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The global goal for decarbonization of the energy sector and the chemical industry could become a reality
by a massive increase in renewable-based technologies. For this clean energy transition, the versatile green
ammonia may play a key role in the future as a fossil-free fertilizer, long-term energy storage medium,
chemical feedstock, and clean burning fuel for transportation and decentralized power generation. The high
energy-intensive industrial ammonia production has triggered researchers to look for a step change in new
synthetic approaches powered by renewable energies. This review provides a comprehensive comparison of
green ammonia production, including photocatalytic,
photoelectrocatalytic, PV-electrocatalytic and photothermocatalytic routes. Since these approaches are still

light-mediated N, fixation technologies for

Received 12th February 2024 at laboratory scale, we examine the most recent developments and discuss the open challenges for future

DOI: 10.1039/d3cs01075a improvements. Last, we offer a technoeconomic comparison of current and emerging ammonia production

technologies, highlighting costs, barriers, recommendations, and potential opportunities for the real
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development of the next generation of green ammonia solutions.
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1. Introduction

1.1. Ammonia: the key to a greener future

A transformative solution to the ever-growing energy crisis and
global warming is to replace the current fossil feedstock with
renewable and carbon-free energy sources. A fundamental
pillar of this energy transition relies on the development of
affordable, safe and sustainable technologies to store and
transport renewables, which would contribute to alleviate the
fossil fuels dependency and balance the mismatch between
renewable energy supply and demand at the power grid. Storing
cheap renewable electricity into chemical bonds (i.e. chemical
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energy storage) opens the door to a long-term energy storage,
which would drive the transition towards carbon-free fuels and
commodity chemicals.” Among renewables, solar energy is by
far the largest exploitable energy resource on earth (4.3 x 10%°]
h™").>* In fact, the total sum of recoverable energy from all
renewable and non-renewable reserves only covers 1% of the
solar energy arriving to the earth (173000 TW h per hour”),
which is almost 10000 times higher than the global primary
energy consumption of the world (178899 TW h year ' in
2022).° However, the challenge lies in the development of
sustainable and cheap technologies able to harvest and storage
solar energy as high-energy fuels and high-value chemicals,
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which could be used in a clean and decentralized manner.”> A
strong candidate to pursue the decarbonization of the energy
sector is green ammonia (NH;3), which due to its versatility (i.e.
existence of N and H elements in its structure) could confront
two of the most pressing global challenges today: food and
energy security in the context of a low-carbon economy.”
Basically, ammonia is a multipurpose chemical due to its
composition. N atoms provide the molecule an agrochemical
value, while H atoms (ca. 17.6 wt%) enables the cracking of
ammonia to hydrogen (H,), which can be used in many sectors
such as transportation, electricity generation and energy
storage.®

In nature, ammonia is produced by a group of diazotrophic
microorganisms that transform atmospheric or aqueous N,
into NH; at mild conditions (<40 °C, atmospheric pressure)
with a turnover frequency (TOF) of 40-120 min ".*'* This
biological N, fixation (N, + 6H" + 6e” — 2NHj,) is restricted
to especially cyanobacteria (e.g. Anabaena, Azotobacter) contain-
ing a metalloenzyme nitrogenase with a FeMo cofactor, which
is able to convert 50-150 kg air per hectare.’™* However, the
natural synthesis of ammonia is not sufficient to confront the
current global demand. In fact, NH; is the second most
produced chemical worldwide, after sulphuric acid, with
approximately 183 Mtons of annual production,” and it is
one of the largest-volume industrial chemicals in terms of
energy use and carbon footprint."® Around 80% of the current
NH; production is used as a key component of mineral
fertilizers,"” while the rest is mostly used as industrial refrig-
erant and chemical feedstock in the production of polyimides,
nitric acid, nylon, pharmaceuticals, dyes, explosive materials,
cleaning solutions, etc.'®2°

Industrial NH; production is carried out by the traditional
thermochemical Haber-Bosch (H-B) process, following the
procedure first developed in the beginning of the 20th century.
The H-B process requires high-purity (99.99%) H, and N, gas
streams, and uses Fe- or Ru-based catalysts, typically promoted
with K,O, CaO, SiO,, and Al,O;. Besides, it requires high
temperature and pressure (ca. 350-550 °C, 20-40 MPa) to
enable fast kinetics and to shift the reaction equilibrium
towards NH; yield (1/2N,(g) + 3/2H,(g) <> NH;).'®'8*!

Although the formation of ammonia is exothermic (AHsggy =
—45.9 k] mol™!, AGsex = —16.4 k] mol ', K., = 750) and
favoured under low temperatures, the high chemical inertness
of the N, molecule requires high temperatures to break the
N=N bond at sufficient rates.'®>” In fact, equilibrium calcula-
tions show that more than 99% of ammonia decomposes to N,
and H, at temperatures higher than 400 °C at 0.1 MPa. There-
fore, NH; production via H-B is operated under high pressures
(20-40 MPa) to shift the equilibrium to the right (eqn (1)),
reaching ~15% N, conversion to NH; in a single reaction, or
~97% yield when unreacted N, and H, are recirculated to the
reactor.’®>* About 96% of the supplied hydrogen is derived
from fossil fuels, mainly from steam reforming of methane
(72%) from natural gas or coal, and from partial oxidation of
coal (26%). The remaining 4% is generated from coal or natural
gas electrical generation.'®?® Consequently, H-B is one of the
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largest energy consumer and greenhouse gas emitter processes.
Indeed, it accounts with 3-5% of global annual natural gas
consumption and 1-3% of the global electrical energy, resulting
in an overall energy usage of more than 30 GJ tyy, '.>%**?!
Moreover, the strict operational conditions are responsible for
about 1.8% of the global CO, emissions per year, which
represent 2.16 kg of carbon dioxide equivalent (CO,.q) for each
kg of NH; produced.'® These CO, emissions are nearly twice
intensive as those of crude steel production and four times
those of cement industry.”® Besides, H-B also generates vast
amounts of NO, that need to be removed via selective non-
catalytic reduction, increasing the costs of operation.'® It
should be noted that this process also requires large-scale
NH; plants that increase the capital expenditure and introduce
geographical limitations for the construction of production
facilities.>" Apart from this, the availability of feedstock and
energy supply (i.e. low-cost natural gas and abundant coal
reserves) limits the locations where ammonia can be produced.
To date, China is the largest NH; manufacturer (ca. 30% of
production and 45% of associated CO, emissions), followed by
United States, European Union, Russia, India and Middle East
(ca. 8-10% production each). Important energy savings have
been achieved over the past 20th century by shifting away from
coal gasification to more efficient natural gas-based produc-
tion, and implementing large centrifugal compressors, better
process control and maintenance, better use of waste heat, and
catalyst improvements.*® However, efficiency gains have almost
reached the theoretical minimum energy intensity,”® thus
making clear the critical need to develop alternative routes
for a renewable, efficient and affordable ammonia synthesis.
Over the last few years, intensive research activity is currently
devoted to achieve the decarbonization of ammonia synthesis,
preferably under similar mild conditions as the biological
process. In 1921, renewable ammonia started to be produced
from hydropower, but only one commercial plant is still
operational to date.>” At present, the annual production of
renewable ammonia (< 0.02 Mt) represents 0.01% of the global
ammonia production. Various demonstration plants are today
under operation, based on solar and wind energy coupled with
electrolyzers for H, production.?’

In this context, important research efforts are currently
focused on finding efficient and environmental-friendly ammonia
production routes, fully powered by renewable energy and oper-
ated at mild conditions. The so-called artificial N, fixation or
nitrogen reduction reaction (NRR) is a promising candidate for
the next generation of ammonia production technologies, which
is included within the so-called emerging power-to-X (P2X) tech-
nologies. In brief, NRR targets the catalytic conversion of natural
feedstocks (N,/air, H,O) into ammonia under milder conditions
than the conventional H-B process, powered by renewable
energies.”®* When NRR is powered by solar energy, this process
can be carried out by different light-driven routes such as photo-
catalysis, (photo)electrocatalysis, and photothermal catalysis.

A close look to the state-of-the-art literature reveals an increas-
ing publication rate over the past 10 years (including research
articles and patents), which has been especially noticeable over

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Histogram showing the increasing trend in the number of publications in the NRR field over the past 10 years. Papers are classified by
technologies: photocatalytic-NRR (green), electrocatalytic NRR (blue), photoelectrocatalytic NRR (pink), and photothermocatalytic NRR (yellow). Data
collected from the main scientific journal databases (3 entries = 1526 in the period January 2013-December 2023). Inset shows a histogram of the
numbers of NRR patents per year and per NRR technology. Data collected from Google Patents (> patents = 325, 2013-2023).

the last 6 years (Fig. 1). This trend highlights the big potential of
NRR technology to contribute to the decarbonization of the energy
system and the fertilizers industry, but also other pressing sectors
such as transportation or chemical industry. However, the pro-
duction rates and selectivity of the current catalytic systems still
fail to reach industrial interest. Therefore, research efforts still
need to be directed on the development of efficient catalysts and
cost-effective solutions to take a leap forward in performance for
practical applications.

1.2. Scope of this review

Our first goal in this review was to provide a comprehensive
comparison of green ammonia production technologies by light-
mediated catalytic routes. To do so, here we revise the current
status of each technology, highlighting the major advantages and
challenges that must to be addressed. Further, and with the aim
of progressing on green ammonia technologies, we provide a
didactic overview of the fundamentals and key aspects controlling
the NRR process, including possible strategies to improve the
performance, intuitive guidelines for the development of photo-
active materials, and an assessment of experimental methodolo-
gies and recommendations for a reliable analysis. Going beyond
fundamental research, we also overview the role of ammonia in
the future energy scenario, including a technoeconomic compar-
ison of current and emerging NRR technologies for a foreseen
practical application, highlighting costs, barriers, opportunities,
and recommendations for improvement.

2. Fundamentals and challenges of
nitrogen activation

Molecular nitrogen (N,) is considered the most stable known
diatomic molecule in nature. It contains an extremely stable

This journal is © The Royal Society of Chemistry 2024

N=N triple bond and a non-bonding pair of electrons (c* and
n*) on each atom (Fig. 2). The molecular orbital configuration
of N, leads to a large energy gap (10.82 eV) between the highest
occupied and lowest unoccupied molecular orbitals (HOMO
and LUMO, respectively), which hinders the electron injection.
In particular, the N, molecule can be activated by either
accepting o electrons from N, via empty d-orbitals, or donating
electrons from partially occupied d-orbitals to the n* antibond-
ing orbitals of N,.

This configuration provides the N, molecule a very short
bond length of 109.8 pm and high bond strength of 941 KkJ
mol*.>°? However, this high dissociation barrier cannot fully

. n

_ 4 4 4 -

2p # 4 4

N atom

2s % =

N atom ™

U \
N, molecule

Fig. 2 Hybridization of the s—p atomic orbitals in N, molecule by linear
combination of N atoms sharing three pairs of electrons from 2c and n
molecular orbitals.
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explain the chemical inertness of N, if compared to other
similarly triple-bonded molecules, such as acetylene
(HC=CH), which has a comparable dissociation energy (ca.
962 kJ mol ') but substantial more reactivity than N,.** The
difference arises from the high first-bond cleavage energy of N,
(410 kJ mol™") that almost doubles that of acetylene’s (222 KkJ
mol '), and thus hinders N=N dissociation.”>** Besides, the
N, molecule lacks a permanent dipole and therefore shows a
high ionization potential (15.84 €V), a negative electron affinity
(—1.90 eV), and a low proton affinity (493.8 k] mol '), which is
lower than acetylene’s (641.4 k] mol ). Besides, its large energy
gap (10.82 eV) complicates the electron transfer from the
catalyst surface to the N, molecule. All these factors strength
the chemical inertness of N, and its difficulty for the direct
protonation under ambient conditions, despite being perfectly
accessible from a thermodynamic point of view>'***> (eqn (1)):

Na(g) + 3Hz(g) — 2NH3(g)

AH(25°C) = =922 kJ mol™'; AG;(25 C) = —16.5 kJ mol ™'
1)

N, fixation can be achieved in nature via nitrogenases under
ambient conditions, or artificially via catalysis by substituting
biological steps by chemical routes. The catalytic nitrogen
reduction reaction (NRR) to ammonia is a multistep process
involving the consecutive transfer of six electrons and six
protons, and multiple intermediate chemical species (M-
N,H,""). The half-reactions of N, reduction, hydrogen evolution
reaction (HER), and oxygen evolution reaction (OER), together
with their equilibrium potentials,*** are summarized in Fig. 3.

In general, the catalytic NRR to NH; requires: (i) chemi-
sorption of N, and hydrogen atoms on the catalyst active sites;
(ii) activation and cleavage of the N, molecule; (iii) reductive
addition of hydrogen atoms to form ammonia (NH;) or

View Article Online

Review Article

ammonium (NH,") depending on the pH media; and (iv)
desorption of NH3/NH," from the catalyst surface. The equili-
brium between gas-phase ammonia [NH;(g)], dissolved ammo-
nia [NH;(aq)], and ammonium ion [NH,"(aq)] strongly depends
on the pH of the reaction media (eqn (2)), mostly existing as
NH," in acidic solutions."?” Under these conditions, protons
are highly available and adsorb more easily on the surface of
catalysts than N, molecules. Consequently, most surface active
sites are occupied by hydrogen atoms that consume available
electrons to drive the competing HER, and consequently low-
ering both NRR yield and selectivity.**

H,O
NH;(g) === NH;(aq) === NH," (aq) + OH (aq) (2)
pH>

The kinetically preferred HER (2H' + 2e~ — H,) can be hindered by
limiting the accessibility of protons and electrons through changes
in the NRR conditions; for instance, increasing the reaction
pressure, moderately increasing the reaction temperature (prevent-
ing an equilibrium shift towards NH; decomposition), and decreas-
ing the concentration of the proton donor.***°

Nevertheless, the undesired HER is dominant in most
photo(electro)chemical systems, in which electrons and pro-
tons preferentially evolves H, instead of reducing N, to ammo-
nia, which is one of the major bottleneck of the NRR.?*?%
Besides, the low solubility and low diffusion rates of N, to
active sites impose additional kinetic limitations in aqueous
reaction media.*!

Apart from H, evolution, the product distribution of NRR
may contain other reduction products such as hydrazine (N,H,)
and diazene (N,H,), which are singly-bonded and doubly-
bonded partially hydrogenated molecules, respectively; or
ammonia oxidation products such as nitrates (NO; ) and
nitrites (NO, ). We note that diazene has never been

N, +e = N, (-4.16 V)

N, + H* + e - NyH (-3.20V)

N, + 2H* + 2e - N,H, (-1.10 V)
N, + 4H* + 4e" - N,H, (-0.36 V)

2H* + 2e” > H, (HER) (0.00 V)

T =43

T

z —

S L \. Recombination
> % (iv)

s F il

= /

% ~ 0

a |=+1.3

"Ny + 8H* + 66 - 2NH,* (+0.27 V)
N + 6H* + 6" - 2NHj (+0.55 V)
'H,0 +2h* > % O, + 2H* (OER) (+1.33 V)

Fig. 3 Schematic energy diagram for NRR, HER and OER, including their corresponding redox potentials (V vs. NHE). Additionally, the scheme depicts (i)
the absorption of light by the semiconductor, (ii) the subsequent photogeneration of electron/hole pairs, (iii) the migration of the carriers to the surface of

the semiconductor, (iv) recombination of carriers.
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spectroscopically observed in solution due to either its high
reactivity and spontaneous disproportionation to N, and H,
(preferably in acidic media), or its rapid conversion to N,H,.>**

2.1. Natural N, fixation and global nitrogen cycle

The nitrogen cycle is one of the most critical biogeochemical
cycles on Earth. It manages the fifth most abundant element in
our solar system, which is also an essential bioelement present
in nucleic acids and proteins."*' Unreactive atmospheric N,
can be fixed in nature mainly via (i) lightning strikes, or
through (ii) diazotrophic microorganisms containing the
enzyme nitrogenase. (i) Lightning strikes dissociate and ionize
molecular N, and O, into free radicals as result of the instan-
taneous increase of temperature (as high as 30000 K) and
local air pressure. Free radicals combine to generate stable

View Article Online

Chem Soc Rev

molecules such as nitric oxide (NO), nitrogen dioxide (NO,), N,
ozone (0;) and O,. Nitrogen oxides may further react with
atmospheric water to form nitric acid (HNO;), which may act
as a soil fertilizer on the earth’s surface via reduction of NO; ™ to
NO,” and NH," by humic substances.”” (ii) The second route
consists on the biological N, fixation into terrestrial and
marine ecosystems by nitrogen fixing microorganisms (bacteria
and archaea). The fixed nitrogen is subsequently converted into
a diverse range of N-containing compounds (i.e. ammonia,
amino acids, nucleic acids, amines, N-heterocycles, nitrates,
nitrites, etc.), and finally returned to the atmosphere as mole-
cular nitrogen through microbial denitrification in soils, and
fresh/marine waters."*'™** These compounds are synthesized
through nitrogenase enzymes under ambient conditions and
without H,. Nitrogenase (Fig. 4a) is a two-component system

a NITROGENASE ENZYME

Fe protein

MoFe protein

Fe proteln

Fe,S, cluster P cluster FeMo-cofactor
Total conversion of N, to fixed N-compounds = 413 Tg year (~50% anthropogenic)
Total returned to N, or deposited ~ 200-380 Tg year"!
t o5 lifetime
NO; Atmospheric NO.
O)‘%}\ Atmospheric transport Np <1 month
OH Yo HO: Chemistry: x

NQ' NO °-)A R"ONH.,NO, aerosol

"‘ka: HNO,
ROV O

Fig. 4

N,O lifetime ~ 100 years

NO;
NO <>NO, S
z Z BNF Al N
e @37 I3 o] % w 9 100 -280
N130 e o =3 S N,O
(@ 30 55 ’T\
- S @
Soil / plants ~ Crops forest, lvestock GPP .
40

2

Marine processing “load” ~ 2x duq

to anthropogenic N

(a) Structure of the nitrogenase enzyme complex, including the MoFe and Fe protein components with the three metalloclusters (Fe4S,4 cluster, P

cluster and FeMo-cofactor). The Figure also shows the ATP hydrolysis by the Fe protein, the electron transfer to the catalytic site, and the biological
nitrogen fixation to ammonia (adapted from ref. 48). (b) Global nitrogen cycle and fluxes in Tg per year (BNF, biological nitrogen fixation; H-B, Haber—

Bosch nitrogen fixation; GPP, gross primary productivity). Reproduced with permission from MacFarlane et a

This journal is © The Royal Society of Chemistry 2024
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composed of two metalloproteins working in tandem: an
electron-donating iron protein (Fe,S, cluster) and a catalytic
active site metallocofactor (MoFe protein).">***> In brief, the
iron protein (also called dinitrogenase reductase or component
II) acts as a strong reducing cluster, hydrolyzing adenosine 5’
triphosphate (ATP) and donating the generated electrons to the
MoFe protein (also called dinitrogenase or component I),
which finally reduces N, into NH;.'>?**>* The MoFe protein
contains two metal clusters (Fig. 4a): (i) the iron-molybdenum
cofactor (FeMo-co), which provides the active site for nitrogen
binding and subsequent reduction, and (ii) the P-cluster [FegS-]
that transfers the electrons from the Fe protein to FeMo-co.*?
Thus, the FeMo-co is the key element for the N, fixation
mechanism.*®*” Three classes of nitrogenase are known, which
differ in the heteroatom present in the catalytic active site (Mo,
V or Fe). Among them, the Mo-dependent nitrogenase is the
best-studied and the most chemoselective one.”>***

For NRR, two electrons are consumed by the MoFe cofactor
to bind N, to Mo, together with a displacement of hydrogen
following the catalytic cycle shown in Fig. 4b.>* Then, the
structure of nitrogenase limits the access to electrons in order
to avoid the competing HER, but the overall NRR entails 8
electron transfer reaction and one H, molecule release
(eqn (3)). Among nitrogenases, the Mo-dependent one produces
two molecules of NH; per H, (eqn (3)) at a faster rate and more
efficiently (requiring less ATP per mol of N,) than the others,
which produce more H, than NH,.>>**47>°

N, + 8e~ + 16ATP + 8H" — 2NH, + H, + 16ADP + 16P;

(3)

In general, about 16ATP or 26-30 GJ tNH3_1 are required to
fix N, into ammonia under ambient conditions. This corre-
sponds to a substantial energy expense of 244 kJ to reduce
one N, molecule into NHj;, which results in a maximum
overall efficiency of the enzyme nitrogenase of ca. 10-15%
(150-225 GJ typ, )23

On the other hand, N, fixation can also occur via oxidative
pathway with O, or H,O to produce NO, (x = 1, 2, 3 corres-
ponding to oxidation states of +2, +3 and +5, respectively). NO,
are crucial feedstocks for the fertilizer and pharmaceutical
industries, and are mainly produced via thermocatalytic ammo-
nia oxidation. Therefore, finding a renewable nitrogen oxida-
tion reaction (NOR) route to produce nitrate (eqn (4)) is also an
appealing approach, alternative to the conventional synthesis
of nitrate from NH; oxidation.™>* For practical NRR applica-
tions, NOR is thermodynamically more favourable than the
competing side oxygen evolution reaction (OER, 1.23 V vs. RHE)
and therefore, coupling NOR with NRR in a single device is
emerging as a disruptive approach for the production of
fertilizers directly from N, and even from air.”®

N,(g) + 6H,0 — 2NO; (aq) + 12H" + 10~ E°=1.076 V vs. RHE

(4)

Looking globally, the natural N, fixation provides 413 Tgy "
(Tg = 10" g) of reactive nitrogen (i.e. NH;, NH,", NO, NO,,
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HNO3;, N,O, etc.) to terrestrial and marine ecosystems, of which
human activities contribute for half (210 Tg year *).***® The
development of intensive agriculture and new high-yielding
crops over the past century is largely responsible for this
anthropogenic value, which has drastically altered the nitrogen
cycle. Indeed, nitrogen fertilizers frequently generate leaching
of NO; ™ in drainage waters that end up in seas and open oceans
(40-70 Tg year "), increasing the amount of reactive nitrogen to
be processed in water systems. Fertilizer leakages also contri-
bute to trace emissions of NH3, which together with nitrogen
oxides (NO,) emissions from combustion processes, contribute
to 100 Tg year ' to the atmosphere. Additional N, and N,O
emissions are emitted back to the atmosphere from denitrifica-
tion in marine sediments. In turn, reactive nitrogen in the
atmosphere may generate secondary pollutants, such as ozone
and other photochemical oxidants and aerosols, mainly ammo-
nium, nitrates and sulfates.*> The human intervention in the
nitrogen cycle has been key to securing food security, but is also
having a negative impact on climate, biodiversity and human
health. As a few examples, N,O is a potent greenhouse gas able
to trap heat about 200 times more effectively than the well-
known CO,; over-enriching of reactive nitrogen in aquatic
ecosystems can lead to eutrophication and loss of biodiversity;
while atmospheric aerosols can cause serious health issues
such as respiratory illness, cancer, or cardiac diseases.’” These
effects highlight the importance of finding solutions to remedi-
ate the human disruption of the nitrogen cycle, which has been
identified as one of the 14 Grand Challenges for Engineering in
the 21st century.’” Most negative effects would be more easily
mitigated by cutting reactive nitrogen emissions to the atmo-
sphere, since the lifetime of N-compounds range between a few
hours (NH; and HNO;3) to few days-week (aerosols); one excep-
tion is N,O with an atmospheric lifetime of approximately 100
years. On the other hand, removal of reactive nitrogen from
oceans and terrestrial ecosystems would be slower, needing
periods longer than a few decades for the later.* Bearing this in
mind, possible technological solutions suggested by the
National Academy of Engineering®’ include the recycling of
organic waste (e.g. converting manure into pelletized organic
fertilizers), and capturing and valorization of derived-
greenhouse gases (CH,, N,O) to reduce atmospheric emissions
from soils and water systems. Besides, engineering solutions
could improve the efficiency of fertilizer application, reducing
leaking into water bodies, runoff and erosion.

In this context, finding sustainable routes to produce valu-
able nitrogen-containing fuels and chemicals (e.g. ammonia,
nitric acid, hydrazine, etc.) is also key to restore the nitrogen cycle
and to promote an environmental-friendly nitrogen economy."**
Indeed, the U.S. Department of Energy recently concluded that
there is a lack of sustainable ammonia synthesis technologies and
catalysts with enough activity, selectivity, and scalability to fulfil
industrial requirements.”® Research is currently in progress to
adapt the enzymatic processes underlying the natural nitrogen
cycle to artificial N, fixation routes, which can produce renewable-
sourced ammonia in an efficient and affordable manner as
discussed in detail in the following sections.

This journal is © The Royal Society of Chemistry 2024
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2.2. Artificial N, fixation

As mentioned above, the ultimate goal of artificial N, fixation is
to mimic the chemistry behind the nitrogenases to photoactive
catalytic systems, ultimately looking for a potential scaling-up
for industrial application. However, NH; yields are still very low
to fulfil the industrial demand, mainly due to the inertness of
the N, molecule, and the easiness of the competitor HER.
Therefore, this technology has become an on-going hot
research topic for the next generation of sustainable ammonia
production. On this basis, this review addresses the main light-
driven catalytic routes (i.e. photocatalytic, photoelectocatalytic, PV-
electrocatalytic and photothermal catalytic NRR) in Section 5. We
note that some of these processes have recently diversified into
alternative catalytic routes such as magnetic field enhanced
photocatalysis,> sono-photocatalysis,®*®* piezo-photocatalysis,*>®*
plasma-catalysis,** plasma-electrocatalysis,®”° plasma
photoelectrocatalysis,”" plasma-UV,”> mechanocatalysis,”>”* light-
driven chemical looping,” and even semi-artificial photosynthesis
routes based on (photo)bioelectrocatalysis,”®”® which are out of the
scope of this review.

3. NRR mechanism

As shown in Section 2.1, N, fixation to ammonia occurs in
nature via a multi-proton and electron transfer process, with
the hydrolysis of 16 adenosine triphosphate (ATP) molecules
per molecule of N,. From a mechanistic point of view, the NRR
process involves four main steps: (i) N, adsorption on the
catalytic active sites; (ii) N=N bond cleavage by either proton
transfer from a proton donor or by electron injection from an
external circuit; (iii) hydrogenation through proton-coupled-
electron transfer (PCET) processes; and (iv) formation and
desorption of NH;.*®* The overall hydrogenation of N, to
ammonia is a 6 electron-proton transfer process, in which the
first hydrogenation (*N, + H" + e~ — *N,H) is commonly
regarded as the rate-limiting step (where * indicates a surface
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site).® Subsequent protonation to NH3/NH," occurs via two
possible intermediates: hydrazine (N,H4) and diazene (N,H,),”
which can be both hydrogenated more easily than N, due to
their higher proton affinities (853.2 kj mol ' and 803 k] mol *
for hydrazine and diazene, respectively, vs. 493.8 k] mol™" for
NZ).zz

The reaction mechanism for heterogeneous NRR can be
divided into dissociative or associative, depending on the
adsorption and hydrogenation modes of nitrogen on the
catalyst surface (Fig. 5). In the dissociative pathway, the triple
N=N bond is first cleaved on the catalyst surface and then, the
protons and electrons are added to the adsorbed N atoms to
form NH;.*®%° However, it is extremely difficult to directly
break the N=N bond due to its high bond strength (941 kJ
mol ). This explains why the industrial Haber-Bosch process,
which follows the dissociative pathway, requires harsh reaction
conditions.?" In general, the dissociative pathway is favored
over catalytic surfaces with highly negative N, adsorption
energies, such as over early transition metals (e.g. Sc, Y, Ti, Zr).

In the associative pathway, the hydrogenation of N, proceed
before the N=N triple bond is broken, leaving one N atom
adsorbed on the catalyst surface for further hydrogenation to
NH;. Addition of hydrogen can occur following distal or alter-
nating pathways, depending if the two N atoms are hydroge-
nated alternatively or if the terminal N atom is hydrogenated
preferentially.?®®° The possible formation of N,H, by-product
(alternating) is a key distinction between these two pathways.
Further, the alternating pathway can also start with a side-on N,
adsorption, known as the enzymatic pathway.®'

Moreover, a special pathway for N, reduction is the Mars-
van Krevelen (MvK) mechanism, mostly prevalent for metal
nitrides.®*®* In this case, ammonia is produced by the
reduction of the surface nitrogen atoms of the catalyst, creating
N vacancies that are further replenished by N, molecules. Thus,
the MvK mechanism is thermodynamically more favorable than
the dissociative and associative pathways, because the for-
mation of the first NH; molecule does not involve the breaking

NH,
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Fig. 5 Schematics of possible pathways for NRR to ammonia on heterogeneous catalysts. Adapted from ref. 32.
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down of the triple bond in the N, molecule (ie. it is formed
from the N site on the nitride surface), which significantly
lowers the energy barrier for NH; formation.®*>®® However, the
catalysts following this MvK mechanism can easily deactivate if
the N vacancy is filled with a different atom or if the adsorbed
N, is not activated.?*

An additional surface-hydrogenation mechanism was
recently suggested by Ling et al.®” for catalysts with weak N,
binding strength, such as noble-metal catalysts. This approach
considers that H' reduction is the first step rather than N,
adsorption, and thus N, can be activated and reduced into
*N,H,, and further reduced into NH; spontaneously.

Among all mechanistic pathways, biological N, fixation is
believed to be associative by coordination of N, to the metal
centre in the FeMo nitrogenase. However, the addition of
hydrogen via distal or associative pathways is still under
investigation.”® In the case of artificial NRR, the dissociative
pathway is highly uncommon for catalysts working at room
temperature, which generally follow an associative pathway due
to the lower energy input required to break the N=N
bond.?384%5% However, the NRR mechanism still suffer from
uncertainties and this limits the performance enhancement.
Relevant insights into the natural N, fixation process have
revealed the nitrogenase structure and functioning (i.e. crystal-
lographic structure of Fe and MoFe proteins), the specific role
of the metal clusters (FeMo-co and P-cluster, see Section 2.1), or
the existence of different types of nitrogenases.”> However,
structural or fundamental studies have not provided a full
picture of the catalytic mechanism under real operating condi-
tions, which is essential to guide a rational design of catalysts
for selective NRR. Unclear key factors include the clarification
of the specific catalytic sites for activation and reduction steps,
the timescale of charge carriers and catalytic events, the
changes on the physicochemical and optoelectronic properties
of catalysts under illumination and/or heating, and the asso-
ciated changes on their structure-reactivity. The combination
of in situ characterization, photophysical measurements and
theoretical calculations offers a powerful understanding
approach to bridge the gap between mechanistic understand-
ing and catalysis.

3.1. Advanced characterization to understand the NRR

mechanism

With appropriate experimental design, in situ and operando
spectroscopic studies can reveal the chemical structure, elec-
tronic states of active sites, and reaction intermediates during
the catalysis in real time, providing insights into their dynamic
evolution. This type of analysis also enables the identification
of the deactivation modes of a catalyst. Besides, in situ or
operando characterization can provide a deeper understanding
of the catalyst defects, which is a very important feature in
photo(thermo)catalysis. In particular, some techniques such as
X-ray photoelectron spectroscopy (XPS), electron paramagnetic
resonance (EPR) and X-ray absorption spectroscopy (XAS) can
discern the type and concentration of defects, allowing real-
time monitoring of the status of defects and their evolution
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during the NRR.*® In this work, we revise some of the most
interesting works that use advanced spectroscopic techniques
during reaction to shed some light into the understanding of
the light-driven NRR mechanism.

In situ XAS can provide information about the electronic
properties and oxidation state changes during the reaction.
Hou et al.®® examined the electronic properties of W in a WO;-
based catalyst during the photocatalytic NRR by using in situ
X-ray absorption near-edge spectroscopy (XANES) and extended
X-ray absorption fine structure (EXAFS). The W L3 edge varia-
tion of the absorption edge position was found to be almost
negligible when the catalyst was only immersed in water under
N, atmosphere, while it changed to a lower energy under light
irradiation, suggesting that W was partially reduced to generate
oxygen vacancies during the reaction. Furthermore, the coordi-
nation number of the W-O shell in the catalyst decreased from
5.4 to 4.4 during the photocatalytic NRR, which coincided with
the variation of the electronic structure of W but also with the
formation of NH; on the surface of catalysts due to the genera-
tion of OVs. This study demonstrates the power of XAS to
identify the in situ formation of active sites, such as OVs, and
to determine their relevance during catalytic reactions for the
understanding of the reaction mechanism.

X-ray absorption technique can be performed using hard or
soft radiation, depending on the target elements to analyze.
When dealing with light elements, it is necessary to move to
in situ soft X-ray absorption spectroscopy (sXAS). While hard
XAS provides bulk information, sXAS allows a penetration
depth of around few nanometers in total electron yield (TEY)
mode, thus enabling a more accurate tracking of slight varia-
tions on the catalyst-reactant interface.”® In this regard, in situ
synchrotron radiation soft XAS (in situ sXAS) was used to probe
the variation of the electronic structure of a model catalyst (i.e.
Ni single-atom and CeO, co-modified reduced graphene oxide),
as well as to monitor the photogenerated electron flow during
photocatalytic NRR.>* In situ sXAS directly revealed the migra-
tion of photoexcited electrons from the light-absorbing unit of
CeO, to the Ni active sites atoms via the electron-transfer bridge
of reduced graphene oxide, and then flew toward adsorbed N,
molecules, providing a direct evidence for the photogenerated
electron flow.

Regarding a more surface characterization, some works in
literature report quasi-in situ XPS analyses, while full in situ or
operando analysis are very scarce. Quasi in situ XPS can monitor
the formation of defects at the atomic level during the catalytic
reaction, as well as to identify their chemical state.”> For
instance, Hou et al.®® tracked the chemical and defect structure
of WO; during N, photofixation by monitoring the O 1s XPS
spectra before and after exposing the catalyst to reactants and
illumination. Zhang et al.®® proved changes in the chemical
state and the electron structure of a PACu/TiO,/Si photocathode
during the Li-mediated PEC NRR by using operando synchro-
tron XPS. By monitoring the photocathode surface under dark
and illumination conditions, they observed the generation and
separation of photogenerated electrons and their migration
from the nanostructured n"p-Si optical absorber to the alloyed
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PdCu nanoparticles. The resulting electron-rich Pd and Cu sites
may serve as a Lewis base, facilitating the adsorption and
reduction of Li* to Li on the PdCu/TiO,/Si photocathode sur-
face. A very recent work by Zeng et al.®* reports a true in situ XPS
analysis to elucidate the NRR mechanism. In particular, they
used this technique to analyze the charge transfer between a
heterojunction composed by 6-Bi,O; and BWO catalysts. In situ
XPS revealed that red-shift of the binding energies of W 4f, Bi 4f
and O 1s under illumination, compared to the analyses in
dark conditions. The shift of binding energies demonstrated
that the photogenerated electrons flowed from the conduction
band of BWO to the valence band of 6-Bi,O; under illumina-
tion, also suggesting a Z-scheme charge transfer pathway
within the heterojunction. Another very recent work by
Cheng et al.®® also used in situ XPS to show the light-induced
electron transfer from ZnIn,S, to MXene quantum dots during
photocatalytic NRR.

Other techniques such as in situ EPR spectroscopy allow to
analyse the attenuation and generation of defects during N,
photoreduction. According to the EPR principles, unpaired free
electrons in atomic or molecular orbitals will be excited to
higher energy levels upon the application of an external mag-
netic field, thus generating a characteristic signal. For instance,
in situ EPR experiments under constant N, flow recently
revealed the role of defects and electron-rich Cu®" in promoting
the N, photoreduction performance of zinc aluminium layered
double hydroxide (ZnAl-LDH) nanosheets.’® The authors found
that the 0.5%Cu-ZnAl-LDH sample exhibited a stronger EPR
signal, Cu®* (3d9), than the CuZnAl-LDH containing much
more copper (as Cu®"). This implied that the generation of
oxygen defects increased the number of free electrons in the Cu
sites of 0.5%Cu-ZnAl-LDH. Furthermore, the EPR signal inten-
sity of Cu®" for 0.5%Cu-ZnAl-LDH decreased under UV-vis
irradiation, demonstrating the transfer of photogenerated elec-
trons to the Cu centers.

In surface chemistry, operando infrared spectroscopy can
generally identify adsorbed intermediates or products, while
operando Raman spectroscopy is able to identify other N,-
containing reaction intermediates.® Fang et al.°” recently used
in situ Fourier transform infrared (FTIR) spectroscopy to inves-
tigate the photocatalytic N, reduction to ammonia in a BiOBr/
MXene-Ti;C, composite as catalyst. In situ FTIR showed the
formation of N,H,, intermediates by a continuous protonation
process of N, molecules. Wang et al.’® used in situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS)
to investigate the photocatalytic NRR mechanism over a Fe-
doped TiO, S-scheme anatase/rutile homojunction. Their
experiments revealed the appearance of ammonium and NRR
intermediates absorption bands upon illumination, namely
-N,H, -N,H,, -NH, and -NH," centered at 1661, 1585, 1500,
and 1319 cm ™', respectively. Besides, they did not find any
band associated to the formation of -N,H,, leading them to
conclude that the photocatalytic NRR mechanism followed a
distal pathway. In other work, Ajmal et al.®® used in situ DRIFT
spectra to study the chemical adsorption of N, at the surface of
an electron-deficient boron-doped carbon nitride catalyst.
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In situ DRIFT and density functional theory (DFT) calculations
proved that B-N sites were catalytic active centers for N,
chemisorption by electron pair acceptance (c-donation), while
the presence of electron-withdrawing boron in the carbon
nitride inhibited HER and promoted N, adsorption through
electron back-donation to N,.

Surface-enhanced Raman spectroscopy (SERS) can be used
to identify key intermediate species for nitrogen fixation at the
catalyst-reactant interface, providing mechanistic insights into
NRR mechanisms and leading to the design of more efficient
catalysts. Nazemi et al.' used operando SERS to identify NRR
intermediates at the electrode-electrolyte interface over plas-
monic transition metal nanoparticle hybrids. They found that
hydrazine is consumed as an intermediate of the NRR, follow-
ing an overall associative reaction mechanism. We also high-
light that the recent advances in microscopic techniques may
also enable to image nanoscale defects and their associated
changes during NRR. In situ scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) provide a
unique possibility to obtain real-time data on the morphologi-
cal and microstructural evolution of defective catalyst surfaces
at the atomic level,'°>'°" as well as atomic disorder and local
rearrangement under heating conditions.'®*

4. Strategies to boost NRR

The performance of NRR catalysts is mostly limited by the
sluggish activation of the inert N,, the competing HER, and
some technical difficulties associated with the reaction sys-
tems. Different strategies are presented below to control the
main reaction limitations of the NRR.

4.1. Overcoming the main thermodynamic and kinetic
limitations

From a thermodynamic point of view, the activation and
reduction of the N, molecule is constrained by its short bond
length (109.76 pm), the high dissociation energy (941 kJ mol ™)
of the N=N bond, the high ionization potential (15.85 eV) for
N, adsorption on the catalyst surface, the endothermic first
proton addition to N, (AH® = 37.6 k] mol '), and its low
electron affinity (—1.903 eV).®! On the kinetics point of view,
NRR is mainly impeded by the large energy gap (10.82 eV)
between the HOMO and LUMO of N, (i.e. electron transfer
process limitation), the lack of a dipole moment and its low
polarizability.*""®* Besides, finding catalysts with fast NRR
kinetics is difficult since their catalytic activity strongly depends
on the adsorption energy of the different surface reaction
intermediates (Fig. 6a)."*® For instance, transition metals that
bind nitrogen too weakly (right-side of the volcano plot, e.g. Cu,
Ag) are limited by N, activation (N, adsorption as N,H*),
whereas strong-binding metals (left-side of the volcano plot,
e.g. Ru, Mo) are limited by hydrogenation due to a slow N-H
formation, either through protonation of NH* to form NH,* or
by removal of NH,* as NH;.'%*7'% Metals located at the top of
the volcano plot (e.g. Ru, Fe, CoMo alloy) are expected to be
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Volcano plot in Fig. 6a reprinted from ref. 104 Copyright 2017 The American Association for the Advancement of Science.

highly active for NRR, since they have an intermediate nitrogen
binding. However, these metals have a higher adsorption ability
towards H atoms and exhibit a significant activation barrier for
both N, dissociation and N-H bond formation. For that reason,
the Haber-Bosch process is conducted at high temperature to
reach acceptable reaction rates.'®*'%® Unfortunately, no metal
exists with an intermediate N* binding and a low N, dissocia-
tion energy (bottom middle of volcano plot)."®> Therefore,
active site engineering is key to lower the activation barriers
and achieve a preferential adsorption of nitrogen rather than
hydrogen. Widely studied strategies include heteroatom dop-
ing, vacancies construction, co-catalyst loading, morphology
control, etc. (more details in Section 4.4).

4.2. Limiting the competing hydrogen evolution reaction
(HER)

The competitor hydrogen evolution reaction (HER, 2H" +2e~ — H,)
is a two-electron transfer reaction with one catalytic intermediate
(H*, where * indicates a surface site), in which the overall reaction
rate is limited by the adsorption of hydrogen (Volmer step), its
binding strength to the catalyst surface, and the final desorption of
the H, molecule (Heyrovsky-Tafel steps) (eqn (5)-(7)).***

Volmer step: H + e~ + * — H* (5)
Heyrovsky step: H* + H' + e~ — H, +* (6)
Tafel step: 2H* — H, +2* (7)

Thus, both NRR and HER involve proton-coupled electron
transfer (PCET) reactions. The difference between them is that

1344 | Chem. Soc. Rev,, 2024, 53, 11334-11389

the HER is dependent on the electron-proton concentration in
the reaction medium (i.e. first-order kinetics: HER o [H']'
[e7]"), while NRR is independent (HER o [H']° [e]).*®8>10¢
Thus, an effective strategy to improve the selectivity to NH;
consists on limiting the accessibility of protons and electrons to
the catalyst surface. On the one hand, restricting the accessi-
bility of protons is important because H atoms adsorb more
easily than nitrogen.'®” This can be achieved by either modify-
ing the operational conditions (e.g. pH and reaction media,
details in Section 4.3), or designing specific catalyst configura-
tions (details in Section 4.4.3). On the other hand, limiting the
electron accessibility during NRR can help to control HER, and
this can be also achieved through catalyst engineering (details
in Section 4.4.3).

4.3. Tuning the operational conditions

The rational control of the operational conditions during NRR
is crucial to promote N, activation and limit the competing
HER (Fig. 6b). The poor solubility of N, in the aqueous medium
(about 2 vol%) is one of the most crucial factors responsible for
the low NH; production rates. The low solubility of N, implies
mass transfer limitations. Lowering the reaction temperature
(room temperature and slightly below) can enhance N, solubi-
lity, and boost NRR selectivity due to the inhibition of the H,
production at some extent, which is favored at higher tempera-
tures (>40 °C).*® However, low temperatures also restrict N,
diffusion, which could be overcome by increasing the reaction
pressure. Increasing the operating pressure helps to shift the
chemical equilibrium towards NRR, by suppressing HER that is
predominant under ambient pressure conditions. However,

This journal is © The Royal Society of Chemistry 2024
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higher pressures may also add technological complexity and
cost.*®*%8 Moreover, N, solubility can be improved by increasing
the N, flow rate, or using gas-diffusion electrodes (GDEs) in
(photo)electrochemical flow cell reactors to increase the local
N, concentration. Further, another efficient strategy to improve
N, solubility is the use of aprotic ionic liquids to solvate N, gas
in the reaction solution.?” This approach can solubilize 20
times more N, than aqueous solutions, and limits the proton
reduction side reactions due to the lower water content."® This
growing research field has shown interesting improvements,
some related to a better interaction of N, with the polar part of
the ionic liquids (e.g. 1-butyl-3-methylimidazolium tetrafluoro-
borate, [bmim][BF,];'® 1-alkyl-3-methylimidazolium (C,mim,
n = 2,4,6) tris(pentafluoroethyl)-triftuorophosphate, [eFAP]'*%),
or a better solvation of N, in the presence of highly fluorinated
anions.™"°

On the other hand, changes on the reaction media may shift
the chemical equilibrium towards NRR, suppressing the com-
peting HER. For instance, controlling the pH medium is a
simple way to limit the concentration of protons available for
the NRR process. For aqueous solutions (the most common
medium for ambient NRR), the pH determines whether H,O
(basic medium) or H;0" (acidic medium) are the proton donors
during NRR (Fig. 7). Neutral solutions or electrolytes (e.g.
phosphate-buffered saline, PBS), with intrinsically limited pro-
ton availability, are the most suitable reaction media for NRR.*>
Under this conditions, H, generation is constrained because of
a restricted Volmer step (Fig. 7). This involves a first high
energy barrier for water dissociation, which does not exist in
acidic medium,®® thus retarding HER and favoring NRR.

Another effective change for decreasing the availability of
protons consists on adding alkali metal cations (e.g. Li*, Na®,
K') to the reaction medium. These ions tend to form solvation
shells and hence steric effects, which remarkably restrict the
transfer rate of H,O molecules to the catalyst surface, thus
suppressing HER. In general, the smaller the cation, the easier
is the formation of the dehydrated cation layer on the surface of
the catalyst.*®®> Thus, the smallest Li* ions are preferred for
non-aqueous electrolytes, although commercial Li salts need to

Acidic pH ‘
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be pre-treated to remove NO, impurities (see Section 6.3).
However, high concentrations (>1.0 mol L™") of bigger cations
such as K' prevent HER side reactions, and may facilitate the
adsorption and activation of N, by creating electronic and
electric-field effects that polarize nitrogen molecules.'®'"*

4.4. Rational catalysts engineering

Previous sections reflect that the challenging NRR usually
impose several limitations to the conventional catalysts, such
as high energy barriers for N, adsorption and activation, slow
electron transfer kinetics to N,, and unwanted side reactions
(hydrogen evolution, ammonia oxidation, nitrogen oxidation).
From the viewpoint of material design, an efficient light-driven
NRR catalyst should possess suitable surface properties and
composition to facilitate the strong binding with N-adatoms
rather than H-adatoms, well-defined nanostructure (e.g. nano-
particles), high density of active sites (i.e. high surface area and
porosity), suitable band alignment, high conductivity to facil-
itate electron transfer, and long durability.'*?

Regarding composition, catalytic active sites need to have
strong interactions with the N, molecule to achieve an effective
photochemical activation. Transition metals (e.g. Fe, Mo, V, Ti,
Al) can weaken or break the strong triple N=N bond by
donating electrons from their atomic d orbitals into the anti-
bonding m* orbitals of N,. In contrast, main-group elements
(e.g- B, C, Bi, S) lack accessible d orbitals but have abundant
valence electrons, so they activate N, by p-electron backdona-
tion into the unoccupied antibonding orbitals of N,.’>>%'3
Besides, some main group non-metals, such as C, B, P, S and F
can construct abundant defect sites for N, adsorption, either
through heteroatom doping or vacancy engineering.®

This section summarizes the main catalyst engineering
strategies to boost NRR performance, which are mainly based
on structure modulation and interface engineering (Fig. 6c).
These strategies can improve the adsorption and activation of
N, on the catalytic active sites, tailor the band structure of the
semiconductors, and enhance the charge transfer processes.
Widely studied approaches include morphology control (plane/
corner/edge sites, pores, etc.), crystal regulation (amorphous

Fast HER H;0*+e +* — H*+H,0

F\,’mr )?

Q @ High NRR selectivity N, + 6H,0 + 6e — 2NH, + 60H"

X

Volmer step

N, + 6 H;0* + 6e- —> 2NH; + 6 H,0

R

H,O0+e +* — H* + OH"

Volmer step

Fig. 7 Effect on pH on the competition between the HER and NRR under ambient conditions.
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layers, lattice strain, etc.), heteroatom doping, vacancies con-
struction (oxygen, nitrogen and metal vacancies), co-catalyst
loading, etc. In addition, other engineering strategies focus on
restricting or even suppressing the HER activity, mainly using
inactive HER supports, early transition metals with stronger
nitrogen binding ability, atomically dispersed catalysts or mul-
tilevel configurations (Fig. 6¢ and Fig. 8).

4.4.1. Surface engineering. Intrinsic defects, metal
dopants, single sites and co-catalysts have been proposed to
be active sites for N, chemisorption and activation. Surface
engineering helps to create these sites by generating more
exposed active centers, modifying the energy-band structure
of the semiconductors, enhancing conductivity, promoting ion
diffusion, and improving the electron-hole separation, which
ultimately impact on a better catalytic performance.'***>

4.4.1.1. Vacancy engineering. Defect-rich materials (with
anion/cation vacancies) generally exhibit remarkably higher
NRR performance than their pristine counterparts, due to the
introduction of new active sites, the modulation of their energy-
band structure, and the associated improvement of surface
reaction kinetics.'!

Anion vacancies (oxygen, nitrogen and sulfur) can serve as
electron traps, promoting the separation of photogenerated
carriers in the parent semiconductor, and lowering the reaction
barriers through the generation of electron-rich Lewis-base
sites for N, activation.®''® Among them, oxygen vacancies
(OVs) are the most popular anion defects in transition-metal
oxides due to their low formation energy.'*® They can be easily
synthesized by different methods, including thermal anneal-
ing, heterogeneous ion doping, wet chemical reduction, and
high-energy particle (such as electrons or Ar' ions)
bombardment.® Among advantages, OVs expose extra coordi-
natively unsaturated sites for the adsorption of the inert N,
molecule, and these sites increase in concentration as the

Co-catalyst

MORPHOLOGY
CONTROL

SURFACE
ENGINEERING

' lﬂ)ete%ato.m \

¢ doplng‘ . . E
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‘Vaancy . ‘ . _ Corner
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Fig. 8 Catalyst engineering strategies to boost NRR performance, mainly
based on surface modification and functionalization, morphology control,
and synthetic strategies for suppressing HER.
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thickness of photo(electro)catalysts approaches atomic scales
(i.e. ~1 nm).""” Besides, OVs facilitate the activation of N=N
bond by promoting the electron-donating ability of adjacent
metal atoms to the n* antibonding orbitals of N, molecule.®*
Besides, OVs may narrow the band gap by up-lifting the valence
band maximum and conduction band minimum.'*® This effect
results in an extended visible light absorption range, and better
separation of photogenerated charges."*®'*® However, high
amounts of OVs can excessively distort the crystal structure of
the metal oxides, causing electronic delocalization and creating
recombination centers of the photogenerated electron-hole
pairs'ng,uo

For instance, Hirakawa et al.'*' reported the creation of a
large number of surface oxygen vacancies in a commercial
rutile TiO, sample (JRC-TIO-6), in which surface Ti** species
efficiently produced NH; from N, and water under ambient
conditions with a solar-to-chemical conversion (SCC) efficiency
0.02%. Zhao et al.""” demonstrated that ultrathin CuCr-layered
double hydroxides (LDHs) nanosheets containing abundant
OVs were able to reduce N, at wavelengths up to 500 nm. The
incorporation of Cu(u) ions introduced structural distortions
and compressive strain, creating a high concentration of OVs
that improved N, adsorption and photoinduced charge trans-
port in the nanosheets. As result, CuCr-LDH achieved a NH;
evolution rate of ~7.1 umol L™" under monochromatic illumi-
nation at 500 nm (quantum yield (QY) ~0.10%). However, the
concentration of defects could not be fully controlled because it
was dependent to the morphology control (i.e. minimum LDH
thickness synthetically achievable of 2.4 nm). Later on, Zhao
et al' were able to control the concentration of OVs in
ultrathin TiO, nanosheets by doping with copper ions. The
introduction of Cu as a dopant (6 mol% Cu) in TiO, introduced
substantial compressive strain and created additional OVs,
which extended the photoresponse up to 700 nm wavelength.
Ammonia evolution rates of 78.9 umol h™* g~! were achieved
under solar irradiation, while full visible light illumination led
to NH; production rates of 1.54 pmol h™" ¢~' (600 nm) and
0.72 pmol h™' g~* (700 nm), with corresponding QY of 0.08%
and 0.05%, respectively.

The beneficial effect of strain-induced OV defects was
recently demonstrated by Li et al.'** from distortion-corrected
elemental electron energy loss spectroscopy (EELS) mapping
images and spectra, and DFT calculations. These authors
constructed a semiconductor/plasmonic heterostructure
composed by cerium oxide nanosheets with abundant strain-
OV defects, on which they anchored Au hollow nanomush-
rooms. They found a large formation of Ce*" and OVs at the
interface, induced by interfacial strain, which promoted
the activation of N=N bonds and facilitated the adsorption/
desorption of N intermediates. Besides, they found that
the hot electrons generated by plasmonic Au were efficiently
transferred into the cerium oxide through the hetero-
structure interface, which also inhibited their reverse move-
ment by the Schottky barrier, thus facilitating an efficient
electron-hole separation. As result, the cerium oxide/Au
heterostructure photocatalyst delivered a NH; production rate

This journal is © The Royal Society of Chemistry 2024
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of 215.14 pmol h™" ¢! and a solar-to-chemical conversion
(SCC) efficiency of 0.1% under simulated AM 1.5G solar
illumination.

Yang et al.** reported a photocatalytic system based on Au
nanocrystals anchored on ultrathin TiO, nanosheets with oxy-
gen vacancies. Here, OVs act as active sites for N, chemi-
sorption and activation, while N, is reduced to NH; by the
hot electrons generated from plasmon excitation of Au nano-
crystals. Au/TiO,-OV (1.5 wt% Au) reached a NH; yield of 130.5
pumol h™" g~* with an apparent quantum efficiency (AQE) of
0.82% at 550 nm. Sun et al.'®> presented a non-noble-metal
photocatalyst based on sulfur vacancy-rich oxygen-doped 1T-
MoS, nanosheets. The authors associated the high content of
sulfur vacancies with a better N, adsorption and activation,
enhanced light absorption, and better charge separation and
transfer, which led to an excellent photocatalytic performance
of 8220.83 umol L' h™" g™ (AQE = 4.4%) under simulated
solar light illumination.

Nitrogen vacancies (NVs) may also facilitate N, adsorption
and activation, since they provide an electron-deficient environ-
ment due to their similar structure and size with N atoms in the
N, molecule. Besides, they are an ideal active site for NRR
owing to their relatively weak HER activity.®' Nevertheless, we
note that NVs have found to be unstable for electrochemical
NRR, leading to deactivation or false-positive results.®" For
instance, Guo et al."®® embedded plasmonic Au nanoparticles
in the mesopores of nitrogen-deficient hollow carbon nitride
spheres. The NVs served as N, chemisorption and activation
sites, while the interfacial plasmon-induced charge separation
led to a visible-light driven ammonia production of 783.4 pmol
h™' ¢, with an apparent quantum yield of 0.64% (at 550 nm)
and a solar-to-ammonia (STA) conversion efficiency of 0.032%
in pure water and under simulated AM1.5 G sunlight. Liang
et al."®” also explored the creation of nitrogen vacancies in a
boron-doped graphitic carbon nitride, finding that nitrogen
defects improved N, adsorption, visible light absorption, and
charge carrier separation efficiency. Their optimized catalyst
achieved a NH; conversion rate of 435.28 pumol h™" g~" under
visible light illumination.

On the other hand, the construction of cation vacancies
is a less explored field for NRR, and most examples include
electrocatalysts. However, this is also an interesting approach
for light-driven NRR applications. The introduction of these
local charge defects in transition metal oxides can change
their surface electronic structure, create new active sites, and
improve the charge transfer processes. The typical preparation
methods of cation vacancies include chemical synthesis,
plasma/chemical etching, thermal annealing in a reducing
atmosphere, ion irradiation, heterovalent doping, and
stripping.’™® Ding et al.'®® investigated the effect of titanium
vacancies (Vr;) on the photocatalytic NRR performance of an
undoped anatase TiO,, which was changed from n-type to p-
type with V. They found that cation vacancies lead to
local charge defects that enhance carrier separation and trans-
port, while trapped electrons can activate and reduce N,
to NH;. This material achieved a N, fixation performance in
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air, water and UV-visible illumination of 47.13 pmol h™"' g™,
which increased to 64.82 pumol h™' g~* under N, atmosphere.

4.4.1.2 Heteroatom doping. Heteroatom doping is an effec-
tive approach to improve N, activation and hydrogenation, as
result of the modification of the chemical composition of the
catalysts, their electrical properties, and the creation of struc-
tural distortions that increase the concentration of Ovs.*""*°
Specifically, electron-deficient dopants induce defect levels that
may promote conductivity, provide coordination active sites
and even suppress HER by limiting proton adsorption (Lewis
acid H")."®® Zhang et al."*° reported a photocatalytic NH; yield
of 195.5 umol h™" g™ (STA of 0.028%), from pure water and AM
1.5G light irradiation, using Mo-doped W;3049 (1 mol% Mo)
ultrathin nanowires. This study reveals that the defect states
created upon Mo doping polarize the chemisorbed N, mole-
cules, facilitating the dissociation of the N=N bond through
proton coupling; and elevate the defect-band center toward the
Fermi level increasing the driving force towards NRR. Li et al.***
studied the beneficial effect of a non-metal dopant (boron) on
the photocatalytic NRR performance of the carbon nitride g-
C;3Ns5. The doped B-C3;N5 showed a NH; production rate of
421.18 pmol h™" g7, which was 1.72 times as high as that of
2-C3N;s. The authors inferred that B sites (B-O-H), acting as
Lewis acid, played an excellent role in adsorption and protona-
tion of nitrogen, while O-H sites act as Bregnsted acid and
would protonate the activated nitrogen. Xie and co-workers™*?
explored the photocatalytic NRR performance of a single Cu
atom-modified carbon nitride, achieving 186 pmol h™* g™*
under visible illumination and in the presence of ethanol as
electron scavenger, with a quantum efficiency (1.01%) at
420 nm monochromatic light.

On the other hand, NRR performance can be improved with
electron-rich dopants (e.g. Fe, Mn, Ni, Co). Bo et al."** reported
a 5.3-times higher NH; production of Fe-doped TiO, nanofibers
than pristine TiO, (12.1 vs. 64.2 umol h™" g™, respectively).
Besides, they combined in situ characterizations with first-
principles simulations to demonstrate that Fe dopants mod-
ulate the electronic structure nearby oxygen vacancies, facilitat-
ing the adsorption and polarization of N,, and even altering the
hydrogenation of N, from the associative alternating pathway
to a more favorable associative distal pathway. Li et al.*** also
demonstrated that doping with metal ions with exposed d
orbitals, such as Fe®*", promotes the generation of OVs that
are found to be the main active centers for photocatalytic NRR.
The authors created OVs in Fe-doped Bi,MoOg by alcohother-
mal synthesis, showing that metal-alcohol (e.g. Fe**-ethylene
glycol) coordination promotes the reduction of Bi** to Bi° to
generate OVs, which in turn promotes charge separation and
photocatalytic activity. They obtained a 16-fold enhancement of
photoactivity, compared to bulk Bi,MoOs, with an external
quantum yield (EQY) of 2.8% at 420 nm. Regarding Bi-based
semiconductors, Yang et al."*> demonstrated the regulation of
the electronic structure of Bi,MoOg by Co doping, which led to
the creation of dual active sites (i.e. Bi and Co sites) that
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achieved 7.2 higher NH; production (95.5 umol h™' g™') than
bare Bi,M0OQOg.

4.4.1.3 Co-catalysts. Surface functionalization of semicon-
ductors with co-catalysts, such as noble metal or non-metal
nanoparticles, is another strategy to boost NRR. In particular,
co-catalysts can be used to trap and separate the photogener-
ated charge carriers, act as active sites for the adsorption and
activation of the N, molecule, and decrease the NRR
overpotential."*®

Regarding noble metal co-catalysts, Ranjit et a con-
cluded that the photocatalytic NH; yield was highly dependent
on the nature of noble metals (Ru, Rh, Pt, Pd) deposited on
TiO,. In particular, they found higher productions and selec-
tivity to NH; by successively increasing the metal-hydrogen
bond strength (Ru > Rh > Pd > Pt), due to the stabilization of
H adatoms (H*) that effectively suppress HER. Qiu et al'*®
anchored plasmonic Au nanocrystals on Mo doped W30,
nanowires, reaching a photocatalytic NH; production rate of
399.24 pmol h™' ¢ ' and a AQE of 0.611% at 540 nm. The
synergistic effect created between Mo doping and Au nanocrys-
tals not only extended the visible light absorption range, but
also decreased the desorption energy of NH3, which accelerated
the regeneration of the active sites and further improved NRR.

Bu et al'' studied the combined effect of plasmonic
sensitization and the addition of alkali metal cations (Li',
Na', and K') on the overall improvement of the photocatalytic
NRR. Plasmonic Au/P25 achieved a NH; yield and selectivity of
85 umol h™* ¢~ " and 75% under UV-visible illumination, which
increased to 0.43 mmol h™' ¢" and 94.5% (AQE of 0.62% at
550 nm) when promoted by K'. The authors concluded that the
addition of the alkali promoter chemically facilitated the acti-
vation and reduction of N,, while the attachment of Au nano-
crystals sensitized the photocatalyst with hot electrons to
improve nitrogen fixation.

Liu et al.'*° studied different transition metal (Cu, Fe Ni)
modified TiO, nanosheets founding a better NRR performance
and stability than pristine TiO,. Under the simulated sunlight
illumination, the catalyst Cu/TiO,-1.0% reached a NH," gen-
eration rate of 6.78 mmol h™' g~' using glycerol as the
sacrificial agent, which was 6-times higher than that of TiO,.
This better performance was ascribed to the enlarged specific
surface area and visible absorption range, as well as to a lower
radiative recombination and more efficient charge transfer
after loading copper. Ray et al.'*° reported a robust nickel
phosphide (NixPy) co-catalyst coupled to ZnO nanorods, which
achieved a NH," production rate of 2304 pmol h™" g~ without
using any organic scavenger, which was 3.3 times higher than
that of the neat ZnO sample. The NixPy co-catalyst increased
the visible light absorption ability of ZnO, accelerated the
transfer of photoexcitons, and subsequently facilitated
the NRR.

2-Dimensional (2D) co-catalysts has been also proposed to
facilitate charge separation and promote N, chemisorption and
activation. For instance, Liao et al."*" increased by 5 times the
NH; production of bare TiO, P25 by using a Ti;C, MXene as a
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co-catalyst, achieving 10.74 umol h™" g~" under full spectrum
light irradiation and using water as the proton source. They
inferred that Ti;C, MXene co-catalysts favored the separation of
photogenerated carriers by storing the photogenerated elec-
trons in P25, and by promoting the chemisorption and activa-
tion of N, molecules. Similarly, Shen et al.*** reported the use
of a 2D black phosphorus nanosheets (BPNSs) co-catalyst
coupled to CdS to achieve a rapid charge separation and
transfer within the heterojunction. The authors obtained a
3.73-fold higher NH; production (359.51 pmol h™* g™") than
that of bare CdS, in the presence of methanol as the sacrificial
reagent and under visible light illumination (4 > 420 nm).

4.4.2. Morphology control. A commonly adopted catalyst
design strategy is morphological control. Some examples of
structural modifications include the creation of 1-D nanowires,
2-D nanosheets, and 3D porous/hollow structures. In general,
large specific surface areas maximize the availability of active
sites and facilitate reactants diffusion. Besides, the formation
of stepped surfaces on active sites and edge-rich shapes are
found to be the most favorable configurations for N,
dissociation.'®'*? Bian et al.'** synthesized edge-rich black
phosphorus nanoflakes (~90 nm wide) by a chemical etching
exfoliation method, obtaining a stable ‘“polycrystalline” like
structure covered by edges of crystal-domains. These authors
reported a NH; production rate of 2.37 mmol h™' g~! under
visible-light irradiation and using Na,S/Na,SO; as hole scaven-
ger, which ascribed to the increased catalytic/adsorption sites
rendered by the edge-rich surface. On the other hand, Cui
et al.'*® synthesized different Cu ion-doped W;304, materials
with ultra-thin nanowire and sea urchin-like microsphere
morphologies by a simple solvothermal method. They obtained
a higher formation of OVs for the microspheres, which facili-
tated N, chemisorption and activation through proton cou-
pling. Besides, they associated the improved NH; generation
with the formation of ultrafine Cu,O NPs with a high content of
defective trap states, which could facilitate the efficient capture
of photoexcited electrons to drive NRR to NH;. Xue et al.'*®
reported a photocatalytic NH; production of 8.16 mM h™' g™*
over a porous few-layer g-C;N,. This material surpassed by 2.8
times the NRR performance of pure g-C;Ny4 (2.90 mM h™' g™ ).
The authors associated the improved photoactivity with the
few-layer morphology and the ultrathin nature of the catalyst,
which provided a larger specific surface area, more exposed
active sites, narrowed bandgap, and reduced diffusion path of
charges and protons from the bulk to the surface. Ultra-small
(<2 nm) metal-based nanoclusters, a special class of materials
with only few numbers of atoms, have a big potential for NRR
due to their atomic-level properties and their unsaturated sur-
face active sites."® Li et al.'*” synthesized a Ge** doped GaN
nanowires, which were able to stabilize ultra-small Ru sub-
nanoclusters (~ 0.8 nm) with high loading density up to 5 wt%.
They demonstrated that Ge-doped GaN could act as an efficient
electron donor for the Ru co-catalyst, forming a metal/semi-
conductor interfacial Schottky barrier junction, and resulting in
partially negatively charged Ru species with an enhanced
photocatalytic performance.
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In addition, morphological control can be employed as a
strategy for broadening the light absorption range of semicon-
ductors, aiming at full spectrum utilization. In particular,
tailoring the particle size of the catalysts can change their band
gap energy through quantum sizing effects. For instance, Sun
et al.**® reported the synthesis of bismuth monoxide (BiO)
quantum dots (size of 2-5 nm), which delivered an ammonia
synthesis rate of 1226 pumol h™" g~ in water and under
simulated solar illumination, which did not show obvious
deactivation even after 120 h. Later on, Liang et al.'*® proposed
a heterojunction between BiO quantum dots and nitrogen
defective ultrathin carbon nitride. This system comprised low-
valent Bi** and nitrogen vacancies, which enhanced the
optical absorption ability of the heterojunction, improve
charge separation, and led to a NHj; production rate of
576.11 umol h™! g~* under visible light illumination (AQE =
0.53% at 400 nm).

4.4.3. Catalyst configurations focused on HER inhibition.
It is well known that H atoms adsorb easier than nitrogen on
the surface of most catalysts. Thus, selecting supports and
active species with poor HER activity is key to achieve a high
NRR selectivity (see also Section 4.2). For instance, early transi-
tion metals (e.g. Ti, Zr, Y, Sc) are good candidates to restrict the
HER process, due to their stronger binding ability towards N
atoms than H atoms.*® Additional configurations include
single-atom catalysts, multilevel catalyst configurations, or
building hydrophobic protection layers.

4.4.3.1. Single-atom catalysts. Atomically dispersed catalysts
have recently emerged as an appealing strategy to boost N,
activation and regulate the catalytic pathways (i.e. increase NRR
selectivity and inhibit HER)."®® This approach affords highly
exposed metal centers in which d orbitals of transition metals
are hybridized with p orbitals of main group elements, leading
to a partial electron transfer from the metal atom to the support
material.’>® The so-called single-atom catalysts (SACs) are gen-
erally used for electrocatalytic applications, including e-NRR.
However, their use in light-driven NRR is scarce to date and
mostly based on theoretical studies.">™'>> Reported experi-
mental works are based on single metal atoms (Mo, Cu)
immobilized on a carbon nitride (C;N,) photocatalyst. Li and
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co-workers'*>® synthesized a Mo-C;N, forming two-coordinated
MoN,, species, which effectively adsorbed N, and weaken the
N=N bond. These authors achieved a visible-light driven NH;
evolution rate of 50.9 pmol g~ h™' in pure water, and 830 pmol
h™" ¢~' using ethanol as electron scavenger with a quantum
efficiency of 0.70% at 400 nm. Liu et al.">* studied the incor-
poration of La single atoms in an oxygen-deficient MoO;_,,
founding a strong N, activation ability due to the back-
donation of electrons from La atoms to 2n* molecular orbitals
of adsorbed N,. This single atom La photocatalyst delivers an
impressive NH; production rate of 209.0 umol h™" g~ under
visible illumination, without any sacrificial agent. Li et al.'>®
successfully anchored single Pt atoms at the -Nj sites of stable
and ultrathin covalent triazine framework (CTF) nanosheets,
aiming to achieve a better separation of photogenerated car-
riers. They obtained an averaged NH,' production rate of
171.4 ymol h™' ¢! (AQE = 1.4% at 420 nm) under visible light
irradiation and in the absence of any sacrificial agent.

4.4.3.2. Multilevel catalyst configurations. An additional
approach consists on building multilevel catalyst configura-
tions, which may help to limit the electron accessibility during
the NRR to control HER. However, it should be noted that an
excessive low electron transfer to the active sites can conduce to
low NRR efficiencies. Examples of this type of configuration
include support-semimetal catalyst (e.g. Sn, Bi), support-con-
ductive polymer catalyst (e.g. polyaniline (PAN), polyimide,
polypyrrole), and support-insulator-catalyst (see Fig. 9).%*

4.4.3.3. Hydrophobic protection layer. Since N, molecules
have poor solubility and diffusion coefficient in water, the
photo(electro)catalytic ammonia production rates can be lim-
ited by diffusion processes in conventional liquid-solid
diphase systems.*> Gas pre-saturation can improve the reaction
efficiency but the slow gas diffusion to the catalytic centers
cannot be increased, and this inevitably results in low reaction
kinetics.'*® An efficient strategy to circumvent these solubility
and diffusion limitations consists on building a hydrophobic
protection coating on the catalytic active sites, creating a gas—
solid-liquid triphasic system. This configuration is based on
the cooperative interaction between micro-/nanocomposites

Support-insulator-Catalyst

(polyaniline, polyimide, etc.)

H, NH,
Suppressed
H,0 N,
=
-

H, NH,
Suppressed
H,0 N,

Se

»

Insulator

Fig. 9 Multilevel catalyst configurations for limiting the electron accessibility in NRR, including (a) support—semimetal catalyst; (b) support—conducive
polymer catalyst; and (c) support—insulator catalyst. Reprinted with permission from ref. 38 Copyright 2021, Royal Society of Chemistry.
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and low surface energy materials. Here, catalyst nanoparticles
are located at the gas-liquid interface through surface tension
regulation, and reactant gases (N, or air) are continuously fed
to the system. The creation of such gas-solid-liquid triphase
limits the coverage of H,O molecules on the catalyst surface,
because this configuration forms gas pockets trapped inside
the structure when they are immersed in water. Thus, N,
molecules can be readily delivered to the catalytic sites from
the gas phase, reaching much higher local nitrogen concentra-
tions and eliminating the gas diffusion limitation of conven-
tional diphase systems.*”'*® Besides, this approach is an
efficient strategy to lower HER kinetics and thus favor NRR
selectivity. In addition, triphase systems holds a great economic
potential because they also restrict the possible oxidation of
ammonia, thus allowing the direct use of air instead of pure
nitrogen.'>®

Some successful examples of hydrophobic layers reported
for light-driven NRR include alkanethiols, porous poly
(tetrafluoroethylene) (PTFE) frameworks,"*” Poly(N-isopropyl-
acrylamide) (PNIPAm),**® polydimethylsiloxane (PDMS),"*® car-
bon cloth,'®® or zeolitic imidazolate frameworks (ZIF)*> with
hydrophobic cavities that block water and favor N, permittivity.

5. Ammonia production technologies

5.1. Thermocatalytic-NRR

The thermocatalytic synthesis of ammonia from its elements is
considered as one of the greatest discoveries of the 20th
century, providing enough fertilizer supply to sustain the
growing world population.’®* Ammonia is produced nowadays
in large plants (1000 to 1500 t day ')*° via the H-B ammonia
synthesis loop (Fig. 10a), which is also known as the industrial
process that made bread from air.'®*'®® At present, conven-
tional H-B plants produce ammonia using natural gas (50%),
oil (31%) or coal (19%) as fossil feedstock.'®® Ammonia is
produced by shifting the reaction equilibrium (1/2N, +
3/2H, < NHj;) of a high purity N,/H, gas mixture towards
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the formation of ideally 22.7 mol% NH; (relative to stoichio-
metric conversion),’®® under high temperature and pressure
(ca. 350-550 °C, 20-40 MPa) and in the presence of an alkali-
promoted Fe catalyst (either magnetite or wiistite)."®'® This
historical technology is able to convert N, and H, to NH; in a
single reaction with around ~15% efficiency, and requires the
recirculation of unreacted N, and H, to achieve overall NH;
conversion of ca. 97%."%*

5.1.1. Active materials and surface reactivity. Fe- and Ru-
based catalysts were the first materials used for thermocatalytic
ammonia production, mainly due to their optimal adsorption/
desorption energies (Fig. 10b). Among Fe catalysts, magnetite
(Fe;04) was considered one of the best performing catalysts
during the first years of development of the technology. Fe and
Ru catalysts were commonly mixed with electronic and struc-
tural promoters to achieve higher NH; yields. Electronic pro-
moters (e.g. alkali or alkaline earth metals, rare earth oxides or
metallic oxides’®” %) increase the electron density on the
metal surface (e.g. Ru, Fe) and this may weaken the N, triple
bond.**®7° On the other hand, structural promoters (e.g. Al,O3,
TiO,, Cr,03, MgO, MnO, CaO or SiO,) generally improve the
specific surface area and neutralize acidity.'®® Specifically,
promoted Ru/C catalyst was used in the industrial KAAP (Kellog
advanced ammonia process) process, achieving NH; yields of
40-50%.""" These catalysts allowed to operate at milder condi-
tions (370-400 °C, 50-100 atm) than Fe catalysts and showed a
higher resistance to O,, H,O or CO poisoning.'®®'”> Other
widely used catalysts include FeO (wiistite), CeO,, and catalysts
based on transition metals located at both sides of the volcano
plot, such as Co and Mo (e.g. Co-Fe;0,, Co-Mo-nitride,
etc.). 73174

Over the past years, alternative catalysts have emerged for
low-temperature ammonia synthesis such as electrides,
hydrides, oxides and amides, among others. Electrides
are very unique crystals with cavity-trapped electrons, which
can act as electron-donating materials. Some examples studied
for ammonia synthesis include Ru/C12A7:e,">"77 Ru/
Ca,N:e”,"”® LaRuSi,'”° Ru/BaO/CaH,,'®® Ru/LaScSi.'*' An

a HABER-BOSCH b
Hy N, "CoMo"
10'F Ru
- Os
[ compressor | 100 F Fe
N7 _?*10-1 b
" - i Co
400°C | NH; synthesis | /A ‘-5 .
200 atm converter | NI F10%F
ﬂ 10° F
= Mo
Condensation . Ni
-4 b
(NH; separation) 10
105 e L L L . . i
v -100.0 -75.0 -50.0 -25.0 0.0 25.0 50.0 75.0

NH;

Fig. 10

[AE-AE(Ru)](kJ/mol N,)

(a) Simplified diagram of Haber—Bosch ammonia synthesis. Reprinted with permission from ref. 26 (b) Volcano plot for ammonia synthesis on

late transition metals, showing the ammonia production rate as a function of the nitrogen adsorption energy. The point denoted as "CoMo" represents a
mixed site containing both Co and Mo. Reprinted with permission from ref. 166 Copyright 2001 ACS.
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outstanding NH; production rate of 2.7 mmol h™" g~ was
obtained by Kitano and co-workers'”” using Ru/C12A7:e~
(360 °C, 0.3 MPa). They used the high electron density of
electrides and their reversible hydrogen storage-release ability
to avoid the well-known hydrogen poisoning of Ru. A year later,
these authors developed a best performing Ru/Ca,N:e”
electride’”® able to work even at 200 °C, which delivered a
maximum NH; production rate of 3386 mmol h™" g ' (at
340 °C, 0.1 MPa) comparable to the reference Ru(2%)-Cs/
MgO. Under similar reaction conditions, these authors also
obtained outstanding ammonia production rates (ca.
4002 mmol h™" g7') exploring the partial conversion of a pure
hydride (Ru/CaH,) into an electride (Ru/CaH, ,(e™),), due to
the easy desorption of hydrogen (>200 °C) from CaH, surface
in presence of a Ru catalyst."”®

In the case of hydrides, these materials are attractive
candidates for ammonia production due to their strong redu-
cing character and their reversible H, storage capacity, as
they are used as electron/proton donors. Some examples of
the most active metallic hydrides reported for thermocatalytic
NH; production include LiH,'®>'®® VH,'® binary hydrides
(BaH,,"®""®> TiH,,"®® CaH,,""®"*® ZrH,"®"), mixed-anion hydrides
(Ca,NH, Li,RuH;"'®®), nitride-hydrides (Mn,N,'®® BaCrHN"°), per-
ovskite ~and lantanide oxyhydrides (Ru/BaCeO; ,N,H,,
BaTiO,_,H,),"”"™®* hydride-based electrides."® Interestingly,
hydrides have achieved NH; synthesis in the range of 50-
100 umol h™"' g™ using mild temperatures such as 50-150 °C,
and using catalysts based on Co-BaH,, CaFH hydride, Fe-BaH,—
BaO/CaH, and BaCr nitride-hydride (BaCrHN),'?%196:197

Other interesting materials include metal oxides (e.g. oxygen
vacancy-rich CeQ,)'**72% or amide-based catalysts, which have
shown a strong electron donation from Ca(NH,), to Ru metallic
phase, achieving NH; productions at temperatures below
200 °C during 700 h.>%*72¢

5.1.2. Reactor engineering. Industrial reactors for ammo-
nia synthesis loop mainly consist on catalytic converters, cen-
trifugal compressors, and condensers. The catalytic converters
can be classified into tube cooled and multibed converters
patterns, either with axial, cross-flow or radial gas flows."”" The
space velocities (WHSV) in these production units reach values
between 10 000 to 40 000 mL g~ * h™*, and can achieve ammonia
productions higher than 100 mmoly;;, h™' g='."717%2% The
catalytic converters are resistant to carbonization'”" and steel
embrittlement due to hydrogen diffusion.>®*°® However, new
steel alloys were introduced to prevent the nitridation of iron
when it is in contact with ammonia at high temperatures.'”*
The centrifugal compressors, which replace reciprocating
compressors,”®® allow to reach the required operation pres-
sures (150-250 bar) in the synthesis loop, as well as to recycle
the gas stream to reach more than 20% of ammonia in each
pass.'”* Today, industrial ammonia plants have an integrated
design to improve energy recovery and efficiency. Relevant
technological improvements include: revamping or moderniza-
tion of existing converters; use of bigger converters with more
efficient designs; development of innovative radial-flow ammo-
nia converters with a very low pressure drop to increase

This journal is © The Royal Society of Chemistry 2024
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ammonia yield; use of lower pressure systems; and implemen-
tation of energy saving designs.”'**'!

5.2. Photocatalytic-NRR

5.2.1. Active materials and surface reactivity. The first work
on photocatalytic nitrogen fixation in water was reported by
Schrauzer and Guth®'? in 1977. These authors obtained an
optimum ammonia production rate of 5.2 nmol h™' g™' at
40 °C, using a Fe-doped TiO, catalyst under UV illumination
(360 W Hg-Arc lamp). Later on, a compilation of subsequent
results was summarized by Schrauzer,”"* who further proposed
a N, photoreduction pathway via stepwise diazene and hydra-
zine intermediates. Since then, photocatalytic-NRR works have
grown exponentially (Fig. 1), putting the focus on active materi-
als and reaction optimization. In general, NH; production rates
in aqueous phase are in the pmol-mmol range, with some
works that have reported rates close to 30 mmol h™" g '
(Table 1). Until now, the most active photocatalysts reported
so far are based on graphdiyne, graphitic carbon nitride (g-
C3N,), bismuth oxyhalides, TiO,-based materials, and even
metal organic frameworks (MOFs), all frequently modified with
metal co-catalysts and dopants (e.g. Co, Fe, Cu, Ni, Ru). Many of
these works also use sacrificial agents and illumination sources
based on Xe lamps (generally 300 W power, with or without
wavelength filters).

The most active NRR photocatalyst reported to date is based
on stable porous graphdiyne (GDY) decorated with Co quantum
dots,*'* which achieved a maximum NH; production rate of
26.5 mmol h™" ¢g~" and a AQE of 8.7% without any sacrificial
agent (see Fig. 11 and Table 1). This high catalytic performance
was ascribed to the rapid conversion of valence states of Co
species (Co*>*/Co’*) together with the GDY. Recently, a similar
heterojunction based on magnetite/GDY>*® showed a remark-
able NH; production of 1.8 mmol h™" g~ without sacrificial
agent. These authors demonstrated that the coordination
environment and valence state of the Fe atoms in magnetite
can be also modified by incorporating GDY, resulting in a high-
performance heterojunction.

An extraordinary NH; production rate of 23.5 mmol h™* g*
was reported by Liu et al®"’ using g-C3N, nanorod arrays
modified with cyano groups (-C=N) and K centers. Interest-
ingly, this work used air as N, source and reported an opera-
tional temperature of 5 °C. This good performance was
explained by the coexistence of both sites: -C=N groups with
electron donation effect for N, activation, and K centers that act
as electron trapping sites, promoting charge separation. Zhang
et al.>*® combined a 3D porous g-C;N, with NVs and CoFe,0, to
create a Z-scheme heterojunction that achieved a NH; produc-
tion rate of 14.7 mmol h™" g~*. This catalytic system presented
wider light absorption, faster electron transfer rates and stron-
ger N, adsorption and activation than the g-C;N, counterpart.
Fan et al.>** supported OV-rich In(OH); on g-C3N,, obtaining a
OD/2D heterojunction with many chemisorption sites for N,,
efficient electron-hole separation and thus prolonged carriers
lifetime.
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In the case of bismuth oxyhalides (BiOX, X = Cl, Br, I), the
formation of OVs with abundant localized electrons on the
surface play a critical role for NRR, mainly for N, adsorption
and activation.?’”>*° These materials have been combined with
other inorganic semiconductors within binary heterojunctions
to boost performance.>**>*°

Of special interest is the more recently emerged sunlight-
driven nitrogen fixation from air. The big challenge of this
approach relays on the competition between N, and O, for
photogenerated electrons, since O, is more easily reduced than
N, due to its lone pair electrons and this suppresses NH;
formation.>*° Hirakawa et al.">' demonstrated that air bubbling
suppresses NH; formation over a commercial TiO, sample with
a large number of surface Ti’" species. Despite this, the
sustainability benefits of aerobic NRR is encouraging the
development of research works on this field using a wide variety
of materials, such as bismuth molybdate,>** Fe-W0Q;,>*" Ti/Mo
composite,?** CoF,0,,>>* Co;0,@Schiff,>** and binary**>>*” or
ternary”>”® heterojunctions. In this aerobic route, both NRR and
NOR may coexist (Fig. 12). Zhao et al>*® reported that the
reaction mechanism towards ammonia follows an alternative
redox pathway, in which N, and O, can be trapped at OVs,
generating nitric oxide (*NO) as active intermediate that is
further photoreduced to ammonia. DFT calculations supported
this point by founding a lower free energy barriers for N,

This journal is © The Royal Society of Chemistry 2024

activation (*N, — *N-NO, —0.08 eV) and and rate-limiting step
(*NO — *NHO, 1.23 eV) than traditional NRR (*N, — *N-NH,
1.48 eV and H,N-NH, — *NH,, 1.29 eV, respectively).

5.2.2. Reactor engineering. In general, photocatalytic NRR
tests are carried out in liquid-phase, using stirred batch reac-
tors or flowing fixed bed reactors made of glass or provided
with a quartz window for illumination. Homogeneous or het-
erogeneous photocatalysts are dispersed in a N,-saturated
solvent, most often pure water. NRR tests are usually performed
under mild reaction conditions, such as low temperature (room
T - 60 °C) and atmospheric pressure, either in the presence or
absence of sacrificial agents. These one-pot reaction configura-
tions possess intrinsic limitations to achieve a high ammonia
yield and selectivity. Namely, soft reaction conditions limit the
solubility of N, in water, while the lack of separation of redox
processes favors the simultaneous occurrence of parallel reac-
tions (e.g HER, oxidation of ammonia into NO, or N, by
photogenerated holes).

A rational configuration of photocatalytic reaction systems
holds the potential to improving ammonia yield and selectivity.
Next-generation photoreactors should enable the spatial
separation of ammonia and oxidative species to avoid back
reactions, for instance by using products separation mem-
branes. This spatial separation would also maximize the utili-
zation of photogenerated carriers towards target products, that

Chem. Soc. Rev., 2024, 53, 11334-11389 | 11353
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is the production of ammonia using photoelectrons, and the
synthesis of nitrates consuming photoholes. This approach
would further increase the added value of the photocatalytic
process if nitrogen fixation products are even enriched by
forming ammonium nitrate or urea.

5.3. Photoelectrocatalytic- and (PV)-electrocatalytic- NRR

The use of the light to reduce the necessary potential of a
certain electrocatalytic reaction has already been extensively
employed among the scientific community.?°>?%* As previously
occurred with other interesting chemical reactions, there are
two main strategies to achieve this purpose: (i) the direct use of
photoelectrocatalytic materials (i.e. semiconductors able to
generate electron-hole pairs and also drive the desired
reaction®®*?%%), or (ii) coupling of a photovoltaic cell, which
generates the carriers, with an electrocatalytic material that
drives the chemical reaction.>®*>°® Aiming to ease the readers
comprehension, these two ammonia production technologies
will be described separately in the following sections.

5.3.1. Photoelectrochemical (PEC) ammonia production.
The use of renewable energies to electrocatalytically reduce
N, is one of the most promising approaches for sustainable
ammonia synthesis. In fact, electrochemical N, conversion
efficiencies are very high when compared to photocatalysis.®®
The electrochemical N, reduction reaction (e-NRR) takes place
at the electrolyte—electrode interface, in which protons need to
be transferred from the electrolyte, and electrons on the
electrode surface are transferred to adsorbed N, molecules
for subsequent activation. Usually, both the first electron
transfer process (N, + e~ < N, ; —3.37 V vs. RHE, pH = 14)
as well as the first proton addition (N, + H + e~ < N,H;
—3.20 Vvs. RHE) can be activated with applied potential, which
in principle are not thermodynamically favorable.*® However,
the presence of deficient sites and the occurrence of the

1354 | Chem. Soc. Rev., 2024, 53, 11334-11389

competing HER usually lead to minimal yield and low faradaic
efficiency (FE) during the electrocatalytic synthesis of ammo-
nia. That is why the integration of electrocatalysis and photo-
catalysis in a photoelectrochemical (PEC) cell is an effective way
to overcome these dark NRR limitations (Fig. 13). PEC-NRR
offers reduced energy consumption than NRR and other advan-
tageous green features, such as the direct conversion of solar
energy into chemical energy, which can potentially lead to
higher overall efficiency compared to dark electrocatalysis.
Additionally, it exhibits several advantages over conventional
photocatalysis since the generated electrical field can induce
exciton separation, helping charge separation while reducing
charge recombination. Furthermore, a photoelectric synergy is
reflected in the coexistence of photochemical and electroche-
mical reactions.

Since the first photoelectrochemical cell (PEC) publication
in 1972,7%? its applications have evolved from water splitting®”°
to other fields such as fuel production through CO,
conversion,””" reduction of organic compounds and the degra-
dation of contaminants.?”" However, the use of PEC cells in the
field of nitrogen reduction reaction (NRR) is still quite
limited.?”* Photoelectrochemical N, reduction involves three
principal stages: (i) charge carriers photogeneration, (ii) separa-
tion of charge carriers to the active sites, and (iii) N, molecules
absorption and reduction reaction, very similar to the photo-
catalytic process. However, in this case, photogenerated elec-
trons and holes separate to different reaction sites, unless
charge recombination. Electrons migrate to the surface of the
photocathode and holes goes to the (photo)anode. Thus, elec-
trons drive the N, reduction on the active sites of the photo-
cathode (N, + 6H" + 6e” — 2NHj, E° = —0.148 V vs. RHE), while
holes drive the oxidation evolution reaction (OER) on the
(photo)anode (2H,O + 4h™ — 4H" + O,, E° = 1.23 V vs. RHE).
Despite its promising features, PEC-NRR is still at a

This journal is © The Royal Society of Chemistry 2024
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decrease the overall cell voltage needed for NRR. (b) J-V plot (5 mV s7%) and J-t plot (at 0.6 V vs. RHE) of a CuO measured under Ar (black) and **N, (red)
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et al.?%” Copyright 2020 American Chemical Society. (c) Scheme of a solar-electrolytic cell, transient photocurrent and dynamics for VT/p-ZnTe@CdS
and p-ZnTe@CdS photocathodes. Reproduced with permission from Jia et al.2%® Copyright 2023 American Chemical Society. Schematic representation
of (d) a single-chamber and (e) an H-type cell with a proton exchange membrane. (f) Photograph showing an H-type cell, highlighting the working
electrode (WE), reference electrode (RE), counter electrode (CE), and membrane. Reproduced with permission from Pang et al.2%° Copyright 2021 Royal

Society of Chemistry.

development stage since the catalytic performance is not yet
suitable for practical applications. Typically, PEC-NRR occurs
on the surface of p-type materials (photocathodes) with intrin-
sic structural defects, which may lead to poor visible-light
absorption, high exciton recombination, and serious light
corrosion. Over the last years, PEC-NRR investigations have
focused on developing high-performance photoelectrode mate-
rials, which include inorganic semiconductors with suitable
band gaps, metallic modifications, organometallic frameworks
with tunable structures, and single atoms with notable
active sites (see Table 2). Metal oxides have been thoroughly
explored as potential photo(electro)catalysts for various cataly-
tic reactions in the energy and environmental sectors. These
materials provide benefits such as high catalytic activity, cost-
effectiveness, and straightforward preparation. Especially, p-
type semiconductors have been tested as photocathodes for
PEC-NRR due to their suitable band structures and efficient
carrier transport.

Fig. 13a shows a recent study from Jang et al>®” who
explored the feasibility of PEC-NRR using CuO and Cu,O
photocathodes, as well as its associated reaction mechanism.

This journal is © The Royal Society of Chemistry 2024

The authors observed that both systems exhibited substantial
faradaic efficiencies for NH; production (17% and 20%, respec-
tively) with minimal H, production. Interestingly, the external
bias (0.6 V vs. RHE for CuO and 0.4 V vs. RHE for Cu,0) were
less negative than the thermodynamic reduction potential for
NRR (0.092 V vs. RHE at pH = 13), demonstrating the potential
of the photogenerated electrons used for NRR depend on the
conduction band minimum of the photocathode. However,
they found cathodic photocorrosion of CuO (see Fig. 13b),
and pointed out the need for a protection layer. In literature,
the surface of Cu,O photocathodes has been coated with
different systems to improve the NH; yield and stability, for
instance using Cu metal-organic frameworks (MOF) to build
Cu-MOF/Cu,0%°* or Ag-doped Ni MOF heterojunctions.”®”
Very recently, He et al.””* tested a novel donor-site-acceptor
system based on a covalent organic framework (COF) and a
graphite oxide. They found that the active boron sites,
embedded between the acceptor and the donor units, effec-
tively activated chemisorbed N, with a continuous electron flow
after photoexcitation. This system achieved a faradaic efficiency
around 91.6% and 108.2 pg h™" mg.,. ' (at —0.4 V versus RHE)

Chem. Soc. Rev., 2024, 53, 1334-11389 | 11355
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in several cycles, reaching the target value set by the U.S.
Department of Energy (90%).

Regarding other active metals for PEC-NRR, Mo is a very
interesting candidate since natural nitrogenase contains Mo
active sites. Based on DFT calculations, Nerskov and co-
3 studied the prospect of electrochemical reduction
of N, to NH; under ambient conditions, and anticipated that
Mo provides many additional active sites for N, reduction. On
this basis, several Mo-based catalysts have been developed for
(photo)electrochemical N, fixation, and are actually the subject
of a recent bibliographic review.'*®* We highlight the work by Ye
et al.>*® who developed a functional MoS,@TiO, structure as a
photocathode for PEC-NRR under ambient conditions. They
achieved a NH; yield rate of 1.42 x 10 * mol h™* em > and a
faradaic efficiency of 65.52%, which was a remarkable result at
that time. This performance was due to an efficient interfacial
charge transport and the synergistic effects between the MoS,
and TiO, counterparts. Another recent example®*® published in
2021 reported the use of MoSe,@g-C;N, as photocathodes,
which demonstrated to be inherently active, selective and
robust catalysts for PEC-NRR. These cathodes exhibited good
NH; yield rate (7.72 umol h™" em™?) and FE (28.91%) at —0.3 V
versus RHE at room temperature and pressure. This perfor-
mance was attributed to the synergistic effects and electronic
coupling between MoSe, and g-C;N, and the improvement in
the light harvesting capacity and charge separation efficiency,
which led to slow recombination rates and longer lifetime of
photogenerated electron-hole pairs.

Other strategy to improve PEC-NRR performance is the
construction of a PN junction to accelerate the photogeneration
of charge carriers and improve their spatial separation.”®® In
this line, we highlight the contribution of Jia et al.?*® who
developed a photocathode composed by a PN junction (p-
ZnTe@CdS) and a VOx/TiO, interlayer. This heterostructured
photocathode achieved an AQE of 0.6% and a N, to NH;
conversion performance of 6.23 pg h™! em™? (Fig. 13c). Very
recently, Wang et al.>”* prepared a Ti-WO;3/SrtWO, heterojunc-
tion by simple hydrothermal and spin-coating approaches and
use it as photocathode. They found out that this catalyst
inhibited the photogenerated carrier’s complexation. Ti acted
as the N, adsorption site, promoting nitrogen activation and
thereby improving the carrier transport efficiency and NH;
synthesis performance. At —0.5 V vs. RHE, the ammonia
production reached 11.17 pg h™' em™?, which surpassed that
of StWO, by four times. Moreover, Ti-WO;/ST'WO, exhibited
high stability and N-gas sensitivity during NRR, showing its
suitability for photoelectrocatalytic ammonia synthesis.

On the other hand, vanadium-based materials are promis-
ing catalysts for N, fixation, as vanadium nitrogenase acts as an
important component of the N, cycle in nature. In this transi-
tion metal, the unoccupied 3d orbital of V facilitates the
adsorption of N, and serves as a bridge to allow the transfer
of photoexcited electrons from the catalyst to the N, molecules.
BiVO;, is a very suitable matrix for V localization due to its good
physicochemical properties, low cost, and very high photo-
stability. However, BiVO, is generally considered as an n-type

workers?®
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semiconductor and therefore, it is frequently used as a photo-
anode in PEC systems but not for NRR. In contrast, Bai et al.>**
reported for the first time the use of a p-BiVO, photocathode for
PEC-NRR under ambient conditions. Interestingly, density
functional theory (DFT) calculations revealed that V sites
worked as essential active centres for N, adsorption/activation.
They obtained a NHj; evolution rate of 11.6 x 10~ > umol h™*
cm 2 and a faradaic efficiency of 16.2% at 0.1 V versus RHE in
0.1 M Li,SO, solution. Bai et al.®* incorporated PANI (polyani-
line) on the BiVO, surface to create a Z-scheme heterojunction,
which accelerated the separation and transfer of photogener-
ated carriers leading to a NH; yield rate of 0.93 pgh™' em ™ and
FE = 26.43%.

5.3.2. (PV)-electrocatalytic ammonia production. Only few
works have reported the electrocatalytic production of ammo-
nia coupled with a photovoltaic cell. In 2022, Li et al>**
reported a 3.4% solar-to-ammonia from nitrate using a Fe
single atom catalyst over 2D MoS, nanosheets coupled with
an PV cell. In this work, the authors found that Fe-MoS,
catalyst exhibited excellent NO;RR performance with a faradaic
efficiency as high as 98% for NH; production at low over-
potentials, ca. <—0.5V versus RHE. The DFT analysis explained
the higher ability of individual Fe atoms on MoS, to activate
NO;, due to the strong interaction between the 2n* orbital of
NO species and the d band orbitals of Fe atoms, which resulted
in a lower energy barrier for the limiting de-oxidation of NO* to
N*. Finally, the authors coupled the catalysts to an InGaP/GaAs/
Ge triple-junction solar cell, achieving a STA conversion effi-
ciency of ca. 3.4% with a yield rate of 510 ug h™' cm™2, Very
recently, K. Yong et al. has reported the employment of Tung-
sten phosphide nanowires as electrocatalyst for NO;RR.>%
Specifically, the authors combined the NO;RR with a hydrazine
oxidation reaction (HzOR) instead of the combined oxygen
evolution reaction (OER) or urea oxidation reaction (UOR),
achieving an impressively low potential of 0.24 V for generating
a current density of 10 mA cm™? in the overall NO;RR-HzOR,
compared with those required for NO3;RR-OER (1.53 V) and
NO3;RR-UOR (1.31 V). Finally, a single perovskite cell was used
to form an unassisted NO;RR-HzOR PV-EC system, while two
where required for the NO;RR-OER, producing a current den-
sity of around 23 mA cm™?, and leading to a NH; production
rate of 1.44 mg ecm > h™",

Interestingly, in the two previous studies, NO;~ was used as
the nitrogen source for PV-electrocatalytic ammonia produc-
tion. The reasons behind, are that nitrates present unique
advantages as nitrogen sources for electrocatalytic NH; produc-
tion. First, nitrate is widely present in the nature, being a
habitual pollutant of water resources, accumulating over time
due to agriculture and industrial activity.>***®” Then, produ-
cing ammonia from nitrates, is both a renewable energy source
and a pollution mitigation strategy. And secondly, the bond
energy of N—O (204 kJ mol ') is around 4 times weaker than
the triple N=N bond, making this bond easily activated at
lower energies.>*®

5.3.3. (Photo)electrochemical reactor engineering. Since
Van Tamelen et al”>*° demonstrated the electrochemical

Chem. Soc. Rev., 2024, 53, 11334-11389 | 1357
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Table 3 Recent high performing catalysts (mmol range) for photothermocatalytic ammonia production

NH; production rate”

Photothermal catalyst 7 (°C) Light source Reagents (mmol h™' g™ STA AQE,” ¢ Year  Ref.
Ru-Cs/ZrO, 350 300 W Xe lamp (1 Sun) N,, H, 5.1 — 39%” 2023 306
Ru-Cs/MgO 333 Blue LED light N,, H, 4.5 — — 2019 307
Ru/C 380 Concentrated sunlight  N,, H, 3.5 (0.1 MPa) — — 2023 308
CSRU@SITiO; 360 300 W Xe lamp N,, H, 3.5 — — 2022 305
Fe-MoS, 270 70 W tungsten lamp N,, H,0  2.1-17% (6 bar) 0.24-0.18% 37.1%" (432 nm) 2021 309
(solar furnace)

Pt-Ptn-TiN 280  Xe lamp (6 Sun) N,, H, 0.5 — 0.03%” (465 nm) 2023 310
Ni/TiO, 400 300 W Xe lamp N,, H, 0.2 — — 2021 311
K/Ru/TiO,_,H, 360 300 W Xe lamp N,, H, 0.1 — — 2018 312
TiO, ,H,/Fe 495 Xe lamp (102 Sun) N,, H, — 3.9 x 107* — 2019 39

“ Photocatalytic activity determined from experimental data from each reference. ” Apparent quantum efficiency. ¢ Photonic efficiency. ¢ Value

obtained under 6 bar pressure.

synthesis of NH; in a single-compartment reactor in 1968,
several reaction systems, electrolytes and reaction parameters
have been investigated to implement the (photo)electrochem-
ical synthesis of NH; under mild conditions. A traditional
configuration for PEC-NRR consists on a photocathode
(catalyst), an anode or photoanode (tandem cell) acting as
counter electrode, an electrolyte, and a nitrogen gas feeding.
The cathodic chamber is filled with water vapor-saturated
nitrogen to eliminate the kinetic limitations imposed by the
low N, solubility and its low diffusion rate in aqueous solu-
tions. Typically, (photo)electrochemical cells can be divided
into single-chamber (Fig. 13d) and dual-chamber cells (H-type
cell) (Fig. 13e and f). The first reported electrochemical reactors
used single-chamber cells together with solid electrolytes (e.g.
solid oxides with good proton or ion conductivity) under H,
atmosphere, and operated at high temperature and ambient
pressure.>®°

In non-solid single-PEC cell systems, both oxidation and
reduction reactions take place in the same cell. As a result, re-
oxidation of NH; products on the anode is likely to be detri-
mental to the NH; performance. Therefore, as in other PEC
reactions, separating the cathode and anode into two divided
chambers is an effective way to correct these deficiencies and
increase the NRR performance. This type of reactor is known as
double-chamber cell or H-cell in the literature. Generally, H-
cells are in the form of consist on an H-shaped apparatus
separated by a proton exchange membrane (PEM) or an anion
exchange membrane (AEM). During the electrochemical reac-
tion, the protons or hydroxide ions produced at the anode move
through the membrane to the cathode to participate in the NRR
under mild catalytic conditions. On the other hand, most of the
NH; produced (NH," in aqueous solutions) cannot cross these
membranes, thus avoiding the re-oxidation and the loss of
efficiency of single-chamber cells. That is why it is essential to
select suitable membranes that minimize the NH;/NH," cross-
over, allowing the total concentration of NH; in both chambers’
electrolytes, as a portion of the products can be still transferred
through the membrane to the anodic chamber. Furthermore,
this anti-crossing effect allows the use of two different electro-
lytes. This additional degree of freedom can lead to even more
optimized reaction conditions by electrolytes combinations.

1358 | Chem. Soc. Rev., 2024, 53, 11334-11389

For instance, Kim et al>°' reported a bio-electrolyte system
using LiCl/ethylenediamine (EDA) as catholyte and H,SO,
solution as anolyte. Regarding membranes, they have a funda-
mental role in the performance of such cells. The most com-
monly used cation exchange membrane (CEM) so far in H-cell
testing is Nafion 212, which leads to a significant NH," cross-
over, limiting its suitability. Alternative membranes have been
examined, including AEM and porous polypropylene (PP) mem-
branes; the AEMs showed minimal NH," crossing, while the PP
porous membrane exhibited high NH," crossing. The AEM
PiperION-A80 is particularly promising as it shows negligible
NH," crossover in acidic and neutral electrolytes, making it
suitable for experiments with H-cell electrolyzers, generating
NH; under these conditions. However, it is permeable to NH;
in basic electrolytes (pH 13), thus restricting its selective suit-
ability depending on the electrolyte environment.**>

5.4. Photothermocatalytic-NRR

The photothermal NRR route is based on the synergistic
combination of the photo- and thermo-chemical contributions
of sunlight (i.e. light and heat). This approach allows for a more
effective harvesting of the solar spectrum through the potential
absorption of photons in the UV-visible-infrared range.??*%*
Light absorption at catalytic active sites (i.e. absorber) causes an
increase of the local temperature at the nanoscale, which has
the potential to render higher reaction rates. The local heating
of the absorber can be maximized by using supports with low
thermal conductivity (e.g. strontium titanate, silicon, etc.), due
to their slower heat dissipation losses.?*> This section sum-
marizes the most relevant advances on the photothermocata-
Iytic N, reduction to ammonia (Table 3), covering active
catalysts and reactor configurations.

5.4.1. Active materials and surface reactivity. In 2018,
Zhang and co-workers®'? reported the synthesis of solar ammo-
nia from N, and H, using a K/Ru/TiO,_,H, catalyst, using
sunlight as the only energy input and without the need of
external heating (a 300 W Xe lamp was adjusted to maintain the
reactor at 360 °C). The catalyst consisted on a disordered
TiO,_,H, electron-rich support with abundant OVs, modified
with K-promoted Ru nanocrystals with localized surface plas-
mon resonance (LSPR) effect. This system was able to absorb

This journal is © The Royal Society of Chemistry 2024
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UV-vis-NIR radiation and generate local hot spots (~190 °C) on
Ru. As a result, K/Ru/TiO,_,H, delivered a NH; generation rate
of 112.6 pmol h™* g~ " under atmospheric pressure, which was
about twice than that obtained in thermal catalysis at the same
temperature without solar light irradiation. Interestingly, the
activity of K/Ru/TiO,_,H, lasted longer under photothermal
conditions than under thermal catalysis (ca. around 7 and 4 h,
respectively), and it could be recovered by switching off the
light after 7 h, in contrast to thermal catalysis in which
deactivation did not revert. The authors explained the high
reactivity of K/Ru/TiO, ,H, in terms of a more efficient N,
activation by Ru NPs mediated by the electron-rich TiO,_,H,
support. In brief, the interfacial TiO,_,H, donates electrons to
Ru NPs and accepts H atoms from Ru, avoiding H, poisoning

This journal is © The Royal Society of Chemistry 2024

on the metal. Then, N, activation proceeds due to the electron
donation of TiO, ,H, to activated N,, forming Ti-NH, (x = 1-3)
species even at room temperature.

In 2019, Li et al®"” reported a photothermal plasmonic
system based on a cesium-promoted ruthenium NPs supported
on magnesium oxide (Ru-Cs/MgO). The authors found that the
creation of light-induced controlled thermal gradients in an
illuminated packed catalyst bed, by photothermal effect,
improved NH; reaction rates without external heating and
working under atmospheric pressure. They demonstrated that
photothermal heating created a negative thermal gradient in
the catalyst bed, in which a hot top region accelerated nitrogen
cleavage, while generated NH; was moved to the cold bottom
region of the catalyst bed due to thermophoretic forces, thus
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preventing NH; decomposition (Fig. 14a). The authors defined
an equivalent catalyst temperature assuming the formation of a
linear temperature gradient from the top to the bottom of the
isothermal catalyst bed. They obtained a NH; reaction rate of
858 umol h™" ¢~' under concentrated blue LED illumination
(455 nm, 4.7 W cm™?) as sole energy source at an equivalent
catalyst temperature of 261 °C. They obtained a NH; production
of 1.5 mmol h™* g~ * under dark thermal conditions (333 °C by
supplying external heating), while the production rate
increased up to 4.5 mmol h™' g~ by combining LED illumina-
tion and external heating, due to the creation of a strong
negative thermal gradient. Mao et al.* also explored a dual-
temperature-zone ammonia synthesis, using TiO,_,H,/Fe
nanocomposites upon solar illumination (10.2 W em™?). The
authors spatially separated a local hot zone (Fe) to dissociate N,
via photogenerated hot electrons, and a local cold zone
(TiO,_,H,) for hydrogenation of spilled-over N from Fe. The
plasmonic local heating effect of Fe raised the catalyst surface
temperature up to 495 °C, with a local temperature gradient of
137 °C between hot and cold zones. Under these conditions, the
authors reported Ngry values of 3.9 x 107%% and 9.2 x 10 %
at 1 atm and 10 atm, respectively.

Zheng et al.>*® prepared a Fe-MoS, catalyst mimicking the
FeMoCo structure by locating Fe on a single molecular layer of
MoS,. These authors achieved an ammonia production rate of
2.1 mmol h™" g with water and UV illumination (70 W
tungsten lamp), reaching a remarkable STA of 0.24% at
270 °C. They observed an increase in ammonia selectivity
at 180 °C, whereas it dramatically decreased at temperatures
over 250 °C due to the competition with the HER. Further, Fe-
MoS, was tested in a solar furnace to mimic the solar illumina-
tion, reaching reaction rates of 17 mmol h™' g~' at 6 bar
(Fig. 14b).

In 2022, Wang et al.*>'! reported the photothermal hydro-
genation of N, over Ni/TiO, catalysts, achieving a NH; produc-
tion rate of 0.2 mmol h™* g™ ' at 400 °C and under illumination
with a 300 W solar simulator. The authors found that the
oxygen vacancies on TiO, photocatalytically activated N, and
trapped photoelectrons, while Ni atoms thermocatalytically
dissociated H, and hosted the holes, finally resulting in the
photothermal N, hydrogenation to ammonia. Recently, Peng
et al.>® reported the hydrogenation of N, to NH; under visible-
NIR illumination using Cs-decorated strontium titanate-
supported Ru nanoparticles. They achieved 3345 pumol h™"
g " at 350 °C and near 1 Sun power illumination, with a slight
decay of activity during a continuous 120 h reaction. They
found that NIR illumination was more efficient than visible-
light wavelengths to activate N,, due to a greater generation of
hot electrons and local heating at Ru NPs. In contrast, UV light
did not contribute to NH; production. Besides, they inferred
that the partially reduced Cs promoter transferred electrons to
Ru sites, contributing to the formation of oxy-azide-related
species that were sequentially hydrogenated to NH;. Very
recently, these authors reported a N, hydrogenation catalyst
based on highly dispersed Cs-decorated Ru sub-nanometric
clusters (ratio Ru/Cs = 6) supported on ZrO, NPs (Fig. 14c).>*®
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This material achieved 1.6 mmolyy, h™" g~ in the dark
(350 °C, 0.1 MPa), which increased up to 5.1 mmol h™* g*
under 1 sun power illumination with a remarkable extended
stability for 100 h irradiation under continuous flow. They
found the role of Cs species in increasing the basicity of the
ZrO, support, and donating electron density to the adjacent Ru
sites that favored a pre-activation of the adsorbed N,. Also in
the last year, Bian et al.>*® published a strategy for determining
the actual reaction temperature in photothermal catalysts,
identifying and independently quantifying the contributions
of hot electrons and local heating effects on photothermal
catalysis on the basis of Le Chatelier’s principle. They studied
the photothermal ammonia synthesis over a carbon-supported
Ru catalyst, in which they found that hot electrons generated by
Ru reduced the activation energy of N, fixation with respect to
thermal catalysis (54.9 vs. 126.0 kjmol '), and simultaneously
protected the carbon support from methanation. This effect
provided the catalyst with high stability during an operation
time of 1000 h, while under thermal conditions the material
deactivated before 150 h on stream. They estimated a hot
electron contribution of 73.6% under their experimental con-
ditions (350 °C, 5.3 W cm™?).

5.4.2. Reactor engineering. In general, photothermocataly-
tic NRR tests are conducted in gas-phase reactors, frequently
fixed bed reactors, which may operate either continuously or in
batch mode. The most common configurations are reactors
equipped with quartz windows for illumination,**® fixed-bed
tubular reactors,*'" solar furnaces without any electrical heat-
ing system,**® or other specific configurations for the creation
of thermal gradients inside the catalyst bed.*®” The catalyst is
usually immobilized on fixed supports (e.g. quartz or glass fibre
filters), or it can be loaded into the catalyst bed as powder,
pellets or spheres. The temperature of the catalyst is usually
monitored with thermocouples or thermometers.*'°*'* Experi-
ments are conducted under a constant gas flow, with molar or
volumetric H,: N, ratio of 70%:30% or a mixture of N, and
H,O0, at a mildly elevated temperature (<450 °C).

In photothermal reactors, heat can be generated via (i) light
irradiation, (ii) external heating or (iii) coupling both illumina-
tion and external heating. (i) In the absence of external heating,
thermal energy is generated by the conversion of incident
photons to heat (phonons) over the catalyst surface. In this
case, heat generated from light can completely replace the
external heating source or reduce the temperature required
for the reaction.** In general, the heating effect provided by a
light source may vary from 110-160 °C depending on different
factors, such as the type of light source, light intensity, or
distance to the catalyst surface.>'® (ii) In contrast, heat can be
supplied externally by using electrical furnaces, heating rib-
bons and heating plates. External heating is usually employed
either when the catalyst cannot generate enough heat by light
absorption, or to provide a constant heating for the progression
of the chemical reaction. However, in this case, NRR reaction
may proceed mostly via thermal catalysis and therefore, the
process should be referred as “photo-assisted”.”"® Lastly, the
outlet product stream is generally directed to acid traps (e.g

This journal is © The Royal Society of Chemistry 2024
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0.05 M H,SO,4, 0.1 M HCI) for subsequent analysis by colori-
metry or ionic chromatography.

6. NRR analysis

6.1. Detection methods

Ammonia is a small, polar molecule with basic character (i.e. it
accepts protons from water) and a high solubility in aqueous
phase (482 g L™" at 24 °C),**'* compared to the gases that can
be found in the reaction media (e.g. N,, O, and H,), which are
less soluble (specially H,) and easily determined by gas chro-
matography (GC).>* In contrast, ammonia quantification is
usually performed in aqueous solution by different techniques.
In liquid phase, ammonia can exist as ammonium ion (NH,")
or un-ionized ammonia (NH;) depending on the pH and the
temperature of the reaction media. In general, the fraction of
NH; increases as the pH or temperature of the solution
increases, and the equilibrium fully shifts to gas-phase ammo-
nia for pH higher than 11 (eqn (2), Section 2).*>*” Therefore,
alkaline aqueous solutions may contain gaseous ammonia both
in the head space and in the liquid phase as dissolved gas. This
complicates the storage of the samples for quantitative analy-
sis, which is preferred to be done immediately after sampling.”
The current methods for the detection and quantification of
ammonia include colorimetric assays, ion chromatography
(IC), fluorescence, ion-selective electrodes, >N-labeled N,, 'H
nuclear magnetic resonance ("H NMR) spectroscopy, and
Fourier-transform infrared spectroscopy.®**'

At a glance, colorimetric assays are the most commonly
employed methods due to their low cost and easy
application.® However, the method should be carefully chosen
depending on the particular reaction conditions. For instance,
Nessler’s reagent method works well in both alkaline and acidic
solutions, the indophenol blue method is suitable in alkaline
media, whereas IC works best with acidic solutions. Besides,
certain sacrificial agents are not compatible with the cation
chromatography columns, which can limit the application of
IC.>' Experimental data also reveal that Nessler's reagent
method and IC are preferred for aqueous ammonia quantifica-
tion over a wide concentration range (0-8 mg L"), whereas the

2 @o'+ NHz + 3 CIO

indophenol blue method may overestimate the ammonia con-
centrations above 500 pg L~ '.*'® Further details for each
method are given in the following subsections.

6.1.1. Spectrophotometric methods

6.1.1.1. Nessler’s reagent method. Nessler’s reagent consists
of mercury(u) iodide and potassium iodide (K,Hgl,) and an
alkaline solution of sodium hydroxide (NaOH) or potassium
hydroxide (KOH). Iodide and mercury ions react with ammonia
under alkaline conditions to produce a reddish-brown complex,
which exhibits strong absorbance at 420 nm (eqn (8)).

Catalyst

——
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2[HgL,]*~ + NH; + 30H — Hg,0ONH,I| + 71" + 2H,0

(8)

This absorbance is directly proportional to the NH," concen-
tration in the absence of interferants, such as metal cations
(except sodium and potassium), hydrazine, carbonyl com-
pounds, etc.>*'® The high alkalinity of the Nessler’s reagent
can cause the precipitation of metal hydroxides, creating tur-
bidity that interferes with colorimetric analyses. Zinc sulfate
and sodium hydroxide solutions can be added to clarify turbid
samples.?* Besides, Rochelle salt (KNaC,H,Os x 4H,0) is often
added during the analysis to minimize possible interferences
from other ions (Fe**, Co®", Ni**, Cr’", Ag*, $*>7, etc.) in solution
and to prevent the formation of cloudy samples.**'®* Ammonia
is quantified colorimetrically at wavelengths between 380 and
550 nm.

It should be noted that mercury ions in Nessler’s reagent are
toxic and thus the reagent should be handled and disposed
carefully; Nessler’s reagent solution must be prepared using
ultrapure water; the lifetime of Nessler’s reagent is relatively
short (around three weeks); the quantification of NH; should
be performed with a reaction time from 10 to 30 min to avoid
degradation and erroneous results.'®

6.1.1.2. Indophenol blue method. The indophenol blue
method is based on the Berthelot reaction (eqn (13)), and
involves the reaction of ammonia with phenol and hypochlorite
under alkaline conditions to generate a blue-colored indophe-
nol product. Blue colored indophenol is formed from the
reaction of ammonia with hypochlorite and phenol in an alka-
line medium, following consecutive steps. First, ammonia and
hypochlorite react at pH 9.7-11.5 to give monochloramine,
which then reacts with phenol to give quinone chloramine that
further reacts with phenol to form yellow indophenol. Then,
the indophenol dissociates in an alkaline medium to give the
blue color (eqn (9)). Sodium nitroprusside is used as a catalyst
to intensify the color change in indophenol reaction, and
citrate buffer is used to stabilize the pH of the reaction solution
and avoid interferences with magnesium and calcium precipi-
tates. Indophenol can be quantitatively determined by colori-
metry between 630 and 650 nm.?*31:31¢

@—N{/\:O +2H,0+0OH +3CI” (9)

This method is suitable for the detection of low-concen-
tration ammonia ranging from 0-0.6 mg NH3;-N L', and
slightly interfered by other species such as organic nitrogen
compounds, nitrites or nitrates. Its major drawback is the time-
consuming sample preparation.*>*”*'”

6.1.1.3. Salicylate method. This is a modification of the
indophenol blue method in which phenol is substituted for
sodium salicylate to prevent the formation of o-chlorophenol.
Therefore, this method is much safer and more stable than the
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indophenol blue method. However, it is less sensitive, needing
much higher concentration of salicylate for ammonia detec-
tion, and reagents are more expensive. In this method ammo-
nia and hypochlorite react to give monochloramine, which
forms 5-aminosalicylate with salicylate (eqn (10)). This method
gives colors changing from light yellow (excess reagent) to
green and then to blue with increasing ammonia concen-
tration. Colorimetric quantification is performed at 640 nm.?>
Some metal ions (e.g. Cu®") can interfere with the analysis,
although it can be solved using masking agents.'®

QOH +NHj + ClIO" — NHZQOH +H,0 +Cr

COOr COO-

(10)

6.1.2. Ion chromatography. An ion chromatograph (IC)
separates ions and polar molecules (mobile phase) based on
their affinity to the ion exchanger (stationary phase). Then, ions
are detected by a conductivity detector at concentrations ran-
ging from 100 ppb to 80 ppm.**>*'® This method is timing
saving, and offers good reproducibility and high sensitivity for
NH," detection covering a wide detection range (0.02-40 mg
NH;-N L), Besides, it possesses multiply detector choices
(simultaneous detection of multiple components and cations/
anions), although it is expensive and requires complex instru-
mentation. Columns and eluents need to be carefully selected
to avoid possible interferences, such as the overlapping of
NH," and Na' peaks. Besides, reaction solutions with a
strongly acidic/basic character or containing certain organic
solvents may be incompatible with the ion exchange
Columns.31’116’316'317

6.1.3.
(ISE) is a sensor that converts the activity of a specific ion
dissolved in solution into an electrical potential."*® Dissolved
ammonia in aqueous solutions (NHj(g) can be determined
using two types of ISE: ammonia gas-sensing electrodes and
ammonium ion-selective electrodes. The ammonia gas-sensing
electrode consists on a hydrophobic gas-permeable membrane,
an internal reference electrode (e.g. aqueous solution of ammo-
nium chloride), and a pH-sensing electrode. For the analysis,
the pH of the sample is raised to above 11 with a strong base to
convert ammonium ions to dissolved ammonia gas. Then, NH;
diffuses through the membrane changing the pH of the inter-
nal solution, which is monitored by the pH electrode and
correlated with the concentration of ammonia in the sample
solution.?***® This method may not be accurate and stable
enough for low ammonia concentrations, and sometimes
requires to concentrate the solution sample. In contrast,
ammonium ion-selective electrodes have a poly(vinyl chloride)
(PVC) membrane with an ammonium ion carrier. For the
analysis, NHj; is converted to NH," through acidification. Then,
the electrode potential created across the membrane is mea-
sured against an internal reference electrode, and correlated
with the concentration of free NH," in the solution.?? Ammo-
nium ion-selective electrodes are a rapid method for the detec-
tion of ammonia ranging from 0.03-1400 mg NH;-N L™, but it

Ion-selective electrodes. An ion-selective electrode
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has a limited accuracy for concentrations lower than 0.5 mg
NH;-N L7137 In both cases, measurements errors can occur in
the presence of high concentration of dissolved ions, especially
K" for ammonium ion-selective electrodes.?*'®

6.1.4. Other methods. 'H nuclear magnetic resonance
(*H NMR) spectroscopy, >N-labeled N,, fluorescence, and Four-
ier-transform infrared spectroscopy (FTIR) have also been used
to detect ammonia. Catalytic tests using '°N-labeled N, as
feedstock followed by "H NMR analysis can provide a direct
evidence of the real origin of ammonia. When using "°N, as the
feeding gas, generated ammonia can only be identified as
“NH,". '"H NMR spectra can further confirm the formation of
'NH," based on the different chemical shift of triplet coupling
of N and doublet coupling of *>N.**® However, it is important
to note that '°N, is commonly produced from '°N-labeled
ammonia, and therefore it can contain impurities from the
manufacturer. To eliminate this interference, N, gas should
pass through reactive scrubbing solutions before use. "H NMR
allows for faster sample preparation, but also requires expen-
sive spectrometers to get enough sensitivity levels. Adding
1 mM paramagnetic Gd*>* relaxation agent to the NMR solution
can reduce by an order of magnitude the analysis time required
for quantification, although concentrations above 17 uM NH,"
should be reached for an accurate quantitative analysis.*’

Ammonia can also be detected by fluorescence. This method
is based on the reaction of NH; with o-phthaldialdehyde and
sulfite, which produces a strongly fluorescent compound that
exhibits maximum excitation and emission wavelengths at
362.5 and 423.0 nm, respectively. This fluorescence is then
correlated to the concentration of ammonia in sample solu-
tions, reaching a detection limit up to 1 nmol L™ '. Measure-
ment interferences can arise from amines and amino acids in
the sample solution.>” On the other hand, in situ FTIR provides
useful information about changes in the IR bands during the
NRR, such as -H-N-H bending, -NH, wagging and N-N
stretching of adsorbed N,H,, species.?*"*®

Apart from ammonia, we also note that the product dis-
tribution in N, fixation can include oxidation products such as
NO,, most frequently nitrates, or partial hydrogenated inter-
mediates such as diazene (N,H,) and hydrazine (N,H,). Dia-
zene is a highly reactive molecule that has never been
spectroscopically detected in solution due to its rapid conver-
sion to N,H, or disproportionation to N,.>” In contrast, hydra-
zine is a common by-product that can be determined by the
method invented by Watt and Chrisp.*?° Briefly, a mixture of
para-(dimethylamino)benzaldehyde, dilute hydrochloric acid
and ethanol is used as colour reagent in solutions containing
hydrazine, which can be spectrophotometrically detected at
455 nm.

In the case of the analysis of oxidation products, NO, (NO,~
and NO; ™) can be determined by gas or ionic chromatography,
although they are rarely reported as by-products in N,
fixation.>®321322 Additional NO, detection methods include
the reduction of nitrate by the cadmium reduction method,
which is based on the heterogeneous reduction of NO;™
with a copperized cadmium column followed by the

This journal is © The Royal Society of Chemistry 2024
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spectrophotometric detection of NO,~ formed.*** Besides, the
formation of nitrites can be analyzed by the Griess assay*** in
which nitrite reacts with sufanilic acid to produce a red-violet
colored azo dye (Amax & 540 nm). This is a simple and effective
technique for the detection of nitrites in several matrices for
concentrations in the range of 0.02 and 2 uM.***> An addition-
ally recent spectrophotometric method for nitrite detection is
based on the reduction of nitrates with UV lamps, which avoids

the use of cadmium.>*®

6.2. Performance evaluation

The activity of NRR catalysts can be determined by means of: (i)
production rate; (ii) catalyst stability; and (iii) performance
metrics (e.g. apparent quantum yield (AQY), faradaic efficiency,
solar to ammonia yield).

The ammonia production rate represents the amount of
ammonia (mol of NH; or NH,") produced per unit mass/area of
catalyst per unit time, and it is intended to monitor the
effectiveness of the catalysts. It can be expressed as pmol h™"
g~ for gas- and liquid-phase reactions, uM h™~" for liquid-phase
reactions, and pmol h™* em ™2 for (photo)electrochemical cells.

The apparent quantum yield (AQY) or apparent quantum
efficiency (AQE) represents the ratio between the number of
electrons participating in the NRR to the total number of
incident photons (eqn (11)).

number of reacted electrons

AQY or AQE =
QY or AQE (%) number of incident photons

__ generated ammonia molecules x n
~ number of incident photons (mol)

(11)

where 7 refers to reacted electrons to form NH; and NH," (i.e.
n =3 and 6, respectively).

The AQY/AQE should be adopted as a generalized reported
parameter to allow the comparison of data acquired under
different experimental conditions, such as light source, catalyst
loading, reaction time, and illumination area. In general, most
materials present low photons to ammonia conversion efficien-
cies, showing AQY lower than 2.5%,"> except for a KOH-treated
carbon nitride with an outstanding AQE of 21.5%.>*°

The faradaic efficiency (g, %) measures the selectivity of the
(photo)electrochemical NH; production, and refers to the ratio
of the current used for N, reduction to the total current passed
through the circuit (eqn (12)).

e (%) = (xF x n x V)/(M x Q) (12)
where x is the number of electrons needed for the formation of
NH; (x = 3); F is the Faraday constant (F = 96 485 C mol ™ *); n is
the measured concentration of NH; or NH," (ug mL™"); Vis the
volume of the electrolyte (mL); M is the relative molecular mass
of NH; (M = 17 ¢ mol '); and Q is the total charge passed
through the electrodes.****”
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The solar-to-ammonia (STA) conversion efficiency is calcu-
lated from eqn (13):

AGnp, (J mol™") x NH3 formed (mol)

total incident energy (W) X reaction time (s)
x 100

STA (%) =

(13)

where AGyp, is the reaction free energy for NH; formation
(AGni, = 339 kJ mol ™ '); the total incident energy is calculated
from the overall irradiance (W m ?) and the irradiation area
(m?).

STA efficiencies higher than 0.1% have been reported for
graphitic carbon nitride catalysts®*® and ZnCulnS-BiOI
heterojunctions®** without the use of sacrificial agents, while
higher STA of 0.24% has been achieved using a photothermal
catalyst (Fe-MoS,) working at 270 °C.>°° Substantial room for
improvement exists in order to progress in NRR, which eftfi-
ciencies are still one order of magnitude lower than that of the
photocatalytic water splitting.'> In this regard, estimations
foresee that STA higher than 0.1% need to be reached to
compete with Haber-Bosch process for the production of
ammonia as a nitrogen fertilizer, whereas STA higher than
20% would be needed for its potential application as a fuel.**

The STA efficiency of the (photo)electrochemical processes is
not directly measured but can be estimated based on the
electrical energy conversion efficiency®*® (eqn (14)):

AGNH3 X AI/[F y

EE =
C (%) Uspp X F X 11

100 (14)
where yy is the faradaic efficiency, U,p, is the applied voltage, F
is Faraday’s constant, and n. is the number of electrons in the

reaction.

6.3. Control experiments and interferences

For the evaluation of the NRR performance, one should bear in
mind that previous quantification methods are prone to inter-
ferences and false-positives at low ammonia yields, which is the
case of most reported photoactivities (ranging from nano- to
micromolar concentrations). On the one hand, colorimetric
methods provide in theory reliable results for simple solutions
of ammonia in water.?'® However, certain reaction conditions
(e.g. changes in solution pH) or the presence of interferants (e.g.
scavengers, N-containing electrolytes and surface capping
agents, solvents, impurity of water, N-ligands) may overesti-
mate the concentration of ammonia due to the formation of
colored complexes in the spectrophotometric assays.>*'° In
particular, Nessler’s reagent method may lead to false-positives
in aqueous solutions containing organic scavengers (e.g
methanol, ethanol, isopropanol, triethanolamine, etc.) due to
the formation of oxidized carbonyl compounds (formaldehyde,
acetaldehyde, and acetone) that severely affect the color devel-
opment. The presence of some metal ions (Fe*", Ni**, Ru*",
In*") in acidic solutions can also interfere with ammonia
detection due to the formation of colored complexes. Addi-
tional interferences may arise from nanoparticulated precipi-
tates formed in old Nessler solutions.
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Further inconsistencies may arise when using certain cap-
ping agents (e.g. oleyl amine, thioacetamide, hexamethylenete-
tramine) because they easily decompose into ammonia and
other products under light irradiation. Nafion, frequently used
in N, (photo)electroreduction experiments (as separating
membrane or electrolyte), may accumulate and release NH,"
through ion exchange with acid groups. N-containing
photo(electro)catalysts are also susceptible to decomposition
or contain potential ammonia or amine surface groups (e.g
NH, species on the surface of g-C3N,) that may lead to inaccu-
rate ammonia yields. Accordingly, a thorough washing step
with ultrapure water is critical to guarantee the removal of
ammonia or amine groups adsorbed on the catalyst surface.**
In this regard, control experiments using isotope-labelled *°N,
are essential for N-containing materials, in order to verify that
ammonia yields originate from gaseous N,.>'**° However, we
should note that isotope-labelled '°N, gas usually contains
ammonia and '’NO, impurities that may lead to experimental
artefacts at low ammonia yields.*'® These impurities are gen-
erated as by-products during the fabrication of "°N, via the
CuO-catalyzed oxidation of "’NH;, and can reach '°NO, con-
centrations as high as 0.1 mol% with respect to “N,.**"
Andersen et al.**° estimated that bubbling >N, gas with a
purity of 99.13% for 28 h at a rate of 10 mL min~" would
potentially generate 3600 pg h™" of N-containing impurities,
thus overestimating the final ammonia yield. This adventitious
contamination in the gas stream can be trapped using acidic
aqueous solutions or appropriate adsorbents (see good prac-
tices in Section 6.3.1).>'® Additional interferences may arise
during the sample preparation and handling due to the ubi-
quitous character of ammonia. Indeed, NH; is highly soluble in
water and easily adsorbs on a wide range of surfaces, including
common laboratory materials (e.g. glassware).>’* This can
potentially overestimate the quantification and compromise a
reproducible analysis. Another source of contamination may
come from ambient air, which contains a non-negligible
amount of ammonia (ranging from 0.05-250 ppm), which can
affect unclosed reaction systems.*'® In fact, gaseous ammonia
has a short ambient lifetime of 12 h to 5 days because of its
rapid deposition on surfaces, whereas aerosolized ammonium
can last in the atmosphere up to 5-10 days. Therefore, gaseous
ammonia always provides a background level of contamination
either from gas phase dissolution in open reaction systems or
solid surface desorption.*’* An additional contamination may
originate from the electrolytes in (photo)electrochemical
experiments. Commercial electrolytes such as lithium salts
(e.g. Li,COj, Li,SO,, LiClO,4) generally contain trace amounts
of NO;~ and NO,~ that can lead to false positives.*® As a general
rule, inorganic salts should be subjected to a high-temperature
annealing (e.g. 800 °C for 4 h under Ar atmosphere®**) before
use to eliminate possible NO, impurities.

6.3.1. Good practices in NRR experiments. The wide range
of possible interferants in NRR experiments highlights the
need to verify the formation of ammonia with a double-
checked quantification, control tests, and thorough lab prac-
tices. Before starting the experiments, the feed-gas should be
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purified to eliminate any possible N-contamination (e.g. ubi-
quitous NO,, N,O and NHj3). This can be done by using (i)
commercial gas purifiers, (ii) appropriate adsorbents (e.g
reduced copper catalyst and a freeze trap), or (iii) reactive
scrubbing solutions.'®?"® Acidic solutions (e.g. 0.05 M
H,S0,) are effective for ammonia removal in the inlet gases,
before entering the reactor, but do not trap NO, species. In
contrast, alkaline KMnO, solutions can also eliminate NO, in
the gas streams, and are thus a more effective scrubber
option.**® Then, the purity of the feeding gas (Ar, ™*N,, "°N,)
should be quantitatively checked by gas chromatography or
NO, analyzers, equipped with a gas separation column to avoid
interferences in the NO, signals by the presence of
hydrocarbons.**' At the outlet of gas-phase reaction systems,
acid traps can be used to absorb ammonia (as NH,") even at low
concentrations. However, we note that the use of strong acid
solutions could lead to the degradation of the Nessler reagent
during colorimetric analysis.

On the other hand, N-impurities on the catalyst surface
(NO,, NH,") can be removed by pre-reduction of the materials
before experiments.'®® The reaction system should be cleaned
between uses by boiling in ultra-pure water and subsequent
drying in oven.'® The use of catalysts precursors that contain
nitrogen (e.g. urea, amino compounds or nitrate/nitrite salts)
usually lead to residual N contents that can lead to the
formation of ammonia under illumination or reductive
conditions.’** Some active catalysts, especially those based in
amino and nitride groups, present nitrogen in its composition,
making necessary to determine the nitrogen balance, by com-
paring the N produced in reaction and the N content from the
catalyst (e.g. by elemental analysis). A especial care should be
taken with some synthesis methods that can promote the
incorporation of N species on the catalyst surface,*** and which
can react giving false positives.

Then, catalytic experiments should start with background
measurements of NH;/NH," and NO, in control tests. For
instance, experiments under inert atmosphere (e.g. Argon/
Helium) should be carried out under the same experimental
conditions as the NRR tests, in order to quantify any possible
amounts of adventitious ammonia or NO, coming from the
catalyst surface or the reaction system. Photoelectrocatalytic
experiments would require control tests under argon, with and
without potential applied, and control tests under N, at open
circuit potential over the same duration. In all cases, ammonia
yields should be considered reliable if substantially exceed
those obtained in control tests.*>?3%?3

Detection of N-contamination should be addressed with
improved gas-scrubbing or through appropriate catalyst pre-
treatment. Ammonia production should be confirmed by more
than one quantification technique, always including precise
detection methods such as IC or "H NMR. In this regard, a
recent comparative study®'®> on ammonia quantification meth-
odologies found that almost all testing methods showed poor
reproducible results for ammonia concentrations below
0.2 ppm. Indeed, they found detection errors of 20.5% with
Nessler’s reagent method and 71.2% with IC for the analysis of
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a standard NH; solution (0.1 ppm), thus raising strong con-
cerns about the reliable quantification of low ammonia con-
centrations. Therefore, the use of "N isotopically labeled
control experiments is highly recommended to verify the origin
of products and exclude false-positives. The amount of >NH;
produced in the experiments should agree with the amount of
™NH; produced in the control tests with *N, under equivalent
conditions, keeping a 1:1 ratio.*** Moreover, the formation of
'SNH; can be further cross-checked by using a combination of
N, and 'H NMR experiments. However, we note that this
approach requires a complete protonation of ammonia in order
to observe a clear ammonium triplet for **N, and doublet for
15N,, which is not always well controlled. Besides, one should
bear in mind that ammonium protons rapidly exchange in
reaction solution, and consequently, "H NMR measurements
can suffer from interferences if the deuterated solvent contains
any labile deuterium, thus leading to uncontrolled levels of
hydrogen/deuterium exchange. For that reason, the use of more
stable solvents such as DMSO-d6 and CDClj is preferred.®*!

6.4. Proposed standardization of experimental devices and
parameters

NRR field is growing rapidly, as reflected by the increasing
number of publications of the different NRR technologies every
year (Fig. 1). However, reported ammonia productions are
strongly affected by false positives and experimental artifacts
that overestimate the catalyst performance. The reason behind
these issues is the lack of standards for benchmarking perfor-
mance. A general agreement on standardized protocols and
performance metrics would greatly facilitate the comparison of
reported data, essential to progress on the development of this
technology. In fact, the creation of a global network of research
institutions sharing NRR testing could facilitate the develop-
ment of meaningful techno-economic life cycle analysis (LCA)
and socio-economic studies, which are crucial for profitability
analyses. Besides, considering the growing rate of this research
field, the prompt adoption of a common set of operating
conditions would avoid to reach a high volume of overesti-
mated and non-comparable data, as happened before for CO,
reduction reaction.**® Reference NRR experiments could be
performed using the agreed set of operation conditions and
commercial catalysts for a reliable global comparison. These
experiments also call for benchmark reactors, due to the
common use of home-made lab-scale reactors that limit a rapid
and accurate comparison of experimental results. Finally,
reported data should always include efficiency metrics (such
as AQY, STA efficiency and/or faradaic efficiency) to guarantee
reproducibility and to pursue good practices for a real devel-
opment of the technology. Standardization of experimental
procedures and performance metrics could be in line with
the successful qualification test protocols for photovoltaics
pioneered at the National Renewable Energy Laboratory
(NREL). This would clearly impact on a high data reliability
for technology transfer, hopefully paving the way to the devel-
opment of NRR demonstrators, pilot plants and ultimately
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solar ammonia refineries. Fig. 15 depicts a flow chart protocol
with the abovementioned suggested experimental practices.

7. Uses of ammonia and future
opportunities

7.1. Versatile properties of ammonia for wide-range
applications

Ammonia is a colourless gas with a sharp and penetrating
odour. The NH; molecule has a trigonal pyramidal shape with
three hydrogen atoms and an unshared pair of electrons
attached to the nitrogen atom. It is a polar molecule with
strong intermolecular hydrogen bonding. Its boiling point is
239.8 K, its freezing point 195.5 K and its density 0.73 kg m ™.
Ammonia has an auto-ignition temperature of 930 K (compared
to methane, 859 K) under atmospheric conditions, an octane
number of ~130 and a high heat of vaporization (1371 kJ kg "
compared to ~271 kJ kg™' of gasoline). The combustion of
ammonia is challenging due to its low reactivity, although it
can release energy yielding only water and nitrogen as by-
products (4NH; + 30, — 2N, + 6H,0 + heat), with a stoichio-
metric air fuel ratio (AFR) of 6.06 by weight.'® Due to its low
reactivity, the hazards derived from accidental combustion or
explosions are low compared to other fuels. In this regard,
anhydrous ammonia is non-flammable while ammonia vapour
in air is flammable and may explode when ignited. In the event
of leaks, ammonia is very soluble in water and may be corrosive
due to a rapid increase in pH to 11.6. Besides, ammonia spills
generally form a dense aerosol cloud after evaporation, which
rapidly dilutes since it is lighter than air. Dry, warm and windy
weather diffuses ammonia to the atmosphere faster than
humid, cold and low wind conditions.'® For that reason, guide-
lines recommend to include a refuge point upwind from the
point of storage/use of ammonia in large scale facilities."®

Regarding health hazards, ammonia is toxic for humans and
most invertebrates. The degree of toxicity mainly depends on
the concentration and the time of exposure. However, it is not
carcinogenic and can be easily detected by odour at very low
concentrations (5-25 ppm). At low concentrations in air (50
ppm to 100 ppm), ammonia may irritate tissue surfaces such as
eyes, respiratory system and skin, while the inhalation of
higher concentrations rapidly produces suffocation and may
cause respiratory burn injuries or even death. Human exposure
limits range between 25 and 50 ppm, with severe health
consequences for concentrations above 300 ppm.'®**” Main
properties are summarized below in Table 4.

7.2. Current and potential end-uses of renewable ammonia

Nowadays, around 85% of the overall ammonia production is
destined to the fertilizer industry (i.e. urea, ammonium nitrate,
ammonium sulphate, diammonium phosphate (DAP) or dry
ammonia). Around 15% production is used as synthesis plat-
form of multitude of everyday products (chemicals, plastics,
textiles, pharmaceuticals, refrigerants, abatement of nitrogen
oxides (NO,), etc.). For instance, the textile industry uses
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Fig. 15 Suggested protocol for benchmarking light-driven NRR experiments.

ammonia for softening cotton and for the production of
synthetic fibers (such as nylon and rayon). Ammonia is also
used for the production of explosives, such as ammonium
nitrate (NH,NO;) or antibacterial drugs.**® Its unique proper-
ties and wide application (Fig. 16) explain why it is considered
one of the seven basic chemicals, alongside ethylene, propy-
lene, methanol and BTX aromatics (benzene, toluene and
xylene).>” More recently, ammonia produced from renewables
(<1%) has risen attention as an attractive candidate to replace
fossil fuels in relevant sectors such as electric power generation
and maritime transport, as well as for the storage and delivery
of hydrogen in the move towards a low-carbon economy. The
key advantage of NH; is that it contains 40% more hydrogen
(17.75 wt%) than methanol (12.6 wt%), and can be produced
from renewable hydrogen and nitrogen from air, without any
carbon-species for the synthesis.*’® Thus, ammonia has the

1366 | Chem. Soc. Rev., 2024, 53, 11334-11389

potential to be a major contributor to the clean energy transi-
tion in the context of “Power-to-X” technologies, in which
sustainable fuels are synthesized from excess power. For
instance, in countries with excess power from non-
intermittent low-carbon energy sources (e.g. nuclear), ammonia
could provide stable exports of energy to other markets; while
in countries with intermittent energy resources (e.g. renew-
ables), ammonia could store the excess generation, dealing
with the seasonal variability and balancing the energy
system.>* Besides, ammonia could offer decentralized sources
of green energy to remote locations with difficult access to
energy supply. Below are listed the most promising applica-
tions of this carbon-free energy vector.

7.2.1. Ammonia for energy storage. Seasonal fluctuations
in energy demand peaks are important in many countries and
usually addressed through conventional energy storage in fossil

This journal is © The Royal Society of Chemistry 2024
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Table 4 General properties of ammonia (data collected from ref. 337,338)
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CAS number
Physical state
Color

Odor threshold
Molar weight

PKa

Molecular structure

H-N-H bond angle

N-H length

Dipole moment

Boiling point

Melting point

Freezing point

Critical temperature

Auto-ignition temperature

Density

Vapor pressure

Thermal conductivity (gas)
Refractive index (liq)

Dielectric constant (liq)

Octane number

Heat of vaporization (at 1 bar)
Latent heat of evaporation
Dielectric constant

Ionization potential

Energy content

Ideal gas properties (298 K, 1 atm)
Specific heat (Cp)

Standard entropy

Standard enthalpy of formation
Free energy of formation
Equilibrium constant (log K)
Standard enthalpy of formation (gas at 298 K)
Standard entropy of evaporation
Standard entropy of fusion

Latent heat of fusion

Heat of solution in water
Solubility in water

Flammability limits of ammonia in air
Flammability limits of ammonia in oxygen
Auto ignition temperature

Hazard statements

7664-41-7

Liquid

Colorless

5-25 ppm

17.03 g mol "

9.25

Symmetrical pyramid, N at apex

106.67°

1.1024 A

1.47 debye

239.8 K

195 K

195.5 K

406.4 K

930 K*

0.73 kg m™

10 atm (at 298.7 K)

245 x 10 *Jem ' s K (at 299.7 K)

1.325 (at 289.5 K)
16.9 (at 298 K)
~130

1.37 MJ kg?

137k g

22 (at 239.2 K)°

10.2 eV

18.8 MJ kg~ ' (LHV)?

35.65 J K ' mol™*
192.77 ] K * mol™*
—45.89 k] mol™*
—16.37 k] mol™*
2.87

—46.22 k] mol™*
87.75J K ' mol™*
28.93 J K ' mol™
0.33 k] g*

2.18 k.] gNHE(gas)71
51-53 gnit,(gas)/100 ML
16-25%

15-79%

924 K
H221-Flammable gas

H280-Contains gas under pressure; may explode if heated

H314-Causes severe skin burns

H318-Serious eye damage irritation

H331-Toxic if inhaled

H400, H411-Very toxic to the aquatic environment with long lasting effects

¢ Compared to 859 K for methane under atmospheric conditions. * Compared to ~271 kJ kg ' for gasoline. © Compared to 81 for water at 298.2 K.

¢ Compared to 120 MJ kg~* for hydrogen.

fuels (e.g. natural gas).>*°

A long-term large-scale energy storage

interconnections over long distances are often expensive and

enables the distribution of excess energy, mitigating both
seasonal variability and unpredictable disturbances.*** This is
particularly crucial in renewable-based energy systems, in
which peak demand does not always coincide with peak renew-
able generation and therefore, a significant excess capacity is
needed to meet peak demand. Besides, clean energy resources
may not be necessarily close to demand centres, and power

This journal is © The Royal Society of Chemistry 2024

technically difficult. In this context, power generation and
consumption could potentially be connected through zero-
carbon energy storage, which includes hydrogen or carbon-
neutral hydrogen derivatives (e.g. ammonia). This approach
could be achieved in high power superconductors (storage over
extremely short periods of time, ie. seconds), batteries
(minutes-days), pumped hydroelectricity (days-months) or
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Fig. 16 Current and potential uses of ammonia. Adapted from ref. 27.

chemicals (over months) (Table 5). Among them, zero-
carbon chemical storage is the most flexible approach for
the storage of large quantities of energy over long time
periods at any location, in many cases even using the existing
infrastructure.'®***3° In contrast, other applications suffer
from important limitations such as the geological constraints
of the pumped hydro or the insufficient capacity of lithium
batteries for grid-scale energy storage.'® Even more, the cost of
chemical storage per kW h is significantly lower than that of the
most long-lasting batteries, even despite their gradually
decreasing production cost (see technoeconomic comparison
in Section 8).>*° In this context, ammonia is today viewed as the
most advantageous option to address the challenge of long-
term large-scale energy storage, providing a practical and clean
alternative to fossil fuels. To store in bulk, ammonia requires
liquefaction either by compression to 10 bar or chilling to
—33 °C, while hydrogen in comparison needs to be compressed
to around 350 to 700 bar, or cryogenically cooled to —253 °C for
large-scale storage.>* Under these conditions, ammonia has a
high volumetric (121 kgy, m™* at 10 bar) and gravimetric
(17.8 wt%) hydrogen densities, and an overall energy density
of about 3 kW h L™, which is comparable to some fossil
fuels.>****> Besides, it can be stored in cheap plastic tanks
and distributed using the conventional infrastructure such as
the current liquefied petroleum gas (LPG) network or the
existing shipping infrastructure.**

7.2.2. Ammonia for transportation. Ammonia produced
from renewables has the potential to be a viable liquid fuel
replacement for many daily applications of fossil fuels, such as
shipping bunker fuel, diesel substitute in transportation, and
even as a potential jet fuel. As a great advantage, ammonia can
be distributed similarly to fossil fuels using the existing and
well-developed shipping and pipeline transfer infrastructure.
Using NH; as a dual fuel in marine engines could lower total
greenhouse gas emissions up to 33.5% per ton kilometre.**!
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The current technology for maritime propulsion consists on
the two-stroke engine, which could be adapted to use ammonia
as a fuel, with an energy efficiency of ca. 45-50% on a lower
heating value (LHV) basis.”” MAN Energy Solutions (Research
Center Copenhagen) is currently thoroughly testing a two-
stroke engine for large-scale container ships, operating on
100% ammonia fuel by 2025.>** Moreover, the technology
group Wirtsild is leading a powerful consortium of shipping
stakeholders to develop demonstrators for two-stroke and 10
MW four-stroke marine engines running on ammonia fuel.***
Four-stroke engines for marine applications are believed to be
able to reach energy efficiencies around 50% on LHV basis.””
Further developments for maritime propulsion are also focused
on ammonia-fed solid oxide fuel cells (SOFC) with potentially
higher energy efficiency (ca. 55-60% on LHV basis).”” A few
examples of ammonia-fuelled vehicles have been achieved so
far, such as the implementation of an ammonia-fed engine in
the Toyota GT86-R Marangoni sports car led by Bigas Interna-
tional;**® or the development of an ammonia-gasoline dual fuel
prototype vehicle in the South Korean Institute for Energy
Research (KIER), which uses a fuel ratio of 70% ammonia to
30% gasoline to power a spark ignition engine.*** The applica-
tion of ammonia in internal combustion engines greatly ben-
efits from the absence of SO, or particulate emissions, and
their limited N,O/NO, emissions in comparison to heavy oils.

7.2.3. Ammonia for stationary power generation. Once
ammonia has been produced, stored and distributed, it can
be directly used for power generation or heat release with zero-
carbon footprint at its point of use. The International Renew-
able Energy Agency (IRENA) estimates that ammonia will
largely contribute to electricity generation by around 2030, by
50-60% co-firing with natural gas in gas turbines and with coal
in coalfired power plants.”” This approach represents a
potential early option to reduce CO, emissions in existing
coal-fired power plants.**® As an example, successful 20%

This journal is © The Royal Society of Chemistry 2024
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ammonia co-firing tests were achieved by JERA in a 1 GW coal-
fired power plant in 2021.>*” Further, IRENA has even foreseen
100% ammonia firing by 2040 in both baseload and peaker
plants, using gas turbines, furnaces, engines and fuel cells; and
also replace diesel in off-grid applications using fuel cells.””
Proton-conducting fuel cells (PCFCs), alkaline- (AFC) and solid
oxide- (SOFC) fuel cells can be used for power generation from
ammonia, with relatively low cost and less flammability risk
than other fuels.>** The high operating temperature of SOFC
(above 200 °C) enables the direct use of ammonia without any
pre-treatment opposite to low temperature fuel cells, such as
proton-exchange membrane- (PEMFC) and phosphoric acid-
(PAFC) fuel cells, which have poor tolerance to ammonia
(<0.1 ppm) due to the acidic nature of the electrolyte.**® The
main advantage of the direct utilization of ammonia is the
increased efficiency, since it does not require decomposition
into hydrogen and subsequent purification.>*® Ammonia can
also replace carbon-based fuels (natural gas, gasoline, diesel) in
internal combustion engines and gas turbines, although it
needs engine modifications to improve ammonia combustion
due to its poor ignition quality, low burning velocity and narrow
flammability limits (15-25% air).>*® These limitations can be
minimized by blending ammonia with a more reactive fuel (e.g.
hydrogen, methanol, etc.) to improve ignition quality and flame
stability. The presence of unburnt NH; in the exhaust gases is a
hazard, and can be prevented by either using a reburn zone or a
selective catalytic reduction to combine NH; and NO, into N,
and H,O. The NO, emissions produced during the ammonia
combustion can be mitigated by operating at slightly oxygen
lean conditions.**®

7.3. Decarbonization scenarios

Fossil-based ammonia production routes emit around 2.0 tgo,
tNH;1 on average. About two-third of the CO, emissions come
from the generation of hydrogen through hydrocarbon reform-
ing, while a third originates from fuel combustion for ammonia
synthesis (about 7.2-9.0 GJ tyy, ').>* The significant carbon
footprint of conventional routes has triggered researchers to
look for an urgent decarbonization of the process, based on
three key criteria: energy efficiency, scalability/modularity, and
CO,-free emissions.*™* As a result, three possible scenarios with
five overlapping technology generations have emerged, in
which synthetic ammonia is classified by colors depending
on the production route as: brown, grey, blue, turquoise or
green ammonia (Fig. 17).

Ammonia produced from fossil fuels is labelled as brown
when hydrogen supply comes from coal gasification, or grey
when it comes from natural gas reforming. Both categories
correspond to conventional synthetic routes and emit between
2.5-3.8 tco, tNH;1 and 1.6 teo, tNH;1 for brown and grey
ammonia, respectively.>#2°7349350 Blye ammonia uses the
same feedstock as brown and grey ammonia, but includes
CO, sequestration, while turquoise ammonia uses pyrolysis to
convert methane into pure carbon and hydrogen, which is
reacted with nitrogen to make NH;. This first approach, also
known as Generation 1 (Gen 1) scenario, would avoid more
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Fig. 17 Classification of synthetic ammonia scenarios based on the energy source and production technology.

than 90% CO, emissions generated by conventional routes, and
would even bring the net carbon impact of the ammonia
production to zero by supplying green hydrogen to the H-B
process. Generation 2 (Gen 2) refers to ammonia produced in a
modified small-scale H-B process using renewable sourced
hydrogen from water electrolysis; and finally, Generation 3
(Gen 3) refers to the production of green ammonia by alter-
native synthetic routes using renewable electricity (electroche-
mical) or sunlight (photochemical), without the participation of
the H-B process.’****' The term “green” implies that the
hydrogen is generated from water electrolysis without releasing
carbon emissions on combustion and the nitrogen is extracted
from air through an air separation unit, using renewable
electricity (e.g. biomass, solar, wind, hydro, geothermal), mean-
while the reaction is driven at ambient temperature and
pressure.24,207,349,350

Synthetic ammonia based on the previous approaches is
currently going from pure academic research to pilot-scale
plants. Some of the most relevant advances include: shipments
of blue ammonia (40 tonnes) for power generation from Saudi
Arabia to Japan in 2020, where ammonia imports for power
generation are expected to reach 0.5-1 Mt year ' in 2025, 3-5
Mt year ' in 2030 and 30 Mt year ' in 2050;*” industrial
developments to produce green ammonia via water electrolysis
(Proton Ventures, Morris, Hy2gen, ACME group, NFUEL®,
Fertiberia, Stamicarbon, Topsoe, Yara, BASF, Kapsom, Casale,
Thyssenkrupp, Siemens, etc.);*>*’ Pilot plant testing of ammo-
nia fueled SOFCs (1 kW class power) by IHI cooperation;*°” A
feasibility study on a 900 MW hydro-based renewable power
plant (Sarawak, Malaysia) conducted by South Korea’s Samsung
Engineering for the production of green hydrogen (7000 t
year ') and green/blue ammonia (> 600 000 t year ), amongst
others, expected to end before 2027;*** another pre-feasibility
study of a hydrogen project for blue ammonia production
(1 million t year ) in the Northern Territory (Australia), com-
pleted in 2022;*>* as well as near future blue/green ammonia
plants, which include a 20 million m*-per-day blue hydrogen
and ammonia production plant in Louisiana (operations
expected to start in 2026),*>* and a green ammonia production
facility (100 000-200 000 t year ) in Jordan, which will include
a 530 MW solar farm, an energy storage facility, electrolyzers of
unspecified capacity, and a water desalination plant.**
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All these initiatives highlight the unique opportunities
offered by ammonia to achieve a global zero carbon transition,
within the concept of Power-to-X (P2X) technologies, based on
long-term renewable energy storage into carbon-neutral syn-
thetic fuels, which can then be used in other sectors or stored
until needed.

7.4. Recent advances towards a solar ammonia refinery

Current decarbonization plans are putting the focus on the
development of green ammonia production technologies at
sufficient industrial-scale for the new green economic model.
The possibility of producing ammonia from just Ny/air, H,O
and sunlight is a great challenge for our solar fuels’ commu-
nity. On this pathway towards a solar ammonia refinery, there
are currently two main lines of thinking: (i) the one that
supports the storage of renewable electricity as chemical energy
only when there is an excess of electricity that otherwise would
be wasted; and (ii) the one that believes on a future solar-to-
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Fig. 18 Schematic representation of an artificial-tree for the local gen-
eration of solar fuels and chemicals. Reproduced with permission from
Centi et al.**®
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chemicals (S2C) industry, even if it entails long-term research
and developments.'® In the second approach, Centi and Per-
athoner recently suggested the possibility of fabricating artifi-
cial tree-like devices to produce fuels and chemicals from N,,
CO, and H,0 at the consumer level, which would act as small
solar fuels industries (Fig. 18).>°°

These artificial trees would consist on the combination of
“leaves”, representing photoelectrocatalytic devices, along with

e “branches and trunk” that would act as distribution/
collection elements. This in situ solar-based chemical indus-
tries would have greater adaptability to different applications,
increased resilience, very low carbon footprint, lower time-to-
market, and reduced economic costs and environmental
impact, mainly associated with avoided transportation. In a
nearer-term scenario, technological developments are working
on turning the solar ammonia refinery in a real concept. At
present, great efforts are directed at replacing or re-configuring
H-B plants with CO, capture as a short-term solution, while
mid-to-long-term scenarios foresee a large-scale green ammo-
nia production from water, air and solar energy, which could be
extended to the production of fertilizer derivatives. The latter
option is still constrained by the cost of electricity/energy and
the current low ammonia yields (mmol h™" ¢~ " range).**” Both
factors impose limitations for the industrial scale up of the
technology, which needs for a breakthrough in the areas of
materials science, reactor/cell engineering, and the use of
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Fig. 19 Schematics of Puertollano ammonia plant. Source: Iberdrola.
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artificial intelligence and robotization. Following this concept,
over 20 renewable and low-carbon ammonia European projects
have been announced to start in 2030, gathering partnerships
between different ammonia and fertilizer manufacturers and
hydrogen suppliers, such as Yara, Fertiberia, Iberdrola, Hyper-
ion, Siemens, Orsted, etc.>>® The world’s first green ammonia
plant was developed by Kapsom, a global leader in sustainable
energy solutions, in 2020. The facility is located in North-
eastern India and uses solar power to produce more than
1500 t year ' of green ammonia.’>® The same year, the Aus-
tralian Renewable Energy Agency (ARENA) supported a feasi-
bility study for the installation of a solar refinery in the Pilbara
region of Western Australia.*®® The so-called Yuri Renewable
Hydrogen to Ammonia Project is led by Yara Pilbara Fertilisers
Pty Ltd (Yara), an important wide word fertilizer company, and
ENGIE, a global leader in low-carbon energy and services. The
project started in 2022 with the support of ARENA, ENGINE and
Mitsui & Co. Ltd (Mitsui), and is expected to finish in 2028. This
would be one of the world’s first industrial-scale green ammo-
nia plants using off-grid intermittent renewable H, via electro-
lysis. In particular, this project will develop a 10 MW
electrolyzer powered by 18 MW of solar PV, and will be
supported by an 8 MW battery energy storage system. In
2022, the Spanish fertilizer producer Fertiberia inaugurated
the first green ammonia plant in Spain (Puertollano), within
the Green H2F project,’®" in partnership with Iberdrola and

B g

Emission-free
fertilizers

_B'

Green hydrogen production
1080 tH2/year

5 MW 20 MWh

m@

<>
co

AN

e

Chem. Soc. Rev,, 2024, 53, 11334-11389 | 11371


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs01075a

Open Access Article. Published on 10 October 2024. Downloaded on 6/19/2026 4:06:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

2028 - 2030

nfra
530 MW solar farm

100000-200000 ty,; y'!

Jordan

26 GW

09

—  K(({
CNGIC ’é‘

' 9 Mty3 v
Q Western Australia

View Article Online

Review Article

Australian Renewable bp
Energy Hub (AREH)

L

2027 10 MW electrolyzer + 18 MW PV
8 MW battery energy storage
@ 4800 L Y2
Q Australia 2025 2024
QUNIGEL <} Enaex cncie ¥ s
60 MW electrolyzer 26 MW electrolyzer 50 MW PV + 12 MW wind
@ 60000 ty,, v Solar PV + battery storage No energy storage %
Q Bahia (Brazi) @ 18000 ty3y* @ 5000 ty,, vy ©
Chile . =
Q 9 Lemvig (Denmark) g
TOPSOE S
5 GW solid oxide electrolyzer 8
' 5 Mty y? g
9 Denmark
2020 2022 2023
()
KAPSOM Fertibefia (@ verdrola- - KAPSCM

H,0 electrolysis

® 1500 t,;5 v?
Q North-eastern India

© 2000 tyys v

20 PEM MW electrolyzer (3000 t,;, y!)

9 Puertollano (Spain)

H,O0 electrolysis

© 2000 tyys v?
Q Saudi Arabia QColombia

Fig. 20 Timeline of operational and forthcoming green ammonia projects worldwide.

with the technical support of Spain’s National Hydrogen Cen-
ter. This plant (Fig. 19) includes a 100 MW PV facility that
powers a 20 PEM MW electrolyzer with a capacity of 3000 ty,
year ' (i.e. 360 kgy, h™'). The solar intermittency is addressed
by battery electrochemical storage (5 MW/20 MW h lithium-ion
battery) and hydrogen storage (6000 kg capacity), which is
enough to feed the H-B plant during low solar irradiation
hours. The surplus of electricity generation is used to refill
the storage systems or is exported to the grid.>*® Moreover, a
second phase with up to 800 MW of additional capacity is
already under development through 2027.%%!

Very recently, Fertiberia has joined Cepsa as a strategic
partner to develop a 1-GW electrolysis project in Palos de la
Frontera (Spain), as part of the Andalusian green hydrogen
valley.*®> Green hydrogen production will start in 2026, and it
will be consumed by Cepsa and Fertiberia for the manufacture
of advanced biofuels, ammonia, AdBlue and sustainable crop
nutrition solutions. Another very recent project (2023) is the

1372 | Chem. Soc. Rev., 2024, 53, 11334-11389

first green ammonia plant developed by Kapsom in
Colombia.*®® This project has an annual NH; output of 2000 t
year ', and will significantly reduce CO, emissions during the
production process if compared to the traditional coal-based or
natural gas-based ammonia synthesis (6400 tco, and 3600 teo,,
respectively). Additional forthcoming projects for green ammo-
nia production are summarized in Fig. 20.

8 Techno-economic comparison of
ammonia production technologies

8.1. Ammonia production in conventional Haber-Bosch
plants

The earth’s population growth increases at a constant ratio,
demanding for a continuous production of fertilizers alongside
an increasing energy and electricity consumption (Fig. 21a).
About 80% of the total ammonia production via Haber-Bosch

This journal is © The Royal Society of Chemistry 2024
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(a) Temporal evolution of world population (blue line), fertilizer consumption (grey) and electricity/energy consumption (red/green) in the period

1970-2020 (data extracted from the World Bank®®®); (b) end uses of ammonia (USGS);*®” (c) evolution of the global ammonia production (USGS368369),
and price evolution of ammonia (USGS) and natural gas in USA and Europe (World Bank®”°); (d) distribution of the global fertilizer production capacity in

2021 by region.>”*

(H-B) process is converted into nitrogen-rich fertilizers
(Fig. 21b). Among them, ammonium nitrate is mainly used in
the European Union, urea is more frequently used in China and
Bharat (India), while USA commonly injects ammonia directly
into soil (10-20 c¢cm below surface to prevent losses by
volatilization).03:162:364,363

The energy-intensive H-B process has experienced signifi-
cant technological improvements over the past 20th century,
reducing the energy consumption from 40-100 GJ tNH;l to 28—
32 GJ tyy, ' in actual single-train ammonia plants®*”*'! with
the best available techniques implemented. Today, H-B tech-
nology consumes around 1% of the world energy production®”?
to reach ammonia generation capacities of more than 3000 t
d~'. The highest energy consumption in current ammonia
production plants comes from natural gas reformers and CO,
removal systems. However, steam methane reforming (SMR)
(72%) is nowadays considered the best available technique
(BAT) for ammonia synthesis, given its higher energy efficiency
and lower carbon emissions compared to others such as
coal gasification (22%, 56-64 GJ tyg, '), naphta (1%) or partial
oxidation of heavy oil (4%). Coal gasification and heavy
oil partial oxidation consumes much more energy (1.3
and 1.7 times more energy, respectively)’® and release
more CO, (ca. 6 tco, tNHS’l) than methane reforming (ca.
1.6 teo, tar, 1)-2%%7>%7* As a result, the ammonia production

This journal is © The Royal Society of Chemistry 2024

industry emits 500 Mt year ', which represents 1% of the

global CO, emissions.*”* Coupling H-B plants with carbon
capture technologies (CCS) can considerably reduce the
amount of CO, emissions to 0.2-0.4 t of CO, per t of
NH,.>”>37¢ Additional recent improvements include the devel-
opment of energy recovery systems with more efficient designs,
new catalysts, adsorbent/absorbent enhanced H-B processes,
new converter designs, and electrochemical H-B process.’”’
Regarding costs, the global ammonia production has been
historically influenced by the evolution of the natural gas price
(Fig. 21c), suffering important fluctuations during economic/
energy crisis periods, especially in importing regions such as
the European Union. In particular, the recent disruptions in the
global economy as a consequence of the 2020-2021 pandemic,
and the rise in natural gas prices as a consequence of the
Russia-Ukraine conflict led to a circumstantial increase in
ammonia prices, which varied from less than $$300 tNH3_1 to
more than $1600 tyy, ' in 2022.°”% This price rising was
worsened by the increase in transportation costs, among other
factors, which disrupted the supply chains. The fertilizer prices
have fallen 71% in 2023 due to a decrease in the natural gas
prices and the adaptation of markets to the new geopolitical
scenario.’”® Despite that, ammonia prices are still high com-
pared to historical standards, and the risk of appreciation
remains constant following the same instability previously
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observed during the oil (1973) and financial (2008) crisis.
Today, ammonia production is one of the most important
markets worldwide, accounting for $80 billion per year.?® The
current production system is based on a centralized generation
mainly ruled by the biggest fertilizer manufacturers (China,
India, Russia and USA) (Fig. 21d). These countries produce
cheaper ammonia due to the lower costs in natural gas,
achieving ammonia production costs around ~ $160 tNH;1 in
large H-B plants (>2000 ty, d'), although costs can be
doubled small plants (<100 tyg, d”').*****" In contrast, ammo-
nia producers in other countries are unable to produce at less
than $500 tyy .°** We note that the production costs of ammo-
nia in large H-B plants may further increase due to storage and
transportation, eventually reaching market prices around $600
tar, > However, the long-distance transportation of ammo-
nia by pipeline is more efficient than that of H, and natural gas,
making the transportation and storage of ammonia much more
economic.’®® Transportation of anhydrous ammonia by pipe-
line is economically viable for connecting ammonia plants with
fertilizer production facilities located in market areas. In con-
trast, shipping is adequate for large volumes and exportations
with good terminal costs and infrastructure. Transport by rail is
suitable for moderate ammonia productions, while transport
by truck is relatively expensive although flexible to reach
isolated areas at short distances.*® In general, the main factor
determining the selection of the transportation media is the
distance to the agricultural land. For instance, the costs of
transportation reported for a specific case varied from $0.0153,
$0.0161, $0.0215 to $0.0365 t ' km ™" for pipelines, ships, rail
tankers and trucks, respectively.*>? Additional costs may arise
from the storage of pressurized/refrigerated anhydrous ammo-
nia for its stational selling (75%) during the planting season.?®®
Besides, the total ammonia cost may considerably increase
considering the social costs as externality.**°

8.2. Green ammonia with H-B synthesis loop

The traditional H-B synthesis loop could enable the production
of green ammonia by (i) fully electrifying the process with
renewable energy, (ii) decoupling H, production by methane
steam reforming, or (iii) using renewable hydrogen as
feedstock.'®* In this regard, H, can be obtained from other
fossil-free sources, for instance, through biomass gasification
(syngas), biomass reforming (biogas from anaerobic digestion),
or renewable water electrolysis.®®” Indeed, early ammonia
production plants in 1920’s already integrated H, produced
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by electrolysis in regions with hydroelectric power generation.
Afterwards, the lower cost of natural gas made methane
reforming more competitive, thus outcompeting other H,
production processes.’® Nowadays, decarbonization scenarios
estimate that green hydrogen will contribute to more than half
of the total ammonia production in 2050 (>550 Mt
year™ ').?”%8 In particular, Saygin et al.’>”* estimate an increase
in 1100 GW electrolyzer capacity and 2300 GW of renewable
generation capacity to supply 5500 TW h year ' of electricity
(from the actual 29 000**°-30 000 TW h*°°).

8.2.1. Hydrogen from biomass. Today, biomass conversion
(pyrolysis, gasification, anaerobic digestion) in industrialized
countries contributes to 9-13% to the total energy supplies.***
However, H, production from biomass feedstock is a thermo-
dynamically ineffective process, which is still not competitive
with conventional fossil technologies (e.g. 5-50% efficiency
of H, production by biomass gasification compared to 69-
85% of steam reforming®®?). Regarding costs, H, prices
may vary between $1.28 kg~ (for SMR) to $7.05 kg ' for
renewable-based technologies, in which the performance
is still 7-8 times lower.>”>3%73% However, the latter may
compete with centralized methane reforming when the prices
of natural gas are high. For instance, H, production from
biomass gasification could contribute to reach average ammo-
nia production costs of 386-$2300 tNH;1 depending on the
production scale.?*® In fact, ammonia plants with production
scales over 1000 tyy, d™' are considered competitive, with
production costs close to $500 tNH;1 and CO, emissions
(0.3-0.84 tco, tNH;l) below those generated in conventional
plants (2.0 teo, taer, 1)->*°

Table 6 collects relevant data from reported technoeconomic
studies on ammonia production using H, from biomass
conversion.

8.2.2. Hydrogen from electrolysis (E/H-B). Other hybrid
process for ammonia synthesis consists on integrating green
H, production from water electrolysis into the H-B loop, thus
replacing SMR. This technology requires renewable energy
supply, land accessibility, water accessibility (9 tons of water
are necessary for the production of 1 ton of hydrogen®®), water
desalination units, water electrolysis units, ammonia synthesis
reactors, and ammonia storage and transport infrastructure.>*

Large-scale green ammonia production with electrolysis
requires around 30-36 GJ t ' of electricity,>®”**" although
the potential to reduce these values is still high.'** Around
80-90% of this energy consumption is used for H, production

Table 6 Technoeconomic studies on green ammonia synthesis using biomass as H, source

H, source Plant capacity (tpd or t year '¥) CO, emissions (kgco, kg, ) NH; cost** ($ t™ 1) Ref.
Biomass pyrolysis and gasification 14-384 (pyrolysis) — 570-1369 (pyrolysis) 384
10-1022 (gasification) 488-1519 (gasification)
Biomass gasification 1200 0.5-0.88 386 397
Biomass, biogas, wind 2000-28 000* — 680-2300 398
Biomass gasification 700 — 750-1200 399
Biomass gasification 1187 0.3 968 400
Biomass gasification 65-200 0.59-0.84 1153 (65 t) 396
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(50-55 kW h kgH, "), while the remaining energy is used for air
separation, gas compression and synthesis loop.*”* Cryogenic
air separation at large scale (> 600 ty, day ") also accounts for
approximately 25% total cost of a whole H-B plant, ranging
between $0.03-0.05 kgy, ~*.>*” The CO, emissions derived from
E/H-B are very low, between 0.12 to 1.3 tgo, tNH;l, which is far
below other technologies such as SMR or coal gasification."®*
Life cycle analyses of conventional and renewable ammonia
production routes showed that obtaining N, from cryogenic
distillation and H, from electrolysis reduce GHG emissions by
91% compared to conventional SMR plants.*®> However, the
most challenging drawbacks of this approach are the current
cost and the intermittency of renewable electricity, which
requires the dynamic operation of electrolyzers and H-B
loops.’”® For instance, power-to-ammonia plants in North
Europe become competitive at gas prices of €70 MW h™' and
CO, emissions prices of €200 tco, '.*** Thus, a decrease in the
costs of renewable electricity would substantially make green
ammonia synthesis more economically feasible.*** At present,
H,O electrolyzers are commercially available at a scale larger
than 100 MW power per stack.'”3*91%%1% among several
electrolyzer’s designs, proton exchange membrane (PEM) elec-
trolyzers are the most competitive with H, production costs at
$5-23 kg~ '. However, the average costs for SMR are around
$1.28 kg~ 1?77?9397 The costs associated to the electrolysis unit
remains expensive ($1 M per MW), but foreseen technological
improvements would reduce costs by half in the mid-
term.**®*%°  These technological improvements will also
need to address current engineering limitations related to the
durability of high-temperature electrolyzers (700-900 °C), pow-
ered by renewable energy and thus working in intermittent
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conditions."® Other costs associated with the nitrogen separa-
tion unit (membranes, Pressure Swing Adsorption, or distilla-
tion) should be addressed depending on the production
capacity and the required purity.**°

Further, it should be noted that ammonia production via E/
H-B strongly depends on the levelized cost of electricity (LCOE)
(0.04-0.19 € per kW h*'"*™), In this regard, economic analyses
showed the advantage of using Ru-based catalysts in small scale
ammonia plants (< 100 tyy, d~'), where the cost associated
with reactors and heat exchangers are dominant compared to
the catalyst’s cost.*'**

Table 7 shows that average green ammonia prices double or
triple those of grey ammonia,®”>**® due to the large capital
costs of renewable power (LCOE) and electrolyzers."”**° In this
regard, Salmon and Bafares-Alcantara®*® estimated that 50%
reduction in the electrolyzer’s capital costs could reduce ammo-
nia costs to $400 t~', and this could be achieved by combining
wind and solar energy as the power supply.

In the current geopolitical context, high gas prices and
low capital costs of electrolyzers could improve the competi-
374 In the meantime, blue
ammonia is foreseen as a viable near-future option to replace

tiveness of green ammonia.

conventional ammonia production under present-day condi-
tions (i.e. 2024), as long as natural gas leakage rates are
maintained low. However, this transition scenario will need
to face some other important aspects such as the cost of H,
storage solutions (e.g. underground storage), the energy
losses in the DC/AC/DC electricity conversions and other pro-
cesses involved, safety of H, transportation and related costs,
use of feedstock buffers (i.e. oversized electrolyzers for H,
storage), etc.'”**!

Table 7 Technoeconomic studies on green ammonia synthesis with E/H-B loop

H, source Plant capacity (tpd or t year®) CO, emissions (kgco, Kgnms ') NH; cost” ($ t71) Ref.
Wind/solar 7-490 (solar) — 660-2342 (wind) 384
5-263 (wind) 830-5951 (solar)
Wind 48 — 655-720 416
Wind 1202.55 0.97 742 417
Offshore wind 300 — 1566 418
Solar/wind, biogas, anaerobic digestion 0.219 0-3.82 — 387
Wind 109.6 — 526-861 (2023) 419
431-931 (2030)

N.A. — — 713-1457 420
Offshore wind 300 0.09-0.478 583-1224 421
Wind 1000 — 273 404
Wind/solar PV 300 — 1350-1380 € t* 422
wind/solar Pv/hydro — — 431-528 € t ' 403
Hydroelectric 200 — 335-380 € t ! 423
Wind/solar 83220 588 £ (2025-2030) 424
Wind 0.18 — — 425
Wind, solar 35000 — < 500 401
Renewable 20 000“ — 798 426
Solar 1840 — 450-718 427
Renewable (2040) 91-2000 — 515-613 380
Wind/solar PV 0.3-2.33 — 391-644 428
Wind (floating offshore ammonia) 300 — 1574-1724 418
Steam turbine 50 000“ — 374-670 415
Renewable 11.6 754-815 € t 429
Wind, solar 1320-1728 — 842 €t ! 430
“ ty, year . b If not specified ($ tae, )
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The technoeconomic study of Mayer et al.*** concluded that
the implementation of green ammonia would require further
developments to become an efficient alternative, needing to
achieve higher efficiencies for electrolyzers and PV panels (80%
and 70%, respectively). In contrast, Cesaro et al.*'> made an
optimistic estimate of green ammonia price, ranging from
$771 t~' in 2020 to less than $400 t' in 2040. Nayak-Luke
and Bafiares-Alcdntara’’ studied the viability of producing
islanded green ammonia in 534 locations in 70 countries.
The study found that the current islanded ammonia production
with renewable energies (wind and solar) is not competitive
with conventional fossil fuel plants, founding the production of
H, (electrolyzer CAPEX and OPEX) as the most significant cost
components. However, predictions by 2030 foresee an achiev-
able islanded green levelized cost of ammonia (LCOA) below
$350 t ' in the most favorable locations. We note that the LCOA
depends on the cost of air separation, the capital cost per unit
area of reactor ($ m ), and the STA conversion efficiency.>*°
Sagel et al.*** concluded that combined wind and ammonia
energy storage system could be competitive with fossil-based
alternatives coupled to carbon capture and storage (CCS) in
some locations, such as small island developing states (SIDS),
although ammonia imports are still the most feasible option at
market prices above $500 ty, .*** In good agreement with
previous works, Fasihi et al.**> estimated the cost of green
ammonia with hybrid wind/PV energy production at the most
favorable sites of the world, which varied between 440-630 € t *
in 2020, and were predicted to decrease to 345-420, 300-330
and 260-290 € t~" in 2030, 2040 and 2050, respectively. The
limitation of this hybrid technology, based on solar panels and
wind turbines, is their intermittency and the intense land
occupation, which could be solved with off-shore energy
generation.**®

The TRL of electric H-B varies depends on the type of
technology, with examples being alkaline (8-9), PEM (6-9) or
solid oxide (3-6) electrolysis.'®**” Several projects have been
started and announced during the last years with ammonia
production capacities ranging from 1 to 1200 000 t year . Some
companies are developing or announcing green ammonia
projects****38 like Yara, First Ammonia, BASF, Siemens Energy,
Fertiberia, Proton Ventures, Morris, Hy2gen, ACME group,
NFUEL®,**° Stamicarbon, Yara, Kapsom, Casale, Thyssenk-
rupp, Hygenco, Ammpower, SIP, Haldor Topsoe, CF Industries,
Engie & Enaex, AREH, Origin Energy, Origin Energy, NEOM,
ACME, Okowind, EE GmbH, Starfire Energy, ReMo Energy,
Greenfield Nitrogen, North Ammonia or nium.

8.3. Green ammonia produced by electrocatalysis

The electrocatalytic production of ammonia is considered the
next step towards a low carbon economy transition. Briefly, this
technology generates H, from water electrolysis, and produces
ammonia via electrocatalytic N, reduction. Three systems have
been proposed already: (i) one-step direct electrosynthesis of
NH; in water,"*® (ii) two-steps electrosynthesis of H, and
NH,;,>’”>**% and (iii) Li-mediated synthesis of NH; by Li
nitridation.**' Depending on the reaction temperature, the
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Table 8 Technoeconomic studies on green ammonia synthesis via elec-
trochemical N, reduction

Plant capacity NH; cost**
H, source (tpd or tyear *)  ($t1) Ref.
Wind and solar (2040) 91-2000 423 (2040) 380
Renewable 140 951-969 451
Renewable 0.03 520 (H, + N,) 440
960 (H,O + N,)
Renewable 2000 440

(
430 (H, + N,)
480 (H,0 + N,)

electrocatalytic ammonia production can be conducted in high
temperature solid state reactors (400-750 °C), molten salts and
composite membrane reactors (100-500 °C), composite mem-
branes and liquid electrolytes, and solid state electrolyte reac-
tors (ambient-100 °C).>”®*** In general, solid-state synthesis at
high temperatures increases the ammonia production rates,
although it is restricted by the thermodynamic equilibrium of
ammonia formation and the degradation of the materials. On
the other hand, the synthesis of ammonia using molten salts
usually reaches faradaic efficiencies (FE) below 10% and
ammonia formation rates of 10~® mol s™' em .*** Liquid
electrolyte reactors, which use water as the proton source,
usually reach FE below 1% and similar ammonia production
rates. In contrast, FE as high as 50-60% can be obtained at low
temperatures with ammonia formation rates in the order of
107° mol s™' em™1.***"*8 Advised values for a potential com-
mercialization of electrocatalytic ammonia are FE of at least
50%, and NH; yield higher than 107® mol s~ cm™2.**° Regard-
ing the economic viability, a substantial decrease in costs is
foreseen when plants are operated at low electricity prices.
However, it should be considered that LCOA for electrochemi-
cal ammonia synthesis plants is more sensitive to variations in
operation factors (LCOE, FE and the current density) than
capital costs (electrochemical reactors and electrodes).**>**°
Hochman et al*®* affirmed that direct electrochemical
nitrogen reduction plants could achieve more competitive costs
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Fig. 22 Historical evolution of ammonia H-B market prices in US (black
line),367~3¢° and estimation of costs intervals for green ammonia produc-
tion in three different 2040 scenarios: biomass H-B, electrified H-B (E/H—
B), and electrocatalytic NRR (E-NRR). Estimations by 2040 are based on
data from ref. 380,412,435

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs01075a

Open Access Article. Published on 10 October 2024. Downloaded on 6/19/2026 4:06:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

than E/HB technology, with higher FE and overpotential, reach-
ing production costs between $400-500 t ' by 2040. Other
studies even predict that electrocatalytic NH; synthesis could
be feasible in a fully decentralized ammonia production system
at low production scales (<10 t d "), in locations where natural
gas H-B plants or E/H-B plants are not competitive.*****° In
such locations, a production of 0.03 txgy, d™* (10950 kg year ™),
in a 100 ha farm that requires 100 kgy ha ' year '
(10000 kg year "), could be obtained at prices below $600 t '
under certain predictions (particular LCOE values, FE and
current densities).>****° Data collected in Table 8 show that
electrocatalytic ammonia synthesis could be competitive
for low productions in isolate locations, or if the energy
input is reduced to 6 MW h tNHs’1 with electricity prices below
$0.025 kw~ "

The TRL of direct electrocatalytic ammonia synthesis ranges
between 1-5, depending on the operational conditions.'®***?
Some examples of companies currently developing direct elec-
trocatalytic ammonia production are Nitricity, Jupiter ionics,
Nitrofix solutions, Liquium, Plasmaleap, Nitrocapt, Atmonia or
Nitrofix.

Fig. 22 depicts the historic prices trend for ammonia pro-
duced from fossil fuels in the US during the last 60 years,
spiking during the periods of crisis, especially during 2020-
2023 when prices reached more than $1100 t '. The graphic
also introduces the production cost ranges for E/H-B, biomass/
H-B and electrosynthesis of green ammonia estimated in all
the articles reviewed previously. Nowadays these technologies
can compete with traditional H-B when the prices of fossil
fuels rise. The estimations for 2040 predicted in recent works
are in the range of $300-600 t ' for electric H-B and
electrosynthesis.>8%412:433

8.4. Green ammonia produced via photo(electro)catalysis

There is a lack of technoeconomic studies centered on
photo(electro)catalytic ammonia synthesis. However, some
works highlight the potential of combining photo(electro)
catalytic H, production with PEC-based electrocatalytic
NRR.*%*3% At present, a solar to fuel efficiency of 18% can be
obtained using the best solar cells available in the market.***
Exergoeconomic analyses in large-scale plants calculate hydro-
gen and ammonia costs of $3.24 kg™' and $0.84 kg !,
respectively.*>°

8.5. Green ammonia produced by direct solar
photo(thermal)catalysis

One of the main drawbacks of grid-connected technologies for
ammonia synthesis is their strong dependency on the LCOE. An
interesting alternative to avoid this vulnerability is the direct
synthesis of green ammonia by solar photocatalysis. This
technology, developed in aqueous or gas-phase, offers the
opportunity to completely decentralize the production of ferti-
lizers in remote locations, reducing the dependency on grid-
based electricity. Besides, this approach reduces the vulner-
ability to energy crisis events and brings economic savings,
since ammonia can be produced locally at the consumer point

This journal is © The Royal Society of Chemistry 2024

View Article Online

Chem Soc Rev

avoiding transportation costs. This would also imply more
efficient fertilization processes in terms of time, effort and
energy consumption. Moreover, aqueous-phase photocatalytic
NRR can also reuse side-products from agricultural and indus-
trial activities as sacrificial agents (e.g. bioethanol or glycerol),
valorizing wasted compounds in the same process, reducing
the total organic carbon from aqueous effluents, reducing the
management cost of residues, and promoting a more rational
use of nitrogen following the precision farming concept.**

A recent noteworthy approach is the so-called ‘“‘aerobic”
photocatalytic nitrogen fixation, in which NRR is conducted
in aqueous phase using air as the N, source. This alternative
technology avoids the need for air separation (indispensable for
H-B, electrocatalytic NRR, or gas-phase photo(thermo)catalytic
NRR using H,:N,) considerably reducing the operation costs,
which usually represent around 70% of the total expenses.
However, it should be noted that the presence of oxygen may
corrode the catalyst surface, limit the solubility of N,, or react
with surface NH species, negatively impacting on the catalyst
performance.’?"**® The use of metals with limited oxygen
adsorption (e.g Co, Mo or V) may help to overcome this
drawback.*>®

From a practical point of view, the key parameter for the
application of direct solar ammonia synthesis relies on the
amount of ammonia that can be produced per unit area, since
it directly affects to the land requirements. Likewise, the
occupied area by photoreactors strongly depends on the per-
formance of the catalysts. Best performing NRR photocatalysts
have reached ammonia production rates close to 30 mmol h™'
¢ 1 2™ and solar to ammonia efficiencies of 0.3%.>3* However,
most photocatalysts usually deliver STA below 0.1%, which is
the reference value required for practical application.?***”
This target value imposes serious limitations to photocatalytic
NRR to compete with H-B process for centralized ammonia
production. However, this may become a competitive technol-
ogy for off-grid distributed production of solar fertilizers.>*® As
a reference, the current nitrogen requirements of crop fields
vary between 20-200 kgy ha™' year ',****®' even reaching
values as high as 400 kgy ha™ "' year™' in some countries (e.g.
China).*** Such variations depend on the type of crop, soil, or
geography.*® Considering average fertilizer demands of 50-
200 kgy ha™' year ', some works in literature estimate area
requirements for solar capture lower than 10% in regions with
high solar flux and using photocatalysts with STA of 0.1%.%*°
Comer et al.**® estimated 1% arable land area for solar capture,
corresponding to 100 m* ha™' (equivalent to 6 typical solar
panels per hectare), assuming 50 kgy ha ' year '. Other
estimations foresee farmland requirements of 66 m> g~ ' for
photothermal yields of 2.1 mmol h™* g~ *.>*°

Regarding costs, technoeconomic analyses*®* indicate the
viability of ammonia production, especially via aerobic NRR, at
competitive costs using different photoreactor configurations,
such as slurry ($5 m™2), fixed panel array ($20 m 2) and solar
concentrator array ($100 m~?) reactors, and predict achievable
production costs under $600 tNH;1 assuming STA efficiencies
of 1% in slurry reactors (see Table 9). On-going and future
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Table 9 Estimation of ammonia costs ($ tNHB’l) with different photoreactor
to ammonia (STA) efficiencies from 1% to 10%. Data extracted from ref. 250
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configurations, assuming a small size ammonia production plant and solar

N, supply Reactor Plant capacity (tpd) NH; cost ($t™1)
Air (no separation) Slurry <1td™ 30 (STA 10%)
600 (STA 1%)
Panel 120 (STA 10%)
600 (STA 2.5%)
Concentrated array 580 (STA 10%)
N, (separation by membrane) Slurry <1td™ 110 (STA 10%)
Panel 200 (STA 10%)
Concentrated array 660 (STA 10%)

research on highly active photocatalysts, with high STA effi-
ciencies and enough tolerance to the presence of dissolved
oxygen, could facilitate the implementation of aerobic photo-
catalytic NRR for green ammonia production.

8.6. Implementation challenges and policies for green
ammonia technologies

The technoeconomic studies summarized in this section have
shown the potential role of green ammonia in the transition to
a sustainable circular economy in the chemical industry, trans-
port and energy-related sectors. Estimations based on the
existing degree of technological readiness of ammonia produc-
tion (Table 10) agree on its key role for a decarbonized future
scenario, in which public perception will be determinant for a
successful transition.

However, there is a lack of technoeconomic studies and life
cycle analyses of electrocatalytic and photo(electro)catalytic
NRR technologies for green ammonia production, which
should be developed in the next years to push the real devel-
opment and implementation of these sustainable technologies.
In the meantime, the International Renewable Energy Agency
(IRENA) recommends that the initial target application for
green ammonia should be the chemical and fertilizer
industries,”” specially to gain leverage in the retrofitting of
existing ammonia plants. To do so, the implementation of
renewable ammonia should be accompanied by an adequate
regulatory framework, policies and incentives. Indeed, policy
uncertainties are associated with high weighted average capital
costs (WACC) and thus high levelized costs, which could be
decreased through technology demonstrations. Policies should
be also oriented to induce demand, and to overcome the main
existing barriers for green ammonia development:*’

Implementation of appropriate taxation policies. Policies
may ensure an equitable tax treatment and a long-term

Table 10 Comparison of the technology readiness level (TRL) of different
ammonia production technologies analyzed in this work. Adapted from
ref. 24

Ammonia production method

E/H-B 5-9
Modified E/H-B (R&D: lower temperature catalysts) 1-4
Modified E/H-B (R&D: lower pressure operation) 1-5
Chemical looping 1-4
Electrochemical production 1-3
Light-driven catalytic production 1

1378 | Chem. Soc. Rev., 2024, 53, 11334-11389

guaranteed price for green ammonia. IRENA recommends that
those taxes should be based on energy content rather than
volume (e.g. USD per kilowatt-hour [kW h] instead of USD per
litre).

Near-term efforts should focus on green ammonia produc-
tion via retrofitted existing technologies (e.g. E/H-B or combi-
nations of technologies) rather than emerging routes. In this
regard, light-driven technologies (i.e. photo(electro)catalytic,
PV-electrocatalytic or photothermal NRR) may find a future
niche market in remote locations with high electricity or
transportation costs, where these alternative technologies
could provide both decentralized production and energy inde-
pendency. However, the short-term implementation plan of
these technologies is still unclear because its dependency on
different key issues, such as the volatile price of electricity, the
implementation cost of new advanced technologies, their
energy requirements, the associated land occupancy (e.g
0.4 ha t ' for average 1 tyy, d ' production in E/H-B
plants*®®), transport limitations and geopolitical aspects.

Implementation of regulations on CO, emissions. CO,
penalties could help to decarbonize ammonia production using
the current infrastructure, which would aid to bridge the gap
between fossil-based ammonia with unmitigated emissions
and green ammonia production.

De-risking early investment projects. Governments may de-
risk part of the CAPEX side of the investment of green ammonia
plants through grants, loans, and loan guarantees. The OPEX
side of the investments may be de-risked with contracts for
difference, procurement contracts, off-take guarantees, etc.
While the CAPEX for green ammonia is higher than fossil-
based ammonia plants, its OPEX can be substantially lower
(low operating expenses), making green ammonia competitive
in the market as a commodity chemical and a renewable fuel.

9. Summary and outlook

Light-driven green ammonia production has been intensively
studied over the past 10 years, as a potential solution to
contribute to the decarbonization of the energy system and
the fertilizer industry, as well as other pressing sectors such as
transportation or chemical industry. This approach also allows
for a long-term energy storage that would enable the distribu-
tion of excess energy, mitigating both seasonal variability and
unpredictable vulnerabilities of the actual centralized produc-
tion model (e.g. price rising during crisis periods). Besides, they

This journal is © The Royal Society of Chemistry 2024
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can contribute to reach a total decentralized production of solar
fertilizers in next-generation farms. Despite the great potential
of NRR technologies to achieve a decentralized ammonia
production, they are still at an early stage of development at
laboratory scale. At present, best reported light-driven ammo-
nia production rates are close to 30 mmol h™' g
with STA efficiencies of 0.3%. However, most photo-
(electro)catalysts usually deliver STA lower than 0.1%, which
is below the reference values required for practical applications
(i.e. STA > 0.1% or STA > 20% for its potential application as a
fertilizer or fuel, respectively). Thus, the main technological
challenge consists on developing stable and high-performing
catalysts, which are able to operate with the lowest energy
consumption. Catalyst engineering and processes development
should also focus their efforts on improving cost competitive-
ness (e.g. avoiding precious metals or complex installations, or
using air instead of pure N, to avoid separation costs). Besides,
the production of ammonia via light-driven NRR technologies
confronts other challenges different from the technological
ones, such as the land use requirements for solar capture, the
intermittency of solar irradiation, the access to water reservoirs
for H, production, or the fluctuation of electricity prices. On
this basis, on-going research efforts can make possible to find
efficient catalysts and cost-effective technological solutions to
push the real implementation of light-driven NRR systems.
Besides, the development of technoeconomic studies and life
cycle analyses would help to evaluate the technological feasi-
bility and economic viability of these processes, reinforcing the
future of green ammonia production technologies for a net-
zero carbon society.
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