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ABSTRACT: Gas conversion between hydrogen (H,), nitrogen RF ICP various

(N,), and ammonia (NHj) is a scientific topic of interest in both catalysts ~30%
methods for low-temperature synthesis of ammonia and energy- N, @ &

efficient production of hydrogen for powering fuel cells. The &
efficiency of catalysts for ammonia synthesis at room temperature |, O/OO,Q»
was evaluated. A mixture of hydrogen and nitrogen with aratioina ~ ° %o
broad range between 1.5:1 and 80:1 was passed through a plasma

sustained by inductively coupled radio frequency discharge in the

H mode at a power of 700 W and pressures between 40 and 100 Pa. Several catalysts were placed in the flowing afterglow where the
H and N densities were of the order of 10 m™>, and the conversion efficiency (1) was evaluated. The efficiency increased almost
linearly with increasing enthalpy of nitride formation. The best results were observed for copper, for which the conversion was
almost twice the value in the same system without the catalyst. The efficiency of NH; production by the conversion of N atoms into
NH; molecules versus the gas mixture exhibited a broad maximum and was as large as # & 29% in the mixture of hydrogen and
nitrogen between 3:1 and 10:1.

B INTRODUCTION weakly bonded on a catalyst surface for a period long enough
to interact with hydrogen atoms or molecules, say several ns
(nanoseconds). Hydrogen molecules are also dissociated in
nonequilibrium plasma,>'® and the concentration of H atoms
is much larger than the N atoms at comparable discharge
parameters because of the large difference in the dissociation
energies. The dissociation energies are 9.8 and 4.5 eV for
nitrogen and hydrogen molecules in the ground state,
respectively. Taking into account the electron energy
distribution function in nonequilibrium plasma, which is
close to Maxwellian with an exponential high-energy tail, the
production of H atoms in plasma should be much larger than
the production of N atoms at the same discharge conditions.
Nonequilibrium plasma thus seems attractive for the
conversion of hydrogen and nitrogen to ammonia, but there
are both theoretical and practical limitations.

Regardless of the gas temperature, nonequilibrium plasma
could be sustained in a very broad range of pressures, from less
than 1 Pa to over 1 bar. Low-pressure plasmas are
homogeneous in a large volume, whereas atmospheric pressure
plasmas are often in the form of localized streamers.'”

Conversion of hydrogen and nitrogen to ammonia has been a
subject of scientific interest for over a century. The standard
Haber-Bosch process has been optimized and is nowadays
used for ammonia synthesis on an industrial scale.'”> The
technology runs at high temperatures and pressures, which
enables appropriate dissociative adsorption of nitrogen
molecules on the catalyst surface, coadsorption of hydrogen,
and synthesis of ammonia.”* The technology could be used in
reactors of various sizes and geometries, but only large-scale
reactors are used for the mass production of ammonia.*’
Decades ago, it was proposed to synthesize ammonia at much
lower pressures and temperatures.””’ One of the possible
solutions for synthesizing ammonia at room temperature is the
application of plasma catalysis."’

Nonequilibrium gaseous plasma is a suitable medium for gas
conversion because the gas does not have to be heated to a
high temperature. Instead, the potential barrier for the
dissociative adsorption of nitrogen on a catalyst surface is
lowered by impinging molecules of moderate potential energy.
Such molecules are nitrogen metastables, for example, in the
(A 3Y,") state of potential energy as large as 6.2 eV.''
Alternatively, highly excited vibrational states of nitrogen have Received:  January 29, 2026
been proposed, as the vibrational temperature of nitrogen Revised:  March 10, 2026
molecules is several 1000 K even in weakly ionized plasma Accepted:  April 8, 2026
sustained at a low power density.'”'> Yet another option is
dissociation of nitrogen molecules in the gaseous plasma,'"*
so that the N atoms impinging on the catalyst surface remain
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Atmospheric pressure plasmas could also be at least quasi-
uniform in a large volume, but not at low temperatures. The
reason is the abundance of gas-phase collisions, whose
frequency increases with increasing pressure.'” Of particular
importance are three-body collisions, whose frequency
increases with the square of the pressure.'® It is over MHz
at atmospheric pressure and as low as mHz (0.001 three-body
collision per second) at 1 Pa. While inelastic collisions between
free electrons of elevated energy and gaseous molecules lead to
the formation of useful plasma species (atoms, electronically
and vibrationally excited molecules), the superelastic collisions
between plasma species in the gas phase lead to the loss of
desired plasma species. Furthermore, the energy released at a
superelastic collision heats the gas. Opposite, at least some gas-
phase collisions will result in the formation of ammonia
molecules. This channel for the production of ammonia is,
however, less efficient than the gas-phase recombination of
atoms to form parent molecules, so atmospheric pressure
reactors for plasma synthesis of ammonia are usually equipped
with catalysts.'"” The main exothermic reactions in the gas
phase of plasma sustained at atmospheric pressure (and around
it) can be written as follows:

N+N+N,—>N,+NyorN+ N+ H, > N, + H,

(1)
H+H+H,->H,+HorH+H+ N, > H, + N,
()
N+H+N,—>NH+ NyorNH+H+ N,
— NH, + NyorNH, + H+ N,
— NH; + N, 3)
NH + H, + N, - NH; + N,orNH + H, + H,
— NH; + H, (4)

The molecules involved in the gas-phase collisions stated
above may also be excited. Other reactions apart from (1—4)
are likely to occur in the gas phase at elevated pressures, such
as atmospheric pressure.”””' The exothermic gas-phase
reactions should involve a third body to satisfy the requirement
for conservation of energy and momentum. Charged particles
are also lost in the gas phase at atmospheric pressure by three-
body collisions.

The loss of radicals and gas heating by three-body collisions
in the gas phase is marginal at low-pressure conditions. As
already mentioned, their frequency is marginal if the pressure is
below 1 mbar. The predominant loss of plasma species at low
pressure is due to the surface reactions.”” The charged particles
impinging on a surface facing the plasma will neutralize at a
very high probability. The free atoms will adsorb on surfaces
and will react with impinging atoms. The surface reaction will
cause either the formation of parent molecules because of the
heterogeneous surface recombination or ammonia.”’ The most
important surface reactions are therefore

N; + NimP — NyorN; + N; — N, (s)
H, + H;,, = HyorH, + H; » H, (6)
N; + 3Himp — NH;orN; + Hy + H, — NH,etc (7)

« »

The subscript “s” in the above reactions denotes an atom
adsorbed on the surface, and “imp” an atom impinging on the

surface. Other surface reactions are likely to occur, too. There
is no need for a third particle in reactions 5—8 because the
surface atoms of the solid material do the job (ensuring energy
and momentum conservation). The reactions 5—8 are
exothermic and will heat the material facing the plasma. The
gas will not be heated directly, but only by accommodation of
gaseous molecules on the materials, which are heated due to
exothermic surface reactions. The energy efficiency of plasma
technologies, as well as the ability to sustain plasma in large
volumes, are the main reasons for the predominant industrial
application of low-pressure plasmas.”’

Both atmospheric and low-pressure synthesis of ammonia
have a theoretical drawback, which arises from the fact that the
dissociation energy of ammonia is much smaller than that of
nitrogen. The production of ammonia may be adequate, but
the NH; molecules are likely to be dissociated in plasma, and
probably converted back to N, and H, before escaping the
glowing plasma, where free electrons of large enough energy
for ammonia dissociation abound.

Another drawback is the high vapor pressure of ammonia. It
is about 10 bar at room temperature, and 4 bar at 0 °C. The
critical point of ammonia is at 132 °C and 113 bar. Ammonia
synthesized at higher temperatures (like in the Haber-Bosch
process) should be cooled well to facilitate liquification, which
is essential for the separation of the liquid ammonia from
gaseous nitrogen and hydrogen. Heating (for synthesis) and
cooling (for separation) are energy-demanding, so the Haber-
Bosch process consumes a lot of energy.

Low-pressure plasmas operate well below the ammonia
saturation vapor pressure, so this technique is not feasible for
the separation of ammonia from remaining nitrogen and
hydrogen. Obviously, the gas mixture should be pressurized
after the synthesis of ammonia by low-pressure plasma.
Pressurization by adiabatic compression will heat the gas
mixture, and the pressurized gas will have to be cooled to
enable separation, so the synthesis by low-pressure plasma
technology will also be energy-demanding. The synthesis of
ammonia by using low-pressure nonequilibrium plasma is thus
not very attractive for mass application, but useful for studying
the basic process on the surface conversion of nitrogen and
hydrogen species with high potential energy (like N and H
atoms, N, metastables, and vibrationally excited N, mole-
cules). As explained above, the low-pressure reactions occur
practically only on the surfaces of materials (and not in the gas

phase).

B EXPERIMENTAL DETAILS

Plasma Reactor

This work aims to study the conversion of nitrogen and hydrogen to
ammonia on selected materials under low pressure and at room
temperature. We used the experimental system illustrated in Figure 1.
The discharge tube is made from borosilicate glass. It is 75 cm long
and has an inner diameter of 36 mm. The discharge tube is fixed
hermetically tight on standard KF40 flanges. It is pumped through a
series of vacuum elements (not shown in Figure 1) with a two-stage
rotary pump with a nominal pumping speed of 80 m®/h. The
conductivity of vacuum elements between the discharge tube and the
vacuum pump at a pressure of 1 mbar is estimated to be about 50 m*/
h, so the effective pumping speed at the end of the discharge tube
toward the pump duct is approximately 31 m?/h. Taking into account
a negligible pressure gradient along the discharge tube, the gas speed
through the discharge tube is estimated to

Vasiee = Ser/ A = 8m/s (8)
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Figure 1. Schematic of the experimental setup.

Here, vg is the gas speed through the discharge tube (“drift
velocity”), Sg is the effective pumping speed (31 m?/h), and A is the
cross-section of the discharge tube (approximately 10 cm?).

Gases are introduced into the discharge tube on the opposite side
through flow controllers and a few vacuum elements (not shown in
Figure 1). We used Aera FC-7700 Mass Flow Controllers. The gas
purity was 99.999 and 99.9995% for nitrogen and hydrogen,
respectively. The pressure at the end of the discharge tube (toward
the pump duct) was measured with the MKS Baratron 722A absolute
pressure gauge.

Plasma was sustained in the discharge tube using an inductively
coupled radio frequency RF generator (Cesar 1310, Advanced
Energy). The generator was connected to a 6-turn excitation coil
through a matching network (ICP Variomatch, Advanced Energy).
Plasma was in the E mode at low discharge powers, but transformed
to H mode at a power of approximately 700 W. Details about the
plasma behavior in both modes are explained elsewhere.** Briefly, the
discharge coupling is predominantly capacitive in the E mode and
inductive in the H mode. The plasma luminosity is much larger in the
H mode because of the efficient coupling between the RF field and
the plasma electrons. The H-mode plasma does not spread along the
entire discharge tube, but is limited to the volume within the RF coil.
The length of plasma in the H mode was approximately 8 cm. Taking
into account the drift velocity from eq 8, the gas residence time in the
dense plasma in the H mode was

t = 1/v3s = 10ms

€)

Here, [ is the length of the plasma in the H mode, and v is the drift
velocity calculated according to eq 8. There is barely visible diffusing
plasma which propagates a few cm from the coil toward the pump
duct, but there is no stray capacitance between the coil and the flange
at the edge of the discharge tube. The gas in the discharge tube
between the coil and the pump duct is thus nonequilibrium, but
almost free from electrons, which might otherwise cause dissociation

of synthesized ammonia molecules. Such a state of the gas is often
called “flowing afterglow” and is rich in relatively stable plasma species
(such as atoms) but free from energetic electrons.

Plasma Characterization and Measurement of NH;
Production

The gas composition at the end of the discharge tube was analyzed
using a differentially pumped Residual Gas Analyzer (RGA), Pfeiffer
Vacuum PrismaPlus QMG 220. The RGA was connected to the
discharge tube through a narrowed glass tube (inner diameter 0.8
mm), which provided the pressure reduction necessary to maintain
the pressure in the RGA chamber below 107> mbar. Each RGA
measurement was performed long enough to allow the ammonia-
related peaks in the mass spectra to stabilize. All RGA spectra were
acquired in the range of 0—35 Da. The residual atmosphere in the
ionization chamber of the RGA consisted predominantly of water
vapor. Water vapor partially dissociates in the ionization chamber.
The OH" ions overlap in the mass spectrum with NH;", so their
contribution at m = 17 Da was deduced from the spectra used to
calculate the ammonia concentration. Ammonia exhibits a strong peak
also at m/z 16 Da, so it is feasible to distinguish between the RGA
signal arising from the residual atmosphere and ammonia in the
ionization chamber. Details on the method for calibration of RGA for
proper determination of the ammonia concentration are presented
elsewhere.”® The RGA calibration curve for ammonia is presented in
Supporting Information in Figure S1.

The density of N and H atoms in the afterglow was measured with
calibrated catalytic probes. We used homemade probes which are
capable of measuring the atom densities in pure gases, but not in the
mixture of hydrogen and nitrogen. More details about the probes can
be found elsewhere.”® Briefly, a catalytic probe measures the heat
dissipated on a selected catalyst due to the heterogeneous surface
recombination according to (5) and (6). The temporal and spatial
resolution of the catalytic probes is approximately 5 s and 3 mm,
respectively, and the accuracy is approximately 30%.

Preparation of Catalysts

Different materials (Fe, Pd, Ru, Ni, Zn, Pt, Cu, Ti) that are supposed
to be catalysts for ammonia synthesis according to reaction 7 were
mounted into the afterglow part of the discharge tube as shown in
Figure 1. Thin films of the above-mentioned materials were deposited
on the rectangular stainless-steel substrates by sputter deposition
using high-purity targets. The stainless steel substrates were coated
from both sides, so their surface was fully covered by the deposit with
a thickness of approximately 100 nm. The morphology of the coated
catalysts was examined using scanning electron microscopy (SEM),
and no significant differences were observed between the samples.
The SEM images for all catalysts are presented in Figure S2 in the
Supporting Information. The rectangular stainless-steel substrates
were assembled to form a cross (as illustrated in Figure 1) with a total
surface area of 168 cm?® (dimensions of the individual rectangular
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Figure 2. Density of nitrogen (a) and hydrogen (b) atoms along the discharge tube versus the distance from the end of the RF coil. The parameter

is the gas flow.
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Figure 3. Intensity of the RGA ammonia peak versus RF power at: (a) 110 sccm of nitrogen and 360 sccm of hydrogen, and (b) at 70 sccm of

nitrogen and 430 sccm of hydrogen.

stainless-steel substrates were 12 c¢m in length and 3.5 cm in width
and height). The distance between the end of the excitation coil and
the beginning of the stainless-steel cross covered with a catalyst was
either S, 10, or 32 cm (Figure 1).

The catalysts’ surfaces were analyzed with X-ray photoelectron
spectroscopy (XPS) to prove the presence of the catalyst. XPS
instrument model PHI Genesis, from ULVAC-PHI (Physical
Electronics Ltd., Munich, Germany) was used. Survey spectra were
measured and analyzed by Multipak software (version 9.9.2) from
Ulvac (Kanagawa, Japan) to determine the elemental composition.
The measured surface composition of the catalysts before and after

ammonia synthesis is presented in the Supporting Information
(Tables S1 and S2).

B RESULTS AND DISCUSSION

NH; Production in a Plasma Reactor Without the Catalyst

Densities of N and H Atoms in Plasma. The density of
N and H atoms in the plasma afterglow (at the position of the
catalyst in Figure 1) was measured versus the distance from the
RF coil at 700 W and two gas flows. The results are shown in
Figure 2. Figure 2a shows the distribution of atomic nitrogen
along the afterglow segment of the discharge tube. The N atom
density decreases with increasing distance from the glowing
plasma in the H mode, which is explained by heterogeneous
recombination of N atoms to parent molecules on the glass
surface. Borosilicate glass is not renowned for facilitating
surface recombination of N atoms, so the curves in Figure 2a
are not particularly steep. Furthermore, the gas speed is rather
large as disclosed in eq 8. The decay of the N atom density is
somewhat larger at a lower flow (green curve in Figure 2a),
where the N atom density drops by a factor of 5.5 from
position ¥ = 5 cm to 40 cm. For the higher nitrogen flow of
210 sccm (standard cubic centimeters per minute), the factor
is 2.5. The difference is explained by lower pressure at lower
flow rates, which facilitates diffusion and, thus, surface
recombination on borosilicate glass.

The density of H atoms along the glass tube is shown in
Figure 2b. The initial density (at x = S cm) is larger than the
density of N atoms, but the curves in Figure 2b are much
steeper than for the case of N atoms (Figure 2a). The reason is
a larger coefhicient for heterogeneous surface recombination of
H atoms on the borosilicate glass.27 At the chosen conditions,
the H atom density becomes equal to the N atom density at a
distance of x = 7 cm. The H atom density becomes marginal at
large distances from its source, i.e., plasma in the H mode.

Comparison between Figure 2a and b indicates that the
surface recombination of H atoms on the borosilicate tube may

limit the production of ammonia on the catalyst. However, the
borosilicate surface may alter the efficiency of H atom surface
recombination when a mixture of hydrogen and nitrogen is
introduced into the discharge tube, so the curve shown in
Figure 2b should be interpreted with caution. We used a broad
range of gas mixtures to probe ammonia production, even
though the loss of H atoms along the path from the glowing
plasma to the catalyst was substantial.

Effect of an RF Power on NH; Production. To identify
the optimal RF power, we conducted experiments on ammonia
production in the discharge tube without a catalyst as a
function of RF power. The forward RF power was varied
between 50 and 1000 W. The RGA signal is shown in Figure 3
for two different gas mixtures. As expected, ammonia
production increases with increasing discharge power. The
increase is fairly linear up to a discharge power of 500 W.
Plasma is in the E mode in this power range. Increasing the
discharge power beyond 500 W causes plasma instabilities
typical for the transition between two distinguished modes in
inductively coupled discharges.”* The plasma became stable
again at the discharge power of 700 W, where the discharge
was in the H mode. The transition from the E and H modes
causes an increase in the ammonia production by a factor of
approximately 5, regardless of the gas mixture. Further increase
in the discharge power (beyond 700 W) caused a gradual
increase in the ammonia production, but the slope is modest.
Based on the results shown in Figure 3, we selected the
discharge power of 700 W for systematic measurements.

Effect of the Gas Flow of H, and N, on NH;
Production. Figure 3 indicates that the concentration of
gases in the H, and N, mixture does not influence the
production of ammonia much. However, we performed
systematic measurements to evaluate the ammonia synthesis
in various gas mixtures at various flows. The synthesis of
ammonia versus the concentration of gases in the H, and N,
mixture was measured in the discharge tube in the absence of
the catalyst. Figure 4 shows the ammonia RGA signal at m/z =
17 Da versus the ratio between the hydrogen and nitrogen
flows. The hydrogen flow was fixed at 570 sccm, and the
nitrogen flow was varied between 7 and 210 sccm. There is a
broad maximum that peaks at the gas mixture of approximately
H,:N, = 4:1. Therefore, the curves in Figure 4 indicate that the
hydrogen concentration in the gas mixture does not dictate the
ammonia synthesis as long as it is in a reasonable range.
Furthermore, hydrogen flow has only a marginal effect on
ammonia production. We chose the H, flow of 570 sccm for
experiments with catalysts.
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3.0 ——— ——— binding energy from —3.7 to 0.7 eV per metal atom.”® The
1 —=—290scem catalysts were positioned at 5 cm as shown in Figure 1. Before
2.5 4 —=—360sccm inserting each catalyst into the experimental system, ammonia
< 1 —®—430scem 4 production was measured in an empty reactor under the same
% 204 S70scom - power and flow conditions as those used for the measurements
= A 1 presented in Figure S. The same measurements were then
«f 154 T repeated after the catalyst was introduced into the system. The
2 7] 1 results are presented in Figure S3 in the Supporting
3 101 T Information. Measurements in the empty reactor were
5 ] A consistent within the margin of error, whereas measurements
03 T obtained with different catalysts showed clear differences. To
0.0 1 | compare the contribution of each catalyst to ammonia
T oo T T '1'0 T 1 00 production, the relative ammonia production (defined as the

feed gas H,/N,

Figure 4. Intensity of the RGA ammonia peak versus the ratio
between hydrogen and nitrogen feed gas at 700 W. Hydrogen flow is
the parameter.

NH; Production in a Plasma Reactor Loaded With Various
Catalysts

Systematic measurements of the ammonia production were
performed in the discharge chamber loaded with various
sputtered metal catalysts (Fe, Ni, Cu, Pt, Pd, Ti, Zn or Ru) at
the position indicated in Figure 1. The distance between the
RF coil and the catalyst (marked as “S, 10, 32 cm” in Figure 1)
was varied. Figure 5 shows the relative ammonia production

f;}{

h fT“I i \\\ ]
1.0 \i JL

Pyys [Pa]
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® 5cm ~~ T
0.5 10 cm Y
b v 32cm b
0.0 T — T T —TTTTT
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feed gas H/N,

Figure S. Partial pressure of synthesized ammonia using a zinc
catalyst versus the ratio between hydrogen and nitrogen feed gas at
700 W. The distance between the coil and the catalyst is the
parameter.

versus the position of the zinc catalyst in the discharge tube.
Similar curves were also measured for other catalysts (Cu, Pt,
Ni, Ru, Pd, Fe and Ti). The efficiency decreases with
increasing distance from the source of atoms. The efficiency
at the largest distance is not much different from that in the
tube without the catalyst. The reason is probably a rapid
decrease in the H atom density with increasing distance from
the source, as shown in Figure 2b. Obviously, some ammonia
is produced on the glass surfaces before the atoms reach the
catalyzers. Still, the catalyst’s influence on ammonia production
is considerable and measurable, as shown in Figure S.

The production of ammonia was measured for various
materials that exhibit various enthalpies of formation of
nitrides from —357 to +67 kJ/mol, corresponding to the

maximum partial ammonia pressure measured with the catalyst
divided by the partial ammonia pressure measured in the
empty reactor under the same conditions) is plotted in Figure
6 as a function of the nitrogen adsorption energy reported in
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Figure 6. Relative amount of ammonia synthesized in the discharge
tube using various catalysts at a position of S cm versus nitrogen N*
adsorption energy.

the literature.”” ™" The curve is rather linear and clearly shows
that the production of ammonia is favored by metals that do
not form stable nitrides.”> The nitrogen and hydrogen flows
used to plot Figure 6 were 120 and 570 sccm, respectively.
Interestingly, the value for titanium is even lower than for the
empty chamber, indicating that the material, which forms a
very stable nitride, does not enable catalytic conversion of N
atoms to ammonia.””

Determination of the Conversion Efficiency

As already mentioned, one channel for surface synthesis of
ammonia from species likely to be formed in nonequilibrium
plasma sustained in a mixture of nitrogen and hydrogen is a
rather weak adsorption of N atoms on the catalyst surface, and
interaction of the adsorbed atom with impinging hydrogen
atoms and molecules. Knowing the density of nitrogen atoms
at the catalyst position (Figure 2), it is possible to estimate the
efficiency of converting N atoms into ammonia molecules
rather than heterogeneous surface recombination. The
efficiency can be estimated by accounting for the partial
pressures of ammoma and atomic nitrogen, as explained in
detail elsewhere.” Briefly, the RGA (if calibrated well) shows
the partial pressure of ammonia at the end of the glass tube in
the direction toward the pump (Figure 1), and the N atom

https://doi.org/10.1021/acsomega.6c01120
ACS Omega XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/acsomega.6c01120/suppl_file/ao6c01120_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01120?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01120?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01120?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01120?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01120?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01120?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01120?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01120?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01120?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01120?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01120?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.6c01120?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.6c01120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

density is measured with the catalytic probe. The partial
pressure of N atoms is calculated as

Py = nnkgT (10)

Here, ny is the density of N atoms, and T is the gas
temperature. If we take into account the N atom density at the
position S cm for the flow of 210 sccm (1 = 0.9 X 10* m™3),
and room temperature (300 K), the partial pressure of N
atoms is py = 4 Pa. The efficiency () of ammonia production
is calculated as

n= Pap,/Px (11)

It should be noted that conversion efficiency () does not
represent the exact conversion of N, to NH; as it is based on
the flux of N atoms reaching the surface and assumes that these
atoms are equally available for NH; formation. Therefore, our
definition of the conversion efficiency provides an estimate of
the fraction of plasma-generated N atoms detected as NHj; in
the gas phase. Consequently, this parameter should be
interpreted as a relative efficiency under the given plasma
conditions rather than a rigorous catalytic conversion efficiency
based on a full mass balance of N, and H,.

The partial pressure of ammonia (pyyy,) was measured when

different catalysts were immersed in the glass tube, and the
efficiencies were calculated. The result is presented in Table 1.

Table 1. Efficiency 17 of Ammonia Production as Calculated
from eq 11 for Various Surfaces

catalyst efficiency 7 [%]

Ti <1

Fe

Pd 8

Ru 16

Ni 19

Zn 24

Pt 29

Cu 28

The efliciency 7 is relatively high for copper and platinum, with
a value of 7 = 0.29, i.e, 29%. The efficiency for other catalysts
is smaller. Nitrogen atoms are thus converted to ammonia
rather efficiently by surface reactions. According to literature
reports on ammonia production compared with the current
copper-sputtered catalyst, our present catalysts have shown a
very good conversion percentage, as presented in Supporting
Information (Table S3).

Here, it is worth noting that the experimental setup enabled
comparisons between different catalysts and was not optimized
for the synthesis of large quantities of ammonia. The results
summarized in Figures 2, 5, 6, and Table 1 should serve as a
guideline for further experiments. As already mentioned, the
production of hydrogen and nitrogen atoms in the gas phase
competes with the destruction of ammonia molecules, which
have been synthesized by surface catalysis. Figure 2 clearly
shows that the atom density decreases with increasing distance
from the atom source; therefore, optimization of ammonia
production is expected if the catalysts are placed closer to the
dense plasma in the H mode. When placing the catalyst closer
to the plasma, special care should be taken because the catalyst
heats up more when it is closer to the plasma, and therefore,
the thermal dissociation of ammonia on the surface can

increase. The temperatures of the catalysts at different
positions are presented in Table S4 in the Supporting
Information. However, this effect is not very significant at
the pressures used in our study; it becomes more prominent at
higher pressures.”> Another solution is to increase the gas
speed, thereby minimizing the time the gas spends between the
plasma and the catalyst. Here, it should be stressed that the
theoretically maximal gas speed is the sound velocity, which is
several 100 m/s, so much larger than in our experiments.

Finally, it is important to stress that the behavior shown in
Figure 6 differs significantly from the “volcano curve”, which is
often used to evaluate conversion efficiency versus enthalpy of
formation.’”***> The volcano curve illustrates the conversion
that occurs at equilibrium conditions, where the dissociative
adsorption of nitrogen molecules in the ground electronic state
is essential. When plasma catalysis is used, the molecules are
already dissociated in the gas phase, so the differences between
the results in Figure 6 and the volcano curve are expected. In
fact, Iwamoto et al.’*! reported similar results, but the
conversion rate for copper was 4 times larger than for
titanium. The experimental setup in used by Iwamoto et al.*!
was completely different from our case, so the discrepancy is
expected.

For comparison with previously published studies, including
those summarized in our earlier review work,'® we calculated
the highest energy yield achieved in the present study. The
maximum partial pressure of produced ammonia was 2.9 Pa,
obtained at an effective pumping speed of approximately S0
m®/h and an RF power of 700 W. These conditions
correspond to an energy yield of approximately 1.4 gNH;/
kWh. This value exceeds the majority of the results reported in
the above-mentioned review article.

B CONCLUSIONS

The efficiency of conversion of N atoms into ammonia
molecules was studied for various catalysts. The key result is a
rather linear increase versus the enthalpy of formation of metal
nitrides. The materials with highly positive enthalpy (i.e., those
that do not form stable nitrides) are the best catalysts.
Interestingly, the catalytic performance of copper is almost the
same as that of platinum, but the cost of copper is lower, thus
making it an attractive choice. The measurements of the partial
pressures of ammonia and N atoms in the reactor enabled the
estimation of the conversion efficiency #, which was found to
be as large as 29%, meaning that 29% of N atoms impinging on
the surfaces were converted to ammonia, and the rest were
converted to nitrogen molecules. The results provide
directions for further optimization of the catalytic surface
conversion of N atoms into ammonia molecules by carefully
designing the experimental setup. The results were obtained at
low-pressure conditions where the loss of atoms in the gas
phase is marginal, so the measured values for surface reactions
are reliable. The coeflicients for surface catalysis reported in
this paper are mostly valid for low-pressure plasma-assisted
ammonia synthesis, but may also be valid at higher pressures.
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RGA calibration curve with a description of the

calibration process (Figure S1); SEM images of catalysts’
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surface morphology (Figure S2); XPS characterization of
the catalysts before and after ammonia synthesis (Tables
S1 and S2); ammonia production using various catalysts
compared with an empty reactor (Figure S3);
comparison of the ammonia yield with data from the
literature (Table S3); and the temperatures of the
catalysts at different positions (Table S4) (PDF)
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