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ARTICLE INFO ABSTRACT
Keywords: Ammonia (NHj;) is the most crucial industrial chemical feedstock for producing fertilizers and is a promising
Plasma future hydrogen carrier. Recent research has spurred for the development of alternative green and sustainable
Ammonia ammonia production technologies. Cold plasma technology provides a clean, sustainable method for nitrogen
Catalysis (N,) conversion into active species for ammonia synthesis. Synergistic action of cold plasma and catalyst
Elrxl:trfiiable has significantly improved the current production rate and selectivity. Present energy consumption (2.1 MJ
mol N71) for N, fixation via plasma-assisted technology is still higher than the commercial process (0.7 MJ
mol N-1), while a further improvement would be game-changing. In this review, we explain the takeover by
plasma-assisted technology and its potential for green and sustainable ammonia production. We briefly present
that the major challenge in nitrogen fixation of N, to NO, as an intermediate pathway, can be addressed by
plasma technology via NO, transformation into targeted NH; product. We discussed the emerging plasma
and catalysis synergism, mechanisms involved and highlighted current research development in selective
ammonia generation. Finally, we outlined the ways to achieve cleaner and sustainable ammonia production
and challenges in future work.
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1. Introduction

Hydrogen (H,) as an energy source has grabbed much attention
for achieving net-zero emission [1,2]. However, difficulty for hydrogen
liquefaction technology, high diffusive and flammable characteristics,
transport and storage challenges remain the critical bottlenecks [3,4].
For instance, liquefaction alone is highly energy intensive as 1 kg
production in current electrolyzer requires 50-56 kWh of energy input
that leads to 26-30 kg of CO, emissions [5]. Alternatively, several
chemical energy carriers having high energy densities such as ammonia
have been proposed [6]. Ammonia offers several advantages in terms of
facile storage, transportation which can also be produced by renewable
energy sources like water electrolysis, wind, and solar energy [7].

Ammonia (NH;) is one of the most important chemical products in
human life [8]. It is primarily used for fertilizer production, making its
great contribution to sustaining the growing global population [9,10].
In tandem, NH; has emerged as an energy carrier due to its remarkable
hydrogen content (17.6 wt%) and prominent volumetric hydrogen
energy density (3 kWh g=1) [11,12]. Its facile liquefaction either using
compression (1 MPa) at room temperature (1 MPa at 298 K) or through
chilling to 240 K at ambient pressure (0.1 MPa) allows its easy storage,
transportation, and distribution at grid scale energy-effective and cost-
affordable [4,13]. Therefore, green synthesis of NH; is a global focal
point, aiming not only to maximize the agricultural yield but also to
serve as an energy carrier in pursuit of carbon neutrality.

Currently, nearly all of the globally manufactured NH; (~200 mil-
lion tons per year) is produced from N, and H, via the Haber-Bosch
(H-B) process which is heavily reliant on fossil fuels [14]. After opti-
mization over a century [15], the H-B process has outperformed and
outcompeted other existing processes in terms of energy consumption,
such as the Birkeland-Eyde process using electrical arcs, and the Frank—
Caro cyanamide process (Fig. 1a) [16]. However, these methods have a
massive carbon footprint and therefore, an alternative and sustainable
technology is highly desirable.

Cold plasma-assisted technology has been pursued for green NH;
production which is presumably one of the most environment-benign
and cost-effective methods available [17]. Plasma technology has the
ability to generate highly energetic electrons, vibrationally-excited
species and radicals enabling the break the highly stable triple covalent
N, bonds (bond energy 946 kJ mol~! due to a large molecular orbital
energy gap of 10.82 eV) (Fig. 1b) [18]. Coupling with an appropriate
technique (for example, electrochemical nitrogen oxide reduction reac-
tion - NO,RR), the generated NO,/NO} species can be converted into
targeted NH; at a high reaction rate through thermodynamically fea-
sible reactions (Fig. 1c) [19,20]. Cold plasma technology readily inter-
faces with renewable energy sources, facilitating the synthesis of green
NHj suitable for both agricultural fertilization and energy applications
(Fig. 1c). Moreover, nitrogenous compounds present in agricultural
run-off represent viable precursor species for plasma-assisted ammonia
production. However, there exist certain limitations in the field of
plasma-assisted ammonia synthesis, such as relatively low selectivity,
yields and competitive reactions [21]. Nevertheless, this technology
still exhibits huge potential for effective nitrogen fixation representing
the frontier for sustainable and eco-friendly NH; synthesis.

Off late, there has been an upsurge in the review articles discussing
ammonia synthesis. The majority of them summarize the state-of-
the-art, methods such as chemical and electrochemical, detailing the
mechanistic insight and the contribution of catalytic materials design
for performance enhancements [4,17,22-24]. A few have archived the
plasma related studies for NH; synthesis via NO, reduction [1,25,
26]. However, cold plasma-assisted NH; synthesis via NO, has huge
potential and deserves intensive exploration. Meanwhile, there are un-
certainties in the prospects of uninterrupted NO,/NO_ inflow that can
be significant for NH; production. In this context, cold plasma-assisted
technology is a promising and sustainable approach for producing
NO, at mild conditions forging the clean pathway towards ammonia
synthesis. Within this scope, we aim to timely review the current
understanding and status of cold plasma-assisted NH3 production by
consolidating research findings in the recent literature.

Herein, we first shed light on whether plasma-activated NO, syn-
thesis can be a feasible pathway to fix the nitrogen into ammonia.
Then we will highlight the synergistic action in the plasma-catalysis
method to achieve NH; synthesis under mild conditions. Our discussion
will also highlight the unique reaction characteristics and mechanisms
in the presence of a catalyst leading to enhanced ammonia produc-
tion with low energy consumption. Then the reader is familiarized
with different types of plasma processes for nitrogen fixation. We also
identify the underpinning mechanism that leads to improved selective
NH; production in plasma-assisted technology. Finally, we will try to
overview energy consumption and propose renewable energy-based
plasma-assisted nitrogen fixation technology at the large-scale level
that has a low carbon footprint. We will also discuss the opportunities
and challenges.

2. Challenges in ammonia production by conventional and recent
processes

2.1. Haber-Bosch process

As discussed, the current global demand for ammonia is met by the
conventional H-B route, wherein the ammonia is synthesized through
chemical reactions of N, with H, (Eq. (1)) [4].

N, +H, — 2NH; (AHy95 ¢ = =92 kJ mol™! N,) )

In 1908, the H-B technique was successfully established at large-
scale industrial applications as N, fixation process [27]. Along with the
essential requirement of pure feed gases provided by steam reforming
and air separation methods (Eq. (1)), this process also requires high
temperature (400-500 °C) and works at high pressure (~30 MPa) in
the presence of iron-based mixed oxide catalysts [28] (Fig. 2a). An
optimized, commercial H-B plant can produce ~2000 tons NH;/day,
and the efficiency of the process is known to decrease upon down-
sizing. Conventional H-B process has a theoretical minimum energy
input of 22.2 GJ /ton-NH; which subsequently produces 1.2 t-CO,
/ton-NH; [29].

Despite optimization efforts, the large-scale swinging temperature
and pressure result in high energy consumption (1%-2% of the global
energy) and emission of about 1.5-3.1 ton-CO, /ton-NH; leading to the
generation of almost 500 million tons of CO, in a year [30]. The 80%
of the energy consumption was majorly related to the H, formation.
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Fig. 1. (a) Progress in nitrogen fixation processes and their energy consumption profile. The green line indicates the theoretical minimum energy consumption (20.1 GJ t-NH;") [16].
(b) Cold plasma-assisted activation of stable N, molecule forming reactive nitrogen species in plasma zone [18]. (c) Illustration of emerging cold plasma-assisted catalytic pathway
for NO,/NO; generation and its coupling with electrochemical methods for facile NH; production. The synthesized NH; can be utilized for agricultural fertilization and energy

applications.

Such threats to the environment surged the need for renewable energy-
based H, production which is also linked with the future hydrogen
society [31]. However, if production of NH; is carried out by the
renewable energy-based H, source, such a typical plant’s production
would be merely <10 tons NH3/day which is almost 200 times less
than the conventional H-B process [1].

An appropriate catalyst during thermal catalytic ammonia synthesis
can offset this enormous kinetic barrier and can bring the thermo-
dynamically suitable conditions [32]. Breakthrough in the catalyst
development facilitated the dissociation of strong N=N triple bond
by back donation of d-electrons from transition metals into the IT
antibonding orbital of N,. On the other hand, chemical looping syn-
thesis offers opportunities for NH; production at low-temperature via
hydrogenation or hydrolysis reactions (Egs. (1) and (2)) [33].

N, + H,0 - 2NHj; + 3/20, (AHyeg ¢ = 765.6 kI mol™' N,)  (2)

2.2. Electrochemical methods

By far, most research efforts have been devoted to exploring the
electrochemical processes for nitrogen fixation and ammonia synthesis.
Initially, a direct approach under strict environmental conditions (gas-
tight stainless steel autoclave, high N, pressure of 50 atm) using Li as
a mediator was explored for NH; generations [37]. Since then, this
method has evolved to a great extent in order to achieve sustainable
ammonia production. For example, direct electrochemical nitrogen
reduction reaction (eNRR) operated under mild conditions (ambient),
eliminating the dependency on pure hydrogen with water electrolysis
as an alternative, feasible for delocalized production and distribution
has been explored [38-40]. Lately, extensive research has been con-
ducted in this field, due to its compatibility with syndicate renewable
energy sources (Fig. 2b) [34]. A continuous-flow reactor is a typical
design representing an electrochemical cell that uses an electrolyte
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Fig. 2. (a) Schematic illustration of Haber-Bosch process in nitrogen fixation into ammonia [34]. Steam reforming for H, production and air separation for purified N, are the
key steps that eventually produce CO, and lead to high energy consumption. (b) Electrochemical set-up run via renewable energy for nitrogen transformation reaction [35]. The
figure on the right demonstrates the expanded view of the continuous-flow electrochemical configuration. Nitrogen and hydrogen gases are directly fed into the electrolyte interface
to react and NH; is collected at outlet. (c) Alkali earth metal hydride (AH) used in chemical loop process (AH-Cl) which reacted with N, forming A-N-H [33]. In the next step,
A-N-H undergoes the hydrogenation reaction that produces NH; and regenerates AH. Electron flow is indicated. (d) Overview of MgO assisted chemical looping which undergoes
reduction reaction after reacting with CH, and produces Mg metal that combines with N, to yield Mg;N,. The produced Mg;N, yielded NH; after hydrolysis and restored MgO

for the looping process to continue [36].

chamber where gaseous reactants could be directly fed to one side of
the electrode while electrolyte was fed on the other side and NH; is
collected after their reaction (Fig. 2b) [35]. Despite these advantages,
eNRR is intrinsically limited by its ineffectiveness in breaking the stable
N, and highly competitive adverse hydrogen evolution reaction (HER)
occurring in the same potential window at faster reaction kinetics [41].
While the NHj yield rate which typically ranges from <10~ to <10711
mmol s~! em~2) at variable Faradaic efficiency (50%-100%), a complex
set-up and conditions are essentially required to achieve high efficien-
cies [42]. Additionally, low solubility of N, in aqueous solution may
lead to low NHj selectivity and scalability [34,43]. Therefore, these
methods alone has become stagnated and cannot achieve competitive
NH; synthesis [44].

The electrochemical methods are attractive due to their feasibil-
ity for onsite NH3 production which significantly can eliminate the
transportation cost. However, low yield of ammonia and contamination

are the major drawbacks. Recently, Li-mediated nitrogen reduction has
been reported with 100% of faradic efficiency while it has industrially
relevant current densities have also been achieved [42,45]. However,
to compete with H-B process, significant work is still needed in this
field [46].

2.3. Alkali and alkaline earth metals for NH; generation

Application of alkali and alkaline earth metal hydrides (AH) and
imides (ANH) has been extensively studied for NH; generation which
is generally associated with the chemical looping process. In this pro-
cess, hydridic H from AH reacts with nitrogen and forms ANH [33].
The formed ANH undergoes hydrogeneration via disproportionation of
dihydrogen producing NH; and regenerating AH (Egs. (3) and (4))
(Fig. 2¢).

4/xAH, + N, — 2/xA,NH + H, 3)
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2/xA,NH + 4H, — 4/xAH, + 2NH, &)

These step-wise reactions can possibly facilitate the NH; synthesis
that is hard and can only be achieved in thermo-catalytic processes [4].
It should be noted that ANH may convert to nitride, amide, nitride
hydride, or nonstoichiometric compounds under certain reaction con-
ditions [47]. Interestingly, the AH mediated chemical loop can be
catalyzed by late 3d metals such as Ni, Co, Pd, Ru, etc. In such a
combined process of transition metal and alkaline earth metal, the
scaling relationship of metal-catalysis can be overcome facilitating
ammonia synthesis with high activities at lower temperatures [48].
The AH (Li, Ca, Sr, Ba, Mg) as a strong reducing agent removes the
N atom from metal or its nitride and provides an immediate H atom
to form ANH, (eg, LiNH,) which splits H, heterolytically to give off
NH; [47,49]. It was estimated that, with addition of LiH at 573 K
the ammonia synthesis rates are enhanced by up to 3 to 4 orders of
magnitude in comparison to bare catalyst [50]. Recently, plasmon-
assisted magnesium-based nanomaterial was utilized in a chemical
looping. In a cyclic reaction pathway, the MgO was reduced to Mg
which upon combining with N, yielded Mg;N,. Finally, the as formed
MgsN, is hydrolyzed to yield NH; and restore MgO for subsequent
reaction loop (Fig. 2d) [36].

Increasing efforts have also been observed in Li-mediated electro-
chemical nitrogen reduction reaction (LiNRR) which aimed to produce
NH; at renewable energy harvesting sites [51]. Such a method, is
usually conducted in ethanol containing nonaqueous electrolyte and
catalyst (as working electrode) leading to nitridation, protonation and
electro-reduction of Li metal to form NH; [52]. Li and co-workers
systematically investigated that at 20-bar N,, a small amounts of O,
(0.5 to 0.8 mol%) in the feed gas enhanced the FE of up to 78.0 + 1.3%
with 11.7 + 0.5% of energy efficiency [53]. Recently, it is argued that
such lithium-mediated nitrogen reduction reaction methods can effec-
tively produce NH; even in ambient conditions (25 °C, 1 bar), while
low intrinsic energy-efficiency (up to ~28%) remains a challenge [54].
Overall, the inclusion of alkali metal offers a suitable strategy for
ammonia synthesis via electron-rich N, H, intermediates.

Furthermore, there are several other scientific and technical chal-
lenges making reliable detection troublesome. Since, the amount of
NH; produced is usually so small, it is challenging to firmly attribute its
generation from electrochemical nitrogen fixation process rather than
contamination from surroundings. For instance, ambient air contains
non-negligible concentration of NH; ranging from 0.05 to 250 part
per million (ppm), human breath contains 0.3-3.0 ppm which may
accumulate in the experimental set-up and interfere with the detec-
tion [55]. Even the high-purity N, gas may also contain content of NH;
or NO,. There can be other sources of contamination such as separating
membrane or electrolyte which may release ammonium ions (NHI) or
from the catalyst itself [56,57].

While these experimental artifacts are being recognized, concerted
attempts are also being made to develop benchmarking protocols for
eliminating the sources of contamination. Andersen and co-workers,
developed a rigorous procedure using quantitative isotopic measure-
ments that enabled to reliably detect and quantify the electrochemical
reduction of nitrogen to ammonia [55]. It is anticipated that such
methods can help to prevent false positives from appearing in the
literature reporting erroneously high reported faradaic efficiency (FE),
and ultimately aid in the development of more efficient processes that
yield substantially larger amounts of ammonia. In other cases, passing
the feed gas through appropriate adsorbent and control experiments
with argon may limit the almost inevitable contamination of the feed
gas [58].

Chemical Engineering Journal 498 (2024) 154920

3. Cold plasma technology and its assistance in ammonia produc-
tion

It is evident that there are several challenges that are being observed
during the synthesis of NH; using existing technologies. The direct
N, fixation into NH; reaction kinetics is sluggish and the energy
requirement to activate inert N, is relatively high. Assistance of cold
plasma technology can overcome such challenges. In general, plasma
activation involves the application of electrical discharge that selec-
tively heated the constituting feed gas electrons (e~) due to their small
mass, which upon excitation collides with neighboring gas molecules
(0,5, Ny, CO,, etc.) leading to their ionization and dissociation [59].
The resultant excited species (ions, radicals) participate in subsequent
reactions and form new molecules. Therefore, thermal nonequilibrium
is developed between the as-formed energetic e~ (approximately of few
eV, i.e., several 10 000 K) and the gas molecules (at room temperature).
Consequently, localized and highly reactive environment-like condi-
tions were created that led to the proceeding of thermodynamically
unfavorable chemical reactions such as splitting of ultra-stable N=N
bonds [60]. Plasma activated N, or air and H, then form reactive
species such as N;, N3, N atoms, H atoms and H; which subsequently
reacts among each other and form NHj.

Since plasma chemistry can dissociate the highly stable N=N bonds,
attempts have been made for its use as NH; synthesis [17,61]. Addition-
ally, there are several positive impacts of plasma-assisted technology
as a viable alternative for ammonia synthesis and nitrogen fixation: (i)
feasibility to operate under ambient environmental conditions eliminat-
ing swinging in temperature and pressure requirements, (ii) it can be
easily coupled with any renewable energy, (iii) theoretically, the cost of
the energy for plasma-assisted nitrogen fixation is estimated to be the
lowest among contemporary technologies, and (iv) it does not release
greenhouse gases into the environment.

Ease of operation and coupling with renewable energy sources
meets the decarbonized NH; synthesis target [62]. It is worth noting,
that electricity-powered plasma discharge can be easily turned on/off,
and therefore its integration with an intermittent supply of renewable
electricity sources is more befitting [63]. The facile operation makes it
decentralized in contrast to the centralized H-B process. Furthermore,
there are many more advantages which will be discussed in detail in
the later sections.

Cold plasma can be mainly classified as low-pressure plasmas and
non-equilibrium atmospheric pressure plasmas. Atmospheric plasmas
are of interest due to their characteristic discharge playing a major
role in surface reactions. Nevertheless, due to the high absolute number
density of reactants, higher production rates and number densities of ni-
trogen fixation can be achieved compared to thermal and low-pressure
plasmas [23].

Initial attempts for N, fixation into NO, and NH; were related to the
use of glow discharge in 1929 [64] after which the subsequent decade
witnessed the development and utilization of other types of discharges.
Afterward, radio frequency and microwave plasma became the major
focus (1989) [65] for NO, and NH; production which were followed
by recent dielectric barrier discharge (DBD) systems [26]. Each of these
plasma types exhibits a different discharge profile, power consump-
tion and maintains their own distinct discharge zone with different
reactor configurations leading to different results in nitrogen fixation.
Amongst all, radio frequency (RF) and microwave (MW) typically
work at sub-ambient pressures and exhibit elevated gas and electron
temperatures, therefore considered as thermal plasma. As a result, a
notable concentration of atoms and excited species can be achieved,
albeit with a reduced species density [66]. Consequently, these plasmas
have a higher capacity to augment the reactant conversions facilitating
ammonia synthesis, while bringing low energy efficiency (0.01 to 0.3 g-
NH3/kWh) [67]. Furthermore, operating RF and MW plasmas at higher
power densities may entail heightened energy consumption.
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Recent investigations showed that pulsed discharge systems can
foster the non-equilibrium plasma state which in turn can facilitate
the yielding of comparatively lower gas temperatures exhibiting higher
reactivity at minimal energy input. For instance, the adoption of pulsed
discharge over continuous modes amplified the ammonia energy effi-
ciency within an RF reactor up to 7.7 g-NH;/kWh [68]. However, in
the continuous mode reactor, the produced ammonia has enough time
to diffuse back into the plasma discharge zone and undergo dissoci-
ation via electron impact. Therefore, the pulsed mode is considered
to be a better option as it extinguishes the plasma before ammonia
diffusion and enhances ammonia synthesis concurrently consumes less
energy [67].

Apparently, a reverse correlation between N, fixation and energy
consumption is seen in the literature. Minimizing the energy input
is often accompanied by a low N, fixation. As of now, DBD plasma
system stands out for its operation at atmospheric pressure, which
lends it a high degree of production. The versatility of modulating
the voltage magnitude, and discharge current has been found crucial
for high energy conversion rate. However, the formation of microdis-
charges and their uneven distribution may affect the consistency of
the reaction [69]. Besides DBD reactors, plasma generated under low-
pressure conditions using microwaves has also been proven to accel-
erate ammonia synthesis. Unlike the DBD reactor, microwave plasma
can also generate spatially and temporally uniform plasma. Yet again,
microwave plasma systems suffer from high energy input power. Var-
ious studies for this purpose with the reported efficiency and energy
consumption are summarized in Table 1 (NO,) and Table 2 (NH3). An
overview is presented in the following section discussing the types of
plasma reactors for enhanced NO,. production.

(a) Dielectric barrier discharge (DBD): The DBD plasma approach
is one of the most commonly used technologies presumably due to

its simplified reactor design (a continuous reactor) (Fig. 3a) [95].
It is operated at atmospheric pressure by applying an AC potential
difference between two electrodes wherein one of electrode is covered
by a dielectric barrier. The high breakdown voltage at atmospheric
pressure provides the narrower discharge gaps and volumes compared
to low-pressure plasmas. Despite exhibiting lower ionization rate in
DBD reactor, the cumulative population of ionized and excited species
at atmospheric pressure exceeds that at low pressure [67]. The simple
design of DBD reactors makes them suitable for large-scale applications
and therefore has been implemented in industries such as ozone syn-
thesis [96]. Contrarily, the energy efficiency for nitrogen fixation at
large-scale is still low.

Furthermore, DBD plasma systems are feasible to couple with cat-
alytic a catalyst preventing the arc discharges from damaging the
catalyst surface [26]. More electrons are generated through this pro-
cess, causing electron avalanches to form discharge channels. For such
reasons, energy efficiency in DBD plasma can sometimes be enhanced.
Consequently, the system is extensively explored for ammonia synthesis
and nitrogen fixation. For example, a DBD reactor packed with different
catalyst support materials (a-Al,03, y-Al,03, TiO,, MgO, TaTiO3, and
quartz and Cu wool) was tested for NO, production wherein the best
results were obtained with a y-Al,O5 catalyst [73]. Adaptations like
metal-based wool or rod catalysts as inner electrode and wire gauze as
outer, have also been introduced while the basic configurations remain
the same as shown in Fig. 3b [23]. However, the obtained energy cost
was high (18 MJ/mol N) and the product yield was low (0.5 mol%) due
to presence of excessive energetic electrons which in led to dissociation
instead of vibrational excitation [1].

Roy and co-workers found that the modification of DBD reactor
(electrode gap over water surface) improved the distribution of mi-
crodischarge that not only resulted in the selectivity (98% for NO3) but
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Table 1

Overview of nitrogen fixation and energy consumption for various plasma configurations.
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Plasma configuration Yield Energy consumption
Nitrogen oxide (NO,) species

Spark discharge [72] 1% NO, 2.41 MJ/mol
Packed DBD y-Al,05 [73] 0.5% NO, 18 MJ/mol NO,
Pulsed milliscale GA [74] 1% NO, 10 kWh/kg NO,
Transient spark discharge [75] NO, NO, 8.6 MJ/mol N
Sliding plasma discharge [76] NO (160-1040 mg/L) 24-67 MJ/mol NO
ns-pulsed spark discharge [77] NO, NO, 5-7.7 MJ/mol NO
RGA plasma reactor [78] 5.5% NO, 2.5 MJ/mol

GA plasma [79] 1.5% NO, 3.6 MJ/mol NO,

ns-pulsed spark discharge [80]

GA + MW plasma [81]

DBD/Spark discharge [82]

DBD TiO, [83]

Spark discharge [84]

DBD + 3-stage spark discharge [85]
High frequency spark discharge [86]
DBD [86]

Pulsed plasma jet [87]

Pulsed milli-scale GA [88]

Rotating arc plasma [89]
Liquid-phase bubble pin-plate spark discharge [90]
Reverse vortex flow GA [91]
Plasma jet [92]

DBD MnO, /Al 0, Packed-Bed [93]
MW [94]

NO, yield at ca. 1.35 mmol/h
8670.2 pg/mL NO7

1.62% NO, )

24.5 mg/L NO

1.8%-3% NO,

4500 pmol/min NO;

1.25% 1.65% NO,

0.25% NO,

0.02% NO,

1%-2% (NO and NO,)

5.8% NO,

11.17 pmol/min

2.4%

0.52% (NO;) and 1.2% (NO;)
0.42 standard cm®/min

3.8% NO,

6 MJ/mol
266.1 GJ/t-N
1.9-4.4 MJ/mol
25.66 MJ/mol
6.1 MJ/mol

38 MJ/mol
0.42 MJ/mol N
2.8-4.8 MJ/mol
2.38 MJ/mol
39.22 MJ/mol
2.21 MJ/mol
0.016 MJ/mol
2 MJ/mol

also reduced the energy cost to 20.7 MJ/mol NO, [97]. Further, to cut
down the energy requirements, a solar-driven DBD with a 3-stage spark
discharge (a form of thermal plasma) design was employed in series to
achieve high yield and low energy consumption of plasma-water-based
nitrogen fixation [85]. Therefore, changing the reactor configurations
can modulate the performance of DBD system for enhanced nitrogen
fixation with simultaneously low energy consumption. Choosing the
right catalyst, and packing material to prevent the NH; decomposition
and to reduce the discharge power required to ignite the plasma are a
few modifications that may be the future research avenues.

(b) Corona discharge: In this discharge system, a high-voltage elec-
trode ionizes the surrounding air and/or liquid which leads to the
generation of localized charged free electrons, ions and radicals are
generated. The configuration usually have ground (metallic plate) and
high voltage electrode (needles) (Fig. 3b) [70]. Jose et al. (2019) also
designed a pulsed CD reactor using a circular metallic plate as the
ground electrode and 7 tungsten needles connected to a high-voltage
power supply [98].

(c) Gliding Arc (GA) discharge: Among the initial technologies, the
GA plasma are characterized by reduced electric fields below 100
Townsend (Td), providing electron energies ~1 eV. The presence of
such electrons is of great use for vibrational excitation of the secondary
gas molecules. These excited electrons were generated in a pulsed-
power milliscale GA reactor and used for NO, formation [88]. The
discharge produced is considered to be in a transition regime, which
crosses the boundary between non-thermal and thermal plasma. The
discharge is usually formed as thermal but transforms into a non-
thermal one via space and time evolution [99]. In terms of reactor
configuration, it has not changed much yet. It usually contains two
symmetrical electrodes connected to high voltage forming an electric
arc in cycles which in turn generates the reactive species (Fig. 3c) [70].
The N, fixation through these processes was estimated to be most
promising as up to 2% NO, concentration was achieved with 2.8
MJ/mol of energy cost [79]. Recently, new approaches resulted in NO,
concentrations up to 5.9% bringing down the energy cost up to 2.1
MJ/mol [100].

(d) Microwave (MW) discharge: In terms of yield and energy con-
sumption, microwave (MW) -based plasma may be promising but is
categorized as thermal plasma type. The MW-based plasma is created
by applying MWs, i.e., electromagnetic radiation with a frequency
between 300 MHz and 10 GHz to a gas, without using electrodes

(Fig. 3d) [1]. The gas flows through MW in a quartz tube intersecting
with a rectangular waveguide, absorbs the energy, and forms the
discharge. A pulsed MW plasma at reduced pressure produced ~6%
of NO without catalyst at an energy cost of only 0.60-0.84 MJ/mol
NO. Such astonishing results are due to the dominance of energetically
favorable vibrational-induced dissociation of N, [1]. The yield was
further improved (14% NO) energy cost was reduced (0.30 MJ/mol
NO) which is so far the best performance for MW plasma achieved
at low pressure under the magnetic field. However, these results have
not yet been reproduced since they were reported back in 1980 [79].
Recently, Bai et al. produced the NH; from methane and nitrogen using
the cobalt and cobalt-iron supported on gamma alumina (y — Al,03)
catalysts [101].

(e) Radiofrequency (RF) discharge: The RF-based plasma excitation
has been used decades ago, and has recently gained substantial atten-
tion. The RF reactor configuration typically exhibits radio frequency as
a source of energy which is applied to a gas, often at low pressure,
that leads to the generation of a warm plasma state (Fig. 3e) [71].
Various metals such as Fe, Cu, Pd, Ag, and Au were used to form
meshes along with gallium in RF plasma which resulted in the energy
yield of 0.22 g-NHz/kWh and with a maximum yield of ~10% at
150 W [102]. The dominance of NH, formation on the catalyst surface
was found to be the major reason for higher NH; production. One of
the recent reports also showed comparable nitrogen fixation efficiency
(>8%) while maintaining a hydrogen-rich surface configuration [68].
The mechanistic insight revealed that in the absence of H, nitrogen
atoms quickly recombine, and nitrogen molecules desorb from the
surface which in turn limit the N, fixation into ammonia. Briefly, a
variety of plasma reactors (and discharge types) can be applied for the
NO, and NHj generation from N, [18] (see Table 2).

4. Plasma-assisted single-stage pathway for ammonia synthesis
(N, + H, » NH;)

4.1. Non-catalyzed NH3 synthesis

Some of the early work showed that the variation in nitrogen—
hydrogen ratios led to the formation of NH radicals, hydrogen atoms,
and hydrogen molecules which supposedly are indispensable for NH;
synthesis [65]. One-step synthesis of ammonia was achieved at the
water surface by creating the reaction locus between a plasma phase
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Overview of NH; formation and energy consumption for various plasma configurations.

Ammonia (NH;) synthesis

Modern H-B [103]

DBD MgO+glass pellets [104]

DBD carbon coatings on a-Al,05 [105]
DBD MCM-41 as catalyst [106] a-Al,O4
DBD with wool-like metal electrodes [107]
Catalytic DBD Ni/Al,04 [108]

DBD Ni/Al,04 [109]

Membrane DBD Ru/Al,0; [110]

DBD PZT [111]

DBD PZT [112]

Ni/Silica - BaTiOz in DBD [113]

DBD Rh/Al,0; [114]

DBD [115]

DBD with MOF (ZIF-8/67) [116]
Plasma jet - Co;0, [117]

DBD MgO-mesoporous silica/Ni [118]
10Ni/zeolite 13X in DBD reactor [119]
Pt/Ba0O/Al, 05 Plasma reactor [120]
CoNi-MgO DBD [121]

Ni-Co-MOF DBD [122]

boron-doped g-C3N, DBD [123]
Rotational GA [124]

Ru/MgO DBD [60]

Needle plate plasma [125]

DBD [126]

Ni/LaOF DBD [127]

Fe-laser induced plasma [127]
Ru/CeO, DBD [127]

10%-15% NO, 0.49 MJ/mol
0.57% 576 MJ/mol
1.2% 576 MJ/mol
3.75% 27 MJ/mol
3.5% 93 MJ/mol
0.77% 115.4 MJ/mol
1.4% 103.7 MJ/mol
4.62% 154.7 MJ/mol
2.7% 68 MJ/mol
7% -

12% 81 MJ/mol
1.43% 65.11 MJ/mol
0.3% 58.85 MJ/mol
- 12 kJ/L

39.6 mg/cm?/h -

4.4 mmol/h/g, -

1.25% 44 kJ/L

>1% 4.61 MJ/mol
12.07 pmol/g/h 2.15 kJ/L
88.21 pmol/g/min -

2.48 mmol/g/h 20.16 kJ/L
0.4 mmol/min 19 MJ/mol
2.67 mmol/h/g,,, 4.2 kJ/L

7.67 mg/h 0.68 g/kWh
3.7 mmol/h/g,,, 2W

34.94 pmol/min/g,,, 31.2 kJ/L

70.8 pmol/g/min _
6.8 mmol/g/h -

(gas phase) and a water phase (liquid phase) in the presence of UV
light [128,129]. It was proposed that the plasma phase abstracts hy-
drogen from water that transiently formed NH, which is then reduced
to NH3 and UV energy promotes the dissociation of atoms in plasma
gas. Catalyst free electrolytic approach led to key hydrogen radical
formation at plasma-water interface by action of solvated electrons
which in turn produced direct NH5 [130].

The addition of ethanol (20%) in aqueous media and its subsequent
exposure to air as a source of N, plasma jet enhanced ammonia produc-
tion from 0.2 to 3.2 mmol/L [131]. It was justified that, increasing the
ethanol content in the aqueous matrix delivers more hydrogen which
makes the nitrogen reduction more facile rather than its oxidation
which in turn improved the NH4+ production.

Similarly, an in-situ synthesis method was developed using an ad-
vanced spray-type jet plasma under UV exposure, which significantly
fixed the nitrogen in the form of several NO, species (nitrate, nitrite)
and co-synthesized ammonium at the liquid interface at a high rate
(2.5 pmol min~1) [132]. It is important to note that, the reaction
mechanism differs in the presence and absence of UV exposure. During
the plasma phase, N atom, N; and nitrogen ions (N;’) can be produced
while N; and N; are much active than N atom [133]. The active N; and
N; species then react with UV-mediated dissociated «H and +OH species
producing N-containing products different from ammonia. On the other
hand, UV exposure did not promote the reactions associated with the
N atom and therefore, an enhanced NH; production was achieved
with higher selectivity. Such results showed that the presence of UV
irradiation provides additional hydrogen donors which subsequently
improves NH; production. Also, the reaction at liquid interface starting
from N atom and those starting from N and N follow different
mechanisms.

While the single phase or direct plasma-assisted NH; synthesis is
possible, the undifferentiated oxidative attack by plasma can result in
the formation of undesired products and dissociation for formed NHg
molecules [24]. Aqueous phase reactions that are usually performed in
the presence of H,0, such as plasma-assisted No—H,O for NH; forma-
tion suffers several challenges, including low yield and selectivity. In
such a case, the direct formation of targeted product NH; may lead
to formation of other oxidized species. For instance, plasma fixation in

aqueous phase produced nitrogen oxidized species at higher concentra-
tion while NH; remained as low (0.2 pmol/mL) in comparison to NO,
(3.5 pmol/mL) (Fig. 4a) [134]. This occurred due to the oxidative attack
of the OH or H,0, species present in water solution or mist which play
an important role in the nitrogen fixation end product. Despite this, the
approach holds great potential as an alternative to traditional methods
of ammonia production [135].

4.2. Plasma-catalysis for enhanced NH;3 synthesis

Combining plasma with catalyst (plasma-catalysis) has demo-
nstrated a significant improvement in the performance of many gas
conversions, including ammonia synthesis due to the synergy between
the plasma and the catalyst [23,108,140].

4.3. Selection and design of catalysts

An appropriate catalyst in the plasma-catalyst system is vital for
nitrogen fixation as NH3 however, its selection requires a fundamental
understanding of plasma-catalyst interactions. Various catalysts such as
Ru, Mg, Cu, Co, Fe, Ni and their derivatives (oxides) in the form of
pellets or powder have been extensively explored for ammonia synthe-
sis [17]. The challenge is to identify catalytic descriptors determining
the activity and selectivity of catalytic materials in plasma-based re-
actors. The Sabatier principle has provided a conceptual justification
for deciding the optimum catalyst that explains: the catalyst with in-
termediate strength towards reactant is the ideal [137]. Metals binding
too weakly (for example, ruthenium, copper, nickel, etc.) restrict the
N, dissociation while that bind too strongly (for example, Fe, Mo.,
etc.) show limited desorption of atomic N and other N-containing
intermediates exhausting the availability of binding sites and hindering
the reaction rate.

The introduction of tungsten (W) catalyst increased NH; production
up to 24% while the absence seems relatively lower [141]. It was
demonstrated that the presence and absence of the catalyst can substan-
tially modulate the production rate. The catalyst not only improved the
production rate but also shifted the maximum of production to 50% of
initial N, fraction. It is proposed that this difference could be attributed
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Fig. 4. (a) Concentration of aqueous RONS in water aerosols after passing through the plasma array [134]. (b) Effects of exposure of plasma on ammonia production in a
packed-bed DBD plasma reactor with Ru-Mg/y-Al,O5 [31]. (c) Plasma-solid oxide combination for enhanced transportation of proton for ammonia synthesis at cathode [21]. (d)
Comparison of plasma alone and in combination with Al,O; and Ni/Al,O5 packing for NH; production [108]. (e) Possible reaction mechanism of plasma ammonia synthesis over
a solid catalyst [4]. (f) Predominant chemical pathway for (step 1-8) NH; synthesis based the kinetic modeling of atmospheric-pressure plasma system [136].

to the possible adsorption of plasma-activated N and H atoms on W
surface in the gas phase forming NH; via intermediate NH radical.

Similar combinatorial effects of plasma and catalyst, Ru-Mg/ y -
Al,O4 pellets were shown wherein the ammonia production increased
from 10 mg/L to 810 mg/L when plasma was switched on with energy
yield of 25-30 g of NH3/kWh (Fig. 4b) [31]. The catalyst Ru-Al,04
was used in the fluidized bed plasma reactor which showed the higher
energy yields (5.9 NH;/kWh) than the conventional packed-bed DBD
reactor [142]. The accelerated effect was due to the increased contact
area between the plasma and scattered catalyst particles in the fluidized
bed plasma reactor. Realizing the potential of synergistic action of
plasma and catalyst, a proton concentrating methodology was adopted
where reactive H could easily react with the plasma-activated nitrogen
for ammonia synthesis. To achieve this, an in-house built proton con-
ducting membrane composed of commercial half-anode supported cell
Ni-BCZY/BCZY (where BCZY is catalyst derived different elements such
as Ba, Ce, Zr, Y and O) with a Pt cathode is introduced for accelerated
reaction of reactive species for higher NH; production (Fig. 4c) [21].

An affordable and efficient Al, 05 supported Ni catalysts - Ni/Al,O5
was tested in plasma catalysis wherein the normalized relative inten-
sities of N;, N, Ha, and NH was higher than that of only plasma, and
Al,05 (Fig. 4d) [108]. The obvious generation of NH radicals in the
plasma led to the initiation and acceleration of ammonia synthesis.
Generation of gas-phase NH radicals fostered the selective production
of NH;. Based on such results, a plausible reaction mechanism revealed
the formation of NH; can follow various pathways (Fig. 4e).

In general, exposure to plasma can generate several reactive species
including dissociated atoms such as N and H, ions like N;, H;, vi-
brationally and electronically excited molecules (N; and H;) that can
participate in either gas-phase or on the surface of the catalyst [4]. The
presence of catalyst like Ni/Al,05 can improve both kind of reactions.
To further understand these pathways, a schematic given in Fig. 4f can

be taken into consideration [136]. It is given that plasma and catalysis
combination led to the (1) formation of hydrogen H(s) and (2) atomic
nitrogen through the dissociative excitation adsorbed on the surface of
the catalyst, which further reacts with H (3) and form NH radical. Con-
sequently, (4) a reaction between H(s) and NH leads to the generation
of surface-adsorbed NH,(s) which results in the formation of (5) NH; by
Langmuir-Hinshelwood (L-H) reactions mechanism (explained later).
However, there may be (6) NH; dissociative reactions occurring which
forms NH, radical. The dissociated NH3 further interacts with atomic
H(s) again (7) and recycled NH; through the surface interaction. An (8)
alternative pathway of the dissociation of NH; may also occur. Detailed
plasma reactors, reaction mechanisms for catalysts, and effects from
feeding sources can studied in the review published by Gharahshiran &
Zheng, 2024 [67].

Density functional theory (DFT) calculation indicates the NH; syn-
thesis is highly dependent on the adsorption energies of N atom on
the metal surface [143]. Assuming the first key step for N, fixation
starts with rate limiting dissociation of N, (Egs. (5) and (6)) [4,137].
Both, theoretical as well as experimental study explains that the rate
is determined by the energy barriers: the transition-state energy (ac-
tivation barrier) for N, dissociation (Ey_y) (determining the rate of
dissociation) and the adsorption energy of nitrogen (Ey) (determining
the coverage on the surface) [144]. It has been demonstrated that
active metal catalysts facilitate this reaction. Consequently, a scaling
relationship can be formed determining the catalyst selections with
lower N binding energy and with a lower N, dissociation barrier as
overlaid on the plot given in Fig. 5a [137]. Based on such observation,
a “volcano” type curve was developed for different metals indicating
their binding strength for ammonia synthesis (Fig. 5b) [145]. The
catalyst on the left side of the curve indicates their strong N binding
efficacy facilitating easy dissociation of N, while the catalyst on the
right side of the curve has weak binding affinity indicating limitations
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sites [138]. (d) Schematic of simultaneous formation of NH; in a plasma-assisted surface reaction and the “shielding protection” effect on mesoporous MCM-41 catalyst [139]. (e)
Synergistic effects of plasma and catalysts in plasma-catalyzed synthesis of ammonia synthesis [26].

for nitrogen dissociation due to a high nitrogen dissociation barrier. As
already explained, catalysts with intermediate binding strength for N
are optimum for carrying the NH; production, osmium and ruthenium
were found to be the most active metal catalysts while a bimetallic
CoMo has been kept at the top [145].

While a catalyst provides surfaces influencing the recombination
reactions, as well as consecutive reactions, it is not limited to just
surface reactions. The complexity of the interaction between plasma
and catalyst is severe, as any change in the catalyst will induce changes
in the plasma, which again can influence the catalyst. It is also crucial
to restrict the counterproductive as there are high chance of reverse
reaction that can lead back to reactants. At the same time, several
materials can enhance the reaction pathways for ammonia production
preventing reverse reactions. By selecting suitable catalysts that inter-
act with various species at specific sites, plasma catalysis can enhance
the yield and selectivity of ammonia synthesis.

Ny +2° = N = N*+* - 2N* (5)

N* +3/2Hy(,) — NHj, +" (6)

4.4. Synergy of plasma with catalysts

Coupling with cold plasma action can initiate N, activation in the
gas phase even before adsorption onto a catalyst surface. Based on the
theoretical calculations, plasma-on and plasma-off (indicating thermal
catalytic process) conditions on catalyst step (Fig. 5c i) and terrace
site (Fig. 5c ii) were compared [138,146]. The presence of plasma can
initiate the vibrational excitation of N, molecules which decreases N,
dissociation energy barrier on catalyst different sites indicating that
ammonia synthesis scaling relations can be overcome. Therefore, it can
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be predicted that the ammonia synthesis can be enhanced for metals
that bind atomic nitrogen weakly on the catalyst surface (high Ey),
given that N, activation is usually the rate-limiting step for ammonia
synthesis. New findings can open more room for improvements in the
process via careful control of plasma-catalysis properties [147].

Yet again, the hybrid plasma-catalytic process still suffers from
plasma-induced reverse reaction of NH; decomposition via electron im-
pact dissociation [8]. To solve this issue, Wang and coworkers proposed
a “shielding protection” generating from carefully designed Ni/MCM-
41 bespoke mesoporous catalyst in DBD reactor which significantly lim-
its the plasma-induced NH3 decomposition (Fig. 5d) [139]. Uniquely,
the absence of plasma discharge in the internal mesoporous feature of
the catalyst not only protected the evolved NH; with “shielding protec-
tion” but also enabled high NH; yields of >5%. These advancements
were indeed effective and may be used in future for overcoming many
challenges associated with N, fixation using plasma-catalysis process.

4.5. Plasma-catalytic reaction mechanisms: Eley—Rideal (E-R) and
Langmuir-Hinshelwood (L-H) reactions

To further predict the reaction to a certain extent, it is impor-
tant to underpin the mechanism of plasma-catalyst interactions [148].
This interaction of plasma and the catalyst is not straightforward,
however occurs typically through the Eley-Rideal (E-R) and Langmuir—
Hinshelwood (L-H) reactions [26]. The E-R reaction involves the indi-
vidual reaction of active particles with the catalyst surface, resulting
in the products continuing to be adsorbed on the catalyst. In this case,
one reactant is activated by the catalyst. In contrast, the L-H reaction
occurs when both active particles involved in the reaction are adsorbed
on the catalyst, and both reactants are activated in the presence of the
catalyst. The NH is one of the most vital intermediate species during the
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activation which regulates the NH; yield, is predominantly formed via
the E-R reaction that adsorbed onto the catalyst surface (Eq. (7)) [149].

N +H — NH, @
NHy) + H;) — NHy( (8)
NHy(,) + H() = NHjy,, 9
NHy(,) + H = NHy (10)

The as-formed NH species may further react to H species and form
NH, and NH;. Conversely, NH, radicals are predominantly formed via
hydrogenation of NH free radicals, and their generation is governed by
the L-H reaction, as shown in the reaction (Eq. (8)). Hydrogenation of
NH or NH,, to NHj is less likely to occur, while its formation may take
either of the pathways [L-H (Eq. (9)) or E-R (Eq. (10))]. However, at
a higher pressure, E-R reactions are predominant [102]. Dissociative
reactions may also occur that may reverse the reaction and form NH,
and H (or H, and NH3) reducing overall yield (Eqs. (11) and (12)).
Therefore, it is crucial to achieve a balance between formation and
decomposition for an effective ammonia synthesis process.

NH; +e¢” - NH, +H+e™ an

NH; +e¢” - NH+H, +e” 12)

Furthermore, plasma-catalyzed NH; synthesis is also affected by
factors like reaction conditions, catalyst characteristics and plasma
environment. Co-existence of plasma and catalyst influences their mu-
tual interactions and may affect the conversion of N, and/or H,.
Nevertheless, the synergy of plasma with different catalysts is capable
of dissociation of N, at lower energy input and can supplement the NH;
production as shown in Fig. 5(e) [26]. Briefly, plasma interaction forms
the active excited species that are subsequently adsorbed on the catalyst
surface where they may further excite the secondary molecules. Avail-
ability of active sites on catalyst surface provides favorable reaction
conditions for these reactions, lowering the dissociation energy barrier
and promoting interactions between reactant molecules for enhanced
NH; production. However, the formation of microdischarges on the
catalyst surface can shift the reaction pathways from gas phase to the
catalyst surface. Concerns have also been raised for the lifetime of
plasma-activated species and their sufficient transportation to the cata-
lyst surface to prevent species recombination. Therefore, the synergism
between plasma and catalysts remains elusive, and a multidisciplinary
approach is needed.

5. Two-stage pathway of ammonia production via N, - NO, —
NH,

Researchers have turned to an alternative two-stage pathway be-
ginning with the oxidation of N,, followed by catalytic reduction of
the resultant NO, species to NH; [150]. Shifting to such a pathway
is due to the facile formation of plasma-assisted NO,/NO; species.
Reduction of these plasma-assisted NO,/NO; is thermodynamically
more favorable and thus can proceed in a wide potential window
without HER interference. Notably, low dissociation energy would be
required if NO,/NO; are used as precursor due to their N=O bond
containing low bond energy (204 kJ mol~!) in comparison to break
the N=N triple bond that leading to better NH; production kinetics.

Coupling with electrochemical and electrocatalytic processes rep-
resents the current research frontier to achieve superior ammonia
synthesis performances [23,151]. Plasma-assisted formation of more
reactive NO_ followed by electrochemical reduction is recognized as
much easier if compared to direct NRR in terms of selectivity and rate
kinetics [34,152]. It can be attributed to the more positive standard

11

Chemical Engineering Journal 498 (2024) 154920

reduction potential (E°) of NOZ reduction (0.69 V versus reversible
hydrogen electrode, vs. RHE) than that of N, reduction (0.093 V vs.
RHE) which again confirms that NO, conversion is thermodynamically
easier than N, [153]. Therefore, two-stage catalytic approaches reduc-
ing NO,/NO7 in to NH; are considered to be promising than other
catalytic approaches [154]. Plasma-assisted NO, production such as
NO, NO,, NO;3 and so forth have been extensively explored which
strongly suggests its feasible integration in NH; synthesis process.

5.1. First stage: Plasma-assisted production of NO,, from N,

5.1.1. Discharge condition for NO, production

A low-frequency window in spark discharge exposure provided a
continuous increase in the NO, production while the energy require-
ment remained constant (Fig. 6a). A further increase in the discharge
frequency (kHz) at a large scale led to a drastic improvement in NO,
production while the cost of energy was reduced by almost 2.6 times
(Fig. 6b). Such higher production was attributed to the significant
contribution of vibrational excitation and the use of the residual species
at higher frequencies [84]. Exposure to plasma does not only produce
NO, species but a bunch of several other reactive species. While the
generation of other species may represent the non-selective nature of
plasma, co-production of H,O, can improve the plasma-induced NO,
concentration. This happens due to the higher solubility of NO, species
in an acidic solution. Therefore, the production of H,0, can elevate the
solubility of nitrogen species in aqueous media increasing its overall
concentrations. Similar observations were obtained where the concen-
tration of selective NOJ increased continuously in spark discharge
mode (warm plasma), while NOJ and H,0, concentrations reached a
plateau after 5 min. Such a pattern indicates a balance between H,0,
production and its subsequent consumption in the production of NO3
(Fig. 6¢) [155].

Several other approaches have been explored to improve the con-
centration of NO, via plasma assistance. For example, longer plasma
exposure linearly increased the NO, (NO; and NO;) concentration
reaching ca. 1.35 mmol h~! dictating the improving effects of extended
discharge (Fig. 6d) [80]. The role of specific energy input was also high-
lighted where an increase in energy at optimized operation conditions
led to enhanced generation of NO, species [156] (Fig. 6e). In fact, the
innovation behind the input of higher energy is the transfer of large
energy to energetic electrons. These energetic electrons transfer the en-
ergy and excite other molecules that further lead to cascading discharge
effects and improve the faster chemical reaction for NO, production.
Exposure of plasma at elevated pressure also led to improvement in the
NO, production rate. This was observed in a rotating gliding arc system
operated at elevated pressure (3 bar; gauge pressure) that resulted in
a dramatic improvement in NO, yield (69 g/h) with high selectivity
(94%) for NO, at lower energy consumption (Fig. 6f) [18]. The higher
production of NO, in comparison to others was attributed to the
(i) elevated gas temperature (ii) reduced back reactions when higher
pressure was applied. Despite these concentrated efforts, high NO,
yield at low energy consumption remains debatable because existing
methods either require active cooling (consuming more energy), strict
operation conditions, or an additional set-up (effusion nozzles) which
eventually adds up cost to the system.

5.1.2. Reactant composition

Feeding the pure H, directly or indirectly contributes to CO, gener-
ation because it is usually extracted via methane combustion. Alterna-
tively, water oxidation reactions are an alternative method for H, pro-
duction [157]. Inspired by this, direct use of N,—H,O in plasma-assisted
ammonia synthesis is being employed. Furthermore, considering the
safety challenges associated with explosive hydrogen gas, using H,O
is a safer and more environmentally friendly option [26]. However, it
generally suffers from a low yield and selectivity due to the formation
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of oxidative species, NO,/NO_ . Despite such challenges, this approach
holds great potential for concentrating NO, species.

In general, under the plasma exposure, H,O and N, experiences
concurrent oxidation and reduction processes, precipitating the de-
composition of H,O into H atoms and OH radicals. The generated H
species derive the reduction reactions for ammonia synthesis, whereas
OH participates in the nitrogen oxidation and results in the formation
of NO,/NO; as secondary products [26]. Therefore, the mechanism of
N,-H,O shares similarities with N,/H, except the additional reactions
that led to formation of reactive oxygen-nitrogen species (RONS) [60].

Similarly, using the ambient air as a source of N,, can leads to the
formation of NO, species as a product [152]. While feeding air instead
of N, may reduce the dependency on pure N, gas, its presence can
significantly lower the selectivity towards the overall goal to NH;. For
example, O, co-exits with N, in air (21%), which leads to the formation
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of oxygenated long-lived NO, (nitrate/nitrite) that dominates during
the activation process of cold plasma. In particular, oxygen scavenges a
large number of plasma-assisted free electrons to transform into excited
species which in turn react with N atom and form active NO, species.
Plasma-assisted approaches usually contain N}, H; wherein reactive
oxygenated species promote the NO, synthesis that is usually difficult
to achieve in thermal equilibrium conditions [23,146].

However, controlling the gas flow rate containing H,O as humidity
may shift the process from NO, for ammonia production in a gas-liquid
mixed-phase. For instance, Wang et al. showed that keeping an inter-
mediate N, flow rate (30 mL/min) can improve NH4Jr ion concentration
(16.9 mg/L) while the selectivity still remained as low as 25% [125].
Zhang and co-workers showed in a DBD reactor that an increase in the
water vapor input flow rate led to an increase in the NH; generation
rate [60]. Lower flow rate (0.2 to 1.0 L/min) resulted in an increment
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of NH; production from 1.53 pmol/h to 65.4 pmol/h. Formation of
high density vibrationally excited H,O(v) led to high reaction rate of
dissociative adsorption for H and N for higher production of NHj.
During a plasma jet reactor, an introduction of small amount of H,O
(from 2%-10% saturation) vapor led to higher yield of NH; with higher
selectivity ca. 96%. Increasing the vapor saturation resulted in a higher
production but the selectively suffered largely. Therefore, speculation
can be made that a certain concentration of water, specifically in
gas form can enhance the overall ammonia synthesis while a higher
content, either gas-phase or liquid system leads to NO, generation and
reduced NHj selectivity.

5.1.3. Microbubbles for enhanced NO, production

Dissociation of N,/air forms reactive oxygen and nitrogen species
(RONS) in the plasma zone which can be concentrated in an aqueous
medium. Formation of plasma-carrying bubbles, ‘plasma-bubbles’ and
their subsequent diffusion into the liquid phase is one the innovative
methods to intensify the gas-to-liquid mass transfer of these reactive
species [158,159]. The collapse of the bubble facilitates the on-site re-
lease of the plasma-excited gas into the liquid phase, leading to a higher
reaction rate in the aqueous phase [160]. With the higher surface area-
to-volume ratio, microscopic bubbles speed up the gas transfer at the
interface [161-163], and in the presence of solid particles, they exhibit
distinct stability compared to their macroscopic counterpart [164,165].

Several configurations to couple the bubbles with the production
of a plasma discharge system have been reported [159,166,167]. In
one of the configurations, the plasma discharge and bubble formation
happen almost simultaneously, reducing the loss of short-lived active
species thus enhancing the concentrations of NO, in the aqueous phase
and producing plasma-activated water (PAW) (Fig. 7a) [168]. An al-
ternative underwater bubble-enhanced cold plasma treatment of water
is to set up an air-plasma jet at the bottom of a static reactor, where
bubbles form through mesh as the jet is generated (Fig. 7b) [169-
171]. Except for underwater configuration, a feasible configuration
with the plasma needle array closely set above the air-water interface
is designed while microbubbles are infused from the external bubble
generator (Fig. 7c) [172,173].

To further improve the mass transfer of reactive species within the
aqueous system, the plasma discharge system was coupled with a super-
cavitation device which eliminated the requirement of an external gas
cylinder [176]. Another feasible design was to couple the venturi tube
to the water loop, and bubbles loaded with plasma formed due to the
self-suction of the feeding gas at the neck of the venturi were directly
introduced increasing NO, concentration in the aqueous phase [177].
Recently, plasma discharge coupled with a venturi tube led to the
formation of microbubbles for enhanced cold plasma activation (MB-
CPA) [174,178]. The configuration was developed by tailoring the
3D-printed venturi tube that controlled the size distribution of mi-
crobubbles and enhanced the generation of NO, species (Fig. 7d). The
working distance of plasma-activated bubbles is shortened compared
with other reported configurations based on hydrodynamic cavita-
tion, maximizing the concentration of NO, in the aqueous phase. The
improvement in the degradation efficiency of model compounds by
several times compared with the same flow without microbubble is the
evidence for higher diffusion of reactive species (Fig. 7e) [174,175].
Therefore, MB-CPA in a flow system seems to be promising in the pro-
duction of NO7 at a large scale while its coupling with an appropriate
reduction system can also lead to nitrogen reduction reactions.

For ammonia generation, Peng et al. introduce the N, bubbles in
the aqueous phase under a high-voltage electrode to generate plasma
through underwater discharge. A significant ammonia production rate
of 11.2 ymol min~! was achieved, however, the selectivity was poor
due to obvious co-production of NO, species [179]. Sun et al. used a
hybrid multi-bubble underwater spark discharge reactor that initially
transformed the atmospheric air and water into NO, species under
mild conditions [34]. The produced NO, species were subjected to an
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electrochemical set-up which successfully reduced the NO, species to
NH; . Reviewing the literature, it becomes evident that microbubble
discharges intensify the NO, species in the aqueous phase making
them more suitable for the former stage (N, - NO,) of the two-stage
pathway for ammonia synthesis.

While these strategies are effective for NO, generation, the selective
photoreduction of NO, to N, in the presence of catalysts may also
occur. The oxygen-rich photocatalyst can capture the O atom in NO
to form N, at low conversion rates [180]. Recently, DBD plasma
reactor was used with a catalyst having oxygen vacancies (OV) which
facilitated the adsorption and activation of NO,, leading to its dis-
proportionation reaction and the generation of N,O, NO, NO, and
NO; [181]. The coexistence of OVs and NH, groups provides a new
pathway for converting NO to N, by reducing the adsorbed NO, and
NOZ. Similarly, co-existence of NH; was found to be favorable for
the reduction of NO, to N, at lower plasma discharge power [182].
Continuous removal of NO, from the reaction mixture could be one of
the solutions, but this might not be straightforward in practice [79].

5.2. Second stage: Reduction of NO, to NH;

The transformation of NO, to NH; is the next step which is chal-
lenging due to the huge number of electron transfers. For instance,
conversion of NOJ needs an eight-electron transfer reaction and re-
quires lower electrode potential (0.69 V versus the reversible hydrogen
electrode (RHE)) [183]. It is also worth mentioning that the potential
from going NOJ to NHj typically requires lower than HER potential (0
V versus RHE) which otherwise results in the undesired consumption of
electron donors to produce H, leading to low faradic efficiency [184].
Given the large number of proton transfers, 9 and 7 for NOJ and
NO; reduction, respectively, a large over-potential is needed to achieve
the equilibrium between the generation of H (proton) and its timely
consumption. Under such conditions, more energy is required and
selectivity for NH3 production also deteriorates [185].

5.2.1. Pathway from NO, to NH;

Specific NO, species such as nitrite (NO;) and/ or nitrate (NO; )
are the major product of plasma assisted N, activation, reduction to
NH; follow different routes for production [154]. Nitrate has been
extensively explored as a source of nitrogen for the ammonia synthesis
process due to its widespread distribution in the environmental ma-
trices as a contaminant [186]. Moreover, high solubility and reduced
bond energy of N=0 (204 kJ mol~!) and prospects of synchronous
environmental remediation (NO; pollutant removal) makes is suit-
able candidate for a promising and alternative to direct N, reduction
reaction for NH; production [187,188].

Owing to the excellent solubility of NO, species in an aqueous
medium, gliding arc-microwave plasma (warm plasma) was used to
produce NO, first, followed by electrolysis over Cu,Pd/CBC (car-
bonized bacterial cellulose). The NO, species were treated with an
alkaline (KOH) solution for generation of NO7 species which in turn
was subjected to an electrochemical system for ammonia synthesis
(Fig. 8a) [189]. Performance evaluation in KOH with and without
plasma treatment revealed that the current density is increased from
negative onset potential to more positive in plasma-treated 0.5 M KOH,
implying more favorable kinetics for reduction reactions (Fig. 8b).
Notably, alkaline mediums are characterized by high pH value that
renders a positive impact on the selectivity of NH; production [190].
Similarly, electrolyte characteristics were regulated to alkaline dur-
ing a plasma oxidation process that selectively formed NOJ species
(92.38 + 1.17%) as major component [44]. The as formed NO; species
was then easily transformed into NH; using electro-reduction method
as six-electron-transfer require less energy compared to the eight in
NO3 reduction. Such improvements in selective NO,/NH; formation
can be attributed to the suppression of HER activity in an alkaline
medium. The well-known Volmer step of the HER process in neutral
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or alkaline electrolytes (H,O + e~ + % — *H + OH™) involves a prior
water dissociation process that features a high energy barrier; this is not
the case for that in acidic medium (H30 + e~ + % — *H + H,0) [191].
Therefore, the HER processes in neutral and alkaline electrolytes are
more sluggish in contrast to those in acidic electrolytes due to the
restricted Volmer step (Fig. 8c).

5.2.2. Catalysts for NO, reduction

In an electrocatalytic study, CuO nanowire arrays showed outstand-
ing ammonia production selectivity (81.2%) and high faradic efficiency
(95.8%) [192]. However, conventional Cu-based nanoparticles require
high overpotentials (ca. 1.2 V) to obtain practically acceptable yields
and faradic efficiency. In fact, bare Cu nanoparticles exhibit low bind-
ing affinity and nucleophilicity of NO_, and sluggish water dissociation
fails to provide sufficient protons. However, the modified Cu-based
material are frequently used in plasma-assisted NO, reduction inves-
tigations [34,151]. For example, Cu/Cu,O nanoparticles were used
in plasma-catalysis approach in an inflow system, NO; concentration
was selectively increased in a former step, which then subsequently
transformed into NHI in a latter at rate of approximately 30 nmol/s
at —0.5 V vs. RHE (Fig. 8d) [155]. In contrast, such a two-stepped
transformation to NH; was combined together in a single plasma-
activated electrochemical set-up and NH; was produced at a rate of
26.8 nmol s em™2 [21].

Since Ni exhibited strong adsorption for intermediates such as
*NO3, "NO; and *NHy,, it has been carefully coupled with Cu for elec-
trocatalytic nitrate reduction reactions [153]. The HER activity on bare
Ni or Cu is strong which can lead to low selectivity and efficiency for
ammonia production. Therefore, a modulated catalyst design forming
CusoNisy was investigated which led to effective reduction reactions
and concomitant HER suppression for selective NH; production. The
catalyst enhanced the NH; faradic efficiency by over 20% at compared
to pure Cu at different NOJ concentrations (Fig. 8e). A high selectivity
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for NHj at a production rate of 198.3 pmol/cm?/h was achieved with
100% faradic efficiency using a boron-rich core-shell nickel boride
nanoparticle [80]. The nitrogen fixation was achieved in two steps,
N, to NO} through plasma-activation reactor (Fig. 8f) and coupling
of electrocatalytic reduction led to high selective conversion of NO_
to NH; (Fig. 8g). Bimetallic catalyst, Co-Ni/Al,05; reduced the total
number and intensity of acidic sites on the catalyst surface which
facilitates the desorption of synthetic NH improving the yield (1500
pmol/g/h) and selectivity [193]. This combination of two distinct
metal-forming Co-Ni bimetal enhances the plasma discharge.

5.2.3. Optimal selection of NO, species

Based on this discussion, the pathways starting from NO, seem to
be effective for NH; production, while there exist several challenges.
For instance, the process starting from nitrate renders low selectivity
as it may also accumulate NO; as a long-term operation [194]. N,
fixation via a nitrate intermediate requiring huge energy due to its
involvement in a change in the nitrogen oxidation state from 0 to
+5 and then down to —3 which indirectly interfered with selective
NH; formation [195]. Keeping this in view, different N-containing
species that are easy to undergo reduction reactions may be considered
as a solution for enhanced selective NH; production. For example,
NOJ mediated reaction may undergo effective reduction reaction to
achieve more practical results for industrial perspectives [196]. Meng
and co-workers designed cobaloximes integrating with multi-walled
carbon nanotubes (MWCNTs) catalysts with a CoN, skeleton [197].
The catalyst was successfully combined spark discharge which showed
selective NO, to NH; transformation at yield of 0.438 mmol. Here,
NOJ was targeted in order to reduce the huge electron change

Alternatively, changing the precursor from NOJ to NO eventually
leads to a smaller number of electron transfers for selective NHj
generation. For example, H,O splitting through GA plasma led to
the co-generation varying H,/NO which was coupled with catalytic
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B-rich core-shell nickel borides [80].

reduction that was found to be critical for selective NH; production.
Increasing the specific energy input (<7.5 kJ/L), the oxidation of
generated NO sharply reduced to 0 which completely transformed to
NH; with ~95% selectivity [198]. Wang and co-worker also argued
that NO may be the major species for selective NH; production [150].
During their investigation, NO was selectively introduced to CugSng
based plasma-catalytic process that showed higher selectivity for NH;
production with 96.9% of faradic efficiency at low overpotentials com-
pared with the Cu and Sn catalysts. The study showed NH; production
at rate of 10 mmol cm~2 h~! which is highest reported value. This
study of NH; synthesis require two-stage pathway, N, — NO — NHj.
Although the major focus has been given to the latter, the former is far
less known in terms of its viability. Nevertheless, such plasma-catalyzed
processes are still under development and are not yet economically
competitive. Currently, our understanding of the reaction mechanism
still seems incomplete, and based on experimental findings different
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explanations for enhancing the selective transformation of NO3 — NH;
have been proposed.

6. Energy consumption

Among the cold plasma-assisted technology, the microwave and
DBD reactors have been reported to exhibit higher NH; synthesis rate
which is usually achieved through combination with heterogeneous
catalysis [16]. Fig. 9(a, b) shows a comparison of the energy budget
of several plasma processes for nitrogen fixation in terms of NO, and
NH; production. The highest energy efficiency that has been achieved
so far is, 36 g-NH3/kWh which corresponds to 1.7 MJ/mol of NHj,
in need of promoted ruthenium catalyst [31,201]. If plasma catalysis
is to be compared with the benchmark H-B process, considering its
low adaptability to downsizing, this yield is still lower by 10-fold. By
the direct plasma-catalysis for ammonia production, high NH; yield
typically consumes high energy while the energy-efficient processes
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result in a very low production of NHj3. For instance, an excess of 10%
NH; yield consumed over 80 MJ per mol of (NH;), while the process
with low energy usage, 2 MJ per mol of NH; yielded a diluted NH;
product (<0.1%) [113]. For the later, recovery of NH; from such a
diluted mixture may require additional separation methods.

Recent investigation by Sun et al. using plasma-bubble coupled with
electrocatalysis, the lowest energy consumption of was obtained as
3.2 + 0.1 kWh mol-! NH;r (11.52 MJ) [155]. Another approach where a
decentralized small-scale coupled plasma-catalytic was used for gener-
ating NO,, with subsequent trapping by lean NO,, trap (LNT) containing
alkaline metal (Ba) led to an energy cost of 2.1 MJ mol~!. Yet again,
the energy requirement for a green H-B process running on water
electrolysis is still lower (0.7 MJ mol~! or 0.19 kWh mol~1) [202].
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The overall energy cost for NH; production via NO, in plasma reactors
using green H, is estimated to be in the range of 2.1 to 4.6 MJ mol~!
NH; [120,203]. The major reason for cost reduction is the activation
of feed gas molecules at milder conditions without additional heating.
In terms of nitrogen fixation for NO, generation, the maximum energy
efficiency achieved so far is 0.42 MJ (mol per N) [87]. However, the
challenge here is the requirement of energy input for sustaining the
stated process in Eq. (13) while 200 kJ mol~! NO, which is merely
efficient (~4%) [195].

1/2Ny() + 5/405() + 1/2H,0(y = 2NO3 . + Haq)

(4G =17.3 kJ mol™' NO3) 13)
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There have been concerns about comparing the H-B process and
plasma-assisted processes in terms of ammonia production. As already
mentioned, the fully optimized H-B plant can produce ~2000 tons
NH;/day. However, miniaturization of the H-B process is not econom-
ically feasible due to thermodynamic limitations. Modification such
as coupling with electrification using renewable energy has been sug-
gested which is highly challenging. Nevertheless, such incorporation
has to be done at a small scale, and even after that, the modified
H-B process will be approximately two times more expensive than
the conventional process [204,205]. Moreover, its operation cannot be
matched to the fluctuations in renewable energy (such as solar and
wind energy) production during the day.

Moreover, fertilizer production using the H-B process requires sev-
eral energy-consuming steps. Since NH; is volatile, it is transformed
into non-volatile ammonium nitrate (NH4NO3) through the Ostwald
process which is later on used as fertilizer. For this purpose, NH; from
H-B process is usually oxidized to produce NO, (NO and NO,) in a
highly oxidized environment (Egs. (14), (15)). Subsequently, HNOj is
synthesized by NO, absorption in water (Eq. (16)). The as-formed nitric
acid is then neutralized with NH3 to NH4NO5; which in turn is used as
fertilizer for agricultural purposes (Eq. (17)) [25].

4NHj; + 50, — 4NO + 6H,0 (AH? = -905 kJ mol™") a4
2NO + 0, — 2NO, (AH? = —114 kJ mol™") 1s)
3NO, + H,0 - 2HNO; + NO (AH? = —117 kJ mol™") 16)
NH; + HNO; — NH,NO; a7)

Therefore, the overall process requires N, (N with oxidation state
0) which is firstly reduced to NH; (N with oxidation state —3), which
is then oxidized again to NO (oxidation state +2). The conventional
process requires H, as an energy source to drive this reaction. Con-
sequently, synthesis of NH4;NO; fertilizer through the combination of
H-B and Ostwald process is a detour process [81]. Notably, the Ostwald
process consumes 66.6 GJ per ton of fixed nitrogen which is ~1.7 times
the energy for NH; production [10]. Feeding the renewably produced
H, through water splitting can reduce the CO,, while the process adds
huge energy input [206]. Thus, the process is energy-intensive and
contradicts the current research focus on reducing energy consumption.
Instead of this detour, a direct conversion of N, to NO, presents a
streamlined approach with the potential for enhanced efficiency.

Given all these complexities, the decentralized plasma-assisted
technology-driven plants may act as a more suitable choice. Contin-
uous development in catalyst activity permitting milder conditions
and flexible plant designs are the few active research practices which
further may provide a promising method for achieving cost-competitive
green NH; generation. Access to intermittent renewable energy which
may be enough to run small-scaled plasma-assisted NH; generators
could be a game changer [120]. Such advantages make it compatible
with localized, on-site ammonia production. Furthermore, small-scale
plasma reactors can drastically eliminate the transportation cost. There-
fore, it can contribute to sustainable ammonia generation for fertilizer
applications. Moreover, fuel production storage can be carried on-site
and complement the existing conventional processes [203].

The long-awaited target of decarbonized NHj synthesis, renewable
(e.g., wind, solar energy, etc.) energy-driven cold plasmas for N, acti-
vation using water as a hydrogen source can be proposed (as shown
in Fig. 1). One of the peculiar features is that air can be used as a
source of N, for its conversion to nitrogen oxides (NO,) which are
usually first absorbed in water to form reactive NO_ . Co-existence of
oxidative species, NO,/NO; may also lead to low yield and selectivity
of ammonia synthesis, however, selection of plasma type, modulating
catalyst design and adsorbent reaction medium coupled in electrocat-
alytic operation can enable selective conversion of NO_ to NH3. Thus,
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the approach has a specific advantage over the other due to high
efficiency and selectivity towards the NH; production. Moreover, the
flexibility of tuning the catalysts, electrolyte, interface and potential
may further enhance the selective generation of NH;.

Anthropogenic nitrogenous harmful and toxic contaminants present
in industrial wastewater and groundwater such as nitrate and nitrite
(NOy) can also be used as N source [207]. While it is also urgent to
remediate the NO} from wastewater for clean water availability, it can
be used as a major source of N,. Therefore, cold plasma accumulat-
ing high content of NO and its coupled electrochemical conversion
to indispensable NH; are the focal point of research. Realizing the
potential of pervasive contaminants, NO; and NOJ, there have been
attempts to use them for ammonia synthesis (as explained in Section
5.2). Alternatively, NO as feedstock in electrocatalytic approach has
been suggested as the most efficient NO, species for efficient and high
selective production rates of ammonia [208]. This may be a turnaround
for future research and can be marked as a key step in this field. Cold
plasma technology for NO production is a promising sign providing
additional motivation for using NO, as a feedstock for ammonia syn-
thesis [209]. Currently, such plasma catalytic approaches are in their
infancy and require more efforts to be economically competitive.

Inspired by a two-stage pathway, the Plasmaleap (Australia) re-
search group has developed a pilot plant system that is forecast to be
commercially competitive with traditional fertilizer production
(Fig. 9¢) [199]. The pilot plant system uses a plasma-bubble reactor
design powered by renewable electricity wherein atmospheric air and
water were used N, and H, source respectively, to synthesize nitrate
& ammonia derivatives. The pilot units were capable of deployment
on a farm or in an industrial setting, which may completely remove
transport and supply chain costs. Techno-economic evaluation of Plas-
malLeap pilot plant for nitrate fertilizer revealed the production cost
ranges from US$ 0.95 to US$ 1.42 in comparison to Urea, suggesting
the commercial viability which can meet the future global fertilizer
demand (Fig. 9d).

Similarly, VitalFluid, a Dutch company, fabricates a portable device
to fix natural nitrogen applicable for seed treatment, natural plant
protection, and cleaning applications [200]. Lab-scale unit, PAW pro-
ducing 0.5 L activated water per batch is available for feasibility and
proof of concept testing for disinfecting applications with plasma water
(Fig. 9e). For higher capacity, “Aegir” is developed which is operated
at 1 kW power that generates instant 2 L of plasma activated water
per batch (Fig. 9f). Another device, “Freya”, works on high power
(15 kW) for scalable PAW production at the rate of 9.5 mol NOJ per
hour (0.6 kg) which can be maximized up to 300 mmol NOJ per liter
concentration (Fig. 9g). The Freya is suitable for 24/7 operation and
can be used for hydroponic growers, vertical farming and fertigation.
These innovations are successful examples of the implementation of
cold plasma technology contributing towards sustainable production of
nitrogen nutrients and agrochemicals.

7. Summary and outlook: Propositions for cold plasma catalyzed
green NH; synthesis for sustainability

A plethora of research is available in the field of plasma-based
nitrogen fixation for NO, or direct NH; synthesis. Reaction pathways
for N, fixation under plasma conditions need to be improved to match
the efficiency of the benchmark H-B process. Currently, the energy
consumption for plasma-assisted conversion of N,/H, into NH; seems
to vary wherein reported values ranged from several 100 MJ/mol to
the order of 1 MJ/mol [148]. Synthesis of ammonia via plasma-assisted
two-stage pathway of N, — NO, — NH; process requires consideration
both of N, oxidation to NO, and NO, transformation to NH; wherein
viability of large-scale production in former step is less unknown.

In terms of fertilizer production, the conventional process is a
detour that requires breaking of the synthesized NH; to form NH3NOg
(Egs. (14)-(17)). Cold plasma-assisted NO_ production simplifies and



D. Panchal et al

Chemical Engineering Journal 498 (2024) 154920

Fig. 10. Role of cold plasma-assisted technology in energy and environmental remediation as shown by green colored co-centric ring. Two-stage pathway not only can use NO;
as reactant but also can be potentially transformed into NH;. The yellow ring indicates the various advantages of cold plasma technology suitable for sustainable NH; production.

The last ring shows major plasma-assisted technologies to achieve ammonia synthesis.

reduces these additional energy-intensive steps. Furthermore, cold
plasma exhibits multiple advantageous attributes including its opera-
tion under milder conditions (ambient conditions of temperature and
pressure), easily switched on/off and, and its amenability to being
powered by renewable electricity sources to produce NH; serving
both as an energy carrier and a fertilizer precursor. Cold plasma-
assisted technology offers decentralized on-site ammonia production
addressing the pollution associated with the storage, transportation and
distribution of fertilizer to localized farmers. Establishing the network
of small-scale renewable energy to power cold plasma-assisted reactors,
on-site NH3 production cuts down not only the distribution costs but
also reduces our dependency on fossil fuels.

Fig. 10 showcases the unequivocal benefits of cold-plasma assisted
technology for the sustainable production and application of ammonia
and its derivatives for energy and environmental applications (green
ring). The yellow ring of the figure pinpoints the feasibility of cold
plasma-assisted technology, while the largest one shows the major tech-
nology for achieving NH; production. The techno-economic status is
subject to the inevitable uncertainties of early-stage technologies. Nev-
ertheless, the reports indicating advanced and selective NO, formation
in the recent literature are a promising sign [208,209].

Cold plasma coupled with bubble technology maximizing reactive
NO, species at gas-liquid interface via intensifying gas-to-liquid mass
transfer of afterglow reactive species is another active research horizon
that may be explored for large-scale production of NO, [155,175,
178,210]. The increased interfacial areas, elevated internal pressure
and subsequent bursting, deliver the reactive species on-site for their
enhanced action.

Several specific research directions need to be explored such as (i)
design and synthesis of effective catalysts for the plasma conversion
and for selectivity of active species; (ii) understanding and controlling
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of flow dynamics of gas phase and the liquid in cold plasma (micro)
discharge to achieve optimal energy efficiency, (iii) maximize the
synergy of long and short lived active species; and (iv) rational device
design integrated with the discharge powered by renewable energy
achieving stable operations for sustainable ammonia generation. Real-
time diagnosis for monitoring the plasma-catalysis system is imperative
to understand these questions and elucidate reaction pathways for
improving the functionalities of plasma-catalysis synergism. Combining
all the key factors may lead to a robust system, wherein plasma-based
technology driven by renewable energy sources will become suitable
for sustainable NH; production.

The cold plasma-assisted ammonia synthesis involves multi-phase
and multi-scale reaction processes, exchange of mass and energy,
plasma-physics, materials discovery, and device engineering. Forging
an envision of cold plasma-assisted technology for sustainable ammonia
production for energy fuel and agricultural purposes will require joint
efforts from multi-disciplinary scientific communities worldwide. In
this endeavor, artificial intelligence (AI) may aid the research on
this complicated process due to its ability to handle multidimensional
problems. Al may help accelerate the processes of catalyst discovery,
identifying the reaction conditions for selectivity and optimization of
energy efficiency.
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