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Abstract

Photocatalytic nitrogen fixation (PNF) using nanostructured materials is a promising approach that is likely to rival the most expensive and high-
energy-demanding Harber-Bosch method of ammonia synthesis. This is because the process is deemed the most sustainable method of nitrogen
fixation, through the direct production of ammonia and/or nitrate from water and atmospheric nitrogen with the aid of sunlight; and the system
has zero emission of carbon dioxide. The PNF process is receiving much attention making it among the hot research topics in recent years. There
is, however, a knowledge gap between the photocatalytic processes and the nanostructured photocatalyst. In this review, therefore, recent break-
throughs and achievements in the photocatalytic reaction processes were discussed. In addition, the nanostructured photocatalysts used in
nitrogen fixation were discussed in detail. This includes the importance of the nanomaterials in photocatalysis, the types used in photocatalytic
nitrogen fixation, and the synthesis methods of the nanomaterials. Also, limitations that affect the photocatalytic reaction processes as well as the
ways of overcoming them such as the creation of oxygen, sulphur, and nitrogen vacancies, doping techniques, formation of heterojunctions, and
the use of cocatalysts were all discussed in detail. From the aforementioned discussions, PNF could be seen as the most eco-friendly and
sustainable method of nitrogen fixation. However, understanding the mechanisms of PNF is very critical to identifying and designing an efficient
photocatalytic system.
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Background

Nitrogen in the forms of urea, nitrates, and ammonium are
essential compounds to living things providing a building
block of many important basic biological compounds (such as
amino acids, proteins, and deoxyribonucleic acid/ribonucleic
acid nucleotides) required to grow tissue in animals and
plantst'. Nitrogen in its nonreactive dinitrogen (N,) form is the
most abundant element in nature, constituting about 79% of
total atmospheric air and 79.2% of soil airl?l. It was estimated
that in fertile soil, the surface of 6 inches of an acre may contain
about 35,000 tons of inert dinitrogen gasil. However, despite
the large amount of nitrogen gas in the soil, it is unavailable to
plants until it is converted to ammonium (NH,*) through reduc-
tion processes or nitrates (NO;~) through oxidation processes.
There are three main processes involved in converting dinitro-
gen to plant-available forms; these include biological nitrogen
fixation, lightning, and industrial nitrogen fertilizer production.
Biological nitrogen fixation, a process by which microorgan-
isms convert N, into NHj is restricted to only selected groups of
plants (legumes) and some few free-living microorganisms®,
and contributes only about 21.45 Tg of fixed nitrogen per year,
representing 42.9% of N fixed biologically in global agricultural
systemsl®l. Lightning, a process of an electric discharge that
occurs during a thunderstorm also leads to the formation of
nitrate when a nitrogen atom in the atmosphere is bonded to
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oxygen. However, this process is uncertain, and only produces
5+ 3 Tg per annum LNO, globallyt!.

The development of ammonia and nitrate synthesis has
evolved significantly over the past century. The Haber-Bosch
process, developed in the early 20t century, revolutionized
ammonia production by enabling the fixation of atmospheric
nitrogen under high temperature and pressure conditions
using iron-based catalysts!”l. This involves reacting H, and N, at
an elevated temperature (> 673 K) and pressure (> 200 bar) in
the presence of a Fe-based catalyst to produce ammonial,
The discovery of this method in 1909 resulted in a massive
increase in crop yield'%, promoting global crop production to
nearly 400%, and enabling the world population to multiply
four timesl’l. However, the process is energy-intensivel''], uses
about 1%-2% of the world's annual energy generation!'?, and
contributes around 3% of global greenhouse gas generation
through the emission of a substantial amount of CO, into the
atmospherel’314, Hence, the need for the development of an
eco-friendly, sustainable, and environmentally benign method
for mass ammonia synthesis.

An alternative and promising method for nitrogen fixation
that is recently attracting attention is the photocatalytic N,
reduction to produce ammonial’2'5 and/or photocatalytic N,
oxidation to produce nitratel'®'7], The process utilizes abun-
dant solar energy, N,, and H,0 under atmospheric pressure and
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ambient temperature in the presence of a photocatalyst. This
process of nitrogen fixation is the most eco-friendly and
sustainable method of nitrogen fixation.

Conversion of atmospheric nitrogen to
ammonium/nitrate

Despite the abundance of nitrogen in the atmospheric and
soil air, only a limited amount of reserved soil inorganic nitro-
gen in the forms of nitrate and ammonium is accessible to
plantsl'8. The limitation of nitrogen shortages in the soil was
augmented for centuries through crop rotations with legumi-
nous crops and the use of organic fertilizers like seaweeds,
wood ash, and animal manures. Crop rotation mainly relies on
biological nitrogen fixation where leguminous crops (with the
aid of microorganisms) in rotation and free-living cyanobacte-
ria help in converting atmospheric nitrogen to plant-available
forms!l. Apart from biological nitrogen fixation, another natu-
ral process of nitrogen fixation which is uncertain is lightning. It
produces nitrate through the reaction of a nitrogen atom and
an oxygen atom facilitated by an electric discharge in the atmo-
spherel®l, The highest and most important process of nitrogen
fixation is the conversion of dinitrogen into ammonium on a
large and industrial scale (Haber-Bosch process)!'?l. These bring
about the synthesis of mineral fertilizers which significantly
increases crop production by 400%2°L. Artificially, a promising
and alternative method of nitrogen fixation to the Haber-Bosch
process is recently attracting much attention. This is photocat-
alytic nitrogen fixation using nanostructured materials!'216l,
Each of these processes has its advantages and disadvantages
which will be reviewed in detail.

Natural processes of atmospheric nitrogen
conversion

Biological processes

Biological nitrogen fixation (BNF) is a process whereby free-
living and symbiotic bacteria convert atmospheric dinitrogen
to ammonia in the global nitrogen cycle. The process accounts
for almost two-thirds of the total natural fixed dinitrogen on
the earth's surface and is facilitated by the action of the nitro-
genase catalytic/enzymatic complex?'. The microorganisms
and the enzymatic routes that convert dinitrogen to different
oxidative states are still not fully understood. Thus, to under-
stand the various microorganisms and the enzymatic reactions,
the major microbial processes and the major reactions respon-
sible for the BNF were highlighted based on the present
perspective.

Biological nitrogen fixation is a kind of ammonification reac-
tion that is achieved with the help of archaea and bacterial?2.
The reaction requires a large amount of energy (16 ATP
molecules) as shown in Egns (1) and (2) below:

Ny +8H" + 8¢ + 16ATP — 2NH; + 16ADP + 16Pi 1)

2NH; +2e¢” — 2NH; +H, 2)

Among the microorganisms in the soil, only a few can use
dinitrogen molecules, while others require a combined form of
nitrogen(z3l. The ammonium produced through the ammonifi-
cation process is assimilated into biomass or utilized aerobi-
cally/anaerobically by ammonia-oxidizing microbes?4, The
ammonification process first produces ammonia in the soil. The
ammonia then reacts with soil water to produce NH,* ready for
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plant uptakel25:26], Further to the BNF, the ammonia produced is
also transformed into nitrite and nitratel2’], The chemical reac-
tion occurs via three steps (Eqns 3-5). The first step involves the
action of monooxygenase (enzyme ammonia) on ammonia,
catalyzing the oxidation of ammonia to hydroxylamine!28l, The
second step is the conversion of hydroxylamine to nitrite with
the aid of hydroxylamine oxidoreductase. The third step is the
transformation of nitrite to nitrate in the presence of nitrite-
oxidizing bacterial?l, These processes are very important to
plants because they produce more available nitrogen for plant
uptake.

NH; + 0, + 2H* +2¢~ — NH,OH + H,0 A3)
NH,OH + H,0 — NOj + 5H" +4e” )
NOj +1/20, — NOj3 ®)

The major drawback of BNF is that it only occurs in the
nodules of the root of leguminous crops and/or by a few free-
living archaea/bacteria in waterlogged/paddy conditionsB9.
Even in leguminous crops, in the absence of root nodules or
inefficiency of the nodulation, no nitrogen will be fixed. Also,
the free-living bacteria that fix atmospheric nitrogen mostly do
so in waterlogged/paddy conditions. Only a few crops of high
value such as rice and cocoyam can grow in waterlogged
conditions. Therefore, BNF cannot be depended upon for nitro-
gen fixation to meet the demands of the crops and to also feed
the ever-increasing world population.

Atmospheric lightning

Lightning is a process of electric discharge with aural and
visual effects accompanied by a lightning flash that occurs
mostly during a thunderstorm. Although the process occurs in
a relatively short period, it has intense chemical reactions which
radically changed the chemical composition of the air in and
around the discharge zonel3'\. The electric discharge breaks the
dinitrogen gas (N,) triple bond and combines them with
oxygen to produce nitrogen dioxide (NO,) and nitrogen oxide
(NO), or reacts with hydrogen to form ammonia as shown in
Eqgns (6)-(8)B2l. The oxides and ammonia further dissolve in
precipitation (snow and rain) to yield nitrates (NO;~) and
ammonium (NH,*) respectively which are deposited into the
soil for plant assimilation.

Nag) +Ozg) = 2NOy (6)
Nag) +205(5) = 2NOyg @)
Nag) +3Hag) — 2NHjg) (8)

However, despite the many occurrences of lightning flashes
around the globe, the process is not a reliable means of nitro-
gen compound production for plants, as it is highly uncertain
and only produces 5 + 3 Tg per annum NO, globally (5%-8% of
fixed nitrogen)633l, Therefore, lightning cannot be considered
an alternative method of nitrogen fixation for sustainable crop
production.

Artificial processes of atmospheric nitrogen
conversion

Chemical processes

The Haber-Bosch process is a chemical fixation of nitrogen
which involves reacting dinitrogen gas (N,) with hydrogen gas
(H,) at very high temperatures (650-750 K) and high pressures
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(50-200 bar) in the presence of a Fe-based catalyst to produce
ammonia (Eqns 9-14)B3435 The NH; produced through this
process is the key chemical component in the fertilizer indus-
tries with yearly production exceeding 150 million tons world-
widel3¢l, In addition, due to the high gravimetric density of
hydrogen (17.75 wt%), ammonia is also used as a clean energy
carrier for the chemical storage of energy!23l,

N, (g) — N, (adsorbed) )
N, (adsorbed) — 2N (adsorbed) (10)
H,(g) — H; (adsorbed) (11)
H, (adsorbed) — 2H (adsorbed) (12)

N (adsorbed) + 3H (adsorbed) — NHj3 (adsorbed) (13)

NH; (adsorbed) — NH3(g) (14)

In the Haber-Bosch method, the most significant and rate-
determining step is the formation of atomically adsorbed nitro-
gen species through the dissociation of dinitrogen (Eqn 9),
followed by hydrogen production which consumed the high-
est energy in the whole process. It involves steam methane
reforming (SMR) at a high temperature of 800-1,000 °C (Eqn
15), and the purification of the effluents to remove CO and
maximize H, yield through water gas shift (WGS) exothermic
reaction at 350-550 °C (Eqn 16)B371,

CH, +H,0 — CO+3H, (15)

CO+H,0 — CO, +H, (16)

There is no doubt that the discovery and industrial conver-
sion of nitrogen through the Haber-Bosch process has trans-
formed global crop production, however, the consequences
attached to the development are of global concern. The purifi-
cation of hydrogen in hydrogen production resulted in a
massive release of carbon dioxide which contributes to around
3% of global greenhouse gas emissions!”). Also, the process
consumes a substantial amount of energy which is approxi-
mately 1%-2% of the annual global energy generationl!238],
and it only takes place at very high temperatures and pressure.
Therefore, there is a need for the development of a sustainable
and environmentally friendly method for nitrogen fixation.

Photocatalytic processes

Apart from the Haber-Bosch process, another artificial
method of nitrogen fixation that is attracting much attention is
photocatalytic nitrogen fixation to produce ammonial'? and/or
nitratel’®l. The process utilizes abundant solar energy, N,, and
H,O under atmospheric pressure and ambient temperature in
the presence of a photocatalyst. It is considered a substitute for
the Haber-Bosch processi3949, as it is the most eco-friendly
approach for ammonia and nitrate synthesisl'®411, The process
involves light absorption by a photocatalyst (mostly nanostruc-
tured materials), usually a semiconductor with relatively low
band gap energy, leading to electron excitation from the
valence band moving to the conduction band, leaving behind
positively charged holes in the lower valence band. In the pres-
ence of a trap, interfacial charge carrier transfer takes place
which subsequently leads to the redox reaction where N, is
reduced to NH; (Eqns 17-20).

Photocatalyst

2N, +6H,0 4NH;3 + 30, 17)
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Light absorption _
Photocatalyst —————  H* +e (18)
2H,0 — 4H*4e™ ' + 0, (19)
N, +6H" + 66 —— 2NH;3 (20)

The electrons in the conduction band have the potential
to reduce N, to NH; utilizing the protons generated at the
valence band where oxidation of H,O is taking place. Ther-
modynamically, the reaction possesses a Gibbs free energy of
+339 kJ-mol-" (endothermic reaction)!'2l,

Mechanism of photocatalytic nitrogen
fixation

Two reaction pathways result in photocatalytic nitrogen fixa-
tion. The first pathway of the reaction is the nitrogen reduction
reaction (NRR) which results in the reduction of dinitrogen to
produce ammonial'?, and the second is the nitrogen oxidation
reaction (NOR) which results in the oxidation of dinitrogen to
produce nitratel’dl, Both pathways involves the splitting of
water molecules, breakage of dinitrogen triple bonds and the
reduction/oxidation of dinitrogen to ammonia/nitrate respec-
tively.

Splitting of water molecules

Water oxidation is the primary step of photocatalytic nitro-
gen fixation. The process is challenging and directly deter-
mines the fate of the reaction. Therefore, a photocatalyst with
good water oxidation ability is most desirable.

The reaction of water splitting involves three major steps.
The first step is band-gap excitation (photoexcitation) which
results in the excitation of electrons generating electrons and
holes inside the semiconductor. The second step is the move-
ment of electrons into the conduction bands leaving behind
holes within the valence band. Finally, the photogenerated
electrons and the holes serve as the active sites for the redox
reaction in which they are trapped and consumed by the
catalytic water oxidation and reduction reaction*Z. In the reac-
tion processes, the recombination of the photoexcited elec-
trons with the holes occurs very fast, which is the main
challenge of the processes. Therefore, for a successful redox
reaction, the process must proceed within the lifetimes of the
photoexcitation of the electrons and the hole generation[*3l,
Currently, strategies are being investigated for improving the
lifetimes and trapping of photogenerated electrons for effi-
cient redox reactions. These include the construction of hetero-
junction, doping technique, morphology engineering, spatial
charge separation, and surface modification[#4-46l,

Breakage of N, triple bond

Breaking the robust nitrogen-nitrogen triple bond is a pivotal
step in both natural and artificial ammonia/nitrate synthesis“’l,
The rate-limiting step of the reaction involves the cleavage of
the nitrogen-nitrogen bond, forming surface-bound nitrides
(N3-) (as illustrated in Eqn 9). This reaction demands a substan-
tial amount of energy, approximately 945 kJ/mol, primarily due
to the high ionization energy of the N, triple bonds, measuring
at 15.58 eVM849 The robust interaction between the photo-
catalyst and the N 2p states leads to the chemical adsorption of
N, molecules on the outermost layer of the photocatalyst. This
interaction establishes a conduit for electron transfer from the
photocatalyst to N,, ultimately resulting in the cleavage and
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activation of nitrogen molecules into surface-bound nitrides
(N3-). These surface-bound nitrides then undergo catalytic reac-
tions, either with protons to generate ammonia or through
oxidation to produce nitrate. Recent experimental data by
Natarajan et al.l>% demonstrated that utilizing a titanium diox-
ide (TiO,) photocatalyst doped with transition metals signifi-
cantly improved the nitrogen reduction reaction efficiency,
achieving an ammonia production rate of 1.2 mmol-g=-h~!
under solar irradiation. This finding underscores the potential
of advanced photocatalyst modifications in overcoming the
high energy barriers associated with nitrogen activation.

Reduction/oxidation of N, to NH;/NO;~

In the NRR pathway, after the splitting of the water mole-
cules generating electrons and the holes, and the breakage/
activation of the N,, the hot electrons lead to the reduction of
the N, thereby producing NHs;. For the NOR pathway, the
photogenerated H* oxidize N, to NO with water while O, is
reduced to H,O by photoexcited electrons. Further, NO is finally
oxidized to nitrate evolving O, and H,O. In general, the whole
processes rely on water and dinitrogen in the presence of a
photocatalyst under ambient conditions with the help of
sunlight as an energy source (Fig. 1). A recent study by Nabeel
et alB' provided experimental evidence supporting this
mechanism, where a modified g-C3N, photocatalyst achieved
a nitrogen reduction rate of 35.6 umol-g~"-h~' for NH; produc-
tion and 48.9 umol-g~"-h~" for nitrate under visible light irra-
diation. This study emphasizes the effectiveness of utilizing
solar energy and advanced photocatalyst modifications to
drive these reactions efficiently under ambient conditions.

Nanomaterials in photocatalysis

Solar energy is primarily concentrated in the visible and
infrared regions of the electromagnetic spectrum. This illumi-
nates the earth and facilitates many important crop develop-
mental processes such as photocatalytic nitrogen fixation,
photosynthesis, seed germination, leaf expansion, general
plant growth etc.

Nanomaterials are defined as a material having constituents/
particles at nanoscale dimensions (1-100 nm) and generally
possess electrical and optical properties emanating due to their
sizel2, The first study on nanomaterial photocatalytic nitrogen
fixation can be dated back to 1977 when Schrauzer & Guth!>3!

H* + 0,

H,0
Fig.1 Photocatalytic reduction/oxidation of N, to NH3/NO5™.
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employed the Rutile phase of TiO, nanomaterial as a catalyst to
convert dinitrogen into ammonia under UV light. Later, many
nanomaterials were reported to be active photocatalysts in
photocatalytic N, fixation, some of which include cadmium
sulfidest®, diamond®3, cadmium zinc sulfidel>d], carbon
nitridesl®7-59, titanium oxides®®, bismuth oxides®'], and many
more. Although lots of successes were recorded in photocat-
alytic nitrogen fixation, many challenges affect the perfor-
mance of the process. One of the most challenging parts is the
splitting of the water molecules to provide the proton needed
for the reduction of the dinitrogen. The thermodynamics of
photocatalytic reactions is dictated by the conduction band
minima and valence band maxima. The valence band maxima
must have a potential higher than the redox potential of water
oxidation. This remains one of the challenges associated with
environmentally friendly photocatalysts such as graphitic
carbon nitride (g-C3N,). Another challenging issue is the
absorption of N, molecule onto the surface of a photocatalyst
and its activation by the photocatalyst as N, molecule is chemi-
cally stable and requires high input energy (~941 kJ/mol) to
activate theml'2, Also, the recombination of photogenerated
carriers affects the quantum yield of N,-fixed due to the diffi-
cult diffusion of the photocatalyst and poor interfacial charge
transferl62l, Hence, a prerequisite for a material to simultane-
ously serve as a photocatalyst with high potential is its ability to
oxidize water molecules and absorb and reduce/oxidize the N,.

Importance of nanomaterials in nitrogen fixation

Since the shape, size, and surface area are of great impor-
tance to the activities of nanomaterials, adequate attention
should be given to their design and synthesis for efficient N,
fixation activity. Below are some of the properties of nanomate-
rials that make them unique in nitrogen fixation:

* Nanomaterials' reduced size leads to discrete conduction
and valence bands, resulting in an expanded band gap (the
energy difference between a nanomaterial's conduction and
valence bands, which represents the energy range inaccessible
to electrons in the material). Consequently, the conduction
band becomes more negatively charged, while the valence
band becomes more positively charged(®], enhancing the
redox potential of nanomaterial photocatalysts.

* During the N, redox reaction, the space charge layer's thick-
ness typically surpasses the nanomaterials' particle sizel®4,
These distinctions result in significant variations between the
electrical, magnetic, thermal, optical, and acoustic properties of
nanomaterials compared to bulk materials®®2., This discrepancy
enables photogenerated carriers to efficiently diffuse from the
bulk phase to the surface, reducing migration distance and
minimizing the likelihood of recombination. Consequently,
higher redox advantages are achieved.

» Nanomaterials possess many active sites, defect densities
and large specific surface areas. As the nanomaterials are on a
nanoscale, this makes many atoms be exposed and a decrease
in the size of nanomaterials increases the surface area greatly,
thereby dramatically increasing the ratio of surface atoms to
total atoms in the nanomaterials, translating to the surface
atoms having high activity. These properties are conducive to
aiding the separation of photogenerated carriers, N, activation,
and N, adsorption, thereby improving the yield of the N, fixa-
tion process.
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Types of nanomaterials used in nitrogen fixation

The use of nanomaterials for photocatalytic N, fixation is
attracting much attention in recent times. Different types of
nanomaterials have been produced to maximize their effi-
ciency in N, photofixation. The below sections discuss in detail
the most notable advancements in nanotechnology for N,
photofixation.

Zero-dimensional (OD) nanomaterials

These are nanomaterials with negligibly small dimensions in
which the dimensions are hardly visible using any known tech-
nique. Due to their possession of discrete energy levels, they
are also called artificial atoms/quantum dots%l. Examples
include CdS, CdSe, CdTe, gold nanoparticles, silver nanoparti-
cles, sulphur nanoparticles, etc. Among the different OD nano-
materials, sulphur nanomaterials are the most studied due to
their versatile functionalities, simplistic synthesis, and excellent
applications in the field of agriculture®®l, The main precursors
for the synthesis of sulphur nanomaterials are Na,S,0; and HCI
and most synthesized nanomaterials possess a diameter of
0-50 nm. To effectively utilize OD sulphur nanomaterials for
photocatalysis, different modification strategies were used.
These include surface modifications, improvement of core and
porous structures, production of thin films, nanohybrids, and
assembly systems. This is to provide them with high colloidal
stability and enhanced ability for a high-performance
application.

One-dimensional (1D) nanomaterials (rods, tubes, wires,
belts)

These are nanomaterials with two dimensions of particulates
(thickness and width) on the nanoscale. They are in such a way
that the third dimension (length) is significant compared to the
other two dimensions which run for > 100 nm. 1D nanomateri-
als possess a good quality high aspect ratio which provides
them with the property of accelerated separation and trans-
port of photogenerated carriers, thus promoting photocat-
alytic nitrogen fixation activity. Many 1D nanomaterials were
synthesized and their efficiency for nitrogen photofixation was
determined. Among the notable ones are BisO,Br
nanotubes(®”., It is self-assembled, 5 nm in diameter, does not
have a sacrificial agent, possesses oxygen vacancies, and has a
high specific surface area. Oxygen vacancies have been shown
to capture and activate N,, and the high specific surface area
provided them with many exposed active sites. Another impor-
tant 1D photocatalyst is W04 ultrathin nanowires8l, It is
used as a model photocatalyst to promote oxygen vacancies
using Mo doping. This is to provide many sites for electron
transfer and N, chemisorption and to also utilize the strong
coordination between Mo and N atoms which enhances the
adsorption and activation of N, In addition to the two
photocatalysts discussed above, NiS/CdS nanorods’d and
MoOs_,, nanotubesl’’ have also been used with success and
yielded relatively high nitrogen fixation.

Two-dimensional (2D) nanomaterials (sheets)

These are nanomaterials with only one dimension (thickness)
in the nanoscale, and the other two dimensions (length and
width) are significantly larger compared to the thickness. The
2D nanomaterials have attracted a greater interest for photo-
catalytic nitrogen fixation, due to their nano thickness, which
gives out more exposed and defective surface-active sites,
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resulting in improved adsorption and activation of N, mole-
cules. Comparing the BizO4Br bulk and the Bi;O,Br nanosheet
revealed that the nanosheet has 30.9 times higher nitrogen
photofixation activity compared to the bulk’2, A CuCr nano-
sheet with a thickness of 2.5 nm has expressed the highest NH;
evolution rate (142.9 umol-L="-h-") in comparison to its bulk
counterpart”3l. Furthermore, the nanosheets also proved to
possess higher photoactivity compared to the bulk, as seen by
ultrathin Cu-doped TiO, which has 700 nm photoactivity that is
by far compared to the bulk’4, This result is attributed to the
doping of Cu which increased the charge transfer between TiO,
and N, and weakened the N, triple bond. The higher activity of
the 2D nanomaterials in photocatalytic nitrogen fixation is
generally ascribed to the additional oxygen vacancies and a
large amount of compressive strain which significantly
promoted N, activation and charge separation©2l,

Three-dimensional (3D) nanomaterials (assembled
superstructures)

These nanomaterials have all three dimensions (length,
width, and thickness) outside the nanoscale (> 100 nm), but
possess nanocrystalline features/structures at the nanoscalel®!,
They contain dispersions of 0D, 1D, and 2D nanomaterials in a
matrix. One of the advantages of 3D nanomaterials is that they
benefit from the combined advantages of the other nano-
materials matrix such as fast carrier separation and transport,
shortened diffusion pathways, abundant active and defects
sites, and high specific surface area. This results in enhanced
structural stability, light utilization, and light absorption. A
good example of 3D nanomaterial is tungstic acid/carbon hier-
archical (HWO/C) nanoflowers. This photocatalyst was devel-
oped for the co-optimization of nitrogen photoreduction(7s!,
Optimization of the catalyst to a hierarchical structure dramati-
cally increases its photoactivity which is attributed to the
chemisorption of nitrogen on carbon. This translates to 58
times (205 umol-g="-h~1 NHj3) higher increase in NH; evolution
compared to the pure HWO. Therefore, more emphasis should
be put on the modification of photocatalysts for efficient N,
fixation.

Synthesis of photocatalytic nitrogen fixing
nanomaterials

Generally, nanomaterials are synthesized using two
approaches i.e., the bottom-up approach and the top-down
approach. In the bottom-up approach, nanomaterials are
synthesized by assembling the building structure cluster-by-
cluster, molecule-by-molecule, or atom-by-atom into a final
product using biological or chemical processes. In the top-
down approach, a precursor material is reduced in size using
chemical or mechanical means such as attrition and milling.
Each of the two approaches has its advantages and limitations.
In the top-down approach, the major disadvantage is surface
structural imperfection, surface defects, impurities, and conta-
minations. Whereas, the bottom-up approach produces a more
homogenous chemical composition material with fewer
defects or impurities!®. Therefore, nanomaterials produced by
the bottom-up approach are purer and closer to a thermody-
namic equilibrium state. In this review, more emphasis was put
only on the methods that produce efficient photocatalysts for
nitrogen fixation. This includes sol-gel, ball milling, co-precipi-
tation, hydrothermal/solvothermal, and combustion methods.
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Sol-gel synthesis

This method is one of the popular and widely used methods
in the synthesis of nanomaterials. The method has the advan-
tage of simplicity and yields pure powders with very good
morphology, surface area, and sizel’9, It involves the reaction of
metal salt precursors in their stoichiometric proportions
followed by hardening using suitable complexing and chelat-
ing agents. The metal salts such as iron nitrates and bismuth
nitrates reacted together to form a solution, which is usually
homogenous. The solution is then heated at a temperature of
80-90 °C with continuous stirring until a solution is formed.
The sol is then dried in an oven at a temperature of 120 °C to
form a gel. Finally, the gel is then pre-calcined to give a pure
nanomaterial in powdered form. This method was used with
success in the synthesis and modification of many N,-fixing
photocatalysts!77-80,

Ball milling synthesis

This is one of the widely used top-down approaches for the
synthesis of nanomaterials. It involves the crushing of suitable
powders to reduce their particle sizes and blend the particles
into new materials. The typical mills used for these types of
processes include attritor mills, planetary mills, vibratory mills,
and tumbler ball millsi8'l, The general concept of this method is
the structural decomposition of grained structures into nano-
sized particles thereby increasing their surface area and expos-
ing more active sites for reaction. The method was usually used
in the modification of nanomaterials!82:831,

Co-precipitation synthesis

The co-precipitation method deals with the synthesis of
nanomaterials where a solid is precipitated from a solution
containing other ions. It is also a simple method of nanomateri-
als synthesis with a higher yield. It usually results in the produc-
tion of large grain-size particles with poor homogeneity!€. The
reaction involved the precipitation of metal nitrates through
the action of soluble bases such as NH,OH. The precipitate
formed is then washed and dried to yield a powdered nanoma-
terial which can be annealed at different temperatures based
on the desired product. Different properties of the nanomateri-
als such as crystallinity, crystal size, and structure can be
controlled using surfactants like sodium dodecyl sulfate,
polyvinyl acetate, and cetyltrimethylammonium bromidel84,
Lassoued et al.l851 & Rohokale et al.1® used this method for the
synthesis and enhancement of photocatalytic nanomaterials.

Hydrothermal/solvothermal synthesis

This is a solution reaction-based bottom-up approach to
nanomaterials synthesis. It has a wide temperature range of
synthesis which can happen from room temperature to very
high temperatures®7l, Pressure conditions can be manipulated
(from high to low) to control the morphology of the materials
to be prepared. It usually formed highly dispersed, regular
shapes and pure powders with smaller sizes, larger surface
areas, and fewer defects®8], As in the sol-gel method, templat-
ing agents can also be used for size control, structure-directing,
and crystal growth®, Many types of nanomaterials such as
RuO,-loaded TiO,, KNbO3, and carbon-doped BiOl have been
successfully synthesized through this method[°0-92],

Combustion synthesis

This is a self-sustaining exothermic reaction method used in
nanomaterial synthesis, where metal salts react with organic
fuels. It is a rapid, simple, and versatile process, which allows
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the effective synthesis of various sizes of nanomaterials. The
metal salts are mostly metal nitrates, and the organic fuels
include urea, hydrazides, and glycine. In the reaction, first, the
metal nitrates are dissolved in water followed by the addition
of organic fuels with continuous stirring placed on a hot plate
until the dissolution process is complete. The mixture is further
heated to obtain the nanomaterials after the evolution of
gases®3l, This method produces nanomaterials characterized
by large particle sizes which can be controlled by the supple-
ment of templating agents®¥, The method is mostly used in
the synthesis of oxide nanomaterials!7479.95],

Advantages and disadvantages of various synthesis
methods

Advantages

Based on the above synthesis methods, each offers distinct
advantages. The sol-gel synthesis method stands out for its
simplicity and widespread use. It produces pure powders with
excellent morphology, surface area, and size, often resulting in
a homogeneous solution that leads to high-quality
nanoparticles®., Ball milling synthesis, a widely adopted top-
down approach, effectively reduces particle sizes, and
enhances surface area, exposing more active sites for reactions.
This method is particularly advantageous for its ability to
decompose grain structures into nanosized particles.

Co-precipitation synthesis is another simple and high-yield
method. It allows for the control of nanomaterial properties
such as crystallinity and crystal size using surfactants, making it
versatile for producing tailored nanoparticles®4. Hydrothermal
and solvothermal synthesis methods offer flexibility with a wide
temperature range and controllable pressure conditions, result-
ing in highly dispersed, regular-shaped, and pure powders with
larger surface areas and fewer defects®’]. The ability to manipu-
late these conditions makes these methods ideal for creating
well-defined nanomaterials. Combustion synthesis, known for
its rapid and straightforward nature, is highly versatile and
effective for producing various sizes of nanomaterials. Utilizing
a self-sustaining exothermic reaction, this method is efficient
for synthesizing oxide nanomaterials quickly.

Disadvantages

Despite their advantages, each synthesis method for carbon-
based nanoparticles also has its limitations. The sol-gel method,
while simple, requires precise temperature control and contin-
uous stirring. Additionally, the process involves an extra pre-
calcination step to obtain the final product, which can be time-
consuming. Ball milling synthesis, although effective in reduc-
ing particle sizes, can introduce surface defects and structural
imperfections!®’). The milling process is also prone to impuri-
ties and contaminations, which can affect the quality of the
final product.

The co-precipitation method, while simple and high-yield,
often results in large grain-size particles with poor homogene-
ity. Thorough washing and drying are required to obtain the
final product, adding to the complexity of the process!®sl.
Hydrothermal and solvothermal synthesis methods, despite
their flexibility, can be complex due to the need for controlled
temperature and pressure conditions. These methods may also
require the use of templating agents for size and structure
control, adding another layer of complexity to the process.
Combustion synthesis, while rapid and simple, often produces
larger particle sizes, which can be controlled with templating
agents but still presents a challengel®. Moreover, this method
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is mostly suitable for synthesizing oxide nanomaterials, limit-
ing its versatility for other types of nanoparticles.

Limitations of photocatalytic nitrogen
fixation

Thermodynamic limitations

Band energy of a photocatalyst

Band gap energy can be described as the distance of elec-
tron travels between the valence band and the conduction
band. It is the minimum amount of energy that an electron
required to be excited from the valence band up to the conduc-
tion (free of its bound state) where it can participate in a reac-
tion. The band gap energy is the key determinant of the photo-
catalytic performance of a nanostructured photocatalyst. For a
material to catalyze with efficient photocatalytic properties, the
band gap energy must not be smaller than 3 eV. This is to allow
the catalyst to utilize the visible region (42% to 43%) of the
solar energy. While 3 eV is the maximum band gap for efficient
photocatalysis, the minimum band gap should not be less than
1.23 eV. This is because water splitting cannot occur if a photo-
catalyst has a band gap of less than 1.23 eVI['%9, Table 1 gives
some photocatalysts with their band gap energies. An effective
photocatalyst mostly possesses bandgaps greater than 2 eV.
Hence, it is imperative to target a material that has a band gap
of 2-3 eV for effective and efficient photocatalytic nitrogen
fixation.

Redox potential of a photocatalyst

The redox potential of a photocatalyst gauges its inclination
to engage in reduction or oxidation reactions, involving the
acceptance or donation of electrons, respectively. In the realm
of photocatalytic processes, the efficacy of redox reactions
hinges significantly on two key factors: the reduction potential
of nitrogen molecules!''3! and the energy band positioning
within the photocatalyst''#. For successful photocatalytic
nitrogen fixation, a photocatalyst must possess a conduction
band situated above the reduction potential required for N,
hydrogenation (0.55 V), while concurrently, its valence band
should be positioned below the oxygen evolution potential
(0.81 W)"31, This highlights the pivotal role played by the
bandgap energy when selecting a suitable material for photo-
catalytic nitrogen fixation.

Table 1. Photocatalyst for photocatalytic nitrogen fixation.
Photocatalyst e?]ae?gyg(g’/) Yield (NH3) Ref.
Bi,0,CO; 265 1,175.78 umol-L™:g™"-h~" Feng et al.l'®"]
I-g-C5H, 268 2008 mg-L"-g™! Hu et al.l'?2
La,TiOs 407  158.13 umol-g~"-h~’ Song et al.[03!
C-Biol 1.81 311 pmol-g~"h~’ Zeng et al.’
g-CsH, 274 150 mg-L"“h~'.g~’ Hu etal.'04
FeS,/Fe-Pal 1.30 147 pmol-g~"-h™! Ye et al.l'0%
In,04/In,S; 2.77  40.04 umol-g~"-h~! Xu et al.l%]
Ag/B-g-CsH, 282 519mgh'g™! Yao et al.l%7!
N-g-C3H, 260  531.24umol-L"-gh™"  Liuetall'®
Bi,S; 148  51.04 pmol-g~"-h™! Lan et al.l'%]
Bi,S;@PCN-2 1.61 3,880 pg-h'-g™! Chen et al.l'™”
W,5040/9-C5N, 283  64.8 umol-gg h™! Huang et al.l"™
TCN/ZnS/Znin,S, 259  136.56 umol-L~! Sunetall''?
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Kinetic limitations

N, adsorption and activation

The critical and rate-controlling step in the fixation of N, lies
in the process of adsorption and activation of nitrogen
molecule. N, molecules, known for their chemical stability and
low coordination, present a formidable challenge in terms of
surface adsorption on a catalyst. Delving into the electronic
configuration of nitrogen atoms (as depicted in Fig. 2), five
valence electrons residing in the 2s and 2p orbitals are found,
with three of them remaining unpaired. Upon bonding, these
atomic orbitals undergo hybridization, giving rise to four bond-
ing orbitals housing two ¢ orbitals and two z orbitals, along
with four anti-bonding orbitals comprising two ¢* orbitals and
two 7* orbitals®8l, This delineates a substantial energy gap of
10.82 eV between the highest occupied molecular orbital and
the lowest unoccupied molecular orbital, leading to a high
ionization energy of 15.58 eVU''5l. Consequently, the N=N
triple bond exhibits remarkable stability, demanding the input
of a substantial 945 kJ-mol~" of energy for cleavage to occurl*?l,
It is this robust bond energy that imposes a formidable barrier
to the adsorption and activation of N, in the fixation process.

Drawing inspiration from the realm of biological nitrogen
fixation, which finds its muse in natural nitrogenase, photocat-
alytic nitrogen fixation has witnessed the development of
photocatalysts employing various transition metals (such as Fe,
Mo, V, Bi) for the chemical fixation of atmospheric N,. This
achievement hinges upon the potent interaction between
these metals and the 2p orbital of nitrogen, enabling N, to
become chemically adsorbed on the catalyst's surface. This
interaction, in turn, forges a pathway for the transfer of elec-
trons from the catalyst to N,, thereby facilitating N, activation.
These donated electrons find their way into the anti-bonding
7* orbitals of N,, causing an elongation of the bond length and
a corresponding reduction in bond energy, ultimately leading
to the cleavage of the N=N bond. This intricate dance of elec-
trons culminates in the adsorption and activation of N,. Conse-
quently, the selection of a catalyst with a pronounced affinity
for coordinating with nitrogen assumes paramount impor-
tance in the pursuit of efficient N, fixation.

2s?

Orbital diagram
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Fig.2 Electronic configuration of a nitrogen atom.
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Electrons and hole separation and mitigation of charge
recombination

In the realm of photocatalytic processes, a significant energy
gap between the brimming valence band (VB) and the unoccu-
pied conduction band (CB) dictates that electrons can migrate
only when furnished with ample energy. When light energy
permeates a nanomaterial, an electron can absorb a photon of
equivalent or higher energy than the material's band gap
energy. This absorption elevates an electron from the VB to the
CB, concurrently generating a vacancy or 'hole' in the VB. This
pivotal mechanism, driven by light, underpins the separation of
electrons and holes, a prerequisite step in the photocatalytic
reaction cascade. These photogenerated entities subsequently
traverse to the nanomaterial's surface, where they instigate
reduction reactions with adsorbed nitrogen molecules. One of
the most formidable challenges confronting many photocat-
alytic reactions is the propensity for photogenerated electrons
and holes to recombine, dissipating energy and thereby dimin-
ishing reaction rates. Consequently, this recombination pheno-
menon erodes photocatalytic efficiency'161171, Hence, a press-
ing need arises to stymie recombination and bolster photo-
catalytic reaction efficiency.

Recent endeavors have seen a surge in studies aimed at
extending the lifespan of photogenerated carriers, thus miti-
gating recombination and enhancing reaction efficiency. These
strategies encompass the use of co-catalysts['8119, modifica-
tions involving functional groups!'29, surface engineeringl'%3],
the formation of heterojunctions!’2'122l and doping
techniques!'®l, A comprehensive exploration of these
methods will follow in the subsequent section.

Overcoming photocatalytic nitrogen fixation
limitation/constraints

The use of cocatalysts

A co-catalyst, a supplementary material introduced along-
side a well-established catalyst serves the purpose of augment-
ing the overall catalytic performance. The role of a co-catalyst
in enhancing photocatalysis encompasses various facets,
including the reduction of activation energy, bolstering the
stability of photocatalytic materials, impeding the undesirable
recombination of photogenerated charges, and facilitating the
separation of electrons and holes. The incorporation of a co-
catalyst into a photocatalyst, such as CdS, has proven highly
effective in expediting the separation of charges within the
photocatalyst. This, in turn, substantially amplifies the photo-
catalytic capabilities of the material for nitrogen fixationl''9l,
According to insights from Liu et al.['%8] and Hayat et al.l'23], the
introduction of a co-catalyst bestows three pivotal advantages
that measurably enhance photocatalytic performance: firstly,
an augmentation in light absorption capacity, thereby broad-
ening the catalyst's utilization of incident light; secondly, an
improvement in the transfer of photogenerated electrons and a
reduction in carrier recombination rates; and lastly, an expan-
sion of active sites for photocatalytic nitrogen fixation activities.

Apart from putting more emphasis on the N, reduction reac-
tion, the water oxidation reaction as the other critical reaction
of the photocatalytic nitrogen fixation was enhanced using a
cocatalyst. Mohebinia et al.l'>*! enhance oxygen evolution
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reaction through the application of cobalt oxyhydroxide as a
cocatalyst to photocatalyst bismuth oxychloride. This resulted
in a 4.6-fold improvement in the ammonia production rate
compared to normal bismuth oxychloride. Therefore, a cocata-
lyst application points to an applicable and promising strategy
for improved photocatalytic nitrogen fixation studies.

Creation of oxygen, sulphur, and nitrogen
vacancies

Vacancy defects, including nitrogen vacancies (NV), oxygen
vacancies (OV), and sulfur vacancies (SV), constitute pivotal
factors in bolstering the catalytic efficacy of photocatalysts
engaged in nitrogen fixation!'2, These vacancies house a
surplus of localized electrons, which they readily contribute to
N, molecules, fostering the formation of chemical bonds
between neighboring atoms and N,. This transformative
process activates the otherwise inert N, molecule. Beyond N,
activation, vacancies play a dual role by markedly enhancing
the separation of charge carriers through the entrapment of
photoexcited electrons and facilitating interfacial charge trans-
fer. Furthermore, vacancies serve as active sites for the adsorp-
tion and activation of reactant molecules. Intriguingly, vacan-
cies exert an influence on the band gap energy, narrowing it
and consequently expanding the photocatalyst's capacity to
absorb light('26],

It is essential to recognize that not all vacancy defects yield
enhanced catalyst performance. According to Yuel'?’], bulk
defects impede the migration of photogenerated electrons and
suppress the separation of electron-hole pairs. In contrast, only
surface defects enhance and support the photocatalytic perfor-
mance of nitrogen fixation. In catalysts with narrower band
gaps, the introduction of defects can reduce the band gap
energy, potentially diminishing the oxidation and reduction
capabilities of the photocatalyst!'26l. This, in turn, impacts
water-splitting reactions, which necessitate a band gap greater
than 1.23 eVl'%, Consequently, it becomes imperative to target
photocatalysts featuring a substantial band gap when consid-
ering the introduction of vacancy defects.

Use of doping techniques

Doping is the act of introducing a foreign atom into the
lattice of a known photocatalyst to induce defect states in the
chemical and electronic properties of the catalyst. In photocat-
alytic nitrogen fixation, the dopant sites played a key role in the
adsorption and activation of N,, while also promoting the sepa-
ration of charge carriers!'28l. Transition metals are the most
considered dopants due to their unfilled d orbitalsl’29, The
unfilled d orbitals can donate electrons to N, molecules
through its antibonding 7 orbitals. This weakens and polarizes
the N=N triple bond leading to its cleavage. A good example
of the most studied transition metal dopant for nitrogen activa-
tion in photocatalytic nitrogen fixation is iron!7>79130.1311 Qbser-
vation shows that the N=N bond is stretched from 1,157 to
1,181 A as N, molecules adsorb onto the Fe3* sites['32, This
confirmed the direct role of Fe in the cleavage of the triple
bond and activation of the N, molecule, thereby enhancing the
NH,* production rate. In addition, doping causes charge imbal-
ance in the crystalline phase of some photocatalysts resulting
in oxygen defects and vacancies!'3%. Also, photocatalytic
dopants have the potential to act as a trapping center and
inhibit the recombination of photogenerated charge.
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Formation of heterojunctions

The concept underpinning the creation of a heterojunction
involves the fusion of two dissimilar photocatalysts character-
ized by unequal band structures. This fusion serves to align
their respective band structures, expanding the range of light
absorption across a broader spectruml!’33l, Through this
approach, a significantly enhanced photocatalytic perfor-
mance is achieved, stemming from augmented light absorp-
tion and improved separation of photogenerated electrons and
holes, thereby enhancing overall photocatalytic efficiency.
Heterojunctions can be forged between catalysts of varying
dimensions, giving rise to a distinctive geometric arrangement
that optimizes the combined properties and synergistic effects
between the catalysts!'34],

The outcomes of heterojunction catalysis have been nothing
short of remarkable, with the resulting hybrids frequently
exhibiting exceptional visible light absorption, thereby enhanc-
ing light-driven photocatalytic N, photofixationl'35-137] |n
scenarios where one photocatalyst possesses conduction and
valence bands higher in energy than the other, it leads to the
migration and confinement of photogenerated holes and elec-
trons in opposite directions!'38], This effect further extends the
overall span of the conduction and valence bands, conse-
quently facilitating the increased involvement of photogener-
ated electrons and holes in photocatalytic reactions. A study by
Tu et al.l'3% demonstrated that the unique interface structure in
a TiO,/CdS heterojunction significantly influenced carrier sepa-
ration and migration, achieving a photocatalytic nitrogen fixa-
tion rate of 57.4 umol-g~'-h~1. This improvement was attributed
to the efficient charge separation and prolonged lifetime of
charge carriers due to the well-engineered interface, highlight-
ing the critical role of specific structural and chemical bonding
at the interface in enhancing photocatalytic performance.

Conclusions and outlooks

This comprehensive review offers an insightful examination
of current knowledge pertaining to the reaction mechanisms
and photocatalysts employed in Photocatalytic Nitrogen Fixa-
tion (PNF). It's noteworthy that, among the four approaches to
natural and artificial nitrogen fixation, PNF stands out as the
most environmentally friendly and sustainable method for
ammonia and nitrate synthesis. A profound understanding of
PNF mechanisms hold paramount importance in the quest to
identify and design efficient photocatalytic systems. Addition-
ally, developing new characterization techniques to investi-
gate the dynamic processes during PNF reactions in real-time
could provide further insights into the reaction pathways and
intermediates, facilitating the design of more effective photo-
catalysts.

Moreover, there exists a compelling need to delve deeper
into the exploration of materials possessing favorable attri-
butes such as suitable band gaps, numerous active sites, opti-
mal defect densities, and expansive specific surface areas.
These attributes are pivotal for enhancing the adsorption and
activation of N, molecules. Addressing the thermodynamic and
kinetic constraints of PNF necessitates the development of
highly efficient photocatalytic systems. This can be achieved
through methodologies like morphology engineering, doping
techniques, the judicious modification of cocatalysts, the
creation of vacancies, and the establishment of heterojunc-
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tions. Further interdisciplinary collaboration among chemists,
material scientists and engineers will be essential to overcome
these challenges and translate laboratory-scale successes into
industrial applications.

In a promising light, the ongoing exploration and advance-
ment of efficient photocatalysts and techniques for PNF utiliz-
ing sunlight under ambient conditions holds tremendous
potential for ammonia production while concurrently curbing
carbon dioxide emissions. It's conceivable that photocatalytic
fixation may usher in a transformative shift, potentially compli-
menting the Haber-Bosch process with more sustainable and
widely accessible methods in the future. Continued investment
in research and development, coupled with supportive policies
and incentives will be crucial in accelerating the transition
towards these greener technologies and achieving broader
environmental and economic benefits.
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