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Abstract: Global energy sources are being transformed from hydrocarbon-based energy sources to
renewable and carbon-free energy sources such as wind, solar and hydrogen. The biggest challenge
with hydrogen as a renewable energy carrier is the storage and delivery system’s complexity. There-
fore, other media such as ammonia for indirect storage are now being considered. Research has
shown that at reasonable pressures, ammonia is easily contained as a liquid. In this form, energy
density is approximately half of that of gasoline and ten times more than batteries. Ammonia can
provide effective storage of renewable energy through its existing storage and distribution network.
In this article, we aimed to analyse the previous studies and the current research on the prepara-
tion of ammonia as a next-generation renewable energy carrier. The study focuses on technical
advances emerging in ammonia synthesis technologies, such as photocatalysis, electrocatalysis and
plasmacatalysis. Ammonia is now also strongly regarded as fuel in the transport, industrial and
power sectors and is relatively more versatile in reducing CO2 emissions. Therefore, the utilisation of
ammonia as a renewable energy carrier plays a significant role in reducing GHG emissions. Finally,
the simplicity of ammonia processing, transport and use makes it an appealing choice for the link
between the development of renewable energy and demand.

Keywords: ammonia; renewable energy storage; hydrogen storage

1. Introduction

Industrial activity in parts of the world often has several direct and indirect adverse
environmental consequences. Carbon dioxide (CO2), a natural greenhouse gas (GHG)
that helps keep the globe warm, is out of control and triggering a climate crisis. This
anthropogenic emission endangers human health, agriculture, natural ecosystems and
atmospheric stability [1]. As reported in the Intergovernmental Panel on Climate Change
(IPCC) Climate Change Mitigation Report (2014), CO2 is the main contributor to GHG
emissions, which have 76% (including 11% of forests and land use) of the overall share,
while CH4 and N2O accounted for 16% and 6%, respectively [2]. According to National
Oceanic and Atmospheric Administration (NOAA), global ambient CO2 concentrations
rose from 280 ppm to 407.4 ppm in 2018, setting a new high for the last 800,000 years [3,4].

A growing number of international reports illustrates the health and environmental
effects of GHG emissions [5–7]. The ultimate goal is to maintain GHG concentrations
at a point where the dangerous effect of climate change can be prevented. In 1997, the
convention was supplemented and updated by the Kyoto Protocol [8]. Unlike the United
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Nations Framework Convention on Climate Change (UNFCCC), the Kyoto Protocol binds
parties from a developed country to reduce GHG emissions [9]. Recently, under the terms
of the Paris Agreement of 2015, the United Nations (UN) has committed itself to a long-term
target to keep temperatures below 2 ◦C, compared to pre-industrial levels, to avoid the
worst consequences of global warming [10,11]. Figure 1 shows the top 10 countries on CO2
emissions worldwide and their goal in the Paris Agreement.

In the last decades, the world has put great effort and investment into developing
renewable energy to decarbonise the economy. The global pandemic disruption caused by
COVID-19 teaches humanity that reducing the proportion of fossil fuels in human activity
will substantially increase the regeneration of the Earth’s atmosphere due to a reduction
in air pollution. For example, in China, restricting the activity of people caused by the
COVID-19 pandemic resulted in a 25% and 50% reduction in CO2 and NOX emissions,
respectively [12,13]. However, the problem with these renewable sources of energy is
that they are highly weather-dependent. Therefore, it is necessary to have an affordable
and efficient method for storing energy. Several prevailing storage technologies, such as
chemical, mechanical, electrical and thermal energy storages, can be applied from small to
large-scale applications. Prominent storage solutions, such as batteries, provide durability
and technological sophistication but are far too expensive and cannot provide the power
needed for seasonal and grid-scale demand. Consequently, hydrogen has been the best
candidate since the 1970s, positioning this as both energy storage and a clean energy
source [14]. However, storage and delivery issues associated with H2 remain an obstacle
to its implementation [15]. To store and distribute H2 efficiently, other indirect storage
media such as ammonia (NH3), with its proven transportability and high flexibility, is
required [16].

Energies 2021, 14, x FOR PEER REVIEW 2 of 32 
 

 

point where the dangerous effect of climate change can be prevented. In 1997, the conven-
tion was supplemented and updated by the Kyoto Protocol [8]. Unlike the United Nations 
Framework Convention on Climate Change (UNFCCC), the Kyoto Protocol binds parties 
from a developed country to reduce GHG emissions [9]. Recently, under the terms of the 
Paris Agreement of 2015, the United Nations (UN) has committed itself to a long-term 
target to keep temperatures below 2 °C, compared to pre-industrial levels, to avoid the 
worst consequences of global warming [10,11]. Figure 1 shows the top 10 countries on CO2 
emissions worldwide and their goal in the Paris Agreement. 

In the last decades, the world has put great effort and investment into developing 
renewable energy to decarbonise the economy. The global pandemic disruption caused 
by COVID-19 teaches humanity that reducing the proportion of fossil fuels in human ac-
tivity will substantially increase the regeneration of the Earth’s atmosphere due to a re-
duction in air pollution. For example, in China, restricting the activity of people caused 
by the COVID-19 pandemic resulted in a 25% and 50% reduction in CO2 and NOX emis-
sions, respectively [12,13]. However, the problem with these renewable sources of energy 
is that they are highly weather-dependent. Therefore, it is necessary to have an affordable 
and efficient method for storing energy. Several prevailing storage technologies, such as 
chemical, mechanical, electrical and thermal energy storages, can be applied from small 
to large-scale applications. Prominent storage solutions, such as batteries, provide dura-
bility and technological sophistication but are far too expensive and cannot provide the 
power needed for seasonal and grid-scale demand. Consequently, hydrogen has been the 
best candidate since the 1970s, positioning this as both energy storage and a clean energy 
source [14]. However, storage and delivery issues associated with H2 remain an obstacle 
to its implementation [15]. To store and distribute H2 efficiently, other indirect storage 
media such as ammonia (NH3), with its proven transportability and high flexibility, is 
required [16]. 

 
Figure 1. Top 10 global CO2 emitters and the target in the Paris Agreement [17]. 

In some countries, ammonia has become a part of their energy roadmap. For exam-
ple, Japan’s Cross-Ministerial Strategic Innovation Program (SIP) attempts to show am-
monia, hydrides and hydrogen as essential elements of the nation’s hydrogen energy 
system [18]. The Japanese Ministry of Economy, Trade and Industry (METI) described 
ammonia in conjunction with “the concept of importing renewable energy produced in 
other countries” [19]. In the United States, The Advanced Research Projects Agency-En-
ergy (ARPA-E) announced a cumulative grant of $32.7 million for 16 projects, 13 of which 
focus on ammonia [16]. Governments in New Zealand and Australia have announced 

Figure 1. Top 10 global CO2 emitters and the target in the Paris Agreement [17].

In some countries, ammonia has become a part of their energy roadmap. For ex-
ample, Japan’s Cross-Ministerial Strategic Innovation Program (SIP) attempts to show
ammonia, hydrides and hydrogen as essential elements of the nation’s hydrogen energy
system [18]. The Japanese Ministry of Economy, Trade and Industry (METI) described
ammonia in conjunction with “the concept of importing renewable energy produced in
other countries” [19]. In the United States, The Advanced Research Projects Agency-Energy
(ARPA-E) announced a cumulative grant of $32.7 million for 16 projects, 13 of which focus
on ammonia [16]. Governments in New Zealand and Australia have announced federal
grants to support the development of ammonia plants driven by renewable energy. More
recently, Australia has awarded Yara and ENGIE AU$995,000 for their solar ammonia
project, Yara Pilbara, from the Australian Renewable Energy Agency (ARENA). As for
New Zealand, Ballance-Agri Nutrients and Hiringa Energy received NZ$19.9 million from
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the Provincial Growth Fund for their wind-fed ammonia plant in Kapuni [20]. Similarly
to Japan, the country is also looking into the possibility of exporting renewable energy in
the form of ammonia. In addition, Toyota and Commonwealth Scientific and Industrial
Research Organization (CSIRO) designed the first ammonia fuel car tested in Australia in
2018 [21].

Today, with a global production rate of more than 176 million metric tonnes of ammo-
nia, the chemical is being used as fertiliser and a building block in the manufacture of many
products [22,23]. With 28.5% of global production, China is known as the main producer of
ammonia [24]. The uses of ammonia as an intermediate for the production of fertilisers
account for over 80% of the total production of ammonia [25]. Other applications include
fibre and plastics, pharmaceuticals, mining and metallurgy, pulp and paper, refrigeration
and explosives [26]. Other than that, ammonia has also being recently proposed to be used
in automotive applications for NOx emission control (DeNOx) technologies [27]. Further-
more, ammonia has also been researched as a source of energy for fuel cells, transport,
industry and power generation [28].

Unfortunately, the current industrial ammonia synthesis method is complicated,
energy-intensive and heavily dependent on hydrocarbon. The Haber–Bosch process that is
currently used to synthesise ammonia is responsible for almost 11% of global industrial
CO2 emissions [29,30]. In addition, the nature of renewable energy sources, which are
irregular, requires turnkey systems that can be instantly switched on and off [31]. Thus, the
challenge for the global deployment of ammonia as energy storage is, therefore, the simpler
and more efficient production of ammonia from abundant sources, such as ambient air and
water, with a ready to go system, which can be driven by intermittent energy sources.

The number of research studies on renewable ammonia, its innovation on the pro-
duction route and its performances as a fuel has increased substantially in recent years, as
shown by a growing number of scientific papers and review papers (Figure 2a–c). There
has been a significant increase in the numbers of scientific articles related to ammonia,
renewable energy, energy storage or energy carriers in recent years. For innovative ap-
proaches of ammonia synthesis, electrochemistry gained great attention in recent years due
to the direct conversion of electricity into ammonia. Of all the devices capable of converting
ammonia into energy, the Internal Combustion (IC) engine appears to receive the most
development effort, noting that use for other applications is less explored.
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ammonia production, (c) ammonia as a fuel in Scopus databases.

This study comprehensively reviews all aspects of ammonia as energy storage, includ-
ing innovative approaches for converting renewable energy into ammonia and devices that
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convert ammonia into energy. The comparison of the recent review article of ammonia as
renewable energy and this work is given in Table 1.

Table 1. The comparison of recent review articles on ammonia as a renewable energy carrier and this work.

Category [16] [32] [33] [34] [35] [36] [37] This Work

Ammonia economy
√

- - -
√

-
√ √

Photocatalysis - - - - - - -
√

Electrocatalysis -
√ √ √

-
√

-
√

Plasmacatalysis - -
√

- -
√

-
√

Fuel cell
√

- - -
√

-
√ √

IC engine
√

- - -
√

- -
√

Gas turbine
√

- - -
√

- -
√

2. Key-Driver of Ammonia Economy

The issue of the storage and distribution of hydrogen creates opportunities for am-
monia to be seen as alternative storage of renewable energy. The previous study on the
potential hydrogen storage material by Kojima [38] has revealed that ammonia has the high-
est gravimetric densities with the highest volumetric densities, as shown in Figure 3 [16,38].
Consequently, attempts are being made to leverage ammonia over others to replace hy-
drogen as a central energy distribution block [16]. In addition, ammonia can be used to
replenish soil nutrients, boosting the growth of crops and accelerating afforestation that
will indirectly help to balance CO2 gas in the atmosphere through photosynthesis by plants.
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The sustainable future of renewable energy-driven ammonia production is not a
novel idea but has never been widely embraced over methane or coal-based ammonia.
By transforming into ammonia that can be liquefied under moderate pressure, renewable
energy can be transported from places where renewable energy is cheap or excessive to
where it is limited or expensive. This synergy could open up opportunities for exports
and imports of renewable energy, similar to today’s hydrocarbon fuel. In addition to being
used directly in the form of ammonia, this may also be dissociated into its component for
use as hydrogen fuel at a relatively low cost. Cost comparison of the hydrogen produced
from a variety of feedstock is presented in Table 2.
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Table 2. Cost comparison of hydrogen production via various feedstock [39–43].

Method Electricity Source Hydrogen Production
(kg/day) Hydrogen Cost ($/kg)

Water electrolysis Wind 1400–62,950 5.10–23.37
Solar PV 1356 10.49

Solar Thermal 1000 7.00
Nuclear 1000 4.15

Thermochemical water splitting Solar 6000 7.98–8.40
Nuclear 7000–800,000 2.17–2.63

Natural Gas steam reforming With carbon capture storage - 2.27
Without carbon capture storage - 2.08

Coal gasification With carbon capture storage - 1.63
Without carbon capture storage - 1.34

Biomass gasification - - 1.77–2.05

In addition to the aforementioned factors, ammonia transportation and storage fa-
cilities already exist today, where around 18 million tonnes of ammonia are exchanged
annually. Unlike hydrogen that cannot be liquefied under a pressurised tank, ammonia
may be kept in liquid form when at least 8.58 bar is maintained. Under this load, carbon
steel tanks are sufficient to be used. Ammonia may also be contained as a liquid in lower
temperature storage if the temperature of −33 ◦C is preserved while hydrogen only can be
liquefied under cryogenic cooling at −252.87 ◦C. The energy density in this form is roughly
half that of petrol and more than ten times that of batteries. Ammonia also offers a much
lower storage cost compared to hydrogen. Commonly, long-distance ammonia transport is
accomplished by using carbon steel pipelines that are opposed to hydrogen, which now
still has material issues with the pipeline. For transporting ammonia via pipeline over
1610 km, it requires 1119 kJ/kg-H2, which is much lower than that of hydrogen transport
of 14,814 kJ/kg-H2. This disparity can be described by the state of the two fluids where
hydrogen gas is distributed with the aid of compressors while the ammonia is carried as a
liquid using a pump. The comparison between ammonia and hydrogen is given in Table 3.

Table 3. Difference between NH3 and H2 in terms of storage and distribution [39,44,45].

Parameter Ammonia Hydrogen Hydrogen

Storage method Liquid Compressed Liquid
Storage pressure (MPa) 1.1 70 -

Liquefy temperature (◦C) −33 - −252.87
Fuel density (kg m−3) 600 39.1 70.99

Storage cost over 182 days ($/kg-H2) 0.54 - 14.95
Transporting over 1610 km pipeline

(kJ/kg-H2) 1119 14,814 -

Ammonia also can be transported as a pressurised liquid via truck and rail. Trailers
can transport 43,530 L ammonia at 2.07 MPa. Such a tank could hold up to 26 tonnes
or 600 GJ of energy of ammonia [46]. In contrast, a hydrogen lorry only can be used to
transport around 340 kg of hydrogen gas at 17.91 MPa, equivalent to 48 GJ of hydrogen
energy content, while transporting in liquid form in a hydrogen trailer could hold around
3.9 tonnes of hydrogen, equal to 553 GJ of energy [47]. Rail transport uses a pressurised tank
with a capacity of 126,810 L at 1.55 MPa, which indicates the capability to carry 77.5 tonnes
of NH3 [46]. Ammonia can be transported by ship or barge using pressurised storage
vessels. By using these vessels, existing ocean-going ships can transport 55,000 tonnes of
ammonia [48]. The NH3 and H2 transport methods are summarised in Table 4.
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Table 4. Differences in NH3 and H2 transport methods [44].

Parameter
Ammonia Hydrogen

Truck Rail Ship Truck Truck

Storage method Liquid Liquid Liquid Compressed Liquid
Storage pressure (MPa) 2.07 1.55 - 17.91 -

Capacity (tonnes) 26 77.5 55,000 0.34 3.9
Energy capacity (GJ-HHV) 600 1746 1,240,000 48 553

Note: HHV (higher heating value).

In the recent development, storing ammonia as metal ammine complexes, i.e., hex-
aamminemagnesium chloride, Mg(NH3)6Cl2 (Figure 4), also gives a beneficial advantage
for storing and transporting since it has very low vapour pressure (0.002 bar at ambient
temperature) [49,50]. Hexaamminemagnesium chloride is formed simply bypassing am-
monia at room temperature over anhydrous magnesium chloride. Mg(NH3)6Cl2 can be
formed into a small and dense solid without any void space. The amine has volumetric
hydrogen content between 105 and 110 kg H2 m−3 and gravimetric hydrogen content over
9 wt.% [49].
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3. Ammonia-Based Energy Storage
3.1. Characteristics

Ammonia is comprised of N2 and H2 with the chemical formula of NH3. A highly
irritating, colourless gas with a distinctive pungent scent characterises the chemical. With
a density of 0.769 kg m−3, ammonia is lighter than air. It also liquefies easily, which is
caused by a resilient hydrogen bond among molecules. The boiling point and the freezing
point at standard temperature and pressure are −33.35 ◦C and −77.65 ◦C, respectively.
Ammonia in the air has a flammability limit between 15 and 25%. Ammonia burns with
a light yellowish-green flame. Where a suitable catalyst and high temperature is present,
ammonia is decomposed into the constituent elements.

The ammonia molecule has a pyramidal trigonal form with an angle of the bond of
106.7 ◦C. The atom of nitrogen consists of five outer electrons with an additional three
electrons from each hydrogen atom, giving eight electrons in total, or pairs of four tetrahe-
dral arranged electrons. This shape gives a dipole moment to the molecule, which makes
it polar. The polarity of the molecule and, in particular, its capability to create hydrogen
bonds makes ammonia very soluble in water. The chemical is naturally a base and a
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proton acceptor. Ammonia aqueous solution with a concentration 1.0 M has a pH of 11.6
at 298 K [51]. Even though accidental explosion or combustion is relatively low [16], the
US-National Fire Protection Association (NFPA) has identified this as a hazardous material,
putting it at high safety risk [52]. Safety concerns regarding ammonia storage for end-users
arise due to the high vapour pressure of liquid ammonia. At high temperatures, ammonia
can decompose, forming highly flammable hydrogen and toxic nitrogen oxide. Ammonia
is also known to be corrosive with certain alloys such as copper, brass and bronze, as
presented in Table 5.

Table 5. Material compatibility of ammonia and its derivative [16,53–55].

Materials Ammonium Hydroxide
(Ammonia in Water) Ammonia Anhydrous

ABS plastic - D
Acetal (Delrin ®) D D

Aluminium C A
Brass - D

Bronze - D
Buna N (Nitrile) D B
Carbon graphite - A

Carbon steel D B
Carpenter 20 - A

Cast iron D A
ChemRaz (FFKM) - B

Cooper - D
CPVC - A
EPDM A A
Epoxy - A

Fluorocarbon (FKM) B D
Hastelloy-C ® B B

Hypalon ® A D
Hytrel ® - D
Kalrez - A
Kel-F ® - A
LDPE - B

Leather D
Natural rubber - D

Neoprene B A
NORYL ® - B

Nylon C A
Polycarbonate - D

PEEK - A
Polypropylene A A
Polyurethane - D
PPS (Ryton ®) - A

PTFE A A
PVC - A

PVDF (Kynar ®) A A
Santropene A A

Silicone - C
Stainless Steel 304 B A
Stainless Steel 316 A A

Titanium - C
Tygon ® - A
Viton ® - D

Note: A (excellent); B (good); C (fair); D (poor).

Ammonia is also fatal if inhaled, causing a lung injury. Some people may be somewhat
irritated by 30 ppm for 10 min, while the remainder is sensitive to 50 ppm. At 500 ppm,
the nose and throat get immediate and severe irritation. Short exposure to levels over
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1500 ppm can lead to fluid accumulation in the lungs [56]. Immediately Dangerous to Life
and Health (IDLH) is the degree whereby a healthy person can get 30 min of exposure
without causing permanent health effects. Ammonia is also believed to be responsible for
the depletion of ozone by an accumulation of nitrous compounds in the atmosphere [57].
Table 6 summarises the Health and Safety data, including their vapour pressure, IDLH
and toxicity.

Table 6. Health and Safety data of ammonia and its derivatives [58–60].

Carriers VP at 20 ◦C
(Bar)

IDLH
(ppm)

AT 20 ◦C
(IDLH−1)

35 wt.% NH3 solution 1.24 - ~4133
NH3 (liquid) 8 300 ~27,000
Mg(NH3)6Cl2 1.4 × 10−3 - 4.65

Note: VP (vapour pressure); AT (apparent toxicity).

3.2. Ammonia production Using Haber–Bosch Method

Fritz Haber and Carl Bosch invented the Haber–Bosch (H–B) process in the middle of
the 20th century, replacing the Birkeland–Eyde process and Frank–Caro process to synthe-
sise ammonia [37]. Since its discovery, the Haber–Bosch process dominating the industrial
process and has undergone many substantial improvements and optimisations. The min-
imum energy consumption in the mid-1950s is reduced from more than 60 GJ tNH3

−1 to
27.4–31.8 GJ tNH3

−1 today [61]. Such improvements represent an improvement in overall
energy efficiency from 36 to 65%. The most significant increase in productivity was made
by replacing coal with CH4 to produce H2.

In short, the production cycle of ammonia can be broken down into two major phases;
the first is synthetic mixture production, and the subsequent is the synthesis of ammonia
synthesis by the H–B process. In the first phase, hydrogen production takes place via
two-stage steam methane reforming (SMR) reactors before being transferred for water-gas-
shifting (WGS) reaction, CO2 subtraction and then methanation [61]. The primary SMR
reactor works at 850–900 ◦C and 25–35 bar that travels through the catalyst. In this process,
the energy needed for the endothermal reactions generated by the external combustion of
methane fuel through the furnace [61]. Water-saturated methane is then fed into a catalytic
converter that converts methane to hydrogen and carbon monoxide before it is transferred
to a second SMR. In the secondary SMR, ambient air is compressed and transferred at
900–1000 ◦C to partially oxidise reagents in the next reactor. In this process, air–oxygen and
steam convert unreacted methane into hydrogen and carbon monoxide, besides providing
the stoichiometric nitrogen required for Haber–Bosch downstream reactions [58].

The next process involves converting carbon monoxide to carbon dioxide by steam
injection in the WGS reactor to prevent coke from forming on the catalyst and side reactions.
The feed is then sent to a CO2 remover column, giving a nitrogen and hydrogen-rich feed
with high purity for the next process [61]. The ammonia production then takes place on
Haber–Bosch reactor when the process is usually performed in a reactor with two to four
catalytic converter beds at 200 to 350 bar and 300 to 500 ◦C [58]. Since the process has
low single-pass conversion efficiency (~15%), it is necessary to recycle the unreacted gas.
The nitrogen fixation process for ammonia and the reaction process that occurs during the
Haber–Bosch process is shown below:

N2+3H2 → 2NH3 ∆H298K= −92 kJ mol−1 (1)

CH4+H2O → CO + 3H2 (Primary Steam Reforming) (2)

4CH4+O2+2H2O → 10H2+4CO (Secondary Steam Reforming) (3)

CO + H2O → CO2+H2 (Water− gas shift) (4)
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3.3. Electrically-Driven Haber–Bosch Process

Notwithstanding the technological reliability of the existing Haber–Bosch process, the
question remains as to whether or not such a process can be CO2-free. To answer these
questions, research and development are underway worldwide to substitute the centuries-
old Haber–Bosch method for the production of ammonia, driven by renewable electricity.
It includes switching H2 obtained from the steam-reformed CH4 to H2 obtained from the
electrolysed H2O. Given the trend in renewable energy prices to compete with fossil fuels,
the green Haber–Bosch process is no longer a vision. Figure 5 shows the electrically driven
Haber–Bosch plant powered by renewable energy.
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Ammonia synthesis processes powered by renewable energy have been demonstrated
in many countries. For example, in the USA, Schmuecker Pinehurst Farm LLC has built a
solar ammonia plant and has been in operation for many years where H2 and N2 are gener-
ated from water and air by electrolysis and power swing system before pressurised and
fed into the ammonia production facility [63]. In Zimbabwe, Africa, an ammonium nitrate
plant was developed where ammonia is supplied from renewable energy-driven Haber–
Bosch process. This production facility has been productive for years, with 240,000 tonnes
of ammonium nitrate produced annually [64]. In Australia, several projects have been
developed near Yara Pilbara, Western Australia [65] and Port Lincoln, South Australia [66]
to evaluate the feasibility of renewable energy-driven ammonia plants. At the same time
as optimisation of the renewable energy-driven Haber–Bosch process, the development of
alternative methods to allow the N2 reduction reaction at atmospheric pressure and moder-
ate ambient temperature, such as photocatalysis, electrocatalysis and plasmacatalysis has
attracted widespread interest in ammonia synthesis today.

4. Innovative Approaches for Ammonia Synthesis

In the absence of high temperatures and pressures, nature converts molecular N2
to NH3. This natural process uses enzyme nitrogenises containing metal ions (iron and
molybdenum) to induce ammonia reactions from atmospheric nitrogen, electrons and
protons. This phenomenon has aroused the researcher’s interest in imitating nature.

In recent times, significant progress in understanding the process for nitrogenises
reactions and in creating a modern synthetic method has been achieved. Photocatalysis,
plasmacatalysis and electrocatalysis have been studied as alternative green routes for
ammonia production. These new techniques offer distinct advantages compared to the old
Haber–Bosch method.

Among those, the plasma-enabled ammonia synthesis is both energy and cost-effective
in theory. The potential energy consumption of non-thermal plasma (NTP) ammonia



Energies 2021, 14, 3732 10 of 32

production has been reported to be around 0.2 MJ/mol, which is lower than the Haber–
Bosch technique (0.48 MJ/mol) [67]. This section details the method and provides a
discussion on emerging technology for facilitating the N2 reduction reaction to ammonia.

4.1. Photocatalysis

Photocatalytic ammonia production from water and air at low temperature and pres-
sure show enormous potential, attracting increased research interest from scientists. The
process is relatively safe, inexpensive and accessible to a free energy source (light). In gen-
eral, photons are used in the photocatalytic mechanism to drive N2 activation. The fixation
process of N2 into NH3 by photocatalysts can be represented by the following equation:

N2+3H2O
light→ 2NH3 +

3
2

O2 (5)

The N2 fixation photocatalytic process involves several steps. In short, the electron
generated by the photocatalyst effect is driven into the conduction band, creating an
empty hole in the valance band. Some holes and electrons are then recombined together,
while others transfer to the catalytic surface and take part in the redox reaction. H2O
is then oxidised to O2 by holes, while N2 is reduced to NH3 by the reaction of water-
derived protons and photo-generated electrons. Figure 6 illustrated the catalytic process of
the photocatalyst.
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TiO2-based metal oxide photocatalysts were studied early in nitrogen fixation because
of less expense and higher stability. Following the pioneering research in 1977 by Schrauzer
and Guth [69], many semiconductors have been proposed for the process of photocatalysis
viz. metal oxide, metal sulphide, oxyhalides and other graphitic nitride carbon materials.

In 1988, Bourgeois et al. [70] studied photocatalytic action of unmodified TiO2 after
annealing under atmospheric air pressure. Thermal pre-treatment is believed to trigger
surface defects that caused defects or impurities in the semiconductor bandgap. In the most
recent study, the photocatalytic N2 fixation into NH3 on TiO2 surface oxygen vacancies
was systematically investigated by Hirakawa et al. [71]. They found that the active sites for
N2 reduction are the oxygen vacancies of the Ti3+ species. The superficial Ti3+ provided an
abundance of active N2 fixing sites by acting as an electron donor, resulting in relatively
easy dissociation of the N≡N bond. In other studies, many other metal species are used as
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doping in the TiO2 catalyst; however, the photocatalytic was unsatisfactory. The transition
metal atoms loaded into TiO2 can function as co-catalysts while acting as a dopant in the
TiO2 matrix. In addition, the Schottky junction formation on the semiconductor interface
and the transition metal induces electrical fields and facilitates the separation of photo-
induced electrons and holes.

In addition to metal doping, noble metals may also be embedded onto the surface
of TiO2. Ranjit et al. [72], in 1996, compared four noble metals (Ru, Rh, Pd, Pt) as TiO2
co-catalysts. They found Ru > Rh > Pd > Pt to be the order of photoactivity between
metals, which is closely related to the strength of the noble metals and the hydrogen bond.
The experiment revealed that noble metals with higher barriers to H2 evolution exhibit
surprisingly higher NH3 yields.

The development of metal-doped TiO2 in N2 fixation sparked interest in the develop-
ment of binary metal oxide and ternary metal oxides as doping. The study by Lashgari
and Zeinalkhani [73], on the synthesis of Fe2O3 by precipitation method, found that the
ammonia is efficiently formed from N2 at Fe2O3 nanoparticles. It was also reported that
partially reduced Fe2O3 may be used for the reduction of photocatalytic N2. More recently,
bismuth monoxide (BiO) was employed for N2 photoreduction. It has been stated that
BiO quantum dots will significantly decrease N2 at 1226 µmol gcat−1h−1 NH3 with the
simulated rate of sunlight [74].

In addition to metal oxides, the study of metal sulphides in the field of photocatal-
ysis has also seen a significant increase in the scientific community. The metal sulphide
band gap is conducive to intense visible light absorption, resulting in highly effective
solar use. As a result of the growing multidisciplinary research in biology and material
science, organic-sulphide has also been developed as a catalyst for NH3 synthesis [68].
Researchers questioned whether sulphur vacancies could effectively promote the photo-
catalytic event. Motivated by this idea, Hu et al. [75] studied the sulphur vacancies effect
on the efficiency of ternary metal sulphide for N2 fixation. Sulphur vacancies have been
found to introduce surface chemical adsorption sites, which have helped to activate N2
molecules by widening the bonding space from 1.164 Å to 1.213 Å. In the recent develop-
ment, Cd0.5Zn0.5S solid solution loaded with Ni2P was effectively reduced N2 with the
NH3 yield of 253.8 µmol gcat

−1 h−1 [76]. Other materials, such as Bismuth oxyhalides, are
also found to be promising photocatalysts due to their layered crystal structure and suitable
band gaps [68,77].

Other than the material mentioned above, graphitic nitride carbon photocatalyst for
N2 fixation has been designed and developed in recent years. Dong et al. [78] have shown
that introducing vacancies in nitrogen will dramatically boost the photocatalytic behaviour
of g-C3N4. It was because the nitrogen vacancies, which had the size and forms as the
nitrogen atoms, are advantageous for adsorbing and activating the chemically inert N2. In
another study, honeycombed g-C3N4 doped with Fe3+ has shown enhanced photocatalytic
performance [79]. After that, various forms of photocatalysts based on g-C3N4 were
employed in photochemical ammonia synthesis. A summary of various photochemical
catalysts by previous studies is presented in Table 7.

Table 7. Recent studies on photochemical catalysis systems for ammonia production.

Groups Catalyst T (K) Scavenger Catalyst Loading
(g L−1)

NH3 Yield
(µmolgcat−1h−1) Ref

Metal oxides TiO2 500 - - 0.83 [70]
0.4 wt.% Co-doped TiO2 313 - - 6.3 [69]
0.4 wt% Cr-doped TiO2 313 - - 0.37 [69]
0.4 wt% Mo-doped TiO2 313 - - 6.7 [69]
2 wt% Mg-doped TiO2 - - 0.67 6.9 µM h−1 [80]
0.5 wt% Fe-doped TiO2 353 - - 6 [81]
10 wt% Ce-doped TiO2 - - 0.8 3.4 µM h−1 [82]
10 wt% V-doped TiO2 - - 0.8 4.9 µM h−1 [82]



Energies 2021, 14, 3732 12 of 32

Table 7. Cont.

Groups Catalyst T (K) Scavenger Catalyst Loading
(g L−1)

NH3 Yield
(µmolgcat−1h−1) Ref

0.24 wt% Ru-loaded TiO2 - - - 17.3 [72]
0.8 wt% Pt-loaded TiO2 - - - 4.8 [72]

0.69 wt% Pd-loaded TiO2 - - - 11.8 [72]
0.2 wt% Rh-loaded TiO2 - - - 12.6 [72]
0.2 wt% Fe-doped TiO2 313 - - 10 [69]

Fe-doped TiO2 298 Ethanol 1 400 µM h−1 [83]
JRC-TIO-6 (rutile) 313 2-PrOH 1 2.5 µM h−1 [71]

Pt-loaded ZnO - Na-EDTA - 860 [84]
Fe2O3 298 Ethanol 0.5 1362.5 µM h−1 [73]

Partially reduced Fe2O3 303 - - 10 [85]
BiO quantum dots 298 - - 1226 [74]

H-Bi2MoO6 - - - 10 [86]
Metal sulphides Zn0.1Sn0.1Cd0.8S 303 Ethanol 0.4 105.2 µM h−1 [75]

CdS/Pt 311 - - 3.26 [87]
CdS/Pt/RuO2 - 4 620 µM h−1 [88]

MoS2 298 - - 325 [89]
Mo0.1Ni0.1Cd0.8S 303 Ethanol 0.4 71.2 µM h−1 [90]

g-C3N4/ZnMoCdS 298 Ethanol 0.4 77.6 µM h−1 [91]
g-C3N4/ZnSnCdS 303 Ethanol 0.4 167.6 µM h−1 [92]
Ni2P/Cd0.5Zn0.5S 293 - - 253.8 [76]

Oxyhalides Bi5O7I 293 Methanol 0.5 111.5 µM h−1 [93]
BiOCl 298 Methanol 0.67 46.2 µM h−1 [94]
BiOBr 298 - 0.5 1042 µM h−1 [95]

Bi5O7Br nanotubes - - - 1380 [96]
Graphitic

nitride carbon Fe-doped g-C3N4 303 Ethanol 0.4 120 µM h−1 [79]

g-C3N4 - Methanol 1 160 µM h−1 [78]
g-C3N4/MgAlFeO 303 Ethanol 0.4 166.8 µM h−1 [97]

g-C3N4/rGO 303 Na-EDTA 0.4 206 µM h−1 [98]
Ga2O3-DBD/g-C3N4 - Ethanol 0.4 112.5 µM h−1 [99]

W18O49/g-C3N4 - Ethanol 0.4 57.8 µM h−1 [100]

4.2. Electrocatalysis

In addition to photocatalysis, the synthesis of ammonia by the electrocatalysis process
is also currently being explored. In a traditional proton-conductive electrolyte cell, gaseous
H2 passes through the anode where it is changed to protons (H+) while the nitrogen
reduction reaction occurs at the cathode [101]. The H+ then diffuses into the cathode, where
it forms NH3 in combination with the dissociated N. The following equations can describe
the reaction:

3H2 → 6H++ 6e− (6)

N2+ 6H++ 6e− → 2NH3 (7)

N2 + 3H2 → 2NH3 (8)

The problem, though, is such cell configuration had to work at low temperatures
where the kinetics of reaction were sluggish [102]. Moreover, an electrochemical cell is more
advantageous when operating at higher temperatures since higher rates of reaction can be
achieved in the same electrode area, and hydrazine development can be prevented [103].
As a result, proton (H+) conductivity solid-state materials that operate at a temperature
above 500 ◦C were developed [102].

Based on the working temperature, electrocatalytic ammonia synthesis can be broken
down into high (higher than 500 ◦C), intermediate (between 100 ◦C and 500 ◦C) and low
(lower than 100 ◦C) [36]. In the high-temperature electrocatalysis process, most of the
studies occupy solid electrolytes with perovskite as the material in reactor configuration.
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Among the studies, quite high ammonia rates were reported by Wang et al. [104,105]
using doped Ceria-Ca3(PO4)2-K3PO4 composite electrolyte in combination with a Ag-Pd
electrode. Ammonia yields up to 9.5 × 10−9 mol s−1cm−2 can be achieved using N2/H2 as
feedstock and up to 6.95× 10−9 mol s−1cm−2 using N2/natural gas. In 2009, the novel Solid
State Ammonia Synthesis (SSAS) configuration using the Ag-Ru/MgO cathode developed
by Skodra and Staukides [106] was able to directly use water as a source of hydrogen. Other
than the configurations mentioned above, the oxygen-ion (O2−) conductor has also been
shown to be used for ammonia synthesis in SSAS where both processes of electrolysis and
ammonia synthesis occur at the cathode but have suffered very low ammonia production
rates [106,107].

In intermediate electrocatalysis processes with operating temperatures ranging from
500 ◦C to 100 ◦C, molten salts are typically used as electrolytes. Murakami et al. [108]
made the earliest study in this temperature range in 2003, using a molten salt mixture
electrolyte and porous nickel as electrodes. Other sources of hydrogen, such as water
steam [109,110], hydrogen chloride [111], methane [112] and hydrogen sulphide [113],
have also been tested. More recently, Licht et al. [114] used a similar configuration for
the experiment with NaOH/KOH as electrolyte and nickel as the electrode but added a
Fe2O3 nanoparticle catalyst to the molten salt. The maximum forming rate of ammonia
1 × 10−8 mols−1cm−2 could be achieved by this setup, although it is much lower compared
to the works of Murakami’s group.

In low-temperature electrochemical ammonia synthesis below 100 ◦C, Nafion and
Sulfonate Polysulfone (SPSF) are commonly used as proton electrolyte conductors [103].
Kordali et al. [115] in 1999 reported a novel configuration that could synthesise ammonia
below 100 ◦C using a combination of the Nafion membrane and KOH solution. The anode
was Pt, while the anode was carbon cloth on which Ru had been deposited. The hydrogen
source was either hydrogen gas or water. A summary of the selected electrochemical
system by previous studies is presented in Table 8.

Table 8. A summary of the selected electrocatalytic ammonia synthesis by previous studies.

Temperature Electrolyte Cathode/Anode NH3 Yield
(×10−9 mol/s.cm2)

FE
(%) Ref

High (T > 500 ◦C) SCY Pd 4.50 78 [116]
BCN Ag-Pd 1.42 - [117]

BCZN Ag-Pd 1.82 - [117]
BCNN Ag-Pd 2.16 - [117]

BCS Ag-Pd 5.23 - [118]
BCGS Ag-Pd 5.82 - [118]
BZCY Ni- BZCY/Rh 2.86 6.2 [119]
LSGM Ag-Pd 2.37 70 [120]
LCZ Ag-Pd 2.00 - [121]
LCC Ag-Pd 1.30 - [121]
LCZ Ag-Pd 1.76 80 [122]
BCG Ag-Pd 3.09 - [123]
BCY1 Ag-Pd 2.10 60 [124]
BZCY Ni- BZCY/Cu 1.70 2.7 [125]
BZCY Ni- BZCY/Cu 4.10 10 [125]

BCY2 − ZnO Ag-Pd 2.60 45 [126]
CYO − Ca3(PO4)2/K3PO4 Ag-Pd 9.50 - [105]
CYO − Ca3(PO4)2/K3PO4 Ag-Pd 6.95 - [104]

CSO Ag-Pd 7.20 - [127]
CGO Ag-Pd 7.50 - [127]
CYO Ag-Pd 7.70 - [127]
CLO Ag-Pd 8.20 - [127]

LCGM Ag-Pd 1.63 47 [128]
LSGM Ag-Pd 2.53 73 [128]
LBGM Ag-Pd 2.04 60 [128]
LBGM Ag-Pd 1.89 60 [129]
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Table 8. Cont.

Temperature Electrolyte Cathode/Anode NH3 Yield
(×10−9 mol/s.cm2)

FE
(%) Ref

BCG2 Ag-Pd/Ni- BCG 5.00 70 [130]
BCZS Ag-Pd 2.67 50 [131]
BCC Ag-Pd 2.69 50 [132]

Intermediate
(100 ◦C < T <

500 ◦C)
(Li, Na, K)2CO3-CSO LSFC/Ni- CSO 5.39 7.5 [133]

LiCl-KCl-CsCl Porous Ni Plate 3.33 72 [108]
LiCl-KCl-CsCl Al/Porous Ni Plate 33.3 72 [134]

LiCl-KCl-CsCl
Porous Ni

Plate/Baron-doped
diamond

5.80 80 [111]

LiCl-KCl-CsCl Porous Ni Plate/Glassy
carbon rod 20 23 [109]

NaOH/KOH/Nano-Fe2O3 Ni 10 35 [114]
Na0.5K0.5OH/Nano-Fe2O3 Monel/Ni 16.2 76 [135]

NaOH-KOH molten salt (Fe2O3/AC)/Ni 8.27 13.7 [136]
Low (T < 100 ◦C) Nafion SBCF/Ni-CSO 6.90 - [137]

Nafion SBCF/Ni-CSO 7.20 - [137]
Nafion SBCC/Ni-CSO 8.70 - [137]
Nafion Pt 3.13 2.2 [138]
Nafion Pt 3.50 0.7 [138]
Nafion Pt 1.14 0.55 [138]
SPSF SSC/NiO−CSO 6.50 - [139]
SPSF NiO−CSO 2.40 - [139]

Nafion SSN/NiO−CSO 10.5 - [140]
SPSF SSN/NiO−CSO 10.3 - [141]

Nafion SFCN/NiO−CSO 11.3 90.4 [141]
Nafion MOF (Fe)/Pt 2.12 1.43 [142]
Nafion MOF (Co)/Pt 1.64 1.06 [142]
Nafion MOF (Cu)/Pt 1.24 0.96 [142]
Nafion MOF (Fe)/Pt 1.52 0.88 [142]
Nafion Rh NNs/Carbon rod 6.24 0.7 [143]
Nafion Carbon nanospikes/Pt 1.59 11.56 [144]

Note: SCY denotes ScCe0.95Yb0.05O3-α, BCN denotes Ba3(Ca1.18Nb1.82)O9-δ, BCZN denotes Ba3CaZr0.5Nb1.5O9−δ, BCNN denotes
Ba3Ca0.9Nd0.28Nb1.82O9−δ, BCS denotes BaCe0.9Sm0.1O3−δ, BCGS denotes BaCe0.8Gd0.1Sm0.1O3−δ, BZCY denotes BaZr0.7Ce0.2Y0.1O3−δ,
LSGM denotes La0.9Sr0.1Ga0.8Mg0.2O3−α, LCZ denotes La1.95Ca0.05Zr2O7−δ, LCC denotes La1.95Ca0.05Ce2O7−δ, BCG1 denotes
BaCe0.8Gd0.2O3−δ, BCY1 denotes BaCe0.85Y0.15O3−α, BCY2 denotes Ba0.98Ce0.8Y0.2O3−α, CYO denotes Ce0.8Y0.2O1.9, CSO de-
notes Ce0.8Sm0.2O1.9, CGO denotes Ce0.8Gd0.2O1.9, CLO denotes Ce0.8La0.2O1.9, LCGM denotes La0.9Ca0.1Ga0.8Mg0.2O3−α, LSGM
denotes La0.9Sr0.1Ga0.8Mg0.2O3−α, LBGM denotes La0.9Ba0.1Ga0.8Mg0.2O3−α, BCG2 denotes BaCe0.85Gd0.15O3−α, BCZS denotes
BaCe0.7Zr0.2Sm0.1O3−α, BCC denotes BaCe0.9Ca0.1O3−α, LSFC denotes La0.6Sr0.4Fe0.8Cu0.2O3−δ, SBCF denotes SmBaCuFeO5+δ, SBCC
denotes SmBaCuCoO5+δ, SSC denotes Sm0.5Sr0.5CoO3−δ, SSN denotes Sm1.5Sr0.5NiO4, SFCN denotes SmFe0.7Cu0.1Ni0.2O3.

4.3. Plasmacatalysis

The plasmacatalysis process was described as a possible alternative to many chemicals’
high-temperature and pressure synthesis systems. In addition to positive and negative
ions, plasma often contains a large number of neutral particles, such as atoms, molecules,
radicals and excited particles, resulting in highly reactive physical and chemical reactions
when used in chemical synthesis. The plasma’s ionised and excited species concentration is
considerably higher than the traditional thermally heated gas phases. These properties can,
therefore, benefit from attaining further effective interaction even without a catalyst [145].
In the interaction of plasma and catalyst, plasma creates a more active spot yielding to
higher catalytic activity. When the beneficial effect of plasma and catalyst is combined
effectively, it is likely to produce a much higher yield [146].

Depending on the thermal equilibrium or not, plasma could be classified into thermal
and non-thermal plasma (NTP). The temperature of plasma, like that of any other gas, is
determined by the average energies of the plasma particles (neutral and charged) and their
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degrees of freedom (translational, rotational, vibrational and those related to electronic
excitation) [147,148]. Plasmas can thus exhibit multiple temperatures as a multi-component
system. In common electrical discharge for plasma generation, energy is transferred to
heavy articles by collision with electron. In thermal plasma, electron and heavy particles
achieved thermal equilibrium due to joule heating. Joule heating or ohmic heating define
the process in which the energy of an electric current is converted into heat as it flows
through a resistance. The temperature of the gas in thermal plasma is extremely high,
typically ranging from 4000 K to 20,000 K. On the other hand, non-thermal plasma is
characterised by multiple different temperatures related to different plasma particles and
different degrees of freedom. In non-thermal plasma, thermal equilibrium between electron
and heavy particles is not achieved, and the temperature of the NTP may be as low as
room temperature, although the electron, the excited and the ionised species have a high
temperature (Te >> T0) [147].

The temperature of the gas in thermal plasma is extremely high, typically ranging
from 4000 K to 20,000 K and is equivalent to that of the electron, which has achieved a
thermodynamic equilibrium between the electron and other species. On the other hand,
the temperature of the NTP may be as low as room temperature, although the electron,
the excited and the ionised species have a high temperature. Since NTP offers less power
input, this plasma is a more attractive option for chemical synthesis.

Many researchers have explored the mechanism of plasmacatalytic synthesis of am-
monia since the 1900s. The first attempt to utilise plasma to synthesis ammonia can be
traced back to 1929 when Brewer et al. [149] successfully synthesised ammonia using glow
discharge plasma and achieved an energy yield of 3.03 g-NH3/kWh. The system used was
complex in that high voltage, vacuum and magnetic fields were applied. The magnetic
field was reported to have no significant impact on the yield of ammonia. Since these
experiments demonstrated the principle of using plasma to produce ammonia, researchers
have begun to conduct detailed investigations into the process of plasma-assisted am-
monia synthesis using other types of plasma. Table 9 summarises previous research on
plasmacatalytic ammonia synthesis.

Table 9. Summary of previous research on plasma-chemical for ammonia synthesis.

Groups Catalyst Pressure
(Torr) H2/N2

Flow Rate
(mL/min)

NH3 Yield
(%)

Energy Yield
(g-NH3/kWh) Ref

GD - 3 3 - - 3.5 [149]
Pt 50 3 833.3 2 - [150]
Pt 50 3 833.3 7.9 - [151]
Pt 7 2.5 - 8.1 0.12 [152]

MgCl2 10 3 - - - [153]
Ag 5 0.6 78 80.8 - [154]

RF - 4.97 4 20 0.27 - [155]
Fe 4.97 4 20 0.35 0.01 [156]
Au 0.26 4 20 0.2 0.1 [157]

Ga-In 0.26 4 20 0.3 0.3 [158]
Ni-MOF-74 0.26 4 20 0.23 0.23 [159]

MW Rh 2.25 0.56 7.5 11.25 0.01 [160]
- 760 0.11 15,000 3.1 0.04 [161]

Co/Al2O3 760 1.167 120 0.112 0.01 [162]
DBD Pd 760 3 - 3.13 - [163]

MgO 760 0.8 2266.7 0.33 - [164]
- 760 3.56 730 1.36 1.83 [165]

Ru/alumina 760 3 40 4.36 0.37 [166]
Ru/alumina 760 3 30 4.62 0.40 [167]

- 760 6 500 0.74 0.69 [168]
PZT 760 1 11.5 5.9 0.7 [169]

Alumina 760 3 60 0.67 0.18 [170]
Cs-Ru/MgO 760 3 4000 2.41 2.3 [171]
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Table 9. Cont.

Groups Catalyst Pressure
(Torr) H2/N2

Flow Rate
(mL/min)

NH3 Yield
(%)

Energy Yield
(g-NH3/kWh) Ref

PZT 760 3 11.5 0.5 0.75 [172]
Ru-Mg/alumina 760 4 2000 2.55 35.7 [173]

Cu 760 1 100 3.5 3.3 [174]
Ru/alumina 760 1.5 - - 0.64 [175]

Ni/silica with
BaTiO3

760 3 25 12 0.75 [176]

Ru/alumina 760 3 1000 0.05 1.9 [176]
Ru/Si-MCM-41 760 1 - - 1.7 [177]

Ni/alumina 760 2 100 2 0.89 [178]
MgCl2 760 1 4000 - 20.5 [179]

Note: GD: glow discharge, RF: radiofrequency, MW: microwave; DBD: dielectric barrier discharge.

Following the initial study, Eremin et al. [151] revealed that ammonia is formed by
surface reactions. Afterwards, Venugopalan et al. [152] achieved high productivity of
ammonia on Ag coated quartz. Uyama et al. [156,180] found the formation of nitride in
addition to hydrazine and ammonia in their study. Nakajima and Sekiguchi [161] found
that when plasma is generated by H2/N2 gas mixture, the nitrogen gas activation in
the plasma has been depressed by hydrogen while hydrogen injection into the afterglow
area increased the production of ammonia. In addition to the plasma mentioned above,
dielectric barrier discharge was also widely explored. In 2000, researchers [164] tested MgO
as a catalyst in combination with DBD. The result shows that the catalyst could increase the
ammonia yield by up to 75% more than a plasma-assisted reaction. The group also studied
the synthesis of ammonia from methane and nitrogen without any catalyst and achieved
an energy yield of as much as 0.69 g-NH3/kWh [168]. The use of porous materials for
ammonia absorption was also studied by Peng et al. [171]. They found that by using a
porous material for ammonia absorption, the rate of ammonia synthesis increases due to the
lower gas phase of ammonia. The group also examined some metal catalysts as a promoter
for improving Ru loaded on magnesium-oxide particles. Caesium (Cs) was reported as
the best promoter and capable of achieving energy yield as high as 2.41 g-NH3/kWh [171].
Akay and Zhang [181] performed research where barium titanate enhanced by Ni/SiO2
was used as the catalyst. The overall energy yield of 1.9 g-NH3/kWh was achieved by this
configuration. More recently, in a pulsed DBD plasma reactor, Peng et al. [179] used MgCl2
as a catalyst and ammonia absorber. The study discovered that MgCl2 was effective to
store generated ammonia for later extraction. The configuration also achieved a very high
energy yield with 20.5 g-NH3/kWh.

More recently, an attempt was made to synthesis NH3 in the catalyst-free plasma–
water interfaces system based on the batch reactor process. Breakthroughs have recently
occurred in which plasmas in contact with water surfaces have achieved significant results,
putting the interfaces between plasma and water as an NH3 reaction locus by using a
combination of electrochemical and plasma. In these studies, the metal anode was replaced
with N2-plasma gas and successfully produced up to 0.44 mg/hour of NH3 on 1 mm2

plasma–liquid interfaces [182].

5. Ammonia as a Renewable Fuel
5.1. Direct Fuel Cell

Fuel cells are currently intensively examined as a breakthrough candidate for carbon-
free power generation. The device provides a highly efficient conversion directly from
chemical to electricity and has a low environmental footprint. In an early study, ammonia,
which has 17% hydrogen by weight, was proposed for use in PEM fuel cells. Though, due
to the low operating temperature of the PEM fuel cell, the thermodynamics decomposition
of ammonia cannot occur [183]. On top of that, ammonia is lethal to the Nafion membrane
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utilised in PEM fuel cells. Thus, external cracking reactors are required to completely
convert ammonia into hydrogen, giving an extra energy input and additional costs [184].

Based on electrolyte and reaction, a direct ammonia-fed fuel cell can be divided into
three major systems, alkaline fuel cell (AFC), alkaline membrane fuel cell (AMFC) and solid
oxide fuel cells (SOFC). The discussion of each configuration is provided below. Ammonia
has been reported as a feed for a fuel cell as early as the 1960s based on the alkaline fuel
cell developed by Francis Thomas Bacon [185]. The cells use alkaline electrolytes such
as potassium hydroxide (KOH) and platinum cathodes. Most recently, Hejze et al. [186]
reported the potential of molten hydroxide (NaOH/KOH) as an electrolyte. Unfortunately,
the use of KOH and NaOH is not favourable for air-intake fuel cells since it reacts with
CO2 to form K2CO3 and Na2CO3 and degrades the performance of the alkaline electrolyte.

Recently, alkaline membrane fuel cells (AMFCs) gained attention from the fuel cell
society due to the compatibility with CO2. As reported by Unlu et al. [187], CO2 introduced
in the cathode has a positive effect on improving fuel cell performance. In a recent develop-
ment, room temperature AMFC has been developed by Lan and Tao [185]. Compared to
fuel cells based on acidic polymer electrolytes, low-cost non-precious catalysts, including
MnO2, silver or nickel, may be used for AMFCs [37]. Moreover, Pt/C, PtRu/C and Ru/C
were recently investigated AMFCs and can also be used as anodes [188].

Other types of ammonia fuel cells, namely SOFC, are initially developed to prevent
NOX formation [189]. However, the number of scientists who studied SOFC becomes
more intense caused by the potencies of the cell to operate at high temperature, thus
overcoming the disadvantage suffered by PEMs. At high temperatures, ammonia can be
directly decomposed into hydrogen, normally ranging between 500 and 1000 ◦C, and hence
the need for an external cracking reactor is negated. In addition, there was no evidence of
ammonia having a bad effect on the ceramic electrolytes used in SOFCs [190]. Nonetheless,
because of the fragility of porcelain materials, SOFCs are usually not appropriate for
transport use [191].

Research on SOFC fuel cells can be separated into Oxygen Ion-Conducting Electrolytes
(SOFC-O) and Hydrogen Ion-Conducting Electrolyte (SOFC-H), which is also known
as proton-conducting electrolytes. The schematic of SOFC-O and SOFC-H fuel cells is
illustrated in Figure 7.
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The SOFC-O operating principle lies in the transportation of oxygen anions across the
electrolyte while the charge carrier in SOFC-H is a proton [192]. For both types, ammonia
is fed into the anodic site, where it thermally decomposes into nitrogen and hydrogen [193].
In SOFC-O, the oxygen in the cathode compartment is reduced into oxygen ions at the
cathode–electrolyte interface and transported across the solid electrolyte, which then reacts
with hydrogen electrochemically to produce water [27,194]. The reactions that occur at the
anode and cathode are stated below:

Anode : H2 + O2− → H2O + 2e− (9)
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Cathode :
1
2

O2 + 2e− → O2
− (10)

The SOFC-O electrolytes tend to be built based on solid ceramics with metal oxide.
YSZ is most widely used because of its high ionic conversion, which facilitates the efficient
movement of oxygen anions through the electrolyte [195]. These solid electrolytes also
show strong chemical and thermal stability, which is crucial for the treatment of high
temperatures. Samarium doped ceria (SDC)-based electrolytes also sparked interest due to
its capability to have high ionic conductivities at lower temperatures [196].

In SOFC-H, the hydrogen in the anode compartment is oxidised into a proton which is
then transported across solid electrolyte into the cathode [197]. This later reacts with oxygen
to produce water. The reactions that occur at the anode and cathode are given below:

Anode : H2 → 2H+ + 2e− (11)

Cathode : O2 + 2H+ + 2e− → H2O (12)

An SOFC-H system electrolyte is selected based on the conductivity of a proton as
well as chemical and mechanical stability. The extraordinarily high proton conductivities
of doped BaCeO3(BCO) and BaZrO3(BZO) have been shown over a wide 300 to 1000 ◦C
temperature range [198].

In addition to the qualities of the employed material, electrolyte thickness has a
direct effect on fuel cell performance. When a thinner electrolyte has been used, the
internal resistance of SOFC decreases. However, reducing electrolyte thickness can affect
the mechanical strength and consequently stability over the long term [198]. Table 10
summarises the preceding SOFC fuel cell work that turns ammonia into electricity.

Table 10. Summarization of previous research on SOFC for ammonia synthesis.

Groups Electrolyte Thickness
(µm) Cathode Anode T(◦C) Power Density

(mW/cm2) Ref

SOFC-O YSZ 200 Ag Pt-YSZ 800–1000 50–125 [199]
YSZ 400 Ag planar Ni-YSZ 800 75 [200]
YSZ 1000 Ag tubular Ni-YSZ 800 10 [200]
YSZ 400 Ag NiO-YSZ 800 60 [196]
YSZ 150 LSM NiO-YSZ 700 55 [201]
YSZ 30 YSZ -LSM Ni-YSZ 750–850 299 [201]
YSZ 15 YSZ -LSM Ni-YSZ 800 526 [202]
SDC 24 SSC-SDC NiO-SDC 650 467 [203]
SDC 10 BSCF Ni-SDC 700 1190 [204]

SOFC-H BCGP 1300 Pt Pt 700 35 [205]
BCG 1300 Pt Pt 700 25 [206]
BCE 1000 Pt Pt 700 32 [207]

BCGP 1000 Pt Ni-BCE 600 23 [208]
BCG 50 LSC Ni-BCG 700 355 [209]

BZCY 35 BSCF Ni- BZCY 450–700 135–420 [210]
BCG 30 BSCF Ni-CGO 600 147 [211]
BCN 20 LSC NiO-BCN 700 315 [212]

Note: YSZ denotes yttria-stabilized zirconia, SDC denotes samarium doped ceria, LSM denotes La0.5Sr0.5MnO3, SSC denotes
Sm0.5Sr0.5Co3−δ, BSCF denotes Ba0.5Sr0.5Co0.8Fe0.2O3−δ, BCGP denotes BaCe0.8Gd0.19Pr0.01O3-δ, BCG denotes BaCe0.8Gd0.2O3-δ, BCE
denotes BaCe0.85Eu0.15O3, LSC denotes La0.5Sr0.5CoO3−δ, BZCY denotes BaZr0.1Ce0.7Y0.2O3-δ, BSCF denotes Ba0.5Sr0.5Co0.8Fe0.2O3-δ, CGO
denotes Ce0.8Gd0.2O1.9, BCN denotes BaCe0. 9Nd0.1O3−δ.

In addition to all of the above forms, microbial fuel cells (MFC) are also seen as an
alternate technique for generating electricity directly from ammonia. MFC uses microorgan-
isms in the oxidation process for the conversion of chemical energy from bio-degradable
material, for example, ammonia contaminated wastewater. The electrons flow from the
anodic side of the external circuit to the cathode, where they combine with the proton and
oxygen to form water [198]. The schematic diagram of MFC is shown in Figure 8.
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According to Li et al. [214], MFC has been deemed a potential technique for treating
wastewater while producing energy, but low power, high cost and reactor scalability issues
severely limit its advancement. In addition to wastewater treatment, MFC technology
has been proposed as a feasible alternative for air cleaning by removing ammonia from
the environment. Yan and Liu [215], in 2020, found Sn-doped V2O5 nanoparticles to be
a good catalyst for the rapid removal of ammonia in the air using photo-electrocatalysis
(PEC) MFCs.

5.2. IC Engine

One of the main industries contributing to GHG emissions worldwide is the transport
industry. The search for the right alternative energy source to reduce fossil fuel addiction
has been a long, challenging journey. Ammonia-fuelled vehicles, which have received a
lot of publicity recently, are one of the solutions to reduce GHG emissions and fossil fuel
dependency. Ammonia can be used as fuel in both spark ignition (SI) and compression
ignition (CI). Numerous companies and research groups have tested these engines in
the last decades. However, ammonia poses undesirable combustion properties, which
require further study of its combustion properties. Table 11 compares the characteristics of
ammonia with other IC engine fuels.

Table 11. Comparison of NH3 combustion properties with other fuels at 27 ◦C [216–220].

NH3 H2 MeOH DME Gasoline Diesel

Storage L C L L L L
Storage pressure (MPa) 1.1 70 0.1 0.5 0.1 0.1

Density (kg m−3) 600 39.1 784.6 668 740 820
Laminar burning velocity (m s−1) 0.07 3.51 0.36 0.54 0.58 1.28

Low heating value (MJ/kg) 18.8 120 19.92 28.43 42.9 44.41
Latent heat of vaporization (kJ/kg) 1369 0 1100 467 71.78 47.86

Minimum ignition energy (MJ) 8 0.011 0.14 0.29 0.24 0.24
Auto-ignition temperature (K) 930 773–850 712 598–623 530.37 588.7

Octane/cetane number 130 >100 119 55–65 90–98 40–55
AFT (K) 1850 2483 1910 - 2138 -

HCR 1.32 1.41 1.20 - 1.28 -
Explosion limit in air (% vol) 15–28 4.7–75 6.7–36 3.2–18.6 0.6–8 0.6–5.5

Gravimetric hydrogen density (%) 17.8 100 12.5 13 13 12.75

Note: L (liquid); C (compressed); AFT (adiabatic flame temperature); HCR (heat capacity ratio).
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Ammonia has low flame velocity, very high auto-ignition temperatures, narrow
flammability limits and high vaporisation heat compared to other fuels [217]. Narrow
flammability limits and high auto-ignition temperatures create problems for NH3 to be
used in the engine [221]. Although NH3 can be used as single fuel in the CI engine, ex-
tremely higher CR is required to auto-ignite the fuel [222,223]. In addition, high latent
heat of vaporisation at the time of injection decreases the gas temperature in the engine,
which further complicates it [221]. In the SI engine, the use of ammonia is restricted by
low flame velocity and narrow explosion limits resulting in incomplete combustion [224].
Ammonia combustion in the SI-engine can be improved by providing stronger igniters
such as plasma jet igniters, smaller combustion chambers to overcome the resistance of
NH3 combustion [223]. Supercharging can also achieve improved combustion [225].

In addition to the problems mentioned above, ammonia also shows low flame speed
and specific energy in combination with high ignition energies and high auto-ignition
temperatures, resulting in a relatively low propagation rate from the combustion [16].
Although ammonia has been successfully used as mono-fuel both in SI and CI engines, such
a low ammonia combustion rate induces inconsistency in combustion under conditions of
low engine load or high engine speed [225]. Thereby, it is essential to mix with secondary
fuel to overcome its disadvantages as a fuel. In addition to ammonia, potential fuels to be
used in SI engines are hydrogen, methanol, ethanol, ethane and gasoline. For CI engines,
fuels with higher cetane numbers are preferred as a combustion promoter due to the better
ignition characteristics [223]. However, these approaches require some special features [16].

On a dual fuel CI engine, ammonia could be used up to 95% of the fuel energy basis
with diesel as a combustion promoter. An optimal mixture, however, is 60% of ammonia
on an energy basis because a smaller amount of ammonia would limit the flammability of
ammonia [226]. Other studies suggested that an optimal content of ammonia is between
60–80% based on the mass basis [225]. A demonstration of biodiesel as a combustion
promoter by Kong et al. [227] revealed that the fuel performed similar engine performance
characteristics with ammonia/diesel blends. The operating characteristics are, however,
different when Dimethyl Ether (DME) is used as the ammonia fuel combustion promoter.
The study shows that ammonia could be used up to 80% only when DME is used as a
combustion promoter [217]. Moreover, the study also revealed that the fuel mix of ammonia
and DME has a competitive energy cost with current diesel fuel. Even the addition of NH3
in the blend has been shown to significantly raise emissions of CO, HC and NOx [228].

On the SI engine, gasoline is used as a combustion promoter in most of the studies. A
compression ratio of 10:1 is required to get optimal operation of the engine with ammonia
content 70% [229]. Gaseous fuels are chosen for SI-engines due to the same phase with
ammonia gas, while anhydrous ammonia would lower the temperature of the in-cylinder,
thus adversely affecting subsequent turbulence triggering deteriorated combustion and
misfire [228]. In the SI engine powered by ammonia/gasoline, gasoline is port-injected
while ammonia gas is direct-injected. Direct injection of ammonia gas substantially lowers
the cylinder temperature due to the high latent heat of ammonia. Thus, creating turbulence
in the combustion chamber will enhance the combustion of the fuel. However, too small
swirls do not affect the combustion, while too large swirls have a negative effect on the
combustion by blowing out the flames due to the slow propagation of the ammonia
flames [223].

Another alternative is by using hydrogen as a secondary fuel by installing an on-board
reformer to split ammonia into hydrogen and nitrogen [230]. Morch et al. [219] give a
complete database of SI engine performance with ammonia/hydrogen mixture as a fuel.
Ammonia and hydrogen have, in this investigation, been incorporated into the CFR engine
intake manifold. A series of studies were undertaken with different excess air ratios and
hydrogen ammonia ratios. The results revealed that a fuel mixture with 10 vol.% hydrogens
has the best performance in terms of efficiency and power. In a comparison study with
gasoline, there is a high possibility that an increase in efficiency and power is caused by a
greater compression ratio. The analysis of the system has also shown that most of the heat
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required can be covered by the exhaust heat. The diagram showing the fuel system setup
for the experiments is given in Figure 9.
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Much farther trials of ammonia/hydrogen-fuelled engines were also applied to more
commercial applications in Italy, where a prototype for electric vehicles with a 15 kW engine
was built. The study found that the optimal performance in full load is achieved with 7% of
hydrogen content while only 5% in half-load [219]. More recently, Ezzat and Dincer [231]
proposed, thermodynamically analysed and compared two different integrated systems of
an ammonia/hydrogen-fuelled engine. The first system is made up of hydrogen production.
In the second system, an ammonia fuel cell is added to complement the IC engine. The
study shows that the first system has higher energy and exergy efficiency with 61.89% and
63.34%, compared to the second system with 34.73% and 38.44%, respectively. The study
also shows that when compared with pure ammonia injection, the use of hydrogen from
cracked ammonia is extremely beneficial. In addition to road transportations, ammonia
is also a favourable fuel for marine industries [232,233]. Unlike the automotive industry,
marine systems are not space-constrained, so that catalytic equipment can be deployed for
NOx reduction solutions. In the recent development, MAN Energy Solutions replaces the
3000 B&W double-fuel engines operating in the field of LPG and diesel engines [234].

5.3. Gas Turbine

The ammonia-fuelled gas turbine seems destined to become one of the key technolo-
gies in the sustainable energy economy of the future. In the 1960s, an early attempt was
made to use ammonia as fuel in the gas turbine. However, due to nitrogen molecule in
its structure, ammonia combustion is always associated with the formation of nitrogen
oxides which exceed current standards [235,236]. Moreover, a longer residence time in the
combustion chamber is required for ammonia to be completely combustible due to low
laminar burning velocity, which makes it difficult to achieve stable combustion [16]. It also
might cause an ammonia slip [237]. Therefore, ammonia-fuelled gas turbines were poorly
studied in early development. However, the shift towards carbon-free alternative energy
carriers has returned interest in ammonia, including the utilisation in power industries.
Burning NH3 in turbines is the most promising direction of using ammonia as a carrier of
surplus electricity generated from renewable energy to balance seasonal energy demand.
Thus, many efforts have been devoted to overcoming these shortcomings.

Kobayashi et al. [238] have produced a review article covering the current ammonia
combustion research and future directions. The study emphasised that the final product
of ammonia combustion is not nitric oxides because the overall reaction is 4NH3 + 3O2
→ 2N2 + 6H2O. This implies that the configuration of the parameters of the combustion
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system is crucial to perform the reaction according to this direction. Karabeyoglu et al. [239]
developed a test rig and conducted a series of trials with a pre-burner system to partially
crack ammonia into H2. The study revealed that ammonia combustion could be self-
sustained when 10% cracking is applied. In 2014, Iki et al. [240] developed a 50 kWe
micro gas-turbine system that enables a bi-fuel supply of kerosene and ammonia. The
system was able to achieve over 25-kWe power generation by supplying about 10% heat
from ammonia gas. In 2015, Iki et al. [241] were able to achieve 21 kWe by replacing the
standard combustor with a prototype combustor. The gas turbine performance showed
an efficiency of combustion up to 96% with NOx emission above 1000 ppm at 16% O2.
Hayakawa et al. [242] investigated stretching limits for high-pressure flames and observed
lower NO formation with higher mixture pressure. Okafor et al. [243], in their experiment
and numerical calculations, concluded that predominant rate-limiting reactions in methane–
ammonia flames are belonging to the ammonia oxidation path, which controls H and OH
radicals. These radicals influence the burning velocity.

NO + NH2 → NNH + OH (13)

NH2 + O → HNO + H (14)

HNO + H → NO + H2 (15)

The study also revealed that the NO concentration decreases when ammonia increases
under rich conditions.

In 2016, Ito et al. [244] developed a gas-turbine combustion system with controlled
emissions, which uses a mixture of NH3 and natural gas as the fuel. Combustion properties
have been explored via the use of a swirl burner, generally employed in gas turbines,
experimentally and numerically. Detailed compositions of the burner exhaust gas were
measured under atmospheric pressure and lean fuel circumstances. The results show that
with this system, the combustion efficiency above 97% can be achieved for an ammonia
mixing ratio below 50%. The study also shows that with an increase of equivalency ratio,
unburned species such as NH3, CO and THC decrease while NO and N2O emissions
increase. The study concludes that low emissions and good combustion efficiency are
difficult to obtain in a single-stage reactor.

In 2017, Onishi et al. [245] attempted to create novel ways for reducing NOx emissions
while burning an ammonia-natural gas combination in a gas turbine combustor. The con-
cept of low-emission combustion in two-stage combustion was examined numerically and
experimentally. In the main zone, methane and ammonia are used as fuel. The secondary
zone is then only supplied ammonia. The results indicated two methods for attaining low
NOx combustion: rich-lean combustion and a combination of lean combustion and extra
ammonia delivery. In the first technique, NOx is created only in the main zone when the
fuel is abundant, and the burnt gas is diluted in the secondary zone by secondary air. As a
result, primary zone NOx production dominates emission. A lean combustion state in the
primary zone results in a low temperature and oxygen concentration in the secondary zone
in the second approach. The NOx concentration at the combustor outlet is low as a result
of these circumstances. These expected combustion qualities have been experimentally val-
idated. The experimental findings showed that the NOx emission behaviour corresponded
to the numerical results.

In 2018, Ito et al. [246] studied a mixture of ammonia and natural gas fuel in a 2 MWe
gas turbine. Their results indicated that ammonia is suitable for use in large turbines.
Before ammonia is fed to the combustor, the gas turbine power is raised up to 2 MWe using
natural gas. The ammonia’s heat input ratio to total fuel is used to calculate the ammonia
feed to the engine. The result shows that the gas turbine engine’s operation was shown to
be steady across a wide variety of ammonia mixing ratios ranging from 0% to 20%. As the
ratio of ammonia in the mixture increases, the concentration of NOx at the turbine outlet
rises significantly up to 5% mixing ratio, then remains steady until it reaches 20%.
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6. Conclusions

Ammonia is among the most commonly shipped bulk-produced chemicals, marketed
for more than a decade in mass all over the globe. Originally used in the chemical in-
dustries and as an intermediate for the production of fertilisers, ammonia has also been
explored recently as a hydrogen storage media and a substitute fuel for hydrocarbon.
Unlike the conventional ammonia production process that used natural gas as a feedstock
and is responsible for carbon emission, ammonia is a means of renewable energy storage
formulated from H2 generated by an electrically driven electrolyser and N2 separate from
the atmospheric air. In addition to that, innovative approaches, such as photocatalysis, elec-
trocatalysis and plasmacatalysis, have attracted widespread interest in ammonia synthesis
today. Thus, the application of ammonia as a renewable energy carrier not only plays a key
role to lower GHG emissions but also allows transporting H2 efficiently and economically,
permits the direct conversion to electricity by fuel cell and provides versatility in its use, as
fuel for the IC engine and power generation. Thus, the ease of processing, transporting
and using NH3 makes it an appealing choice to serve as the link between renewable energy
production and demands. However, work is still needed to improve the efficiency of the
conversion process for the chemical to compete with hydrocarbon fuel.
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