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The Haber-Bosch process, the dominant process for industrial
ammonia production, is highly energy-intensive and a major
source of carbon emissions. Plasma and electrocatalysis offer
viable and promising alternatives for nitrogen reduction re-
actions, especially when integrated with intermittent renewable
electricity. However, relying solely on plasma or electrocatalysis
for direct N2 reduction presents significant challenges. Plasma
technology suffers from low conversion efficiency and high
energy consumption. Similarly, electrocatalysis encounters
challenges with low yield and Faradaic efficiency, primarily due
to the low solubility of nitrogen gas and interference of the
competing hydrogen evolution reaction. A tandem process
combining plasma synthesis of NOy (a mixture of NO and NOy)
with the electrochemical NOy reduction reaction (eNORR) can
effectively use NOy as an intermediate, thereby significantly
reducing the difficulty of Ny activation in plasma and enhancing
the Faradaic efficiency of the subsequent electrocatalytic pro-
cess. This promising solution has great potential to dramatically
enhance the ammonia synthesis rate, making the tandem pro-
cess a compelling technology for sustainable and decentralized
ammonia synthesis under mild conditions. This review provides
an insightful overview of the tandem plasma-electrocatalytic
process, illustrating the reported methods for plasma-driven ni-
trogen activation to nitrogen oxides and discussing the recent
advances and challenges in eNO, RR, with a particularly focus
on developing efficient electrocatalysts. Additionally, we discuss
the systemic challenges of integrating these two processes,
highlighting the importance of process optimization and the
potential for ammonia production. The techno-economic and
environmental impacts of the tandem process are also evalu-
ated and compared to the Haber-Bosch process, providing in-
sights into future development pathways for this innovative
approach.
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Introduction

Ammonia (NHj3) is a fundamental chemical with
extensive applications in agriculture, industry, and
emerging energy technologies. The Haber-Bosch (H—
B) process, developed in the early 20th century, revo-
lutionized ammonia production, but it operates under
harsh conditions, demands large scale and complex
infrastructure, and is associated with significant carbon
emissions, particularly when the energy is sourced from
fossil fuels (Figure 1a). In recent years, there has been
growing interest in developing emerging technologies,
such as plasma and electrocatalysis, for more sustainable
ammonia synthesis under mild conditions [1,2].

However, the strong N = N triple bond in inert nitro-
gen molecules results in high reaction energy barriers
during nitrogen activation and direct hydrogenation,
leading to low synthesis rates in ammonia production. In
the plasma ammonia synthesis from N, and Hpy,
enhancing the reaction rate is challenging due to limi-
tations from both N2 dissociation and the equilibrium
constraints of the reverse reaction (NH3 — N, + Hj)
[2]. Although the electrochemical nitrogen reduction
reaction (eNRR) is promising, it suffers from slow ki-
netics and low selectivity due to the low solubility of N,
and competition with the hydrogen evolution reaction
(HER) [1,3]. Furthermore, a plasma-activated proton
conducting solid oxide electrolyzer system has been
proposed for ammonia production from N, and water,
achieving a Faradaic efficiency surpassing that of eNRR,
though with a relatively high energy consumption
(605 MJ mol ") [4].

A tandem process that combines non-thermal plasma
(NTP) and electrocatalysis (P-eNO4RR) has recently
emerged as a promising solution for ammonia synthesis
(Figure 1b). This innovative process uses NOy as an
intermediate, thereby avoiding the direct reduction of
N; and achieving significant improvements in both N
conversion rates and ammonia production efficiency.
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Figure 1
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Schematic illustration of ammonia production from (a) the Haber-Bosch (H—

eNOZRR).

B) process, and (b) the Plasma-coupled eNO, RR tandem process (P-

Specifically, in the initial stage, plasma technology is
employed to directly activate N, and O,, producing a
high concentration of NOy (a mixture of NO and NO;).
In the subsequent stage, ammonia is directly synthe-
sized through the electrochemical reduction of nitrogen
oxides (eNOy RR). Since NOy species have lower bond
energies (204 kJ molfl) compared to N; (945 k] mol 1)
[5], this enables more efficient conversion to ammonia.
Currently, eNOy RR studies primarily use NOy sourced
from industrial wastewater. However, the concentration
of NOy in wastewater is typically quite low (<4 mM)
[6], and the impurities present in the wastewater can
significantly disrupt the eNOyx RR process. To achieve
stable and efficient ammonia synthesis via eNOy RR, a
reliable and clean source of NOy is essential. Plasma
technology offers a solution by converting atmospheric
nitrogen into NOy, providing a clean and controllable
NOy source for subsequent electrochemical reduction.
This tandem approach leverages the strengths of both
plasma and electrocatalysis technologies, potentially
resulting in higher ammonia yields compared to
methods that rely on a single technology.

Plasma-driven NOy production

NOy formation from N; and O; is an endothermic pro-
cess (R1) with a low standard enthalpy of 0.09 M] mol ™!
[7]. However, thermochemical NOy production, which
requires high temperatures, is limited to thermal equi-
librium, resulting in high energy consumption [8].
Theoretical calculations have shown that the minimum
energy consumption of thermochemical NOy production
is higher than 2 M] mol ™!, more than ten times higher
than that for plasma-enabled NOy production [8,9].
Plasma is a partially ionized gas composed of electrons,

ions, and neutral particles. In N'TP, the formation of NOy
involves a complex interplay of reactions. High-energy
electrons in the plasma collide with N, molecules,
generating reactive nitrogen species, such as N atoms
and excited Ny. These reactive species can subsequently
react with O; to produce NOy at ambient temperatures.

%Nz(g) +%Oz(g)—> NO(g) AH® = 90.29 k] mol~!

(R1)

Various types of NTP have been studied for NOy gen-
eration. Figure 2a compares the performance of NOy
synthesis across different plasma reactors, primarily
under atmospheric pressure unless otherwise specified.
The lowest energy consumption of 0.28 MJ mol ™! and
the highest NOy concentration of 140,000 ppm were
achieved using a low-pressure (10—100 Torr) microwave
(MW) discharge (Figure 2b) [10]. However, the addi-
tional energy required for vacuum pumps at low pres-
sures often negates these efficiency gains. As a result,
recent studies on MW discharge for NOy production
have shifted towards (near) atmospheric pressure dis-
charges, with the lowest reported energy cost at atmo-
spheric pressure being 2 M] mol !, yielding a total NOy
production of 3.8 % [11].

The energy efficiency of NOy formation is primarily
determined by the method used to break the strong N,
bond (~10 eV) [8,12]. In dielectric barrier discharge
(DBD) plasma (Figure 2c¢), the reduced electric field
typically falls within the 100—200 Td range. In this
range, the reaction system is mostly governed by direct
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(a) Energy cost and concentration of nitric oxides from plasma synthesis reported in the literature; the schematics of (b) MW, (¢) DBD, (d) GAD, and (e)

Jet plasmas.

electron impact dissociation, which requires large elec-
tron energies, resulting in low energy efficiency. In
contrast, other plasma discharges, such as gliding arc
discharge (GAD), operate with a reduced electric field
in the 10—100 T'd range, where N, vibrational excitation
is the predominant route for NOy production [8,13].
This pathway follows the Zeldovich mechanism ((R2)
and (R3)) for N—N bond breaking, which is recog-
nized as the most energy-efficient method for producing
NOy.

O +Ny(v)»> NO+N, £, = AH = 3eVmol ' (R2)
N+ 0z(g,v) > NO+ O, E,=0.3eVmol !, AH=
— 1€V mol™!
(R3)

GADs benefiting from abundant N, vibrational excita-
tion (Figure 2d), have shown promising results
compared to other plasma types, particularly in novel
reactor configurations. Wang et al. [8] demonstrated

that a pulsed GAD outperforms thermal NOy synthesis
in both yield and energy efficiency, achieving an energy
cost of 4.8 M] mol~ . Van Alphen et al. [14] further
improved gas—discharge interaction by using a rotating
gliding arc reactor with an effusion nozzle, achieving a
5.9 % NOx yield at an energy cost of 2.1 M] mol L.

The lowest energy cost for atmospheric pressure plasma
was achieved using a pulsed arc-formed jet reactor
(Figure Ze) [15]. In this system, a plasma arc is gener-
ated between a pin electrode and a metal nozzle, with
gas flow driving the formation of the jet. This setu
achieved an energy consumption of 0.42 M] mol
approaching the theoretical minimum for non-thermal
plasma, which is 0.2 M] mol 1. However, it is impor-
tant to note that the energy cost calculation considered
only the power used during the pulse, excluding inter-
pulse power consumption. Additionally, scaling up pulse
power supplies presents a significant challenge.

Coupling catalysts with plasma systems is an effective
strategy to boost NOx yield and reduce energy costs. For
instance, Lei et al. [16] achieved a 40 % reduction in
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energy costs, reaching 1.73 M] mol ™1, by integrating a
three-level coupled rotating electrodes air plasma with
nano-sized TiO,. However, the mechanisms underlying
plasma—catalyst interactions in NOy synthesis remain
poorly understood. Key questions include identifying
the dominant plasma-activated N; species in plasma
catalysis and determining the active catalytic sites that
enhance NOy synthesis.

Despite recent advances, the energy cost of plasma-
based NOy synthesis remains significantly above the
theoretical minimum. Optimizing reactor configuration
to promote effective collisions between gas molecules
and high-energy electrons in the discharge space could
significantly increase the NOy synthesis rate. Theoret-
ically, energy efficiency could also be improved by
suppressing reverse reactions and minimizing the
vibrational—vibrational (VV) relaxation channel. Strate-
gies such as fast quenching or in situ removal of NO
(e.g., rapid oxidation to NO; by O3z) may effectively
suppress the reverse reactions. However, the absence of
pilot-scale NOy synthesis processes limits progress
toward practical applications.

In addition to integrating plasma-enabled NOy produc-
tion with electrocatalysis (P-eNOx RR) for NHj3 syn-

thesis, the direct conversion of NOy to nitric acid also

Figure 3

shows considerable potential. Techno-economic analysis
suggests that plasma-based NOyg production could
compete more effectively with electrolysis-driven
Haber-Bosch and Ostwald processes for nitric acid pro-
duction if energy consumption can be reduced to 1.0—
1.5 MJ mol ! [17].

Electrochemical NOy reduction reaction
(eNOSRR)

Electrocatalytic NO/NOy-to-NHs conversion (eNORR
and eNOy RR) are promising approaches for ammonia
production. However, the vyields reported for the
eNORR process (1239 pmol cm 2 p! [18]) are
approximately an order of magmtude lower than those
for eNOL RR (19411 pmol cm™ 2h™ [19]) attributed to
the low solubility of NO in water. Compared to eNORR,
the reaction pathways of eNO, RR in aqueous solution
are more versatile [20], involving proton-coupled elec-
tron transfer (Figure 3a). The nitrogen valence state can
range from —3 to +5 (in eNO3z RR) or up to +3 (in
eNO; RR), enabling the production of multiple com-
pounds, including NO7, NO, N,0O, N,;, NH,OH, and
NH4™ [21].

For ammonia production, eNOy RR requires the
transfer of either eight or six electrons, depending
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Schematic illustration of (a) eNO4"RR, and (b) electron-mediated and Haqs-mediated pathways of eNO, RR. (¢) Comparison of eNRR, Li-eNR, eNOy R,
and P-eNOR in terms of NH; yield rate and energy efficiency (Attainable P-eNOXRR is estimated as the sum of the best performances of both the

plasma-driven NO, production and the eNO, RR.)
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on the specific NOy species involved ((R4) and
(R5)).

NO; ™ (aq) + 5 H,O(l) + 6 e~ = NHj(aq)

+70H (aq) E°

= 0.64Vvs. RHE (pH = 14) (R4)
NO; ™ (aq) + 6 H;O(l) + 8 e~ = NHj(aq)

+90H (aq) £°

= 0.69 Vvs. RHE (pH = 14) (RS)

Most eNOy RR processes are conducted in alkaline
clectrolytes, where the overall reactions are described by
(R6) and (R7), both of which are endothermic. The
theoretical energy consumption for ammonia production
via eNO3; RR is 0.502 M] molfl, while for eNO, RR, it
is 0.396 MJ mol ' [22].

NO; ™~ (aq) + 2H,0(1) = NH;(g) + OH ™ (aq)

Tandem Plasma Electrocatalysis Wang et al. 5

NO; ™ (aq) + 2H20(1) — NH;(g) + OH™ (aq)

(R7)
+%oz(g) AH® = 395.7 kJ mol ™!

Understanding the mechanism of eNOyx RR is crucial
for effective catalyst design and optimization. The
mechanisms of eNOy RR-enabled NHj; synthesis
involve two primary electrocatalytic pathways: the
electron-mediated pathway [23,24] and the H,ys-
mediated pathway [25]. These mechanisms have been
clucidated using in situ electrochemical characteriza-
tions and density functional theory (DFT) calculations
[26,27]. In the electron-mediated process, NO3 adsorbs
onto the catalyst surface and is reduced to NO; .45,
followed by the formation of NO,qs, a key intermediate
that governs the reaction’s selectivity. Alternatively, the
H.4s-mediated pathway involves the reduction of NO3
by H,gs, which is formed during water electrolysis
(Volmer process). This pathway proceeds through in-
termediates including NOz 445, NOags, Nads, NHaqgs, and
NH; .4 favoring the formation of NHj; over N

+20;(g) AH = 502.3 k] mol ™!

(R6)

(Figure 3b). The H,4s-mediated

pathway typically

operates at low overpotentials, minimizing side
Table 1
Summary of the state-of-the-art eNOXRR performance.
Electrocatalyst Ammonia production rate Faradaic Electrolyte Potential (V) Ref.
(umol cm=2 h™") efficiency (%) vs. RHE

MWCNTs 264.57 90 0.1 M PB + 0.4 M KNO3 -0.85 [33]
CoP/TiO, nanoarray 499.8 87.5 0.1 M NaOH + 0.1 M NO3 -0.5 [34]
BiFeO; flakes 212.82 96.85 0.1 MKOH + 0.1 M KNO3 -0.6 [35]
Ru@Cu NWs 707.33 93 0.1 M NaxSO,4 + 0.1 M NO3 -0.2 [36]
vCo-Co30,/CC 517.5 97.2 0.1 M NaOH + 0.1 M NaNO3 -0.6 [37]
Cobalt-doped Fe @Fe,03 88.58 68 0.1 M NaxSO4 + 500 ppm NO3  -0.95 [38]
FeOOH/CP 142.29 68 0.1 M (PBS) + 0.1 M NaNO3 -0.8 [39]
MoO,—-C NBF 109.28 99.05 1 M KOH + 0.1 M KNO3 -0.3 [40]
Cu/Cu,0 240 95.8 0.5 M Na,SO,4 + 200 ppm NO3  -0.85 [41]
Strained Ru Nanoclusters 1170 ~100 1 M KOH + 1 M KNO3 -0.8 [42]
Fe—N/P-C 528.82 86 0.1 M KOH + 0.1 M KNO3 -0.8 [43]
Ruy5Cogs HNDs 1230 97 0.1 M KOH + 0.1 M KNO3 0.3 [32]
0.6 W—O—-CoP@NF 4760 95.2 1 M KOH + 0.1 M NO3 -0.5 [44]
Pd—Co0304/TM 745.6 98.7 0.1 M KOH + 0.1 M NO3 -0.3 [45]
CuNi NPs/CF 5563 97.03 1 M NaOH + 0.715 M NO3 -0.48 [46]
Ni nanoparticles 15490 93 1 M NaOH + 1 M NaNO3 -0.93 [3]

Ru1Cu4¢/rGO 380 98 0.1 M KNO3 + 1 M KOH -0.05 [47]
Mn-incorporated Co3z0,4 nanotubes 2058.8 99.5 0.5 M KoSO4 + 0.1 M KNO3 -1.2 [48]
D-Ni(OH)./Ni@CF 2941.2 99 1 M KOH + 0.1 M KNO3 -1 [49]
FeB,> 1500 96.8 1 M KOH + 0.1 M NO3 -0.6 [50]
self-supported carbon nanosheet array 8470 88.6 1MOH™ +1 M NO3 -1.03 [51]
Co—CNF/ZIF-CoP 2260 90 1 M KOH + 0.1 M KNO3 -0.6 [52]
Cu/Cu,0O/Pi NWs 360 96.6 1 M KOH + 0.1 M KNO3 -0.5 [53]
Pd—-Cl/Cu,O 19411 ~100 1 M KOH and 1 M NO3 -0.6 [19]
CoP@TiO./TP 849.57 97.01 0.1 M NaOH + 0.1 M NO3z -0.6 [5]
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reactions. In both pathways, nitrate adsorption and ni-
trite generation are considered the rate-determining
steps.

Strategies for improving NOxRR
performance

Developing efficient electrocatalysts is essential for
enhancing NOy RR performance in NHj3 production.
Ideal catalysts should offer high activity, selectivity,
stability, and operate at low overpotential. Various ma-
terials and catalyst engineering strategies have been
employed to improve eNO;RR performance [20].
Beyond catalyst innovation, optimizing membranes and
electrolytes (e.g., pH, composition, concentration) can
further enhance performance [28,29]. Although an
acidic condition provides a high availability of protons
for eNO, RR, most of the state-of-the-art results
(summarized in Table 1) are achieved in a strong alka-
line electrolyte with high NOs concentrations
(>100 mM). Conducting eNO, RR in acidic conditions
presents significant challenges, including catalyst
corrosion, competition with the HER, and mass trans-
port limitations.

Recent advancements have achieved ammonia yield
rates as high as 19,411 pumol em~ 2 h™! with current
densities exceeding 2 A cm ™% [19]. Faradaic efficiencies
above 90 % have been widely reported, but optimal
ammonia production in most studies requires potentials
far from the theoretical eNOy RR potential (0.69/0.64 V
for eNO3RR/eNO;RR at pH = 14 [30,31]). The
energy cost of eNO4RR is directly related to the cell
voltage (Ucenl = Ecathode — Eanode, U refers to the cell
voltage; E refers to the electrode potential.), making it
crucial to reduce overpotentials in both eNO4RR and
the oxygen evolution reaction (OER) to improve energy
efficiency. Recently, Han et al. [32], reported employing
Ru5Cogs, achieving an onset potential of +0.4 V vs.
RHE, which is close to the theoretical onset potential of
eNO3RR. In their study, they achieved an optimal
energy efficiency of 42 %, corresponding to an energy
consumption of ~1.00 M] mol !, along with an
ammonia production rate of 1230 pmol cm~* h™! at a
potential of 0.3 V vs. RHE.

Integration of plasma-based NOy generation
and electrocatalysis

Integrating plasma-based NOy generation with electro-
chemical NOjy reduction could offer a sustainable
approach to ammonia synthesis by utilizing low-cost
feedstocks such as air and water. Moreover, this com-
bined process has the potential to achieve higher
ammonia yields compared to electrocatalysis alone due
to a continuous replenishment of NOy.

Maximizing ammonia yields and energy efficiency in a
tandem  P-eNOyRR  system requires  careful

consideration of plasma reactor configuration, electro-
catalyst selection, and optimization of operating pa-
rameters. Sun et al. [54] achieved an ammonia yield of
23.2 mg h! using a system combining an N'TP bubble
column reactor and a scalable electrolyzer with Cu
nanowire electrocatalysts in acidic conditions. The
energy consumption was 14.78 M] mol !, with NOg
production accounting for 13.7 M]J mol ! and electrol-
ysis for 1.08 M] mol 1, resulting in an overall energy
efficiency of 2.59 %.

The energy consumption of ammonia in the P-eNO;x RR
system heavily depends on the NOy production.
Studies [55,56] employing P-eNO5RR systems incor-
porating DBD reactor or spark discharge are expected to
suffer from high energy consumption, considering the
poor performance (generally >10 MJ mol~! NO,) of
these discharges for gaseous NOy production (Figure 2).
The work by Liu et al. [57] confirmed this, with their P-
eNO RR system achieving a high energy consumption
of 18.36 MJ mol~! NH; (2.08 % in terms of energy ef-
ficiency), despite the superior performance of the
Ni(OH)/Cu (e.i., high activity with ammonia yield rate
of ~1250 pmol cm™? h™! and low overpotential with
Ecathode = —0.25 Vvs. RHE).

Noted that although GAD and its variants are efficient
for NOy production, P-eNO4sRR systems employing
these discharges could also result in high energy con-
sumption due to inefficient NOy trapping to NOy . For
example, Wu et al. [58] used a rotating GAD above a
liquid surface to produce aqueous NOy from generated
NOx, but only 2.9 % conversion was achieved due to
high NO selectivity in NOy, resulting in a high energy
cost of 83.44 MJ mol~! for NOx production, inevitably
leading to ultra-low energy efficiency (0.45 %) of their P-
eNOsRR system. In another study combining GAD
with eNOy RR, the energy consumption for NOy pro-
duction was reduced to 4.38 MJ mol ! by bubbling the
generated NOy into a 0.1 M KOH solution [59]. Their
tandem P-eNO; RR system achieved an ammonia pro-
duction rate of 7.3 mg h! (429.41 pmol cm 2 h_l) ata
record low energy consumption of 6.33 M] mol !
(6.05 % in terms of energy efficiency) using plasma-
engraved N-doped defective MoS; as the
electrocatalyst.

However, in all reported P-eNOyRR systems, the
required energy consumption for NOy generation is
significantly elevated due to the low efficiency of trap-
ping gaseous NOy, which underscores a high demand for
the development of more effective technologies to
enhance the transformation of NO from gas phase to
liquid phase. Enhancing gas—liquid interactions and
increasing solubility can be achieved by optimizing
reactor design and reaction conditions, such as pressur-
izing. Increasing the relative proportion of NO; can also
improve solubility, as NO; has a higher solubility in water
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(Henry’s law constant = 1.2 x 10~* mol™! m™3 Pa™1)
compared to NO (1.9 x 107> mol ! m™3 Pa ).

To facilitate the industrial implementation of P-
eNOy RR, it is crucial to increase ammonia yield rates at
low overpotential. This necessitates the use of active
electrocatalysts and optimized electrolyzer designs.
Recently, Guo et al. [60] achieved a record ammonia
yield rate of 2578 mg h! by integrating Laj 5Srg 5.
Nig.sFep 504 perovskite oxide into a series-connected
stacked membrane electrode assembly (MEA) for
acidic (pH = 0) eNORR. This catalyst enables direct
ammonium salt production and facilitates integration
with plasma-generated NOy. However, operating the
MEA at a high current (20 A) resulted in a significant
overpotential (Ugey = 7.7 V) and an energy consump-
tion of ~4.5 M] mol™! from eNOs RR. Future efforts
should focus on reducing this overpotential by
enhancing electrolyzer design to improve ion conduc-
tivity and reduce resistance.

Figure 3c highlights that eNO4xRR outperforms Li-
mediated eNRR (Li-eNRR) and eNRR in terms of
ammonia production rate. However, the energy effi-
ciency of the state-of-the-art P-eNOyxRR-based
ammonia synthesis remains significantly lower than both
the theoretical P-eNO; RR limit (64.3 %) and the H—B
process (79.8 %) [22], in which the most energy con-
sumption comes from H; production [7]. By combining
the best NOy production results [15] with the state-of-
the-art eNO4RR performance [32], the P-eNO;RR
system is expected to achieve an energy efficiency of
27 % with an ammonia production rate exceeding
1000 pmol cm™2 h™ 1.

Conclusion and outlook

The tandem plasma-electrocatalysis approach for
ammonia synthesis offers a promising solution to the
challenges associated with traditional ammonia pro-
duction methods. While this technology has the po-
tential to contribute to a more sustainable and
distributed ammonia production landscape, significant
research is still needed to optimize system performance
and reduce costs. Currently, the majority of energy
consumption in P-eNOyRR comes from NOy produc-
tion (>10 M] molfl) rather than from the electrolysis
stage (~1.5 M] mol_l). This indicates that reducing
the energy consumption associated with NOy produc-
tion is crucial for making this method more viable.

Future research should prioritize reducing the energy
consumption of gaseous NOy production. This can be
achieved by optimizing reactor design to enable effi-
cient discharge of feed gases, along with fast quenching
and in situ NO removal to suppress reverse reactions.
Additionally, developing high-efficiency plasma-liquid
systems to capture NOy as aqueous NOy~ is essential.
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Research on stable electrocatalysts for eNOy RR at high
current densities remains limited, so further efforts are
needed to enhance electrocatalyst activity and reduce
overpotential by improving electrolyzer design, which
would increase ion conductivity and reduce resistance.
Scaling up experiments and performing techno-
economic and life cycle assessments are necessary to
evaluate the commercial viability and environmental
impact of this tandem process. By integrating the
strengths of plasma and electrocatalysis, this approach
can pave the way for a greener and more sustainable
ammonia production industry.
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