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Nitrogen disproportionation i.e. its simultaneous conversion to compounds of higher (NO,) and lower
(NHs) oxidation states in a N, DC plasma-driven electrolysis process with a plasma cathode is investigated.
This type of plasma-liquid interaction exhibits a growing interest for many applications, in particular nitro-
gen fixation where it represents a green alternative to the Haber—Bosch process. Optical emission spec-
troscopy, FTIR and electrochemical sensing systems are used to characterize the gas phase physico-
chemistry while the liquid phase is analyzed via ionic chromatography and colorimetric assays.
Experiments suggest that lowering the discharge current enhances nitrogen reduction and facilitates the
transfer of nitrogen compounds to the liquid phase. Large amounts of water vapor appear to impact the
gas discharge physico—chemistry and to favor the vibrational excitation of N, a key parameter for an

rsc.li/greenchem energy-efficient nitrogen fixation.

Introduction

Nitrogen is one of the most abundant elements in the Earth’s
atmosphere. It is commonly found in the form of N, molecules
which represent about 78% of the earth’s atmosphere. Being an
essential component of biomolecules such as proteins or
nucleic acids, a supply of nitrogen is crucial for any form of life
on earth. Nonetheless, the triple bond connecting two nitrogen
atoms is one of the strongest chemical bonds (9.79 eV), making
molecular nitrogen gas kinetically inert and inaccessible to
most organisms. Nitrogen fixation (NF) is a natural process in
which atmospheric nitrogen is fixed into the soil or aquatic
systems (via microorganisms and lightning) in the form of
ammonia and NO,, which are accessible compounds to living
organisms. Thereafter, following a series of transformations,
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nitrogen is released back into the atmosphere in the form of N,
molecules, constituting the so-called nitrogen cycle, essential
for life. At the beginning of the 20™ century, the development
of new technologies for artificial NF enabled the rapid expan-
sion of human activity and greatly impacted the global nitrogen
cycle, using the Birkeland-Eyde process and later the notable
Haber-Bosch (HB) process, which converts nitrogen (N,) and
hydrogen (H,) into ammonia (NH;).'™ The latter is a feedstock
for the production of nitrogen fertilizers (such as ammonium
nitrate or urea), essential for modern agriculture which followed
the green revolution, but is also used as a precursor for the syn-
thesis of most compounds containing nitrogen. As an example,
ammonia is routinely converted into nitric acid (HNO;) using
the Ostwald process, which is a key precursor for the synthesis
of organic nitro compounds (Nitration).

Despite being extensively optimized, the HB process alone
accounts for 1-2% of the global energy consumption and
more than 1% of the global carbon emission (300 million
metric tons per year).®”® Additionally, it requires H, as a pre-
cursor, which is commonly produced by steam reforming of
hydrocarbons, typically methane. This makes the HB process
one of the biggest greenhouse gas emitters while being depen-
dent on a hydrocarbon precursor — mainly from fossil origin -
which is not part of a sustainable development approach.’ The
carbon cycle is resilient and thousands of years are required to
naturally absorb the excess of CO, released in the atmosphere
from human activity.'®"" This excess of CO, has already trig-
gered an uncontrollable climate drift and put an end to the
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climate stability of the Holocene. The devastating conse-
quences, such as glacier melting, sea level rise, extreme
weather events or biodiversity collapse represent an existential
threat for human civilizations.'>™® Therefore, there is an
urgent need to find a “greener” alternative for artificial NF,
one which would allow supporting the growing population
needs while reaching net-zero carbon emission and not being
dependent on rapidly depleting reserves of fossil fuels.

Non-thermal plasma based processes have been one of the
most prominent alternatives studied over the past few years for
artificial NE.®'°7* Their unique non-equilibrium properties
give them the potential to be theoretically less energy intensive
than the HB process.’ This is mainly related to the capability
of plasmas to transfer energy from hot electrons specifically to
other gas components through inelastic collisional inter-
actions. Thereby, for molecular gases, rotational, vibrational
and electronic excitations are typically transferred to mole-
cules, along with dissociation and ionization reactions,
instead of reactions based mainly on thermal energy. For nitro-
gen-based plasmas, the vibrational excitation of N, is a crucial
parameter on the molecular dissociation. In particular,
vibrational-vibrational relaxation between vibrationally excited
nitrogen molecules allows for the population of high
vibrational levels through the so-called vibrational ladder
climbing, which reduces the activation energy for N,
dissociation.**®” According to Cherkasov et al.’ High degrees
of vibrational excitation of N, is a key condition for reaching a
competitive energy cost for NF by plasma. For practical
reasons, igniting gas discharges at atmospheric pressure and
(near) ambient temperature is also more advantageous than
the HB process which is typically carried out at high pressures
(about 200 atm) and temperatures (typically 450 °C) in large
scale facilities. Plasmas can also be easily operated with renew-
able electricity as a power source, which is a way to “store” an
intermittent renewable energy supply in the form of chemical
energy.'”*®

Before developing and optimizing plasma-based systems
for NF which can be used in the chemical industry, fundamen-
tal knowledge still needs to be revealed to enable efficient and
selective synthesis of valuable nitrogen compounds such as
nitrates or ammonia. There is a great diversity of non-equili-
brium plasma sources (DBDs, gliding arcs, microwave
plasmas, DC, AC or RF discharges...) and possible gas mixtures
(using N,, O,, H,, H,0..) currently being studied for
NF.?®?°737 Amid various different designs, plasmas interacting
with water*®*™*! exhibit a particular interest and can supply
hydrogen from water molecules for the reduction of N,
(ammonia synthesis).*” It was recently demonstrated®”**~*>
that N, plasmas ignited in the presence of water vapor or on/in
liquids such as water or ethanol allow the formation of
ammonia gas or ammonium ions dissolved into the liquid.
These results were achieved using either catalyzed or non-cata-
lyzed systems, with increasing energy efficiencies over the
years. Additionally, plasmas interacting with liquids are also
known to generate NO,, which in some cases result in gas dis-
charges that can simultaneously oxidize and reduce nitrogen.
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The simultaneous synthesis of compounds containing nitro-
gen in states (compared to N,) called nitrogen disproportiona-
tion, is of high interest for the green synthesis of nitrogen fer-
tilizers. It is indeed widely accepted that a co-supply of
different nitrogen sources such as ammonium and nitrates is
critical to maximize plant growth.**™*° The synergism between
these compounds varies for different plant types. Thus, devel-
oping novel systems that allow adjusting the ratio of different
oxidized/reduced nitrogen species is essential for an optimized
synthesis of nitrogen fertilizers, in particular considering the
significant energy cost associated with its production.

A plasma-driven electrolysis, hereafter referred to as
“plasma-electrolysis” is presented in this work where pure N,
is used as the working gas. It should be noted that due to
water evaporation related to plasma-liquid interaction,
“humid N,” i.e. a mixture of N, and H,O describes the gas
composition better. Plasma-driven electrochemistry has
attracted growing attention as a method to electrify the chemi-
cal industry thereby providing novel green chemical transform-
ation processes, including NF.°°*' In this interesting
approach, hydrogen (H,) and oxygen (O,) are supplied through
the hydrogen evolutions reaction (HER) and oxygen evolution
reaction (OER) driven by water electrolysis, while the nitrogen
plasma allows excitation and dissociation of N, molecules and
their subsequent reaction with other species in the gas dis-
charge, in particular H,O molecules. As this system appears
suitable for nitrogen disproportionation, the mechanisms for
nitrogen oxidation and reduction need to be clearly under-
stood in order to control the (energy-efficient) synthesis of
specific compounds. Gas phase diagnostics are performed
using optical emission spectroscopy (OES) and industrial
electrochemical sensors (Testo Inc.) while the solution is ana-
lyzed following plasma treatment using ionic chromatography
and colorimetric assays (via UV-visible spectrophotometry).
The influence of the discharge/electrolysis current on nitrogen
disproportionation is investigated and a calculation of the
energy cost is presented. Different (initial) amounts of water
vapor are used and experiments are divided into two groups:
with “normal experimental conditions” and with “H,O admix-
tures” which corresponds to a condition with a higher amount
of water vapor. This allows studying the influence of water
vapor on the properties the discharge and its physico-chemi-
cal reactions for which different mechanisms are discussed.

Experimental section

The plasma-electrolysis process is operated using a platinum
wire (Pt, Sigma-Aldrich CAS 7440-06-4) immersed in a 50 ml
aqueous solution of NaCl (1 mM, VWR Chemical, CAS 54-21-7)
acting as anode and a pointy stainless steel capillary needle
(outside diameter 1.5 mm) acting as a “plasma cathode elec-
trode” (see Fig. 1). A DC plasma is ignited between the surface
of the solution and the capillary needle: for this purpose, a
negative high voltage ranging from 900 V to 2.3 kV is supplied
to the needle by a Technix DC generator (maximum voltage of
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Fig. 1 Schematic of the plasma-electrolysis experimental set-up. The gas lines are heated in some experiments using a heating cable maintaining a

constant temperature of 67 °C to the heated parts.

5 kV), which ignites a discharge with a current ranging from 1
to 10 mA, using a ballast resistor of 150 kQ. For all experi-
mental conditions, the plasma-electrolysis is run for 30 min.
The plasma is operated at atmospheric pressure in a closed
Plexiglas vessel filled with N, (Air Liquide, Alphagaz1) with a
constant gas glow of 1 standard liter per minute (slm). The
gap between the needle and the water surface is fixed at 0.7 +
0.1 mm during operation (including the dip induced by the
discharge on the water surface).

Before being introduced to the working vessel, the nitrogen
gas is bubbled through 250 ml of Milli-Q water in order to
increase the humidity of the feed gas. The outlet gas stream is
also bubbled through Milli-Q water which allows to collect
soluble compounds that are formed in the gas phase during
the plasma-electrolysis process. The exhaust bubbler is rinsed
and refilled with 50 ml of fresh water prior to each plasma
ignition. This bubbler, obviously, was not used when gas
phase diagnostics were required on the outflow. A heating
cable made of a tungsten wire insulated with glass wool and
connected to a voltage generator is used to heat the gas lines,
the vessel and the humidifier at a constant temperature of
67 °C (see Fig. 1).

Experiments are divided into two groups for which two
different humidity levels are used in the vessel to run plasma-
electrolysis. In the first group, referred to as “normal con-
ditions”, the heating cable is off and the nitrogen gas flows
directly to the chamber, keeping the humidifier bubbler gas
line isolated. In these conditions, the evaporation of the
working solution at 1 atm and 20 °C under a nitrogen gas flow
of 1 slm leads to an initial humidity of approximately
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0.8 mol%. In the second group, referred to as “H,O admix-
tures”, the heating cable is turned on and the nitrogen gas
inflow is driven through the humidifier bubbler, closing the
valve of the parallel gas line. This results in an initial humidity
ranging from 6 to 8 mol% (molar proportion). In this group
the working solution is introduced into the vessel a few
seconds prior to plasma ignition.

Gas phase diagnostics

In this work, the analysis of plasma at different experimental
conditions is carried out by means of OES. The spectrograph
used is an absolutely calibrated Andor Technology SR-500i-D2-
R spectrometer and an Andor DU420 CCD camera with an
opened electrode. The light is collected using an optical fiber
through a LiF window installed on the vessel and centered on
the discharge. Each optical emission spectrum is acquired
using a 2400 grooves per mm grating providing a resolution of
0.0176 nm. Each step of the scan accumulates 4 acquisitions
of 3 seconds each (full vertical binning). To perform the
measurements, the width of the entrance slit is set to 160 pm.
OES is used in this work to get a better insight on the ener-
getic properties of the plasma. This is performed by recording
the molecular spectra of the second positive system of nitro-
gen, N, (C’Il, — B’Il,) in the UV. At atmospheric pressure, the
condition of high collision frequency between atoms and
molecules is well assumed. This means that in the case of N,
molecules, each rotational population distribution is in
thermodynamic equilibrium. The population energy distri-
bution of the vibrational states can be described by the
Boltzmann distribution, too. However, the rotational and the

This journal is © The Royal Society of Chemistry 2022
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vibrational states are very likely not in equilibrium all together,
meaning that T, does not equal T,;,. With the assumption to
consider the translational temperature in equilibrium with the
excitation of N, (C’TI,), a detailed study of the N, (C*I, —
B’I1,) spectra will provide an estimation of the rotational and
vibrational temperatures. While Ty, will give a realistic
measurement of the neutral gas temperature,® T, is often
related to the dissociation efficiency of the plasma. As
suggested by Andre et al.’® in the context of DC discharge with
a liquid water electrode, only vibrational transition bands with
Av = —2 will be considered in this work. The analyses of the
recorded spectra is carried out with the help of the simulation
of the N, (C’Il, — B’ll,) together with an optimization
curve fitting routine (Fig. 2).>* The relative intensity of each
ro-vibrational transition (1”) is calculated according to,

—he [ G0 By ()
Ny - Gy - Sy e™® [ Tib ' Trot

Qvib . Qrot

v
Ly o<

with v', J' and v", J” the upper and lower vibrational, rotational
excited states respectively. N,  is the number density of N,
(C’Il, — B’Ily) in the excited state n', g, ,» is the so-called
Franck-Condon factor and S; ;- the Honl-London factor - or
line strength of the rotational state-. The latter theoretically
description is given by Kovacs for all type of transitions and
couplings.” G,/(v') is the vibrational spectral term and F,(J') is
the rotational spectral term. The latter quantities as well as the
earlier mentioned factors are either calculated or taken from
the published work by Roux et al.>® A definition of the par-
tition functions, Qi and Q. is detailed by Faure.”” The
optimization of the simulations to fit the recorded spectra is
realized using two-step non-linear algorithm. In order to
obtain reliable and accurate values of Ty, and Ty, the simu-
lated spectrum is first optimized with a global optimization
method - differential evolution — which helps to find a set of
independent variables close to the global minimum of the
minimization procedure. Based on this parameter set, a non-
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linear least-square algorithm based on the gradient method -
Levenberg-Marquardt - is used to accurately find optimum
values of Ty, and T,o. The latter approach also allows for a
reliable determination of the confident interval through the
computation of the covariance matrix. Thus in this study,
values of Ty, and Ty, determined together with their confi-
dent internal of 95%.

The composition of the gas exiting the vessel is analyzed in
real time using a Testo350 device, equipped with electro-
chemical sensors calibrated for the measurement of the
density of NO, NO, and H, in ppmv. A Vertex 70/70 V Fourier-
transform infrared spectrometer (FTIR) system is also used for
the same purpose. However, due to high amount of water
vapor and the substantial condensation in the system, the use
of FTIR was restricted and only provided qualitative
information.

The relative humidity and temperature inside the vessel are
monitored in real time using a DHT22 sensor, which is
equipped with a capacitive humidity sensor and a thermistor.
The partial pressure of H,O is determined by multiplying the
measured relative humidity with the saturated vapor pressure
Py, which is estimated using the Buck equation:

T, T,
Py = 0.61121 x exp|( ( 18.678 — 52 £4°
234.5) \257.14 + Ty

Thereafter, the partial pressure of water is divided by the
total pressure in the chamber (101 325 Pa) to obtain the molar
proportion (in mol%) of H,O in the gas.

Liquid phase diagnostics

Following the end of the plasma-electrolysis, the solution is
immediately analyzed by ionic chromatography using a 930
compact IC flex from Thermo Scientific with a DionexIlonPac
AS9-HC Analytical column for anions (NO,~ and NO;™) and a
Metrosep C6 — 250/4.0 Analytical column for cations (NH,").
Based on the NO,~ concentration measured by ionic chrom-
atography and the solution pH, the proportion of NO,  and

T T T b))
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Fig. 2 (a) Optical emission spectroscopy spectra of the N, plasma electrode for different currents and (b) fitting of the N, (C3I1, — B3l'[g) rovibra-

tional bands for the calculation of T,o; and Tp.

This journal is © The Royal Society of Chemistry 2022

Green Chem., 2022, 24, 7100-7112 | 7103


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2gc01013e

Open Access Article. Published on 30 August 2022. Downloaded on 4/4/2026 12:19:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

HNO, is determined using the pK, of the reaction: HNO, +
H,0 — NO,” + H;0".

The measurement of the concentration of NHj(aq)/NH, (aq)
in the working solution is performed with the Nessler Reagent
(K,Hgl,, Sigma Aldrich)*®*° using the following procedure:
after the plasma-electrolysis process, 5 ml of the solution is
sampled and mixed with 0.25 ml of Nessler Reagent, leading
to a very alkaline solution in which all NH,"(,q) is turned into
NHj(.q). Thereafter, ammonia leads to the formation of a
yellow-orange complex with a maximum absorption at 394 nm,
following the reaction:

NHj(ag) + 2 Hgli* (ag) + 30H  (aq)
— OH@yNH1(aq) + 717 (ag) + 2H20(aq)

The concentration of NHj,q) is subsequently estimated
using UV-VIS spectrophotometry (UV-3100PC, VWR equipped
with a tungsten and a deuterium lamp), for which a calibration
was carried out based on a standard solution of NH,Cl (Merck,
certified Certipur, 1000 mg 17'). The proportion of NHj(,q)/
NH,"(aq) is eventually evaluated based on the pH of the ana-
lyzed solution and the concentration of NHj(,q) measured by
the Nessler Reagent.

Ionic chromatography measurements were used to validate
the reliability of the Nessler Reagent method and the results
showed a relative difference of less than 10% between the two
methods.

Energy cost calculation

The energy cost is presented in Joule per mole of valuable
components generated, both in the gas phase (NO and H,)
and the liquid phase (NO,”, NO;~, NH,'). The energy con-
sumption is calculated based on the product of the discharge
current and either the voltage supplied by the generator (for
the energy provided by the generator) or the voltage between
the needle and the water (for the energy supplied to the dis-
charge) over half an hour, i.e. E(J) = I(A) x U(V) x 1800(s). This
comparison is made because a significant fraction of the
energy supplied is lost due to Joule heating in the ballast resis-
tor. The amounts (in moles) of NO, (aq), NO; ™ (5q) and NH4+(aq)
are obtained from the measured concentration (in ppm) in the
liquid phase via ionic chromatography using the following cal-
culation:

C(ppm) x 1073 x Va
M(gmol™)

N(mol) =

For NO(g) and H,(g), whose concentrations (in ppmv) at the
gas outlet were measured with the Testo350, the amounts were
calculated every second of the measurement and thereafter
integrated over the 30 min of plasma operation (i.e. 1800
seconds) as following:

1800 1 p)
N(mol) = Za X Ci(ppmy) X 107 x M
=1

Here p is the density of the gas (in g 1), M is the molar
mass (in g mol™") of the molecule studied and Cj(ppmy) its con-
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centration at each step i (in ppmv, or ul 17"). Because the
Testo350 device conducts one concentration measurement per
second and considering a gas flow rate of 1 slm, the approxi-
mation that 1/60 1 of gas is analyzed every second is made. By
multiplying the concentration by 1/60 (1) and by a factor 107°,
the volume of the measured gas (in 1) is obtained. Eventually,
the amount (in mol) is obtained by multiplying with the gas
density and dividing by its molar mass. The following standard
gas densities were used for the calculation: 1.3402 g 17! for NO
and 0.0852 g 17" for H,.

Results and discussion
(1) Simultaneous oxidation and reduction of nitrogen

In the DC discharge ignited between the needle and the water
surface, the needle acts as the plasma cathode to which the
negative high voltage is applied and the platinum wire
immersed in the conductive solution acts as the anode. Thus,
hydrogen gas is formed at the plasma-liquid interface by
reduction of hydrogen cations by solvated electrons (HER,
reaction (R1))°°"®* while oxygen is formed on the platinum
wire by the OER (R2). Besides HER and OER, the electron
impact dissociation of H,O molecules in the plasma leads
to the formation of H atoms and OH radicals (R3). The sub-
sequent recombination of H atoms in the discharge also
leads to the formation of H, (R4) in addition to its for-
mation by the HER. OH radicals are highly oxidizing in
nature and previous studies®® have demonstrated their
importance in NO, formation (in particular NO) during N,
plasma electrolysis ((R5) and (R6), Extended Zeldovich
mechanism).

2H" (a) + 26 (aq) — Hag) (R1)
2H;0(aq) — Og(g) +4H (o) + 4€ ™ (aq) (R2)
€(g) T H20(g) — Hiy) + OHg) + ey (R3)
Hig) + Hiy) — Hag) (R4)

Nag) +eg) = Nig + Nig) +€g) (R5)
Nig) + OHjy) — NO,) + Hj, (R6)

Therefore, for plasma-electrolysis performed in N,, the
supply of oxidative species (O,, OH) and reductive species (H,,
H) for nitrogen disproportionation strongly depends on the
amount of water vapor in the gas phase, which increases fol-
lowing plasma ignition. To illustrate this, the molar percentage
of H,O(g inside the vessel is calculated as a function of time
during plasma electrolysis under different currents ranging
from 1 to 10 mA (Fig. 3(c), see Experimental section for calcu-
lation details). Within 30 min, a substantial increase in the
water vapor content inside the vessel is observed, especially
when using a 10 mA current where the molar proportion of
H,O increases from less than 1 mol% up to approximately
6 mol%. This is mostly due to two reasons: first, with higher

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Temporal evolution of the (volumetric) concentration of NO (a) and H; (b) in the gas outlet of the vessel following plasma ignition and (c) the
corresponding molar fraction of H,O in the gas phase, for different plasma-electrolysis currents. The discharge is ignited at t = 0 and stopped at t =
30 min in N (1 slm) at atmospheric pressure using a water volume of 50 ml and a needle-water distance of 0.7 mm.

currents Z.e. higher powers, the average gas temperature inside
the vessel increases over the treatment time (+20 °C in 30 min
at 10 mA, +2 °C at 1 mA), which results in a higher saturation
vapor pressure, thereby increasing water vapor transfer to the
gas phase. Secondly, in addition to the increase in the gas and
plasma temperatures (see section 2.b.), the solution tempera-
ture also rises at higher discharge currents (+13 °C after
30 min for 10 mA, no change at 1 mA), which results in a
stronger evaporation of water, especially at the plasma-liquid
interface where local heating is significant.

The evolution of the water vapor content in the gas phase
impacts the discharge properties, as illustrated in Fig. 3(a) and
(b), which presents the temporal evolution of the concen-
tration of NO and H, at the outlet of the reactor vessel.
Following the initial sharp increase in the species concen-
tration after plasma ignition, a slower increase is observed
over longer periods of time and this increase is more pro-
nounced for higher currents. A clear correlation is observed
between the rise of the gas temperature, the solution tempera-

This journal is © The Royal Society of Chemistry 2022

ture, the water vapor content in the gas phase and the pro-
duction of NO and H, in the plasma-electrolysis system. It is
expected that the increase in the solution temperature
impacts liquid phase reactions such as HER and OER and
causes a higher production of H,. However, the formation of
NO occurs in the gas phase and is most likely affected by
different plasma properties caused by the increase in the
amount of water vapor in the gas phase on one hand, and the
possibly greater production of highly oxidizing species such
as OH’ radicals on the other. It is reasonable to assume that
water evaporation provides more H,O molecules which can
undergo electron impact dissociation (R3) and provides H
atoms for the formation of H, (R4) and OH’ radicals.
However, water vapor influences the discharge properties
complexly in many aspects, influencing for instance the
inelastic collisional mechanisms®®® or the electron density
and electron energy distribution function, given the different
ionization potential between nitrogen (15.58 €V)®” and water
(12.62 eV).%®
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Nitrogen oxidation

The plasma reaction between N atoms and OH" radicals is the
main route for the initial formation of NO through the
extended Zeldovich mechanism (R6). The presence of NO in
the plasma, previously measured using the Testo electro-
chemical sensing system, is confirmed by OES with the pres-
ence of NO (A’XZ* — X°TI) bands in the region 200-280 nm.
While the Testo device is equipped with NO, sensors, the
latter molecule could not be detected in any experimental con-
dition. NO, is typically formed by the reaction between NO
and O (R7), or in the presence of ozone. However, the gas
temperature (>1000 K, see section 2.b.) is too high to form
ozone in this system and the absence of O emission lines in
the optical emission spectra suggests that O atoms are also not
formed in significant amount in the discharge. Consequently,
NO cannot be further oxidized to NO, in our system. Traces of
N,O are however measured in the gas outlet of the vessel by
FTIR (see Fig. 4), but no other NO, (e.g. N,O, and N,0s) could
be identified by FTIR. With the formation of O, at the anode
(i.e. the platinum wire) which is only 2 cm away from the
plasma cathode, it is expected that small fractions of O, are
present in the gas discharge which can influence its physico-
chemistry. It is possible that NO, is an intermediary species in
the plasma for the formation of N,O through reactions with N
atoms (RS).

N0<g) + OZg) — NOZ(g) (R7)
NO,(g) + Nig) — N2O(g) + Ofy, (R8)
NOJy) + OHj,) — HNOy (R9)
NO(g) + OHj, — HNOy (R10)

In the liquid phase, nitrites (NO,™) and nitrates (NO;~) are
measured by ionic chromatography following plasma treat-

0,010 M

0,005 M—/m

Absorbance

0,000 i V¥ i,
" 1 n 1 "
2250 2200

1100 1000 900 800 700

Wavenumber (cm™)
Fig. 4 FTIR spectra of the gas flow exiting the vessel during an N, DC
plasma electrolysis process performed at atmospheric pressure with a

50 ml solution, in a water anode configuration and with a needle-water
distance of 0.7 mm.
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ment, and NO,~ ions are in this study clearly much more
abundant than NO;™ (see further on in Fig. 5). Their formation
results from the synergistic effect between gas phase and
liquid phase chemistry in the plasma electrolysis cell, in which
gaseous H,0, and NO, are transported into the solution where
they further react, even after the plasma is switched off.*
Because NO and NO, have a low solubility in water according
to Henry’s law,”° their further oxidation by OH radicals (simi-
larly to what is described in ref. 51) to the highly soluble HNO,
and HNO; species (reactions (R9) and (R10)) should be con-
sidered as one of the main mechanism for the formation of
nitrites and nitrates in the solution. The formation of signifi-
cant amounts of HNO; appears unlikely in this study (also
confirmed by the results shown in Fig. 5) considering that no
NO, is measured using the Testo system in any experimental
condition, which might explain - at least partly - the low
amount of NO;™ anions in the solution.

Nitrogen reduction

The reduction of nitrogen in the used plasma electrolysis cell
is observed simultaneously with its oxidation through the for-
mation of NH,  ions in the solution (detected using the
Nessler Reagent and ionic chromatography). Traces of NH; are
also detected in the gas outlet by FTIR (see Fig. 4). The for-
mation of these compounds can occur through several
different pathways which are still under debate in literature.
Hawtof et al.®* presented an N, DC plasma-water electrolytic
system for the production of ammonia for which a model
suggests that (activated) N, molecules are first dissolved into
the liquid where they further react in the solution with H' rad-
icals to form NH;3, with N,H as an intermediary species. In a
similar set-up, Haruyama et al.”* assumed that NH" was pri-
marily formed at the plasma-water interface from reactions
between N atoms and H,O molecules, before being further
reduced in the liquid phase to NH, and NH;. This result is
supported by the findings of Tsuchida et al. which demon-
strated that atomic nitrogen transported from a gas discharge
to a water surface has a substantial impact on the selective syn-
thesis of ammonia (in the form of NH," ions in the liquid
phase).”” In the plasma-liquid interface, which is known to be
a crucial region with a highly complex (and not yet fully under-
stood) physico-chemistry, Sakakura et al”® highlighted that
ultraviolet (UV) irradiation could enhance the formation of H"
radicals and thereby impact ammonia production. In addition,
it was suggested in”>’* that, in spite of their lower reactivity,
N,* and N," could react with dissociated water molecules at
the plasma-liquid interface and form ammonia gas.

Here, as a first observation, NH" radicals are identified in
the discharge by OES (~336 nm). There are several possible
mechanisms for their formation ((R11)-(R13)).”>7° It is likely
that the further reaction of NH" with H™ atoms in the discharge
leads to the formation of NH,  and eventually NH; (R14).
Despite the solubility of ammonia, it is expected that a signifi-
cant amount of this gas is carried away after its formation to
the gas outlet, which is confirmed by FTIR (Fig. 4), with the
identification of the specific absorption peaks of ammonia in

This journal is © The Royal Society of Chemistry 2022
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under (a) normal experimental conditions (b) and with H,O admixtures.

the region 850-1150 cm™'. Therefore, the exhaust bubbler is

used to collect ammonia assuming that it is completely dis-
solved into the solution as NH;(,q) and NH4+(aq) (R15). Following
the 30 min plasma-electrolysis, Nessler Reagent is added to the
exhaust bubbler water in order to quantify the amount of NH;
in this solution, and the total amount of NHj(aq) + NH4+(aq) is
assumed to be equal to the amount of ammonia that did flow
through it during the plasma-electrolysis process.

As a result, the estimated amount of ammonia going
through the gas outlet of the reactor accounts for 23 to 60% of
the total ammonia/ammonium formed during the plasma-
electrolysis process (see Fig. 5). It suggests that the main route
for the production of ammonia occurs in the gas phase, most
likely through the mechanism discussed previously. It is not
clear in which region of the plasma ammonia is preferably
formed, but it is possible that the plasma-liquid interface, a
region of high interest and complexity, plays a significant role
in the formation of ammonia. Furthermore, ammonia decompo-
sition occurs at elevated temperatures,”' and may be a limiting
factor for its formation within the discharge volume.

Nig) T Hig) — NHy (R11)

H,0(y) + N(*D) ) — NH,) + OHJ, (R12)
HOy(g) + Njg) — NH{g) + Oy) (R13)

NH(,, + 2H,) — NHj g (R14)

NH;(aq) + H2Onq) = NH;"(aq) + OH (5 (R15)

(2) Plasma electrolysis at low currents

In the next experiment, the influence of the discharge/electro-
lysis current (ranging from 1 to 10 mA) on nitrogen oxidation/
reduction is evaluated. A reduction in the discharge current

This journal is © The Royal Society of Chemistry 2022

naturally decreases the electron density, but nonetheless here
with a limited impact on the electron temperature. Indeed, the
decrease in the applied high voltage is counterbalanced by a
reduction in the voltage drop across the ballast resistor, result-
ing in a rather limited variation in the inter-electrode potential
difference (up to 18% variation between 1 and 10 mA, with a
tendency to increase with decreasing applied voltage/discharge
current). It should be noted that the voltage drop through the
positive column (which represents a large majority of the dis-
charge volume) is obtained after subtraction of the normal
cathode fall (estimated to be approximately 215 V).”” Next to
its influence on the discharge behavior, the use of different
currents is known to also impact the HER in the liquid phase
close to the plasma-water interface.

To study the influence of water vapor on plasma-electroly-
sis, focus is put on two hydrogen production routes: HER in
the liquid phase, and water dissociation in the gas phase. For
this purpose, two experimental conditions are defined and
experiments are divided into two groups: in the first group
named “normal conditions”, plasma-electrolysis is carried out
in a dry N, flow of 1 slm. The plasma is ignited at ambient
temperature, with an initial water content, before plasma
ignition, of around 0.8 mol% (Fig. 3(c)) which then rises up to
a few percentages, reaching a maximum of 7 mol% after
30 min of plasma electrolysis at 10 mA. In the second group
named “H,O admixtures”, all experimental conditions remain
the same as in the previous group except for the N, flow which
is bubbled through Milli-Q water (maintained at 67 °C) prior
to being introduced in the vessel. In this group, the gas lines
and the vessel are also kept at 67 °C (see Fig. 1) to prevent con-
densation and to maintain the ambient gas temperature at a
constant value at which the saturated vapor pressure is higher.
The resulting water content in this group ranges from 6 to
8 mol% prior to plasma ignition, and above 13 mol% at least
after 30 min of plasma electrolysis in all conditions studied. A
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precise number could not be obtained because the relative
humidity and gas temperature reached values above the sensor
boundaries. All experiments are carried out using a treatment
time of 30 min.

Selectivity of nitrogen compounds

The nitrogen compounds of interest i.e. NO,”, NO;~, HNO,
and NH," in the activated water and NO and NH; in the gas
outlet are quantified directly after the 30 min plasma electroly-
sis process. The molar fraction of each species with regards to
the total amount formed is presented on Fig. 5(a) for normal
conditions and on Fig. 5(b) for conditions with H,O admix-
tures. Although the decrease of the discharge current lowers
the electron density and thus the amount of nitrogen fixed, as
confirmed by the experimental results, a clear difference is
observed in the relative proportion of each synthesized com-
pound. Firstly, the liquid/gas phase ratio of nitrogen com-
pounds drastically decreases as the discharge current increases
(Fig. 5). This means, at lower currents the loss of nitrogen com-
pounds to the gas phase is reduced, hence more of the fixed
nitrogen is trapped in the liquid. This illustrates that a
reduction in the “losses” of nitrogen compounds to the gas
outlet is obtained when using lower currents, with a better
transfer of nitrogen species from the gas phase to the liquid
phase. The higher amounts of NO in the “H,0O admixture”
group can be explained by the (probably) higher amount of
OH radicals in the gas discharge, resulting from the high
amount of water vapor. This increase in the production of NO
directly causes a globally higher conversion of nitrogen for this
group, with a conversion ranging from 8.12 x 107° to 5.69 x
107> (increasing along with the discharge current). In compari-
son, the conversion rate ranges from 4.72 x 107° to 2.43 x 107>
for normal conditions.

Overall, the decrease in the discharge current increases the
proportion (in moles) of reduced nitrogen compounds in the
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fixated nitrogen (Fig. 6(a)), with a molar proportion increasing
from 15 mol% at 10 mA to approximately 35 mol% at 1 mA.
Similar trends, regarding reduction vs. oxidation selectivity are
obtained for both normal conditions and with H,O admix-
tures, indicating that this tendency is close to independent for
the initial humidity in the gas phase and depends mainly on
the discharge current. Nitrogen reduction is here possibly
favored by a proportionally higher supply of N atoms to the
plasma-liquid interface with a reduced presence of oxidative
species.”” Hence, NH" may be subsequently forming in this
region before being further reduced in the liquid phase to
NH,/NH,".

Yet, though only significant at currents above 2.8 mA, the
molar ratio of ammonium ions to ammonia gas is slightly
higher when the plasma-electrolysis process is performed at
high water vapor contents (H,O admixtures, Fig. 6(b)). The
reason for this tendency is unclear, but it may be related to a
higher supply of reactive reducing species (in particular H
atoms) at the plasma-liquid interface.

Discharge properties

To understand how the variation of the discharge current and
the water content affects the plasma properties, OES is used to
acquire and fit the N, (C’II, — B’Il,) emission bands and to
estimate the rotational (T,,) and vibrational (7,;,) tempera-
tures of N,. In the present N,/H,O plasma-electrolysis system,
it is reasonable to assume a Boltzmann distribution for the
rotational states of N,(C), a necessary condition for the
approximation Ty = Tgas thus allowing the estimation of the
gas temperature.>® In this study, for both experimental con-
ditions, T}, is estimated to be approximately 1500 K at 10 mA,
and decreases with the decrease in current. A drop of 500 K
and 300 K down to 1 mA in average for normal conditions and
for H,O admixtures respectively, owing to a lower electron
density and thermalization of the discharge.”®

1 0 T T T T T T T T T T

- —=— Normal conditions
——H,0 admixtures .

—

nNH 4+ (aq) /nNH, (g)
S

1 1 1 1 1

0 2 4 6 8 10

Discharge current (mA)

(a) Molar proportion of reduced nitrogen species in the fixated nitrogen (b) molar ratio of ammonium (measured in the plasma electrolysis

beaker) to ammonia gas, for different discharge currents and experimental conditions.
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In normal experimental conditions, while T,;, exhibits a
similar behavior as Ty, the ratio Ty;,/Ti: increases slightly
with the discharge current, from 2.03 to 2.52, which may indi-
cate higher non-equilibrium properties for the plasma at high
discharge current, which is assumed to be more favorable for
an efficient nitrogen fixation. A much stronger difference is
however observed when experiments are performed with H,O
admixtures. While Ty, in both conditions remain in a very
similar range, the estimation of T,;, shows much higher values
for H,O admixtures, with an increase of ~1000 K compared to
that under normal conditions. T, appears to slightly increase
at lower currents, providing two maximums at the extremes of
the range of currents studied: 1 and 10 mA. However, it should be
noted that the raio T.;,/T;o, linearly increases here with decreasing
current, ranging from 2.52 at 10 mA to 3.05 at 1 mA. While T, is
only representative of electronically excited species and thus only
partially define the plasma properties, the increase in the ratio
Tyin/ Tror SUggests favorable experimental conditions for NF since
vibrational excitation of N, is essential for its efficient dissociation
whereas gas heating, which depopulates the vibrational states
through vibrational-translational relaxation, is counterproductive
and should be reduced. This is particularly important to promote
vibrational-vibrational relaxation (vibrational ladder climbing) to
populate high energy vibrational levels.>®

Energy cost

Fig. 8 presents the calculation of the energy cost in MJ mol™*
for the production of the nitrogen compounds of interest
described in the previous section -for different discharge cur-
rents and water vapor contents. At first if one considers the
complete system, it appears evident that the energy losses due
to Joule heating in the ballast resistor, a phenomenon pro-
portional to the square of the electrical current, can be reduced
by lowering the latter. While 74% of the energy is converted to
heat in the ballast resistor at 10 mA, it represents only 17% at
1 mA. If the energy deposited to the discharge is solely con-
sidered (by considering the voltage between the needle and the
water, see Experimental section), the reduction in the discharge
current also leads to an improvement in the energy efficiency
(down to about 100 MJ mol™* in normal conditions, see
Fig. 8(a)). This correlates with the increase in the T;,/T;o; ratio
and thus of the non-equilibrium properties of the discharge
with the increase in discharge current under normal conditions
as previously discussed. It might be assumed that the propor-
tionally higher vibrational excitation of N, favors its dissociation
and allows for an improved system energy efficiency, as already
pointed out in the literature.”*>***>”® However, as simul-
taneous increase of atomic hydrogen and OH occur also at high
humidity in the discharge, further research should be carried
out in order to separate the different variables.

Interestingly, when experiments are started with a high
water vapor content (H,O admixtures), the relationship
between the energy efficiency and the discharge current is
completely different, if one considers only the energy de-
posited to the discharge. As shown on Fig. 8(a), the energy
efficiency reaches a minimum on both extremes of the current

This journal is © The Royal Society of Chemistry 2022
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range Le. at 1 and 10 mA, and is higher in between. Although
this tendency is not fully understood, the lowest energy cost is
here correlated to T.;,, which is highest for 1 and 10 mA
(Fig. 7). It should be noted that the energy efficiency is globally
higher (i.e. the energy cost is lower) for the conditions with
H,0 admixtures. This is also correlated to T, which is glob-
ally much higher compared to normal experimental con-
ditions. The best energy efficiency that could be obtained, with
regards to nitrogen compounds, is 61.6 MJ mol™, which is
reasonable for an experimental reactor designed for the
purpose of fundamental studies, even though it is still about
100 times higher than the Haber Bosch process.

If H, gas, a valuable side product of the process, is also con-
sidered (Fig. 3(b)) in the calculation of the energy cost, a
similar tendency is obtained, with the exception that in
normal experimental conditions, the lowest energy cost is also
obtained at both 1 and 10 maA, if the energy deposited to the
plasma is solely considered. This is most likely related to the
high water evaporation and thus higher hydrogen production
at 10 mA. The lowest energy cost calculated for fixated nitrogen +
hydrogen is 26 MJ mol™*, which is significantly better but not
yet competitive. However, the cogeneration of nitrogen com-
pounds and hydrogen gas becomes more attractive when the far-
adaic efficiency for H, formation is estimated. For this purpose,
the theoretical amount of Hy(g) which is expected to be formed
in an ideal electrolysis is calculated using the relation:

I(A) x £(s))

)= LA XHS)
rar (mol) 2 x F(A s mol ™)

I (in A) refers to the plasma-electrolysis current, ¢ (in
seconds) to the duration of the process and F (in A s mol™) to
the faradaic constant. For a plasma-electrolysis process of
30 min, the amount of hydrogen that should ideally be formed
ranges from 9.33 x 107° to 9.33 x 10> mol for currents
ranging from 1 to 10 mA. When the amount of hydrogen (in
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Fig. 7 Rotational and vibrational temperatures of N, in the discharge at

different plasma-electrolysis currents and for different experimental
conditions.
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mol) measured using the testo350 device is divided by these
values to estimate the faradaic efficiency in each experimental
condition and in each group, values ranging from 143 to 366%
are obtained (Fig. 8(c)). These unexpected values are probably
due to the high production of hydrogen in the plasma follow-
ing electron impact dissociation of H,O, in parallel to the
HER. The generally higher faradaic efficiencies obtained for
the group “H,O admixtures” confirms this point. This result
illustrates that plasma-electrolysis systems could have a great
potential for the cogeneration of nitrogen compounds and
hydrogen, and industrially optimized reactors could become
competitive compared to the Haber-Bosch process with
regards to the hydrogen supply.

Conclusions

In this study, a N, plasma-electrolysis system was used to study
the disproportionation of nitrogen, opening the possibility of a

710 | Green Chem., 2022, 24, 7100-7112

carbon-free synthesis of ammonium nitrate with nitrogen gas
and water as precursors. Experiments have highlighted that
ammonia is formed mainly in the gas phase through multiple
pathways which benefit from the hydrogen evolution reaction
at the plasma-liquid interface on one hand, and from electron
impact dissociation of H,O molecules on the other, with fara-
daic efficiencies for hydrogen formation above 100%. The
reduction of the plasma-electrolysis current from 10 mA to
1 mA enhanced the reduction of nitrogen as opposed to its oxi-
dation, and seemed to aid the transport of more nitrogen com-
pounds to the liquid phase (in the form of stable secondary
species such as NO,, NO;~ and NH,").

The amount of water vapour in the gas phase, which
increases following plasma ignition, had a significant impact
on the discharge properties. In particular, the energy cost for
nitrogen fixation was lower with higher humidity (61.6 MJ
mol™"). Temperature calculation from OES suggests that
increasing the amount of water vapor in the gas phase
enhances the vibrational excitation of N, molecules. However,

This journal is © The Royal Society of Chemistry 2022
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it also raises the question of the interpretation of data solely
from electronically excited species, which only partially
describes the discharge. Future work on nitrogen fixation by
plasma will require use state of the art plasma diagnostics in
combination with calculations to precisely understand the
vibrational kinetics of nitrogen. For plasma interacting with
liquid, one of the biggest challenges that is yet to overcome
concerns the highly complex plasma-liquid interface, which is
of great interest.
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