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Nitrogen fixation is considered one of the grand challenges of the 21st century for achieving the ultimate

vision of a green and sustainable future. It is crucial to develop and design sustainable nitrogen fixation

techniques with minimal environmental impact as an alternative to the energy–cost intensive Haber–

Bosch process. Heterojunction-based photocatalysis has recently emerged as a viable solution for the

various environmental and energy issues, including nitrogen fixation. The primary advantages of

heterojunction photocatalysts are spatially separated photogenerated charge carriers while retaining high

oxidation and reduction potentials of the individual components, enabling visible light-harvesting. This

review summarises the fundamental principles of photocatalytic heterostructures, the reaction

mechanism of the nitrogen reduction reaction, ammonia detection methods, and the current progress

of heterostructured photocatalysts for nitrogen fixation. Finally, future challenges and prospects are

briefly discussed for the emerging field of heterostructured photocatalytic nitrogen fixation.
1. Introduction

The nitrogen xation process is an important chemical process
in which inert nitrogen gas molecules are converted into
ammonia (NH3) and other nitrogenous compounds such as
nitrates. Nitrogen is essential for all living organisms on the
planet, as it is utilised in the formation of various building
blocks of organisms, such as proteins, amino acids, and
nucleotides for DNA and RNA.1 Despite being the most
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abundant and ubiquitous gas in the atmosphere (�78%),2

nitrogen cannot be directly utilised before it is “xed” or con-
verted to other innocuous nitrogen derivates. However, nitrogen
xation to NH3 or nitrates is an energy-intensive process due to
the triple bond cleavage of the dinitrogen molecule.3 Broadly,
nitrogen xation is accomplished via three main routes, i.e., (i)
biological nitrogen xation, (ii) geochemical nitrogen xation,
and (iii) articial nitrogen xation.4–6 In nature, biological
nitrogen xation (BNF) is accomplished by a special enzyme
called nitrogenase consisting of iron, a sulphur-based cofactor,
and a heterometal complex, usually molybdenum.1 Moreover,
some geochemical processes, such as lightning and volcanic
Michal Machovsky received his
PhD degree in Technology of
Macromolecular Compounds
from Tomas Bata University in
Zlin (TBU) in 2013 and currently
holds the position of senior
researcher in the research group
of Nanomaterials and Advanced
Technologies at the Centre of
Polymer Systems at TBU. His
research interests cover broad
aspects of nanomaterial
synthesis and characterization

with focus on development of heterostructured photocatalysts,
antimicrobials, and polymer nanocomposites. He published more
than 50 papers indexed in WoS, h-index-16.

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d1na00565k&domain=pdf&date_stamp=2021-11-05
http://orcid.org/0000-0002-6230-3352
http://orcid.org/0000-0003-2510-970X
http://orcid.org/0000-0002-3828-0138
http://orcid.org/0000-0003-3200-5036
http://orcid.org/0000-0003-4825-968X
http://orcid.org/0000-0002-1016-5170
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00565k
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA003022


Minireview Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 7

/8
/2

02
4 

11
:0

2:
52

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
activity, also account for a minor portion of the xed nitrogen
supply.7 During the early 20th century, the demand for xed
nitrogen supply obtained solely via natural processes could not
be met due to the ever-growing human population. Therefore,
in 1903 Birkland and Eyde developed a process to generate
nitric acid (HNO3) from atmospheric nitrogen using energy-
intensive plasma generated via electric current. However, the
process was not well suited for large-scale HNO3 synthesis due
to the energy-intensive production of HNO3 (2.4 MJ mol�1).8 In
1908, Fritz Haber and Carl Bosch developed a relatively low
energy-consuming process to convert nitrogen gas to NH3 at the
temperature and pressure range of 400–500 �C and 150–200
atm, respectively.9 The Haber–Bosch (HB) process is considered
one of the most important chemical reactions of the 20th
century, which led to rapid industrialisation and human pop-
ulation growth over the last century. However, the considerable
energy consumption required for the HB process, which is
supplied in the form of H2 gas, mainly obtained via steam
reforming, leads to the emission of large amounts of green-
house gases. Statistically, the HB process consumes 1–2% of the
global energy supply and generates about 3% of the total global
CO2 emissions.10,11 Moreover, due to the ever-growing human
population, the demand for xed nitrogen is gradually rising
while excess nitrogen is slowly discharged into rivers.12

As a consequence of these anthropogenic activities, the
natural nitrogen cycle is disturbed, resulting in severe envi-
ronmental concerns, such as the greenhouse effect, ozone layer
depletion, acid rain, and contamination of freshwater sour-
ces.13,14 In a broader scenario, photocatalytic nitrogen xation is
one of the several emerging power-to-X (P2X) technologies in
which abundant renewable energy resources are utilised to
generate high energy density chemicals, such as H2, methane,
and NH3. These hydrogen-rich chemicals generate relatively
high heat per unit mass, enabling greater exibility in energy
storage, transport, and decarbonisation of the conventional
fossil fuel-based energy infrastructure.15 Therefore, it is critical
to develop and design new strategies that are environmentally
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sustainable for nitrogen xation, keeping in view the stringent
environmental regulations. Currently, the US Academy of
Engineering has listed sustainable management of nitrogen
xation and its cycle as one of the fourteen grand challenges for
engineering in the 21st century.16 Therefore, several concerted
efforts have been devoted to the development of an environ-
mentally friendly process for atmospheric nitrogen xation
under mild conditions with minimal energy and cost.17 These
include, albeit still in early stages, bio-assisted catalysis, ther-
mally assisted catalysis, and photocatalysis.17–19 Among these
approaches, photocatalysis has already been employed in
several applications for years with commendable success, such
as water treatment, pollutant degradation, bio-organic waste
treatment, and bactericidal drugs.20–22 This diverse range of
applications has stimulated great research interest, and as
a result, photocatalysis has recently emerged as a promising
solution for sustainable environmental nitrogen xation. In
1977, Guth et al. reported on the nitrogen reduction reaction
over a TiO2 photocatalyst and Fe2O3 as a cocatalyst.23 Subse-
quently, Schrauzer et al., in 1983, demonstrated the capability of
natural physicochemical nitrogen photoxation of iron titanate
in desert sands formed by weathering of ilmenite-rich rocks. It
was estimated that the global abiological N2 xation via titania-
rich desert sand contributed signicantly, corresponding to
about ten per cent of biologically reduced N2.24 Since then,
a wide variety of photocatalytic semiconducting materials have
been explored, such as metal oxides, metal sulphides, layered
double hydroxides, and carbonaceous materials.25–29

Despite the substantial progress that has been made in
photocatalytic nitrogen xation, several issues must be
addressed before any practical signicance can be achieved.
Firstly, the nitrogen reduction reaction (NRR) and hydrogen
evolution reaction (HER) possess similar reduction potentials,
and thus the selectivity for the NRR is reduced in favour of the
HER in aqueous electrolytes.30,31 Secondly, the lack of suitable
adsorption and activation sites for stable N^N molecules onto
the surface of photocatalysts results in sluggish kinetics of the
NRR.32 Furthermore, the high recombination rate of charge
carriers and poor visible light-harvesting result in low overall
photocatalytic nitrogen xation.33 In general, several modica-
tion strategies for enhancing the photoactivity of photocatalysts
have been developed, as single-component photocatalysts
usually suffer from poor efficiencies. These strategies include
loading of cocatalysts, introduction of defects, and formation of
heterojunctions.34 Heterojunction-based photocatalysts
currently have the highest potential to achieve enhanced pho-
tocatalytic activity owing to the charge transfer mechanism and
the separation of photogenerated charge carriers, which is
a critical issue in single-component photocatalysts.35

To the best of our knowledge, there is no compilation of the
latest reported studies dedicated solely to the type-II and Z-
scheme-based photocatalysts towards the application of
nitrogen xation. In this review, we summarise the recent
progress in heterojunction-based photocatalytic nitrogen xa-
tion. A brief introduction to the fundamentals of hetero-
junction-based photocatalysis, the mechanism of BNF,
ammonia detection methods, and the current progress in
Nanoscale Adv., 2021, 3, 6358–6372 | 6359
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photocatalytic nitrogen xation is reviewed. Finally, this review
concludes with the prospects of achieving nitrogen xation via
photocatalysis.
2. Reaction mechanism of nitrogen
fixation
2.1 Biological nitrogen xation

In nature, biological nitrogen xation (BNF) is primarily carried
out by microbes known as azotobacter via a special enzyme
called nitrogenase under room temperature and atmospheric
pressure. The most common nitrogenase is a two-component
system comprising (i) a FeMo protein which acts as a binding
and reduction site for N2 molecules and (ii) an iron-containing
protein responsible for providing reducing electrons.1 The
reaction is initiated by the transfer of electrons from a pair of
adenosine triphosphate (ATP) molecules to the Fe–S cluster
located inside the Fe protein and subsequently to the FeMo
cofactor (FeMoco), the active binding and reduction site for
nitrogen atoms1,36 (see Fig. 1). Kinetic measurements have
shown that nitrogen xation via the nitrogenase enzyme is not
a typical reduction of N2 by six electrons and protons but
proceeds by the following equation.

N2 + 8e� + 16ATP + 16H2O + 8H+ / 2NH3 + H2 + 16ADP +

16Pi, DG
0 ¼ �641 kJ mol�1 (ref. 37)

This balanced equation shows the involvement of ATP
hydrolysis and the formation of one mole of H2 per mole of N2

reduced. Nitrogenase cofactor (FeMoco) is one of the most
complex metal clusters in nature; thus, its precise reaction
mechanism and binding action are still a subject of vivid
scientic discussion.38 It is pertinent here to compare the
energetics of ammonia synthesis accomplished by the HB
process and BNF. Considering the mild operational conditions
of BNF, it may seem that BNF provides a more energetically
feasible pathway as compared to the HB process; however,
stoichiometric calculation results in an overpotential of 117
kcal mol�1, in comparison to a chemical overpotential of 14 kcal
mol�1, associated with the HB process, indicating a relatively
more energy-efficient process.39 Nevertheless, there is a need for
an eco-friendly ammonia synthesis process due to the excessive
amount of H2 consumed in the HB process, mainly obtained via
fossil fuels. In this regard, researchers have tried to mimic the
catalytic activity of nitrogenase for NH3 synthesis by designing
Fig. 1 (a) Reaction pathway of the nitrogenase enzyme. Reproduced
with permission from ref. 36. Copyright 2016, AAAS. (b) Structure of
FeMoco, the active site for the NRR. Reproduced with permission from
ref. 132. Copyright 2016, American Chemical Society.

6360 | Nanoscale Adv., 2021, 3, 6358–6372
several biomimetic photocatalysts containing Fe, Mo, and V
elements, such as Mo–PCN,40 MoO2/BiOCl,41 Bi3FeMo2O12,42

Mo0.1Ni0.1Cd0.8S,43 and FeMoS–FeS–SnS.44 The nitrogen xation
rate for these nitrogenase-inspired biomimetic photocatalysts
has shown promising results but is still far lower than what is
desired for practical feasibility. In summary, to achieve a viable
articial nitrogen reduction, a clear understanding of the
nitrogenase reaction mechanism, optimised crystal
morphology, and structure of the photocatalysts shall be highly
useful.
2.2 Electrocatalytic reaction mechanism of nitrogen xation

The electrocatalytic reduction of nitrogen is of particular
interest for the ammonia production industry owing to its
relatively mild operating conditions with high efficiency in
comparison to the HB process. A typical electrocatalytic N2

reduction system consists of a three-electrode setup that utilises
an aqueous electrolyte with oxygen and hydrogen evolution
reactions at the anode and cathode, respectively. The only
required inputs are water (as proton and electron source), air,
electrocatalyst, and electricity (conceivably obtained from
renewable energy sources). The overall balanced equations for
the reactions occurring at the anode and cathode in the case of
proton-conducting electrolytes are expressed below:45,46

Anode (acidic conditions):

3H2O / 3/2O2 + 6H+ + 6e� (1)

Anode (basic conditions):

6OH� / 3H2O + 3/2O2 + 6e� (2)

Cathode (acidic conditions):

N2 + 6H+ + 6e� / 2NH3 (3)

Cathode (acidic conditions):

N2 + 6H2O + 6e� / 2NH3 + 6OH� (4)

Overall reaction:

N2 + 3H2O / 3/2O2 + 2NH3 (5)

The current industrial ammonia synthesis by the HB process
requires an energy input of 3.5 � 104 to 5.0 � 104 J gNH3

�1.
Alternative ammonia strategies can only be considered viable for
practical signicance if their energy requirements are consider-
ably below those of the HB process. In this context, an electro-
chemical system capable of achieving faradaic efficiency of 50%
would consume an overall energy of 1.9� 105 J gNH3

�1 for the N2

reduction. Similarly, a 10% solar to chemical (SSC) efficiency
would result in an energy consumption ofz2.1� 105 J gNH3

�1.47

However, both the faradaic efficiency and SSC values for
ammonia synthesis remain unsatisfactory to date. Therefore, the
research is mainly focused on increasing the faradaic efficiency
by minimising the electrolytic resistance, increasing the
conductivity, minimising thickness, suppression of the HER, and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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low operational temperature for solid-state ionic conductors.
Preferably, all electrocatalysts should possess stronger synergistic
interaction with N2 molecules than their intermediates. Nørskov
and his co-workers carried out theoretical calculations which
revealed that apart from selectivity, poor electrochemical NH3

synthesis is limited by the difference in the binding energies of
two key adsorbates, *N2H and *NH2, in accordance with the other
relevant studies.48,49 Their study concluded that for designing
optimised electrocatalysts, two key points should be considered,
i.e., selective stabilisation of *N2H and destabilisation of *NH2 or
*NH intermediates. To date, various materials and systems have
been explored for the electrocatalytic synthesis of NH3, employing
a variety of catalysts and electrolytes.50 Herein, a hybrid plasma
and electrocatalytic based system, recently demonstrated as
a proof of concept by Amal and her co-workers, is worth
mentioning.51 The system was intentionally designed to generate
nitrogen oxides (3.8 kW h mol�1) from N2 due to their high
reactivity compared to the highly stable N2 via a non-thermal
plasma. The generated NOx intermediates were subsequently
converted to NH3 at a rate of 23.2 mg h�1, showing the potential
for scalable green NH3 production.51 However, in contrast to
electrocatalytic N2 reduction, photocatalytic N2 reduction offers
a fundamentally sustainable approach due to the low cost and
energy. The input electrical energy is substituted by solar energy,
and the frequent replacement of electrodes is avoided in photo-
catalytic N2 xation.
Fig. 2 Schematic illustration of the photocatalytic process of a single-
component photocatalyst.

Fig. 3 Band edge positions of representative photocatalysts reported fo

© 2021 The Author(s). Published by the Royal Society of Chemistry
2.3 Photocatalytic reaction mechanism of nitrogen xation

The photocatalytic nitrogen xation reaction mechanism is
similar to the other photocatalytic processes, such as water
splitting, CO2 reduction, and pollutant degradation, i.e.,
production of highly active radicals and disassociation of water
molecules. A photocatalytic reaction involves three primary
steps: (i) the creation of electron–hole pairs aer the absorption
of incident solar energy photons greater than the bandgap of
the semiconductor, (ii) the migration of charge carriers to the
surface without futile recombination, and (iii) spatially sepa-
rated electrons and holes participating in the reduction and
oxidation reactions, respectively.52 A schematic illustration of
a typical photocatalytic process over a single-component pho-
tocatalyst is given in Fig. 2.

The efficiency of a photocatalyst relies on a suitable balance
between its thermodynamics and the kinetics of the reaction
processes. Since nitrogen xation primarily occurs via the
reduction pathway, the photoexcited electrons are responsible
for reducing N2 molecules to NH3, although the oxidation
pathway can generate nitric acid (NO3

�) via photoexcited
holes.53 Therefore, the selection of photocatalysts for nitrogen
xation is reliant on materials exhibiting high redox potentials,
i.e., more negative conduction band potentials. A representative
list of photocatalysts suitable for the nitrogen xation reduction
reaction due to energy band alignment is shown in Fig. 3.

One of the generally long-standing issues in single-compo-
nent photocatalysts is the recombination of charge carriers
before they are transferred to the surface to participate in the
reduction and oxidation reactions. This issue particularly
exacerbates photocatalytic N2 xation because of the reduced
availability of free electrons to drive the reduction of adsorbed
N2 molecules, resulting in sluggish kinetics. Moreover, the
electron energy cannot be easily regulated to drive the highly
energy-intensive N2 reduction reaction, in the case of single-
component photocatalysts. These restrictive factors, in turn,
lead to low N2 xation activities for most of the reported pho-
tocatalysts, around 100 mmol g�1 h�1, far below any industrial
signicance. Moreover, the photocatalytic efficiency is limited
due to the wide bandgap of the majority of semiconductors that
cannot be photoexcited by visible light. One of the most
r considerable nitrogen fixation photoactivity.

Nanoscale Adv., 2021, 3, 6358–6372 | 6361
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investigated single-component photocatalysts possessing
superior photoactivity to date is TiO2, but it is photoactive only
in the ultraviolet solar spectrum. It should be noted that UV
light accounts for only a minor portion of the solar spectrum
while visible light comprises almost 45% of the solar spectrum.
Therefore, pristine TiO2 and other similar wide bandgap semi-
conductors suffer from low photoactivity.54 To overcome the
above-mentioned issues associated with single-component
photocatalysts, several modication strategies have been
developed over recent years, such as the formation of hetero-
junctions, noble metal deposition, surface modication,
doping, and defect engineering.55 Among these approaches, the
construction of heterojunctions is currently the most effective
strategy for improving spatial charge separation and provision
of visible light-harvesting.34 A brief description of hetero-
junction types and their associated advantages over conven-
tional photocatalytic systems are given in the following section.
2.4 Heterojunction-based photocatalyst charge transfer
mechanism

In terms of the formation of heterojunction-based photo-
catalytic nitrogen xation, currently, two different types, i.e., Z-
scheme and type-II (p–n) heterojunction are being used. These
two commonly used heterojunctions possess identical valence
and conduction band alignment but differ in the photo-
generated charge transfer route. The type II and Z-scheme
consist of two semiconductors joined together in a tandem
assembly, in which one semiconductor acts as a reducing
Fig. 4 Schematic illustration of the photocatalytic process of (a) type-
II heterojunction and (b) Z-scheme photocatalysts.

6362 | Nanoscale Adv., 2021, 3, 6358–6372
component while the other semiconductor acts as an oxidising
component. In the case of type-II heterojunction, the reducing
component is n-type, while the oxidising component is p-type,
whereas in the Z-scheme, the reducing component is usually
labelled PC I, and the oxidising component is labelled PC II. The
type-II heterojunction is characterised by the n-type component
having lower conduction band (CB) and valence band (VB)
positions than the p-type component. In type-II heterojunction,
electrons are transferred from the CB of the p-type component
to the CB of n-type, whereas holes are transferred from the VB of
the n-type component to the VB of the p-type component, as
shown in Fig. 4a. Therefore, the type-II heterojunction charge
transfer mechanism allows the separation of photogenerated
electrons and holes, resulting in the inhibition of charge
recombination, which greatly enhances the photoactivity.
However, as can be seen from Fig. 4a, the type-II charge carrier
pathway results in the preservation of electrons and holes with
smaller redox ability, which is unfavourable for high thermo-
dynamic requirements associated with the nitrogen xation
process. To overcome this issue, the Z-scheme heterojunction
inspired by the natural photosynthesis process endows
suppression of charge carriers as well as preservation of high
redox potential charge carriers.56 The Z term is used to
emphasise the charge transfer pathway, which closely resem-
bles the shape of the letter Z. The Z-scheme band alignment is
similar to the staggered type-II band alignment but differs in
the charge transfer route, i.e., photoexcited electrons of PC II
recombine with holes of PC I, as shown in Fig. 4b. This charge
transfer mechanism thus allows the preservation of highly
reducing electrons and oxidising holes in separate phases,
which shall contribute to sustaining photocatalytic driven
nitrogen xation via the reduction route, while the oxidising
holes must be consumed by another substrate to maintain the
charge balance. A clever choice of the substrate sacriced for
oxidation may enhance the overall balance of the entire
nitrogen xation process. Moreover, the formation of a hetero-
junction with semiconductors having modied bandgaps
induces band bending at the junction interface. This band
bending results in the formation of an internal electric eld,
which drives the oppositely charged electrons and holes in
opposite directions resulting in spatial separation of charge
carriers.57 Thus, heterojunction-based photocatalysts engender
visible light-harvesting, as narrow bandgap photocatalysts can
be used to construct oxidation and reduction components
separately, a highly desired goal for sustainable photocatalytic
nitrogen xation.
2.5 Photocatalytic nitrogen reduction reaction

Since direct nitrogen oxidation is a kinetically and thermody-
namically highly challenging reaction, only a minor portion of
the oxidatively xed nitrogen is obtained by lightning bolts and
volcanic activities. Furthermore, no organism has developed
any enzyme capable of oxidative nitrogen xation, further
substantiating N2 oxidation unfeasibility.58 Thus, in nature and
for industrial requirements, nitrogen xation is always carried
out via the nitrogen reduction reaction (NRR). Photocatalytic
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Theoretically proposed mechanism of nitrogen fixation on
a heterogeneous catalyst surface. Three mechanisms are illustrated.
Figure (a) shows dissociative pathway, (b) shows alternating associative
pathway and (c) shows distal associative pathway of nitrogen fixation.
Adapted from ref. 53.
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NRR is initiated when N2 molecules are trapped and activated
on the photocatalyst surface and react with the photogenerated
electrons and protons in the electrolyte to generate NH3 and
other nitrates. One critical issue in the current photocatalytic
NRR is the low selectivity of the NRR due to the competing
hydrogen evolution reaction (HER).31 The standard equilibrium
redox potential for the NRR and HER is +0.092 V and 0 V,
respectively, on the reference scale of NHE.59 This implies that
the thermodynamic favourability of the HER, which is a two-
electron transfer process, is greater than the six-electron
transfer NRR. Moreover, the large energy gap between the
HOMO (s-2p) and anti-bonding LUMO ðp*

g2pÞ and the low
proton affinity of dinitrogen molecules increase the kinetic
unfavourability of NRR to occur.60 Therefore, a careful selection
of electrolytes that suppress proton transfer and with increased
solubility of N2 would also greatly enhance the overall NRR
efficiency.61 Additionally, since the NRR only involves the
reduction component of the photocatalyst, sacricial agents,
such as EDTA and methanol, are typically used in the reaction
medium for scavenging holes to prevent them from combining
with the electrons, and thus inhibiting charge carrier
recombination.62

Generally, the heterogeneous photocatalytic NRR mecha-
nism is believed to be the same one evolved by the nitrogenase
enzyme, yet without the H2 formation as follows:63,64

N2 + 6e� + 6H+ / 2NH3, E
0 ¼ +0.55 V vs. NHE (6)

The rst step in the NRR process is based on the proton-
coupled electron transfer (PCET) mechanism, in which N2H
species are formed on the surface of the catalyst according to
eqn (7).

N2 + H+ + e� 5 N2H, E0 ¼ �3.2 V vs. NHE (7)

Eqn (7) shows that the formation of N2H requires a very high
negative reduction potential. In the NRR, other intermediates,
hydrazine (N2H4) and diazene (N2H2) are also formed which
participate in four and two-electron transfer reactions, respec-
tively, according to eqn (8) and (9).

N2 + 4H+ + 4e� / N2H4(g), E
0 ¼ �0.36 V vs. NHE (8)

N2 + 2H+ + 2e� / N2H2(g), E
0 ¼ �1.10 V vs. NHE (9)

Currently, the mechanism of the NRR is understood to be of
two different types, i.e., dissociative and associative mecha-
nism.45 In the dissociative NRR mechanism, the triple N^N
bond of the N2 molecule is initially cleaved and then proceeds
by the hydrogenation reaction, with the nal formation of NH3

molecules, as shown in Fig. 5.49 The HB process reaction
mechanism is believed to proceed via the dissociative mecha-
nism, in which the reaction between N and H atoms takes place
aer the cleavage of N2 and H2molecules (Fig. 5a). In contrast to
the dissociative mechanism, the associative mechanism
proceeds via initial hydrogenation of N2 and subsequent
cleavage of N^N bonds and NH3 formation. Moreover, hydro-
genation in the associative mechanism has two possible
© 2021 The Author(s). Published by the Royal Society of Chemistry
pathways, i.e., the distal and the alternating pathway (Fig. 5b
and c). In the distal pathway, the addition of protons to nitrogen
atoms occurs away from the catalyst surface, while the alter-
native pathway proceeds via the protonation of two nitrogen
atoms before one N atom is converted to NH3.49 Since solar
radiation cannot provide the high energy required to break the
highly stable N^N bonds, any photoxation process shall occur
via the associative mechanism, similar to how BNF proceeds in
the presence of the nitrogenase enzymes. In summary, key
factors for improving the overall efficiency of the photocatalytic
NRR are capturing of N2 molecules at the photocatalyst surface,
the extension of light-harvesting to the visible spectrum, and
the spatial separation of photogenerated charge carriers.
3. Performance evaluation of
photocatalytic nitrogen fixation

For any specic photocatalytic system, it is necessary to evaluate
the efficiency of nitrogen xation by directly quantifying its
nitrogenous products, such as ammonia or nitrates. Usually, for
photocatalytic nitrogen xation conducted via a powdered
suspension system under a specic set of operating conditions,
a yield unit of mmol gcat h�1 is preferred. For immobilised
photocatalytic systems, it is rather more suitable to determine
the product yield per unit area of the substrate, such as mmol
m�2 h�1. The photocatalytic nitrogen xation also depends on
the experimental conditions, such as light source, light inten-
sity, gas feed composition, and photocatalyst quantity. This
mandates the need for reporting all of the experimental
parameters employed in the nitrogen xation experiments, and
only in the case of a similar experimental prole, prole can
data be reasonably compared. Moreover, it is not suitable to
compare the efficiencies when two or more different products
Nanoscale Adv., 2021, 3, 6358–6372 | 6363
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are obtained by nitrogen xation. Therefore, in order to reect
actual nitrogen xation efficiency in such a case, apparent
quantum efficiency (AQE) is considered more suitable, as
dened by eqn (10).65

AQY ð%Þ ¼ 3� number of evolved NH3 molecules

number of incident photons
� 100

(10)

For the determination of practical suitability, the solar-to-
chemical conversion (SCC) efficiency has been frequently used
in most photocatalytic applications, such as water splitting and
CO2 reduction. SSC quanties the efficiency of the rate of solar
to chemical energy and is dened as the ratio of generated
chemical energy of NH3 to the total solar energy input, as
follows:

SCC ðhÞ ð%Þ ¼ DG for NH3 generation�NH3 obtained

total solar energy input

� 100

(11)

Unlike AQE, which is specic to the wavelength and light
intensity, SCC encompasses the whole spectrum of solar irra-
diation, enabling the evaluation of feasibility for a given
nitrogen xation system. It is generally believed that a 10% SCC
photocatalytic system can be implemented on a large-scale for
practical purposes.66

One of the key issues affecting the practical feasibility of
photocatalysis is the instability of photocatalysts over consec-
utive cyclic runs due to structural degradation and corrosion.
Most commonly used photocatalytic materials, such as metal
sulphides, copper-based materials, and zinc oxides, are
susceptible to corrosion. Depending on the material, under
light illumination, semiconductors can be oxidised or reduced,
resulting in the decomposition of the semiconductor material
and subsequent deactivation of the photocatalysts.67 For
example, in the case of metal sulphides, sulphide ions (S2�) are
usually oxidised by holes to form sulphate ions (SO4

2�) or
sulphur,68 while silver-based materials are reduced to metallic
Ag0 by the photogenerated electrons.69 Additionally, the reac-
tion intermediates of the NRR can also act as a catalyst poison
or occupy N2 adsorption sites, resulting in sluggish reaction
kinetics. Therefore, a commercially viable photocatalyst must
possess not only high efficiency but also structural stability
throughout prolonged cyclic runs. The stability of a photo-
catalyst is usually determined by conducting several consecutive
photocatalytic N2 xation cycles and evaluating the degree of
variation in the performance of each cyclic run. Photocatalytic
material costs and recycling take precedence over photocatalytic
activity, keeping in view the principles of green chemistry and
commercial applicability. For instance, photocatalysts loaded
with noble metals, such as Ag, Pd, and Pt can greatly enhance
photoactivity; however, the high costs and scarcity of these
metals offset such associated advantages. Recuperation of the
employed photocatalysts is also essential in terms of
6364 | Nanoscale Adv., 2021, 3, 6358–6372
applicability, as poor recyclability incurs additional costs and
secondary pollution. The most commonly employed strategy for
recycling is the immobilisation of photocatalysts on a solid
support, such as thin-lm glass or embedding in polymer-based
nanobers.

4. NH3 detection methods

Currently, there are no standardised procedures to detect NRR
yield rate, and several methodologies have been used for the
quantitative analysis of the NRR xation products, such as
NH4

+, N2H4, and NO3
�. Moreover in the NRR, there are some

experimental caveats, as the reaction yield is still very low and
prone to erroneous quantication due to external N2, NH3,
other nitrogenous contamination, human breath, and equip-
ment.70 This entails establishing a reliable and accurate exper-
imental detection protocol for the evaluation of NH3 production
yields, and several such protocols have been suggested in the
literature.71–74 The signicance of following improved experi-
mental practices in the NRR eld is highlighted from the study
conducted by Choi and his co-workers. In their analysis of 127
recent studies on the NRR, all reported studies followed unre-
liable NH3 detection experimental protocols, prone to erro-
neous results.71 Therefore, a rigorous experimental protocol for
the determination of NRR reaction yield is suggested in Fig. 6.

Currently, for qualitative and quantitative analysis, several
methods for the evaluation of NRR yield products are available
that broadly fall under categories such as gas sensing, spec-
trophotometry, chromatography, and nuclear magnetic reso-
nance (NMR) spectroscopy.75–77 The detection of ammonia via
gas sensing has attracted the interest of many researchers, as
these devices are capable of delivering reliable and accurate
detection of volatile organic compounds. However, focus has
been mainly on developing portable gas sensors to detect toxic
indoor chemicals, including NH3.78,79 Various types of ammonia
gas sensors exist, each differing in the gas sensing mechanism,
such as chemicapacitive, surface acoustic wave, electro-
chemical, optical bre, and quartz crystal microbalance-based
gas sensors.78 The typical detection limit of these gas sensors
usually ranges from 25 ppb to 100 ppm. Nevertheless, a suitable
gas sensing technique must have a high degree of reliability for
practical signicance towards NH3 detection. The most chal-
lenging aspect is addressing the effect of relative humidity on
gas sensors, which increases the sensing response, resulting in
subsequent alteration in sensitivity, response, and recovery
time. Borsdorf and his co-workers80 recently developed an
automated system for the evaluation of NH3 and H2S under
humid conditions. By switching between high and low
humidity, a mathematical relationship was developed to
measure and offset the expected spikes in the voltage signal.
The effectiveness of the developed model was evaluated and it
showed reasonable reliability (R2 > 97%) and detection limit (10
ppm), paving the way for their further applicability in NH3

detection. Among the above-mentioned NH3 detection
methods, Nessler's reagent (K2HgI4) method is the most widely
used for the analytical determination of NH3 owing to its
simplicity, operational ease, and cost. In a typical Nessler's
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Suggested experimental protocol for conducting nitrogen
fixation performance evaluation.
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reagent analysis, an alkaline solution of Nessler's reagent is
allowed to react with NH3, resulting in a reddish brown complex
(Hg2ONH2I) with an absorbance peak of 420 nm. The amount of
light absorbance of the Hg2ONH2I complex solution is propor-
tional to the NH3 concentration in the absence of other impurity
ions. Thus, this enables precise NH3 detection via UV-vis
absorbance spectroscopy at 420 nm. However, the handling of
Nessler's reagent should be undertaken with great precaution
since Hg ions are toxic, and the limited shelf life of 3–4 weeks
increases the risk of mercury poisoning. Use of indophenol blue
is another colourimetric method for the detection of the pres-
ence of ammonia via Berthelot's reagent, an alkaline solution of
carbolic acid and hypochlorite (OCl�). In this reaction, NH3

initially reacts with OCl� ions to form monochloramine
(NH2Cl), which further reacts with two carbolic acids to form
a blue-coloured indophenol dye. Similar to Nessler's reagent,
NH3 concentration is determined by evaluating the absorbance
of the indophenol dye at l ¼ 640 nm. Berthelot's reagent has
some associated shortcomings, as indophenol dye gradually
photodegrades and is prone to undesirable reactions with other
amine groups present in the solution. It has been recently re-
ported that spectroscopic NH3 detection accuracy is affected by
© 2021 The Author(s). Published by the Royal Society of Chemistry
the pH and the presence of sacricial agents. One case study by
Gao et al. reported on the presence of sacricial agents, usually
employed in photocatalytic nitrogen xation to inhibit charge
carrier recombination, resulting in the formation of carbonyl-
based compounds.81 The presence of these carbonyl
compounds led to additional light absorbance, thus skewing
the actual NH3 concentration. To overcome the inherited
drawbacks associated with the spectroscopic NH3 detection
methods, ion chromatography (IC) is generally preferred as the
interference due to pH variation and the presence of sacricial
agents can be easily avoided. IC measures the concentration of
ionic species by separating them on the basis of interaction with
a resin. IC is generally used to detect NH4

+ ions, which is the
main product of nitrogen xation in aqueous solutions.82 IC
detection analysis provides high sensitivity (�1–10 mg L�1) and
short time intervals for subsequent analysis of the samples. In
one reported study, Zhang et al. investigated the comparative
accuracy and limitations of the NH3 detection methods
described above. It was observed that in alkaline or neutral
solutions with NH3 concentration lower than 500 mg L�1, both
indophenol and Nessler's reagent offered reasonable NH3

detection accuracy; however, at higher concentrations and
under acidic conditions, only IC and Nessler's reagent were
found to be suitable for NH3 detection.75 A summarised sche-
matic illustration of NH3 detection methods is given in Fig. 7.

In addition to a careful selection of the NH3 detection
method, it is imperative to conduct control experiments to
avoid false positives and distinguishing the actual source of
nitrogen xation via 15N2 isotope labelling.72 The 15N2 isotope
labelling experiment for ammonia detection uses isotopically
labelled 15N2 as a feed gas for N2 reduction; the amount of
15NH3 produced is then evaluated. In this experiment, the
amount of 15NH3 produced should be quantitatively similar to
14NH3 when

14N2 as a gas feed is used by an isotope-sensitive
method. Currently, nuclear magnetic resonance is the most
accurate quantitative and qualitative technique that over-
comes the limitations associated with conventional NH3

detection techniques. For example, the presence of cationic
species, ammonium, and its isotopologue 15NH4

+ can alter the
accuracy of the IC detection method since the distinction
cannot be easily made between ionic species due to the similar
m/z ratio.83 However, in 1H NMR, a subtle distinction can be
made between nitrogen isotopes because NMR scalar coupling
and molecular interactions between 1H and 15NH4

+ split the
1H resonance into a doublet signal with a spacing of 73 Hz,
while resonance signals obtained from the 1H and 14NH4

+

coupling are split into a relatively sharp triplet with a spacing
of 52 Hz.84,85 The respective quantitative analysis of both
14NH4

+ and 15NH4
+ isotopes can be carried out from the inte-

grated peak areas. Kolen et al. recently reported83 on a facile
and relatively cost–time effective method based on the 1H
NMR technique for ammonia detection over a wide pH range
with high sensitivity (<2%). The technique employed the use of
paramagnetic Gd3+ ions and resulted in cost and time reduc-
tion as compared to 15N2 control experiments. The proposed
method exhibited good linearity (R2 ¼ 0.999), implying its
Nanoscale Adv., 2021, 3, 6358–6372 | 6365
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Fig. 7 Schematics of the commonly used ammonia detection
methods: (a) Nessler's reagent, (b) indophenol blue reaction, (c) ion
chromatography, and (d) isotope-sensitive NMR.
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great potential for the isotopic detection of nitrogen xation
products.
5. Material designing for boosting
photocatalytic nitrogen fixation

In order to optimise the selectivity and the photocatalytic effi-
ciency of the nitrogen xation process, careful screening of
photoactive materials is imperative. Over the last two decades,
several strategies have been used for optimising the crystal
structure, morphology, surface area, and alteration of electronic
and optical properties. It is worth noting that these modica-
tion strategies, usually reported for single material photo-
catalysts can also be used for improving the efficiency of the
individual components in a constructed heterojunction. It is
generally accepted that the adsorption and activation of N2

molecules on the active sites available at the catalyst surface is
the rate-determining step. Therefore, current research efforts
6366 | Nanoscale Adv., 2021, 3, 6358–6372
are dedicated to introducing structural defects in photocatalysts
capable of capturing N2 molecules for the reaction to proceed.
Experimental results have shown that bulk defects usually act as
charge recombination centres and thus limit the photocatalytic
efficiency by restricting the charge diffusion to the surface.
Conversely, surface defects are known to serve as adsorption
sites for the reactant molecules. The key factor for promoting
the heterojunction NRR is the provision of strong chemisorp-
tion of N2 molecules and weak binding of its intermediates onto
the catalyst surface. A rm binding of NRR intermediates
increases the likelihood of catalyst poisoning and in turn,
creates a volcano-like trend between the bond energy and
catalytic activity.86 Additionally, the oxygenmolecules present in
the aqueous electrolyte can also preferentially occupy the active
sites, consequently impacting the efficiency of catalysts.

Introduction of anionic (C, N and S) vacancies, one of the most
commonly introduced defects, can facilitate the NRR by providing
chemisorption and electron trapping sites. These anionic vacan-
cies act as active sites for N2 adsorption owing to the following key
points: (i) the elements in the vicinity of an anion vacancy have
a strong tendency to bind with N2, and (ii) provision of high elec-
tron density for N2.87 Evidently, for the nitrogen xation process,
materials possessing nitrogen vacancies (NVs) seem ideal for
capturing N2 molecules owing to the same atomic size and shape.
Graphitic carbon nitride (g-C3N4) has been widely researched as
a photocatalyst, and there are several reported studies in the
literature that show superior performance mainly due to the
presence of NVs. These NVs are introduced by various synthesis
methods, such as calcination in a N2 atmosphere, microwave
treatment, metal doping, and the dissolve–regrowth method.88,89

An early study conducted by Dong et al. conrmed that the intro-
duction of NVs in g-C3N4 results in imparting visible light range to
the photocatalytic nitrogen xation, despite a slight enlargement
in the bandgap relative to the bare g-C3N4 due to the quantum
connement effect.90 It was observed that compared to the pristine
g-C3N4 sample, which exhibited no photoactivity for N2 xation,
vacancies induced g-C3N4 generated a nitrogen photoxation rate
of 1.24 mmol h�1 g�1. Additional tests attributed the nitrogen
xation ability of g-C3N4 to the presence of NVs via the formation of
chemisorption sites for N2 activation.90 Besides NVs, oxygen and
sulphur vacancies have also gained considerable interest due to
their superior performance in various photocatalytic applications
and have also been investigated recently for N2 xation applica-
tions. In another reported study,91 Jin et al. prepared an oxygen
vacancy (OV) rich heterojunction (Bi2MoO6/OV-BiOBr) capable of
delivering an optimised NH3 yield rate of 90 mmol g�1 h�1,
compared to the 3.0 mmol g�1 h�1 rate generated by the pristine
Bi2MoO6 samples. Room temperature electron paramagnetic
resonance spectroscopy revealed a strong EPR signal at g ¼ 2.003,
which was assigned to the electrons captured by the OVs, while
Bi2MoO6 exhibited no EPR signal, implying the absence of OVs.
The enhanced photoactivity under visible light without any rare
earth metal and sacricial agent was primarily achieved due to the
role of the OVs.91 Recently, it has been reported in a few theoretical
and experimental studies that OV defects in CuO decrease the
absorption energy for NO3

� reactants. On the other hand, Cumetal
© 2021 The Author(s). Published by the Royal Society of Chemistry
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increases the selectivity for NH3 formation as it can bind with *NO,
while no binding affinity is observed for *H species.92,93

A fundamentally different strategy that can be applied to the
heterostructured photocatalysts to enhance photoactivity is the
incorporation of nano-sized metallic particles to exploit plas-
monic effects. Plasmonic nanoparticles impart optimised light
absorption via different mechanisms, such as hot electron
injection, localised electromagnetic eld, and plasmon-induced
resonance energy transfer (PIRET).94 The most commonly used
plasmonic nanoparticles are noble metals (Ag and Au) due to
their strong localised surface plasmonic resonance (LSPR)
effect.95 In the reported literature on plasmonic photocatalysts,
the enhancement in the photoactivity is usually associated solely
with the charge transfer from the metal nanoparticle to the
photocatalyst surface and the formation of the Schottky barrier.
However, a comprehensive study by Souza et al. on pristine, Ag,
and Au-based Ti2O revealed that the fundamental mechanism
involved in the superior performance of plasmonic photo-
catalysis is the local enhancement of electromagnetic eld. This
localised increase in intensity results in the excitation of electrons
from the LSPR nanoparticles to the CB of the photocatalyst
positioned slightly above the LSPR excitation band. These excited
LSPR electrons are responsible for indirect excitation of Ti2O,
generation of e�/h+ pairs and thereby enhancing the photo-
activity.96 Recently, Gao et al. reported on the construction of an
Ag/AgI-d-Bi2O3 photocatalyst by a hydrothermal and in situ photo
deposition method, which was capable of a superior NH3

generation rate of 420 mmol L�1 g�1 h�1. The enhanced nitrogen
photoxation under visible light and without any sacricial agent
wasmainly due to the oxygen vacancies and plasmonic effect, i.e.,
Ag nanoparticles releasing free electrons that possess high energy
states aer the absorption of photons and their subsequent
migration to the d-Bi2O3 surface due to the LSPR effect.97
6. Type-II heterojunction
photocatalytic systems

Constructing a type-II based heterojunction is one of the most
commonly used strategies for extending visible light-harvesting
and has been extensively investigated in several photocatalytic
applications, such as water splitting, CO2 reduction, pollution
abatement as well as nitrogen xation. An efficient type-II
photocatalyst must possess an external surface component
capable of visible light-harvesting while simultaneously satis-
fying the band alignment and interfacial compatibility of the
two components. Moreover, the interface at the junction also
plays a key role in enhancing the quantum efficiency of the
photocatalyst due to the lattice mismatch of two different
components. The lattice mismatch and strain introduce struc-
tural defects and an induced electric eld, which trap the
photogenerated charge carriers, preventing futile charge
recombination.98 Therefore, great attention should be paid
when selecting the components that full the prerequisite
requirements for the optimal design of type-II photocatalysts.
Some recent literature reports on type-II heterojunctions for
nitrogen xation are summarised in Table 1. Fayun Li and his
© 2021 The Author(s). Published by the Royal Society of Chemistry
co-workers reported99 a novel photocatalyst g-C3N4/ZnSnCdS
that exhibited an excellent nitrogen xation rate of 7.543mg L�1

h�1 g�1 (58.72 mmol L�1 g�1 h�1) under visible light. Experi-
mental results showed strong synergistic coupling of both
components, while EPR spectroscopy revealed the presence of
abundant sulphur vacancies on the ZnSnCdS component. N2-
TPD chemisorption of ZnSnCdS exhibited two strong intensity
peaks at �120 �C and 270 �C, attributed to the physical
adsorption and chemisorption of N2 molecules, respectively.

Additionally, the PL spectra of ZnSnCdS in a N2 atmosphere
displayed weaker peak emissions as compared to the other
samples, implying increased electronic transfer to the adsorbed
N2 species. Therefore, the g-C3N4/ZnSnCdS heterojunction
visible light nitrogen xation rate was ascribed mainly to the
chemisorption of N2 species via sulphur vacancies and strong
electronic coupling. In another reported study by Ghosh et al., g-
C3N4/BiMoO6, a type-II photocatalyst fabricated via a facile
reux assisted method, exhibited substantial visible light
nitrogen reduction. The photocatalyst ammonia generation rate
of 3271 mmol L�1 g�1 at pH 7 was achieved due to the optimised
spatial charge separation and electronic coupling of both
reduction and oxidation components.100However, pH variations
resulted in the suppression of the NRR rate due to the increased
concentration of H+ ions and oxidation of ammonium ions.100

7. Z-scheme photocatalytic systems

Z-scheme-based photocatalysts provide superior photoactivity
owing to their ingenious charge mechanism, i.e., simultaneous
provision of high redox potentials and visible light-harvesting.
Therefore, compared to type-II heterojunctions, the drawback of
overall loss in redox potential can be overcome. This enables
much higher suppression of charge recombination and conse-
quently higher photoactivity in water splitting with a theoretical
attainable efficiency of 40% compared to 30% of activity, which
can be achieved via single-component photocatalysts.110 Some
recently investigated Z-scheme heterojunctions for nitrogen
xation are listed in Table 2. Shihai et al. reported on an all-
solid-state Z-scheme photocatalytic system based on 3,4-dihy-
droxybenzaldehyde functionalised Ga2O3/g-C3N4, fabricated via
Schiff base chemistry.111 A superior visible light nitrogen xa-
tion was achieved, reaching as high as 112.5 mmol L�1 g�1,
sufficiently higher than single-component g-C3N4. Investigation
into the photocatalytic mechanism suggested that the aromatic
ring 3,4-dihydroxybenzaldehyde acted as an electron mediator
at the Ga2O3 and g-C3N4 interface while high oxidising potential
ensured the production of hydroxyl radicals. The nitrogen
xation proceeded via oxidation of methanol to CO2

� and its
reaction intermediates and subsequent reduction of N2 via
CO2

� radicals. It is well known that the introduction of defects
is favourable for enhancing photoactivity by trapping electron–
hole pairs and increasing the propensity of charge carriers to
participate in the surface reaction.112 Considering the specicity
of the nitrogen reduction reaction, the introduction of nitrogen
vacancies into the crystal lattice of the photocatalyst could be
useful for trapping and activating N2 molecules. In one reported
study, Guang et al. prepared a g-C3N4/Ag2CO3 photocatalytic
Nanoscale Adv., 2021, 3, 6358–6372 | 6367
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Table 1 Summary of reported type-II heterojunction photocatalysts for nitrogen fixation application

Catalyst

Catalyst
dose
(mg) Synthesis method Light source and/or lter Activity NH3 detection method Ref.

NiS/KNbO3 5 Hydrothermal 300 watt Xe lamp 155.6 mmol L�1 g�1 h�1 Nessler's reagent 101
g-C3N4/BiMoO6 4 Reux assisted 500 W Xe lamp with

a 420 nm
cut-off lter,
I ¼ 100 mW cm�2

3271 mmol L�1 g�1 Nessler's reagent 100

NiO/KNbO3 10 Photodeposition 300 watt Xe lamp 470.6 mmol g�1 h�1 Nessler's reagent 102
Cu2O/SnS2/SnO2 100 Solvothermal 300 watt Xe lamp 372 mmol g�1 h�1 Nessler's reagent 103
CeO2–BiFeO3 20 Hydrothermal 300 watt Hg lamp 117.77 mmol g�1 h�1 — 104
ZnIn2S4/BiOCl 200 In situ solvothermal 300 W Xe lamp with

a 420 nm cut-off lter
14.6 mmol g�1 h�1 Nessler's reagent 105

Ag/AgI-d-Bi2O3 200 Hydrothermal-
photodeposition

400 W Xe lamp with
a 420 nm cut-off lter

420 mmol L�1 g�1 h�1 Ion chromatography 97

AgCl/d-Bi2O3 200 Hydrothermal 400 W Xe lamp with
a 400 nm cut-off lter

606 mmol g�1 h�1 Nessler's reagent 106

g-C3N4/ZnSnCdS 200 Hydrothermal 250 W Na lamp 7.543 mg L�1 h�1 g�1 Nessler's reagent 99
g-C3N4/ZnMoCdS 200 Hydrothermal

post-treatment
250 W Na lamp 2.5 mg L�1 h�1 g�1 Nessler's reagent 107

Cu2O/CN 20 Solvothermal 300 W Xe l > 420 nm 10 mmol h�1 Indophenol blue
method

108

PANI@ZnIn2S4 50 Hydrothermal 300 W Xe l > 420 nm 290 mmol L�1 h�1 Nessler's reagent 109
Bi2MoO6/OV-BiOBr 30 Solvothermal 300 W Xe l > 420 nm 90.7 mmol g�1 h�1 Nessler's reagent 91
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system based on the Z-scheme mechanism, in which nitrogen
vacancies were introduced via dissolution of nitrogen in
ammonium ion solution.113 The catalyst displayed a superior N2

production rate of 11 mg L�1 h�1 gcat
�1, under proportionally

equal concentrations of N2 and O2. Experimental results
showed that the nitrogen photoxation proceeded via a two-
path mechanism. Initially, nitrogen molecules were trapped
and activated by the nitrogen vacancies, and subsequent
reduction of trapped molecules via hydrogen ions resulted in
the formation of ammonium ions. In the second reaction
pathway, oxygen molecules were reduced to form H2O2, which
undergo further reduction to form OH radicals. These radicals
reacted with methanol to generate CO2

� radicals, which further
reduced the N2 molecules to NH3 with the release of CO2

�. The
high rate of N2 photoxation in a mixed atmosphere was
attributed to the general favourability of the charge transfer
between O2 molecules and the catalyst. Recently, metal–organic
frameworks (MOFs) have also attracted great interest for pho-
tocatalysis, mainly due to their high porosity and surface area,
enabling a large number of active sites for the reaction to
proceed. However, MOFs exhibit poor photocatalytic activity
when utilised as a single-component photocatalyst. Therefore,
MOFs are usually combined with other photoactive materials to
enhance their photoactivity. In one relevant reported case, Ding
et al. synthesised nitrogen defect-containing g-C3N4 lms with
MOF-74, exhibiting the characteristic of the Z-scheme.114

The experimental results showed that the pristine nano-
MOF-74 did not have visible light photoactivity, while the thin-
lm g-C3N4 possessed low photoactivity. When both the nano-
MOF-74 and thin-lm g-C3N4 were used in a tandem assembly,
a two-fold increase in the photoactivity was reported, indicating
that MOFs resulted in the provision of highly photoactive sites
6368 | Nanoscale Adv., 2021, 3, 6358–6372
for the photocatalytic reaction to take place. Finally, when
nitrogen defects were introduced into the nano-MOF-74 and the
thin-lm supported g-C3N4, it resulted in a two-fold increase in
the photoactivity of pure g-C3N4. The enhanced photoactivity of
2.32 mmol g�1 h�1 was attributed to the high porosity and
surface area of MOFs. Moreover, the trapping of nitrogen
molecules via nitrogen vacancies resulted in the activation and
reduction of bond energy for the cleavage of the N^N bond. In
another reported study conducted by Liang et al., a W18O49/g-
C3N4 photocatalyst was prepared, capable of delivering a full
visible light spectrum N2 photoxation rate of 2.6 mg L�1 h�1

gcat
�1. The superior photocatalytic NH3 yield rate was attributed

to the coherent oscillations of the surface electrons induced by
the oxygen vacancies present in W18O49. Optical investigations
showed that the W18O39 component imparted light-harvesting
in the whole visible spectrum and the provision of ample pho-
togenerated electrons to recombine with the holes present in
the g-C3N4. The reported catalyst also displayed excellent pho-
tostability over an operational duration of 40 h.
8. Future challenges and perspectives

Rapid human population growth over the last century has
resulted in several environmental and energy-related issues,
among which the unsustainable production of xed nitrogen
supply is of particular importance. The Haber–Bosch process
employed for over a hundred years and still today for ammonia
(NH3) production requires harsh conditions and is one of the
main contributors to greenhouse gases. In this regard, photo-
catalytic nitrogen xation for conversion of atmospheric
nitrogen to NH3 and other nitrogenous compounds under mild
conditions has garnered a great deal of interest. However,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of reported Z-scheme photocatalysts for nitrogen fixation application. The activity is expressed in such units as used in given
references

Catalyst

Catalyst
dose
(mg) Synthesis method

NH3 detection
method Light source and/or lter Activity Ref.

g-C3N4/FeOCl 4 Calcination and
hydrothermal

Nessler's reagent 500 W Xe lamp 3800 mmol L�1 g�1 115

YF3:Sm
3+/ATP 50 Hydrothermal Nessler's reagent 400 W Xe lamp with a 420

nm cut-off lter
41.2 mg�1 L�1 116

SiW9Co3/PDA/BWO 150 Hydrothermal and
polymerization

Nessler's reagent,
indophenol, ion
chromatography,
and 1H NMR

400 W Xe lamp with a 420
nm cut-off lter, I ¼ 400
mW cm�2

52.67 mmol gcat
�1

h�1
117

MOF@defective C3N4

lm
10 Sol–gel Nessler's reagent 300 W Xe lamp with a 400

nm cut-off lter
2.32 mmol g�1 h�1 118

g-C3N4/ZnFe2O4 100 Solid state synthesis
and solvothermal

Nessler's reagent 500 W Xe lamp with a 420
nm cut-off lter

1.02 mmol L�1

min�1
119

AgBr/Bi4O5Br2 5 Hydrothermal and ion
exchange process

Nessler's reagent 300 W Xe lamp (PLS-
SXE300C)

179.4 mmol L�1 g�1

h�1
120

g-C3N4/Ag2CO3 (with N
vacancy)

10 Self-sacricial Nessler's reagent 250 W Xe lamp (400–800
nm)

11 mg L�1 h�1 gcat
�1 113

g-C3N4/Ni3V2O8 4 Hydrothermal Nessler's reagent 500 W Xe lamp with a 420
nm cut-off lter, I ¼ 100
mW cm�2

3355 mmol L�1 g�1 121

TiO2/ZnFe2O4 5 Solvothermal method
and calcination

Nessler's reagent 250 W Xe lamp with a 420
nm cut-off lter

1.48 mmol L�1

min�1
122

AgInS2/MXene 20 Hydrothermal Indophenol
reagent

300 W Xe lamp with a 400
nm cut-off lter

38.8 mmol g�1 h�1 123

CeCO3OH/g-C3N4/CeO2 30 Self-sacricial Nessler's reagent 500 W Xe lamp 1.16 mM g�1 h�1 124
LnCO3OH/g-C3N4 30 Hydrothermal and self-

sacricial
Nessler's reagent 500 W Xe lamp 8.91 mM g�1 h�1 125

Ga2O3-DBD/g-C3N4 2 Thermal
polymerization

Nessler's reagent 500 W Xe lamp 112.5 mmol L�1 h�1 111

LaCoO3:Er3+/ATP 4 Sol–gel Nessler's reagent 300 W Xe lamp with a 420
nm cut-off lter

71.5 mmol g�1 h�1 126

MnO2�x/g-C3N4 50 Hydrothermal and
calcination

Nessler's reagent 300 W Xe lamp 225 mmol g�1 h�1 127

g-C3N4/
Mg1.1Al0.3Fe0.2O1.7

200 Hydrothermal Nessler's reagent 250 W Xe lamp (400–800
nm)

7.5 mg L�1 h�1

gcat
�1

128

CoFe2O4/g-C3N4 20 Decomposition–
thermal polymerization

Nessler's reagent 300 W Xe lamp with a 400
nm cut-off lter

313 mg L�1 gcat
�1 129

W18O49/g-C3N4 200 Hydrothermal Nessler's reagent 300 W and 200 W Xe lamp
with >800 nm and <800 nm
lters

2.6 mg L�1 h�1

gcat
�1

130

g-C3N4/Cu2(OH)2CO3 100 In situ self-sacricial Nessler's reagent 300 W and 200 W Xe lamp
with >800 nm and <800 nm
lters, respectively

14 mg L�1 h�1 gcat
�1 131
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currently available photocatalytic systems for nitrogen xation
are inferior in conversion efficiency due to several critical
issues, such as poor visible light-harvesting, sluggish capture
and activation of N2 molecules, photogenerated charge sepa-
ration, and low selectivity of the nitrogen reduction reaction
(NRR). Therefore, to realise an acceptable nitrogen xation
system based on photocatalysis, a rational material design for
enhanced nitrogen conversion efficiency is of paramount
importance. So far, heterojunction materials based on type-II
and Z-scheme charge transfer routes have shown promising
conversion efficiencies due to the optimised bandgap and
energy band alignment, allowing spatial charge separation and
visible light-harvesting. Moreover, anionic vacancies in the
© 2021 The Author(s). Published by the Royal Society of Chemistry
photocatalysts act as activation and trapping centres for N2

molecules, resulting in enhanced selectivity for the nitrogen
reduction reaction. Additional modications, such as the use of
precious metals, can also signicantly improve photocatalytic
activity, likely due to the localised surface plasmon resonance
effect. Owning to the above-mentioned modication strategies,
nitrogen xation rates have increased considerably from mmol
g�1 h�1 to mmol g�1 h�1.

For the realisation of achieving viable photocatalytic
nitrogen xation systems for practical purposes, special atten-
tion should be paid for improving the selectivity for the NRR.
Suppression of the HER and boosting the NRR is a critical issue
that must be addressed by engineering photocatalyst
Nanoscale Adv., 2021, 3, 6358–6372 | 6369
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morphology, composition, and optical properties that favour
binding affinity for N atoms over H atoms. Additionally, special
attention is required to develop a standardised protocol for
evaluating NH3 generation rate, as the most commonly reported
spectroscopic methods, use of Nessler's and indophenol
reagents, are prone to erroneous results. Therefore, we posit
that researchers working on photocatalytic nitrogen reduction
should aim to follow the suggested experimental protocol for
evaluating nitrogen xation rate to full the criteria set for
experimental reliability. Finally, a thorough mechanistic study
of photocatalytic nitrogen xation reactions is necessary to
elucidate the factors involved in low nitrogen xation efficiency.
Special attention should also be paid to develop experimental
and theoretical nitrogen xation systems inspired by the bio-
logical nitrogenase enzyme, consisting of Fe, S, and Mo
elements. These systems have shown the potential of achieving
NH3 production under ambient conditions. Furthermore, by
tailoring the chemical and physical properties of these mate-
rials, the high negative potential required for the PCET reaction
can be overcome. In summary, this review provides funda-
mental principles of heterojunction-based photocatalytic
nitrogen xation, biological and articial nitrogen reduction
reaction mechanisms. A survey of reported heterojunction-
based nitrogen xation in the literature is given, as well as
performance evaluation methodologies and parameters. Even
though current photocatalytic nitrogen xation efficiencies are
far from commercial viability, progress projection in this eld
appears to have a high potential for success. We hope that this
review provides a summary of the literature for currently
investigated heterojunction-based photocatalytic nitrogen xa-
tion systems to date, for the established and new researchers in
this eld.
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