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Absolute density measurements of ammonia produced via
plasma-activated catalysis
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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. ZD02 American Institute of Physics.
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In applications in which plasma is used for surface treatwave diode laser, which is tunable in the 1520-1560 nm
ment or deposition, newly formed stable molecules are oftemegion. It has been used to perform open-path trace gas de-
detected in the background gas. It has been acknowledgeection measuremenitand to study the ammonia spectrum in
for quite some time that plasma-surface interaction is othe 1.5um region® A beam splitter directs 10% of the radia-
great importance in the production of these new stable moltion into a reference cell, which is filled with 5 mbar of
ecules. For example, in 1975 Ererhieported that the syn- ammonia. The radiation that passes the beam splitter is
thesis of ammonia was increased by a factor of 3, whergoupled into a high finesse optically stable cavity with a
platinum was used as a coating for the quartz wall of dength of 1.1 m. The two plano-concave mirrors with a di-
plasma reactor in which discharges ig-NH, mixtures were ameter of 25 mm, a radius of curvature-eflL m and reflec-
created. In high-frequency discharges it was reported in 198tvity of R=0.994, are directly flanged onto the stainless
that zeolite added to the downstream plasma facilitated th&teel vessel in which the plasma expands. To avoid optical
ammonia production, which was ascribed to Ntadicals feedback from the cavity to the laser, a Faraday isolator is
adsorbed on the zeolifeWe propose a different way of gen- Used. During the experiments the laser is repeatedly scanned
erating ammonia, i.e., via plasma-activated catalysis. In thi§t & rate of 32 Hz over a spectral range of typically I ¢m
process fluxes of hydrogen and nitrogen radicals are prolhe light that leaks out of the cavity is detected by an In-
duced in a high density plasma source with high dissociatiof?@As photodiode. The detector signal is amplified with a
degree. The plasma then expands into a low pressure vess@il ms rise time amplifier and displayed on one of the chan-
where most of the atomic radicals will arrive at the surface af'els of a digital oscilloscopél0 bits, 300 MHz. A second
which they will adsorb. At the surface new molecules can be&fhannel is used to record simultaneously the signal of the
generated which subsequently may desorb. In this way thehotodiode behind the reference cell.
dissociation in the plasma source is geometrically separated N Fig- 1 part of the CEA absorption spectrum of ammo-
from the production of molecules from atomic constituents af!i@ i shown as measured in the plasma reactor after 1000
the surface. This process can thus be called plasma-activat@yerages, i.e., about 30 s of acquisition time. Of the four
catalysis. transitions that are shown in Fig. 1, three are reported by

We here present absolute density measurements of arkUndsberg-Nielsenet al’ with line positions, 6568.299,
monia produced in a vessel in which a plasma expands$568'401'7?”d 6568'4% crh and absorPBon S?Eﬁ'clel”ts’
which is created by a cascaded arc plasma soutoethe .556x10"%, 7.602<10" ", and 0.94&10 " cm™~Torr *,
cascaded arc a direct current generates a thermal p|asmarﬁ§pect|vely. In the vertical direction the inverse of the time-

mixtures of N and H, at a typical pressure and power of integrated intensity behind the cavity is plotted after subtrac-

0.5 bar and 5 kW, respectively. The arc is connected via éion of the base line. This relative absorption spectrum, ex-
nozzle to a stainless steel vacuum vessel, which is kept at€ssed in loss of the empty cavity per round trip, i.e.,
pressure between 10 and 200 Pa. From the nozzle the thérl'R)/d’ can be put on an absolute scale by recording the

mal plasma expands first supersonically and then after a st:S;fEA spectrum of a known amount O.f water. Using the tran-
tionary shock subsonically into the vessel. sition strength and the known density of the ground-state

The light source that has been used for the cavity en\_/vater molecules, the factor (R)/d is determined as

) ) . 5.5+0.5)x10 % cm™ 1.
hanced absorptioflCEA) measurementsis a continuous ( . . o
ptiord ) ! ! inuou Three different experimental situations have been stud-

ied. However, the current through the arc is kept constant at
dpresent address: Laboratoire diathermique, CNRS, 1C, avenue de la 55 A during all experiments. For the first situation the nitro-
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FIG. 1. Typical NH; CEA spectrum measured in a vessel in which plasmaFIG. 3. Density of ammonia as a function of the hydrogen flow rate relative
expands that is created from a&-N\H, mixture. The dashed line is a fit to the total flow rate of nitrogen and hydrogen. Both nitrogen and hydrogen
assuming four Gaussian line profiles. The plasma is created in a cascadede applied through the arc at a total flow rate of 2 slm. The background
arc that operates at a pressure of about 0.5 atm. and a current of 55 A. Theessure is kept constant at 20 Pa.

background pressure was 20 Pa.

ume production of N would require more reactions and/or
and partially ionized5%—10% nitrogen flow. The hydrogen three particle association reactions. However, these reactions
molecules were injected into the vessel at a flow rdtg,,  are slow for the present pressure range. Also the production
between 0 and 1.45 slm. The background pressure is keptould show a stronger than linear dependence on pressure,
constant by controlling the pump speed. The absolute densityhich is not observed.
of ammonia as a function of the relative flow rate of hydro- In the second situation, the same experimental settings
gen with respect to the total flow rate is shown in Fig. 2 forwere used as in the first situation, except that the hydrogen
a background pressure of 100 Pa. The ammonia density iftows through the arc while nitrogen molecules are injected
the background gas reaches a maximum ok28° m~3at  into the vessel. In this case no Nikas detected. Note that
a H, flow rate of 0.25 times the total flow rate. The increasewith H, in the arc the ionization degree is substantially less,
and saturation can be understood by noting that the hydrogesnd thus less N radicals are produced. This shows the impor-
molecules can only be dissociated by thé Nons from tance of the need for atomic radicals in the production of
the arc delivering two H atoms via the reactionsNH;.
N*+H,—NH" +H, followed by dissociative recombination In the third situation, the highest efficiency of ammonia
of NH™, forming N and H. Then the H production will in- production is reached, i.e., when plasma is produced in the
crease with H flow until all N* ions are consumed. This cascaded arc with both nitrogen and hydrogen flowing
explains the saturation behavior of the ammonia density athrough the arc. In Fig. 3. the results are shown of the am-
can be seen in Fig. 2. Under the condition of maximumsNH monia density as function of the relative, flow rate to the
production, 0.2% of the background gas is N\Hndepen- total flow rate, which was 2.0 sim. The maximum ammonia
dent of the background pressure over the measured rangeensity under these plasma conditions is achieved&@t
i.e., from 10 to 200 Pa. Starting from atomic radicals, VOI':1_44 slm and¢N2: 0.56 slm, which is close to the sto-

ichiometric ratio of hydrogen and nitrogen in NHThis in-

3.0 T T T T dicates that for both nitrogen and hydrogen the dissociation
I degree of the thermal plasma source does not depend
—~ 25r } = e + ] strongly on the N/H, flow ratio. The maximum density of
oF [ . NH; at 20 Pa background pressure is abot 14 m~3,
2 201 - 1 which is 2% of the background gas at a temperature of
2 - 600 K. This temperature is determined from the width of the
£ I | measured NKltransitions. For these experiments the density
© 1ol " i of ammonia shows a slightly less than linear dependence on
= I % background pressure.
o5l i We conclude that under our experimental conditions
NH; is mainly produced at the vessel wall. This has also
0.0 L L L L been concluded from a self-consistent kinetic mddehich
0.0 01 0.2 03 0.4 0.5 predicted fairly well the measured relative hHensity as a
¢H2/¢tota| function of the H percentage in a low-pressure,NH,

flowing dischargé?

FIG. 2. Density of ammonia as a function of the hydrogen flow rate relative For the efficient production of ammonia the hydrogen

o the total flow rate of nitrogen and hydrogen. The nitrogen is appliedy g pitrggen atoms have to arrive at the same area on the
through the arc, while the hydrogen is injected directly into the vessel into

1 . .
which the nitrogen plasma expands. The background pressure is kept codESSE€l wall'' However, due to the large difference in mass,

stant at 100 Pa. the light hydrogen atoms diffuse out of the jet, while the
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nitrogen atoms tend to stay closer to the axis. This so-calletielp during the initial phase of the experiment and lending

mass-defocusing effect has been reported in Arahtd pure  the authors the laser equipment.
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