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Plasma-driven catalysis: green ammonia synthesis
with intermittent electricity
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Ammonia is one of the most produced chemicals, mainly synthesized from fossil fuels for fertilizer applications. Furthermore, ammonia may be one of the energy carriers of the future, when it is produced from
renewable electricity. This has spurred research on alternative technologies for green ammonia production. Research on plasma-driven ammonia synthesis has recently gained traction in academic literature. In the current review, we summarize the literature on plasma-driven ammonia synthesis. We distinguish between mechanisms for ammonia synthesis in the presence of a plasma, with and without a
catalyst, for diﬀerent plasma conditions. Strategies for catalyst design are discussed, as well as the current
understanding regarding the potential plasma-catalyst synergies as function of the plasma conditions and
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their implications on energy eﬃciency. Finally, we discuss the limitations in currently reported models and
experiments, as an outlook for research opportunities for further unravelling the complexities of plasma-
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catalytic ammonia synthesis, in order to bridge the gap between the currently reported models and
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experimental results.

1. Introduction – the need for
electriﬁcation and energy storage
Renewable energy sources, such as wind energy and solar
power, increasingly penetrate the electrical power grid, spurring the electrification of the energy landscape.1 However,
these energy sources are intermittent and energy storage is
required. For short-term energy storage (up to a few days), a
wide range of technologies is available, including batteries
and thermo-mechanical storage.2 In contrast, chemical energy
storage is one of the few alternatives for long-term, seasonal
energy storage,2,3 the other main option being pumped hydropower.4 Even though pumped hydropower may be a potential
solution for low-cost energy storage in some naturally suited
areas,4 the energy density of such systems is low, and pumped
hydropower heavily depends on the availability of large natural
water formations.
Chemical energy storage in the form of hydrogen is often
proposed to solve the intermittency challenge. Hydrogen can
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be produced from water via electrolysis using renewable electricity, producing oxygen as a by-product. Hydrogen can be
combusted to water in a fuel cell or gas turbine, producing
electricity again. However, hydrogen is not easily stored over
longer timespans due to temperature fluctuations over the
diﬀerent seasons, considering the severe storage conditions.
Therefore, hydrogen carriers are required and ammonia is one
of the options available.3,5 Ammonia can be used for stationary
energy storage, as well as for fuel applications.3,6,7 Ammonia is
a carbon-free hydrogen carrier, which can be produced from
air and water. The current ammonia supply accounts for about
170 Mt per year.
Currently, ammonia (NH3) is produced mostly as a synthetic fertilizer via thermochemical conversion of hydrogen
(H2) and nitrogen (N2), which is crucial to produce suﬃcient
food via agriculture to sustain the current world population of
almost 8 billion people.8,9 Hydrogen for this purpose is mostly
produced via steam reforming of methane, contributing significantly to global warming caused by emission of CO2.
Alternative methods to produce ammonia are being
researched, both for the purpose of energy storage and/or fertilizer production by using electrical power rather than fossil
energy carriers like methane. The goal of this review is to put
one specific solution, i.e. plasma-catalytic synthesis of
ammonia, in perspective of existing and other innovative
routes. The reader is introduced to the concepts of plasma
chemistry and plasma catalysis, followed by the state of the art
of plasma-driven ammonia synthesis.
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2. Ammonia synthesis processes
We discuss the current ammonia synthesis processes and nonconventional technologies, starting with the industrial Haber–
Bosch process and its modifications for greener ammonia production at milder conditions, after which sustainable and
novel ammonia synthesis methods are presented, such as
electrochemical, photochemical and homogeneous ammonia
synthesis, as well as chemical looping approaches. This provides the background for the core of this review: plasma-driven
ammonia synthesis.
2.1.

The Haber–Bosch process

This section serves as an introduction to commercial
ammonia synthesis processes via the Haber–Bosch process.
We present the basics of the hydrogen production, nitrogen
production, and ammonia synthesis loop. Conventional
ammonia production processes are extensively discussed in
ref. 10–13. We also elaborate on scale-down and intermittency
issues,6 providing a rationale for research on novel technologies.
2.1.1. Brief history of the Haber–Bosch process. The
Haber–Bosch process was developed in the early 20th century
as the first industrial large-scale process for fixating nitrogen
in the form of ammonia.11,14 In 1908, the chemist Fritsch
Haber and his co-worker Robert Le Rossignol demonstrated
that the ammonia synthesis reaction from nitrogen and hydrogen was industrially viable.15 Using Le Châtelier’s principle,
they found that significantly increasing the pressure shifts the
equilibrium of the reaction towards the product side (eqn (1)).
3H2 þ N2 Ð 2NH3 with ΔHr° ¼ 91:8 kJ mol1

ð1Þ

The high-pressure, industrial ammonia synthesis process
was developed by Carl Bosch and co-workers. The first plant in
Oppau (Germany) was operational by 1913, with a production
capacity of 30 t-NH3 d−1. Since then, the Haber–Bosch process
and catalysts have undergone only gradual changes.11,12
Hydrogen and nitrogen react in a H2 : N2 molar ratio of 2 : 1 to
3 : 1 over a multiple-promoted iron catalyst at 400–500 °C and
100–450 bar.16 The Haber–Bosch process has outcompeted
other nitrogen fixation processes, such as NOx production
using electrical arcs (the Birkeland–Eyde process)17,18 and the
cyanamide process (the Frank–Caro process).18,19 The development and evolution of nitrogen fixation processes is shown in
Fig. 1, from which it follows that the best Haber–Bosch plants
have energy consumptions close to the lower heating value of
18.6 GJ t-NH3−1.
2.1.2. Process description. Nearly all ammonia is currently
produced from fossil fuels, such as natural gas, naphtha,
heavy fuel oil, and coal.14,21 This ammonia is termed brown
ammonia, while ammonia produced from fossil fuels with
carbon capture and storage (CCS) is termed blue ammonia.
Ammonia produced with essentially zero carbon footprint
from electrolysis-based or biomass-based hydrogen is termed
green ammonia. A process flow diagram of a steam methane
reforming-based Haber–Bosch process is shown in Fig. 2.

This journal is © The Royal Society of Chemistry 2020

Fig. 1 Energy consumption of synthetic nitrogen ﬁxation processes,
and the theoretical minimum energy consumption (green line). Adapted
and modiﬁed from ref. 20.

The ammonia production process starts with hydrogen production, usually through stream methane reforming (SMR),
with >70% of the ammonia currently produced (eqn (2)).11,12,21
Other processes for hydrogen production include coal or
biomass gasification and electrolysis.14,20 In the primary
reforming section (the tubular reformer), natural gas and
water react at 400–800 °C. Nitrogen is usually introduced by
adding air at the second stage of the reforming process (the
autothermal reformer), in which part of the oxygen is burned
to overcome the endothermicity of the steam methane reforming reaction.11 In both reforming stages, a nickel-based catalyst
is used. The residual CH4 concentration is below 0.5 vol%.12
CH4 þ H2 O Ð CO þ 3H2 with ΔHr° ¼ 206 kJ mol1

ð2Þ

CO þ H2 O Ð CO2 þ H2 with ΔHr° ¼ 41:1 kJ mol1

ð3Þ

Subsequently, the produced gas mixture is subjected to a
series of water gas shift (WGS) reactors to maximize the hydrogen yield and to remove the bulk of CO present in the gas
stream (eqn (3)). A decrease in temperature is favoured to push
the conversion to H2 and CO2 production, due to the exothermicity of the reaction. A two-stage shift conversion is usually
applied to optimize the eﬃciency of the reactor and catalyst
usage. First, the gas mixture is fed to a high-temperature-shift
catalyst bed of Fe2O3/Cr2O3 at 350–400 °C, after which the gas
mixture is fed to a low-temperature-shift catalyst bed of CuO/
ZnO/Al2O3 at 200–220 °C.23 The residual CO concentration
after the low-temperature-shift reactor is below 0.3 vol%.12
Gas cleaning is required before ammonia synthesis. Firstly,
the CO2 is scrubbed out using a caustic scrub, either based on
amines like MEA or MDEA, or alkali hydroxides like
potash.11,12 The added benefit is that any remaining sulfur or
nitrous oxide compounds are also removed. Secondly, any
remaining CO is reactively removed through methanation
(reverse of eqn (2)) at 250–350 °C and 25 bar, using a nickel
catalyst.12
Alternative methods for nitrogen generation include cryogenic air separation, pressure swing adsorption, and membrane permeation.11,24,25 While cryogenic air separation is

Green Chem., 2020, 22, 6258–6287 | 6259

View Article Online

Open Access Article. Published on 08 September 2020. Downloaded on 10/22/2020 8:52:30 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Critical Review

Green Chemistry

Fig. 2 Process ﬂow diagram of steam methane reforming-based Haber–Bosch process. KMR is a commercial multiple promoted iron-based
ammonia synthesis catalyst. Reproduced from ref. 22.

usually the preferred technology at industrial scale, small-scale
operation may be facilitated by nitrogen production by
pressure swing adsorption.6,25
After gas purification, the reaction mixture is compressed
to 100–450 bar for the ammonia synthesis loop (see Fig. 2).
High temperature (400–500 °C) is required because of the
limited activity of the iron catalyst for breaking the triple nitrogen–nitrogen bond (NuN), which is the rate-determining step
for ammonia synthesis.26,27 High pressure is required to shift
the thermodynamic equilibrium towards ammonia, achieving
typically 25 vol% ammonia at the reactor outlet.10,12 The
product mixture is cooled to near-ambient temperatures
(−20 °C to 30 °C) to separate the bulk of the produced
ammonia from the reaction mixture via condensation.12 The
remaining gasses are compressed back up to reaction pressures, mixed with fresh make-up gas and sent back into the
reactor. Furthermore, a purge is required in the recycle to
prevent the accumulation of inert gases, i.e. mainly CH4 and
Ar.
2.1.3. Catalyst. The catalyst used in the ammonia synthesis
loop is arguably one of the most important aspects of the
whole process. The activity of the catalyst determines the
required operating temperature for the reactor. This determines the operational pressure to achieve suﬃcient conversion, and consequently the required compression, as well as
the cooling requirement for condensation. Also, the catalyst
lifetime is an important factor in determining the run time of
the process before a new catalyst is required, which is determined by the catalyst resistance to chemical parameters such
as poisons and physical parameters in the process such as a
high temperature.11,12
The most widely used catalyst for ammonia synthesis is a
multiple promoted iron-catalyst, containing a mix of Al2O3,
MgO and SiO2 for mechanical strength and as structural promoters, as well as some electronic promoters such as CaO and
K2O.28 Iron-based catalysts typically have a typical lifetime of at
least 10 years.29–31
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Table 1 Reaction mechanism for ammonia synthesis over the industrial
iron-catalyst

Reaction
H2 dissociation
N2 dissociation
Hydrogenation
reactions
NH3 desorption

H2 + 2* ⇌ 2H*
N2 + 2* ⇌ 2N*
N* + H* ⇌ NH* + *
NH* + H* ⇌ NH2* + *
NH2* + H* ⇌ NH3* + *
NH3* ⇌ NH3 + *

Note
Rate-determining step

The reaction mechanisms for ammonia synthesis from H2
and N2 over the industrial iron-catalyst have been heavily
debated over the past century.32–37 Only in the late 1970s, Ertl
et al.33 were able to construct a free energy diagram for gas
phase ammonia synthesis and ammonia synthesis over the
industrial iron-catalyst. The reaction mechanism for ammonia
synthesis is listed in Table 1.
In the 1910s, Mittasch et al.38,39 put a tremendous eﬀort
into finding a suitable catalyst for ammonia synthesis by scanning a large part of the periodic table and mixtures thereof.
Only decades later, it was consolidated that the binding
strength of nitrogen is a descriptor for ammonia synthesis
activity.22 Furthermore, electronic promoters can substantially
change the activity by altering the barrier for breaking the
triple NuN bond.40,41 A so-called volcano curve was developed,
with the binding strength of nitrogen as a descriptor for the
ammonia synthesis rate (see Fig. 3). Materials that bind nitrogen too strongly (i.e., on the left-hand side of the volcano
curve), easily dissociate nitrogen. However, the ammonia is
also strongly bound to the surface of these catalysts, causing
desorption limitations, or the N-atoms on the surface are too
stable, converting slowly to ammonia. On the other hand,
materials that bind nitrogen too weakly (i.e., on the right-hand
side of the volcano curve), have limitations for nitrogen dissociation due to a high nitrogen dissociation barrier. An
optimum is achieved at intermediate binding strength of nitro-
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Fig. 3 Calculated turnover frequencies for ammonia synthesis as a
function of the adsorption energy of nitrogen (at 400 °C, 50 bar, H2 : N2
= 3 : 1 and 5% NH3). Reproduced from ref. 47.

gen. As follows from Fig. 3, osmium and ruthenium are more
active than iron among metal catalysts.42–45 Among bimetallic
catalysts, CoMo nitrides have also been researched, which
show activities similar to ruthenium (Ru) catalysts.46,47 The
latter have been used in various industrial plants,48 but due to
the high cost, these have mostly been replaced by the newest
generation of iron-catalysts.28,31,49 Osmium on the other hand
cannot be used because it is highly poisonous. Current
research focuses on developing catalysts which break the NuN
bond easily, resulting in hydrogenation of N as the rate determining step on the surface.44,50,51
2.1.4. Scale-down and intermittency. The current trend for
large-scale Haber–Bosch plants is further upscaling for minor
improvements in energy consumption and minor gains in the
capital expenditures.52 Even though modern, large-scale
Haber–Bosch plants operate at a low energy consumption of
27–36 GJ t-NH3−1 (see Fig. 1) close to the theoretical minimum
of 20.1 GJ t-NH3−1, these plants are only feasible for continuous, large-scale production up to 3300 t-NH3 d−1
nowadays.53,54 Large-scale brown ammonia production allows
for relatively low capital investments per tonne of ammonia
produced due to the economy of scale. However, such largescale plants have limited operational flexibility and decarbonisation of current Haber–Bosch plants with intermittent electricity from solar and wind resources coupled with electrolysers
is not straightforward.
Another trend for the conventional technology is downscaling to 3–60 t-NH3 d−1 for coupling with electrolysers for hydrogen production, which allows for scaling the technology to the
size of wind and solar electricity.6,55 Furthermore, small-scale
plants can be installed more easily, and the ammonia can be
produced and used locally, saving transportation costs.
However, downscaling leads to an increased cost of ammonia
production due to the relatively higher capital expenditure.
Thus, there is a need for operation under milder temperatures and pressures as compared to the current Haber–Bosch

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Energy consumption of various electrolysis-based Haber–Bosch
processes (academic and industrial estimates). The bold line represents
the thermodynamic minimum energy consumption (20.1 GJ t-NH3−1).
100 kg h−1 ammonia corresponds to approximately 1 MW. Original
references.56–65 Reproduced from ref. 20.

process to allow for intermittent operation and lower capital
expenditures.14 Furthermore, Haber–Bosch processes suﬀer
from energy losses upon downscaling below 1 t-NH3 d−1,6
which is due to the high temperatures and temperature fluctuations within the process (see Fig. 4). Alternative technologies
may allow for suﬃciently energy-eﬃcient ammonia production
with a low carbon footprint.18,66
2.2.

Sustainable ammonia synthesis

Ammonia is one of the most produced bulk chemicals, with a
high carbon footprint.14,20 For this reason, ammonia synthesis
receives much attention, in the transition towards a more
environmentally friendly chemical industry. Making ammonia
synthesis more sustainable revolves around two main aspects
dictating the process energy consumption: (i) hydrogen production, and (ii) the ammonia synthesis loop, which includes
both modifying the Haber–Bosch process and novel ammonia
synthesis methods.20,67 These various aspects are discussed in
the next sections. Typically, hydrogen production accounts for
90–95% of the energy consumed for ammonia production.
Furthermore, operating ammonia synthesis under milder conditions may allow for scale-down and intermittent
operation.6,68
2.2.1. Hydrogen production. Hydrogen production is a
prime candidate for electrification in the chemical
industry,69,70 since it can be produced via electrolysis from
water at a reasonable eﬃciency of 70–80%. Historically, electrolysis has been a major production method for hydrogen in
ammonia synthesis, second only to coal gasification up till the
1950s–1960s. Afterwards, the emergence of low-cost natural
gas decreased the share of hydrogen from electrolysis.
Alkaline electrolysis is the most mature technology71 and
therefore used for producing green hydrogen at large scale
(10–100 MWs). On the other hand, proton–exchange membrane (PEM) electrolysis has recently received attention for
hydrogen production, due to its ability to follow intermittent
electrical loads from renewables such as solar and wind.71,72
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In terms of production capacity, both electrolysis techniques
are comparable. However, PEM electrolyzers currently have a
higher capital cost due to the use of noble metals. Energy consumptions of 3.8–6.6 kW h NmH2−3 are reported for both alkaline electrolyzers and PEM electrolyzers, with a current trend
towards lower energy consumption (at elevated pressure).71,73
A major benefit of PEM is that it can produce hydrogen at up
to 200 bar pressure, which alleviates the need for energy intensive hydrogen compression.72
Further methods for improving the sustainability of hydrogen production are modification of the conventional technology. Examples include electrical heating during SMR1,74 and
carbon-capture and -storage of the produced CO2.75,76 Lastly,
biomass can be used as a sustainable source of hydrogen,
directly through gasification, or indirectly through anaerobic
digestion or fermentation followed by steam reforming.77
2.2.2. Ammonia synthesis loop. New developments in the
ammonia synthesis loop focus on two main aspects. The first
focus is on modifying the Haber–Bosch process by decreasing
the operating temperature and pressure, by using more active
catalysts and highly eﬃcient separation of ammonia with sorbents, which is coined the absorbent-enhanced Haber–Bosch
process.6,68 The second focus is on novel ammonia synthesis
methods, such as electrochemical ammonia synthesis,78,79
photochemical ammonia synthesis,80,81 plasma-driven ammonia
synthesis,82–84 homogeneous ammonia synthesis,66,85 and
chemical looping approaches.86,87 Novel ammonia synthesis

methods were recently reviewed by various authors.14,18,66,88
The current status of alternative ammonia synthesis methods
is listed in Table 2.
Modifying the Haber–Bosch process. The first strategy towards
ammonia production from nitrogen and hydrogen under
milder conditions is the development of more active catalysts.
Over the past five years, substantially more active Ru-based catalysts were developed,44,45,98–100 which can lower the
minimum reaction temperature from about 350 °C to
200–250 °C.88 This is especially relevant for small-scale
ammonia production, as the reaction heat in small-scale
plants is usually not heat-integrated with the hydrogen production. Thus, operating under mild conditions decreases
heat losses.
Even though milder temperatures can be achieved by using
better catalysts, the condensation process is limited by the
partial pressure of ammonia in the gas phase for separation at
−20 °C to 30 °C.6 This leads to a minimum feasible pressure
of about 100 bar.95 Operation at lower pressure is only feasible
by using alternative methods for ammonia removal. A wide
variety of sorbents have been researched, among which metal
halides and zeolites are most promising.101,102 These solid sorbents allow for complete ammonia removal from the reactor
eﬄuent under milder pressures of 10–30 bar and at temperatures close to the temperature of the ammonia synthesis
reactor, which is coined the absorbent-enhanced Haber–Bosch
process.68,103,104 This may allow for operating the hydrogen

Table 2 Comparison of alternative ammonia synthesis methods. The reported energy requirement refers to the best available technology (BAT) or
the best reported value in literature. The potential energy requirement refers to the energy requirement of such a process if the technology is successfully improved, and additional separation steps are included. The theoretical minimum refers to the theoretical minimum energy consumption
for the reaction based on thermodynamics (separation steps are not included). Estimates based on ref. 55, 65, 66 and 89–95

Energy requirement (GJ tNH3−1)
Reported

Potential

Theoretical minimum

TRL

Benchmark electrolysis-based Haber–Bosch process

33

26

21.3

7–9

Electrolysis-based Haber–Bosch processes with
Absorbent-enhanced synthesis loop
Non-thermal plasma technology with mild excitation
Non-thermal plasma technology, N2 & H2 dissociation in plasma

47–50
155
—

30–35
50–65b
—

—
22.3c
87.4c

4–5
1–3
1–3

Electrochemical & photochemical synthesis
Electrochemical synthesis
Photochemical synthesis

135
—

27–29
200

18.6
—

1–3
1–3

Other technologies
Electro-thermochemical looping
Homogeneous catalysis

64
900

—
—

55
159

1–3
1–3

a

a

The energy requirement is for large-scale plants. Upon scale-down, the energy eﬃciency will be lower (see Fig. 4). b Electrolysis for hydrogen production, nitrogen production, plasma-catalysis and recycling of the synthesis gas are included in the consideration. The potential energy requirement is based on an energy consumption of about 35 GJ tNH3−1 for H2 production via low temperature electrolysis and N2 purification. Plasmaactivation of N2 can lower the N2 dissociation barrier by about 70 kJ mol−1 over Ru catalysts.96 We assume that this is the energy input of the
plasma. This results in an energy consumption of 2.1 GJ tNH3−1, the ammonia separation amounts to about 10 GJ tNH3−1 with a metal halide or
zeolite material. At ammonia outlet concentrations above 1 mol%, the recycle cost is negligible.95 Additional details can be found in ref. 97. c The
theoretical energy consumption is based on the heat of reaction for the formation of ammonia from H2O and N2 via electrolysis of H2O to H2
and O2, with subsequent hydrogenation of N2 with H2. Furthermore, additional energy is required for mild excitation of N2 by the plasma, which
is assumed to be 2.1 GJ tNH3−1 (see foornote b). This results in a total energy of 22.3 GJ tNH3−1 for the mild excitation case. When N2 and H2 are
fully dissociated in the plasma, this requires 66.1 GJ tNH3−1. Combined with the 21.3 GJ tNH3−1 required in the base case, this results in a total
energy consumption of 87.4 GJ tNH3−1 for the N2 & dissociation in plasma case.
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Table 3 Comparison of ammonia separation technologies. Based on
ref. 6, 103 and 107–109

Separation temperature (°C)
Desorption temperature (°C)
Pressure (bar)
Energy consumption (GJ tNH3−1)
Ammonia at outlet (mol%)
Ammonia capacity (wt%)
Ammonia density (kg m−3)
Chemical stability
TRL

Metal
Condensation halides

Zeolites

−20 to 30
—
100–450
3–5
2–5
100
680
9

20–100
200–250
10–30
8
0.1–0.3
5–15
30–90
High
4–5

150–250
350–400
10–30
6–11
0.1–0.3
5–30
100–600
Low/medium
4–5

and nitrogen production at the same pressure as the ammonia
synthesis loop.6 Furthermore, ammonia may also be stored on
the sorbents.105,106 The conditions for various ammonia separation technologies are listed in Table 3.
Novel ammonia synthesis methods. In academia, research is
being pursued into alternative methods for nitrogen fixation.
The main research tracks involve electrochemical & photochemical ammonia synthesis,78–81 plasma-driven ammonia
synthesis,82–84 homogeneous ammonia synthesis,66,85 and
chemical looping approaches.86,87 Plasma-driven ammonia
synthesis is discussed from section 3 onward and will not be
discussed further in this section.
By far, most research has been conducted on electrochemical ammonia synthesis.78,79,110–112 This is due to the
promise of reducing nitrogen directly from water and air (eqn
(4)–(6)). Electrochemical ammonia synthesis only requires a
relatively simple electrolysis setup, and both reactants can be
generated in the same cell as the two opposing half-reactions.112 However, electrochemical ammonia synthesis
remains an unsolved scientific challenge,112 due to the formation of hydrogen at lower overpotentials than ammonia
over transition metals (see Fig. 5).113,114 Electrochemical
ammonia synthesis suﬀers from the high bond strength of the
dinitrogen molecule (941 kJ mol−1), as well as the large diﬀerence between the HOMO and LUMO in the molecule (1044 kJ
mol−1),115 meaning that dissociation on the electrode surface
is diﬃcult. Furthermore, the solubility of nitrogen in aqueous
electrolytes is limited, further favouring the formation of H2
rather than ammonia.14 The reported activities are so low, that
ammonia impurities in the surroundings sometimes lead to
false positives.116,117 Current strategies include the use of
three-dimensional materials and bio-inspired materials, as
well as the use of non-aqueous electrolytes.92,118,119
1
H2 O ! 2H þ O2 þ 2e
2

ð4Þ

H2 ! 2Hþ þ 2e

ð5Þ

N2 þ 6Hþ þ 6e ! 2NH3

ð6Þ

þ

Photochemical ammonia synthesis has also gained interest
in recent years, due to the potential simplicity of directly converting photons via electrochemical activation of N2 and H2O

This journal is © The Royal Society of Chemistry 2020

Fig. 5 Limiting potential for the nitrogen reduction reaction (NRR) and
hydrogen evolution reaction (HER) over diﬀerent transitions metals.
Reproduced from ref. 113.

to ammonia.80 However, photochemical ammonia synthesis
suﬀers from similar challenges as electrochemical ammonia
synthesis, with the additional diﬃculty of supplying electrons
by light.120 So far, research on photocatalytic ammonia synthesis has not yielded any promising results.81
Research has been conducted on homogeneously catalysed
ammonia synthesis, which is mostly aimed at understanding
and intensifying nitrogenase (the nitrogen fixation method of
plants).66,85 The potential for practical application is limited
for homogeneously catalysed ammonia synthesis (see Table 2).
However, nitrogenase-like complexes may find applications for
on-site fertilizer production on the seeds of plants.121
Chemical
looping
approaches
have
also
been
researched,86,87 inspired by the industrial Frank–Caro process
in the early 20th century.18,19 Sometimes chemical looping
approaches are used in electrochemical systems.122 By separating the nitrogen reduction, hydrogen oxidation and
ammonia synthesis steps, it is possible to operate the individual steps at the optimal conditions to boost conversion and
selectivity to ammonia. The main drawback is that every step
occurs at diﬀerent conditions, implying temperature sweeps
within a cycle. Switching between these conditions decreases
the energy eﬃciency of the full process.

3. Plasma catalysis
As discussed in section 2, decarbonizing and decentralizing
ammonia synthesis requires novel methods for the conversion
of nitrogen and hydrogen. Although electrochemical (and to a
lesser degree photochemical) ammonia synthesis have
received substantial attention in recent years, this remains a
scientific challenge. Plasma activation of the stable N2 molecule is another alternative for electron-driven ammonia
synthesis,83,123–126 inspired by the Birkeland–Eyde process of
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the early 20th century.17,18 Next to nitrogen fixation, plasmadriven conversion has attracted recent attention for CO2 conversion and methane coupling.83,125,127 In the current section,
plasma technology is introduced, with a focus on nitrogen fixation to ammonia. Afterwards, reported activities, mechanisms
and prospects for plasma-driven ammonia synthesis are discussed in sections 4–6.
3.1.

Plasma properties

Plasma can be considered as the fourth state of matter, in
which electrons, various types of ions, molecules and their
derived radicals and excited species show collective behaviour,
which is strongly determined by the influence of electrodynamics due to the charged particles.82,83,123 This state of
matter is typically reached by adding energy to a gas. However,
the transition is far more complex than the transitions
between solids, liquids and gases.
Plasmas exist in a large variety. The type of plasmas used in
plasma catalysis operate near room temperature up to several
thousand K, and are typically partially ionized with ionization
degrees of 10−4 to 10−6. The latter type of plasmas find many
industrial applications, e.g. in microelectronics, coating deposition and lighting, as well as emerging applications in green
chemistry, pollution control, gas conversion and medical
applications.128
One important parameter identifying a plasma, certainly
for applications of plasma catalysis as discussed in this review,
is the so-called reduced electric field (E/N), i.e., the electric
field strength (E, in V m−1) over the total gas number density
(N, in m−3). E/N is mostly expressed in Townsend (Td), where 1
Td corresponds to 10−21 V m2. The reduced electric field determines the electron energy distribution function (EEDF), which
gives the likelihood of finding an electron with a certain
energy in the plasma.
Partially ionized plasmas, generated from a gas breakdown
upon application of an electric field, are classified as nonthermal plasmas, because only the electron temperature is
elevated far above room temperature. Furthermore, the gas
molecules in the plasma can be rotationally, vibrationally or
electronically excited, and the degree of excitation can be
expressed by rotational, vibrational and electronic excitation
temperatures. The electronic excitation temperature is typically
comparable to the electron temperature, while the gas (translational) temperature, ion temperature and rotational temperature are also typically equal to each other. The vibrational
temperature, however, can be elevated in a plasma above the
gas temperature, i.e., when the vibrational levels are overpopulated compared to a Boltzmann distribution at the gas temperature. It is this concept which is often exploited in gas conversion applications to increase process eﬃciencies and
yields.83,129,130
The various electron impact processes occurring in the
plasma, and their corresponding rates, depend on the EEDF
and the electron density, which in turn depend on the
reduced electric field in the plasma. Next to rotational,
vibrational and electronic excitation, ionization and dis-
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sociation of the gas molecules can occur as well. In Fig. 6, we
plot the fraction of electron energy lost to those various processes in an N2/H2 (25/75%) gas mixture, as a function of the
reduced electric field (bottom x-axis) and mean electron
energy (top x-axis). Based on the electron impact collisions
with N2 (Fig. 6(a)), we can identify three diﬀerent plasma
regimes:
• Regime I: Below 20 Td, where vibrational excitation of N2
is dominant.
• Regime II: Between 20 and 200 Td, where electronic excitation of N2 is most significant.
• Regime III: Above 200 Td, where ionization (mainly from
N2 ground state to N2+) and dissociation are the most important N2 electron impact processes.
Note that this figure specifically applies to this gas mixture,
and to a fixed gas temperature of 400 K and vibrational temperature of 3000 K; other assumptions lead to somewhat
diﬀerent borders between the diﬀerent regimes, so they only
give an indication, but are no hard numbers.
For the sake of information, we plot in Fig. 6(b) the same
processes for H2. Note that vibrational excitation of H2 has a
contribution less than 0.1%, in spite of its higher fraction in
the gas mixture. On the other hand, electronic excitation and
dissociation of H2 start to be important from much lower E/N
values, because the H2 bond dissociation energy is much lower
than for N2.
3.2.

Feedstocks

Various feedstocks have been used for plasma-driven
ammonia synthesis, but most research focuses on H2 and N2
as feedstocks. Furthermore, various authors researched
plasma-driven ammonia synthesis from CH4 and N2 (e.g., the
feedstock for the SMR-based Haber–Bosch process),133–136 as
well as H2O and N2 (e.g., the feedstock for the electrolysisbased Haber–Bosch process).137–142 The challenge with using
CH4, and even more with using H2O, is that the ammonia synthesis becomes endergonic. Although such a reaction can be
driven by plasma, the energetically favourable reverse reaction
is likely to compromise eﬃciency.
On the other hand, plasma technology may be a pathway to
provide the energy required to form ammonia from H2O and
N2, as the reaction is highly endothermic. Furthermore, H2O is
a sustainable H2 source. However, a drawback of using H2O
and CH4 as a hydrogen source is the presence of carbon or
oxygen, implying that ammonia is not the only product of the
reaction. In the case of CH4 and N2 as reactants, CuN-compounds such as hydrogen cyanide (HCN) are potentially
formed, which are extremely poisonous and flammable. For
the H2O and N2 as feedstock, other reaction products include
NO2−, NO3−, and NH4+ in the aqueous phase and H2O2, NOx,
O3 and H2 in the gas phase.137,138 The lowest energy consumption reported for NH3 from H2O and N2 is about 5600 GJ
t-NH3−1.137 As follows from electrochemical ammonia synthesis, finding a catalyst selective for ammonia synthesis as
compared to H2 production is an unsolved scientific
challenge.116
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Fig. 6 Fraction of electron energy transferred to various important electron impact collisions (i.e. vibrational excitation, electronic excitation, dissociation and ionization) in an N2/H2 25/75% mixture at 400 K and a vibrational temperature of 3000 K,131,132 as a function of the reduced electric
ﬁeld (bottom x-axis) and the corresponding mean electron energy (top x-axis), both for N2 (a) and H2 (b). Note the diﬀerent y-axis between (a) and
(b). The notations (X), (V) and (E) denote the ground state, vibrational levels and electronically excited levels of the molecules, respectively.

3.3.

Plasma reactors

Throughout the years, diﬀerent kinds of plasmas have been
studied for the plasma-catalytic synthesis of ammonia from
N2/H2 feedstocks. In addition, N2/H2O non-catalytic plasma–
liquid systems have recently been investigated for ammonia
synthesis. In Fig. 7 we depict the accumulation of approximate
number of publications on the various plasma sources
through time.
A general consideration for the material choice of the
plasma reactor is the corrosive nature of ammonia. Thus,
carbon–steel and Cu-containing alloys should not be used.
Stainless steel equipment is used for industrial ammonia synthesis, at partial ammonia pressures of up to 75 bar. In case of
plasma-catalysis, partial ammonia pressures are substantially
lower (typically in the order 0.01 bar). Thus, corrosion due to
ammonia should not be a critical issue in plasma reactors.
Glow discharges (GDs; in direct current (DC) mode) are the
simplest form of self-sustained gas discharges. They are

This journal is © The Royal Society of Chemistry 2020

created between two electrodes, i.e. a cathode and anode, to
which a constant high potential diﬀerence is applied.
Electrons are emitted from the cathode and accelerated
towards the anode, causing collisions with the gas in the discharge tube. Electron impact excitation creates excited species,
which emit photons upon decay to lower levels. This explains
the name of these “glow” discharges. Electron impact ionization creates ions and new electrons. The combination of electron emission at the cathode and ionization in the bulk of the
gas makes the discharge self-sustained. Such glow discharges
are characterised by a well-defined plasma structure and the
emission of light, i.e. a glow, at specific locations of the discharge. GDs can be created at low pressure, but also at atmospheric pressure.
Radio-frequency (RF) plasmas, typically operating at low
pressure, can exist in capacitively coupled (CC) or inductively
coupled plasma (ICP) mode. CC RF plasmas are in their simplest form also created by applying a potential diﬀerence
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Fig. 7 Approximate accumulated number of publications on ammonia
formation from N2/H2 in the various plasma reactors studied throughout
time, as well as from N2/H2O non-catalytic plasma–liquid systems.
The listed plasma reactors are dielectric barrier discharge
(DBD),96,131,142,143–149,150–159,160–169 (low pressure) glow discharge
(GD),170,171,172–179,180 microwave plasma (MW),181–186 (low pressure)
radio frequency discharges (RF),181–183,187–193,194–196 miscellaneous
plasma reactors and devices (other),197–204 and plasma–liquid systems
(PL).87,137,138–140,205–209,210,211

between two electrodes, just like in low pressure GDs. The
important diﬀerence is that the potential diﬀerence is not constant (direct current, DC), but alternating current (AC), with a
frequency in the RF range (typically 13.56 MHz). In ICP RF
plasmas, an electric current flows through a coil, which can be
wound over the plasma reactor or placed on top of it, and it
induces an RF electric field in the plasma. The ions only
experience a time-averaged electric field, as their characteristic
plasma frequency is typically lower than the applied RF frequency, while the light electrons can follow the fluctuating
electric field, so they can be more accelerated, giving rise to
more electron impact (electronic) excitation, ionization and
dissociation of the gas molecules. Vibrational excitation is less
important, because of high values of the reduced electric field.
Microwave (MW) discharges are another type of high frequency discharge, typically operating in the GHz regime. In
contrast to GDs and CC RF discharges, the plasma reactor is
electrode-less, and the power to break down the gas is delivered by the microwaves. Most common is a setup where the
microwaves are transferred with waveguides to a quartz discharge tube through which the gas flows, but also other MWbased plasma setups are possible.212,213 MW discharges can
operate from low pressure212 to atmospheric pressure.213 Upon
increasing the operational pressure, the plasma becomes
increasingly more thermal.
A dielectric barrier discharge (DBD) consists of two opposing electrodes with at least one electrode covered by a dielectric material (e.g., quartz or alumina). An alternating voltage is
applied on the electrodes. Common voltage amplitudes are in
the order of a few kV and the frequency is typically in, but not
limited to, the kHz range.
DBDs for gas conversion applications operate in the filamentary regime with strong, temporally and spatially isolated
small discharges throughout the gaseous discharge gap. The
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complexity of this filamentary behaviour leads to confusing
nomenclature in literature. Section 3.4 provides an overview of
the most common terms and the types of discharges that are
observed in ( packed) DBDs. In recent years, most plasmabased ammonia synthesis is performed in DBD reactors (see
Fig. 7), because they operate at atmospheric pressure, they are
very flexible and easily allow the integration of catalysts.
Besides plasma-catalytic ammonia synthesis, carried out in
the above-described gas-phase plasma reactors, ammonia synthesis has recently also been realized in plasma–liquid
systems, without using catalysts. This is usually accomplished
by plasma jets, as typically used for plasma medicine applications.214 A plasma jet can operate in argon or helium, but
also directly in air or N2 gas. The plasma is created inside a
tube, consisting of (usually) two electrodes, through which the
gas flows. Many diﬀerent designs and geometries are possible,
e.g., the powered electrode can be a ring-shape, needle, etc.
The counter-electrode can be a ring, but the target to be
treated (e.g., liquid in this case) can also act as counter-electrode. Due to the gas flow, the plasma can exit through a
nozzle, creating an eﬄuent, or jet. The jet comes into contact
with the ambient atmosphere, causing the creation of various
reactive oxygen and nitrogen species, or with a more controlled
environment, e.g. pure N2, which is more interesting for
ammonia synthesis. Due to the gas flow, the plasma eﬄuent
can reach the liquid, located at a distance of several mm from
the tip of the plasma device, and the reactive plasma species
can be transferred to the liquid phase. The reactive plasma
species react with H2O molecule forming ammonia, but also
NO3− and NO2−, among others, limiting the selectivity of the
ammonia synthesis.
3.4.

Discharge types

As mentioned above, DBDs relevant for plasma catalysis (and
gas conversion applications in general) operate in the filamentary regime. The plasma exhibits small discharges, or microdischarges, that do not encompass the complete discharge
reactor, and which are often called filaments, i.e. thin conducting wires. Sometimes they are also called streamers. However,
streamer discharges are not specific to occur in DBD systems
alone.215,216 Wang et al. also described a micro-discharge
between two packing beads as a local discharge,217 while Kim
et al. used the term partial discharges218–221 after Mizuno
et al.,222 and Butterworth et al. used the term point-to-point
discharges.223
Surface streamers, surface discharges or surface ionization
waves are terms used for micro-discharges that are observed
after a streamer or filament reaches a surface, such as a
packing bead. Once the micro-discharge reaches the surface,
the discharge continues in a lateral expansion across the
surface. This lateral expansion is facilitated by strong electric
fields and the ionization processes taking place in the growth
direction of the discharge.224,225
An afterglow normally describes the eﬄuent of a plasma
reactor. However, the term is sometimes used more broadly to
indicate that ( plasma) species are no longer exposed to
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plasma conditions corresponding to micro-discharges. Liu
et al. described those two usages as a spatial and temporal
definition, respectively.226
Homogeneous plasma or uniform plasma are terms that
have been seen in relation to the filamentary regime of
DBDs. This can be confusing because a DBD can operate in
either a homogenous or in a filamentary regime. Still, the
filamentary plasmas have been described as becoming more
uniform, or more homogeneous when a packing is introduced.156 In addition, such a description has been used
when the micro-discharges are still present, but of lower
importance.163
Partial surface discharging, as used by Peeters et al.227 refers
to the fact that not the whole surface area of the electrodes in
a DBD reactor has to actively contribute to the discharge. This
is due to the charge deposited on the electrode or dielectric
surfaces being non-uniform or spatially isolated, due to the
overall discharge consisting of small micro-discharges. This
influences some electrical characteristics of the DBD.227 This
eﬀect is generally important in packed bed DBDs due to the
obstructions in the plasma.
3.5.

Coupling of plasma and catalyst

Coupling plasma and catalysis is complex. Previously, such
mutual influences of the plasma and the catalyst were extensively discussed by Neyts et al.125,228,229 and Kim et al.219
Recent modelling investigations and characterization have provided novel insights.230,231 This subsection sets the stage for
the assessment of plasma-catalytic ammonia synthesis.
Plasma-catalytic reactors are classified as in-plasma catalysis reactors or post-plasma catalysis reactors.90,219 In case of
in-plasma catalytic reactors, also termed plasma-driven catalytic reactors, the plasma and the catalyst are located in the
same position in the reactor.219 In case of post-plasma catalytic
reactors, also termed plasma-assisted catalytic reactors, the
plasma generation and the catalyst bed are separated in
space.219 While in-plasma catalysis can be used to activate
short-lived plasma-activated species over a catalyst, postplasma catalysis is only relevant for long-lived species.219

Fig. 8

Critical Review
Thus, plasma catalysis can benefit from the mutual influence
of the plasma and the catalyst on one another.
3.5.1. Synergy and mutual influence. Plasma catalysis
sometimes leads to synergistic eﬀects, in which the result of
combining the plasma and the catalyst is larger than the sum
of the individual contributions of the plasma and the catalyst.232 Synergy may be defined in terms of conversion, reaction rate or selectivity. It should be noted that in the case of
ammonia synthesis, selectivity is not relevant because there are
no by-products. However, plasma-catalyst interactions and
synergies thereof are not trivial to uncover, as the underlying
principles of plasma catalysis are not fully understood.231,233,234
Various possible plasma-catalyst interactions have been proposed for ammonia synthesis, as shown in Fig. 8.
A multidisciplinary approach is required to understand the
mutual influence of the plasma and the catalyst,219 covering
various time-scales and length-scales.90,231,235,236 So far, most
information is obtained by macroscopic performance testing
of plasma catalysis reactors. Van Durme et al.237 were the
first to systematically categorize the mutual influence of
a plasma and a catalyst, a topic heavily discussed
thereafter.125,219,228,229,231,233,234 Possible mutual influences of
a plasma and a catalyst have been reviewed by Kim et al.,219
Neyts et al.125,228,229 and Whitehead.231,233,234 The complexity
is even more severe, as any change in the catalyst will induce
changes in the plasma, which again influence the catalyst.
Thus, eﬀects in plasma-catalytic interactions can generally not
be isolated.233,238
The various species present in the plasma environment
include electrons, positive and negative ions, photons, radicals, and neutral atoms and molecules in ground state or
excited in vibrational or electronic modes.90 These species may
interact with the catalyst in various manners, and catalyst may
influence the conversion of N2 and/or H2 in the presence of a
plasma in three manners, namely (1) by modifying the plasma
characteristics, (2) by exploiting the radicals from the plasma
environment for reaction pathways other than simple recombination, or (3) via surface reactions of plasma-activated species
on the catalyst surface.

Plasma-catalyst interactions. Inspired by ref. 228.
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The first mechanism, i.e. modifying the plasma characteristics, may influence the plasma chemistry far from the
surface, when the catalyst is applied on dielectric packing
material. A commonly encountered eﬀect is the electric field
enhancement and consequently a decreased plasma onset
voltage, as was substantiated by simulations.230,239–241 The
electric field enhancement will also enhance the electron
temperature,230,239–241 which may shift the importance of
various electron impact reactions, and thus aﬀect the plasma
chemistry. In addition, micro-discharges may form on the
surface of the catalytic packing, or even the discharge may
entirely move from the gas phase to the catalyst surface,
depending on the dielectric constant of the packing
beads.217,234
The second mechanism, i.e. exploiting the plasma radicals
for reactions other than recombination, proceeds via facile
adsorption on catalyst surfaces,90 without any barrier. In case
of noble metals, all further reactions proceeding on the catalyst surface are downhill and the surface has either limited or
no activating eﬀect on the hydrogenation reactions. On the
other hand, surface reactions can have a strong eﬀect on the
dominant reaction pathways and thus on the product distribution. This can even lead to increased conversion when the
surface indeed favours reaction pathways to products over
recombination reactions, forming back the reactants. The production of radicals and ions may also open alternative surface
reaction pathways,228,242 that are not accessible in thermal catalysis. It should also be noted that radicals and ions in the
plasma may react on the surface with other surface species
which are formed via dissociative adsorption of non-activated
molecules. This mechanism is discussed in more detail in
section 5.2.
The third mechanism, i.e. surface reactions of plasma-activated species, is complex and often not well understood.
Dissociative chemisorption can be enhanced via vibrational or
electronic excitation of a molecule,123,243 decreasing the apparent activation barrier and increasing the reaction rate in case
the dissociative adsorption step is rate limiting in thermal
catalysis.96,244 A recent study also showed that vibrational excitation could enhance Eley–Rideal reactions of molecular
species.245 Such reactions are typically negligible under
thermal conditions and it is not fully understood to what
extent they contribute to the total conversion under plasma
conditions. These mechanisms and how they impact the total
conversion and energy eﬃciency will be discussed in more
detail in section 5.3.
Besides eﬀects from the presence of reactive plasma
species, the surface properties of the catalyst such as the work
function and consequently the activity of the surface might be
altered due to the presence of plasma, e.g., by the electric
fields or surface charging.246–248 Physical modifications of the
catalyst surface may also occur due to bombardment with
energetic plasma species, causing reduction of the catalyst,
coke formation, changes in the physicochemical properties of
the catalyst (such as the catalyst work function), and the formation of hot spots. Furthermore, it was reported that surface
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cracking and peeling of metal nanoparticles can occur in DBD
reactors.249 Similarly, changes in the surface morphology of a
metal oxide catalyst after plasma treatment were reported after
plasma-illumination in a DBD reactor.250
A pre-requisite for eﬀective interaction between the plasma
and the catalyst is that the plasma-activated species reach the
catalytic surface before recombining or decaying to the ground
state molecules.234 Plasma-activated species have a limited lifetime, and thus a limited traveling distance by diﬀusion, before
recombining into neutral molecules, or decaying to the ground
state.219 A direct interaction between the plasma and the catalyst surface is attained when the distance between the plasma
and the catalyst surface is smaller than the maximum traveling
distance of plasma-activated species.219 This is especially relevant when the catalyst is porous, as shown in Fig. 8. Large
pores allow the generation of plasma inside the pores, but this
is only possible for pores in the (sub-)micron range.230,251–253
Indeed, a prerequisite is that the pore size must be larger than
the Debye length, which is defined by the electron density and
temperature in the plasma. In helium, characterized by homogenous plasma, computer simulations revealed that plasma
can only be formed in pores with diameters typically above
10 μm.252,254,255 On the other hand, molecular plasmas typically exhibit streamers, with higher electron density and
smaller Debye length. Hence, computer modelling predicts
that plasma streamers can propagate in pores of several
100 nm diameter, depending e.g., on the applied voltage.253,256
It should be noted that the majority of the pores in a typical
support material are smaller than 50 nm. Therefore, only
plasma-activated species with a suﬃciently long lifetime can
penetrate into the pores, while most other species recombine
or decay to the ground state before reaching the active catalyst
surface within the pores. Thus, the contribution of the external
surface area is likely to dominate in most cases.
3.5.2. Catalyst selection considerations. Depending on the
plasma conditions and the chosen catalyst material, diﬀerent
plasma-activated species can determine the catalytic reactions
(see Fig. 6). In order to optimize the plasma-catalyst synergy, it
is crucial to couple the right catalyst to the right plasma.
In plasmas with a low degree of dissociation and a high
degree of excitation (vibrational or electronic), plasma-activation is used to decrease the operating temperature for processes that are limited by dissociative adsorption. Typically,
the optimal active metal is a more noble metal than the
optimum for thermal catalysis, which desorbs reaction products easily and thus the operating temperature can be low.
Dissociative adsorption of reactants is usually limiting the
reaction rate for noble metals. Part of the activation barrier of
dissociative adsorption may be overcome through vibrational
or electronic excitation of molecules, explaining the plasmaenhanced catalytic activity over a noble metal. The catalyst still
has an activating role in this case, as N2 is not fully dissociated
in the plasma environment. Apart from metallic catalysts,
metal nitrides have also been reported for ammonia
synthesis.47,257 Plasma-activation of metals with nitrogen
plasmas may yield metal nitride catalysts.258 Hargreaves46
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recently reviewed metal nitride catalysts active for ammonia
synthesis.
In plasmas with a higher degree of dissociation, the ideal
catalysts will usually be very diﬀerent from those used in
thermal catalysis. Plasma-generated radicals do not need to be
dissociated over a surface, as dissociation already occurs in the
plasma. Thus, the surface influences recombination reactions,
as well as consecutive reactions with e.g. H atoms on the catalyst surface. Plasma activation of reactants via formation of
radicals often opens pathways that are thermodynamically
impossible for ground state reactants; in that case the use of
traditional catalysts is likely to be counterproductive as these
will catalyse the reverse reaction, back to reactants. Several
materials may enhance reaction pathways, such as consecutive
reactions with H atoms forming ammonia, instead of recombination of radicals to N2. Transition metals may be used to
hydrogenate the adsorbed NHx (x = 0–2) radicals. For these catalysts, eﬃcient plasma-activation of reactants towards radicals
is required.259 Therefore, the choice of the catalyst is less determined by chemical properties and more by properties influencing the discharge characteristics (e.g. dielectric properties and
morphology), thereby influencing the plasma-phase dissociation of activated molecules. A method to modify the
plasma by radicals was proposed by Akay et al.,152,168,260 who
used a mix of a dielectric material with a supported transition
metal catalyst in the plasma reactor. The dielectric material
acts as a plasma catalyst promoter (PCP), which modifies the
plasma characteristics, whereas the transition metal catalyst
performs the catalytic function.
Apart from the choice of the active metal, the choice of the
support and promoter composition aﬀect the activity in some
cases.96 As plasmas can only be generated in (sub)-micron
pores (cf. previous section), oxides with highly porous structures with pore sizes below 1 μm and large internal surface
areas are not beneficial for maximum interaction between the
active metal catalyst and the plasma (see Fig. 8).230 This is very
diﬀerent form thermal catalysis, requiring an as high as possible active surface area and therefore support materials with
high surface area, in order to maximize the productivity per
unit of volume of chemical reactors.

Critical Review
art. The discussion on the mechanisms and catalyst selection
is coupled with the energy eﬃciency.
4.1.

Performance in various types of plasma reactors

Plasma-driven ammonia synthesis was first independently
reported by Morren and Perrot in a DBD reactor in 1859,262
two years after the first report of plasma-driven conversions
with a DBD reactor by Werner von Siemens.263 In the late 19th
century, various authors attempted plasma-driven ammonia
synthesis, among whom Berthelot.262 Furthermore, ammonia
was first synthesized in a glow discharge by Donkin in 1973.264
In general, however, plasma-driven ammonia synthesis was
sporadically researched until the 1980s.262,265,266 Between 1980
and 2000, low pressure glow discharges (LPGDs) received a lot
of attention.170,171,173–180,181–183,267–272 In these publications,
the surface (both catalytic and non-catalytic) was often related
to the ammonia formation. Ions, more specifically N2+ and
N2H+, were often mentioned to play an important role in the
formation of ammonia. Nowadays, atmospheric pressure DBDs
are studied most, although some papers also describe low
pressure MW and RF discharges.181–183,187,190–192,194–196
A summary of quantified plasma-driven conversions
to ammonia in various plasma reactors under a wide variety
of conditions is shown in Fig. 9. An energy yield of
100–200 g-NH3 kW h−1 is required to be competitive with
alternative technologies for small-scale ammonia synthesis.90
Furthermore, an ammonia concentration of about 1.0 mol%
(10 000 ppm) is required to minimize the energy cost of separation and recycling in case of an atmospheric synthesis loop,95
as an ammonia partial pressure of 0.01 bar is required for
eﬀective ammonia removal in solid sorbents.103,273–275
Therefore, low pressure plasma reactors such as MW and RF
plasmas require a near complete conversion at an energy yield
of 100–200 g-NH3 kW h−1, because separation of ammonia is
not feasible. The highest energy yield reported so far is

4. Assessment of plasma-driven
ammonia synthesis
This section provides an overview of the most significant developments in plasma-driven ammonia synthesis, with a focus on
the coupling between fundamentals from heterogeneous catalysis and plasma catalysis. This forms a framework for plasmadriven ammonia synthesis, and the mechanisms involved.
Extensive historical accounts can be found in other
reviews.82,84,90,141,261 The aim of this section is to show how
recent insights in mechanisms can aid in the development of
the field. The energy eﬃciency and conversion for various
plasma reactor types are compared, describing the state of the
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Fig. 9 Reported energy yield vs. ammonia concentration. Constructed
and
extended
from
ref.
96.
Original
references:
DBD
(AC),144,146–148,151–153,159,164–166,169,276,277 DBD ( pulse),158,165 Glow
Discharge,174 MW186,278,279 and RF.182,187,188,190–192,194 In some cases,
the reported units have been converted to g-NH3 kW h−1 for the energy
yield, and ppm for the ammonia concentration. We refer the reader to
the recent review of Carreon261 for the reported energy eﬃciency for
speciﬁc metals.
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37.9 g-NH3 kW h−1.165 Hereafter, plasma reactors for ammonia
synthesis from H2 and N2 are discussed.
4.1.1. DBD reactors. Most literature is available on plasmadriven ammonia synthesis in a DBD reactor. Already in 1859,
Morren and Perrot reported experiments with a DBD reactor.262
Modern attempts at plasma-driven ammonia synthesis in DBD
reactors date from the 1950s, 1960s and beyond.265,266
Especially since 2000, research on plasma-catalytic ammonia
synthesis is mostly performed in DBD reactors.82,84,261 Various
reactor configurations without and with packed bed have been
attempted. An overview of the energy yield vs. ammonia concentration for various packing materials is shown in Fig. 10.
Electrode materials. Various authors have researched either
ammonia synthesis, or ammonia decomposition, with various
electrode materials.150,153,174,266,280 Iwamoto et al.153 attributed
a trend in ammonia synthesis rate for wool-like electrodes to
the binding strength of Nads on the metal surface. On the
other hand, Yin et al.174 reported that the ammonia yield
increases with increasing electron work function of the electrode material. An increased electron work function implies
that the electrons released upon discharging have a higher
energy, making dissociation of N2 in the gas phase more likely.
Oxides. A drawback of a DBD reactor without a packing is
the high ratio between plasma volume and surface area for
catalytic reactions. Therefore, most authors introduced
packing materials, such as oxides,143,146,155,161,162,167,199,281
dielectric
materials,146,149,161,166
and
ferro-electrics.147
Introducing a packing material can lower the discharge power
required to ignite the plasma. Furthermore, the presence
of a packing material can alter the plasma discharge
characteristics.149,161 Surface functionalization of the oxide
can also alter the plasma discharge characteristics.149 The
capacitive and discharge regimes can be modified by the
dielectric constant of the material.161
Ru-Catalysts. The presence of supported metal particles may
introduce hydrogenation sites for atomic nitrogen and/or
molecular N2. Ru-Catalysts have been studied most among
supported metal catalysts.90,96,131,144,145,148,151,159,160,165,169,282

Fig. 10 Reported energy yield vs. ammonia concentration for DBD
reactors (AC and Pulse). Constructed and extended from ref. 96.
Original references: DBD (AC),144,146–148,151–153,159,164–166,169,276,277 DBD
( pulse).158,165
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Ru-Catalysts are known to have a high activity for ammonia
synthesis under mild conditions.41,283 The rate-limiting step
for thermos-catalytic ammonia synthesis over Ru-catalysts is
usually the dissociation of N2.41 Ru-Catalysts were first used in
a membrane-like DBD reactor by Mizushima et al.144,145
Afterwards, various authors attempted to disentangle the complexity of reactions in plasma-driven ammonia synthesis in a
DBD reactor packed with Ru-catalysts.90,96,148,151,159,160,165,169,282
In order to distinguish between the rate of homogenous
plasma-chemical ammonia synthesis, and the rate of heterogeneous plasma-catalytic ammonia synthesis over the Ru-catalyst, it is important that the rate in a DBD reactor packed with
the bare support is low. For this reason, various authors
reported conversions for the bare support, as well as the supported Ru-catalysts (sometimes with promoters).148,151,282
Furthermore, various authors reported that the ammonia synthesis rate depends on the temperature.90,96,165,282 Catalytic
hydrogenation of nitrogen is possible only at suﬃcient high
temperature, allowing for ammonia desorption. Below this
onset temperature, plasma-driven ammonia synthesis must be
attributed to plasma chemistry rather than catalysis.282
Various authors introduced alkali promoters,96,148,151,165
which are known to enhance N2 dissociation by lowering the
N2 dissociation barrier, as well as to enhance ammonia desorption for thermal-catalytic ammonia synthesis.40,41,284–286
The highest reported energy yield for such a system is
37.9 g-NH3 kW h−1,165 which is overall the highest reported
energy yield to date (see Fig. 10). In case of plasma catalysis
with molecular plasma-activated N2, promoters can enhance
the N2 dissociation rate and thereby the ammonia synthesis
rate.96 However, in case the reaction proceeds via adsorption
of NHx (x = 0–2) radicals, the introduction of alkali promoters does not influence the conversion, apart from less
desorption limitation of ammonia in the low temperature
regime.282
Other metal catalysts. Next to Ru-catalysts, other supported
metal catalysts were tested for plasma-catalytic ammonia synthesis
(and ammonia decomposition).131,152,156,157,159,168,276,277,279,280,287–292
In most cases, supported Co, Ni, and Rh catalysts are found to
be most active among the tested catalysts.131,156,159,276,277 Such
metals have less ammonia desorption limitations than the
classical Fe and Ru catalysts for thermal-catalytic ammonia
synthesis. Mehta et al.131,293 proposed that plasma-activation
of N2 via vibrational excitation leads to a lower barrier for N2
dissociation, resulting in an enhancement for late-transition
metals which are typically rate-limited by N2 dissociation. On
the other hand, Wang et al.156 proposed that the introduction
of metal nanoparticles on γ-Al2O3 changes the acid site
strength, and thereby the ammonia synthesis rate on γ-Al2O3
acid sites. Herrera et al.157 reported that the introduction of
metal nanoparticles on γ-Al2O3 has a statistically insignificant
diﬀerence in macroscopic discharge characteristics in the
charge voltage characteristics compared to bare γ-Al2O3. Akay
et al.152,168 reported increased ammonia yield on introduction
of dielectric materials in a physical mixture with supported Co
and Ni catalysts, altering the plasma discharge characteristics.
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Other packings. Solid sorbents have also been used for
plasma-driven ammonia synthesis.158,164 The ammonia is
removed in situ, lowering the ammonia content in the plasma
zone, thereby increasing the chance of activating the H2 and
N2 reactants rather than the ammonia product. Metal halides,
such as MgCl2, can absorb ammonia in a solid solution,
forming Mg(NH3)xCl2.294 Peng et al.158 reported an energy
yield of 20.5 g-NH3 kW h−1 in the presence of a MgCl2 sorbent.
However, from XRD it was confirmed that Mg3N2 was primarily
formed, rather than Mg(NH3)xCl2. Zeolites are also proposed
as a solid sorbent for ammonia.105,109,274 Shah et al.164
reported an ammonia concentration of 3.3% at 15.5 g-NH3 kW
h−1 energy yield in the presence of zeolite 5A, which is among
the highest energy yields reported so far and the only reported
energy yield above 10 g-NH3 kW h−1 in combination with an
ammonia concentration above 1.0% (see Fig. 10). A chemical
looping system based on MgO and Mg3N2 was also proposed
by Zen et al.295,296 Membrane reactors have also been proposed
to either remove the ammonia or to feed the H2 from the other
side of the membrane.144,145,297
4.1.2. Radiofrequency plasma reactors. Reactors operating
under radiofrequency (RF) plasma excitation have been
researched to a lesser extent, as compared to DBD reactors,261
but have recently gained substantial attention in several
research groups.190–196,298 In the late 1980s and early 1990s,
Uyama et al. and Tanaka et al. used zeolite182,187 as well as
Fe183,188 and Mo183 wires as catalyst in the downstream of their
low pressure (650 Pa) RF plasma apparatus. Fe catalysts
resulted in the highest product yield. They are the only
authors to report the formation of both ammonia and
hydrazine182,183,188 and speculated that the H and NHx radicals
formed in the discharge are the main adsorbates.183
Recently, Ben Yaala et al.193,195 placed W and stainless steel
catalysts in their low pressure (2 Pa) RF plasma reactor. They
reported the thermal decomposition of ammonia at high
temperature (above 830 K on W) and the creation of stables
nitrides (starting at 650 K on stainless steel), inhibiting
ammonia formation.195
Shah et al.190–192,194 placed a catalyst bed very close to the
plasma electrodes in a low pressure (40 Pa) RF plasma setup.
They studied various transition metal based catalysts,191,194 Ga
alloys192,194 and a Ni–MOF (metal organic framework).190 Within
the metals, Ni and Sn based catalysts were the most active.194
However, the Ni–MOF performed better than pure Ni, which was
attributed to the porosity.190 Ga alloys, both Ga–In192,194 and
Ga–Pd,194 gave the best results.192 The ammonia synthesis rate
was directly correlated to the H atom radical density.192,196 Shah
et al.191 also reported on modelling work, from which the
mechanism for plasma-catalytic ammonia synthesis in RF reactors was disentangled. Both N2 and H2 dissociate in the plasma,
after which N adsorbs on the surface. Subsequently, the
adsorbed N atoms are hydrogenated by H atoms on the surface
or in the gas phase, i.e., the model revealed that both Langmuir–
Hinshelwood reactions and Eley–Rideal-reactions play a role.191
4.1.3. Microwave plasma reactors. Low pressure (60–600
Pa) plasmas ignited with microwaves (MWs, i.e., GHz fre-
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quency range) have received considerably less attention for
ammonia synthesis compared to both RF discharges and
DBDs.261 Uyama et al.181–183,189 studied MW plasmas with catalyst downstream. They found the performance of their MW
plasma to be superior to their RF discharge.182,183 Unlike the
RF discharge, there was no significant hydrazine yield. This
was attributed to a diﬀerence in plasma radicals created in the
discharge. The RF discharge caused the adsorption of H and
NHx radicals, while the MW plasma caused the adsorption of
N radicals.183 Kiyooka et al.198 explored an electron cyclotron
resonance plasma, which also operates within a GHz frequency
range and at low pressure (600 Pa). They found that N and NH
radicals adsorb onto the stainless steel reactor walls and report
further hydrogenation on the surface due to H radicals in the
plasma (i.e., Eley–Rideal mechanism) until the desorption of
ammonia.198
Siemsen279 performed experiments and simulations for a
MW plasma reactor with downstream Rh catalyst bed. Due to
the long distance between MW plasma and catalyst, the
excited N2 molecules do not reach the catalytic surface, and
only atomic radicals remain. Simulations revealed that the
atoms account for the formed ammonia. Ammonia was not
formed without catalyst.279 Jauberteau et al.184 reports that the
adsorption of NH onto the stainless steel reactor walls is the
first reaction step towards ammonia, from which either
ammonia or adsorbed NH2 is formed.
To date, only two studies considered ammonia synthesis in
atmospheric pressure MW plasmas,186,278 despite the more
beneficial process conditions for industrial application.
However, the highest energy yields, i.e., 0.4 g-NH3 kW h−1 (see
Fig. 9), have been reported for pressures as low as 10−4 bar. In
addition, the reported energy yields of MW plasma reactors
are orders of magnitude lower than for DBD reactors (see also
Fig. 9). The reason may be that the temperatures, even downstream in the afterglow of a MW plasma, are too high for
adsorption on a catalyst surface, due to (i) catalytic stability
problems, but also (ii) a fundamental limitation, because
adsorption always leads to loss in entropy and therefore is
exothermic, implying that the equilibrium is unfavourable at
very high temperatures.
4.1.4. Glow discharges. Various authors have researched
glow discharges for ammonia synthesis over the past one and
a half centuries.170,171,173–177,264,299,300,301 Donkin reported
ammonia synthesis in glow discharges as early as 1873,264
after which Brewer et al. published more systematic studies
with a batch process in 1929 and 1930.170,171,299 Most research
has been conducted on low-pressure glow discharges (LPGDs).
In 1968 and 1969, Eremin et al.300,301 considered that the wall
may have an eﬀect for ammonia synthesis, and they were the
first to deliberately add catalytic materials on the reactor wall.
From 1980 onward, various authors investigated a wide range
of transition metals, alloys and metal oxides.173–176,302
Coupling with catalysts is possible in glow discharges, both in
a packed bed and on the walls of the reactor or the electrode.
The mechanism for ammonia synthesis from H2 and N2 in
glow discharges has been debated over the years. Brewer
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et al.170 proposed that ammonia is primarily formed in the
plasma phase. On the other hand, Eremin et al.300,301 and
Venugopalan et al.173,174,176 proposed that ammonia is primarily formed on the reactor wall, which acts as a catalytic surface,
as substantiated by experimental data. Venugopalan
et al.173,174,176 and Sugiyama et al.175 proposed that N atoms
are the relevant species for ammonia formation, rather than
plasma-activated molecular N2 species.
4.1.5. Arc discharges. Arc reactors such as static arc discharges and gliding arc reactors can also be used for ammonia
synthesis, inspired by the commercial Birkeland–Eyde process
for NOx production.17 An advantage of gliding arcs is the scalability.277 However, research conducted on ammonia synthesis
in this type of reactor is limited.197,201,202,303,304 Brewer et al.197
first published on the application of low voltage arcs for
ammonia synthesis in 1931. A detailed study on ammonia synthesis in an arc plasma was conducted by van Helden
et al.201,202 Implementing catalysts in arc reactors, for inplasma catalysis, is not feasible, due to the excessive temperatures. However, post-plasma catalysis is possible, as demonstrated for other reactions, but has not yet been explored for
ammonia synthesis in this type of plasma reactors.219
4.1.6. Plasma–liquid systems. Besides plasma-catalytic
ammonia synthesis, ammonia has recently also been generated in plasma–liquid systems, albeit without using catalysts.
In 2010, Kubota et al.210 first reported ammonia synthesis in a
plasma–liquid system. It is obvious that using H2O as a feedstock is more energy demanding than H2.67 On the other
hand, these very simple plasma setups allow the immediate
accumulation and potential storage of ammonia in H2O, the
most benign solvent.
A combined plasma-electrolytic system was proposed for
ammonia formation from H, generated from either H2O molecules or H+ ions, by Kumari et al.,205 Hawtof et al.,139
Haruyama et al.206–209,211 and Peng et al.138,140 Ammonia was
formed by direct interaction of air or N2 plasma with H2O,
allowing simpler reactors, i.e., no need for counter electrodes
in liquids and additional electrolysis. Gorbanev et al.137 used
an atmospheric pressure plasma jet with N2 containing H2O
vapour, in contact with liquid H2O. The system oﬀers a selectivity to ammonia of up to 96%, at energy yields up to
0.65 g-NH3 kW h−1.137 Experiments without direct plasma–
liquid interaction and with isotopically labelled water revealed
the major role of H2O vapour in the feed gas, rather than
liquid H2O, as H-source for the ammonia synthesis.137 There
was some interaction of plasma eﬄuent with the plasmaexposed liquid H2O, but the latter decreased dramatically
when H2O vapour was introduced in the N2 feed gas.137

5. Mechanisms of plasma-driven
ammonia synthesis
Various mechanisms are conceivable for plasma-driven
ammonia synthesis, in the absence and in the presence of a
catalyst. A distinction is made between plasma chemistry path-
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ways with N atoms generated in the plasma, either reacting in
the plasma phase or over the catalytic surface,154,191 and the
catalytic dissociation of excited nitrogen molecules.96,131 This
distinction is made to assess the role of the catalyst. The
energy requirement of various pathways is assessed, from
which we suggest that only dissociation over a catalyst (and
not beforehand in the plasma phase) has the potential to
become suﬃciently energy eﬃcient for practical applications.
Plasma chemistry mechanisms with experimental validation
are discussed. The optimal H2 : N2 ratio for various mechanisms is discussed from both plasma chemistry and heterogeneous catalysis perspectives.
5.1.

Plasma phase ammonia synthesis

The plasma phase ammonia synthesis is defined by the conversion taking place in the bulk plasma, away from the
surface. In this case, the packing material does not behave as a
catalyst (i.e., actively contributing to the conversion process),
and merely alters plasma characteristics and flow patterns in
the reactor. The ammonia is formed through hydrogenation of
nitrogen dissociated by the plasma.
In practice, plasma phase ammonia synthesis is diﬃcult to
disentangle from reactions on a surface, as even in the
absence of packing material, the reactor walls may play a role
in converting plasma-generated species on the wall.
Even though ammonia synthesis is exergonic at ambient
conditions,285 the reaction does not proceed spontaneously.
Both the bonds in molecular hydrogen and molecular nitrogen
need to be ruptured for ammonia formation in the gas phase.
This can be accomplished by high-energy electrons in the
plasma, but at the same time, these high input powers do not
only aﬀect the N2 molecules but can also decompose the produced ammonia. The minimum energy requirement for
ammonia formation from plasma chemistry is 66.1 MJ kgNH3−1 (equivalent to 54.4 g-NH3 kW h−1), which is due to the
energy required for rupturing the N2 and H2 bonds by the
plasma (27.7 MJ kg-NH3−1 and 38.4 MJ kg-NH3−1, respectively,
see Table 4). As discussed in section 4.1, the energy yield of
54.4 g-NH3 kW h−1 is too low for practical applications. This
clearly shows the need for a catalyst. As shown in Table 4, only
partial activation of N2 by vibrational or electronic excitation
may allow for a lower energy requirement. In this case, both
the plasma and the catalyst have a role in the N2 dissociation
reaction (see section 5.3).
5.2.

Surface-enhanced plasma-driven ammonia synthesis

In the presence of a surface, ammonia may be produced from
molecular N2 and H2, or from plasma-generated radicals,
depending on the plasma conditions and the catalytic properties of the material at a given temperature and pressure. In
the current section, we discuss the conversion of plasma-generated radicals to ammonia over a catalyst, which is coined
surface-enhanced plasma-driven ammonia synthesis (SEPDAS).96
In section 5.3, we elaborate on the conversion of plasma-activated molecular N2 to ammonia over a catalyst, which is
coined plasma-enhanced catalytic ammonia synthesis (PECAS).96

This journal is © The Royal Society of Chemistry 2020

View Article Online

Green Chemistry

Critical Review

Table 4 Energy requirements for various plasma-activations of N2 and H2. Partially adapted from ref. 82

NH3-based
N2/H2-based
kJ mol−1 (eV)
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Reaction
Dissociation
N2 dissociation
H2 dissociation
N2 & H2 dissociation
Ionization
N2 ionization
H2 ionization
N2 & H2 ionization
Excitation
N2 vibrational excitation
N2 electronic excitation

kW h kg−1

g kW h−1

N2 + e → 2N + e
H2 + e → 2H + e

945 (9.79)
436 (4.52)

27.7
38.4
66.1

7.7
10.7
18.4

129.8
93.7
54.4

N2 + e → N2+ + e
H2 + e → H2+ + e

1505 (15.6)
1485 (15.4)

44.2
130.8
175.0

12.3
36.3
48.6

81.5
27.5
20.6

N2(X) → N2(X v = 1)
N2(X) → N2(A3)

28.0 (0.29)
595.1 (6.17)

0.8
17.5

0.2
4.9

If plasma-generated radicals adsorb on the catalyst surface,
they can react to form ammonia. However, N, NH, and NH2
radicals can also recombine to N2 and H2. The rate of
ammonia synthesis versus recombination reactions towards H2
and N2 depends on the barriers of the relevant surface reactions on the catalyst surfaces. The number of possible surface
reactions is much greater than the reactions listed in Table 1
for thermal catalysis, as these also include the reactions of all
the diﬀerent unique species generated in the plasma. The
possible surface reactions in case of surface-enhanced plasmadriven ammonia synthesis are listed in Table 5.
It should be noted that this scheme presents a case of the
second mechanism explained in section 3.5.1, i.e., exploiting
the plasma radicals for surface reactions other than recombination. Engelmann et al.305 developed a microkinetic model
for plasma-catalytic ammonia synthesis including plasma-produced N atoms, radical NHx species and vibrationally excited
N2. From various models it follows that the N2 dissociative
adsorption is no longer rate-limiting for ammonia formation.
The hydrogenation reactions on the surface become rate-limiting for the ammonia formation rate, as substantiated with
DFT calculations,131,191,305 and experimental data.191,282 In

Table 5 Possible surface reactions for surface-enhanced plasma-catalytic ammonia synthesis and plasma-enhanced catalytic ammonia synthesis. The * denotes an adsorption site on the catalyst

Reaction

MJ kg−1

Note

H2 + 2* ⇌ 2H*
H + * ⇌ H*
Dominant for PECAS
Nitrogen adsorption
N2 + 2* ⇌ 2N*
N + * ⇌ N*
Dominant for SEPDAS
NH + * ⇌ NH*
Dominant for SEPDAS
NHx adsorption
NH2 + * ⇌ NH2*
NH3* ⇌ NH3 + *
NH3 desorption
Surface hydrogenation N* + H* ⇌ NH* + *
reactions
NH* + H* ⇌ NH2* + *
NH2* + H* ⇌ NH3* + *
Eley–Rideal-reactions N* + H ⇌ NH*
NH* + H ⇌ NH2*
NH2* + H ⇌ NH3*
H* + N ⇌ NH*
H* + NH ⇌ NH2*
H* + NH2 ⇌ NH3*
Hydrogen adsorption
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principle, the hydrogenation rate increases with decreasing
nitrogen binding strength (i.e., nobler catalysts). However, the
N2 recombination rate is also enhanced for noble catalysts.305
This is due to a decrease in the barrier for N2 recombination
from 2N* for catalysts with a decreased nitrogen binding
energy (EN).306 Thus, the measured activity is the result of competition between hydrogenation on the catalyst to form
ammonia and recombination reactions of 2N* to form N2.
However, the density of H atoms in the plasma phase is typically higher than the density of N atoms, which results in a
build-up of adsorbed H atoms, promoting the hydrogenation
reactions. It should be noted that most transition metals do
not have a barrier for H2 dissociation, resulting in a high coverage of hydrogen for thermal catalysis, unless N2 is dissociated at suﬃcient rates.306
DFT calculations show that Eley–Rideal-type reactions
(N* + H → NH* or H* + N → NH*) may also be relevant for
surface-enhanced plasma-driven ammonia synthesis,305 due
to low enthalpy barriers for these reactions (<30 kJ mol−1).194
In thermal catalysis, Eley–Rideal reactions are typically not
considered because of entropic reasons. Stable reactant molecules would not only have to overcome the appropriate reaction barrier, they would also need to approach the active site
in the right orientation and direction. In the case of plasmagenerated N and H atoms, incoming angles are less important, and Engelmann et al.,305 suggested by means of DFT
calculations that the reactions are barrierless on all transition
metals. Shah et al.191 combined modelling work and experimental work, from which the authors concluded that the
Eley–Rideal-like reaction H + N* → NH* is important for
ammonia synthesis over an Fe catalyst in a low pressure RF
plasma. The subsequent hydrogenation steps primarily occur
over the Fe catalyst via a Langmuir–Hinshelwood mechanism,191 while the contribution of Eley–Rideal-like mechanisms may increase with increasing plasma power and
pressure. Ben Yaala et al.193 performed a series of chemical
looping experiments to gain insight in the mechanisms of
ammonia synthesis in low pressure RF plasma on a W catalyst. They reported the highest yields for the H2 : N2 = 1 : 1 gas
fraction and concluded that the Eley–Rideal reaction H + N*
→ NH* is a crucial step for the formation of ammonia under
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these circumstances. It should be noted that W binds nitrogen strongly, which means that the hydrogenation steps are
strongly uphill, implying it is not a typical catalyst considered
for ammonia synthesis.
Hong et al.82 also studied the plasma-catalytic ammonia
synthesis for diﬀerent plasma regimes. Their models include
significantly more plasma-generated species, but with approximated values that make quantitative evaluation diﬃcult. They
concluded that mechanistically the pathways are determined
by the abundant amount of H atoms adsorbed to the surface,
and they propose that Eley–Rideal reactions are essential in
plasma catalysis. They proposed the formation of NH in the
plasma, with a subsequent NH + H* → NH2* reaction, followed
by hydrogenation of NH2* via a Langmuir–Hinshelwood
mechanism over the surface.
A DBD typically operates in the filamentary regime (i.e.,
characterized by micro-discharges) when used for ammonia
synthesis. Therefore, Van ‘t Veer et al.307 developed a model
explicitly considering the role of the micro-discharges and
their afterglows, i.e. the weaker plasma in between the microdischarges, in the ammonia formation mechanisms; see definitions in section 3.4. The calculations revealed that, while dissociative adsorption initially determines the major adsorbate,
the plasma radicals, and especially the N atoms, actually determine the ammonia formation rate. Thus, electron impact dissociation of N2 in the plasma, followed by N adsorption, and
not N2 dissociative adsorption at the catalyst surface, was
identified as the rate-limiting step for ammonia formation in
the DBD plasma at the conditions under study. Eley–Rideal
type reactions played an overall important role, especially in
the formation of NH(s). Further hydrogenation at the catalyst
surface yielded ammonia. The afterglows in between the
micro-discharges were found to be responsible for the net
ammonia production, because during the micro-discharges
ammonia is destroyed more (by electron impact dissociation)
than it is formed. It should be noted that the mechanism in a
DBD highly depends on the plasma and catalyst properties, as
Rouwenhorst et al.96 showed experimentally that the dissociative adsorption of plasma-activated N2 is dominant in DBD
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plasmas at low energy input, while dissociation of N2 in the
plasma dominates at high energy input.96,282
Summarizing, the fraction of N, H, and NHx radicals
depends on the specific energy input (SEI). In turn, the
density of these plasma-generated radicals appears to determine whether Langmuir–Hinshelwood mechanisms, or Eley–
Rideal-like reactions, or even plasma phase reactions are
dominant.
Similar to plasma phase ammonia synthesis, the minimum
energy requirement is 66.1 MJ kg−1 in case of surface reactions
with N and H atoms generated in the plasma (equivalent to
54.4 g-NH3 kW h−1, see Table 4). It should be noted that some
catalysts are not able to dissociate N2 at suﬃcient rates, while
H2 is readily dissociated on many metals. The minimum
energy requirement in that case is 27.7 MJ kg−1 (equivalent to
129.8 g-NH3 kW h−1, see Table 4). This is above the minimum
required energy yield of 100 g-NH3 kW h−1, and potentially
interesting for practical applications. It should be noted,
however, that both H2 and N2 are activated when co-feeding
both reactants, so that plasma reactor designs with primarily
N2 activation are required. Strategies for catalyst design for
surface-enhanced plasma-driven ammonia synthesis were discussed in section 3.5.2.
5.3.

Plasma-enhanced catalytic ammonia synthesis

Energetically, it is beneficial to prevent full dissociation of the
reactants by the plasma (see Table 4). Therefore, research has
recently focused on enhancing the dissociative N2 adsorption
on catalysts via vibrational or electronic excitation, following
the modelling work of Mehta et al.131 The authors postulated
that dissociative N2 adsorption is enhanced upon vibrational
excitation, while the subsequent hydrogenation steps and
ammonia desorption are not aﬀected by plasma activation.131
The authors predicted that the ammonia synthesis can be
enhanced for metals that bind atomic nitrogen weakly on the
catalyst surface (high EN in Fig. 11),131 given that N2 activation
is usually the rate-limiting step for ammonia synthesis. This is
based on microkinetic models that incorporate the potential
influences of vibrational excitations in N2, based on density

Fig. 11 Left: Proposed eﬀect of plasma-induced N2 activation on the catalytic activity at T = 200 °C and 1 bar over step sites. The dashed line represents the maximum possible hydrogenation rate. Reproduced from ref. 131. Right: Proposed mechanism for plasma-enhanced catalytic ammonia
synthesis via plasma-activated N2 dissociation. Reproduced from ref. 96.
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functional theory (DFT) data available in literature (see
Fig. 11). The vibrational energy is often not suﬃcient for dissociation in plasma phase, due to the large amount of energy
needed to break the N2 triple bond (9.79 eV), although vibrationally induced dissociation is reported for some types of
plasmas.308,309 Conversely, the energy barrier for the catalytic
dissociation of N2 on transition metals is considerably lower,
e.g. 1.5 eV on Ru(111),310 and vibrational excitation will have
relatively more impact on dissociation on these metals.
Rouwenhorst et al.96 substantiated this claim with a kinetic
analysis for Ru-based catalysts in a DBD reactor. In case of
thermal catalysis (i.e., without a plasma), the apparent activation barrier of ammonia synthesis is about 60–115 kJ mol−1,
which can be attributed to the dissociation of N2.42,283 Upon
plasma activation, the authors found that the apparent activation barrier for ammonia synthesis decreased to about
20–40 kJ mol−1, which was attributed to a lower barrier for N2
dissociation.96 It is observed that the ammonia synthesis rate
increases upon addition of an alkali promoter, both in
thermal catalysis as well as in plasma catalysis.96 This can be
attributed to a decrease in the transition state barrier for N2
dissociation in the presence of an alkali promoter due to
electrostatic attractions,40 confirming that N2 dissociation is
also kinetically relevant in plasma catalysis.
Proving that the catalytic activity enhancement is due to
plasma-activated N2 rather than plasma-generated radicals is
diﬃcult and no definitive experimental proof has been provided for transition metals other than Ru so far. Rouwenhorst
et al.282 found that Ru metal becomes active for ammonia synthesis below the thermal onset temperature (typically
300–400 °C 41–43,283,311). The onset temperature for plasma
catalysis is due to the desorption temperature of ammonia from
Ru (typically 150–200 °C 160,312), substantially lower than the
temperature required for N2 dissociation at suﬃcient rates (typically 300–400 °C 41–43,283,311). Given that suﬃcient radicals are
available for adsorption, ammonia can be formed over the metal
without the need for N2 dissociation on the catalyst.
Rouwenhorst et al.282 found that plasma-activated, molecular N2
also contributes to the plasma-catalytic conversion at
temperatures above 300 °C. Furthermore, the plasma-catalytic
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conversion to ammonia increases with the specific energy input
(SEI),165 which is due to increased plasma-activation of N2.131,282
Another eﬀect observed for plasma-enhanced catalytic
ammonia synthesis is ammonia yields beyond the thermodynamic equilibrium limit.282,293 Mehta et al.293 developed a
model for plasma-enhanced ammonia synthesis, which estimates the activities for ammonia synthesis and ammonia
decomposition. The N2 activation barrier is the key descriptor,
while the hydrogenation steps are lumped in the model. The
plasma-activation is assumed to decrease the barrier for N2
dissociation and therefore increase the rate of N2 dissociation.
The final state of surface-adsorbed N* is assumed to be
unaﬀected by plasma-activation of N2. Upon varying the N2
activation barrier, it was shown that plasma-activation can
lead to ammonia synthesis beyond the thermal equilibrium.
This model was experimentally validated for Ru/MgO and Ru–
K/MgO catalysts.282 Coupling the model of Mehta et al.293 with
experimental data, allows for distinguishing between regimes
where plasma-generated radicals are dominant and regimes
where plasma-activated molecular N2 is dominant.282
As shown in Fig. 12(a), Mehta et al.131 lumped the N2 dissociation reaction in a single activation barrier to atomic N*
on the catalyst surface, which leads to the prediction of enhancing the ammonia synthesis rate for noble catalysts with high
N2 activation barriers (see Fig. 11). However, N2 dissociation is
more complex in practice with various intermediates towards
2N* (see Fig. 12).40,313,314 Furthermore, molecule–surface interactions may lead to energy losses upon adsorption of plasmaactivated N2.315
It remains an open question to what degree plasma-activation can lower the N2 dissociation barrier for metals with a
substantial barrier for N2 dissociation. To account for these
eﬀects, Mehta et al. introduced an alpha parameter that represents the eﬃcacy of vibrational excitation to lower the energy
barrier. This alpha parameter is obtained from the Fridman–
Macheret equation.129 In reality the eﬃcacy of vibrational excitation also depends on the degree of excitation316–318 and it is
unclear how accurate the Fridman–Macheret approximation is.
To the best of our knowledge, more accurate models to
describe the vibrational eﬃcacy do not exist yet.

Fig. 12 (a) Proposed impact of vibrational excitation on dissociation barrier of N2. Reproduced from ref. 131. (b) Minimum energy path for N2 dissociation over Ru(0001), without and with alkali promoters. Reproduced from ref. 40.
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6. Plasma-catalytic ammonia
synthesis: the complexity ahead
As discussed in the previous section, plasma catalysis could
become an alternative for small-scale ammonia synthesis only
in two scenarios: (1) N2 is dissociated by the plasma, while H2
remains unaﬀected by the plasma, and (2) N2 is only partially
activated by the plasma. Some general strategies for catalyst
design and for eﬀective plasma-catalyst coupling were discussed in section 3.5. Furthermore, the possible mechanisms
leading to plasma-catalytic ammonia synthesis, as well as the
complexity of dissociative N2 adsorption were discussed in
section 5. Hereafter, we aim to shed light on potential avenues
that may be relevant for the development of the field.
We want to stress that there are several known unknowns,
as well as multiple unknown unknowns in plasma catalysis.231,233 The mutual interactions between the plasma and
catalyst imply that a large number of interactions may aﬀect
the plasma-driven conversions. Only recently, kinetic models
were introduced in an attempt to understand plasma-catalytic
ammonia synthesis in terms of the catalytic cycle.131,191,293,305
These models have provided guidelines and concepts to interpret experimental results, but it remains diﬃcult to link the
experimental results to highly simplified models. For instance,
plasma-excitations in molecular N2 are predicted to shift the
volcano curve to more noble metals (see Fig. 11). However, a
shift to more noble metals is also to be expected for NHx radicals adsorbing and hydrogenating via Langmuir–
Hinshelwood reactions, due to an increased hydrogenation
rate over more noble metals, as well as less desorption limitations.305 This implies both options are still open to explain
catalytic trends observed in experiments. Secondly, these first
models are simplifications in which not all the complexity of
plasma-catalysis is incorporated, because we simply do not yet
comprehend all the important contributions to plasma-catalyst
interactions.231,233 This sometimes results in disagreement
between modelling results and trends observed in experiments, as discussed in section 5.3.
Specifically, the studies by Mehta et al.131 and Engelmann
et al.305 assume specific plasma conditions that are unaﬀected
by the catalytic reactions. Indeed, while increased TOFs were
obtained by Mehta for vibrational excitations and by
Engelmann for radical contributions, it is yet to be investigated
whether the plasma can sustain a high vibrational temperature
and high radical densities while the catalyst consumes these
reactive plasma species. This, potentially, imposes limitations
on the ratio of the amount of catalyst to plasma volume.
Thus, it is often diﬃcult to distinguish between the relevant
plasma species responsible for the activity enhancement in the
presence of a plasma, although a few studies have strong indications for a specific pathway.96,191,282 Based on a combined
experimental and modelling study, Shah et al.191 proposed
that the plasma-catalytic conversion over Fe-catalysts in a low
pressure RF reactor is due to dissociation of N2 by the plasma,
with subsequent adsorption and hydrogenation to ammonia
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over the surface. Based on experiments with various Ru-catalysts, Rouwenhorst et al.282 showed that the plasma-enhancement over Ru-catalysts in a DBD reactor is due to reactions
with NHx radicals at low temperatures (<300 °C), while plasmaactivated N2 with subsequent hydrogenation over the surface
may also become increasingly relevant at temperatures where
the activity in the absence of plasma is also substantial. Even
if the activity enhancement can be proven to be due to plasmaactivated N2 rather than plasma-generated NHx species, it
remains unresolved which plasma-activated N2 species, e.g.
with diﬀerent levels of vibrational of electronic excitation, is
responsible for the activity enhancement over Ru-catalysts
observed in various reports.90,96,165
Various authors have reported an improvement in the
energy eﬃciency for ammonia formation when using pulsed
plasmas rather than AC plasmas.158,165 For plasma-enhanced
catalytic ammonia synthesis, the enhanced eﬃciency can be
understood from the lower overall plasma power, and therefore
reduced heat losses.319 Furthermore, vibrational–translational
relaxation is suppressed for pulsed plasmas,320 thereby limiting the gas heating losses. Lastly, the electron energy distribution is diﬀerent for pulsed plasmas.321
Jafarzadeh, Bal et al.246,248,322 recently reported computational studies on enhanced surface binding of CO2 on
various metal cluster surfaces in case of a polarized surface;
similar behavior may occur for N2 binding. Surface polarization may also aﬀect surface reactions in case of ammonia synthesis over metals, but there have not been any studies confirming or ruling out the relevance of such eﬀects. For thermal
catalysis and plasma catalysis, electrostatic attraction of alkali
metals with N2 cause an enhancement in N2 dissociation
rates.40,96 This shows that the electronic characteristics of the
catalyst are very relevant for ammonia synthesis.
Furthermore, the eﬀect of periodic discharges and capacitive regimes is not fully understood, both on the catalytic properties of the surface323,324 and on the plasma characteristics
near the catalyst.225,230,325 For instance, Ardagh et al.323,324
reported that oscillatory surface binding strengths, induced by
for instance electric fields, may enhance the catalytic activity
by orders of magnitude. Furthermore, the waveform and the
frequency of the oscillation can determine the catalytic
activity.323,324 As the plasma frequency and waveform is a
design parameter which alters both the electron density and
electron energy for N2 activation in the plasma zone, as well as
the catalyst surface properties, this potentially adds a new
dimension to the complexity of plasma-catalytic systems.

7.

Outlook

Over the past decades, research on plasma-catalytic ammonia
synthesis has transitioned from exploratory and trial-and-error
approaches to more fundamental understanding based on
experimental and modelling work, as described in detail in
this review paper. Operando plasma and catalyst diagnostics,
such as surface techniques such as XPS and FTIR,193,195 isoto-
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pic labelling326 and spectroscopy194,327 will aid in further
improving our understanding of how plasma and catalyst
interact at the molecular level, rather than on the macroscopic
level.
Open questions remain, such as which plasma-activated
species are dominant for the conversion to ammonia, and
under which conditions. For instance, which plasma-activated
N2 species is dominant for plasma-enhanced catalytic
ammonia synthesis: electronically excited N2 or vibrationally
excited N2? Furthermore, to what degree have we uncovered
the complexity of plasma catalysis for plasma-driven ammonia
synthesis, i.e. what is the role of plasma-generated radicals,
and the importance of Langmuir–Hinshelwood versus Eley–
Rideal reactions, and which unknown unknowns remain? How
does the plasma environment behave very close to a metal
nanoparticle on a solid surface? Additional modelling eﬀorts
may aid in enhancing the understanding.230
Secondly, to which degree can our understanding of plasma
catalysis aid in developing suﬃciently energy-eﬃcient plasmacatalytic ammonia synthesis? Which combination of plasma
reactor and catalyst leads to the highest productivity at the
lowest energy cost? For now, the highest energy yields are
reported for atmospheric pressure DBD reactors (see Fig. 9).
On the other hand, low pressure plasma reactors such as MW
and RF reactors lead to a higher degree of vibrational excitation, which may be beneficial for mild N2 activation before
catalytic N2 dissociation. However, it should be noted that
plasma activation is not the only process step for ammonia
synthesis from air and water, as H2 production, N2 purification
and ammonia separation and storage should be considered as
well. The most suitable plasma reactor and catalyst are to a
high degree linked to the process conditions, such as temperature and pressure for H2 production, N2 purification and
ammonia separation and storage.
Finally, it is not yet clear whether plasma technology will be
the most feasible alternative for decentralized ammonia production in the future (see Table 2). In heterogeneous catalysis,
ammonia synthesis has been a guide reaction, due to the perceived simplicity of the reaction and the absence of byproducts.22,34 Thus, plasma-catalytic ammonia synthesis can
certainly aid in improving our understanding of the emerging
research field of plasma catalysis. Currently, plasma technology is already used for ozone production and acetylene at
large scale.328,329 Further experimental and modelling research
will tell whether plasma catalysis will become a feasible
alternative for green ammonia production, and whether
plasma-catalytic processes will become industrially viable for
other processes, like CO2 and CH4 conversions.328
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