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Low-dimensional materials for ammonia synthesis

Apabrita Mallick, a Carmen C. Mayorga-Martinez b and Martin Pumera *ac

Ammonia is an essential chemical due to its immense usage in agriculture, energy storage, and

transportation. The synthesis of ‘‘green’’ ammonia via carbon-free routes and renewable energy sources

is the need of the hour. In this context, photo- and/or electrocatalysis proves to be highly crucial. Low-

dimensional materials (LDMs), owing to their unique properties, play a significant role in catalysis. This

review presents a vast library of LDMs and broadly categorizes their catalytic performance according to

their dimensionality, i.e., zero-, one-, and two-dimensional catalysts. The rational design of LDMs can

significantly improve their catalytic performance, particularly in reducing small molecules like dinitrogen,

nitrates, nitrites, and nitric oxides to synthesize ammonia via photo- and/or electrocatalysis. Additionally,

converting nitrates and nitrites to ammonia can be beneficial in wastewater treatment and be coupled

with CO2 co-reduction or oxidative reactions to produce urea and other valuable chemicals, which are

also discussed in this review. This review collates the works published in recent years in this field and

offers some fresh perspectives on ammonia synthesis. Through this review, we aim to provide a

comprehensive insight into the catalytic properties of the LDMs, which are expected to enhance the

efficiency of ammonia production and promote the synthesis of value-added products.

1. Introduction

Ammonia is a valuable chemical because of its diverse applica-
tions, such as in fertilizer industries, as a viable precursor to
produce fine chemicals, and as a source of clean hydrogen
energy storage, making it a potential alternative to fossil
fuels.1–3 The current large-scale synthetic industrial technique
for ammonia production is the Haber–Bosch process, however,
this process demands high energy input. This process con-
sumes about 1–2% of global energy resources per year and
contributes to carbon emissions corresponding to B1% of
global greenhouse gas emissions per year. This has prompted
scientists to ponder over alternative, sustainable methods and,
thus take a step toward attaining a carbon-neutral economy.4,5

The inspiration for devising such reactions is acquired from the
nitrogen cycle occurring in nature, where biological nitrogen-
ase enzymes catalytically reduce dinitrogen to ammonia.6 Con-
sequently, different biohybrid catalysts were engineered to
photoreduce nitrogen and produce ammonia. Various materi-
als other than biohybrids evolved with time and participated in

ammonia synthesis.7,8 Photo-, electro-, and photoelectrocataly-
tic processes have been mostly employed for synthesizing
ammonia by reducing dinitrogen, nitrates, nitrites, and nitric
oxides. The reaction conditions, mechanisms, benefits, and
drawbacks of these catalytic processes are discussed in the
review.

Over recent years, low-dimensional materials (LDMs) have
emerged as effective catalysts in photo- and electrocatalysis.
LDMs are typically defined as materials smaller than 100 nm in
a minimum of one dimension.9 Standard examples of LDMs
include 0D spherical nanoparticles, 1D nanorods, nanowires,
and 2D nanosheets. In lower dimensional (0D, 1D, and 2D)
materials, their quantum-confined structures modify the elec-
tronic properties such that the LDMs become more efficient
catalysts than their bulk counterparts, offering increased activ-
ity and stability.10,11 LDMs have long been studied for their
structural and optoelectronic properties, but their utilization in
catalysis is quite recent.12 This review explores the current
state-of-the-art utilization of LDMs for ammonia synthesis by
photo- and/or electroreduction of nitrogen-containing small
molecules like dinitrogen, nitrates, nitrites, nitric oxides, etc.
For a better understanding of the roles of dimensionalities, the
catalytic synthesis of ammonia by LDMs has been categorized
according to the dimensionality of the LDM (0D, 1D, and 2D)
catalysts used for the photo- or/and electrocatalytic production
of ammonia (Fig. 1). These low-dimensional materials present a
wide range of physical and chemical characteristics that can
boost the catalytic reactions.
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In recent years, several reviews have been published, show-
casing various techniques for ammonia synthesis. For instance,
two reviews by Pang et al. and Ruan et al. focus on two-
dimensional materials for nitrogen reduction by electrocataly-
tic pathways.13,14 Qing and co-workers reviewed recent works
on electrocatalytic N2 reduction to produce ammonia,15 and Shi
and colleagues provided an account of photocatalytic proce-
dures to generate ammonia.16 Xiong et al. summarized the
works on ammonia synthesis via electrochemical nitrate
reduction.17 All these reviews on ammonia synthesis primarily
focus on either 2D materials for electrocatalytic or photocata-
lytic synthesis of ammonia. Further elucidation of the novelty
of this review compared with some of the existing reviews
published in the last few years in the context of ammonia

synthesis highlights the catalytic method, materials used, and
N-sources used as reactants as presented in Table 1. Based on
our current knowledge, a comprehensive review encompassing
all low-dimensional materials, including 0D, 1D, and 2D, for
ammonia synthesis is still pending. Some reviews also concen-
trate on LDMs for CO2 reduction or HER.9,18,19 Nevertheless, a
review of LDMs for ammonia synthesis is lacking until now.
This review presents all three classes of emergent low-
dimensional catalysts for photochemical, electrochemical,
and photoelectrochemical ammonia synthesis. Further, with
the growing importance of ammonia synthesis in the global
market and the increasing number of publications in this field,
a thorough analysis and discussion on this subject is impera-
tive and has been undertaken in this review.

The review is divided into eight sections. Section 2 focuses
on the different approaches undertaken for synthesizing
ammonia over the past years. The most common synthetic
strategy of ammonia is the industrial Haber–Bosch process;
however, this process is both energy-intensive as well as harm-
ful to environment. Hence, other green strategies have been
devised over time, which include enzyme catalysis and photo-
and/or electrocatalysis. Here, we will also discuss the reaction
pathways for ammonia synthesis.

In Section 3, we explore how the different dimensionalities
of the LDMs play significant roles in catalysis. Zero-, one-, and
two-dimensional (0D, 1D, and 2D) materials have different
optoelectronic properties, impacting the catalytic process for
ammonia synthesis. Through this review, we will present the
latest advancements in developing LDMs, their characteristics,
and the advantages they offer for catalytic ammonia produc-
tion. The LDMs will be categorically summarized in the review,
along with descriptions of the catalytic processes. These LDMs
are often integrated to produce heterostructures that form
promising catalysts for ammonia formation. Heterostructures
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render the interfaces with unique properties, leading to
improved charge transfer and slowing down the recombination
of charge carriers, thereby promoting catalytic ammonia
synthesis.40 In the next three sections of the review, we describe
up-to-date progress on LDMs in ammonia synthesis and cate-
gorize them according to the energy input, i.e.; photocatalysts,
electrocatalysts, and photoelectrocatalysts.

Section 4 delves into a comprehensive array of 0D, 1D, and
2D low-dimensional photocatalytic materials used for ammo-
nia synthesis. Structure engineering of the photocatalysts for
enhancing catalytic performance via the introduction of
defects, construction of heterojunctions,21 and increasing sur-
face area by hybridization with other materials will be explored
further.41–43 The role of co-catalysts in boosting the photocata-
lytic efficiency of ammonia synthesis will also be discussed
here.44

Section 5 focuses on electrocatalysts that efficiently
convert N-containing species to ammonia. Like photocatalysts,
the low-dimensional electrocatalysts (0D, 1D, and 2D) have
also been modified for better performance via defect engineer-
ing, formation of heterostructures and regulation of crystal
planes, and the roles of such modifications will be illustrated
with distinct examples.45–47 LDMs have also been used
to produce 3D-printed electrodes that can electrocatalyti-
cally reduce nitrates and nitrites to form ammonia.48 3D
printing techniques can precisely tune the shape, struc-
ture, and geometry of LDMs; hence, we will explore these
emerging 3D-printed LDM catalysts for enhancing catalytic
performance.

Section 6 emphasizes low-dimensional photoelectrocatalysts
that combine the advantages of photocatalysts and electroca-
talysts. In photoelectrocatalysis the combination of light and
electric bias helps improve the separation and migration of
electron–hole pairs, reducing recombination losses.49,50 Nar-
row band gap materials or heterostructures formed by LDMs
are mostly used for designing photocathodes, and these LDMs
will be explored in detail in this section.51,52

In Section 7 we discuss the advantages and applications of
ammonia synthesis reactions. For instance, nitrates are well-
known contaminants in groundwater, so reducing nitrates
apart from yielding valuable-added ammonia also aids in
wastewater treatment.53 The reduction process can also be
coupled with valuable oxidation reactions, such as water oxida-
tion, methanol oxidation, glycerol oxidation, and plastic degra-
dation via PET oxidation.54–56 These reactions will also be
explored in the review. The reduction of dinitrogen or nitrates,
coupled with the co-reduction of CO2 can produce urea via C–N
coupling. Urea is the most common fertilizer used in
agriculture.57 This process is extremely beneficial as it can help
realize carbon/nitrogen neutrality in the environment. The
design of catalysts for two co-reduction processes is difficult,
but not impossible. Dual-site, bimetallic, single-atom catalysts
have been employed to achieve the formation of urea.58–60 The
catalysts explored in all these aspects will be discussed in this
section.

The final section presents future perspectives and the out-
look for ammonia synthesis. All sections in this review are
supported and illustrated with representative literature from

Fig. 1 Schematic overview of low-dimensional materials used as catalysts for ammonia synthesis.
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the last decade (2015–2025). This review aims to present a vast
library of emergent low-dimensional materials for ammonia
generation. It also provides a comprehensive insight into the
choice of materials for catalysts, the strategic designs employed
to reach maximum efficiency, and implementations toward
next-generation applications.

2. Approaches to make ammonia:
methods and reactions of ammonia
synthesis

The synthesis of ammonia is important as ammonia has
versatile uses, such as zero-carbon fertilizers, energy storage,
and the synthesis of value-added products.2,3,61 Global produc-
tion of ammonia amounts to B170 million metric tons per
year.62 The industrial synthesis of ammonia mainly involves
gaseous nitrogen, abundantly available in the atmosphere. But
the process is not very simple. The dissociation of NRN
requires a very high energy of B941.8 kJ mol�1, and the
standard enthalpy of formation of ammonia at 25 1C is
�46 kJ mol�1.63,64 Hence, the synthesis of ammonia becomes
challenging as the reaction involves high temperature, high
pressure, or reactive reagents, and also the process is not
energy efficient. This section focuses on the most widely used
strategies explored till now to synthesize ammonia (Fig. 2).

2.1. Haber–Bosch process

To meet the need for ammonia-based fertilizers, in the early
twentieth century, two Nobel Prize-winning chemists, Fritz
Haber and Carl Bosch, invented a high-pressure reaction to
directly combine N2 and H2 to form ammonia (eqn (1)).66 To
date, most industries rely on this process for the commercial
production of ammonia. The modified Haber–Bosch reaction is
typically conducted over Fe- or Ru-based catalysts in the tem-
perature zone of 623–773 K and the pressure region of
15–35 MPa.66 This process is energy-intensive, accounting for
about 1–2% of global energy consumption. The H2 required for
this process is mostly derived from the combustion of fossil
fuels. It releases CO2, contributing to B1% of the total green-
house gas emissions of the world.4 The reaction for ammonia
production following the Haber–Bosch process is as follows:

N2 þ 3H2 �!Fe=Ru based catalyst

623773 K
15�35 MPa

2NH3 (1)

2.2. Enzyme-catalyzed reactions

In an attempt to reduce the carbon footprint generated by
Haber–Bosch reactions, researchers have taken inspiration
from biological nitrogen fixation reactions. In this reaction,
nitrogenase, a bacterial enzyme, directly converts atmospheric
N2 to NH3 (eqn (2)).67 Instead of H2, this reaction uses protons

Table 1 Selected examples of recently published reviews and perspectives on ammonia synthesis

Journal Catalytic approach Highlights N-Source Ref.

Nat. Energy Electrocatalysis Metal-based catalysts, reactor design N2 20
Nat. Catal. Electrocatalysis Reaction mechanism, protocols NOx 21
Nat. Catal. Electrocatalysis Challenges, protocols, and future perspectives N2 22
Nat. Synth. Photo- and electrocatalysis Mechanisms and catalyst design N2 23
Chem. Rev. Electrocatalysis Theoretical and experimental N2RR N2 15
Chem. Soc. Rev. Electrocatalysis 2D catalysts N2 13
Chem. Soc. Rev. Photocatalysis Materials, structure, and reaction engineering of MOx,

BiOX, g-C3N4, and organic frameworks
N2 16

Chem. Soc. Rev. Photo-, photoelectro- and
photothermocatalysis

Fundamentals and challenges of N2RR, reaction
mechanisms, quantification methods, techno-
economic applications

N2 24

Adv. Mater. Photo-, electro-, and
photoelectrocatalysis

Reaction mechanism, catalyst engineering N2 25

Adv. Mater. Photo- and electrocatalysis Reaction and catalyst engineering N2 26
Adv. Mater. Electrocatalysis Reaction mechanism, catalyst design NO3

� 17
Adv. Energy Mater. Electrocatalysis Fe-based single-atoms N2, NO3

� 27
Adv. Funct. Mater. Electrocatalysis Active hydrogen in N2RR and NOxRR N2, NO3

�, NO 28
ACS Energy Lett. Electrocatalysis Li and alkaline earth metal catalysts N2 29
ACS Nano Electrocatalysis Group VIII-based catalysts NO3

� 30
ACS Nano Electrocatalysis Graphene derivatives N2 31
ACS Catal. Photocatalysis Fe-based catalysts N2 32
ACS Catal. Electrocatalysis, catalysis under

temperature and pressure
Ru-based catalysts N2 33

Small Electrocatalysis Single-atom catalysts N2 34
Small Methods Electrocatalysis Reaction mechanism, catalyst engineering N2, NO3

� 35
Small Methods Photo- and photoelectrocatalysis Reaction mechanism, catalyst engineering N2 36
Chem. Eng. J. Electrocatalysis Reaction mechanism, catalyst engineering NO3

� 37
Chem. Eng. J. Photo-, electro-, and

thermocatalysis
Ru-based single-atoms N2 38

J. Mater. Chem. A Electrocatalysis 2D catalysts N2 14
J. Mater. Chem. A Photo- and photoelectrocatalysis Three-phase interface heterojunction catalysts N2 39
This Review Photo-, electro-, and

photoelectrocatalysis
0D, 1D, 2D, and heterostructured catalysts, reaction
pathways, applications

N2, NO3
�, NO2

�,
and NO

Review Article Chem Soc Rev

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 2

/2
1/

20
26

 9
:0

2:
21

 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00025k


This journal is © The Royal Society of Chemistry 2025 Chem. Soc. Rev., 2025, 54, 5021–5080 |  5025

and electrons to form the N–H bonds in ammonia. Nitrogenase
comprises two proteins: Fe-based protein (FeP) and MoFe-
based protein (MoFeP).65,67 FeP hydrolyzes ATP to ADP, and
the electrons generated in this process are transferred to
MoFeP. MoFeP reduces N2 to NH3. Stoichiometrically, six pairs
of protons and electrons should be used for the synthesis of
NH3 from N2. But the reaction takes up 8 pairs of H+/e�. This
apparent wastage of 2e� and 4 ATP molecules contributes to the
energy required for thermodynamically driving the reaction.
However, excess energy usage leads to a large chemical over-
potential of this reaction.

(2)

The high demand for ammonia has led researchers to
find a sustainable method for its synthesis that will be
energy-efficient, cost-effective, and environmentally benign.
In recent years, numerous methods, such as plasma, thermo-
chemical, photochemical, electrochemical, and photoelectro-
chemical techniques have been explored to decarbonize
ammonia synthesis. This review will focus on ammonia
generation from different nitrogen-containing species (like
N2, NO, NO3

�, and NO2
�) via photocatalysis, electrocatalysis,

and photoelectrocatalysis.

2.3. Photocatalysis

Solar energy is a clean and inexhaustible energy source, which
has triggered the wide utilization of photocatalysis in the sector
of chemical fuels. Literature evidence suggests that over the
initial years, it was thought that the photoreduction of N-
containing species occurs only in nature. Soil and sand samples
were explored to study the effect of minerals on the photo-
reduction of nitrogen in nature.68,69 Fascinated by the working
mechanism of the Fe and FeMo proteins in nitrogenase enzyme
reactions, chemists have designed photocatalysts that absorb
light to generate electrons and protons. These electrons activate
the N-containing species (N2, NOx, and NOx

�), which react with
protons from water to form ammonia. Brown et al. developed
such an analog CdS: FeMo protein biohybrid, which can reduce
nitrogen to ammonia upon light activation.7 CdS nanocrystals
act as photosensitizers, providing electrons to the FeMo protein
for nitrogen reduction. In this work, light is used as the energy
source, whereas in the biological nitrogenase system energy is
acquired by hydrolysis of ATP. Researchers have extended this
know-how to design other photocatalytic systems like metal
oxides,70,71 metal sulfides,72 bismuth oxyhalides,73,74 layered
double hydroxides,75,76 and carbon-based materials77,78 for the
photocatalytic synthesis of ammonia. According to the litera-
ture, the photocatalytic N2, NOx, and NOx

� reductions by
semiconductors occur on photoactivation, when the excited
electrons move to the conduction band, leaving holes in the
valence band.79 The electrons reduce N-species to ammonia

Fig. 2 Schematic representation of different routes to synthesize ammonia. Industrial Haber–Bosch process, nitrogenase enzyme-catalyzed reaction,
reproduced with permission from ref. 65, copyright 2017, Wiley-VCH, photocatalysis, electrocatalysis, and photoelectrocatalysis from the conversion of
N2, NOx

�, and NOx.
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while the holes participate in the water oxidation reaction. The
recombination of electrons and holes is one of the significant
problems in photocatalytic reactions.80 Thus, hole scavengers
are sometimes used as sacrificial agents to prevent recombina-
tion. The band gap of the materials and the position of
conduction and valence bands play a significant role in photo-
catalysis. The reduction potentials of N2RR, NOxRR, and water
oxidation must lie in between the conduction and valence band
positions. NOx

� (nitrates and nitrites) are common sources of
pollutants in wastewater and the photoreduction of NOx

� can
help in wastewater treatment, which will be discussed in detail
later in Section 7.1. The direct reduction of nitrate and nitrite
wastes into ammonia is thus both economically and environ-
mentally important. In some cases, however, the competitive
hydrogen evolution reaction (HER) and reduction of NO3

� to N2

limits the selectivity of the ammonia produced. A detailed
discussion on different classes of photocatalytic materials like
metal oxides, metal nanoparticles, single-atoms, quantum dots,
and their composites, which can photoreduce N-containing
species to ammonia with high selectivity, will be presented in
Section 4 of this review.

2.4. Electrocatalysis

Electrochemical reduction of N2 or NOx
� to ammonia occurs

under ambient conditions, i.e., at room temperature and atmo-
spheric pressure at a specific applied voltage. Sometimes,
electrochemical reactions are considered to be more energy-
efficient than photochemical reactions. This is because, in
photocatalysis, some of the absorbed photons remain unuti-
lized due to the variable wavelengths of incident light sources
and the recombination of electrons and protons.81 The design
of electrocatalysts is quite challenging because the activity,
selectivity, efficiency, and stability depend on the choice of
materials. The material structure (surface area, porosity, crystal
facets) and morphology affect the turnover and yield, while the
electronic properties (heteroatom doping, defect engineering)
influence the active site of the catalyst.82 The surface properties
of the catalyst can affect the adsorption–desorption of N2 or
NOx

� species, which in turn affects the bond dissociation and
the consecutive hydrogenation reactions for ammonia for-
mation. The availability of electrons and protons can also be
controlled by the design of the catalyst, which might be able to
suppress the competing HER reactions and also help in attain-
ing selectivity of the ammonia, reducing the chance of obtain-
ing lesser reduced products like NO2

� or NO from the
electroreduction of NO3

�.
In the electrochemical experiments, initially N2 or NOx

� is
adsorbed on the surface of the electrode in a simple electro-
chemical cell. Electrons supplied by the external circuit reduce
the N-containing molecule, which undergoes subsequent
hydrogenation by the protons to produce ammonia. In most
cases, water present in the reaction medium acts as the source
of hydrogen for ammonia production. A judicious choice of
electrolyte is crucial for electrocatalytic reactions because the
electrode reactions of the electrochemical cell are dependent
on the electrolyte. In past years, aqueous and non-aqueous

electrolytes have been used where protons (H+), hydroxides
(OH�), oxides (O2�), and nitrides (N3�) act as mobile charge
carriers. The main bottlenecks in electrocatalytic ammonia
synthesis are the yield and the Faradaic efficiency (FE). Com-
peting reactions on the surface of electrocatalysts, like water
reduction to hydrogen evolution reaction (HER), dominate over
N2 or NOx

� reduction reactions (N2RR and NOxRR) at higher
overpotentials, thus decreasing the selectivity of the product.83

To eliminate the drawbacks, over the past few years, research-
ers have been working to upgrade electrocatalysis cells, electro-
catalysts, electrolytes, and working potentials, which will be
discussed in detail in Section 5 of this review.

2.5. Photoelectrocatalysis (PEC)

The general redox reactions for photocatalysis and electrocata-
lysis are similar. In PEC, these reactions become more favour-
able because of the combined effects, i.e., electric and light
energy.84 In an electrochemical cell, N2RR or NOxRR occur at
the cathode while water splitting occurs at the anode. The
experimental setup of PEC is very similar to the electrocatalytic
set-up; only in PEC, the cathode is replaced with a photo-
cathode. The photocathode utilizes energy from a light source
to provide the photovoltage. In this way, the electrical energy
required for N2RR and NOxRR either decreases to a certain
extent or is completely diminished depending on the Fermi
level of the photocathode.49 Generally, in PEC a three-electrode
set-up is employed where the catalyst is loaded on the working
electrode (photocathode).36 The reduction reactions (N2RR or
NOxRR) occur at the photocathode and water splitting at the
anode (counter electrode). A proton exchange membrane is
placed between the cathode and anode, which ensures only
protons are supplied to the cathodic side for ammonia for-
mation, and no other oxidative species can migrate to the
cathodic part so that the ammonia produced does not undergo
any oxidation. In photocatalysis and electrocatalysis, the com-
peting HER reduces the Faradaic efficiency (FE) of NH3. In PEC,
the competing HER can be suppressed using photoelectrodes.
For instance, an Au-decorated ordered silicon nanowire array
photocathode can perform NO2RR to NH3 with FE as high as
95.6% at 0.2 V vs. RHE.85 This is because the Au and Si surfaces
of the electrode are not active for water reduction. The absence
of the competing HER makes the FE for NH3 production
comparatively higher. The PEC reaction mechanisms of N2RR
and NOxRR are similar to photocatalysis and electrocatalysis.
The design of materials for PEC follows the same principles as
electrocatalysts and photocatalysts. Improvement in the photo-
electrocatalytic NH3 yield and selectivity can be achieved by
modification of the catalysts such as, doping with heteroatoms,
making heterojunctions, defect engineering, and modification
of morphology.86–88 Thus, we can infer that the structures and
properties of the materials used for designing the catalysts have
profound roles in the catalytic reactions and products formed.
Section 6 of this review will extensively discuss the emergent
low-dimensional materials for photoelectrocatalytic ammonia
synthesis.
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Among the above-mentioned ammonia synthesizing techni-
ques, the most widely used methods in recent literature include
photocatalysis, electrocatalysis, and photoelectrocatalysis.
These processes are more sustainable and easily achievable
and only require catalyst materials and energy sources to
produce ammonia. Though all these processes follow the
general principles of catalysis, however, the reaction condi-
tions, mechanisms, and catalyst design differ. To get a brief
idea about the working principles, catalysts, reaction mechan-
isms, benefits and drawbacks, and environmental impact, a
comparative study of these processes is presented in Table 2
and Fig. 3.

2.6. Reaction mechanisms of N2 reduction to NH3

The reaction of catalytic reduction of dinitrogen (N2) to ammo-
nia (NH3) using natural ingredients like air and water is
proposed to be as follows (eqn (3)–(5)):79,89

N2 þ 3H2O ����!Catalyst
2NH3 þ 1:5O2 (3)

The half-cell N2 reduction in the acidic and basic media can
be depicted as follows:36,90

Acidic condition: N2 + 6H+ + 6e� - 2NH3 (4)

Basic condition: N2 + 6H2O + 6e� - 2NH3 + 6OH�

(5)

The reactions (eqn (6)–(9)) for the reduction of N2 to NH3 can
change with the reaction medium and charge carriers as
follows:15

a. In the presence of H+

N2 + 6H+ + 6e� - 2NH3

3H2 - 6H+ + 6e� (6)

b. In the presence of OH�

N2 + 6H2O + 6e� - 2NH3 + 6OH�

3H2 + 6OH� - 6H2O + 6e� (7)

c. In the presence of O2�

N2 + 3H2O + 6e� - 2NH3 + 3O2�

3O2� - 3/2O2 + 6e� (8)

d. In the presence of N3�

N2 + 6e� - 2N3�

3H2 + 2N3� - 2NH3 + 6e� (9)

In all reaction conditions, dinitrogen reduction to ammonia
is a six-electron reduction reaction, which is a kinetically
‘‘uphill’’ process. The design of photo- and/or electrocatalysts
plays a vital role as they provide an alternative lower energy
pathway to the production of ammonia. Nitrogen is a highly
stable molecule owing to its triple bond and breaking the first
bond is considered the rate-determining step. The mechanism
of N2 reduction to ammonia is currently being investigated by

different research groups and studies are still underway. It
has been proposed that there are two possible pathways for
N2 reduction to NH3: (i) associative and (ii) dissociative
(Fig. 4A).36,91 In the dissociative pathway, the N–N bond breaks
before hydrogenation. However, this process is highly energy-
demanding and the dissociative pathway is not considered
favourable. In the associative mechanism, the first step involves
the protonation of N2. Protonation depends on the configu-
ration of N2 and can be either to the distal N atom, forming
N2H* species, or to the two N atoms which can alternatively
form N2H2* species. In the associative distal pathway, the
reaction proceeds via three consecutive hydrogenation steps,
forming one NH3 molecule. Then, hydrogenation occurs at the
second N atom, forming NH3 after three more steps. In the
associative alternating pathway, hydrogenation occurs alter-
nately at both N atoms, and two molecules of ammonia are
produced almost simultaneously. Photocatalytic and electroca-
talytic reduction of N2 to ammonia can follow any of these
pathways, though simple calculations are not enough to predict
the exact reduction pathway.

2.7. Reaction mechanisms of NOx
� and NOx reduction to NH3

As discussed above, the bond dissociation energy of N2 is very
high (B941.8 kJ mol�1). In comparison, the bond dissociation
energies for NOx and NOx

� species are lower. They can be
disintegrated into deoxygenated species with a lower bond
dissociation energy (for NO3

�B204 kJ mol�1); hence, nitrogen
oxides can offer a sustainable route to the synthesis of ammo-
nia at a lower energy cost. Also, the valence states of N in
nitrogen oxides are higher (+5 in NO3

�, +3 in NO2
�) than in

dinitrogen where the valence state of N is 0; hence, deep
reduction reactions are more plausible in the case of nitrogen
oxides. The catalytic reactions are similar to that of dinitrogen
but require a different number of electrons and protons for
each species (eqn (10)–(12)).92

NO3
� þ 9Hþ þ 8e� ����!Catalyst

NH3 þ 3H2O (10)

NO2
� þ 7Hþ þ 6e�

����!Catalyst
NH3 þ 2H2O (11)

NOþ 5Hþ þ 5e�
����!Catalyst

NH3 þH2O (12)

Nitrates and nitrites are present in the form of electrolytes
for the electrocatalytic reduction, which involves 8e� and 6e�

respectively for the conversion to ammonia. The reduction
proceeds via the dissociation of NOx

� species into deoxyge-
nated species followed by hydrogenation, which is quite similar
to the adsorption–desorption mechanism of nitrogen
reduction. The reduction of nitrogen oxide species to ammonia
is illustrated in Fig. 4B and it exhibits multi-step processes of
electron and proton transfer.93,94 Initially, NO3

� is adsorbed on
the catalyst surface as *NO3

�, which is followed by the loss of
an electron to form *NO3. This *NO3 intermediate is then
converted into *NO2 via the transfer of two electrons and
two protons. In most cases, the reduction of nitrate to nitrite
is the rate-determining step for NO3

� reduction. The *NO2
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intermediate is further reduced to *NO. The subsequent steps
of reduction to ammonia passing through *NO intermediate is
the same for NOx

� and NO. The next possible steps can follow

either dissociative or associative pathways. In the dissociative
pathway, the N–O bond undergoes dissociation, forming
adsorbed nitrogen (*N) and oxygen (*O) species on the catalyst

Fig. 3 Comparison of (A) photocatalysis, (B) electrocatalysis, and (C) photoelectrocatalysis methods for ammonia synthesis.

Fig. 4 General reaction pathways of ammonia synthesis. (A) N2 reduction to ammonia via dissociative, associative alternating, and associative distal
pathways, (B) NOx

� and NOx reductions to ammonia via associative, dissociative, alternating, and distal pathways through N- and O-ends.
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surface. The *N is then sequentially hydrogenated to yield
ammonia. The associative pathway can proceed through any
one of the three possible routes depending on the adsorption
type of *NO intermediate. The adsorption of *NO on the
catalyst surface can be through (i) N-end, (ii) O-end, or (iii)
NO-side. The hydrogenation of the N-end and O-end routes can
again proceed through either alternating or distal hydrogena-
tion processes. In the case of the distal-O or N hydrogenation
pathway, at first one of the O or N atoms is at first fully
hydrogenated to form H2O or NH3, followed by the hydrogena-
tion of the other atom. For the case of the alternating-O or N
hydrogenation pathway, the O and N atoms are alternately
hydrogenated stepwise to form H2O and NH3, respectively.94

3. Low-dimensional materials (LDMs):
dimensionality of nanostructures and
heterostructures

Nanostructured materials (NSMs) can act as effective catalysts
because of their morphologies, electronic properties, and sur-
face characteristics.95 Dimensionality is an important para-
meter because different dimensional materials of similar
chemical composition exhibit separate physical and chemical
properties. For instance, carbon has different allotropes: full-
erene, carbon nanotube, graphene, and graphite. Fullerene is
0D, carbon nanotube is 1D, graphene is 2D, and graphite is 3D,
and all four have different properties. NSMs have building units
of size ranging from nanometer to sub-micron scale. The
classification of NSMs has been proposed by Gleiter (1995)
and Skorokhod (2000); later, Pokropivny and Skorokhod
proposed a modified classification.96,97 According to the classi-
fication by Pokropivny and Skorokhod, NSMs can be classified
as 0D, 1D, or 2D. The structure and morphology of some
common low-dimensional materials are illustrated in Fig. 5.
In this review, we will explore the implementation of the NSMs
and multicomponent heterostructures, which are built from
the 0D, 1D, and 2D materials for photocatalytic, electrocataly-
tic, and photoelectrocatalytic N2RR and NOxRR to produce
ammonia.

3.1. Zero-dimensional (0D) nanostructured materials

0D materials are mostly nano-dimensional structures with an
average size of less than 10 nm along all three dimensions and
are isotropic.115 They comprise metal nanoparticles, metal alloy
nanoparticles, nanospheres, core–shell structures, yoke–shell
structures, quantum dots, single-atoms, nanocrystals, and
metal oxides.98–103,116 The fabrication of 0D catalysts has been
well explored and various methods, such as thermal evapora-
tion, sputtering, chemical vapour deposition, electrodeposi-
tion, solvothermal, sol–gel, annealing, galvanic replacement,
gas phase deposition, and template-based methods are quite
common fabrication techniques.117,118 The optical and physi-
cochemical properties of these 0D materials can be tuned
depending on their size, making them potential catalysts for
photo- and electrocatalysis reactions.

3.2. One-dimensional (1D) nanostructured materials

1D materials are nanostructured along any two dimensions
while the third dimension can be in the microscale range.115 1D
catalysts are advantageous over 0D catalysts as they offer a
unique anisotropic structure, more density of active sites, and
more surface area than 0D materials.119 0D materials are more
susceptible to Ostwald ripening due to the high surface
energy. In 1D nanostructures, the lower-energy facets are pre-
ferentially exposed on the surface, which reduces the surface
energy of the whole material, making them more stable.120 The
structure of 1D materials enhances mass transport and diffu-
sion, and provides them with superior catalytic properties.121

1D materials comprise nanowires, nanotubes, nanorods,
nanoribbons, nanobelts, and nanofibers.104–109 The most com-
mon synthetic techniques of 1D materials include hydrother-
mal, sol–gel, self-assembly, electrospinning, and template-
assisted methods.122–124 In this review, we will explore
the recently developed 1D catalysts and how their structural
and electronic properties aid in the catalytic synthesis of
ammonia.

3.3. Two-dimensional (2D) nanostructured materials

In 2D materials, only one dimension is confined to the nano-
scale regime while the other two dimensions can range from
micrometer to centimeter scale.115 Nanosheets, nanoplates,
nanodisks, and nanoprisms are the most commonly designed
2D materials for catalysis.76,110–114,125 These 2D nanostructures
have exposed surface area, increasing their contact with
reactants.126,127 Most of the active sites are present on the
surface and are easily accessible for catalysis. Defects and
unsaturated sites can be introduced into the 2D structures,
which enhances adsorption–desorption and facilitates mass
transport.126 In 2D materials, electrons can be trapped within
the atomic layers, which brings good conductivity and electron
mobility to the structures, thereby facilitating electron trans-
port and charge carrier separation.128

According to Sabatier’s Principle, an optimized catalytic
reaction occurs when the interaction between the reactants
and the catalyst surface is optimal, i.e., the adsorption energy is
intermediate.129 Thus, it can be said that the catalytic proper-
ties of a material are dependent on its surface and electronic
properties.130,131 Hence, engineering the band structure of a
material proves to be an important tool in catalyst design.132

The electronic structures of low-dimensional nanostructures
differ from their bulk counterparts due to the quantum con-
finement of the electronic density states. As a result, the photon
absorption properties of these materials are enhanced, leading
to better catalytic activities in these systems.133,134 The electro-
nic properties are also dependent on the morphology of the
materials, including kinks, edges, facets, and phases.9 Addi-
tionally, the surface area to volume ratio is higher in the low-
dimensional catalysts, which ensures the availability of more
active sites on the surface of the catalyst.9 The successful
utilization of 0D, 1D, and 2D materials for catalysis has also
prompted researchers to prepare hybrid structures using these
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nanomaterials and exploit them in catalysis. Moreover, the
integration of two components provides synergistic effects from
each counterpart toward catalysis. These individual compo-
nents of heterostructures are held together mainly via van der
Waals forces.9 Heterostructures have emerged as state-of-the-
art catalysts as they offer superior-quality interfaces with
unique properties compared to normal nanostructures. The
newly formed interfaces between the components can lead to
improved charge transfer, slowing down the recombination of
charge carriers.126 These heterostructures can be 0D–1D, 0D–
2D, 1D–2D, 2D–2D, and so on. In the next sections, we will
discuss the 0D, 1D, and 2D materials, their heterostructures,

and the interplay between the electronic properties and their
catalytic activities.

4. Low-dimensional photocatalysts for
ammonia synthesis

The design of photocatalysts for the reduction of N-containing
species to ammonia requires a few criteria to be met: (i)
adsorption of the N-containing species on the surface of the
catalyst; (ii) absorption of light by the catalyst; (iii) tuning the
band gap corresponding to the wavelength of light absorbed,

Fig. 5 Dimensional classification of low-dimensional materials (LDMs). 0D common structures. (A) Metallic nanoparticles, representative SEM image of
bimetallic Au/Ni nanoparticle. Reproduced with permission from ref. 98. Copyright 2019, American Chemical Society. (B) Semiconductor nanoparticles,
representative TEM image of CdS semiconductor nanoparticles. Reproduced with permission from ref. 99. Copyright 2020, American Chemical Society.
(C) Core–shell structures, representative TEM image of Fe3O4@silica RF core–shell particles. Reproduced with permission from ref. 100. Copyright 2009,
Royal Society of Chemistry. (D) Nanocrystals, representative TEM image of maghemite nanocrystals. Reproduced with permission from ref. 101.
Copyright 2001, American Chemical Society. (E) Single atoms, representative HAADF-STEM image of Fe single atoms. Reproduced with permission from
ref. 102. Copyright 2023, Wiley-VCH. (F) Quantum dots, representative TEM image of carbon quantum dots. Reproduced with permission from ref. 103.
Copyright 2023, Royal Society of Chemistry. 1D common structures. (G) Nanowires, representative SEM image of Ag nanowires. Reproduced with
permission from ref. 104. Copyright 2020, American Chemical Society. (H) Nanotubes, representative TEM image of carbon nanotube. Reproduced with
permission from ref. 105. Copyright 2019, Elsevier. (I) Nanofibers, representative SEM image of Fe2TiO5 nanofibers. Reproduced with permission from ref.
106. Copyright 2022, Wiley-VCH. (J) Nanorods, representative TEM image of g-C3N4 nanorods. Reproduced with permission from ref. 107. Copyright,
2022, Elsevier. (K) Nanobars, representative SEM image of LiNi0.4Co0.2Mn0.4O2 nanobars. Reproduced with permission from ref. 108. Copyright 2012,
Royal Society of Chemistry. (L) Nanoribbons, representative TEM image of graphene nanoribbons. Reproduced with permission from ref. 109. Copyright
2015, AIP Publishing. 2D common structures. (M) Nanosheets, representative TEM image of ZnCr-LDH nanosheets. Reproduced with permission from
ref. 76. Copyright 2020, Wiley-VCH. (N) Nanoplates, representative TEM image of hexagonal Co(OH)2 nanoplates. Reproduced with permission from ref.
110. Copyright 2013, Royal Society of Chemistry. (O) Nanofilms, representative TEM image of Cu-TCPP MOF ultra-thin nanofilm. Reproduced with
permission from ref. 111. Copyright 2013, Royal Society of Chemistry. (P) Nanolayers, representative cross-TEM image of a-ZrTiOx nanolayers.
Reproduced with permission from ref. 112. Copyright 2013, Royal Society of Chemistry. (Q) Nanodiscs, representative TEM image of Bi2Se3 nanodisc.
Reproduced with permission from ref. 113. Copyright 2012, American Chemical Society. (R) Nanoprisms, representative SEM image of Ag nanoprisms.
Reproduced with permission from ref. 114. Copyright 2024, American Chemical Society.
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which can promote the excitation of electrons from the valence
band to the conduction band; (iv) position of the valence and
conduction bands such that the potentials of the redox reac-
tions are aligned in the gap; and (v) recombination of charge
carriers is minimum. These requirements can be fulfilled by
choosing the proper catalyst from a wide range of photocataly-
tic materials, such as semiconductors, metal nanoparticles,
metal oxides, metal sulfides, and carbon-based materials.
Structural engineering of the photocatalysts via the introduc-
tion of defects, construction of heterojunctions, increasing
surface area by hybridization with other materials, and the
use of cocatalysts can enhance photocatalytic performance.

Photosynthesis of ammonia, in principle, requires only
water, light, and N2 or NOx

� hence, it is quite attractive.
However, the photocatalysts developed earlier exhibit low con-
version efficiency for ammonia generation. This might be due
to the availability of less active sites, limited light absorption
properties, and quick recombination of photogenerated
charges. Active sites adsorb and activate the N-containing
substrate. The activation of N2 is challenging due to the high
dissociation energy of NRN. Nitrogen has four bonding (2s
and 2p) and four anti-bonding (2s* and 2p*) orbitals. Activa-
tion of N2 requires a donation of electrons to the bonding
orbitals and an acceptance of electrons from anti-bonding p*
orbitals. The thermodynamic reduction potential of N2 to NH3

is 0.148 V vs. RHE, which is quite close to the hydrogen
evolution reaction (0 V vs. RHE), so the competing HER some-
times hinders the N2RR, and this remains a major concern in

most cases.135 The drawbacks of the low solubility of N2 in an
aqueous medium and the high dissociation energy required for
the cleavage of NRN can be overcome by replacing the N-
containing precursor from N2 with nitrates or nitrites.21 More-
over, high concentrations of nitrates and nitrites in wastewater
can be a major health concern; thus, reducing them to ammo-
nia can diminish health risks. However, nitrate reduction to
ammonia requires 8e�; hence, the risk of obtaining lesser-
reduced products like N2 persists. For achieving higher NH3

selectivity, side reactions of N2 production and HER must be
suppressed. This may be achieved by surface modification of
catalysts or modification of materials based on the mechanistic
pathway of ammonia synthesis.

The principle of photocatalysis relies on harvesting solar
energy (Fig. 6). Hence, the band gap of the catalysts should also
be tuned for direct utilization of solar light, preferably visible
light. However, the band gap tuning sometimes reduces the
energy of photogenerated electrons and, thereby, their
reduction capability.136 Hence, developing an optimized photo-
catalyst that effectively absorbs light while maintaining its
reduction capability is essential. For activation of N-
containing molecules, the active sites must be electron-rich
and able to promptly transfer electrons to adsorbed N-
containing moieties. Inducing defects and unsaturated sites
with abundant localized electrons in the catalysts can address
this issue as they effectively transport electrons, and conse-
quently, activate and reduce the N-containing moieties. The
synthetic and modification strategies of LDMs are mostly

Fig. 6 Low-dimensional photocatalysts for ammonia synthesis. Classification of photocatalysts into 0D, 1D, and 2D, and schematic representations of
few selected photocatalytic LDMs.
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simple and single-step, but structure engineering of the catalysts
and the formation of heterostructures sometimes require multi-
step fabrication strategies. 0D photocatalysts like metal and metal
oxides mostly rely on different reduction methods of metallic
salts, like photoreduction, H2 reduction, or chemical reduction,
whereas single-atom-based photocatalysts use different deposi-
tion techniques for integration with support materials.137–141

Fabrication of 1D materials based on metal oxide, metal oxyha-
lides, and carbon-based materials mostly uses different thermal
treatment procedures like hydrothermal, solvothermal, and
annealing.142–144 2D materials based on semiconductor
nanosheets, graphitic carbon nitrides, and graphdiynes rely on
different thermal synthetic procedures.145–148 The catalytic proper-
ties of these materials can be enhanced by defect engineering like
the introduction of vacancies,43 doping of heteroatoms,71 for-
mation of heterojunctions,149 heterostructures,150 and use of
cocatalyst materials.146 The fabrication strategies of the most
widely used 0D, 1D, 2D, and heterostructured photocatalysts are
presented in Table 3. This section will explore the emergent low-
dimensional photocatalysts (Fig. 6) used recently to convert N2,
NOx, or NOx

� to NH3.

4.1. 0D photocatalysts and heterostructures

0D photocatalysts for ammonia synthesis mainly consist of
three classes of materials: semiconductor nanoparticles, quan-
tum dots, single-atoms, and heterostructures formed with these
0D particles. Due to their plasmonic properties, 0D structures
prove to be effective catalysts because the photons can be
harvested at lower energy by nanoparticles, and their adsorp-
tion properties can be easily tuned by altering their shape and
architecture.9 The separation of charge carriers is also possible
because of the strong electric fields created at local ‘‘hotspots’’
induced by surface plasmons.173 These properties allow the 0D
materials to be incorporated with 1D or 2D materials to create
heterostructures that can function as efficient photocatalysts
for ammonia synthesis.

Metallic nanoparticles have plasmonic properties and their
size and shape can be easily tuned, making them important
materials for catalysis. Quantum dots also prove to be promis-
ing photocatalytic materials owing to their unique character-
istics like high absorption coefficient, efficient charge transfer
properties, large surface-to-volume ratio, and stability. Single-
atoms are another class of materials that have recently emerged
as prospective photocatalysts due to their highly efficient atom
economy, low coordination environment, unique electronic
structural properties, and atomic-level understanding of reac-
tion mechanisms. Metallic nanoparticles, quantum dots, and
single-atoms, upon heterogenization with different 1D and 2D
support materials, can produce excellent photocatalysts for
ammonia synthesis. For instance, the well-explored TiO2

nanosheets can be used as substrates for incorporating
metallic nanoparticles, metal oxide nanoparticles, and single-
atoms, which can simultaneously modify the interface
as well as act as active sites for catalysis. The heterostructures
formed are mostly of dimension 0D–2D. Heterostructures of
semiconductors like TiO2 and CdS decorated with metallic

nanoparticles act as efficient photocatalysts for ammonia gen-
eration from N-containing species like N2 and NOx.174–176

Ideally for NO reduction reactions, a high concentration
(410 000 ppm) of NO is required for photoproduction of
ammonia. However, limited NO conversion and ultra-low solu-
bility of NO in water (1.94 � 0.03 mmol L�1 at 25 1C) are the
major bottlenecks for NO conversion to NH3.177 To address
these challenges and for direct photocatalytic conversion of
NO, Fe(II)EDTA is employed as the NO chemical absorbent,
forming Fe(II)EDTA–NO chelates, and formaldehyde (HCHO)
acts as the antioxidant to prevent the formation of Fe(III)
from Fe(II) oxidation.137 TiO2 decorated with Au nanoparticles
are adorned with active sites to facilitate photogenerated
charge separation, thereby promoting ammonia generation.
The simultaneous chemical adsorption and photocatalytic
reduction system enable continuous NO adsorption, NO
reduction, and Fe(II)EDTA regeneration on-site. Notably, the
efficiency of NO conversion and the selectivity of ammonia
produced remain unaffected even in the presence of H2O, SO2,
and metal ions (K+, Ca2+, Cd2+, and Pb2+). In flue gas, the
simultaneous presence of NO and SO2 presents certain chal-
lenges of removal and recovery. SO2 is soluble and easily
oxidized, hence, SO2 acts as a potential reductant in the NO
photoreduction reaction. The formation of the SO2–NO redox
pair promotes easy conversion of both NO and SO2 in contin-
uous flow.178 Thus, high selectivity is achieved simultaneously
for both NO-to-NH3 upcycling (97%) and SO2-to-SO4

2� purifica-
tion (92%). Metallic nanoparticles or bimetallic nanoalloys-
loaded TiO2, such as Cu/TiO2 and Cu–Pd/TiO2, in the presence
of hole scavengers like oxalic acid and methanol, can perform
photocatalytic 8e� conversion of NO3

� to NH3 without forming
N2 while simultaneously producing H2, which lowers the selec-
tivity of NH3.138,139 To address this problem, subnanometric
metal oxide nanoparticles like BaO, CaO, and MgO are synthe-
sized in operando on the TiO2 nanosheets.154 In operando
growth of 0D subnanometric metal oxide nanocrystals (MONC)
at the oxygen defect sites of TiO2 nanosheets promotes NO3

�

reduction to synthesize NH3 selectively. The construction of
MONC at defect sites is preferable because, due to the limited
number of electron lone pairs, the nanocrystals cannot undergo
further agglomeration. These MONC@OVs act as active sites for
the 8e� photoreduction of NO3

� to NH3. Water splitting, the
primary side reaction, produces trace amounts of H2. However,
theoretical calculations indicate that the activation energy of
NO3

� reduction is 1.42 eV less than water splitting, favouring
NO3

� reduction over the side reaction of water splitting.
Compared with the HER, the selectivity of NH4

+ has been
reported to be 97.67%. The formation of a unique interface
between metal oxides and TiO2 promotes charge separation as
well as charge transfer properties of the hybrid catalyst. The
light absorption property of the catalyst is improved and the
conduction band is also elevated, enhancing the photocatalytic
performance of NO3

� reduction. A similar work along these
lines features the in situ formation of dynamic Cu2O sub-
nanoclusters on TiO2 nanosheets (TNS) as the ammonia-
producing photocatalyst.155 This work introduces a different
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approach to ammonia formation, utilizing dynamic Cu2O
nanoclusters following pseudo-Fehling’s reaction. The struc-
ture of Cu2O is unstable under photocatalytic working condi-
tions. Hence, dynamic reconstruction of active Cu2O sites is
required to perform the photocatalytic reactions using actual
Cu2O. The novel active Cu2O sub-nanoclusters are constructed
on-site utilizing photoinduced pseudo-Fehling’s reaction in a
photocatalytic system containing redox pairs of Cu2+ and redu-
cing sugars (formaldehyde and formic acid). The photogener-
ated electrons (e�) and holes (h+) participate in the Cu2+ to
Cu2O reduction and HCHO to HCOOH oxidation for the
formation of Cu2O NCs and construction of Cu2O–TNS inter-
face, respectively. The value-added oxidation of HCHO to
HCOOH is accompanied by synchronous reduction of different
N-sources (NO3

�, NO2
�, and NO) to value-added NH3 by the

active dynamic Cu2O sites. This strategy ensures the formation
of realistic dynamic active sites and provides a better under-
standing of the reaction mechanisms underlying the photoca-
talytic reactions. The photoactivity of TiO2 semiconductor
nanoparticles can also be enhanced by doping with heteroa-
toms. Co-doping of TiO2 with synergistic transition metals
Ce3+/4+-cation and S2�-anion adjusts the band gap of TiO2 such
that maximum photoactivity is obtained upon visible light
irradiation.179 The ratio of Ce3+/Ce4+ is adjusted with hydrazine
to form oxygen vacancies (VO), which helps maintain the charge
and lattice electroneutrality of the TiCeOS catalyst. The Ce3+

centers act as the active sites for the adsorption and activation
of N2 while the electron-hopping between heterovalent Ce3+/
Ce4+ promotes electron transfer for the photoreduction of N2.
Simultaneously, the VOs act as the active sites for trapping
water molecules and subsequent proton generation from water
to protonate N2 to NH3. The introduction of metallic nano-
particles like Ru can tune the band gap of the photocatalytic
materials, boost electron transfer, and facilitate charge separa-
tion. Ru-modified g-C3N4 in the presence of visible light can
selectively photoreduce NO3

� to NH3.151 The theoretically cal-
culated activation energy for the rate-determining step of NH3

synthesis is 0.75 eV, which is much less when compared to the
activation energies of competing HER (0.98 eV) and N2 synth-
esis (1.36 eV), making the generation of NH3 more selective.
The Ru sites have more Bader charge; hence, the density of
electrons is higher on the Ru atoms, making them the active
sites for photocatalysis. Ru nanoparticles can also act as
cocatalysts for ammonia production when loaded on defective
semiconductor-based ZrO2�x nanoparticles with oxygen vacan-
cies (VO).152 The defective ZrO2�x nanoparticles have a narrow
band gap, and excellent reducing and electron donation proper-
ties, which makes it an outstanding photocatalyst for ammonia
generation. The VOs stabilize the dispersed Ru nanoparticles,
which act as cocatalysts and pose an upward band bending of
ZrO2�x, inducing an interfacial Schottky barrier that promotes
the separation of photogenerated charge carriers. The Schottky
barrier at the Ru and ZrO2�x interface also provides a unidirec-
tional pathway for photogenerated electron transport. The Ru
nanoparticles trap these electrons, thereby ensuring the supply
of requisite electrons for N2 reduction to NH3. Ru nanoparticles

loaded on defective perovskite and pyrochlore structures can also
promote N2 photoreduction to NH3.153 In this work, different
perovskite- and pyrochlore-structured tantalates with low-valent
Ta and abundant oxygen vacancies (VO) were fabricated by high-
temperature solid-state reduction. These visible light active dark
tantalates have narrow band gaps and upon the introduction of
Ru nanoparticles, band bending occurs to construct an interfacial
Schottky barrier. The Schottky barrier promotes adsorption of N2

molecules and electron transfer to reduce N2 to NH3. Among all
the synthesized tantalates, Ru-loaded defective pyrochlore
K2Ta2O6�x has the highest electron-donation properties and
chemical stability, and therefore is most effective for ammonia
photosynthesis in the gas–solid phase at low pressure.

0D quantum dots (QDs) also prove to be efficient photo-
catalysts for ammonia production. TiO2 nanoparticles are one
the most widely used semiconductors for photocatalytic appli-
cations. Controlling the size of the nanoparticles and reducing
them to below 10 nm creates TiO2 QDs with outstanding
photocatalytic properties owing to enhanced charge separation,
modified textural properties, and altered redox potentials.149

Upon the formation of an S-scheme heterojunction of TiO2 with
photoactive Fe3S4 crystalline spinels, the photofixation of N2 to
produce NH3 is boosted in the presence of simulated sunlight.
This enhanced photocatalytic activity is attributed to the het-
erojunction formation, which leads to more visible light
absorption, accelerated photoinduced charge separation, and
enhanced catalyst surface area. Formation of an S-scheme
heterojunction between 0D g-C3N4 QDs and 3D macro- and
mesoporous TiO2�x with oxygen vacancies (VO) and enhanced
charge transfer properties promotes the photo/electrocatalytic
reduction of NO to NH3.180 The photogenerated charge carriers
are migrated by the S-scheme heterojunction formed in the
g-C3N4 QDs/3D-TiO2�x and the accumulated electrons in the
conduction band of g-C3N4 quantum dots reduce NO to NH3.
Pyrochlore Bi2Ti2O7 QDs with oxygen vacancies (VOs), produced
hydrothermally from bismuth nitrate and titanium sulfate also
produce NH3 from N2 upon photoirradiation.156 When ammo-
nia production is compared with Bi2Ti2O7 nanosheets, the QDs
are found to be more photoactive. Despite possessing the same
amount of VOs, the QDs are found to be more photoactive as
the synergistic roles of shallow levels arising from VO of
Bi2Ti2O7 QDs and the quantum confinement effect promote
adsorption and activation of N2 molecules to produce NH3.
Ammonia production is also possible from nitrate (NO3

�) and
nitrite (NO2

�) anions using visible-light-active indium phos-
phide (InP) quantum dots.157 InP QDs have tuneable absorp-
tion properties, high charge separation abilities, efficient
mobility of charge carriers, and flexibility in modifying the
surface chemistry. The photoexcited charge carriers generated
by the III–V InP QDs directly induce NO3

� reduction to produce
NH3. The kinetic experiments from this study confirm that the
reduction of NO3

� to NO2
� is the most energy-demanding rate-

determining step in the conversion of NO3
� to NH3. The

conversion of NO2
� to NH3 is faster and almost 100% conver-

sion is achieved in this step. Additionally, in this study, water is
used as the source of protons for ammonia production.

Chem Soc Rev Review Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 2

/2
1/

20
26

 9
:0

2:
21

 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00025k


5036 |  Chem. Soc. Rev., 2025, 54, 5021–5080 This journal is © The Royal Society of Chemistry 2025

Single-atom (SA)-based catalysts are one of the emergent
classes of materials currently undergoing widespread investiga-
tion. Compared to nanoparticles, single-atoms provide access
to a higher density of active sites and contribute to better
atomic usage, which in turn escalates the catalytic
process.27,43 The high catalytic activity, selectivity, and stability
of SA catalysts can also be attributed to homogeneity and the
low coordination capability of the single-atoms.181 The Ru SAs
can tune the electronic structure of the oxygen vacancies
present in TiO2 and improve the adsorption of N2 for photo-
catalytic N2RR. The synergistic effect of the two active sites, Ru
SA and oxygen vacancies (VOs) powers the N2RR, demonstrating
that both components of the heterostructures participate in the
catalytic reaction. For Ru SAs on CeO2 support, CeO2 generates
electron–hole pairs upon photoirradiation and the Ru sites pull
the electrons toward them, accumulating photogenerated elec-
trons around the Ru sites (Fig. 7A–E).158 This further modulates
the local electron density of the adsorbed N2 molecules on Ru
sites, lowers the energy barrier of the rate-limiting step, and,
thereby, promotes the hydrogenation of adsorbed N2 via the
associative distal pathway. Ru SAs have also been implanted on

other supports like molybdenum oxides and metal–organic
frameworks to photocatalytically synthesize ammonia by
N2RR. Here, the active single Ru site anchored on the UiO-66
nodes participates in producing ammonia (Fig. 7F–I).140 Ru SAs
can be embedded in TiO2 by electronic metal–support interac-
tions, and this catalytic system eradicates the use of external
sacrificial agents for producing ammonia (Fig. 7J–M).182 Pt SAs
with tuneable oxidation states photodeposited on a BiOBr
support with oxygen vacancies (VOs) can also efficiently pro-
duce ammonia upon photoirradiation.141 The electron–metal
support interactions (EMSI) between the Pt and BiOBr and the
tuneable oxidation state of Pt SA promote charge transfer
between the modifiers (VO and Pt SA) and the BiOBr support.
The accelerated electron transfer and variation of the local
electronic structure of VO by Pt SA leads to selective adsorption
and activation of N2 as well as the reduction of the energy
barrier of the rate-limiting step, and promote hydrogenation of
*N2 intermediate to produce NH3 via a multielectron alternat-
ing reduction pathway. It is to be noted that though most of the
reported SA photocatalysts use noble metals, the metal utilization
efficiency of single-atoms in catalysis lowers the cost of noble

Fig. 7 Zero-dimensional (0D) photocatalysts for ammonia synthesis. (A) Schematic representation of the isolated 0D Ru sites anchored on CeO2.
(B) HAADF-STEM image of Ru–CeO2. The inset features the corresponding simulated STEM image. (C) UV-Vis DRS of CeO2 and Ru–CeO2. (D) PL spectra
of Ru–CeO2 with different Ru loadings. With an increase in Ru loading the PL intensity decreases. (E) NH3 yield comparison for CeO2 and Ru–CeO2

catalysts with different Ru loadings. The maximum yield obtained is 18 mmol gcat
�1 h�1 for Ru/CeO2-3 where the Ru loading is 1.87%. Reproduced with

permission from ref. 158. Copyright 2024, Wiley-VCH. (F) Schematic representation of the 0D Ru single-atom in the Ru1/d-UiO-66 catalyst.
(G) Aberration-corrected HAADF-STEM image of the catalyst. (H) UV-Vis DRS of UiO-66, d-UiO-66, and Ru1/d-UiO-66. (I) NH3 yield comparison for
UiO-66, d-UiO-66, and Ru1/d-UiO-66 catalysts, and control experiments conducted in the absence of light, N2, and water. Reproduced with permission
from ref. 140. Copyright 2023, Wiley-VCH. (J) Schematic representation of the Ru single-atom-bonded TiO2, Ru1/TiO2-VO, prepared by the molten salt
method. (K) HADDF-STEM image of Ru1/TiO2-VO, where the Ru single atoms are marked by white circles. (L) UV-Vis DRS of TiO2, TiO2-VO, and Ru1/TiO2-
VO. (M) NH3 yield comparison for TiO2, TiO2-VO, and Ru1/TiO2-VO, and control experiments conducted in the absence of light, N2, catalysts, and water.
Reproduced with permission from ref. 182. Copyright 2023, Elsevier.
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atoms. However, efforts to prepare a cost-effective, metal-free SA,
like a boron-based SA photocatalyst are underway.183 Theoretical
studies on single-atom B on graphitic carbon nitride support
demonstrate that it can efficiently reduce dinitrogen to selectively
produce ammonia-suppressing competitive HER via the ‘‘s dona-
tion–p* back-donation’’ properties of the designed catalyst. The
activation barrier and overpotential of dinitrogen reduction are
notably less for this metal-free SA catalyst when compared with
most existing metallic catalysts.

4.2. 1D photocatalysts and heterostructures

1D materials, being microscale along one dimension, provide
more surface area and easily accessible catalytic active sites
than 0D materials, which enhances their catalytic performance.
Various 1D carbonaceous materials have been investigated over
the past few years because of their stability, good conductivity,
and tuneable electronic structure, which exhibit remarkable
catalytic activity.184 The porous structure of the carbonaceous
materials also facilitates the adsorption of N-containing spe-
cies, which enhances the catalytic reaction rate. The onset
potential for HER is comparatively more on carbon-based
catalysts, which is beneficial for N2RR and NOxRR. The intro-
duction of heteroatoms like B, N, and S, which have different
electronegativity than C, results in charge distribution in the

structure and induces more active sites in the material for the
adsorption of reactants. Graphitic carbon nitrides, g-C3N4,
generally form layered two-dimensional structures that can
transfer electrons in two dimensions. However, orderly 1D
nanostructures of g-C3N4 can constrain charge transfer in one
dimension, thus reducing the charge recombination. The
introduction of defects, i.e., metal dopant K and –CRN, into
the g-C3N4 nanorods further enhances their catalytic activities
(Fig. 8A–D).107 From theoretical studies, it has been observed
that the active site is –CRN, which donates electrons while K
centres trap electrons. The synergistic effect of dual defects also
promotes light absorption, charge separation, and proton
adsorption, and enhances the photocatalytic N2RR. Carbon-
coated hydroxyapatite (Hap-C) nanorod, another carbon-based
material derived from bones, exhibits considerable photolumi-
nescence under ultraviolet light.142 Hydrothermal deposition of
Ti3+–TiO2 on the surface of Hap-C promotes the absorption of
visible light, increases electron transfer, and reduces agglom-
eration. Due to these characteristics, the Ti3+-TiO2/HAp-C
nanorods can accelerate photocatalytic N2/H2O ammonia
synthesis compared to pristine Ti3+-TiO2 and HAp-C nanorods
separately.

Oxygen vacancies, the most frequently formed defect, can
act as active sites for the adsorption and activation of precursor

Fig. 8 One-dimensional (1D) photocatalysts for ammonia synthesis. (A) Schematic representation of the structure of graphitic carbon nitride (CN) and
graphitic carbon nitride nanorods (CNNR). (B) TEM image of CNRR. (C) UV-Vis DRS of CN and CNRR. (D) NH3 yield comparison for different carbon nitride
photocatalysts. Reproduced with permission from ref. 107. Copyright 2022, Elsevier. (E) Schematic representation of NH3 synthesis by Bi5O7Br
nanotubes. (F) TEM image of Bi5O7Br-40 nanotubes prepared at 40 1C. (G) UV-Vis DRS of different Bi5O7Br prepared at various temperatures.
(H) Comparison of NH3 evolved by using different Bi5O7Br catalysts prepared at various temperatures. Reproduced with permission from ref. 144.
Copyright 2020, American Chemical Society. (I) Schematic representation of the CdS-decorated WO3 nanorods, forming a heterojunction. (J) FE-SEM
image of WO3/CdS nanorods. (K) Schematic representation of the electron transfer process at the WO3/CdS heterojunction for photocatalytic ‘‘overall N2

fixation’’. (L) NH3 yield comparison between CdS, WO3, and WO3/CdS catalysts. Reproduced with permission from ref. 159. Copyright 2022, Wiley-VCH.
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molecules, and can also alter the optical and electronic proper-
ties of photocatalysts. In the case of photocatalysts like Bi5O7Br
nanotubes with oxygen vacancies (VO), the adsorption of N2 can
elongate the NRN bond and form VO–NQN, which conse-
quently helps in the activation of N2 (Fig. 8E–H).144 The
concentration of VO has to be optimum because a too high
amount of VO can entrap the charge carriers to such an extent
that it may reduce the rate of photocatalysis. Asymmetric
defects induced by VOs can also enhance the segregation
of photogenerated electron–hole pairs through charge redis-
tribution and thereby enhance photocatalytic N2 reduction
reactions. One such example of asymmetric defects is demon-
strated by the MoO3�x nanometric wires fabricated by the
hydrothermal process using glycine for inducing defects.143

Mo-based catalysts are quite popular N2 fixation catalysts as
the unoccupied d-orbitals of Mo present a strong affinity
towards N2. The defects infused by the VOs in the structure of
MoO3�x result in charge redistribution and promote N2 adsorp-
tion and activation.

Heterojunction engineering and heteroatom doping are two
more approaches besides defects engineering to enhance
photocatalytic ammonia synthesis. One such example of a
catalyst that has been fabricated using all three approaches is
Cu ion-doped W18O49 ultrathin nanowires (Cu-W18O49-x
UTNW).150 In situ reduction of the Cu-W18O49-x UTNW with
ascorbic acid as an antioxidant and NaBH4 as a reducing agent
form Cu2O-W18O49-x UTNM, the actual photocatalyst for N2

reduction. This catalyst is adorned with oxygen vacancies (VO)
which promote N2 adsorption and activation, and facilitate
NRN bond dissociation. The in situ-generated Cu2O forms
an S-scheme heterojunction with W18O49-x UTNW, which modi-
fies the internal electric field and enhances the separation and
transfer of the photogenerated carriers. All these strategies
developed for fabricating the nanowires result in efficient
photofixation of N2 to form NH3. The formation of a hetero-
junction between two materials induces a strong electronic
coupling that promotes interfacial charge transfer and, at the
same time, inhibits the recombination of electron–hole pairs.
One such recent work reported the construction of a hetero-
junction between two redox semiconductors, CdS nanoparticles
and WO3 nanorods, forming a 0D–1D-type heterostructure
(Fig. 8I–L).159 The reductive-type CdS has a negative conduction
band (CB) position and the electrons in CBCdS have a strong
reduction ability. The oxidative component WO3 has a higher
positive valence band (VB) position and the holes in VBWO3

have a strong oxidation ability. The heterojunction builds an
interface and an electric field between CdS and WO3 compo-
nents. Upon photoexcitation, this built-in electric field pro-
motes the separation of electrons and holes, and migrates them
via interfacial charge transfer to CdS and WO3, respectively.
These electrons with strong photoreducing ability can effi-
ciently convert N2 to NH3, and the holes can simultaneously
oxidize N2 to NO3

� under mild conditions, thereby completing
the ‘‘overall nitrogen fixation’’ reactions. Another example of
such heterojunction formation is Bi/Bi2Sn2O7 nanocomposites
where etching of oxygen vacancies (VO) in the Bi–O bonds

present in Bi2Sn2O7 pyrochlore is utilized for the in situ pre-
paration of metallic Bi.160 The Schottky junctions formed at the
interface of metallic Bi and semiconducting Bi2Sn2O7 lead to
the separation of photogenerated charge carriers. Moreover, the
contact between the semiconducting Bi2Sn2O7 and metallic Bi
facilitates directional electron transfer from Bi2Sn2O7 to Bi,
enriching the concentration of photogenerated electrons at the
active sites of metallic Bi. These electrons can effectively reduce
N2 to form NH3. These results highlight the significance of
engineering one-dimensional heterostructured catalysts for
photocatalytic production of ammonia.

4.3. 2D photocatalysts and heterostructures

Due to their light-harvesting properties, semiconductors play a
major role in the photocatalytic synthesis of ammonia. When a
semiconductor absorbs a photon with energy equal to or
greater than its band gap, electrons are excited from the valence
band to the conduction band, creating holes in the valence
band. These electrons and holes can migrate to the surface of
the semiconductor and initiate the corresponding reduction
and oxidation reactions. But sometimes, the photogenerated
electrons and holes can recombine either on the surface or in
bulk, which in turn hampers the photocatalytic redox reactions.
The recombination of charge carriers can be slowed down by
introducing defects in the lattice or by forming heterostruc-
tures with other low-dimensional materials. TiO2, ZnO, CdS,
and CdSe are some common semiconductors, but the most
widely used semiconductor in photocatalysis is TiO2. TiO2 is
cheap, stable, non-toxic, and has band positions aligned to
allow water oxidation and reduction reactions to occur
simultaneously.185 The semiconductors can be 0D, 1D, or 2D.
Among these, 2D semiconductor nanosheets have more surface
area and active sites, offering better chances of doping and
making them potentially more active than 0D or 1D structures.
In TiO2, the most widely explored semiconductor photocatalyst,
the oxygen vacancies (VO) have a potential role in regulating its
photocatalytic properties. Rutile TiO2(110) structure is
composed of alternating rows of Ti4+ and bridging O (Ob)
atoms.70 These Ob atoms form the vacant sites and the two
excess electrons are transferred to each of the 3d orbitals of the
two neighbouring Ti4+, which reduces Ti4+ to Ti3+. The position
of the donor level of Ti3+ lies below the conduction band of
TiO2. This donor level traps electrons from the conduction
band and reduces N2 to NH3, confirming Ti3+ to be the active
site for photocatalysis. Hirakawa and co-workers have identi-
fied the active sites of TiO2 for the reduction of NO3

� to N2 and
NH3, respectively.186 They deduced that the Lewis acid sites
(Ti4+) of TiO2 can perform non-selective reduction of NO3

� to N2

and NH3. The surface defects formed by oxygen vacancies (VOs)
can donate electrons to Ti4+ and reduce them to Ti3+, and these
Ti3+ sites can selectively reduce NO3

� to NH3. So, by maintain-
ing the ratio of surface defects and Lewis acid sites, a higher
selectivity of NH3 (97%) can be achieved. The high energy level
of LUMO p* makes the donation of electrons to p* orbitals
more energy-demanding. The rate-limiting step is the reduction
of NO3

� to NO2
�. Liberation of this NO2

� intermediate from
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Lewis acid sites of TiO2 is mainly responsible for N2 generation.
The surface defects of TiO2 can entrap intermediates like NO2

�

and NO and suppress the formation of N2. Heteroatom doping
is another effective strategy for increasing active sites for
adsorption and activation of N2. In a typical case, anatase
TiO2 doped with B proves to be an excellent visible-light-
driven catalyst for ammonia synthesis with a band gap of
1.92 eV and a thermodynamic barrier of 0.44 eV.145 The B
non-metal doping narrows the band gap of TiO2 and makes it
photoactive in the visible region. The advantages of using B as a
dopant are manifold: (i) B forms interband states near the
conduction band of TiO2 and reduces the recombination of
charge carriers; (ii) the hybrid orbitals of B can form p-back
bonding with N to activate N2; (iii) B atoms prohibit binding
with H+ and thereby suppress the competing HER; and (iv) B
atoms, along with the transition metal, act as active sites for N2

reduction. In another work, C-doping by bottom-up approach
from Ti3SiC2 MAX precursor forms two-dimensional C-doped
TiOx nanosheets (Fig. 9A–D).71 These C-TiOx nanosheets show
enhanced photocatalytic activity under visible light irradiation.
C-doping increases the number of Ti3+ centres in the catalyst,

induces photoactivity in visible light, and breaks NRN, which
is the rate-limiting step. Ti3+ centres act as the active sites and
the two adjacent Ti3+ centres chemisorb and activate N2 mole-
cules. The optimal ratio of Ti3+/Ti4+ in this TiOx nanosheet is
maintained at 72.1% and, with the addition of Ru/RuO2 co-
catalyst, charge recombination is reduced. Apart from TiO2,
tungsten oxide semiconductors are also well-known photocata-
lysts. Oxygen vacancy (VO)-rich W18O49 semiconductors with
sea-urchin morphology, after low-content Ru modification by
NaBH4 reduction get transformed into rough 2D sheets.161 This
sheet-like morphology exposes more active sites and facilitates
the adsorption of N2 molecules. The VOs enhance the interfacial
hydrogen spillover process, thus H* generated from water as
the proton source is utilized in the hydrogenation of N2 to NH3.
Ru captures electrons from W18O49 and acts as the active site
for H2O dissociation. The VOs play multiple roles, such as
facilitating H* migration from Ru for efficient hydrogen spil-
lover, promoting the adsorption of N2, acting as active sites for
hydrogenation reaction, and lowering the overall energy barrier
for NH3 photosynthesis reaction. Plasmonic semiconductors
also act as effective photocatalysts for ammonia production.

Fig. 9 Two-dimensional (2D) photocatalysts for ammonia synthesis. (A) Schematic representation of the preparation of 2D C–TiOx nanosheets by
thermal oxidation etching at 200 1C. (B) SEM image of C4–TiOx obtained after four hours of thermal oxidation etching. (C) UV-visible absorption spectra
of Ti3SiC2, TiO2–air, and C4–TiOx. (D) NH3 yield comparison between Ti3SiC2, TiO2–air, and C–TiOx catalysts obtained after varying durations of thermal
etching. Reproduced with permission from ref. 71. Copyright 2021, Wiley-VCH. (E) Schematic representation of the transition metal (TM)-doped BiOBr
nanosheets where TM is Fe, Mo, or Ni, obtained by solvothermal reactions. The structure in the dotted box represents the crystal lattice of the TM-doped
BiOBr. The best performance is observed for TM = Fe. (F) SEM image of BiOBr-Fe-S-1 catalyst obtained by Fe doping in BiOBr in 1 molar ratio and after
solvothermal reaction. (G) The light absorption spectrum of BiOBr-Fe-S-1. (H) NH3 yield comparison between pristine BiOBr and doped BiOBr before and
after solvothermal reactions for different molar ratios of Fe doping. Reproduced with permission from ref. 73. Copyright 2021, Elsevier. (I) Schematic
representation of photocatalytic N2 reduction to NH3 by B-doped C3N5 nanosheets. (J) TEM image of B-C3N5. (K) UV-Vis DRS of and (L) NH3 yields by
g-C3N4, g-C3N5, and B-C3N5x photocatalysts (x is the mass percentage of ammoniumborate to 3-amino-1,2,4-triazole). Reproduced with permission
from ref. 147. Copyright 2022, Elsevier.

Chem Soc Rev Review Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 2

/2
1/

20
26

 9
:0

2:
21

 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00025k


5040 |  Chem. Soc. Rev., 2025, 54, 5021–5080 This journal is © The Royal Society of Chemistry 2025

The localized surface plasmon resonance (LSPR) promotes
photoconversion of N2 and the surface oxygen vacancies (VO)
present in these catalysts adsorb and activate the N2 molecules.
However, the VOs can sometimes get oxidized by the photo-
generated holes which might diminish the LSPR properties of
the catalyst upon heat treatment. To solve this problem, in one
of the recent works, plasmonic MoO3�x nanosheets with Sb
doping have been developed.162 Though Sb doping does not
effectively increase the concentration of VO, the low oxidation
state of Sb can help stabilize the LSPR effect of the plasmonic
MoO3�x. The uncoupled electrons present in the d orbitals of
low-valent Sb help maintain the LSPR in the NIR region, thus
producing NH3 from photocatalytic N2 fixation. Bismuth-based
semiconductors like bismuth oxyhalides and bismuth-based
binary metal oxides are effective photocatalysts in the visible
light range and have high chemical stability. However, their
weak interactions with N2 limit their use as catalysts. This
drawback can be overcome with heteroatom doping, vacancy
formation, formation of heterostructures, or modification of
exposed crystal facets. Chen and co-workers modified BiOBr
nanosheets with transition metals like Ni, Fe, and Mo by
hydrothermal method and introduced oxygen vacancies (VOs)
via the solvothermal method (Fig. 9E–H).73 The transition
metals and VOs tune the band gap of BiOBr and enhance
electron transfer to the anti-bonding orbital of N2, thereby
triggering adsorption and activation of N2. The simultaneous
presence of VOs and transition metals alters the band positions,
diminishing the recombination of charge carriers. The mod-
ified BiOBr enhances the photoreduction of N2 by six times
compared to normal BiOBr, forming 46.1 mmol g�1 h�1 of NH3.
Using cocatalysts is another intriguing technique to increase
the efficiency of photocatalytic ammonia synthesis. Cocatalysts
are generally photocatalytic metallic particles or semiconduc-
tors and are used to promote electron transfer processes,
inhibit the recombination of charge carriers, and switch to a
preferable range of incident light for photocatalysis. In a typical
BiOBr semiconductor photocatalyst, the efficacy of solar light-
powered N2RR is enhanced 65 times by using Bi nanoparticles
as a cocatalyst.146 Bi NPs lower the rate of competing HER and
construct a Schottky junction at the Bi/BiOBr interface, which
facilitates the interfacial transfer of electrons. The unidirec-
tional transfer of electrons toward the Bi active sites accelerates
the solar light N2 conversion efficiency to ammonia. Instead of
converting highly pure, air-separated, and expensive N2, aerobic
N2 reduction of air (N2/O2) can be used to produce NH3 cost-
effectively. The addition of water oxidation cocatalysts like
CoOOH with BiOCl nanosheets can also enhance photocatalytic
NH3 formation.44 The cocatalyst facilitates the OER half-
reaction and, consequently, boosts the N2RR to NH3. Solvother-
mally prepared trace Bi0-loaded Bi2MO6 (M = W, Mo) can
prepare ammonia via aerobic photocatalytic reduction of
N2.187 The role of a trace amount of Bi0 is crucial in this
reaction. The formation of excess Bi0 is inhibited by the
presence of O2 in the reaction medium. The polarization dipole
field produced by Bi0 favours an effective separation of photo-
generated charge carriers and promotes ammonia synthesis

from the photocatalytic reduction of N2. Though the process is
an inexpensive route for ammonia production, it has limita-
tions because the O2 present in the reaction medium might
react with photogenerated e�s and h+s to create reactive oxygen
species like O2

��, �OH, which can oxidize the synthesized
ammonia or react with the catalyst itself. Therefore, the aerobic
reduction of N2 needs further optimization before it can be
effectively used for ammonia synthesis. The problems of aero-
bic reduction and the expensive nature of pure N2 can be
circumvented by using nitrates as the N-source, often present
in wastewater systems. In one of the recent works by our group,
a BiOI-based ‘‘AmmoGen’’ microrobot has been prepared for
the photocatalytic synthesis of NH3 from NO3

� upon visible
light irradiation.188 The efficiency of the conventional photo/
chemical synthetic techniques for ammonia production is
limited by intensive mass-transfer processes. To address this
challenge, our group has envisioned a novel technology for
ammonia generation, where the photocatalytic BiOI particles
are hybridized with magnetic Fe3O4 nanoparticles to fabricate
an ‘‘AmmoGen’’ microrobot, that can photoreduce nitrate to
ammonia using renewable light energy sources. Experiments
with ‘‘static’’ particles and ‘‘dynamic’’ microrobots demon-
strate that the magnetic propulsion of the ‘‘AmmoGen’’ micro-
robots significantly improves the mass transfer process, and
enhances the photocatalytic ammonia production. This work
on microrobots, in principle, can help improve photocatalytic
reactions and be utilized in the future for value-added small
molecule synthesis. Piezoelectric materials like Bi3TiNbO9

189

and BaTiO3@C190 have also emerged recently as efficient
photocatalysts for CO2 reduction and organic pollutants degra-
dation. In piezoelectric materials, a polarization-induced elec-
tric field is formed by the displacement of the positive and
negative charge centres onto opposite sides and the resultant
internal electric field (IEF) reduces the recombination of photo-
generated electron–hole pairs, enhancing the photocatalytic
activity of these materials. Layered bismuth-based piezoelectric
SrBi4Ti4O15 nanosheets with oxygen vacancies (VO), formed by
low-temperature hydrothermal treatment with glyoxal can
effectively photoreduce N2 to produce NH3.191 These
nanosheets manifest self-polarization, originating from the
[TiO6] octahedral distortion, with the polarization direction
parallel to the [Bi2O2]2+ layer. This polarization field and VO

synergistically promote N2 adsorption, activation, and
reduction to NH3 via three electron-transfer pathways. TiO2-
decorated layered silicate magadiite piezo-photocatalytic
nanosheets also exhibit significant enhancement in NH3 pro-
duction compared to TiO2 or silicate magadiite separately.192

The TiO2 nanoparticles deposited on silicate magadiite
enhance the piezoelectric potential and the polarization-
induced internal electric field increases the lifetime of the
photogenerated charge carriers in these nanosheets, and the
synergistic piezo and photo activities of the catalysts enhance
the photocatalytic production of NH3 from N2 reduction.

Another commonly used photocatalytic 2D material is gra-
phitic carbon nitride (g-C3N4). It consists of tri-s-triazine rings
interconnected via tertiary amines, which makes it thermally
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and chemically stable.126 The electronic structure of g-C3N4

makes it a prospective photocatalyst as it can absorb solar light
due to its small band gap, unlike graphene. The structure of
g-C3N4 bears a close resemblance to graphite due to p conjuga-
tion and the two-dimensional structures. Heteroatom doping
can modify the electronic properties of g-C3N4 and the vacant
active sites can increase the efficiency of the catalytic reactions.
For instance, Wang and co-workers prepared B-doped porous
g-C3N4 nanosheets by thermal treatment.77 The B-dopant
induces a small-scale p–n type heterojunction, which promotes
efficient charge separation in the catalyst. B doping changes the
electronic structure by inducing localized electron states in the
band gap and promotes strong tail absorption in the visible
light region. Also, doping passivates the active N atoms of
g-C3N4, ensuring that the NH3 produced does not originate
from the exposed N atoms. The B atoms act as active sites for
the adsorption and activation of N2 and exhibit good photo-
catalytic activity with 313.9 mmol g�1 h�1 yield rate of NH3.
Incorporating N-vacancies (VN) and adding cocatalysts can also
improve the photocatalytic performance of g-C3N4 as exhibited
by the Ni3B/VN-g-C3N4 catalyst.163 The introduction of VN

enhances visible light absorption and electrical conductivity
properties of g-C3N4. Noble metal-free cocatalyst Ni3B nano-
particles act as active sites for the adsorption and activation of
N2. The Schottky junctions formed between Ni3B and VN-CN
also facilitate the separation of photogenerated charge carriers
and migration of electrons for photoreduction of N2. Introdu-
cing one more N atom to g-C3N4 forms g-C3N5, a two-
dimensional material with more p conjugation, which pro-
motes superior charge separation, narrower band gap, and
better solar absorption when compared to g-C3N4. Li et al.
reported a B-doped g-C3N5 synthesized by a one-step thermal
polymerization technique (Fig. 9I–L).147 The five azole rings of
g-C3N5 facilitate electron transfer and decrease the adsorption
energy of N2. B-doping increases the photocatalytic efficiency of
g-C3N5 like in the previous case (B-doped g-C3N4) with B as the
active site for photocatalysis and NH3 yield of 421.18 mmol g�1 h�1,
which is 1.72 times that of g-C3N5.

Graphdiyne (GDY) is another emergent 2D carbon material,
comprising sp and sp2 hybrid states endowed with unique
properties like highly conjugated and super-large p structures,
infinite number of pores, natural band gap, a hole-transport
layer, high charge carrier mobility, electronic conductivity, and
stability, which make them excellent photocatalysts.193 Recent
studies indicate that GDY can form heterojunctions with dif-
ferent low-dimensional materials to design excellent catalysts
for ammonia photosynthesis. Fe site-specific magnetite when
incorporated with GDY, the GDY modulates the coordination
environment of magnetite to form two selective valence states,
namely, tetrahedrally coordinated Fe and octahedrally coordi-
nated Fe.148 The coordination environment and valence charge
transition regulate the photocatalytic properties of Fe3O4 and
significantly enhance the photocatalytic nitrogen reduction to
ammonia. Graphdiyne is also capable of modulating the sur-
face plasmon resonance of quantum dots (QDs), which is
evident from the heterojunction-based GDY-CoOx QDs

catalysts.164 The natural porous structure, the acetylenic bonds,
and the high reduction ability of the GDY incorporate the CoOx

QDs and the combined effects of enhanced surface plasmon
resonance and modification of valence states of the metal atom
enhance the photocatalytic nitrogen fixation reaction to pro-
duce ammonia.

4.4. Organic framework-based photocatalysts and
heterostructures

Organic framework-based photocatalysts, viz., porous–organic
frameworks (POFs), comprising covalent–organic frameworks
(COFs), porous–aromatic frameworks (PAFs), covalent–triazine
frameworks (CTFs), and metal–organic frameworks (MOFs), are
emergent catalysts for photocatalysis owing to their unique
physical and optoelectronic properties such as tuneable light
absorption, large specific surface area, periodic arrangement of
building blocks, precisely controlled pore size, and easy func-
tional modifications. These properties make these materials
unique for applications like catalysis, gas absorption and
storage, and sensing. Different morphologies varying from 2D
to 3D can be designed by tuning the structure and assembly of
covalent bonds. This section will describe a few examples of
such organic frameworks and their advantages in photocataly-
tic ammonia generation. Metal phthalocyanine-derived POFs
(MPc-POFs (M = Fe, Co, Ni, Cu, Zn)) consist of conjugated
planar p-electron organic macrocycles and their optical and
electronic properties can be controlled for optimizing photo-
catalytic N2RR.165 Most photocatalytic N2RR systems proceed
via gas-in-solvent (GIS) systems where gaseous N2 is purged in
water. However, these systems are limited by certain disadvan-
tages like low solubility of N2 in water, sluggish N2 transfer at
the interface, and interaction of water with the catalyst. In an
attempt to promote N2 transfer and utilization at the active
sites of the catalyst, these POFs use a solvent-in-gas (SIG)
system as the reaction medium, where MPc-POFs perform the
catalysis in direct N2 gas, and the hydrogenation step is
performed in suspended proton source provided as the dis-
persed phase. Herein, the active sites of the MPc-POFs have
access to abundant N2 molecules and can produce ammonia at
an ultrafast rate of 1820.7 mmol g�1 h�1, which is approximately
eight times higher than that obtained from conventional GIS
(226.2 mmol g�1 h�1).

2D COFs are porous polymers where any photoactive species
can be incorporated into the ordered pores of their frameworks
such that they can function as catalysts for different photo-
catalytic reactions.194,195 The organic units in the 2D p lattices
of COF semiconductors can facilitate the separation and trans-
port of photogenerated charge carriers.194 The one-dimensional
polygon channels in the porous COFs also help in mass
transport. Single-atoms like Au can be easily anchored into
porphyrin-based COFs (COFX-Au, X = 1–5) for photocatalytic
NH3 synthesis (Fig. 10A–D).166 The performance of the photo-
catalytic NH3 synthesis can be controlled by tuning the micro-
environment of the single-atom Au catalytic centre resulting
from the position of different functional groups at the proximal
and distal positions of porphyrin units. In the first case, a
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strong electron-withdrawing group is attached in COF1-Au,
which yields NH3 at a rate of 37.0 � 2.5 mmol gAu

�1 h�1. This
is 171 times more than that of the porphyrin–Au molecular
catalyst. The yield is also 2.8 times higher than COF4-Au, where
an electron-donating group is used as the functional group.
Thus, it can be deduced that the electron-withdrawing groups
can facilitate the separation and transportation of photogener-
ated electrons within the entire COFX-Au framework. Following
this deduction, NH3 production is increased to 61.1� 2.7 mmol
gAu
�1 h�1 by attaching two strong electron-withdrawing groups

to the COF. The performance of photocatalytic N2RR can also
be enhanced by spatial confinement of N2 near the surface of
the COF for better adsorption and activation. This can be
achieved by incorporating hydrophilic carboxyl groups
(–COOH) into diketopyrrolopyrrole-based COF (DPPCOOH-
COF) and forming a localized hydrogen bond network.167 The
–COOH groups promote water to form a layered or porous
structure that interacts with the N2 molecules and localizes
them near the active pyrrole units. This leads to enhanced
adsorption and activation of N2 by the DPPCOOH-COF and
reduces the energy for photocatalytic NH3 generation. The
photocatalytic activity of COFs is sometimes limited by the fast

recombination of photogenerated charge carriers and the lack
of sufficient active sites. Metal active sites can be easily incor-
porated into the COFs due to their ordered cavities and large
specific surface area. Imine-linked 2D COFs have numerous N
atoms, which endow the COFs with strong Lewis acidity, and
this property of the imine COF-TaTp facilitates the adsorption
of N2, which is a weak Lewis base (Fig. 10E–H).168 Furthermore,
the strong interaction of the Bi metal with the imine nitrogen
atom and hydroxyl functionalities of the imine COF facilitates
the formation of Bi/COF-TaTp composites through N–Bi–O
coordination. The incorporated Bi acts as the active site, which
promotes the transfer of charge carriers and activation of N2

molecules through the donation and back-donation mode.
Additionally, the Bi sites inhibit the competitive HER and thus
facilitate the photocatalytic NH3 production from N2RR.

Metal–organic frameworks (MOFs), another class of organic
frameworks composed of metal ions or clusters and organic
ligands are also important for photocatalytic applications.
Sometimes, the catalytically active metal centres in MOFs are
fully coordinated by bridging organic ligands and terminal
ligands, and become inaccessible to the reactants. Hence, to
address this issue, a defective Fe-based MIL (100) MOF has

Fig. 10 Organic framework-based photocatalysts for ammonia synthesis. (A) Schematic representation of nitrogen reduction to ammonia by the
porphyrin-based covalent organic framework anchoring Au single-atoms (COF5-Au). The structure in the dotted box represents the microenvironment
of the Au catalytic centre. (B) Aberration-corrected HAADF-STEM image of COF1-Au, where Au single-atoms are marked by red circles. (C) UV-Vis diffuse
reflectance spectra of COFX-Au, where X = 1–5. (D) NH3 yield comparison of COFX-Au catalysts. Reproduced with permission from ref. 166. Copyright
2023, American Chemical Society. (E) Schematic representation of the fabrication of Bi NP-decorated imine linked COF-TaTp (Bi/COF-TaTp). (F) TEM
image of 5% Bi/COF-TaTp, (G) UV-Vis diffuse reflectance spectra of COF-TaTp, and 5% Bi/COF-TaTp. (H) NH3 yield comparison between pristine COF
and different percentages of Bi NPs. Reproduced with permission from ref. 168. Copyright 2022, Wiley-VCH. (I) Schematic representation of
photocatalytic N2 reduction to NH3 by Ca2+-doped UiO-66. (J) SEM image of UN(Zr-0.30Ca)-4. (K) Light absorption spectrum of UN(Zr-0.30Ca)-4.
(L) NH3 yield comparisons between UN(Zr), UN(Zr-0.10Ca), UN(Zr-0.30Ca), UN(Zr-0.50Ca), and UN(Zr-0.75Ca) were obtained by feeding ZrCl4 and
CaCl2 at Ca : (Zr + Ca) ratios of 0.1, 0.3, 0.5, and 0.75. Reproduced with permission from ref. 170. Copyright 2023, Elsevier.
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been designed by partial removal of these ligands, such as
bridging organic ligands and terminal inorganic ligands (OH�

and H2O), leading to the formation of defective structures.169

The dual defects expose the coordinatively unsaturated Fe sites,
which act as the catalytic active centres for adsorbing and
activating N2 molecules. The defects also modify the electronic
structures, which favours the transfer of d-orbital electrons
from Fe sites into the N2 p* antibonding orbital to form the
key intermediate *NNH in the photocatalytic N2RR for NH3

formation. As discussed previously, hydrogen evolution reac-
tion (HER) is a major competitive reaction for photocatalytic
N2RR processes, which limits the production of NH3. In an
attempt to harmonize the competition between HER and N2RR
reactions, a core–shell MOF-based catalyst has been prepared
by depositing Ni nanoparticles on the polydopamine shell and
NH2-MIL125 MOF core.196 Photocatalytic HER occurs at the
NH2-MIL125 MOF core and the evolved H2 is captured by the Ni
nanoparticles and converted into adsorbed *H species. The
produced *H is then transferred back to the NH2-MIL125 core
via NiO, which reacts with N2 and produces NH3. This ‘‘hydro-
gen state switching’’ strategy ensures the supply of requisite
protons from HER for hydrogenation of N2 to NH3 formation,
thus ‘‘transforming-competition-into-cooperation’’. Like other
photocatalysts, metal atom doping in MOFs can lead to
enhanced photoproduction of NH3. This is manifested in
Ca2+-doped UiO-66, a Zr-based MOF, where low electronegative
Ca2+ increases the electron donation capability of Zr active sites
(Fig. 10I–L).170 Furthermore, the incorporated diamino ligand
modifies the band gap of Ca2+-UiO-66 to enhance the light
absorption range and separation of charge carriers. All these
factors contribute to amplified photoreduction of N2 to produce
NH3 under the full spectrum of light. The formation of hetero-
junctions can also enhance the photoactivity of MOFs via
inhibition of recombination of charge carriers. An example of
such MOF is the heterojunction formation between MXene and
MIL-125(Ti) MOF via ligand bridging.171 A ligand pre-coupling
strategy is employed in this work to create the ligand-bridged
MXene/MIL-125(Ti), where a coordination bond between the
terminal oxygen group of MXene is coupled to the carboxyl
group of the ligand in MIL-125(Ti). This ligand bridge forms a
one-directional transport channel for electron transfer from
MIL-125(Ti) to MXene. This strategy diminishes the interfacial
charge transfer resistance and reduces the recombination of
photogenerated electron–hole pairs, thus boosting the photo-
catalytic N2 fixation to produce NH3. The design of nanoarch-
itectonics using S-scheme heterojunction-based MOFs can also
facilitate photocatalytic nitrate reduction to ammonia. A
nanohouse-like catalyst structure is constructed employing
the nanoarchitectonics technology, where NH2-MIL-125 MOF
with a nanoplate-like morphology serves as the floor.172 Hollow
ZIF-8 cages form the surrounding walls and roof of the nano-
house, and Co(OH)2 nanosheets are locked inside this nano-
house and connected to the ground by forming a
heterojunction with NH2-MIL-125 MOF. Each component of
this unique sandwich-structured superstructure forming the
nanohouse array plays a crucial role in photocatalytic NO3

�

reduction. The positively charged, hydrophobic, and porous
ZIF-8 structure modifies the microenvironment of the NH2-
MIL-125/Co(OH)2 heterojunction by increasing the NO3

�

enrichment, suppressing competitive HER, and promoting
NH4

+ release. The S-scheme heterojunction between NH2-MIL-
125/Co(OH)2 enhances the separation of photogenerated elec-
tron–hole pairs and boosts the photo-redox capability of the
nanohouse catalyst, promoting NH3 production from NO3

�.

5. Low-dimensional electrocatalysts
for ammonia synthesis

Electrocatalysts are generally more energy-efficient than photo-
catalysts because all photons are not effectively utilized in
photocatalysis. This inefficiency arises from mismatches
between the wavelengths of incident light and the photoactive
material’s absorption spectrum, as well as from the recombina-
tion of photogenerated charge carriers, which reduces the
overall efficiency. Electrocatalytic reactions occur under ambi-
ent conditions with the external input of electrical energy,
which can be easily harnessed from renewable sources like
solar, hydro, tidal, or wind energy. The prerequisites for elec-
trocatalysts are: (i) good conductivity; (ii) high surface area and
presence of abundant active sites for adsorption of N-
containing species; (iii) resistance to corrosion at the working
potential range and in the presence of electrolytes; and (iv)
long-term stability. The low-dimensional electrocatalytic mate-
rials used for ammonia synthesis include transition metal
nanoclusters, noble metal-based materials, metal oxides, phos-
phides, carbides and nitrides, single-atoms, and carbon-based
materials. Electrocatalytic materials can be modified by defect
engineering, forming heterostructures, or regulating the crystal
planes and microenvironment of the catalyst to ensure better
electrocatalytic performance. This section will discuss these
strategies for designing low-dimensional electrocatalytic mate-
rials to synthesize ammonia from N2 or NOx sources (Fig. 11
and Table 4).

For the electrocatalytic synthesis of ammonia, the optimal
design of an electrocatalytic reactor is pertinent. The electro-
catalytic reactor, in principle, consists of the electrocatalytic
cell, electrolyte, electrodes, and ion exchange membrane. Elec-
trocatalysts are loaded on the cathode and upon application of
a voltage at the electrodes, the electrocatalytic reaction pro-
duces ammonia at the cathode by reduction of N2 or NOx.
Simultaneously, water is oxidized at the anode to generate
oxygen. The electrocatalytic cells can be classified as: (i) back-
to-back cells; (ii) proton exchange membrane cells; (iii) single-
chamber cells; or (iv) H-type cells.246 A back-to-back cell has two
gas diffusion electrodes containing N2 (cathode) and H2O
(anode), partitioned by cation/anion exchange membranes.
The proton exchange membrane cell has a similar configu-
ration except that the anodic component is in aqueous form.
Because the electrolyte and the cathode have no direct contact,
HER is limited in these kinds of cells. However, the reaction
medium consists of gas and solid, which lowers the efficiency
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of the catalytic processes. The single-chamber cell, as evident
from its name, has cathodic and anodic reactions occurring in
the same electrolyte in one chamber. The electrolyte used here
is liquid, but the simultaneous presence of the cathode and
anode in one chamber can further oxidize the ammonia
produced at the cathode. This problem can be overcome by
using an H-type cell, the most frequently used electrochemical
cell, where the cathodic and anodic compartments are sepa-
rated by an ion-exchange membrane. The electrolyte is mostly
aqueous and, depending on the reaction conditions may be
acidic (H2SO4 or HCl), neutral (phosphate buffer or Na2SO4), or
alkaline (KOH).247 The three-electrode setup is mostly used
with a working electrode (e.g., glassy carbon plate, glassy
carbon rotating disk, carbon paper, self-supported), reference
electrode (e.g., Ag/AgCl), and counter electrode (e.g., Pt, gra-
phite rod).247 Electrocatalysts are deposited on the working
electrodes and proper optimization of the electrocatalysts is
pertinent. The most common strategies to improve the effi-
ciency of electrocatalysts for ammonia production include
crystal facet engineering, heteroatom doping, and the introduc-
tion of vacancies and defects. Taking into account the earlier
discussion about the disadvantages of photocatalytic N2

reduction and the advantages of photocatalytic NO3
�/NO2

�

reduction, it can be said that they also hold for electrocatalytic
reductions.

While devising catalysts for electrocatalytic N2RR or NOxRR
to NH3, the main objectives are to ensure good conductivity
of the catalysts, availability of adequate active sites for electro-
reduction, and restraining the side reactions like HER or

formation of by-products like N2 and NO by partial reduction
of NOx

�. In the following subsections, we will discuss the
design of low-dimensional electrocatalysts and a strategy
to overcome the bottlenecks, aiming to enhance both the
faradaic efficiency and selectivity of the resulting NH3. The
most commonly used 0D, 1D, and 2D electrocatalysts use
simple one-pot synthetic strategies, whereas their heterostruc-
tures rely on multi-step synthesis. Synthesis of 0D metallic and
metal oxide nanoparticles or nanocrystals uses strategies like
seed-mediated growth, galvanic replacement, or reduction
methods.98,197,201,203 Single-atom engineering relies on differ-
ent thermal modulation techniques like pyrolysis or
thermolysis.102,205 1D electrocatalysts like monometallic, bime-
tallic, multimetal alloys, metal oxides, carbon-based nanowires,
nanorods, and nanofibers are prepared by chemical/electro-
chemical reduction, different deposition techniques, electro-
spinning methods, and thermal reactions.45,61,106,207,209,213,215

The most commonly used 2D electrocatalysts like graphdiynes,
metal, metal oxides, and transition metal dichalcogenides use
thermal synthetic strategies like solvothermal, hydrothermal,
annealing, or pyrolysis.222,225,227,228,236 The synthesis of
MXenes and MBenes relies on etching, thermal treatments,
and the functionalization of terminal groups.233–235 The elec-
trocatalytic properties of these materials can be enhanced by
defect engineering, heteroatom doping, facet engineering,
using cocatalysts, formation of heterojunctions, and
heterostructures.197,203,206,225 A more detailed and precise dis-
cussion of the different synthetic and modification strategies of
ammonia-synthesizing electrocatalysts is presented in Table 4.

Fig. 11 Low-dimensional electrocatalysts for ammonia synthesis. Classification of electrocatalysts into 0D, 1D, and 2D, and schematic representations
of few selected electrocatalytic LDMs.
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5.1. 0D electrocatalysts and heterostructures

Among different 0D materials, metallic nanoparticles have
been extensively studied for electrocatalysis over the last few
decades. The plasmonic character and possibilities of tuning
the size, shape, and structure of nanoparticles have made them
significant for catalysis. The packing of metal atoms in a
particle can be different: tuning the size of nanoparticles
exposes different crystallographic facets, which can provide
different types of catalytic sites.248 Several metal nanoparticle-
based catalysts have been reported recently; here, we will
discuss a few of these and their roles in catalysis. Electrocata-
lytic denitrification of NOx for simultaneous removal of N-
containing oxides and ammonia production proves quite effi-
cient on metal surfaces, particularly transition metals. Among
different transition metals, Cu is the most efficient for electro-
catalytic NOxRR.249,250 Cu produces NH3 selectively as Cu can
bind *NO intermediate and by not binding *H, it provides
selectivity against competitive HER.92 Bimetallic nanoparticles
are quite common as they offer two different sites for catalysis.
Ni–Au nanoparticles can electrochemically reduce N2 to NH3, a
reaction facilitated by donor–acceptor couples of Ni and Au
(Fig. 12A–D).98 Donor–acceptor pairs can adsorb and activate
N2 and also help the desorption of NH3. Bimetallic PdCu
nanocrystals can electrosynthesize ammonia selectively from
nitrates (Fig. 12E–H).200 For synthesis, C12N–COOH is
employed as the template and dimethyl borane as the reducing
agent to form the PdCu hollow nanospheres from Pd- and Cu-
containing precursors. The hollow structure of PdCu can trap
the intermediates and thus promote the nitrate reduction
reaction (NO3RR) with an effective FE of 87.3%. Crystal-phase
engineering can effectively improve the performance of N2RR
and NOxRR. Nanostructures with controlled facets can exhibit
high efficiency for the production of NH3. Several researchers
have performed extensive studies to uncover the correlation
between ammonia production and crystal facets. For instance,
body-centered cubic (BCC) PdCu nanoparticles surpass face-
centered cubic (FCC) PdCu nanoparticles in terms of N2RR
electrocatalysis due to strong d–d orbital interactions between
Pd(4d) and Cu(3d) sites.47 A comparative study between
exposed (100), (111), and (110) facets of Pd reveals that the
(100) facet is most active electrocatalytically as it is extremely
stable under electrocatalytic reaction conditions, and the
energy barrier for desorption of *NH3 to NH3 is lower than
for other facets.197 Pd nanocatalysts show face-dependent
reduction capability for NO3

� as well as NO2
� in the order of

Pd(111) 4 Pd(100) 4 Pd(hk0) for NO3RR and Pd(100) 4
Pd(hk0) 4 Pd(111) for NO2RR in alkaline conditions.251 Cuboc-
tahedral Pd with exposed (111) and (100) facets produce the
highest quantity of ammonia. Exposure of the two facets makes
the cuboctahedra bifunctional, where the (111) facets catalyse
the conversion of NO3

� to NO2
� and the (100) facets promote

the conversion of NO2
� to NH3. Theoretical calculations on Cu-

based surfaces reveal that among Cu(100), Cu(111), and
Cu(110), the best electrocatalytic NO3RR performance is exhib-
ited by Cu(111) in neutral and alkaline conditions, and by
Cu(100) in strongly acidic conditions.252 The local coordinationT
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environment and the electronic states are different for every
exposed facet, and these results indicate that the pH and the
exposed facets on the surface of the electrocatalyst affect
NO3RR accordingly. Fabrication of Au NPs with multiple
high-index facets via a modified seed-mediated method can
enhance the adsorption of *NNH intermediate, thus promoting
the N2RR reactions.198 The adsorption of H*, an HER inter-
mediate, is less on the high-indexed facets, which demotes the
competing HER reaction, resulting in a moderately high FE of
73.32% for N2RR at �0.3 V vs. RHE. Doping with heteroatoms
can also impact the electrocatalytic performance. Cu-doped
Fe3O4 particles can effectively reduce NO3

� to NH3 in a more
thermodynamically facile manner with an effective FE B100%
at �0.6 V vs. RHE.253 Doping the catalyst surface with Cu lowers
the energy barrier and strengthens the adsorption of different
reaction intermediates. Doping with 0D materials like Ru
atoms can also enhance the catalytic properties of emergent
materials like MXenes.254 Ru atoms can back-donate electrons
to N2, which increases its adsorption and activation. The
thermodynamic energy required for the first hydrogenation

step is also lowered and these synergistic roles of Ru active
sites promote N2RR. Apart from crystal facet engineering and
doping, the surface structure of electrocatalysts can also be
modulated by defect engineering. Surface defects like oxygen
vacancy (VO) can tune the electronic structure of the metal with
unsaturated coordination, allowing them to act as active sites to
enhance the adsorption of O-containing species like NO3

� on
the surface of the electrocatalyst. Incorporation of the ultra-low
level of Pd in Cu2O induces hierarchical cavity defects and
surface defects on the surface of octahedral Cu2O.255 The
cavities and VOs impart voids, which results in enhanced mass
transport and adsorption of NO3

� and H2O reactants on the
surface of Pd–Cu2O. Moreover, the VOs weaken the N–O bond of
nitrates, and the Pd can act as active sites to generate active
Hads from H2O, which helps in protonation to form NH3. It is to
be noted that different noble metals like nanocrystalline Pd,256

nanocrystalline Ag,199 and their composites like Ru/g-C3N4
257

and bimetallic Cu–Pt258 have been used for catalytic NO3RR.
However, considering the scarcity of noble metals and their
expensive nature, these are not very cost-effective. For this

Fig. 12 Zero-dimensional (0D) electrocatalysts for ammonia synthesis. (A) Schematic representation of the donor–acceptor couples of Ni and Au
nanoparticles. (B) SEM image of Au and Ni nanoparticles. (C) Schematic representation of the electron transfer between donor–acceptor couple Aux/Ni
with different Au loadings. (D) NH3 yields and Faradaic efficiencies using only Ni and Aux/Ni nanoparticles donor–acceptor couple catalysts at �0.14 V vs.
RHE. Reproduced with permission from ref. 98. Copyright 2019, American Chemical Society. (E) Schematic of the simulated structure of hollow PdCu
(PdCu-H) nanoparticle. (F) TEM image of PdCu-H particle at different magnifications and different locations. (G) NH3 yields using hollow PdCu-H, PdCu-
P nanoparticles, and commercial Pd–P. (H) Schematic illustration of NO3

� reduction over PdCu-H catalyst. Reproduced with permission from ref. 200.
Copyright 2023, Wiley-VCH. (I) Schematic representation of the 0D Fe single atom N, P co-modified carbon catalyst (Fe–N/P–C) obtained on pyrolysis
from ZIF-8. (J) Aberration-corrected HAADF-STEM of Fe–N/P–C where the Fe single-atoms are marked by red circles. (K) NH3 yields using N–C (N-
modified carbon), N–P–C, Fe–N–C, and Fe–N/P–C catalysts. Reproduced with permission from ref. 102. Copyright 2023, Wiley-VCH. (L) Schematic
representation of N2 electroreduction to NH3 using oxygen-doped MoC nanoparticles embedded in graphitized carbon shells (O-MoC@NC). (M) TEM
image of O-MoC@NC-800 synthesized at 800 1C annealing temperature. (N) NH3 yields and Faradaic efficiencies after 2 hours of reaction at different
potentials. Reproduced with permission from ref. 261. Copyright 2019, American Chemical Society.
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reason, researchers have shifted their focus to lower-cost tran-
sition metal-based electrocatalysts. Several Bi-, Cu-, and Fe-
based nanoparticle and single-atom catalysts with efficient and
selective ammonia synthesis have been reported till now. One
such work demonstrates that Bi-based-MOF, which acts as a
precatalyst and, upon electroreduction, produces fragmented
Bi0 nanoparticles in situ.201 The stable Bi NPs produced can act
as effective N2RR catalysts in both acidic and neutral reaction
conditions, though the FEs reported are quite low due to
competing HER. Zhou et al. have reported selective electrore-
duction of NO3

� to NH3 by in situ-generated 0D-Cu0 cubes from
its oxide (Cu2O precursor) while the Cu/Cu2O favours nitrite
production.259 Nitrate reduction at the 0D-Cu cubes is preferred
because it has a lower activation energy barrier for nitrates
when compared to Cu/Cu2O and Cu microspheres. The intrin-
sic activity of NO3RR is higher on 0D-Cu cubes than on 0D-Cu
microspheres because the 0D-Cu cube surface has more
Cu(100) facets, whereas the surface of 0D-Cu microspheres is
dominated by Cu(111) facets. Atomically dispersed 0D materi-
als like metallic clusters and single-atoms are emergent cata-
lysts for ammonia synthesis owing to their novel features like
unique coordination environment and high atom economy.
Atomic dispersed Au nanoclusters (Au-NCs) prove to be effec-
tive electrocatalysts for ammonia synthesis when embedded
on TiO2 nanosheet support.260 Pristine TiO2 is not a very
effective electrocatalyst for ammonia production due to lower
charger transport and the absence of abundant catalytically
active sites. However, the Au atoms in Au-NC/TiO2 can signifi-
cantly enhance the adsorption and activation of NO3

� and
promote the NO3RR-to-NH3 by lowering the energy activation
barrier.

Single-atom (SA) confinement also proves to be an effective
strategy for devising electrocatalysts that enhance the metal
utilization efficiency in catalysis. Nowadays, the use of single-
atom catalysts is quite frequent in HER, CO2RR, NO3RR, and
metal-based SAs are prolific in electrocatalysis. Fe SAs and Cu
SAs are the most widely used single-atom electrocatalysts for
ammonia generation reported so far. The coordination environ-
ment of the single-atoms is vital because charge localization
around the single-atom depends on the coordination. The
coordination environment also impacts the electronic structure
and geometry of the central single-atom and modulates the
adsorption of reactants, which in turn has a direct effect on
catalytic efficiency. The most common coordination is N4. Fe–
N4 SAs have higher atomic site activity when compared to bulk
or nanostructural catalysts due to a lower thermodynamic
barrier.262 Fe–N4 coordination is also beneficial because due
to the lack of neighbouring metal centres, N–N coupling cannot
occur. This prevents the formation of N2 and simultaneously
promotes the selectivity of NH3. To elucidate the structure–
performance relationship, Liu et al. have prepared Fe active
sites with three different coordination environments: square
pyramidal Fe–N4–OH, slightly broken square planar Fe–N4, and
trigonal pyramidal Fe–N3.204 The interaction between Fe atoms
and O atoms of NO3

� is determined using DFT, which reveals a
strong overlap between the 3d orbitals of Fe and 2p orbitals of

O (NO3
�) in the case of Fe–N3 as the d orbitals are more

localized in N3 coordination when compared with Fe–N4 and
Fe–N4–OH. This ensures that the adsorption of NO3

� is more
favourable on Fe–N3, making Fe–N3 a more active catalyst for
NO3RR. Also, the localization of electrons is near the N atoms
for Fe–N4 and Fe–N4–OH, whereas for Fe–N3 the electrons are at
both the Fe and N sites, enhancing the charge transfer required
for NO3RR. Nitrate reduction can also be enhanced by changing
the coordination environment from N4 to N2O2.263 The O atoms
can regulate the d orbitals of Fe such that the adsorption energy
of nitrates decreases on Fe–N2O2 when compared with Fe–N4.
The conversion of *NOH to *N is easier on Fe–N2O2. The
conductivity and selectivity are also greater, which makes Fe–
N2O2 a potentially better electrocatalyst than Fe–N4. Besides N
and O atoms, P atoms are also used for the coordination of
single-atoms. The P atoms can break the local charge symmetry
of the Fe atoms and facilitate the adsorption of nitrate as well
as other key reduction reaction intermediates (Fig. 12I–K).102

The atomic interface of the Fe atom is asymmetric, which
optimizes the electron density in such a way that it lowers the
energy of formation of the NO3RR intermediates and effectively
improves the catalytic performance. Cu SAs also play a pre-
dominant role in electrocatalytic NO3RR as Cu is electroactive,
has tuneable electronic structures, and is also cost-effective.
The coordination environment for Cu SAs is also crucial for
catalysis like Fe SAs. The most frequently used Cu SAs have Cu–
N4 coordination where the symmetry is C4v.205,264,265 Symmetric
coordination induces weak polarity, which reduces the attrac-
tive power of active sites for NO3

� and lowers ammonia
production.266 Asymmetric coordination like Cu–N2O2 in cis
configuration has more polar active sites, which promotes the
adsorption of NO3

�.221 Moreover, the cis configuration splits
the 3d orbitals of Cu, which reduces the energy of the formation
barrier of *ONH intermediate. Modification of the coordination
environment to Cu–N3C1 has manifold benefits.206 It increases
the energy barrier of competing HER, reduces the desorption of
intermediates produced, increases the adsorption of H*, and
enhances the electrocatalytic hydrogenation process. However,
the structural sensitivity of these metal SA catalysts can some-
times decrease the selectivity of ammonia. For instance, Co-
based SAs can more selectively produce hydroxylamine
(NH2OH) from the electroreduction of NO, whereas metallic
Co in a hexagonal close-packed (hcp) lattice produces NH3

selectively.267 The hcp-Co has excellent electron and proton
transfer properties, resulting in superior activity for ammonia
production. Co-SA has a positively charged active centre and
this modified electronic structure accounts for the exceptional
hydroxylamine selectivity. hcp-Co can lead to vertical and
strong NO adsorption, whereas moderate adsorption occurs
on the Co-SA. Hence, the formation of NOH* intermediate is
more favourable over hcp-Co, while HNO* formation is prefer-
able on Co-SA. This local structural difference between hcp-Co
and Co-SA leads to the selective formation of NH3 and NH2OH,
respectively.

Besides photocatalysis, 0D semiconductor nanoparticles
can also perform efficient electrocatalysis owing to their
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conductive properties. For instance, nitrogen-impregnated car-
bon increases the conductivity and causes partial oxygen
defects on the surface of TiO2.202 This leads to the coexistence
of Ti3+ and Ti4+, which increases charge transfer and, thus,
facilitates the catalytic reactions. Here, in addition to ammonia,
hydrazine is also obtained as a by-product for the electrocata-
lytic N2RR, which somewhat limits the selectivity of ammonia.
The formation of heterostructures can also improve the photo-
catalytic properties of TiO2. In Cu nanoparticle-loaded oxygen-
deficient TiO2 (Cu NP–VO–TiO2), a strong metal support inter-
action is induced between Cu and TiO2, improving electron
density and electron transfer processes.203 This interaction also
modifies the local charge distribution properties of the catalyst
such that it is asymmetrical, resulting in polarization of the
adsorbed N2 and, consequently, improved N2 activation. The
experimental results reveal that the oxygen vacancies and Cu
NPs act as active sites, and the metal support interaction helps
in electron transfer from Cu to the oxygen-deficient TiO2. In
N2RR, no hydrazine has been obtained as a by-product, thus
confirming the good selectivity of NH3. Further, the absence of
hydrazine indicates that the catalytic mechanism proceeds via
the associative distal pathway.

Core–shell nanostructures are a class of 0D nanomaterials
composed of an inner core and outer shell with a distinct
boundary between them. The interface connectivity between
the core and shell materials sometimes offers new properties
like a tuneable electronic surface and abundant active sites,
which are beneficial for catalytic reactions. The core–shell
structures have another advantage in catalytic reactions. The
thickness of the shells and the composition of the core materi-
als can affect the adsorption–desorption properties of inter-
mediates and products so that the catalytic activity can be
tuned easily by modification of the core–shell structures and
compositions. Qu et al. synthesized a core–shell structure
comprising oxygen-containing molybdenum carbides (O-MoC)
and nitrogen-doped carbon layers (N-doped C) by pyrolysis of
ammonium heptamolybdate and dopamine, which can electro-
catalytically reduce N2 to ammonia (Fig. 12L–N).261 The inter-
action between O-MoC and N-doped C results in an electronic
structure that makes the competing HER negligible. This
increases the FE of the catalyst, and no by-products like
hydrazine are produced here, which also increases the selectiv-
ity of NH3 produced.

5.2. 1D electrocatalysts and heterostructures

The structure of 1D materials has diverse advantages, which
makes them prospective in the field of catalysis. The aspect
ratio of length: height for 1D structures is always greater than 1.
The diameter of the 1D nanowires can be tuned to match the
wavelength of photons and the diffusion length of charge
carriers, tailored to specific catalytic applications.268 The high
surface-to-volume ratio of these materials ensures the avail-
ability of enough active sites on the surface for catalysis. These
characteristics alter the properties of 1D structures compared
to their bulk counterparts, making them advantageous for
catalysis. For instance, 1D Au nanowires coated with oxygen-

rich tannic acid can electrochemically reduce N2 to NH3.210

Tannic acid is loosely packed on the surface of Au nanowires
and has high porosity, which improves access to most of the
metal sites on the surface of the catalyst for adsorption and
activation of N2. The oxygen richness of the coating at the gold
and tannic acid interface enhances N2RR. Hydrazine has not
been detected at any potential, thus confirming the selectivity
of NH3. Examples of other catalytic nanowires include single-
atom-dispersed Cu nanowires where single-atoms (SAs) like Ru
and Rh dopants are atomically dispersed in a Cu nanowire
matrix to form a 0D–1D type heterostructure.208,209 The Ru/Rh
SAs offer diverse atomic and electronic properties that make
them suitable for catalytic conversion of nitrates to ammonia.
The NO3RR reaction occurs at the Ru/Rh sites while the Cu sites
suppress the competitive HER. The selectivity of NO3

� to NH3

reaches as high as 99.8%. The authors have also coupled
NO3RR to the air-stripping process and successfully obtained
NH3 and NH4Cl, thus proving that the system can convert the
nitrates present in wastewater to value-added products. Cu
materials are widely used for NO3RR reactions because the
energies of the d orbital of Cu and the lowest occupied p*
orbital of NO3

� are similar, which is favourable for NO3RR.269

But Cu materials perform NO3RR at comparatively negative
potentials because of the low nucleophilicity and affinity of
nitrate on the Cu surface, which makes the competing HER
more favourable.270 To address this issue, researchers have
modified the electronic structure of Cu-based catalysts using
metal heteroatoms or by doping with non-metals. For instance,
B-doping in Cu nanowires can transfer electrons from the 3d
orbitals of Cu to the empty 2p orbitals of B, thereby inducing
electron localization and improving catalytic activity at the Cu
sites.271 DFT calculations indicate that boron incorporation
also suppresses competing HER, increases the adsorption of
intermediates like *NO3, and enhances the conversion of *NO
to *HNO. According to a recent study, CO2 molecules enhance
the reduction of nitrites to ammonia on Cu nanowire catalysts,
achieving a FE of nearly 100% in a broad potential range.207

Reaction mechanism investigations show that CO2 is first
reduced to form *CO, which then facilitates the reduction of
*NO intermediates to *N. This leads to a decrease in the energy
barrier of deoxygenation of *NO intermediates, which is the
rate-determining step of the nitrite electroreduction process.
Additionally, the adsorbed *CO species can accelerate the
hydrogenation of *NH2 intermediates to form NH3 at an
enhanced rate. Besides the electroreduction of nitrite, CO2

molecules can also accelerate the reduction of other nitro-
containing compounds such as the conversion of nitrate to
ammonia and nitrobenzene to aniline.

Monometallic nanomaterials with unconventional crystal
phases, such as face-centered cubic (fcc) and hexagonal close-
packed (hcp) phases exhibit enhanced catalytic activities over
their common phase counterparts. However, monometallic
materials sometimes lack sufficient active sites for the adsorp-
tion and stabilization of multiple intermediates, particularly in
multi-step reduction reactions like NOxRR and N2RR. In this
attempt, multimetal alloy nanomaterials with unconventional
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phases have been fabricated which can enhance the electro-
catalytic reactions toward ammonia synthesis. One example of
such alloy is Cu–Sn-based pine-needle structures that convert
NO to ammonia in a flow cell.61 Theoretical investigation
implicates that the energy barriers of protonation are low over
Cu6Sn5-derived surface structures, which results in enhanced
ammonia production. IrNi-based alloy nanobranches (NBs)
with unconventional hcp phase demonstrate superior electro-
catalytic NO2RR performance toward ammonia synthesis.211

Solvothermally fabricated IrNi, IrRhNi, and IrFeNi alloy NBs
consist of a Ni-rich core and an Ir-rich shell. Theoretical studies
indicate that the Ir–Ni interactions within the hcp IrNi alloy can
accelerate the electron transfer processes for NO2RR. The hcp
IrNi alloy surface also produces more active hydrogen, which
reduces the energy barriers for the hydrogenation steps for
ammonia formation.

One-dimensional carbon-based nanomaterials like carbon
nanotubes (CNTs) and carbon nanorods (CNRs) exhibit excel-
lent catalytic properties toward ammonia production, owing to
their electron conductivity, large surface area, and stability.
CNTs have a graphite sheet-like structure with sp2 hybridized-C
atoms, and the sheets can be rolled to form a cylinder-like
structure.272 The inner and outer walls of CNTs provide numer-
ous active sites for catalysis. Single-walled and multi-walled
carbon nanotubes (SWCNTs and MWCNTs) are promising 1D
materials for efficient electrochemical NO3RR. However, the
work of Harmon et al. suggests that when heteroatoms like O
and N are introduced into MWCNTs, the efficiency of catalytic
NO3RR decreases (Fig. 13A–C).217 This observation proves that
the catalytic reaction occurs at the C atoms present on the
surface of the carbon nanotubes. The electron-rich O and N
dopants reduce the number of active C sites on the surface,
thus diminishing the catalytic reaction. Some Fe contaminant
from the synthetic counterparts is present in SWCNTs, but not
on the surface; hence, it does not affect the NO3RR signifi-
cantly. The authors also found that the surfaces of SWCNTs are
more catalytically active and selective for NO3RR than for
MWCNTs. This might be because the SWCNTs have larger
curvature than MWCNTs, which modifies the bonding and,
consequently, the electronic structure of the active C atoms. For
SWCNTs, the FE for NH3 is 90% at �0.85 V vs. RHE. Other by-
products like gaseous H2 (FE 6%), liquid NO2

� (FE 4%), and
NH2OH are also detected. Carbon nanorods (CNRs) are one-
dimensional rod-shaped carbon materials with a moderate
aspect ratio, high surface area, and good conductivity. The
electrocatalytic properties of CNRs can be modulated by doping
with heteroatoms like N, and the incorporation of transition
metals like Ni.218 Ni-embedded N-doped carbon nanorods (Ni-
NCNR) can selectively electroreduce nitric oxide to form ammo-
nia. The Ni atoms act as the active sites for adsorption and
activation of NO. N-doping alters the electronic structure and
enhances the interaction between the Ni active sites and CNR
support; hence Ni incorporation and N-doping synergistically
enhance NORR for NH3 production. N-doped 1D carbon nano-
fibers with carbon defects can also accelerate electrocatalytic
N2RR for NH3 synthesis.45 The carbon defects enhance the

water-splitting process, generating abundant protons for the
protonation of N2 to NH3. Further, the C defects assist the
coordination of the Fe atom with four N atoms. The Fe–N4 sites,
together with the adjacent C defects, promote the protonation
reactions by reducing the energy barrier of the process, bene-
fiting the overall N2RR process.

Spinel oxides have a general formula of AB2O4, where A and
B are transition metal cations. A is a divalent cation and B is a
trivalent cation, occupying tetrahedral and octahedral sites,
respectively.273 Due to the distinct electronic structures and
reactivities of A and B, their interactions with the reactants also
differ significantly. Hence, spinel-type oxides have more cata-
lytic activity compared to single-metal oxides. Bimetallic spinel
oxides have a tuneable band gap, better electrical conductivity,
and adsorption ability of reactants than single-metal spinel
oxides.274 Such a redox-active bimetallic spinel oxide, NiCo2O4,
can perform electrocatalytic NO3RR to NH3 under ambient
conditions (Fig. 13D–H).214 These spinel oxides have multi-
valent metals and high electronic conductivity, which are
favourable for catalytic reactions. Also, the effect of bimetallic
centres Ni and Co result in efficient NO3RR, and the FE reaches
a maximum value of B99% at �0.3 V vs. RHE, although small
amounts of NO2

� and N2H4 were obtained as by-products with
NH3. Ni2+ acts like a p-type dopant and replaces a Co3+ in Co3O4

to form NiCo2O4. This converts the semiconductor minority
spin channel to conducting, and NiCo2O4 possesses half-metal
characteristics. The DFT calculations show that the half-metal
characteristic of NiCo2O4 facilitates electron transfer. Nitrates
are easily adsorbed on the surface of Co3O4 compared to
NiCo2O4 but, surprisingly, the NO3RR is more favourable for
NiCo2O4. This proves that the Sabatier Principle holds correct,
i.e., the adsorption of reactants on the surface should be
intermediate, and too weak or too strong interaction disfavours
the catalytic process. The catalyst is also used as a cathode in a
Zn–NO3

� battery with a high yield of 48.5 mmol h�1 cm�2 NH3

and an FE of 96.1%. Another such spinel oxide electrocatalyst,
Mn-incorporated Co3O4 (Co3O4–Mn2) nanotubes is synthesized
via hydrothermal method and annealing (Fig. 13I–K).215 Mn
partially replaces the Co cation in the CoO6 octahedron of
Co3O4 to form Co3O4–Mn2. Mn incorporation not only improves
conductivity but also suppresses the HER. The surface sites of
Co3O4–Mn2 are less active than Co3O4. A Co : Mn ratio 1 : 2
produces the highest FE of 99.5% at �1.2 V vs. RHE. Doped
spinel oxides like carbon-doped cobalt oxide (C/Co3O4) hollow
nanotubes also exhibit highly efficient NH3 synthesis from
NO2

� reduction with FE of almost 100% in the potential range
of �0.1 to �0.6 V vs. RHE.216 The C doping facilitates charge
transfer by inducing a local electric field and reduces the energy
barrier for the *N + e� + H2O - *NH + OH� step, the rate-
determining step of the NO2RR process. This electrocatalytic
system is further utilized to construct a Zn–NO2

� battery that
can concurrently degrade NO2

�, generate value-added NH3, and
create electricity.

Semiconductors are often used extensively as electrocata-
lysts. However, typical semiconductor materials have less elec-
tronic conductivity, which impedes their electrocatalytic

Review Article Chem Soc Rev

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 2

/2
1/

20
26

 9
:0

2:
21

 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00025k


This journal is © The Royal Society of Chemistry 2025 Chem. Soc. Rev., 2025, 54, 5021–5080 |  5051

activity. The electronic structure of semiconductors can be
modified by introducing defects like oxygen vacancies (VO) or
by heteroatom doping. Besides modulating the electronic
structure, doping TiO2 nanobelts with the P atom induces
charge redistribution and generates VOs around the doping
sites.212 As a result, P-TiO2 exhibits better NO2RR performance
to produce ammonia compared with pristine TiO2. Amorphous
boron carbide sputtered on TiO2 (a-B2.6C@TiO2) nanobelts also
exhibits selective NH3 synthesis via electrocatalytic NORR.213

Theoretical studies indicate that the B–C bonding in the boron
carbide layer effectively injects electrons to the NO p2p* orbital,
thus activating NO and ensuring the complete reduction of NO
to NH3 by lowering the energy barriers. Employing this electro-
catalytic a-B2.6C@TiO2 as the cathode, a Zn–NO battery is
assembled to produce ammonia and electricity concurrently.
Pseudo-Brookite Fe2TiO5 nanofibers are narrow-band gap semi-
conductors with TiO2-like atomic and electronic properties
(Fig. 13L–N).106 The highly reducing Fe atoms can easily replace
the Ti4+ and induce abundant oxygen vacancies (VOs) in the
structure. The VOs can reduce the adsorption energy of NO3

�

and boost the catalytic activity for NH3 production. Iron phos-
phide (FeP), a transition metal phosphide-based narrow-band
gap semiconductor, is also an effective electrocatalyst for
NO2RR from wastewater to generate ammonia.275 The NO2

�

ions bind to the (211) and (011) facets of the two adjacent Fe
atoms present in FeP, which are the main active facets for
NO2RR. Further, FeP has moderate atomic hydrogen (H*)
adsorption capability, which facilitates NH3 formation, whereas
excessive H* adsorption leads to competitive HER, reducing the
selectivity of NH3.

5.3. 2D electrocatalysts and heterostructures

Two-dimensional carbon-based electrocatalysts are emergent
materials for the electrosynthesis of ammonia owing to their
diverse benefits such as low cost, easy modification of atomic
or molecular structures, and tolerance to acidic and alkaline
electrolytes. State-of-the-art 2D carbon-based electrocatalysts
for ammonia synthesis include graphene, graphdiyne, and
carbon nitrides. These materials also provide superior support
for anchoring 0D or 1D nanomaterials to promote their

Fig. 13 One-dimensional (1D) electrocatalysts for ammonia synthesis. (A) Schematic representation of electrochemical NO3
� reduction to NH3 by 1D

carbon nanotube (CNT). (B) SEM images of single-walled carbon nanotubes (SWCNTs), multi-walled carbon nanotubes (MWCNTs), mildly oxidized
MWCNTs (OCNTs), and reduced OCNTs (ROCNTs). (C) Faradaic efficiencies of possible products H2, NO2

�, NH2OH, and NH3 obtained from NO3
�

reduction using SWCNT, MWCNT, OCNT, and ROCNT catalysts. Reproduced with permission from ref. 217. Copyright 2022, American Chemical Society.
(D) SEM image of NiCO precursor. (E) SEM image of NiCO2O4 obtained from the precursor upon annealing. (F) TEM image of NiCo2O4 nanowire. (G) NH3

yields and Faradaic efficiencies obtained at different potentials using NiCo2O4/CC nanowire catalyst. (H) Schematic illustration of Zn–NO3
� battery using

NiCo2O4/CC as the cathode. Reproduced with permission from ref. 214. Copyright 2022, Wiley-VCH. (I) Schematic representation of the fabrication of
Mn-incorporated Co3O4 (Co3O4–Mnx) nanotubes. (J) TEM image of Co3O4–Mn2 nanotube, where Mn : Co ratio is 2 : 1. (K) NH3 yields and Faradaic
efficiencies obtained using Co3O4–Mn2 and Co3O4 catalysts at various potentials. Reproduced with permission from ref. 215. Copyright 2023, Elsevier. (L)
Schematic representation of the synthetic procedure of Fe2TiO5 nanofibers. (M) SEM image of Fe2TiO5 nanofibers. (N) Faradaic efficiencies of possible
products H2, NO2

�, and NH3 obtained from NO3
� reduction using Fe2TiO5 nanofibers at different potentials. Reproduced with permission from ref. 106.

Copyright 2022, Wiley-VCH.
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catalytic activity. Engineering their structures by introducing
defects or heteroatom doping are various strategies to enhance
their catalytic activity. Graphene, one of the most commonly
used 2D catalysts, has a nanosheet-like structure with sp2

hybridized carbon atoms, and excellent conductivity and
chemical stability.276 The 2D p-conjugated structure of gra-
phene also contributes to the adsorption of N-containing
reactants on its surface and facilitates the catalytic reaction.
Recently, amorphous graphene has been used extensively for
catalytic purposes. The amorphous atomic structural features,
as well as the graphene structural features, promote catalytic
activity. Such an amorphous graphene electrocatalyst is synthe-
sized by laser irradiation and is composed of disordered four-
to eight-membered polygons (Fig. 14A–C).219 The catalytic
activity of amorphous graphene has been compared with
crystalline reduced graphene oxide (rGO). It is observed that
the adsorption properties of amorphous graphene are more
due to structural deformations while rGO has lower adsorption
properties due to aromaticity. Another graphene-based catalyst
with amorphous/crystalline heterophase is synthesized by
infrared laser induction.220 This graphene has intermediate
crystallinity between amorphous carbon and crystalline gra-
phene, and contains aromatic rings and distorted polygons.
The presence of heterophase can modulate the electronic
properties of the catalyst as the density of defects and state
near the Fermi level increases, resulting in high capacitance.
The heterophased graphene has abundant electrons and long-
range disorders that favour 8e� NO3RR to NH3. The formation
of heterostructures with graphene has certain advantages: (i)
promotion of the transfer of electrons to graphene is readily
achievable because the Fermi level of graphene is at 0 V vs.
NHE, whereas the position of the conduction band of the other
component is generally higher than the Fermi level of gra-
phene; (ii) separation of charge carriers is easier due to the
rapid electron transfer from the second catalytic component to
graphene; (iii) abundant anchoring sites are present in functio-
nalized graphene for the dispersion of nanoparticles or single-
atoms. Single-atoms (SAs) are one of the most emerging cata-
lysts in recent times as discussed above. The SAs mostly
coordinate to four N atoms, but this induces weak polarity to
the SAs, which is unsatisfactory for catalytic processes. If this
coordination with N can be partially substituted with hetero-
atoms like O or S, then the polarity on SA sites will increase,
resulting in the adsorption of more NO3

�. Functionalized
graphene with two N and two O in cis configuration can
encapsulate Cu SAs.221 As discussed before, the polarity of Cu
sites causes more NO3

� adsorption on the electrocatalytic sur-
face and the cis configuration modifies the 3d orbitals of Cu so
that it can form a p-complex with *ONH and reduce the energy
barrier of the catalytic process. This reveals that functionalized
graphene can also moderate the coordination of the SA catalyst
and simulate its catalytic activity.

Graphdiyne (GDY), a carbon allotrope with one-atom-
thickness is an emerging 2D carbon material. It comprises sp
and sp2 hybridized carbon atoms and has unique properties
like high surface area, large cavity structure, large network

plane, excellent hole transport properties, uneven surface
charge, and multiple active sites, which make it an excellent
two-dimensional catalyst.193,277 Recent studies indicate that
GDY-based low-dimensional materials exhibit excellent activity,
selectivity, and stability toward electrocatalytic ammonia synth-
esis. Due to the presence of the reductive alkaline bond in the
structure of GDY, it can self-reduce Pd2+ to form Pd-GDY.278

The coupling interaction between the Pd, C1, and C2 sites of
GDY enhances the electron transfer process, thereby increasing
the activity and selectivity of electrocatalytic N2RR to produce
ammonia with 100% selectivity in a neutral medium. Indivi-
dual zero-valent atoms have unique catalytic properties owing
to their electronic structure, high activity, and selectivity. One
such zero-valent Mo0-GDY catalyst has been prepared based on
the incomplete electron transfer properties between the GDY
and Mo atom.222 The atomically dispersed Mo0 atoms endow
the catalyst with excellent activity toward electrocatalytic nitro-
gen reduction and hydrogen evolution reactions with highly
efficient ammonia and hydrogen production, respectively. The
confinement of single-atoms (SAs) like Ru, Rh, and Co in GDY
structures also confers excellent properties toward electrocata-
lytic nitrogen reduction reactions to produce ammonia.271,279

Single-atom (SA) and double-atom (DA)-adorned GDY like Cu2-
GDY also exhibits enhanced NORR for ammonia generation.224

This work shows that the d-band centre plays a pivotal role in
the adsorption and hydrogenation of NO. The NO molecule
activation on SAs and DAs is driven by electron ‘‘donation/back-
donation’’ interactions between the metal atom and NO. On the
SAs, the thermodynamic process (NH3 and H2O molecule
desorption) dominates the entire NORR process, and Cu-GDY
exhibits high NORR with selective NH3 formation over H2. In
contrast, on the DAs, the electrochemical hydrogenation pro-
cesses control the NORR, and Cu2-GDY exhibits the highest
selectivity toward NH3 among Fe2, Co2, Ni2, and Cu2. These
works explore the utilization of hybridized 0D atomically dis-
persed catalysts on 2D GDY-based structures toward electro-
catalytic ammonia generation. Over the past few years, GDY-
based heterojunction catalysts have also been developed to
enhance electrocatalytic ammonia synthesis. For instance, the
Fe3C@GDY heterojunction catalyst has electron-donating triple
bonds in GDY and electron-accepting Fe3C, wherein, the sp-
carbon–metal–carbon structures at the interface promote
charge transfer and electrical conductivity in the catalyst.225

GDY can also regulate the coordination environment of the Fe
atoms and thereby improve the adsorption and desorption of
the reactants and intermediates, promoting electrocatalytic
nitrate reduction to ammonia. The incomplete charge transfer
between the donor–acceptor Fe3C@GDY interface also
enhances the activity and selectivity of the catalytic ammonia
production. Compared to the pristine catalysts, the heteroge-
nized GDY structures have faster electron transfer properties
and the integration with GDY also provides enhanced stability
to the heterogenized catalysts.

Boron (B)-based carbon 2D materials have also emerged
as efficient electrocatalysts for ammonia synthesis. Doping
carbon-based materials with boron or nitrogen results
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in charge redistribution, boosting the chemisorption of
reactants.280 The B and N doping also tune the band gap, spin,
and charge density of the boron carbon nitride (BCN), promot-
ing N2RR and NOxRR over HER. The empty sp2 orbital of B can
interact with the lone pair of N electrons to adsorb and activate
the N-species and hinder the binding of H+ to suppress the
competitive HER. Surface anion vacancies can enhance the
availability of electrons and provide suitable active sites for
binding N2 molecules. Defective BCN nanosheets with unsatu-
rated B (e�-deficient) and N (e�-rich) atoms form the frustrated
Lewis acid (LA) and base (LB) pairs (Fig. 14D–F).227 These
adjacent LA and LB pairs can efficiently adsorb N2 to form a
six-membered ring as an intermediate and allow dissociation of
NRN at much lower energy due to the pull–pull effect by
heterolysis. The presence of frustrated Lewis pair B and N as
dual active sites increases the electrocatalytic activity of BCN
and promotes N2RR. The tunability of the Lewis pairs of B and
N has substantial impacts on N2RR.226 The B-enriched BCN
exhibits better N2RR activity than the N-enriched BCN. Theore-
tical studies indicate that the energy of each step of N2RR by

B-enriched BCN is relatively lower than that of N-enriched BCN,
which results in enhanced N2RR by B-BCN.

2D metal and metal oxide-based nanostructures are exten-
sively used in electrocatalysis due to their high surface-to-
volume ratio, unique electronic structures, and abundant
exposed active sites. For instance, Ru nanosheets with low
coordination numbers can exhibit electrocatalytic properties
toward NORR to NH3.228 The low coordination number of the
Ru sites promotes the adsorption of NO molecules and lowers
the energy barrier of the rate-determining hydrogenation step.
The use of expensive noble metals can be circumvented by
replacing them with redox-active transition metals, such as Co.
Co nanosheets with hexagonal-close-packing (hcp) act as effi-
cient catalysts for NORR compared to the face-centered cubic
(fcc) phase of Co nanosheets.229 Enhanced electron donation
from the d-p* orbitals of hcp-Co to the adsorbed *NO facilitates
NORR. Additionally, the proton diffusion process in the hcp-Co
is energetically favourable, ensuring the availability of more
protons for the protonation of NO to NH3. Bimetallic catalysts
provide more active sites than monometallic catalysts for

Fig. 14 Two-dimensional (2D) electrocatalysts for ammonia synthesis. (A) HRTEM images of amorphous graphene obtained by laser induction in air (ox-
LIG) at different magnifications. (B) HRTEM image of reduced graphene oxide (rGO) at different magnifications. (C) NH3 yields and Faradaic efficiencies
obtained at different time intervals using amorphous graphene obtained by laser induction in air (ox-LIG), in an inert atmosphere (LIG), and reduced
graphene oxide (rGO) at a potential of �0.73 V vs. RHE. Reproduced with permission from ref. 219. Copyright 2023, Wiley-VCH. (D) Schematic
representation of defective boron carbon nitride (BCN) nanosheets with unsaturated B and N atoms as a frustrated Lewis pair (FLP). The pulling effect of
FLPs captures and activates N2, for N2 reduction to NH3. (E) STEM image of BCN. (F) NH3 yields and Faradaic efficiencies obtained using BCN catalyst at
different potentials. Reproduced with permission from ref. 227. Copyright 2022, Wiley-VCH. (G) Schematic representation of OH-terminated Ti3C2

MXene, where the hydrogen bonding between –OH groups and NO3
� facilitates NO3

� reduction to NH3. (H) SEM image of Ti3C2 MXene. (I) Faradaic
efficiencies of NH4

+ and NO2
� obtained at different potentials using Ti3C2 MXene. Reproduced with permission from ref. 233. Copyright 2023, Wiley-

VCH. (J) Lattice structures of the 2H, 1T0, and 1T00 phases of MoS2. (K) Comparison of NH3 yields and Faradaic efficiencies for 1T0 0 0 and 1T0 MoS2 at a
potential of �0.3 V vs. RHE and for 2H MoS2 at a potential of �0.4 V vs. RHE. Reproduced with permission from ref. 238. Copyright 2021, Wiley-VCH.
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multistep N2RR and NOxRR and are often used to synthesize
ammonia as they mimic bimetallic nitrogen reductase (MoFeP).
A bio-inspired CuCo bimetallic nanosheet mimicking Cu–nitro-
gen reductase is formed by electrodeposition of the corres-
ponding metals and this bimetallic catalyst can electroreduce
NOx

� to NH3.230 The two active metal centres in the catalyst
have separate roles—the Cu centre facilitates the adsorption of
NOx

� while the Co centres participate in the donation of
electrons and protons. DFT calculations show that the adsorp-
tion of *NO (the rate-determining step) consumes less energy
for CuCo, when compared to Cu and Co metals, separately. The
FE for the Cu50Co50 catalyst reaches B100% at �0.2 V vs. RHE
with a current density of 1035 mA cm�2. Metal oxides with
defects and vacancies can also enhance the catalytic activity of
N2RR and NOxRR by altering the local coordination environ-
ment and electronegativity. Amorphous RuO2 nanosheets exhi-
bit superior NO3RR when compared to their crystalline
counterparts.231 This superiority is attributed to atomic disor-
der in the structure of RuO2, which endows it with numerous
oxygen vacancies (VOs). The rate-determining step is calculated
to be the conversion of *NH2 to *NH3, which is facilitated on
the surface of amorphous RuO2. The formation of by-products
like NH2OH and H2 are also suppressed on amorphous RuO2,
which boosts the selectivity of NH3.

MXenes formed of carbides and nitrides are emerging 2D
materials used in catalysis as they have unique properties like
high electrical conductance and capacitance.281,282 The intro-
duction of defects on the surface reduces repulsive electrostatic
forces and thus decreases the energy required for the adsorp-
tion of N2 or NOx

�.283 Functionalization of MXenes suppresses
competitive HER and improves the catalytic synthesis of
ammonia.232 Functionalized Ti3C2 MXenes with terminal oxy-
gen groups formed by mild calcination reveal the active sites for
electrocatalytic NO3RR (Fig. 14G–I).233 Small amounts of N2 and
hydrazine by-products are obtained, resulting in moderate
selectivity of NH3 with an FE of 90.4% at �1.7 V vs. RHE. Under
electrochemical conditions, the oxygen groups are converted to
hydroxyl groups in situ to form interfacial hydrogen bonding,
thus accelerating the electrocatalytic NO3RR process. These
surface hydroxyl groups help the adsorption of NO3

� and
contribute to hydrogenation, forming NH3; hence, the –OH
group functions as both an active site and a reactant. The
adsorption of H on the O atoms also diminishes the HER
process, increasing the selectivity of NH3. Like other 2D materi-
als, heteroatom doping of MXenes can also effectively increase
the rate of NO3RR and enhance the formation of NH3. Doping
of B atom into the lattice of B-Ti3C2Tx (Tx depicts the surface
terminating group) MXenes can alter their electronic structure
and accelerate the NO3RR kinetics compared to the pristine
Ti3C2Tx MXenes to produce ammonia with a high current
density and at a low working potential.234 The B dopants
facilitate the adsorption and activation of NO3RR intermedi-
ates, reduce the energy barrier and thereby enhance ammonia
production.

MBenes, a newly emerging class of 2D layered materials
similar to MXenes, are gaining attention as promising

electrocatalysts. Unlike MXenes, MBenes lack passivating sur-
face functional groups, which allows the constituent metal and
boron atoms to be fully exposed, enhancing their catalytic
activity. The combined effects of metal and boron make
MBenes attractive catalytic materials. The metal atoms partici-
pate in water splitting and the boron atom activates the N-
containing species. A FeB2 MBene synthesized via the reflux
method exhibits efficient NO3RR with an FE of 96.8% at �0.6 V
vs. RHE.235 Fe acts as the *H donor and B atoms act as the *H
acceptor, and this tandem action promotes the NO3RR process.
Theoretical studies reveal that the adsorption and activation of
NO3

� take place at the B sites rather than Fe, confirming B as
the active site for catalysis. Water catalysis occurs at Fe and the
*H that is generated is transmitted to B through the hydrogen
spillover process for subsequent hydrogenation reactions.
Another study screens a series of M2B2-type (M = IVB to V
transition metals from the periodic table) MBenes for electro-
catalytic NORR.284 Among the screened MBenes it has been
observed that the Fe2B2, Mn2B2, and Rh2B2 can efficiently
convert NO to NH3 with smaller limiting potentials, whereas
Nb2B2 and Hf2B2 have low limiting potentials for the NO
conversion to NH3. Mechanistic investigations indicate that
hydrogenation of *NO to *NOH has lower energy than *HNO;
hence, these MBenes have high selectivity for promoting the
NORR to NH3 over competitive HER.

Layered transition metal chalcogenides like MoS2 have also
been actively used as catalysts for N2 and NOx

� reductions. The
positive charge on the Mo atom can polarize and activate the
adsorbed reactants via Mo–N interactions. Heteroatom doping
and defect engineering techniques have been employed to
enhance the interaction between Mo and N species. Layered
structured MoS2 is a well-known catalyst for HER. Substituting
S atoms with F introduces strain in the layered structure and
compresses the interlayer spacing in the MoS2 nanosheets.236

Additionally, F is more electronegative than S and these factors
can suppress HER and promote N2RR. The introduction of
defects in the form of dopants like V can remarkably enhance
the efficiency of electrocatalytic NO3RR.237 V is highly conduc-
tive and can alter the electronic structure of the MoS2 metallo-
enzyme. The V-MoS2 electrocatalyst can lower the energy barrier
of conversion of NO* to NOH* and also enhance the selectivity
of NH4

+. Recent works reveal that the metastable phase of MoS2

is more active for performing catalytic reactions and can
efficiently reduce N2 to NH3 (Fig. 14J–K).238 Metastable MoS2

provides access to partially filled t2g orbitals, which can
simultaneously form s bonds with N and transfer electrons
to N2. The work compares the 2H (stable), 1T0, and 1T 0 0 0

(metastable) phases of MoS2 for the catalytic reactions, and
the 1T0 0 0 phase with maximum electron density was found to be
the most suitable for N2RR. Mo–Mo clustering in the meta-
stable phases is responsible for the enhanced electron density
in these phases, facilitating activation of N2 and accelerating
N2RR, which is almost nine times greater than the stable 2H
phase. MoS2 nanosheets deposited on graphite can also pro-
duce ammonia from the electroreduction of NO.285 The posi-
tively charged Mo-edge sites of MoS2 promote the adsorption
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and activation of NO via an ‘‘acceptance–donation’’ mecha-
nism, which promotes NORR to NH3 and disfavours the bind-
ing of protons and coupling of the N�N bond, ruling out the
formation of H2 and N2 and enhancing the selectivity of NH3

produced.

5.4. Metal–organic framework (MOF)-based electrocatalysts
and heterostructures

Metal–organic frameworks (MOFs), composed of metal ions
or clusters linked by organic ligands in a three-dimensional
arrangement, are one of the most explored emergent materials
in catalysis. Their porous structure, high specific surface area,
excellent stability, and presence of active sites offer unique
features required for catalysis. For instance, a 2D Cu-based MOF,
{[Cu(HL)]�H2O}n, (Cu-OUC, H3L = 5-(20-carboxylphenoxy)isophthalic
acid) exhibits efficient electrocatalytic NO-to-NH3 conversion.239

The Cu-OUC MOF activates NO via a two-way charge transfer
mechanism of ‘‘electron acceptance and donation’’, where the
*NO formation step is the rate-determining step. Additionally, the
Cu-OUC MOF also acts as the cathode for constructing a Zn–NO
battery, which besides converting harmful NO into NH3 also
generates electricity. The reaction rates of ammonia formation
depend on the type of metal centres present in the MOFs. In Fe2M
trinuclear cluster-based MOFs, where M = Co, Ni, Fe, Zn, the rates
of adsorption and activation of nitrate and protons are in the
order of Co 4 Fe 4 Ni 4 Zn (Fig. 15A–C).240 The unsaturated
metal sites of the trinuclear complex help in the adsorption and
reduction of nitrates while the dinitrogen ligand aids in the
interfacial transfer of electrons due to the delocalized conjugation
between the lone electron pairs of nitrogen and the p electrons of
the ligand’s aromatic ring. Ammonium sulfate is obtained by the
electroreduction of nitrates and can be directly used as fertilizer
for plants without further processing. MOFs have also been used
as precursors for deriving metal- and carbon-based catalysts,
which inherently have higher reactivity and stability when com-
pared to conventional catalysts. Co–Fe/Fe2O3 has been derived
from Co-doped Fe-MOF-74 by pyrolysis, where Co dopant
increases conductivity and tunes the electronic properties such
that Co–Fe/Fe2O3 shows efficient electrocatalysis.286 The tempera-
ture at which pyrolysis is carried out is crucial as experimental
evidence suggests that the graphitic carbon produced at 900 1C
shows the highest electrocatalytic performance while that pro-
duced at 1000 1C shows reduced catalysis due to the collapse of
structural properties. The Co center activates NO3

� and tunes the
energy of the d orbitals of adjacent Fe atoms, facilitating charge
transport; thus, both Co and Fe atoms participate in NO3RR. Co
also restrains HER, thus increasing the selectivity and FE to 99%
and 85.2%, respectively. The conversion of NO3

� to NH3 involves
deoxygenation and hydrogenation of nitrates with water via
proton-coupled electron transfer. This coupling reaction between
nitrates and water can be boosted if a multifunctional interface
can be produced by incorporating a second component with the
MOF. For instance, when the bimetallic Ni/Co-MOF interface is
surface-coated with H-substituted graphdiyne, deoxygenation,
and hydration reactions are promoted due to the formation of
the multifunctional interface (Fig. 15D–F).241 The intersection

between the MOF and graphdiyne acts like a bifunctional
membrane by facilitating the transport of electrons and reactants
to the Ni and Co sites, where the concerted reaction occurs. An
integrated-electrocatalysis cell using MOF-based gas diffusion
electrodes (GDEs) can electroreduce NO (NORR) and electroox-
idize NO (NOOR) simultaneously to produce NH4NO3 under dilute
concentrations of NO.287 For preparing the MOFs-GDEs, UIO-66,
ZIF-8, and ZIF-67 are modified with Cu nanowires for NORR and
Ni/NiO for NOOR to enhance the production of NH4

+ and NO3
�,

respectively. The enhanced NO reduction and oxidation is due to
the transfer of adsorbed NO from the adsorption layer to the
catalyst layer, which is experimentally verified by the enhanced
NO mass transfer from gas to electrolyte across the modified
electrode. Modifying MOFs without doping or other functionaliza-
tion can improve fabrication time efficiency and enhance material
properties for ammonia production. One such example is Fe
metal center-based MOF, which in its thermally activated form
can generate ammonia with FE of B90% at�1.0 V vs. RHE, which
is much higher when compared with the non-activated pristine
form of the MOF (Fig. 15G–I).242 The activation of MOFs is
expected to provide access to more active Fe sites for the adsorp-
tion of nitrates. The thermal activation process frees the pores of
the MOF from trapped components and exposes the high-valent
Fe(III) sites for the catalytic reaction. Such activation processes can
further open avenues for tailoring the surface structures of desired
electrocatalysts like MOFs for energy conversion reactions.

5.5. 3D-printed electrodes based on low-dimensional
materials

To design active and stable electrocatalysts for ammonia produc-
tion, researchers have focused on designing 3D-printed electro-
des. Previously, 3D-printed electrodes have been employed in
catalytic reactions like carbon dioxide reductions,18 oxygen
evolution,288 and hydrogen evolution289 reactions; however, the
use of 3D electrodes in N2RR and NOxRR is quite recent and has
some advantages over conventionally prepared catalysts. The 3D
printing technique enhances the designing of the catalysts and
the reaction vessels by automating the prototype and simulations
to prepare an optimized catalytic system.48 This eliminates the
manual time required for optimization for conventional catalysts,
boosting the performance of the process. The 3D printing process
allows for precise control over the shape, structure, and geometry
of substrates, leading to enhanced catalytic performance. The 3D-
printed substrates can be post-modified with desired active
materials by sintering, sputter coating, electrodeposition, and
atomic layer deposition.290–293 For instance, in a recent study by
our group, a Cu electrode is fabricated by fused fabrication
filament (FFF) 3D printing (Fig. 16A–I).243 The 3D-printed elec-
trode is subjected to thermal treatment and sintering to induce
conductivity and the metallic phase to the electrode. An electro-
chemical modification is then induced to the electrode followed
by NaHCO3 treatment for forming nanostructures on the surface
of the electrode with exposed (100) facets. The main composition
of the electrode responsible for electrocatalytic NO3RR has been
observed to be Cu/Cu2O. These 3D-printed Cu electrodes can
perform efficient NO3

�-to-NH3 conversion with FE 96.5% at
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�0.92 V vs. RHE with 95.6% selectivity for NH3. Another work
from our group compares the electrocatalytic properties of two
3D-printed electrodes: (i) 0-dimensional porous carbon black and
(ii) 1-dimensional porous carbon nanotubes (Fig. 16J–M).244 The
0D carbon black 3D-printed electrode is electrocatalytically inert
while the 1D carbon nanotubes actively participate toward NO3RR.
The defects and metallic impurities (TiO2, Fe3O4) in 1D CNTs can
impact the electrocatalytic reactions. However, the exact content
and distribution of the impurities and defects are not quantifiable
in industrial catalysts; hence, proper control over electrocatalysis
is not always possible over industrial catalysts. To achieve better
control, an ultra-thin layer of manganese oxide is deposited onto
the 1D carbon nanotubes using the atomic layer deposition
technique. This fine-tunes the surface properties of the catalysts
and enhances their electrocatalytic performance. The carbon
nanotubes are conductive and manganese oxide has electrocata-
lytic properties, and the synergistic effect from these two compo-
nents makes the 3D-printed 1D CNT@MnOx efficient toward
NO3RR. Surface-modified 3D-printed carbon substrates with
atomic layer deposition (ALD) of TiO2 can function as bifunctional
platforms for electrocatalytic nitrite oxidation reaction (NO2OR)
and nitrite reduction reaction (NO2RR).245 This 3D-printed hetero-
structure possesses the intrinsic surface properties of carbon

nanotubes as well as Ti-dominated metallic impurities, and the
formation of interfaces between the conductive carbon and ALD-
coated TiO2 enhances its electrocatalytic properties toward both
NO2OR and NO2RR. The electrocatalytic properties of the TiO2-
coated 1D carbon electrode are associated with the ALD-coated
TiO2 layer, which can be tuned by modulating the number of
ALD cycles. The 100-TiO2 electrode, formed by non-continuous
TiO2 deposition on the 1D carbon framework is endowed with
abundant carbon/TiO2 interfaces. These interfaces play a vital
function in the electrocatalytic reactions and enhance the for-
mation of NH4

+ and NO3
� from electro-reduction and oxidation,

respectively.

6. Low-dimensional
photoelectrocatalysts for ammonia
synthesis

Photoelectrocatalysts combine the dual benefits of both photo-
catalysts and electrocatalysts. Photocatalysts provide light
energy for catalysis, and electrocatalysts offer the advantage
of the electric bias. In conventional photocatalysts, the effi-
ciency is sometimes limited by the recombination of the charge

Fig. 15 Metal–organic framework (MOF)-based electrocatalysts for ammonia synthesis. (A) Schematic representation of NO3
� reduction to NH3 by Fe-

based trinuclear cluster metal–organic framework (MOF) Fe2M-MOF, where M = Fe, Co, Ni, or Zn. (B) SEM image and element mapping of C, Fe, and Co
present in Fe2Co-MOF. (C) NH3 and NO2

� yields and the corresponding Faradaic efficiencies using Fe2M-MOFs at a potential of �1.1 V vs. RHE.
Reproduced with permission from ref. 240. Copyright 2023, Wiley-VCH. (D) Schematic representation of Ni/Co-MOFs (NiCoBDC) with hydrogen-
substituted graphdiyne (HsGDY) nanowire array for electrochemical NO3

� reduction to NH3. (E) SEM images of NiCoBDC@HsGDY nanoarray at different
magnifications. (F) NH3 yields at different potentials using NiCoBDC, NiCoBDC@HsGDY, CoBDC@HsGDY, and NiBDC@HsGDY. Reproduced with
permission from ref. 241. Copyright 2023, American Chemical Society. (G) Schematic representation of the thermal activation of the Fe-MOF from
pristine to activated form. (H) SEM images of activated Fe-MOF at different magnifications. (I) Comparison of Faradaic efficiencies for NO3

� reduction
between pristine and activated Fe-MOFs at different potentials. Reproduced with permission from ref. 242. Copyright 2023, American Chemical Society.
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carriers. In photoelectrocatalysis, the recombination is paused
by applying an external potential greater than the onset
potential, which draws out charge carriers from the photoelec-
trode. N2 and NOx

� act as effective feedstock for the production
of ammonia. Over the last few years, a diverse class of electro-
catalysts has been studied for NH3 generation. However, many
of these electrocatalysts face a significant drawback: they
require high overpotential to achieve considerable Faradaic
efficiency (FE) for ammonia production. Photoelectrocatalysis
can reduce this potential; the photoelectrodes can harness the
light energy to generate a photovoltage and compensate for the
reducing potential. The reduction potential for NO3RR is near
that of water splitting. Thus, from a thermodynamic viewpoint,
the catalysts capable of photoelectrochemical water splitting
are also prospective catalysts for NO3RR. But kinetically, NO3RR
is more challenging and energy demanding as it requires 8e�s
for complete conversion of NO3

� to NH3; otherwise, lower-
reduced products like NO2

�, NO, N2, and NH2OH might be
formed. Modification of the photocathode with proper catalysts
and cocatalysts leads to active NO3RR and selective production
of NH3. Herein lies the advantages of photoelectrocatalysts.
The following subsections will discuss the design of emerging
low-dimensional photoelectrocatalysts developed over recent

years for ammonia generation (Fig. 17). The design of photo-
electrocatalysts generally involves multi-step reactions for het-
erogenization with multiple-component photocatalysts and
electrocatalysts. As the photoelectrocatalysts are composed of
photocatalysts and electrocatalysts, the synthetic strategies
resemble the photo- and electrocatalysts mentioned in
Sections 4 and 5 of this review. The synthesis and modification
techniques of some selected photoelectrocatalysts are listed in
Table 5.

6.1. 0D photoelectrocatalysts and heterostructures

Photoelectrocatalysts for N2RR and NOxRR toward ammonia
synthesis encounter similar challenges like photocatalysts and
electrocatalysts. The design of stable and selective photoelec-
trocatalysts for ammonia production using various strategies
with improved efficiency is discussed here. Narrow-band gap
materials like CuO, Cu2O, and black P are mostly used for
photocathodes.49,302 Sometimes, photoelectrocatalysts com-
prise heterostructures of different low-dimensional materials.
Plasmonic nanoparticles like Au loaded on 2D WO3@rGO
enhances photoelectrocatalytic performance (Fig. 18A–C).294

The excellent catalytic properties of AuWO3@rGO for N2RR
are attributed to its electronic conductivity, porous structure,

Fig. 16 3D-printed electrodes designed with low-dimensional materials for ammonia synthesis. (A) Schematic representation of the electrocatalytic cell
for NO3

� reduction to NH3 using a 3D-printed Cu electrode. (B) SEM image and (C) Cu elemental mapping of the electrode. (D) Schematic representation
of the 3D-printed electrode. (E) Pictorial representation of the dimensions of the electrodes, where the length and width are 10 mm each, and the height
is 1 mm. (F) Sintering of the electrodes. (G) 3D-printed Cu electrode before (left) and after (right) acid treatment. (H) Faradaic efficiencies of NH3 and NO2

�

at different potentials using 3D-printed Cu electrodes. (I) NH3 yields at different potentials using 3D-printed Cu electrodes. Reproduced with permission
from ref. 243. Copyright 2023, American Chemical Society. (J) Schematic representation of NO3

� reduction to NH3 using 1-D@MnOx fabricated by
atomic layer deposition of MnOx on a 3D-printed 1D carbon framework. (K) SEM image of 1D carbon framework. (L) HAADF-STEM image of 1D@500-
MnOx. (M) NH3 yields at different potentials using 3D-printed 1D carbon and 1D@500-MnOx electrodes. Reproduced with permission from ref. 244.
Copyright 2023, Elsevier.
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and high surface area. When low-band gap black silicon is
integrated with plasmonic silver (Ag) nanoparticles, the hot
electron generation and plasmonic resonant energy transfer
properties of Ag, combined with the light absorption capabil-
ities of black silicon, significantly enhance photoelectrocataly-
tic N2RR.51 The Ag nanoparticles also protect the black silicon
from oxidation. The plasmon hot electrons generated from
plasmonic Au nanoparticles also activate the NO3RR processes.
In a typical NiO/Au plasmon/TiO2 photosystem, NO3

� are

reduced to ammonia by the plasmon hot electrons at room
temperature and neutral pH.295 These hot electrons also sup-
press H2 formation and the hot holes are converted to atmo-
spheric O2. The plasmon electrons enhance the electrochemical
process by achieving optimal efficiency at lower potentials.
The lower working potentials confirm the suppression of
competing HER, overcoming one of the major drawbacks of
electrocatalytic NO3RR. Quantum dots (QDs) also exhibit excel-
lent photoelectrocatalytic properties, e.g., Bi2S3 QDs grown

Fig. 17 Low-dimensional photoelectrocatalysts (PECs) for ammonia synthesis. Classification of photoelectrocatalysts into 0D, 1D, and 2D, and
schematic representations of few selected photoelectrocatalytic LDMs.

Table 5 Synthetic and modification techniques for selected ammonia-generating low-dimensional photoelectrocatalysts

Classification Materials Photoelectrocatalysts Synthesis/Modification Ref.

0D LDMs and
heterostructures

Metallic nanoparticles (NPs) Au NPs-WS2@RGO Hydrothermal, microwave methods, chemical reduction 294
Ag NPs-black Si Etching, deposition methods 51
NiO–Au NPs-TiO2 Chemical reduction, thin film preparation, deposition

methods
295

Quantum dots (QDs) Bi2S3 QDs-MoS2 In situ growth of QDs, hydrothermal and solvothermal
methods

296

Single-atoms (SAs) Ru SAs–Cu2O SA embedding by simple mixing 181
1D LDMs and
heterostructures

Metal and metal oxide-based
heterostructures

MoS2 nanoflakes-La2Zr2O7

nanofibers
Electrospinning, hydrothermal methods 87

Ni–MoS2/Si nanowires Ni-Doping, metal-assisted chemical etching, hydro-
thermal, cast-coating methods

88

Si-a-Fe2O3 nanorods Hydrothermal, thermal annealing methods 297
B–Bi nanorolls B-Doping, chemical reduction 298

2D LDMs and
heterostructures

Metal oxide-based
heterostructures

TiOx–CdS–Cu2ZnSnS4 Defect engineering of cocatalysts, chemical bath deposi-
tion, spray coating

299

Carbonaceous materials CoTiO3 nanorods/N-rGO
nanosheets

Interface engineering, N-doping, p–n junction, reflux
method

300

CuPc–CeO2 Defect engineering, thin film fabrication, chemical
deposition

301
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in situ over MoS2 nanoflowers (Fig. 18D–G).296 Upon photoexci-
tation with visible light, interfacial charge transfer occurs from
the QDs to MoS2. This process results in the separation of
photogenerated charge carriers, leading to a higher concen-
tration of photogenerated electrons on the MoS2 side. The
electron-rich MoS2 then actively participates in the catalytic
reduction of N2 to NH3. Single-atoms (SAs) like Ru can also be
effective for designing photoelectrocatalysts. Using Ru SAs
embedded Cu2O as photocathode and TiO2 as photoanode in
two-chamber cells can function as a dual system for ammonia
synthesis and degradation of bisphenol A (Fig. 18H–K).181 The
electrons supplied by the TiO2 photoanode can reduce N2 to
NH3 at the photocathode and, simultaneously, the bisphenol A
can be degraded at the photoanode by the �OH radicals. This
technique is highly prospective in water treatment and energy
generation, and further bifunctional systems like this will be
discussed in Section 7.1.

6.2. 1D photoelectrocatalysts and heterostructures

Creating hybrid heterostructures and leveraging the
interactions of the components stands out as one of the most
effective strategies in photoelectrocatalysis. Incorporating MoS2

nanoflakes on 1D La2Zr2O7 nanofibers creates a heterostructure

that combines their individual properties for effective photoelec-
trochemical ammonia synthesis.87 MoS2 offers the advantages of
semiconductors while La2Zr2O7 introduces interfacial oxygen
vacancies, and the combined effects result in an efficient photo-
cathode. The photogenerated electrons from MoS2 are transferred
to the vacant oxygen sites of La2Zr2O7, which participates in N2

reduction. The use of doped materials is another effective strategy
for designing photoelectrocatalysts. Ni-doped MoS2 coated on
silicon nanowires acts as an efficient photocathode for ammonia
production in porous water (Fig. 19A–E).88 Combining two mate-
rials with limited catalytic properties into a heterostructure can
enhance their catalytic performance by creating a unique interface
between the components. Si nanowires and MoS2 individually
exhibit lower conductance. But when MoS2 is doped with Ni and
coupled with Si nanowires to form a heterostructure 1D–2D type
electrode, the electron transfer rate is accelerated and so is the
efficiency of photoelectrochemical N2RR. Porous water has a high
solubility of N2, which removes the solubility constraint. MoS2

and Si nanowires are low-band gap materials that form a type I
heterojunction, and doping with Ni provides additional active
sites and increases the motility of charge carriers; and all these
factors together enhance N2RR. Doping can also benefit the
design of photoanodes. For instance, Mo-doped BiVO4

Fig. 18 Zero-dimensional (0D) photoelectrocatalysts for ammonia synthesis. (A) Schematic representation of the 0D plasmonic Au nanoparticles anchored
on 2D WS2@rGO. (B) HRTEM image of Au–WS2@rGO; zoomed-in images show d-spacing corresponding to (111) and (002) planes of metallic Au and
hexagonal phase of WS2, respectively. (C) NH3 yields and corresponding Faradaic efficiencies using WS2, Au–WS2, and Au–WS2@rGO at a potential of�0.4 V vs.
RHE. Reproduced with permission from ref. 294. Copyright 2023, Elsevier. (D) Schematic representation of Bi2S3 quantum dots (QDs) grown over MoS2

nanoflowers. (E) TEM image of MoS2 nanoflower. (F) TEM image of Bi2S3 QDs marked by red circles, grown over MoS2. (G) NH3 yields and the corresponding
Faradaic efficiencies using different loadings of Bi2S3:MoS2. Reproduced with permission from ref. 296. Copyright 2022, Elsevier. (H) Schematic representation
of the photoelectrochemically driven N2 reduction to NH3, where TiO2 is the photoanode and Ru single-atoms decorated over Cu2O is the photocathode.
(I) SEM image of TiO2 photoanode. (J) HRTEM image of Cu2O/Ru photocathode, where the Ru single-atoms are denoted by red circles. (K) NH3 yields and the
corresponding Faradaic efficiencies using different photoelectrocatalysts. Reproduced with permission from ref. 181. Copyright 2022, Elsevier.
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photoanodes can transfer electrons from water to the Si
photovoltaic-wired hematite-based photocathode (Fig. 19F–I).297

Upon irradiation, the photocathodes can reduce N2 to NH3. The
process is coupled with H2O2-dependent oxyfunctionalization,
which produces valuable materials simultaneously at the photo-
cathode and photoanode. The doping of B in 1D Bi nanorolls
photocathode also facilitates N2RR by decreasing the energy barrier
of the step N2 - *NNH (Fig. 19J–M).298 The surface curvature of
the nanorolls improves the adsorption of N2. Upon irradiation,
the TiO2 photoanodes supply the necessary photogenerated elec-
trons to the B-doped Bi photocathode N2RR. Ordered Si nano-
wires, decorated with Au particles as the designed photocathode
material, can operate at positive potential (0.2 V vs. RHE) using
solar energy.85 The hexagonal, ordered nanowire array of p-type
semiconductor, Si allows efficient mass transport and reduces the
recombination of charges. The Au particles act as the cocatalyst
and aid in the selective formation of NH3 with an FE of 95.6%.

6.3. 2D photoelectrocatalysts and heterostructures

2D black phosphorus (P) nanosheets offer significant proper-
ties that are beneficial for N2RR. Black P is also a direct band
gap material with a wide range of light absorption properties. It
has abundant surface and edge sites and weak hydrogen

adsorption properties. 2D black P photocathodes can produce
N2 effectively and have excellent stability for up to 12 hours
(Fig. 20A–D).302 The formation of a strong interfacial junction
between p-type perovskite oxide CoTiO3 and N-doped reduced
graphene oxide (N-rGO) can also optimize N2RR.300 The inter-
facial heterojunction can promote the electron transfer encap-
sulated between the atomic layers on N-rGO by reducing the
diffusion path length and the recombination of charge carriers.
Additionally, the heterojunction broadens the wavelength win-
dow, enabling more efficient light harvesting. Defects and
vacancies also boost the photoelectrocatalytic reactions. In an
organic–inorganic hybrid like Cu phthalocyanine (CuPc)/CeO2

heterostructure, the Ce3+/Ce4+ pairs modify the oxygen vacan-
cies, which play a predominant role in the adsorption and
activation of nitrates.301 The 2D macromolecular CuPc has
similar properties like p-type semiconductors, which are active
under UV-visible light and can efficiently convert solar charge
carriers. Also, the d orbitals of Cu match the energy level of
LUMO p* of NO3

�, allowing charge transfer between Cu and
NO3

�. However, CuPc lacks an adequate number of active sites
on its surface, necessitating its integration with other catalysts
such as CeO2

301 or BiVO4
303 to perform NO3RR. CeO2 has Ce3+

and Ce4+ oxidation states and abundant oxygen vacancies, which

Fig. 19 One-dimensional (1D) photoelectrocatalysts for ammonia synthesis. (A) Schematic representation of the fabrication of Ni-doped MoS2/Si
nanowires (Ni–MoS2/Si NWs) photocathode. (B) SEM image of 1D Si nanowires. (C) TEM image of MoS2. (D) TEM image of Ni–MoS2. (E) NH3 yields
obtained using (a) Si nanowires, (b) MoS2/Si NW, (c) Ni–MoS2/Si NW, and (d) Ni–MoS2/Si NW in porous coordinated polymer (PCP) at a potential of 0.25 V
vs. RHE. Reproduced with permission from ref. 88. Copyright 2023, American Chemical Society. (F) Schematic illustration of Mo:BiVO4 photoanode
oxidizing H2O to produce H2O2 in situ, which activates peroxygenase for enantioselective oxyfunctionalization reactions. (G) Schematic illustration of Si-
wired a-Fe2O3 photocathode for paired N2 reduction to NH3. (H) SEM image of a-Fe2O3. (I) NH3 yields obtained using the above illustrated
photoelectrochemical setup at different potentials. Reproduced with permission from ref. 297. Copyright 2023, Elsevier. (J) Schematic representation
of the fabrication of 1D Bi-doped Bi nanorolls from 2D BiOBr nanosheet precursors. (K) TEM image and (L) HRTEM image of B-doped Bi nanorolls. (M)
NH3 yields and corresponding Faradaic efficiencies using B-doped Bi nanorolls. Reproduced with permission from ref. 298. Copyright 2021, Elsevier.
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can entrap photogenerated charge carriers and facilitate the
adsorption of nitrates. BiVO4 is a p-type semiconductor with a
large band gap, which limits its photocatalytic performance, and
coupling with CuPc makes BiVO4/CuPc an effective catalyst.
Defect-engineered materials like TiOx with oxygen vacancies
(VOs) are effective cocatalysts for NO3RR. For the construction of
the photocathode, a p–n junction is fabricated by coating
Cu2ZnSn4 with the CdS layer (Fig. 20E–H).299 Cu2ZnSn4 has
excellent light harvesting properties, and CdS has efficient charge
separation properties. TiOx cocatalyst with Ti3+/VO sites allows
better adsorption of NO3

� and *NO2 intermediate on the photo-
cathode. The efficient electron transfer reduces the work function
and extends the carrier lifetime, which results in an FE of 89.1%
for ammonia at 0.1 V vs. RHE. The benefit of the photoelectro-
chemical strategies mentioned above is that they couple photo-
catalysis and electrocatalysis, and the synergistic effect can
enhance the charge separation, reduction capability of electrons,
equilibrium of electron distribution, and also reduce the prob-
ability of oxidation of ammonia produced.304

7. Applications

Besides ammonia production by NOxRR and N2RR, these reac-
tions are also important in many aspects. For instance, nitrates

and nitrites are common pollutants found in wastewater and
their reduction can help in environmental remediation. NOxRR
and N2RR, when coupled with CO2RR, C–N coupling can favour
the formation of urea. Various relevant and important oxida-
tion reactions can be coupled with these reduction reactions.
All these aspects are highlighted in the following sections.

7.1. Water purification

Nitrates and nitrites, the precursors of ammonia synthesis, are
common sources of pollutants in surface and groundwater.
Hence, wastewater containing nitrates and nitrites can act as N-
feedstock for ammonia production, helping in wastewater
treatment and producing sustainable energy resources. The
major sources of nitrate contamination in water originate from
fertilizers used in agriculture, industrial waste (including
ammonia-producing industries using the Haber–Bosch pro-
cess), stormwater runoff from metropolitan areas, and sewage
water. The concentration of nitrates in wastewater depends on
the source of pollution: 1.95 M in low-level nuclear wastewater,
41.6 mM in industrial wastewater, and 7.4 mM in textile
wastewater.305 Nitrates can lead to eutrophication and nitrites
produced from the reduction of nitrates pose serious health
risks to humans and the animal kingdom. Nitrates and their
metabolites can also cause blue baby syndrome, hypertension,

Fig. 20 Two-dimensional (2D) photoelectrocatalysts for ammonia synthesis. (A) Schematic representation of the black phosphorus (BP) electrode
fabrication using layer-by-layer assembly of exfoliated ultra-thin BP nanosheets. (B) Cross-section SEM image of the fabricated BP electrode. (C) NH3

yields and the corresponding Faradaic efficiencies using BP electrodes at different potentials. (D) Schematic representation of the photoelectrochemical
N2 reduction to NH3 by the BP electrodes fabricated on ITO. Reproduced with permission from ref. 302. Copyright 2020, Wiley-VCH. (E) Schematic
representation of the step-by-step synthesis of TiOx/CdS/CZTS electrodes. (F) Cross-section STEM image of TiOx-250/CdS/CZTS electrodes,
synthesized at 250 1C. (G) NH3 yields and the corresponding Faradaic efficiencies using TiOx-250/CdS/CZTS electrodes at different potentials. (H)
Schematic representation of the mechanism of photoelectrochemical NO3

� reduction to NH3 by the TiOx/CdS/CZTS electrodes. Reproduced with
permission from ref. 299. Copyright 2022, Wiley-VCH.
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and cancers. Hence, the U.S. Environmental Protection Agency
has set a limit of 10 mg L�1 of N–NO3

� and 1 mg L�1 of N–NO2
�

in drinking water.306 Conventional denitrification approaches
reduce nitrates present in water to gaseous nitrogen, avoiding
side products like nitrous oxide or ammonia.307–310 However,
recent progress in this aspect highlights the benefits of the
reduction of nitrates to ammonia as an important precursor to
different value-added products, e.g., fertilizer and a prospective
hydrogen storage fuel.311 Here, we will discuss a few state-of-
the-art catalytic materials to demonstrate the feasibility of the
process.

7.1.1. 0D nanostructured and heterostructured catalysts.
Self-activated 0D Ni(OH)2 nanoparticles deposited on Ni sub-
strate can selectively reduce NO3

� to NH4
+ in the laboratory as

well as can be scaled up to treat wastewater from a chemical
factory, Hunan Sinopec Catalyst Co., Ltd (China) (Fig. 21A–
D).312 The pilot-scale wastewater treatment system reported in
this work consists of a sedimentation tank, electrocatalytic
reactor, and storage tank. A sedimentation tank is used to
separate the solids suspended in wastewater. The electrocata-
lytic reactor is set up with 26 electrodes connected to a DC

power supply and can purify 500 liters of wastewater. The
reactor can work in fed-batch and continuous flow modes for
NO3

�–N concentration 241–2527 mg L�1, and the selectivity of
NH4

+–N obtained is as high as 92.5%. The reduced ammonia
can be separated from water using air-stripping methods.
Photoelectrocatalytic 0D Co can also produce ammonia in
simulated wastewater containing nitrates, nitrites, phosphates,
sulfates, carbonates, and bicarbonates.313 However, the FE for
ammonia in simulated wastewater is only 12%, whereas the
maximum FE reported is 92% in water containing only NO3

�.
Ni single-atoms decorated on oxygen-vacant WO3 can efficiently
produce ammonia in simulated wastewater containing NO3

�

and other organic pollutants like phenol, benzyl alcohol, and
formaldehyde (Fig. 21E–H).41 These organic pollutants act as
hole-sacrificial agents and promote NO3

� reduction. Subnano-
metric metal oxides on TiO2 can also function as efficient
photocatalysts for ammonia production in simulated
wastewater.154 CuO nanoparticles on Cu foam electrodes can
directly produce ammonium-based fertilizer when simulated
wastewater containing NO3

� and Cl� is fed into the constructed
flow cell containing cathodic and anodic reaction chambers, an

Fig. 21 Low-dimensional catalysts for ammonia synthesis coupled with water purification. (A) Schematic representation of electrochemical reactor for
wastewater purification containing NO3

� using self-activated 0D Ni(OH)2 particles formed on Ni substrate, Ni(OH)2@Ni cathode. (B) TEM image of
Ni(OH)2@Ni cathode. (C) HRTEM image of the Ni(OH)2@Ni cathode showing the lattice fringes with d-spacing of 0.233 nm and FFT (inset) corresponding
to the (101) plane of Ni(OH2). (D) Effects of NO3

�-N concentration on the conversion efficiency, Faradaic efficiency of NO3
� reduction, and NH4

+–N
selectivity under the fed-batch conditions. Reproduced with permission from ref. 312. Copyright 2021, American Chemical Society. (E) Schematic
representation of the photocatalytic synthesis of value-added ammonia from nitrate-containing wastewater using Ni single-atoms-decorated defective
WO3. (F) SEM image of Ni/HxWO3�y catalyst. (G) HRTEM image showing the Ni single-atoms marked by white circles. (H) NH3 yields using Ni/HxWO3�y

catalyst and upon addition of different organic, cationic, and anionic pollutants. Reproduced with permission from ref. 41. Copyright 2024, Elsevier.
(I) Schematic representation of the electrochemical NO3

� to NH4
+ by natural hematite electrode. (J) SEM image of a-Fe2O3 deposited on Ni foam at

different magnifications. (K) Comparative study of NO3
� removal, NO2

� selectivity, NH4
+ selectivity, and recovery of a-Fe2O3 and g-Fe2O3. Reproduced

with permission from ref. 314. Copyright 2024, Elsevier.
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electrified PTFE membrane, and a trap chamber.53 The perfor-
mance of the electrochemical flow cell has also been monitored
using industrial wastewater from Shandong Keyuan Pharma-
ceutical Co. Ltd, containing NO3

�, Cl�, Na+, K+, SO4
2�, and

chemical oxygen demand (COD). Production of (NH4)2SO4 from
industrial wastewater is a proof-of-concept for electrochemical
upcycling of NO3

� to form valuable fertilizers.
7.1.2. 1D nanostructured and heterostructured catalysts.

Ru–Cu nanowire catalysts can reduce the nitrate concentration
in water from an industrial level of 2000 ppm to a drinkable
level of o50 ppm and efficiently produce ammonia.208 For
separating ammonia, effluent with a high vapour pressure of
ammonia is subjected to air stripping, and 99.7% of ammonia
is successfully stripped out. For air stripping, in this work, the
effluent is sealed in a flask with Argon for 24 hours. This
stripped-out ammonia vapour is either trapped in HCl to form
NH4Cl or condensed to form ammonia water. The performance
of catalytic materials for NO3RR to NH3 has also been demon-
strated in simulated wastewater to extend the practical applic-
ability. In another work published by the same group, similar
Ru–Cu nanowires with slight modifications have been utilized
for electrocatalytic NO3RR from industrial wastewater contain-
ing 2000 ppm NO3

�.315 In this work, they have developed a
membrane electrode assembly (MEA) and a reactor with a
porous solid electrolyte (PSE) and compared their electrocata-
lytic NO3RR performance. The PSE reactor, which has a cation
shielding effect, is more effective due to enhanced concen-
tration of cations, and can produce purified water and ammo-
nia simultaneously from electrocatalytic NO3RR. Another work
highlights the fabrication of a paired electrolysis platform,
where defect-engineered 1D TiO2 nanotubes with Co doping
and oxygen vacancies act as the cathode.316 The doped and
vacant sites can synergistically promote electron transfer for
NO3RR to NH3 at the cathode, and the anode simultaneously
traps the NH3 and converts it to (NH4)2SO4, an ammonia-based
fertilizer used in agriculture.

7.1.3. 2D nanostructured and heterostructured catalysts.
The recovery of produced ammonia from wastewater is always
challenging. A few works focused on this challenge and devel-
oped electrodes based on 2D materials to address this problem.
In this attempt, a membrane-less electrochemical technique
has been developed that electrochemically converts nitrate
synchronized with ammonia recovery.317 The system typically
consists of a 3D-printed porous Cu–Ni metallic glass that can
effectively electroreduce the nitrates present in wastewater to
ammonia. This work successfully converts 70% of nitrate and
recovers the ammonia from the reaction mixture as ammonium
chloride. Hematite (a-Fe2O3) deposited on a Ni foam electrode
and coupled with a water-resistant membrane can reportedly
remove 97.6% of nitrates from wastewater, and consequent
upcycling of these nitrates can yield ammonia (Fig. 21I–K).314

81.6% of this ammonia can be recovered in situ in the form of
ammonium sulfates. To check practical applicability, the sys-
tem is tested on wastewater from a photovoltaics industry
containing nitrates and nitrites. After electrocatalysis,
74.8% of total inorganic nitrogen is removed and 77.1% of

ammonium is recovered. The entire process leads to an energy
consumption rate of 62.2 kW h per kg of NH3.

7.2. Urea synthesis

Urea is the most important nitrogen-based fertilizer used in
crop production. The current industrial process for urea synth-
esis uses harsh reaction conditions and leaves a huge carbon
footprint. This includes (i) the synthesis of ammonia by the
Haber–Bosch process and (ii) the combination of ammonia
and CO2 at a high temperature (150–200 1C) and pressure
(150–200 bar).318 Hence, a ‘‘greener’’ and more sustainable
way to produce ammonia under ambient conditions is
required, which would also aid in realizing carbon/nitrogen
neutrality in the environment. Co-reduction of CO2 and nitro-
genous species like NO3

�, NO2
�, and N2 via electrochemical or

photoelectrochemical pathways can lead to the sustainable
production of urea by C–N coupling, thus maintaining carbon
neutrality and the nitrogen cycle.318,319 However, slow adsorp-
tion of substrates, multiple reaction steps, and competitive side
reactions impede the catalytic reactions toward urea
synthesis.320 Hence, to improve catalytic processes, the design
of catalysts is crucial for the co-reduction process. A diverse
range of catalysts, such as single-atoms, bimetallic, dual site,
oxygen-vacant, and non-metallic materials, have been used in
recent years for the co-reduction of nitrogenous species and
CO2 to form urea.

7.2.1. 0D nanostructured and heterostructured catalysts.
Cu single-atoms with different coordination environments have
been widely used for urea production. A comparative study with
Cu–N–C coordination structures revealed that Cu–N4 and Cu–
N4�x–Cx are more active sites for NO3RR and CO2RR when
compared to Cu–N3–C1 and Cu–N2–C2.321 The formation of
*COOH and *NH intermediates are energetically more favour-
able on Cu–N4 sites while the energies of other intermediates
like *CO and *NH2 are similar on all Cu–N–C sites. Cu single-
atoms (SAs) can be electrochemically reconstituted to form Cu4

clusters that act as active sites for C–N coupling and urea
synthesis.58 The Cu4 clusters can be reversibly transformed to
Cu SAs again by switching to open circuit potential and this
makes the Cu1–CeO2 catalysts structurally and electrochemi-
cally stable. Cu SAs can also be used to form bimetallic sites Cu/
Ti by coupling with TiO2.322 The benefit of using bimetallic
sites is that the Cu site can effectively adsorb CO2 and reduce
*CO2 to *CO; while the Ti sites can adsorb NO3

� and reduce
*NO3

� to *NH2 by photoelectrocatalysis. Due to the adjacent
positioning of Cu and Ti, the *CO and *NH2 intermediates can
easily undergo C–N coupling to form urea. Bimetallic Cu/Zn
sites can operate by relay catalysis mechanism and stabilize the
intermediates *CO2NO2 (key intermediate for C–N coupling) on
Zn sites and *COOHNH2 (formed on protonation) on Cu sites
preferentially.323 Urea formation with an FE of 75% is reported
for wastewater-level nitrate concentrations. 0.28 kg of CO2

emissions per kg of urea is calculated for the Cu/Zn
catalyst, which is far less compared to 1.8 kg of CO2 for
conventional methods of urea synthesis. The study also com-
pares the urea formation for bimetallic hybrid catalysts and
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their corresponding single-component catalysts. The reaction
energy for C–N bond formation and the consecutive protona-
tion step is higher for single-component catalysts, which leads
to lower FE for urea. Electrocatalysts like CuWO4 are also
endowed with bimetallic sites that combine the advantages of
WO3 and CuOx, and are capable of simultaneous reduction of
NO3

� and CO2.59 The high-valence W centers in WO3 can
stabilize *NO2 intermediates, however, they are unable to
reduce CO2 to *CO at low overpotentials. Contrarily, Cu centers
are well known for reducing CO2 to *CO, but a continuous
arrangement of Cu assists in C–C coupling reactions, forming a
series of by-products. For the formation of urea, C–C coupling
has to be suppressed, and C–N coupling reactions have to be
promoted, which is achieved by CuWO4. The alternating bime-
tallic reduction sites, Cu and W, can reduce the raw precursors,
form reduced and hydrogenated intermediates, initiate C–N
coupling, and increase the selectivity of urea produced. Besides
the Cu and bimetallic catalysts, other single metallic catalysts
based on Fe and Pt can also produce urea. In one such work,
the utilization of 0D Fe2O3 nanoparticles has been highlighted
for urea synthesis from the co-reduction of NO3

� and CO2

simultaneously.324 Here, minuscule g-Fe2O3 nanoparticles
(o2 nm), confined within the pores of a conductive metal–
organic framework (MOF), Ni-HITP MOF can electrocatalyti-
cally produce urea, and the catalyst shows stability for 150
hours. Instead of having excellent catalytic properties, metal
oxide nanoparticles suffer from a few drawbacks like instability,
aggregation, and uneven size distribution. Encapsulation
within the pores of Ni-HITP MOF offers better stability, uniform
size, confinement, and conductivity to the g-Fe2O3 nano-
particles for electrocatalysis. The Fe(III) centers can simulta-
neously reduce NO3

� and CO2 to *NO2 and *COOH, the key
intermediates. Further, these catalytically active adjacent Fe(III)
centers can induce C–N coupling between *NH2 and *COOH to
produce *CONH2, the key intermediate for urea formation. Pt
nanostructures can also produce urea electrocatalytically from
CO and NH3.325 In this work, CO has been used instead of CO2.
In the first step, Pt triggers the oxidative coupling between CO
and NH3 to produce cyanate via proton-coupled electron trans-
fer. In the next step, the produced cyanate reacts with ammo-
nium via the Wöhler reaction to yield urea, the desired product.
The reactions take place on the exposed Pt(100) and Pt(111) facets
of the Pt/C catalyst. Oxidation of NH3 and CO are energetically
feasible on both Pt(111) and Pt(100) surfaces. However, the *NH3

intermediate is more stable on Pt(111) while the *NH2 intermedi-
ate is more stable on Pt(100) facet. Among the intermediates
obtained from CO oxidation, *CO is stable on Pt(100); however,
*CO2 and *COOH are unstable and react with OH� to form CO2

and H2CO3, respectively. Hence, on the Pt(100) surface, *NH2 and
CO undergo C–N coupling to produce *OCNH, which is converted
to *OCN (cyanate) under alkaline conditions. In the presence of
NH4

+, this cyanate is converted to urea.
7.2.2. 1D nanostructured and heterostructured catalysts.

Instead of single components, hybrid bimetallic catalysts can
lower the energy barrier and selectively produce urea in higher
amounts. Dual-active Fe sites, namely, amorphous Fe, and

Fe3O4 on carbon nanotubes (CNTs), also act as efficient electro-
catalysts for urea production (Fig. 22A–D).60 The amorphous
Fe@C and Fe3O4 active sites participate in the adsorption and
activation of NO3

� and CO2, respectively, and lower the energy
barrier for the formation of urea. Zn foil is an efficient electrode
for the electrosynthesis of urea, but the fabrication of Zn
nanostructures via typical methods is challenging. Coupling
Cu with Zn to form a bimetallic core–shell nanowire structure is
a viable alternative (Fig. 22E–H).326 Additionally, electron trans-
fer from Zn to Cu produces electron-deficient Zn, which favours
NO3RR. The Cu@Zn bimetallic heterostructure thus favours the
formation of intermediates and the C–N coupling required for
urea synthesis. Non-metallic catalysts like F-doped carbon
nanotubes (CNTs) also report excellent urea production by
electroreduction of CO2 and NO3

�.327 The availability of abun-
dant C–F2 moieties as active sites promotes the formation of
*CO and *NH2 intermediates, and the electronic structure of
CNTs ensures excellent conductivity and charge transfer, ben-
eficial for electrocatalysis. Another recent work reports 1D Cu
phthalocyanine nanotubes, which have many active sites for
electroreduction, namely, Cu center, pyridinic-N1, and pyrrolic-
N2 and N3.328 Among them, urea synthesis is driven by the
reduction of N2 and CO2 by dual active sites, the pyridinic-N1
site and Cu site to form *NN and *CO, respectively. Here also,
the reaction proceeds through the *NCON intermediate, fol-
lowed by subsequent protonation to form urea. The catalyst
surface is modified via oxygen vacancy and facet engineering to
boost the catalytic synthesis of urea. For the formation of urea,
the C–N coupling reaction between *CO2 and *NO2 intermedi-
ates is crucial. The early-stage C–N coupling provides a better
selectivity of urea when compared to the later-stage coupling
between *CO2 and *NH2.329 For instance, defect-engineered 1D
CeO2 nanorods with abundant oxygen vacancies can entrap and
insert *NO intermediate into the vacant sites and subject it to
subsequent C–N coupling to form *NO–CO.330 The oxygen-
vacant (VO) CeO2 nanorod catalysts were compared with the
VO-deficient CeO2 catalysts to gain conducive insight into the
*NO entrapping by the VO sites. Further, this work indicates
that the C–N coupled intermediate formation has a lower
energy barrier when compared to the protonation intermedi-
ates in the case of pristine CeO2. The oxygen vacancies can thus
help in selective C–N coupling and promote the electrocatalytic
synthesis of urea. The C–N coupling step promotes the selec-
tivity of the formation of urea, however, the energy barrier of
the protonation of *CO2NH2 is high, which is why it is the
potential determining step (PDS). The energy barrier of PDS can
be reduced by 1D indium oxyhydroxide, i.e., InOOH rods with
oxygen vacancies.57 The oxygen vacancies result in unsaturated
In sites, which decrease the energy barrier of PDS, facilitate the
protonation of *CO2NH2 to *COOHNH2, and enhance the
catalytic performance of InOOH for producing urea. The cata-
lysts discussed above operate on the co-reduction of NO3

� and
CO2 precursors to form urea. Though nitrates are readily
available and have more advantages, some catalysts also report
urea synthesis by N2 and CO2 co-reduction. Mott–Schottky
heterostructures like Bi–BiVO4 have a space–charge region at
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the interface due to the transfer of electrons from BiVO4 to metallic
Bi, forming local electrophilic and nucleophilic regions.331 The
space–charge region exposes more active sites and promotes
adsorption and activation of N2 and CO2 at local electrophilic
and nucleophilic sites, respectively. Thereafter, the C–N coupling
between *NQN* and CO produces the *NCON* intermediate,
which acts as a precursor for the formation of urea.

7.2.3. 2D nanostructured and heterostructured catalysts.
2D catalysts like MXenes, MBenes, and carbon nitrides are well-
known catalysts discussed previously in Section 5.2 for electro-
catalytic ammonia synthesis. Recent studies indicate that
besides reducing N2 or NO3

�, the heterostructures based on
these 2D materials can co-reduce CO2 and function as efficient
electrocatalysts for urea synthesis. One of the recent works
along this line reports a double transition metal-based Mo2VC2

MXene, which can co-reduce N2 and CO2 and, followed by C–N
coupling, can produce urea.333 The selective formation of key
intermediates for the C–N coupling is crucial for urea produc-
tion. The Mo2VC2 MXene can selectively convert *CO2 to *CO,
which is one of the key intermediates. This *CO can further
react with the intermediates formed from N2, i.e., *N2 and

H-added intermediates like *NHN, *NHNH, *NH2N, *NH2NH,
and *NH2NH2, via C–N coupling to produce urea. The work also
highlights that double-transition metal-based MXenes can
effectively function as better electrocatalysts for urea synthesis
when compared with single-transition metal-based MXenes.
Hence, single-transition metal-based MXenes like Mo2C can
also be functionalized with planar metal clusters like Cu via
strong metal–support interactions for enhanced performance
of urea electrosynthesis.334 The active sites on the Cun/Mo2C
catalyst enhance the electrocatalytic ‘‘one-step’’ N–C–N cou-
pling process by inserting *CO intermediate into the NH2*–
NH2* intermediate, promoted by the electrostatic interactions
between the N atoms. This ‘‘one-step’’ coupling process
offers an energy-efficient and favourable thermodynamic route
to urea synthesis compared to the conventional two-step
coupling processes. Bimetallic sites like Ru–Pd can also
promote the photoelectrosynthesis of urea when encapsulated
on 2D–2D heterostructures like WO3/MXene.335 The photo-
cathode composed of this 0D–2D–2D heterostructure can
simultaneously reduce CO2 and N2 and is substantiated by
water oxidation at the photoanode. However, the fabrication

Fig. 22 Low-dimensional catalysts for urea synthesis from co-reduction of NO3
� and CO2. (A) Schematic representation of urea synthesis by dual active

Fe(a)@C and Fe3O4 on carbon nanotubes (CNTs). (B) TEM image of Fe(a)@C-Fe3O4/CNT. (C) HRTEM image showing the lattice fringes with d-spacings of
0.25 nm and 0.294 nm corresponding to the (113) and (022) planes of Fe3O4 nanoparticles, respectively. (D) Urea yields and the corresponding Faradaic
efficiencies using Fe(a)@C-Fe3O4/CNT at different potentials. Reproduced with permission from ref. 60. Copyright 2023, Wiley-VCH. (E) Schematic
representation of the fabrication of core–shell Cu@Zn nanowires and catalytic formation of urea over these nanowires. (F) TEM image of Cu@Zn
nanowire. (G) HRTEM image showing the lattice fringes with d-spacings of 0.23 nm and 0.21 nm corresponding to the Zn(100) and Cu(111) planes,
respectively. (H) Urea yields at different applied potentials using the Cu@Zn nanowires. Reproduced with permission from ref. 326. Copyright 2022,
American Chemical Society. (I) Schematic representation of grain boundary-rich Bi nanosheets reconstructed from Bi2Se3 nanosheets, utilized for the
synthesis of urea from NO3

� and CO2. (J) TEM and (K) HRTEM images of grain boundary-rich Bi nanosheets showing lattice fringes with d-spacing of
0.328 nm corresponding to the (012) plane of Bi. (L) Comparison of urea yields by grain boundary-rich Bi, low grain boundary Bi, and bulk Bi at different
applied potentials. Reproduced with permission from ref. 332. Copyright 2024, Wiley-VCH.
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and engineering of this multi-component catalyst are complex
and costly, and the design of simpler and cheaper photo- or
electrocatalysts is more favourable for a better understanding
of the catalytic mechanism over active sites. Another work
reports the utilization of 2D MBenes to electrosynthesize urea
from N2 and CO2 under ambient conditions.336 The MBenes
with three different metal centers have been used here, namely,
Ti2B2, Mo2B2, and Cr2B2. Electrocatalytic urea synthesis takes
place at the basal planes of the MBenes. These MBenes can also
suppress competitive N2 reduction to NH3. Among the three
MBenes, the surfaces of Mo2B2 and Cr2B2 are resistant to
oxidation and degradation and offer more reactive surface area,
activity, and selectivity for electrocatalysis. Porous carbon
nitrides are also another class of widely explored 2D electro-
catalysts. These carbon nitrides can also electrosynthesize urea
upon structure modification like doping and embedding metal-
lic sites. In this approach, a new N4B4 porous carbon nitride
with B doping has been synthesized.337 Upon further substitu-
tion doping, M2B2 structures have been formed. Fourteen metal
(M) atoms have been used and, among them, M = Mn, Cr, and
Os were found to be the most active for urea synthesis. The –C–
N–C linkages in the carbon nitrides increase the surface area of
the pores, which provides more area for electrocatalytic reactive
sites. Metal doping increases the conductivity of the catalysts.
The boron–boron, metal–boron, and metal–metal bidentate
sites enhance the electrocatalytic performance. However, the
B–Mn site provides the maximum activation effect on N2,
proving B2Mn2 to be the best-performing carbon nitride catalyst
in this work. Doping of Fe atoms on InOOH nanosheets has
also shown an effective increase in the rate of urea production
as compared to bare InOOH nanosheets.338 The studies indi-
cate that Fe doping increases the number of active sites and
optimizes the electronic structure for the adsorption, activa-
tion, and hydrogenation of the *CONH2 key intermediate,
thereby enhancing the C–N coupling reaction for urea for-
mation. As discussed previously, the catalyst surface plays a
crucial role in the adsorption of substrates, the generation of
active species, and, finally, releasing the catalytic products for
any catalytic reaction. From this viewpoint, 2D catalysts with
more active sites can be engineered from exfoliation of existing
2D materials, aiming toward better catalytic performance.
Consequently, the reconstruction of Bi2Se3 nanosheets into
2D bismuth (Bi) nanosheets results in a high density of grain
boundaries caused by the presence of defects (Fig. 22I–L).332

The urea yield for the reconstructed Bi nanosheets is eight
times that of the Bi2Se3 nanosheets. This enhancement in
catalytic activity is because the grain boundaries lower the
energy barriers for the formation of the key intermediates
*CO and *NH2, and also for the C–N coupling reaction. Hence,
it can be said that tuning the structures of low-dimensional
materials is always crucial from the aspect of catalysis for
obtaining maximum catalytic activity.

7.3. Coupled oxidation reactions

An overall reaction consists of an oxidation half-reaction and a
reduction half-reaction. Generally, the reduction reactions of

N2 and NOx
� are accompanied by water-splitting, leading to

oxygen evolution reaction (OER), and the formation of active
hydrogen.339–341 The active hydrogen produced from water
splitting helps in the protonation process and promotes the
formation of ammonia. However, the active hydrogen (H*)
produced should be consumed immediately by the nitrogen
intermediates, which is difficult as the interaction between
two H* forms H2, giving rise to competitive HER. The active
H* can be successfully utilized by catalysts, such as Co(OH)2

and CoP, where the water dissociation process is facilitated
on the Co catalysts’ surface.342,343 However, the OER reaction
is sluggish and has a high thermodynamic potential of 1.23 V
vs. RHE. As an outcome, this hampers the N2RR and
NOxRR and slows down the entire redox process. Hence,
efforts have been made to replace the OER with lower-
potential oxidation reactions, like the oxidation of urea,
hydrazine, methanol, ethanol, benzyl alcohol, glycerol, and
PET, which can yield some value-added products. This sec-
tion will explore different low-dimensional catalysts, focus-
ing on this approach.

7.3.1. 0D nanostructured and heterostructured catalysts.
Quantum dots (QDs) with semiconducting properties have
tuneable band gaps and thus act as excellent catalysts for
multielectron and multiproton processes.344,345 Upon light
irradiation, QDs produce sufficient electrons and protons to
perform the 8e� NO3

� reduction to NH3 as well as any coupled
oxidation simultaneously. One such photocatalytic system,
glutathione (GSH)-capped 0D CdSe QDs, can convert NO3

� to
NH4

+ in the presence of an LED light of wavelength 440 nm.346

Under this light irradiation, H� and GS� radicals are generated
from glutathione. The H� radicals participate in the formation
of the N–H bond of NH4

+. The GS� radicals provide the holes for
value-added oxidative transformation of secondary aryl alco-
hols to the corresponding ketones. Bifunctional catalysts also
play an immense role in coupling oxidation and reduction
reactions in an electrochemical cell. One such example of 0D
bifunctional catalysts is CuCo2O4 spinel oxide-based
nanoparticles.347 CuCo2O4 nanoparticles, embedded on porous
carbon fiber support, can electrocatalytically reduce nitrate and
oxidize methanol at the cathode and anode of the cell, respec-
tively. The carbon nanofiber acts as the support material,
enhances charge transfer, converts NO3

� to NO2
�, and sup-

presses the competitive HER. The CuCO2O4 nanoparticles
reduce the adsorbed *NO2 to NH3. By leveraging the bifunc-
tional nature of the spinel oxide catalyst and improving the
thermodynamic favourability of NO3RR, the water splitting at
the anode has been substituted with the methanol oxidation
reaction (MOR). Another advantage of coupling the MOR with
NO3RR is that it produces two value-added products instead of
one: ammonia from NO3RR and formate from MOR. Photo-
electrochemical synthesis of ammonia is a green and sustain-
able technology, however, it suffers from a few bottlenecks like
lower solar energy-to-ammonia conversion, and entails an extra
bias for nitrate reduction coupled with water oxidation. To
achieve bias-free photoelectrochemical ammonia production,
researchers have recently designed 0D noble metal-based
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electrocatalysts that substitute water oxidation with the glycerol
oxidation reaction (GOR). This cocatalysis technique has been
used previously by CO2 reduction catalysts to make the catalytic
processes more energy efficient.348–350 Along similar lines, a
lead halide, triple cation-based perovskite photoelectrode
with a smaller band gap and superior charge transfer properties
has been fabricated, followed by the deposition of 0D
electrocatalysts.56 Nitrate is then reduced to ammonia at the
cathode formed by the Ru nanoparticle-deposited titanate
nanosheets. This NO3RR is coupled with the GOR at the anode
composed of Pt nanoparticle-deposited titanate nanosheets.
These titanate nanosheets are more stable and corrosion-
proof than conventional carbon material-based supports. This
coupled photoelectrocatalytic system can lead to bias-free gen-
eration of ammonia utilizing solar energy sources, and this
work considerably paves a lower-energy pathway for ammonia
production, which is crucial in current catalytic ammonia
synthesis research. Apart from green ammonia, this system

also produces value-added products like glyceric acid and lactic
acid from glycerol oxidation.

7.3.2. 1D nanostructured and heterostructured catalysts.
1D tungsten phosphide (WP) nanowires can operate as bifunc-
tional catalysts by acting as reducing catalysts at the cathode
and oxidizing catalysts at the anode. Exploiting this redox
property of WP nanowires, NO3RR has been coupled with
oxygen evolution reaction (OER), hydrazine oxidation reaction
(HzOR), and urea oxidation reaction (UOR) and a comparative
study of the operating cell potentials of these reactions has
been presented in this work (Fig. 23A–D).55 The overall
potential of NO3RR-OER requires 1.54 V and NO3RR-UOR
requires 1.38 V, whereas NO3RR-HzOR occurs at a much lower
potential of 0.24 V vs. RHE. Thus, coupling NO3RR with
hydrazine oxidation leads to more energy-efficient ammonia
production. The product corresponding to NO3RR is NH3, while
the products for OER, UOR, and HzOR are O2, (CO2, N2), and
N2, respectively. This system provides an alternative green route

Fig. 23 Low-dimensional catalysts for ammonia synthesis via nitrate reduction coupled with oxidation reactions. (A) Schematic representation showing
nitrate reduction (NO3RR) coupled hydrazine oxidation (HzOR) by tungsten phosphide (WP) nanowires deposited on Ni foam (WP/NF) electrodes
coupled with perovskite solar cell. (B) Low and (C) high magnification SEM images of WP nanowires. (D) Potential profiles comparing the cathodic and
anodic nitrate reduction-coupled hydrazine oxidation reaction (NORR-HzOR) and nitrate reduction-coupled oxygen evolution reaction (NORR-OER).
Reproduced with permission from ref. 55. Copyright 2023, Wiley-VCH. (E) Schematic representation of co-electrolysis of NO3

� and PET plastic at the
low-crystalline CoOOH-based cathode and Pd nanothorn-based anodes to produce NH3 and glycolic acid simultaneously. (F) SEM image of the low-
crystalline CoOOH grown on cobalt foam. (G) SEM image of Pd nanothorns grown on Ni foam. (H) Faradaic efficiencies of NH3 and glycolic acid
produced at different potentials. Reproduced with permission from ref. 54. Copyright 2023, American Chemical Society. (I) Schematic representation of
paired electrochemical refining, where NiCu-based electrodes convert nitrate and glycerol to value-added ammonia and formate, respectively.
(J) HRTEM image of reconstructed NiCu–OH cathode showcasing amorphous Ni(OH)2 marked by red circles and lattice fringes with d-spacing of
0.20 nm corresponding to (111) planes of crystalline Cu, inset showing the corresponding FFT pattern. (K) STEM image of the reconstructed NiCuO anode
showing lattice fringes with d-spacings of 0.209 nm (blue square) corresponding to the (200) of cubic NiO phase and 0.252 nm (red square),
corresponding to the (111) plane of the monoclinic CuO phase. (L) NH3 yields and the corresponding Faradaic efficiencies at the reconstructed NiCu–OH
cathode at different voltages. Reproduced with permission from ref. 352. Copyright 2022, Royal Society of Chemistry.
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for ammonia synthesis at a much lower energy than other
systems using sluggish water oxidation as the half-reaction.
HzOR to N2 requires 4 electrons while the NO3RR to NH3 is an
8-electron process. Hence, the kinetics of NO3RR is more
sluggish. To couple these two reactions to produce a galvanic
cell, the design of appropriate catalysts is required that can
operate at low overpotentials and generate a maximum output
voltage. In an attempt to design such a cell, 1D bimetallic RuCo
nanorods act as efficient precatalysts for both cathodic and
anodic reactions.351 Nitrate and hydrazine wastewater are fed
into the cathodic and anodic chambers of the cell. At the anode,
the RuCo nanorods oxidize hydrazine to N2 at a very low
overpotential of �0.031 V vs. RHE. Simultaneously, the same
RuCo nanorods have been used to reduce NO3

� to value-added
NH3 at 0.161 V vs. RHE at the cathode. However, post-reaction
characterizations reveal the formation of heterostructures of
Ru|Cu(OH)2 2D nanosheets over RuCo precatalysts, and it has
been noted that these reconstructed nanosheets in situ are the
active sites for HzOR and NO3RR. Due to the overuse of plastic
by mankind and its toxicity, plastic waste is one of the most
common forms of pollutant noted in water, landfills, and the
environment. From this viewpoint, in a recent work, NO3RR has
been coupled with the oxidation of ethylene glycol in polyethy-
lene terephthalate (PET) for waste upcycling (Fig. 23E–H).54

Low crystalline CoOOH catalysts reduce nitrates to produce
ammonia at the cathode. Due to low crystallinity, the catalysts
have both crystalline and amorphous regions. The amorphous
area of the catalysts is endowed with a disordered atomic
structure and dangled chemical bonds, which provide more
active sites for the adsorption of NO3

�. The crystallinity
enhances the conductivity of the catalyst and promotes electron
transfer for NO3RR. For PET conversion, the anode is formed by
1D Pd nanothorns. The nanothorns have a high curvature tip,
which enhances the local electric field and, thus, ensures the
availability of a concentration of OH� near the active site. The
OH� converts the ethylene glycol in PET to carbonyl com-
pounds. Pd nanothorns anode can not only result in the
degradation of plastics but also form value-added products like
glycolic acid and formate. These coupled redox reactions can
lead to the formation of multiple value-added products at the
same time in an energy-efficient fashion.

7.3.3. 2D nanostructured and heterostructured catalysts.
Arrays of 2D nanosheets of cobalt phosphide on carbon fiber
cloth can electrochemically reduce NO3

� to produce NH3 under
ambient conditions with a Faradaic efficiency of B100% in an
alkaline medium.353 Mechanistic investigations indicate that
the P centers of the catalyst optimize the active phase and the
energy barriers for NO3RR, and the Co centers adsorb NO3

� and
promote electron transfer for the catalytic process. Here, the
oxidation reaction, OER at the anode, is replaced with benzyl
alcohol oxidation. This approach lowers the potential of the
oxidation reaction from E0 = 1.23 V vs. RHE for OER to E0 =
0.48 V vs. RHE, indicating the benzyl alcohol oxidation
to be thermodynamically more favourable than OER. Apart
from lowering the overpotential, coupling of the benzyl
alcohol oxidation can also yield value-added products like

benzaldehyde and benzoic acid, besides ammonia. The
potential of the coupled oxidation reaction can also be lowered
by replacing OER with sulfide oxidation reaction (SOR), requir-
ing a lower potential of 0.65 V vs. RHE to attain 100 mA
cm�2.354 For obtaining nitrite reduction reaction (NO2RR)
coupled with SOR, 2D CoNiOOH nanosheets can work as
bifunctional catalysts, which can simultaneously generate two
value-added products, ammonia and elemental sulfur, from
NO2RR and SOR, respectively. The Ni dopant facilitates the
adsorption of NO2

� and S2�, lowers energy barriers, and
enhances NO2RR and SOR simultaneously. The synchronous
production of two value-added products at the cathode and
anode offers a greener energy-saving approach for chemical
production. Another example of the NO3RR-coupled glycerol
oxidation reaction (GOR) catalyst includes non-noble bimetallic
2D NiCu–OH nanosheets fabricated by co-electrodeposition of
amorphous Ni(OH)2 and crystalline Cu2(OH)2(NO3).352 These
2D nanosheets act as the precatalysts for NO3RR and GOR at
the cathode and anode, respectively (Fig. 23I–L). NiCu–OH can
be reconstructed to Cu nanoparticles and amorphous Ni(OH)2

at the cathode under the operating reaction conditions for
NO3RR. The metallic Cu produced in situ at the cathode
catalytically reduces NO3

� to produce green NH3. Concurrently,
at the anode, under the reaction conditions of GOR, NiCu–OH
is reconstructed to form Cu-vacant CuO/NiOOH composites.
These bimetallic composites catalytically oxidize glycerol to
value-added formate. These reconstructed 2D nanosheets have
also been used to build a proof-of-concept paired electroche-
mical refinery that can perform NO3RR and GOR at low cell
voltage and simultaneously generate ammonium and formate.
This work provides a proof-of-concept and paves an alternative
way for constructing large-scale electrolyzers for ammonia
synthesis.

8. Conclusions and perspectives

Over the past decade, the development of novel low-
dimensional materials in electrocatalysis and photocatalysis
has not only advanced the efficient synthesis of various value-
added products but has also deepened our understanding of
the complex mechanisms behind catalytic reactions, simplify-
ing the design of more effective catalysts. The electronic proper-
ties of these materials can be easily tuned and their interfaces
modulated for better adsorption and availability of catalytic
sites, thereby making them suitable for photocatalysis and
electrocatalysis. The combined effects of the materials and
unique interfacial properties present in the heterostructures
make them state-of-the-art catalysts in this field. Doping,
defects, facet engineering, and formation of heterojunctions
boost the catalytic properties of the low-dimensional materials.
These catalytic materials can lead to selective production of
green ammonia in a sustainable fashion by the reduction of N-
containing species like N2, NOx, or NOx

�. The enzymes present
in the nitrogen cycle act as the inspiration for fabricating active
low-dimensional materials as catalysts. In this review, we have
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outlined the recent 0D, 1D, and 2D low-dimensional materials
used for the photo- and/or electrocatalytic production of ammo-
nia. These low-dimensional materials present an array of
physical and chemical characteristics for boosting the catalytic
reactions. For instance, the alignment of the band positions of
the photocatalysts and the redox potentials of the desired
reactions is crucial for performing the photocatalytic reactions.
Low-dimensional materials offer the opportunity to design
heterostructures such that the band positions can be engi-
neered to align with the redox potentials of N2RR and NOxRR.
The important features of low-dimensional materials like light
absorption properties, charge carrier properties, and lower
recombination of charges further make them ideal photocata-
lysts. Most state-of-the-art photocatalysts developed in the lab
use simulated light sources. Direct harvest of solar light for the
effective generation of ammonia still poses a challenge. Though
few reports of solar light-harvesting photocatalysts have been
reported, their efficiency is unsatisfactory. Hence, increasing
the solar-to-fuel efficiency of the photocatalysts for the produc-
tion of ammonia remains a major concern. Quantum materials
with plasmonic structures have better light absorption proper-
ties and can be used to design efficient photocatalysts. The
band structures of quantum materials are optimized to provide
the electrons required for the catalytic reactions and, thus they
act as electron reservoirs. The quantum states can provide
better conductivity, transportation of charges, improved life-
time, and enhanced surface properties, which make them
prospective materials for energy-converting catalytic reactions.
Quantum materials can transfer charge and electron spin,
which might boost the catalytic activity of reduction reactions
of N-containing species to ammonia. Generally, the production
of ammonia originates from the reduction of dinitrogen or
nitrates, which requires 6 and 8 electrons, respectively, and, in
principle, the reactions require high overpotentials to surpass
the high energy barrier. In electrocatalysis, the low-dimensional
materials are supposed to provide lower overpotential com-
pared with ideal thermodynamic potentials. However, the over-
potentials reported for most electrocatalysts developed for
ammonia production are still much higher than the thermo-
dynamic potential, which requires further initiatives for design-
ing heterostructures from experimental and theoretical aspects.
Determination of the active sites of the catalysts through
theoretical calculations is also pertinent for assessing and
comparing the performance of various catalytic materials. To
effectively utilize electrocatalytically synthesized ammonia in
fertilizers, it is crucial to select appropriate electrolytes. Elec-
trolytes should be non-toxic for plants and also should not
affect their growth. NaCl, KOH, and Na2SO4 are mostly used as
electrolytes for this purpose. For large-scale practical applica-
tions, designing flow cells appears to be a promising strategy,
and some progress has been made in this area. However,
significant optimizations are still required to enhance effi-
ciency, increase yield, and improve the stability of catalysts
before they can be used for the mass production of ammonia.
The stability of catalysts is often hindered due to side reactions
and can be modulated by driving the flow of charge carriers to

the active sites for the reaction. The input of two energy
sources, photo and electrical energy for generating ammonia
by photocathodes has also been explored. However, state-of-
the-art photoelectrocatalysts developed at the lab-scale report a
low efficiency of ammonia production. Coupling with an elec-
tric grid or battery to increase the current density might lead to
a higher yield of ammonia.

Over the past years, the constant progress in ammonia
synthesis has necessitated the establishment of a rigorous
protocol for the measurement and quantification of NH3.
Though diverse and well-established quantification techniques
exist in the literature, contamination from different nitrogen-
containing molecules like NOx or a non-negligible amount of
ammonia from solvents or electrolytes, nitrogen or hydrogen
leaching, and non-catalytic ammonia production can lead to
errors in the quantification of ammonia. Additionally, ammo-
nia can be in the form of ammonium ion (NH4

+) or un-ionized
ammonia (NH3) in liquid reaction media, depending on the pH
and the temperature. At higher temperatures and pH (411),
ammonia predominantly remains in the gaseous state.355

Hence, in alkaline solutions, gaseous ammonia is present in
the head space and the liquid phase as dissolved gas. This
further complicates the quantitative analysis and preserving
the samples for measurements. Reviews and protocols describ-
ing the correct method for ammonia measurement and quan-
tification are present in the literature, following which correct
protocols for ammonia quantification can be established in the
lab.5,15,24,356,357 Among the existing techniques, the spectro-
scopic methods for ammonia quantification are the most
common, less expensive and widely used. However, these
methods depend on the pH of the reaction medium and the
concentration of ammonia to be measured. For instance,
Nessler’s reagent method works in both alkaline and acidic
solutions, over a concentration range of 0–8 mg L�1.357 How-
ever, the high alkalinity of Nessler’s reagent, the toxicity due to
the presence of mercury, and the short lifetime somewhat limit
the use of this method. The indophenol blue method, another
spectroscopic technique, works in alkaline media and detects
low-concentration ammonia ranging from 0–0.6 mg NH3–N
L�1.15 Nevertheless, the sample preparation for this method
is lengthy and the presence of organic nitrogen-containing
molecules can perturb the quantification. The salicylate spec-
troscopic method despite being a stable method suffers from
major drawbacks like lower sensitivity and higher cost. Ion
chromatography is also widely used for the quantification of
ammonia and it offers many advantages over the spectroscopic
methods, including efficiency, reproducibility, and high sensi-
tivity toward NH4

+ detection, and covers a wide detection
range of 0.02–40 mg NH3–N L�1.136 However, this process is
comparatively expensive, requires complex instrumentation,
proper selection of columns and eluents, and is sometimes
incompatible with acidic or basic solutions, and organic sol-
vents. Ammonia can also be detected by fluorescence
upon reaction with o-phthaldialdehyde and sulfite, but the
detection limit is only up to 1 nmol L�1.358 Ammonium ion-
selective electrode (ISE) is another efficient technique for the
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measurement of ammonia with concentrations ranging 0.03–
1400 mg NH3–N L�1, however, the accuracy of this method is
poor for concentrations less than 0.5 mg NH3–N L�1.136 Exten-
sive background control experiments are always necessary to
check and confirm the presence of any non-synthesized ammo-
nia contaminants. In this regard, nuclear magnetic resonance
(NMR) techniques with isotope labeling experiments play a
crucial role. Catalytic experiments with 15N-labeled N-sources
as reactants analyzed by 1H and 15N NMR methods can provide
conclusive proof of the catalytic production of ammonia. The
use of 15N-isotope-labeled reactant generates 15NH4

+, which can
be confirmed from 1H NMR spectra showing the chemical
shifts of triplet coupling of 14N and doublet coupling for 15N.5

In the case of non-aqueous systems, the presence of organic
solvents sometimes interferes with the detection of the NH3

signal, which can be resolved using solvent signal suppression
methods. The accurate concentration of ammonia can be
measured by calibration curves with standard solutions
containing ammonia. Isotope-labeling experiments can also
be performed with liquid chromatography–mass spectrometry
(LC–MS) techniques. An LC-MS coupled Berthelot assay
can detect 14NH3 and 15NH3 by analyzing 14N-indophenol
(m/z: 198) and 15N-indophenol (m/z: 199) formed by Berthelot
reactions.359 Although many quantification techniques are
available, based on the reaction conditions, reactants, solvents,
and the concentration of ammonia produced, the appropriate
method has to be chosen for the accurate quantification of
ammonia.

Despite the vast ongoing research on ammonia production,
certain obstacles persist, necessitating additional progress.
Currently, researchers are focusing on addressing these chal-
lenges and a few advancements have been achieved, and
further upgradation in these aspects is required in the future.
Despite being energy-intensive and leaving a significant carbon
footprint, the Haber–Bosch (H–B) approach remains the indus-
trial technology for ammonia synthesis. Recent efforts are now
directed toward modification of the H–B plants with CO2

capture facilities to reduce the carbon footprint. Different
electrolyzers have been developed in recent years to increase
the energy efficiency of the ammonia synthesis process. For
instance, the Topsoe green ammonia demonstration uses a
high-temperature solid oxide electrolyzer cell to power the
ammonia synthesis process.360 This electrolyzer can split water
to generate green hydrogen and separate nitrogen from the air,
thus reducing energy input intake and increasing overall effi-
ciency. The small-scale green ammonia demonstrator by the
ThyssenKrupp industries applies the chlor-alkaline water
electrolyzer cell for ammonia synthesis.361 Polymer electrolyte
membrane (PEM)-based electrolyzers are often used for
industrial-scale ammonia synthesis. The green ammonia plant
planned by Yara proposes to use a PEM electrolyzer produced
by ITM Power.362 The wind power-to-ammonia demonstrator at
Harwell, Oxford, United Kingdom, in association with Siemens,
uses a PEM water electrolyzer to produce H2 and N2 from
air separation over a Johnson Matthey Fe-based catalyst.363 In
an attempt to develop decentralized and energy-efficient

technologies for ammonia generation, Europe has also
proposed over 20 projects by 2030 for green ammonia
generation.364 Green ammonia-generating plants are now being
proposed to be constructed or currently are constructed in
different parts of the world, such as the Australian Renewable
Energy Agency (ARENA) in western Australia, Kapsom in north-
eastern India, and Fertiberia in Spain.365–367 The Yuri Renew-
able Hydrogen to Ammonia Project, led by Yara Pilbara Ferti-
lisers Pty. Ltd (Yara), a fertilizer company, and ENGIE, a leader
in low-carbon energy and services, with the support of ARENA,
ENGINE, and Mitsui & Co. Ltd (Mitsui), was started in 2022,
and is expected to be complete in 2028. This project proposes to
industrially scale up the production of green ammonia using
off-grid intermittent renewable H2 obtained via electrolysis.
This project also aims to build a 10 MW electrolyzer powered
by 18 MW solar PV and supported by an 8 MW battery energy
storage system.365 In the same year (2022), Fertiberia, a Spanish
fertilizer producer with support from the Green H2F project
also constructed a green ammonia plant in Spain with Iber-
drola and Spain’s National Hydrogen Center. This plant project
has a 20 PEM MW electrolyzer powered by a 100 MW PV with a
capacity of 3000 tH2

year�1. An additional 800 MW capacity is
also under development and will be complete by 2027.368

Although the polymer electrolyte membrane (PEM) electroly-
zers are quite promising H2 production is somewhat limited by
the low temperature. High-temperature electrolyzers including
solid oxide or alkaline electrolyzers have also been considered
but the higher cost limits their use for large-scale
applications.23 Different literature studies indicate that for
the complete industrial production of decarbonized, sustain-
able production of green ammonia further developments are
required to construct highly efficient electrolyzers (480%).369

For entirely decarbonizing the Haber–Bosch approach to
ammonia production, the upcoming goal is to generate ammo-
nia from water, air, and renewable energy sources. In this
regard, several photo- and/or electrocatalysts have been
designed; still, they suffer from a few limitations like the cost
and production of electrical energy and the low yield of
ammonia produced in the range of mmol h�1 g�1. The yield
of ammonia in the millimolar range is quite inferior compared
to industrial standards. Hence, the photo- and electrocatalytic
approaches developed so far are not sufficient for the lab to
industrial-level scale-up of the technology. Further investiga-
tions in this regard are necessary and would require cumulative
expertise from the fields of materials science, catalysis,
reactor engineering, and the use of artificial intelligence and
robotization.24

Ammonia is highly water soluble due to the hydrogen bond
between ammonia and water; hence, it is difficult to separate
from aqueous medium. Most photocatalytic and electrocataly-
tic reactions are performed in an aqueous media, and the
extraction of ammonia from aqueous phase remains an obsta-
cle in most cases. Air and steam stripping are sometimes used
to separate ammonia from aqueous medium, but these pro-
cesses are energy-intensive.208 For air stripping of ammonia,
maintenance of high airflow, temperature, and pressure of the
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packed bed are required to separate ammonia from water and
convert it to the gaseous phase, eventually consuming a sig-
nificant amount of energy.370 In the case of steam stripping,
steam generation requires high temperatures consuming
energy, while coupling heat recovery systems to improve the
energy efficiency of this process can be complex and
expensive.371 Another effective way of ammonia separation is
upscaling the produced ammonia to salts like ammonium
sulfate or ammonium chloride. This process helps in easy
ammonia retrieval and directly converts ammonia to
fertilizers.53,208,316 The development of membrane-based elec-
trolyzers can also promote the separation of ammonia from the
reaction medium. Recently, several lab-scale electrolyzers have
been constructed for the electro/photoelectrocatalytic synthesis
of ammonia. The electrolyzers have certain benefits over con-
ventional catalytic setups. For instance, in conventional elec-
trocatalysis electricity is sometimes harnessed from fossil fuels
and produces greenhouse gases. Instead, the electrolyzers are
powered by renewable energy sources like solar power or wind
to produce electricity for the electrocatalytic reactions, thus
making ammonia synthesis green and reducing the carbon
footprint. Additionally, the electrolyzer concurrently couples
electrosynthesis and gaseous product separation, which mini-
mizes the undesired redox reaction between NH3 and the
oxidized products. Thus, the electrolyzers can produce highly
pure ammonia with high yield rates and minimal loss. The
electrolyzers can also participate in redox reactions and extract
the oxidized and reduced products simultaneously. For
instance, NH3 and Cl2 can be electrosynthesized simulta-
neously and separated by incorporating gas-extraction electro-
des into a flow-type membrane-free electrolyzer, coupled with
ammonia and chlorine trap channels and a waste stream
channel.372 Electrolyzers can be either membrane-based or
membrane-free. The membrane-based electrolyzers can be
proton exchange membranes (PEM), anion exchange mem-
branes (AEM), or membrane–electrode assemblies (MEA).
Membranes play a crucial role in determining the performance
and scalability of ammonia-producing electrolyzers. In non-
solid electrochemical/photoelectrochemical one-chamber cells,
oxidation and reduction reactions occur in the single chamber
and the ammonia produced upon reduction of N2 or NOx is
susceptible to oxidation. To avoid this possibility, an electro-
lyzer consisting of a double-chamber cell or H-cell, separated by
a proton exchange membrane (PEM) or an anion exchange
membrane (AEM) is preferred. During the electrochemical
reaction, the electrons generated at the anode-chamber can
pass through the membrane to the cathode-chamber and
participate in the N2RR or NOxRR to produce ammonia. How-
ever, the ammonia produced as NH4

+ in aqueous solutions
cannot cross the membrane, thus avoiding oxidation and
product loss. Hence, the choice of membranes that can limit
NH4

+ crossover is extremely crucial. The most commonly used
cation exchange membranes, Nafion 212 and Nafion 112
allow the transport of NH4

+; therefore they prove inefficient
for ammonia generation electrolyzers.367,373 Among anion
exchange membranes, AEM PiperION-A80 exhibits negligible

NH4
+ crossover in both acidic and neutral electrolytes and can

be used for the electrosynthesis of ammonia in neutral or acidic
reaction media. However, in basic electrolytes, AEM PiperION-
A80 proves inefficient as it is permeable to NH3 under basic
conditions.373 Additionally, membranes allow the freedom of
using two different electrolytes in the cathodic and anodic
chambers.374 Anion exchange membranes are highly perme-
able to nitrates, hence, AEMs have to be avoided for NO3RR
systems. Instead, a proton-exchange membrane electrode
assembly (PEMEA) constructed with Nafion 117 and coupled
with electrocatalysts like oxide-derived Cu nanoneedle cathodes
can efficiently produce ammonia from nitrates.375 The produc-
tion of ammonia can be scaled up from the millimolar range
obtained from conventional electrocatalytic reactions by cop-
per–tin alloy catalyst to molar range by transferring to a
membrane electrode assembly (MEA) electrolyzer using renew-
able electricity and the cathode and anode separated by anion-
exchange quaternary ammonium poly(N-methylpiperidine-co-p-
terphenyl) (QAPPT) membrane.322 To meet the real application
and industrial standards of ammonia production via the
NOxRR process, electrocatalysis experiments are now per-
formed in electrolyzers using various electrolytes to obtain
ampere-level current density.230,376,377 Achieving long-term sta-
bility of ion-exchange membranes is still a challenge in many
works, thus limiting long operating time for catalysis and high
yield of ammonia. The construction of a 3D physically inter-
locked interface bipolar membrane can increase water disso-
ciation sites, ionic transfer, and interfacial stability. By
combining a Co nanoarray cathode with the bipolar membrane
reactor, electrosynthesis of ammonia with increased yield can
be achieved at 1000 mA cm�2 for 100 hours of operation.378

MEA electrolyzers composed of cathodic CuZn ribbons, a pro-
ton exchange membrane (Nafion117), and an anodic IrO2–Ti
mesh, exhibit stable operation at 500 mA cm�2 for 220 hours for
producing ammonia.379 The electrolytes in the electrolyzers
also have a significant impact on ammonia synthesis. The
design of a flow electrolyzer with chain-ether-based electrolyte
and gas diffusion electrodes can demonstrate 300 hours of
continuous operation under ambient conditions.2 The flow
electrolyzers can also help separate synthesized ammonia by
constructing a ‘two-in-one’’ flow cell electrolyzer that integrates
the two chambers of NO3RR electrolysis, and NH3 capture
through a commercial gas diffusion electrode.380 Apart from
synchronized NH3 production and capture, this electrolyzer
rapidly transports NH3 molecules away from the reaction
interfaces, thereby promoting NO3RR to NH3. With such rapid
development in catalyst and membrane design, electrolyzer
device optimization; green, sustainable, carbon-free, low-cost,
large-scale industrial methods for ammonia production are
expected soon. A multidisciplinary approach is needed to
upgrade lab-scale ammonia production into full-scale indus-
trial ammonia fertilizer production. This includes expertise in
photocatalysis, electrocatalysis, chemical separation, agricul-
tural science, and technical engineering. These combined skills
are essential to developing an efficient alternative to the Haber–
Bosch process and addressing the current global demand for
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sustainable ammonia production. Exploring and identifying
the most efficient methods for ammonia production is a critical
challenge this field must address in the coming years. Advan-
cing these technologies will be the key to driving growth in both
the agriculture-based economy and the energy sectors that rely
on ammonia as a fuel source.
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