produced in the
cascaded arc with both nitrogen and hydrogen flowing
through the arc. In Fig. 3. the results are shown of the ammonia density as function of the relative H2 flow rate to the
total flow rate, which was 2.0 slm. The maximum ammonia
density under these plasma conditions is achieved at  H2
⫽1.44 slm and  N2 ⫽0.56 slm, which is close to the stoichiometric ratio of hydrogen and nitrogen in NH3 . This indicates that for both nitrogen and hydrogen the dissociation
degree of the thermal plasma source does not depend
strongly on the N2 /H2 flow ratio. The maximum density of
NH3 at 20 Pa background pressure is about 4⫻1019 m⫺3 ,
which is 2% of the background gas at a temperature of
600 K. This temperature is determined from the width of the
measured NH3 transitions. For these experiments the density
of ammonia shows a slightly less than linear dependence on
background pressure.
We conclude that under our experimental conditions
NH3 is mainly produced at the vessel wall. This has also
been concluded from a self-consistent kinetic model,9 which
predicted fairly well the measured relative NH3 density as a
function of the H2 percentage in a low-pressure N2 – H2
flowing discharge.10
For the efficient production of ammonia the hydrogen
and nitrogen atoms have to arrive at the same area on the
vessel wall.11 However, due to the large difference in mass,
the light hydrogen atoms diffuse out of the jet, while the

FIG. 2. Density of ammonia as a function of the hydrogen flow rate relative
to the total flow rate of nitrogen and hydrogen. The nitrogen is applied
through the arc, while the hydrogen is injected directly into the vessel into
which the nitrogen plasma expands. The background pressure is kept constant at 100 Pa.
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nitrogen atoms tend to stay closer to the axis. This so-called
mass-defocusing effect has been reported in Ar–H2 and pure
H2 plasma expansion.12,13 In view of this effect the production efficiency of 2% is remarkably high.
We have shown that by using high fluxes of atomic nitrogen and atomic hydrogen radicals, produced from N2 – H2
plasma, ammonia is produced at the vessel wall. Since the
plasma is used to produce the radicals, and the wall acts as
catalyst, the process is called plasma-activated catalysis. By
tuning the plasma parameters and choosing the right wall
material, the process could be a promising new way for small
scale selective production of molecules, starting from their
atomic constituents. It could be extended to hydrazine
(N2 H4 ) 1 or even organic molecules like methanol. In the
latter example one could start from natural gas and oxygen.14
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which is financially supported by the ‘‘Nederlandse Organisatie voor Wetenschappelijk Onderzoek.’’ Dr. R. Peeters and
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