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ABSTRACT: Ammonia is a crucial nutrient used for plant growth and as a building block in the
pharmaceutical and chemical industry, produced via nitrogen fixation of the ubiquitous atmospheric N,. (8) HZO(g)
Current industrial ammonia production relies heavily on fossil resources, but a lot of work is put into  Feed gas

developing nonfossil-based pathways. Among these is the use of nonequilibrium plasma. In this work, we
investigated water vapor as a H source for nitrogen fixation into NH; by nonequilibrium plasma. The
highest selectivity toward NH; was observed with low amounts of added H,O vapor, but the highest
production rate was reached at high H,O vapor contents. We also studied the role of H,O vapor and of
the plasma-exposed liquid H,O in nitrogen fixation by using isotopically labeled water to distinguish
between these two sources of H,O. We show that added H,O vapor, and not liquid H,O, is the main
source of H for NH; generation. The studied catalyst- and H,-free method offers excellent selectivity
toward NH; (up to 96%), with energy consumption (ca. 95—118 MJ/mol) in the range of many plasma- Liquid H
catalytic H,-utilizing processes. H,0 “(@a)

2
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Bl INTRODUCTION strong bonds in N, by plasma,””*" or the facile generation of H
atoms.”””’ Plasma-catalytic nitrogen fixation typically proceeds
in N,/H, plasmas operating in a range from low (5—700 Pa)
to atmospheric pressure.“’m’25

A more direct alternative is H,-free, noncatalytic NH,
synthesis by atmospheric pressure plasma in N,/H,0O systems.
A combined plasma-electrolytic system enables formation of
NH; from H, which is generated from H,O or H*.>**” Another
approach is the NH; formation via the direct interaction of air
or N, plasma with H,0.”*7*' The latter enables simpler
occurs naturally (e.g,, by microorganisms"”), but this is by far synthesis (.and. si@pler reactér.s without the flee(.l for c.ounter
not sufficient to meet the global demand. electrodes in liquids and additional electrolysis), including the

The industrial production of NH; worldwide in 2018 immediate accumulation and ggtential storage of products in
reached 140 million tonnes.” Most NH; production is realized H,0, the most benign solvent.” Most of these works propose

Nitrogen fixation is one of the utmost important tasks of
sustainable chemistry. Both reduced and oxidized N, (NH,
and NO; /NO,”) are used as fertilizers in agriculture.'
Approximately 80% of the globally produced NHj is used for
plant growth.” Moreover, NHj is a commodity chemical used
as an important building block for the production of
pharmaceutical compounds, and it is also used in cleaning
solutions, in the textile industry, as a greener fuel, as a deNOx
agent in automotive industry, etc.”* Nitrogen fixation in part

via the Haber-Bosch process (HB), in which NH; is produced direct interaction of plasma with liquid water, despite recent
catalytically under high temperatures and extreme pressures insights suggesting that most of the reactive chemi}s)grs); in
from N, and H,. The nearly exclusive H source for HB is plasma-liquid systems occurs in the gas (vapor) phase.””
natural gas (fossil CH,).%” Other, fossil-free routes for NH, Here, we used for the first time a nonequilibrium
production are very sought-after.” For example, electro- atmospheric pressure plasma operated with N, containing
chemical and photocatalytic reductions of N, are under H,O vapor, in contact with liquid H,O. We studied the
investigation.*” induction of chemical products in the liquid phase as a

An attractive alternative is nonequilibrium plasma,10 ie, function of H,O vapor saturation of the feed gas, with special
ionized gas with the temperature of electrons dramatically focus on NHj selectivity and production rate. In addition, to
exceeding the temperature of the gas molecules.'”"* Plasmas understand the underlying mechanisms, we evaluated the role
find their use in green and sustainable chemical processes,
agriculture, and biomedical applications."”™"” They are also Received: December 31, 2019
valuable in catalytic NH; production. A synergistic combina- Revised:  January 30, 2020
tion of cold plasma and catalysis affords higher reaction Published: February 3, 2020
productivity in a way which is not achievable with conventional
thermal catalysis,lg’19 at least partly due to the excitation of the
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Figure 1. Experimental setup used in this work. (a) Schematic of the plasma jet; (b) plasma jet in direct contact with liquid contained in a glass

reaction vessel.

of H,O vapor in the feed gas and liquid H,O by excluding the
direct plasma-liquid interaction, and by discriminating between
H,O introduced with the feed gas and from the liquid sample,
using isotopically labeled (D,0O) molecules.

B EXPERIMENTAL SECTION

Plasma Setup Design and Characterization. We applied a
plasma jet, typically used in biomedical applications, such as
anticancer therapy®® and synthesis of antibacterial nanomaterials.*®
The jet comprises a powered needle electrode inserted in a quartz
capillary (OD S mm, ID 2 mm), contained in a metal tube. The feed
gas flow was supplied into the capillary. The plasma was ignited inside
a small cavity between the needle and the nozzle (ID 0.7 mm, volume
ca. 0.5 mm?), with the nozzle serving as a ground electrode (Figure
1a) and the quartz tube as a dielectric spacer.

In our experiments, the plasma jet was connected to an N, gas
cylinder. Partial saturation (i.e.,% saturation) of the feed gas with H,0
vapor was achieved via splitting the N, flow. The H,O content in N,
was thus controlled by the flow rate of N, passing through the
Drechsel flask filled with H,O (Figure 1b). We have previously shown
that a gas flow rate up to 2 L/min allows full saturation of the gas with
H,O vapor.®* The gas flow was regulated using two mass flow
controllers (MFCs) equipped with a microcomputer controller
(Brooks Instruments 0254). The total N, flow rate was varied from
0.2 to 1.4 L/min. The concentration of H,O vapor is quoted in
percentage of the relative saturation at 19—-21 °C (ambient
temperature during the experiments), and in molar percentage as
calculated from the relative saturation.*”

Plasma was ignited at a peak-to-peak voltage of ca. 1 kV, and a
current of ca. 170 mA (Figure S1 in SI). The discharge was generated
by connecting the secondary windings of a high frequency transformer
to the system of electrodes separated by a small dielectric spacer. The
waveforms of both voltage and current were close to sinusoidal and
were governed by the primary winding and transformer characteristics
and the high capacitance of the source, respectively. In contrast to a
classical DBD plasma, the geometry used here allows the generation
of a low current spark when the voltage reaches a value of ca. 0.5 kV.
Taking into account the shape of the discharge (Figure S2), we
consider the discharge mechanism to be similar to the phenomena
occurring at a low current spark formation.*® Thus, the jet operates in
a pulsed spark mode. The calculated power deposited into the plasma
was 0.1 W (Figure S1) regardless of the gas flow rate or vapor
saturation.

Analysis of the optical emission spectra (as described in SI, T1)
allowed to estimate the temperature of the plasma arc (Figure la)
which was virtually the same for all N, gas flow rates and H,O vapor
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saturations (ca. 1350 + 150 °C). However, the temperature of the
plasma jet effluent was 2 orders of magnitude lower and dependent on
the gas flow rate. Already at 3.4 mm away from the plasma jet, it was
around 70 °C for 0.2 L/min and 35 °C for 1.4 L/min (£10 °C, see
Table S1), as measured by Rayleigh scattering spectroscopy (Figure
S3), and likely lower yet at a S mm distance, i.e., the position of the
liquid H,O surface in our N, fixation experiments. We also observed a
mild increase of the plasma jet temperature as a function of time,
which saturated within 10 min, likely due to reaching a thermal
equilibrium with the surrounding atmosphere and the passing feed gas
(Figure S4). These values indicate that our plasma setup is a
nonequilibrium, nonthermal plasma.'*** The temperature of both the
plasma arc and the plasma effluent was higher than the ambient
temperature, thus clearly indicating that the H,O introduced into the
plasma feed gas as vapor remained in the gas phase throughout the
whole plasma reactive system.

Nitrogen Fixation Experiments. In a typical experiment, 5 mL
of deionized H,0 was put in a glass reaction vessel and exposed to
plasma for 10 min. The distance between the liquid surface and the
plasma jet was S mm (Figure 1b). We also performed air-free
experiments, for which the glass reaction vessel and the jet were
positioned inside a gastight reactor’’ to exclude the possible
interference of ambient air. The reactor was flushed for 3 min with the
feed gas, and then the plasma was ignited for 10 min (Figure SS).
When performing experiments without a direct plasma-liquid contact,
a glass tube (length ca. 330 mm, ID S mm, OD 7 mm) was pushed
toward the plasma jet to cover the jet nozzle. The opposite end of the
glass tube (ID 1 mm, OD 2 mm) was positioned 2 mm above the
H,O surface (5 mL) contained in a reaction vessel (Figure S6).
Immediately after plasma exposure, the samples were collected and
frozen until further analysis.

Liquid Analysis. We measured the concentrations of all chemical
compounds by colorimetry. NH; concentrations were measured using
the indophenol blue reaction.”®*® NH,OH was assessed by
colorimetry via reduction of Fe(III) to Fe(II) and subsequent
complexation with 1,10-phenanthroline,"" and NH,NH, via for-
mation of an azo-dye in a reaction with 4-dimethylaminobenzalde-
hyde.*” The calibration curves and analysis details are found in the SI,
Figure S7.

The concentrations of NO;~ and NO,™ were measured using the
nitrate/nitrite kit based on the Griess method with nitrate reductase
enzyme, and H,0, was measured using titanium(IV) sulfate with the
addition of NaNj, as described previously.'”***

Ambient and liquid temperature and pH values were measured
using an Extech Instruments TM100 thermometer and a Mettler
Toledo MP255 pH meter, respectively.
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Figure 2. Concentration of produced NH3, NO,~, NO;™, and H,0, in liquid H,O as a function of H,O vapor saturation for different N, flow rates:

(a) 0.2 L/min, (b) 0.35 L/min, (c) 0.7 L/min, (d) 1.4 L/min.

All measured concentrations are quoted after correction for
evaporation of the solvent in each case. The error bars represent
standard deviation values between three measurements.

B RESULTS AND DISCUSSION

NH; Production in a System Comprised of N, Plasma
with H,0 Vapor in Contact with Liquid H,0. We studied
the production of various compounds in liquid by exposing a
liquid H,O sample to the plasma jet effluent for 10 min
(Figure 1b), at several feed gas flow rates (Figure 2). The
minimal flow rate of 0.2 L/min was chosen to avoid the heat-
up of the gas (see SI, Table S1) to temperatures which would
lead to thermal evaporation of the plasma-exposed water, and
therefore a potential loss of NH; due to its decreased solubility
at elevated temperatures.”” The maximal flow rate obtainable
with the equipment used was 1.4 L/min. In all our
experiments, the liquid samples remained at room temperature
or slightly above (21 + 3 °C), due to the relatively low
temperature of the plasma effluent at S mm from the nozzle
and the cooling down of liquid due to evaporation. Using
liquid water has several purposes. First, it demonstrates the
possibility of using H,O as a benign solvent for the storage of
nitrogen fixation products in our experiments. Second, it
enables facile measurements of the generated products by
spectrophotometric analysis of the liquid samples. Finally, we
studied the role of liquid H,O in nitrogen fixation (vide infra).

NH; and NO,”/NO;™ are the products of nitrogen fixation
with H,O molecules. H,O can react with, e.g, N atoms to
produce *NH and *OH radicals, as proposed by Haruyama et
al.?® In addition, H,O also forms *OH and H via, e.g, direct
electron impact™ or reacting with UV photons of plasma.”
*OH can further recombine into H,0,.>* H,0, is thus one of
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the products in the N,/H,O plasma system and must be
acknowledged in the overall nitrogen fixation process.

In our experiments, the amounts of formed NO;™ and H,0,
slightly increase up to 20% H,O saturation but remain the
same at ca. 20—100% H,O saturation, while the concentrations
of NH; and NO,” keep increasing upon higher H,O
saturation. Interestingly, the yields of NH; and NO,”/NO;~
(i.e., total conversion of N,) increase with increasing gas flow
rate, but not proportionally. For example, at 50% H,O
saturation, the concentration of produced NH; increases from
ca. 200 M to 400 uM for gas flow rates rising from 0.2 to 1.4
L/min. Similarly, the concentration of NO,™ is 125 uM and
225 uM for 0.2 and 1.4 L/min. This is attributed to the
reduced residence time of the feed gas within the plasma
ignition region, while the plasma frequency remains the same
(Figure S1). Therefore, a lower feed gas flow rate is preferable
for a higher conversion.

In spite of the higher production at higher H,O vapor
content (50—100%), the selectivity toward NH; decreases at
high contents of H,O vapor at all flow rates, down to 60—70%,
compared to 70—80% with dry N, (Figure 2; see also Table
S2). However, at low H,O vapor content (approximately 2—
10% saturation), it increases compared to the dry N, feed gas,
and it is around 90% with any of the N, flow rates.
Remarkably, with 0.2 L/min of N, gas and 5% H,O vapor
saturation, the selectivity toward NH; is ca. 96% (Figure 2a,
Table S2). In other words, the introduction of small amounts
of H,O vapor yield both higher NH; production rate and
higher selectivity. Larger amounts of H,O vapor further
increase the production rate, albeit with lower selectivity.

Nonetheless, the introduction of H,O vapor into the plasma
feed gas clearly had two main effects: (i) increased total N,

https://dx.doi.org/10.1021/acssuschemeng.9b07849
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Table 1. Comparative Summary of Our Work with Other Studies on NH; Production by N, Plasmas in Contact with H,O

NH; production

rate selectivity energy consumption (M]/ N, conversion
(mg/h) (%) mo %
0.440 >99 139 0.0059
2295 <1 n/a” 0.042
n/a 69 962 n/a
0.033 n/a n/a n/a
0.143 45 n/a 0.0003
0.064 9S 9s 0.0008

additional experimental features ref”
electrolytic system (ground electrode in h,0), closed reactor, low 27
ph
separate UV source, open reactor 31
separate UV source, closed reactor 28
separate UV source, closed reactor 29
separate UV source, air-free atmosphere 30
open reactor, no additional electrolytic or UV components this work

“The values calculated here correspond to the reported conditions with the highest selectivity of NH; production. YThe absence of necessary

experimental details did not allow calculation of the numerical values.

conversion (with all H,O vapor contents) compared to dry N,
interacting with liquid H,O and (ii) increased selectivity
toward NH; (at low H,O vapor content).

We also calculated the energy consumption (as explained in
the SI, TS Energy Consumption Calculation), yielding values
in our noncatalytic, H,-free plasma system of 95—118 MJ/mol
NH; at 0.2 L/min N, and 5—10% H,O vapor saturation (i.e.,
the conditions giving the highest NH; selectivity). This is in
the range of plasma-catalytic processes using N, and pure H,,
reporting values from ca. 2 to 600 MJ/mol NH; " Tt is
worth noting that despite the low energy cost of H,
production, e.g,, from H,O via electrolysis (<1 MJ/mol*),
the produced H, must be stored and delivered into a reactive
system, and H, storage is a bottleneck and potentially a
“showstopper” for an H, economy.”® In contrast, we
demonstrate the possibility of the direct, “one-pot” synthesis
of NH; from the gases N, and H,O0.

Furthermore, the calculated energy consumption of total N,
fixation was 92—105 MJ per mole of converted N, for the
conditions specified above, and only 15 MJ/mol for the
conditions which afforded the highest total concentration of
NH,; and NO,7/NO,;~ (1.4 L/min N,, 100% H,O saturation),
albeit with somewhat lower selectivity.

We also assessed the energy efficiency of the process. For
this, we calculated the AG values for a hypothetical reaction of
N, with H,O leading to NH; under the conditions which
afford the highest NH; selectivity (i.e., 2N, + 6H,0 — 30, +
4NH;, see Mechanistic Considerations below). AG was
calculated for two “envelope” temperature values (298 and
1623 K/1350 °C as the lowest and highest possible
temperatures in our system, see Table S1) and the partial
pressures of the products and reactants calculated from the
conversion and yield values (see Table S2). The detailed
description of the AG calculation is found in the SI, T6
Calculation of AG Values. In short, based on the energy
consumption obtained in our work (around 100 MJ/mol) and
the AG of ca. 1 MJ/mol (see T6 Calculation of AG Values in
the SI), we achieve an energy efficiency of ca. 1% for NH,
production. Thus, it is clear that there is still room for
improvement via, e.g., optimization of the reaction parameters
or the plasma setup. However, as stated by Chen et al,
although using H,O as a feedstock is slightly more energy
demanding than H,, avoiding the HB and using milder
conditions for NH; production can become overall energeti-
cally favorable.*”

Besides NH;, NO;7/NO,7, and H,0O,, we also analyzed the
solutions for NH,OH and NH,NH,, potential products of the
complex chemistry in N,/H,O plasmas™® (see Figure S8 and
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details on the analysis selectivity in the SI). We detected no
NH,OH or NH,NH, under all conditions investigated, but we
stress that only assessing the full range of the possible N,
fixation products allows evaluating the production selectivity.
We acknowledge that a separation of NH;, NO,~, and NO;~
may result in an extra energy cost. However, (1) under
optimized conditions, the selectivity in our case was over 95%,
and (i) the separation is possible via, e.g., electrophoresis.”’
Therefore, both the N, fixation and the product separation
comply with the concept of electrification of the chemical
industry. !

We also studied the production of the chemical compounds
over time under representative conditions: minimal and
maximal gas flow rate and low and high vapor saturation.
Within the experimental time frame (10 min), the accumu-
lation of all compounds was practically linear (Figure S9),
indeed allowing comparison of production rates. This suggests
that despite the pH increase (max. up to 8—8.5 under all
conditions), NH; was continuously induced in the plasma-
exposed water and remained dissolved in it. This was also
confirmed by an experiment in which the jet and the reaction
vessel with H,O were contained inside a gastight reactor,””*’
with the reactor exhaust passing through a second H,O sample
(Figure SS5). We did not observe any detectable amounts of
NH;, NO;7/NO,7, or H,O, in the second sample, confirming
that all (or most) products of N, fixation remained in the
plasma-exposed solution.

It must be acknowledged that using a reactor with static (i.e.,
nonmoving) liquid can have diffusion-related limitations,>
such as accumulation of the products in the upper layers of the
liquid, and associated dominance of secondary reactions in the
liquid phase. While we did not observe a decrease of the rate of
absorption of the N, fixation products in our experiments, a
potential alternative in future investigations would be a reactor
where the gaseous plasma would be in contact with a flowing
liquid."*

The conversion of N, under all conditions remained rather
low, as is common for N,/H,O plasma systems (Table 1). The
highest conversion observed corresponds to the lowest flow
rate of N, (0.2 L/min), as discussed above, reaching a
maximum of 0.0023% (see Table S2 for the full list of
calculated conversion values). While the N, conversion/NHj,
production rate in our work is somewhat lower than in some of
the other studies reported in the literature for N, plasma in
contact with H,O, the advantage of our setup is the simple
design, i.e., open reactor with no additional electrolytic or UV
components, which of course add in the NH; production. In
addition, the NHj selectivity and energy consumption in our

https://dx.doi.org/10.1021/acssuschemeng.9b07849
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work is generally better than the values reported in the
literature (see Table 1).

Mechanistic Considerations. To understand the path-
ways leading to NH;, we can consider several possibilities. N,
molecules can be converted in the plasma into electronically or
vibrationally excited states (e.g., N,*, N,(v)), N,* ions, and N
atoms, as shown by Sakakura et al.’” These species further
interact with H,0O (or H and *OH generated from H,O by
plasma), forming first *NH and ultimately NH,.>*~*° On the
other hand, H atoms (again generated from H,O via
interaction with plasma) can also directly interact with N,
molecules, also yielding NH,.”” As for the plasma action, the
key reactions are direct electron impact excitation and
dissociation of N, and H,0.*>** Additionally, UV irradiation
from plasma may assist in dissociation of H,O into H and
*OH.25?

Our experiments suggest that the reaction regimes can be
divided into three main groups, depending on the H,O
saturation of the N, gas. In the first regime, dry N, reacts with
the plasma-exposed H,O. At higher flow rates of N,, nearly
equal amounts of NH; and H,O, are formed (Figure 2¢,d),
suggesting interaction of, e.g., N atoms with H,O to produce
*NH and *OH and further recombination of *OH into H,0,.
Here, the plasma can interact with the liquid phase H,O
molecules as suggested in the literature.”* ™" However, it has
also been suggested that plasma interacts first with a vapor
layer immediately above the liquid surface.””**>® This agrees
with our previous results, where we experimentally demon-
strated that the plasma effluent does not interact directly with
the liquid but instead reacts with the vapor above the solvent.”*
More precise evaluations require physicochemical modeling.

The second regime (2—10% H,O saturation) yields NH,
with high selectivity. The absence of extra amounts of H,O,
suggests that another species potentially formed from O in
H,O in this regime is O,, or possibly N,O, which were not
analyzed in this study. N,O, however, could react with *OH to
be transformed back into N,.**

The third regime (N, saturation with H,O vapor of 20% and
above) exhibits the formation of NH; and NO,™ + NO;™ in a
ratio close to 2:1. This regime is possibly controlled by the
initial formation of NH; (similarly to the second regime) and
its further oxidation. However, Sakakura et al. proposed that
this could be due to the reactions of N with H,O and/or H
(from H,0) leading to NH;, and N with *OH (from H,0)
leading to NO,/NO;~."

Thus, in all regimes, the formation of the reduced product
NHj; is accompanied by the formation of an oxidized one, the
nature of which likely depends on the regime (i.e, NO,”/
NO;~ (from N,); H,0, or O, (from H,0)). In any regime,
H,O is a key component since it is the only source of H for
NH;. The interaction of plasma with H,O in the feed gas and
H,O exposed to the effluent is an important parameter of the
described reactive system.

Influence of Ambient Air on NH; Production. The use
of an air-free gastight reactor in which the gaseous atmosphere
consisted only of the feed gas (N, + H,0) and the solvent
vapor (H,0O) allowed us to evaluate the influence of the
ambient atmosphere on NH; synthesis. Generally, in plasmas
with an active effluent (i.e., containing high energy species,
such as electrons), the chemistry is strongly affected by the
composition of gas in contact with the effluent.””>* Ambient
air can diffuse into the effluent, altering the production of
chemical species.22’43 However, comparing the experiments in
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the reactor and the open reaction vessel revealed no significant
differences in product concentrations (Figure 3), probably due

500
I NH,
400 onv crr | EENO,
I NO;
=] I H.0,
=3001{OAV GTR
S
g 200
e OAV GTR
Q
c
8 100+
0.2L/minN, 0.7L/minN, 1.4 L/minN,

100% H,O sat. 50% H,O sat. 5% H,0 sat.

Figure 3. Concentration of produced NH;, NO;~, NO,~, and H,0,
in liquid H,O in an open atmosphere in a reaction vessel (OAV) and
in an air-free, gastight reactor (GTR), under three representative
plasma conditions.

to the high gas velocity, reasonably short distance between jet
and liquid, and the walls of the reaction vessel reducing the air
diffusion. This emphasizes the facile use of our experimental
setup for NH; production, and its independence from the
surrounding air eliminates the need for an air-free reactor.””*’

NH; Production When Using Air As the Feed Gas.
Using air instead of N, as the feed gas expectedly provided very
different results. With dry air, detectable amounts of NH; were
produced only with a 0.7—1.4 L/min flow rate (Figure 4).

H,O0 content in air (mol%)
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NO,+NO,
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H,O content in air (% saturation)

Figure 4. Concentration of produced NH; and NO,”™ + NO;™ in
liquid H,O from air plasma, as a function of H,O vapor saturation.

Introducing H,O vapor into the plasma feed gas, we observed
higher NH; formation under all conditions. It was higher at
higher flow rates, like in the N, plasma (Figure 2). However,
the amount of produced NH; was ca. 6 times lower than in the
N, plasma with the same flow rates. For instance, the
concentration of produced NH; in H,O with a gas flow rate
of 0.2 L/min was ca. 40 and 240 yM with the air and N,
plasma, respectively (see Figure 2a). Moreover, the NH;
selectivity dropped drastically when using air plasma. In all
cases, the total concentration of NO;~ and NO,™ produced by
air plasma was 5—6 times higher than the concentration of
NHj; (see Figure 4), reducing the NHj selectivity to values
below 15—20%. Nonetheless, the total yield of all products of
nitrogen fixation evidently increased upon the addition of H,O
vapor with air as a feed gas, as well as with N,, making the
process more efficient. However, the results strongly indicate
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that N, as the plasma feed gas is required to achieve high NH;
selectivity.

Contribution of H,0 Vapor and Plasma-Exposed H,O
to NH; Formation. Because this is the first work describing
the use of H,O vapor in the plasma feed gas, we needed to
elucidate whether the gaseous plasma effluent interacted with
the plasma-exposed H,O or the NH; was produced from H,O
vapor. To evaluate the first option, the distance between the
plasma jet and the liquid has to be increased to exclude
interaction with the liquid. This could result in a potential loss
of NH; due to the effluent dissipation into the gas phase
instead of delivering NH; into the liquid (the increase of the
effluent width, and hence the decrease of the gas velocity,
within the S mm distance from the jet is shown in Table SI).
To avoid a drastic drop in the gas velocity, we performed
experiments in which the tip of the plasma jet was inserted into
a glass tube (see the Experimental Section). The opposite end
of the glass tube (ID 1 mm) was positioned 2 mm above the
liquid (Figure S6). Plasma was ignited with N, and H,O vapor
as the feed gas. The total distance from the plasma jet was ca.
300 mm.

Comparing Figure S and Figure 2a, it is seen that the
concentrations of NH; and NO;7/NO,™ are slightly lower

H,O content in N, (mol%)
0.0 0.5 1.0 1.5 2.0
250
—=— NH;
< 200+ +NQ?§
2 —A—NO;
é 150 v H,0,
©
c
@ 100+ 3@
38
504 / P
0 20

80 100

H,O content in N, (% saturation)

Figure S. Concentration of produced NH;, NO;~, NO,~, and H,0,
in liquid H,O, with 0.2 L/min N,, as a function of H,0 vapor
saturation, when using a glass tube to increase the distance between
the plasma jet and liquid without a drop in gas velocity.

than the values in H,O exposed to plasma at a S mm distance,
at all H,O saturation values (5—100%). For example, at 50%
H,O saturation, the NH; concentrations are ca. 190 yM at a
300 mm distance, compared to 210 uM at a S mm distance. At
the same time, the NHj; selectivity remains practically the
same, suggesting similar reaction pathways. The H,O,
concentrations were substantially lower here, suggesting that
most H,0, was formed via interaction of the effluent with the
plasma-exposed H,O. In other words, H,0O, is largely formed
via recombination of *OH formed from plasma-exposed H,O
upon interaction with the plasma effluent, while NH;, NO;~,
and NO,~ are mainly formed upon reaction of N, molecules
(or excited species) with H and *OH originating from H,O
vapor in the feed gas, rather than from the plasma-exposed
liquid H,O.

A notable difference, however, was observed for dry N,.
Here, virtually no NO;7/NO,™ or NH; was detected. This is
expected, because no H source was present in the system. The
considerable production of NH; with dry N, at S mm (Figure
2) suggests that the plasma effluent does interact with H,O of
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the solvent under those conditions. With increasing H,O
content in the plasma feed gas, this interaction becomes less
pronounced. We hypothesize that this is due to the lower
density of electrons and excited N, molecules and atoms in the
effluent with high H,O vapor admixtures in the feed gas.*”**
Still, even at 100% saturation of the feed gas, the NH;, NO;™,
and NO,™ concentrations were slightly lower with no effluent-
solvent interaction (i.e., lower at 300 mm than at S mm),
indicating that these products are also formed to a minor
extent from the plasma-exposed liquid H,O.

At a high flow rate, the interaction of the plasma effluent
with the liquid H,O is more probable. However, we observed
similar effects with 1.4 L/min (see Figure S10 and Figure 2d).
The addition of H,O vapor to the feed gas reduces the effect of
the effluent interaction with the molecules of the plasma-
exposed H,O but does not eliminate it completely. This
suggests that in our plasma jet, most of the chemistry leading
to NH; (and NO,7/NO;") formation occurs in the gas phase
plasma, via reactions of the feed gas components, with only a
minor contribution from the H,O molecules of the solvent,
either liquid or evaporated.

This hypothesis was further confirmed by experiments with
isotopically labeled water. We used (1) a D,O liquid sample
exposed to H,O vapor plasma, (2) H,O liquid exposed to D,O
vapor plasma, and (3) D,O liquid exposed to D,O vapor
plasma (Figure 6). This was done to distinguish between the
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Figure 6. Concentration of produced (a) NH; and (b) NO,™ + NO;~
in liquid water, as a function of water vapor saturation, with 0.2 L/min
N, flow rate, for different combinations of liquid/gas H,0/D,0.

water vapor in the feed gas and water of the exposed sample.
The results were compared with the data with H,O liquid and
H,O vapor (added as dashed lines in Figure 6).

When the liquid was changed to D,O but the plasma feed
gas contained H,O vapor, the NH; and NO; +NO,~
concentrations remain virtually the same as with liquid H,O.
This means that both the NH; production rate and selectivity
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were the same. Switching from H,0O to D,0O introduces the
primary kinetic isotope effect (KIE),”> which could lead to
potentially different concentrations of the N, fixation products.
Indeed, a reactive system comprised of D,O vapor and exposed
D,0 liquid yielded lower NH; and NO;~ + NO,~
concentrations, although the selectivity remained the same.
This was in agreement with our 4previous studies on plasmas
with isotopically labeled water’*** and the work of Haruyama
et al”® When the liquid H,O sample was exposed to D,0
vapor-containing N, plasma, the concentrations of both NH;
and NO,”/NO;~ decreased compared to the H,O liquid/H,O
vapor conditions (again, with the same selectivity), but they
were slightly higher than those in the case of D,0O liquid/D,0
vapor. With D,O liquid/H,O vapor, the difference was
probably too small to be observed. Nonetheless, these data
confirm that liquid H,O participates in the NH; and NO;™ +
NO,~ production to some (minor) extent, as we hypothesized
above (vide infra), but that water (H,O or D,0) introduced as
a vapor component plays a much larger role than the plasma-
exposed liquid.

B CONCLUSIONS

We present here for the first time a green NH; synthesis
process, based on noncatalytic nitrogen fixation by non-
equilibrium plasma using H,O vapor instead of H,. We used a
very simple plasma setup for a straightforward on-spot
generation of NH; in a benign solvent (H,0), avoiding
more complex air-free plasma chambers. We assess the
formation of the full range of possible N, fixation products,
which is required to evaluate the selectivity of NH; formation.
We characterized the plasma jet using optical emission and
Rayleigh scattering spectroscopy, time-resolved ICCD imaging,
and current—voltage analysis. We also evaluated the selectivity
and applicability of the colorimetric analytical techniques used
to measure the concentrations of the N, fixation products in
H,0.

We studied the selectivity and rate of NH; production as a
function of the added H,O vapor content in the plasma feed
gas operated at different flow rates. Excellent selectivity of NH;
formation (up to 96%) and increased production rate
compared to dry N, in contact with liquid H,O (up to
0.064 mg/h) were achieved under conditions with low
amounts of H,O vapor saturation of the N, feed gas. With
higher H,O vapor contents, the selectivity was lower (ca. 60—
85%), but the combined yield of all N, fixation products (i.e.,
NH;, NO;~, NO,") increased. Similarly, the total N, fixation
product yield increased when air was used instead of N,, but
the selectivity toward NH; was drastically lower when
compared to the N, feed gas. Thus, in terms of the total N,
fixation efficiency, higher levels of H,O vapor saturation of the
plasma feed gas were beneficial as they increased the overall N,
conversion. Notably, the energy consumption of the presented
catalyst-free and H,-free plasma system (around 100 MJ/mol
for NH;, or 15 MJ/mol for total N, fixation) are in the range of
reported values of plasma-assisted catalytic NH; production,
but with the additional advantage of using H,O vapor and the
absence of a catalyst.

Experiments without direct plasma—liquid interaction and
with isotopically labeled water were performed to study the
contribution of H,O vapor in the feed gas and liquid H,O. The
results show some interaction of plasma effluent with the
plasma-exposed H,O, but the role of this interaction decreases
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dramatically when H,O vapor is introduced into the N, feed
gas.

Therefore, using H,O vapor admixtures in N, can result in
both a higher NH; selectivity and production rate. At the same
time, it reduces the need to use liquid water as a reagent,
enabling the use of plasma setups without a direct plasma—
liquid interaction. Future studies in this field, including
optimization of the plasma setup and development of
computational models, can shed more light on the mechanisms
leading to NH; and other N, fixation products. This can
further enhance the energy efficiency, selectivity, and yield
outcomes.
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