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Recent advancements in graphitic carbon nitride
based direct Z- and S-scheme heterostructures
for photocatalytic H,O, production
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Escalating global energy demands and the pressing need for sustainable and environmentally friendly
energy sources have intensified research in the field of renewable energy, particularly solar energy.
Hydrogen peroxide (H,O,), as a green and sustainable oxidant, is important for environmental remedia-
tion, chemical synthesis, and as a next-generation energy fuel. Solar energy harnessed in photocatalysis
enables light-driven H,O, production, offering an eco-friendly synthesis method. High-performance
photocatalysts are essential for achieving viable solar H,O, synthesis. Photocatalysis, particularly using
g-CsN4, a visible-light-responsive metal-free semiconductor, presents a promising avenue for future
large-scale H,O, production. This is due to its unique properties, such as its oxygen-reduction-friendly
conduction band, tuneable molecular structure, stability, cost-effectiveness, Earth abundance, facile syn-
thesis, non-toxicity, numerous active sites, surface imperfections and high selectivity for H,O, generation,
making it a vital material in the renewable energy sector. However, challenges like rapid exciton recombi-
nation, limited light absorption capacity, suboptimal electrical conductivity, low specific surface area, and
slow water oxidation kinetics need to be addressed to enhance its catalytic efficiency. Hence, the devel-
opment of direct Z- or more relevant S-scheme heterostructures of g-CsN,4 could promote the charge
carrier separation efficiency, optimize the redox potential and improve the photocatalytic activity signifi-
cantly. This review focuses on g-CzN4 as a photocatalyst, emphasizing its properties and the potential of
direct Z- and S-scheme heterojunctions in photocatalytic H,O, production. It introduces the background
and surge in research on these heterojunctions, covers design principles, charge transfer mechanisms,
advanced characterization methods, driving force enhancement strategies, Fermi level adjustment tactics,
and principles of H,O, production, including formation pathways, kinetics, detection, and performance
evaluation. It offers insights into g-CzN4-based heterostructures’ potential for application in H,O, pro-
duction and concludes with future prospects and challenges, focusing on strategies to enhance yields
and suggesting new research directions.

since the pioneering work of Fujishima and Honda on water
splitting, has gained widespread attention.” These fuels

The search for renewable energy sources has become a critical
focus for society, as on-going reliance on non-renewable fossil
fuels has led to significant environmental and energy chal-
lenges." Among the various renewable options such as wind,
tidal, ocean currents, and hydroelectric energy, solar energy
stands out for its almost limitless potential and environmental
benefits.>® Sunlight provides an impressive 1.19 x 10" J to the
Earth per second, offering a clean and abundant source for
energy production.” Research into solar fuels, particularly
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provide a way to convert sunlight into other forms of energy or
valuable chemicals, a concept inspired by nature’s photosyn-
thesis where plants and organisms turn CO, into carbo-
hydrates.® This biological process has served as a model for
green solar-to-chemical conversions, including ammonia syn-
thesis, hydrogen (H,) evolution, and hydrocarbon production.
However, despite their promise, the current state of solar fuels
is not yet cost-competitive with fossil fuels.” One widely con-
sidered approach to cost-effective solar fuel production is the
generation of H, through the water splitting reaction.®®
Unfortunately, water-splitting systems face multiple chal-
lenges, including high production costs, complex synthesis
conditions, and the low energy density of H, generated.'’
Therefore, H,0, as a liquid is easier to store and transport
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than H, gas, making it a promising fuel for rockets and new
energy vehicles like jet cars.'*™* Additionally, H,0, as a safe
and efficient green oxidant has received immense research
interest in sectors such as pulp and textile manufacturing for
decolourization processes,'* as well as in chemical pro-
duction,'® remediation of wastewater,'® metal mining,"” deter-
gents,"® and fuel cell technologies,"® as illustrated in Fig. 2.
The anticipated worth of H,0, is projected to rise from $3.86
billion in the year 2023 to $4.09 billion in 2024; with an esti-
mated yearly expansion rate of 6.16%, the market is expected
to attain a valuation of $5.87 billion by 2030.%° Its high active
oxygen content and safe byproducts, i.e. water and oxygen,
make it ideal for environmental clean-up. Unlike traditional
disinfectants, H,0, does not produce harmful byproducts, a
feature increasingly valued during times of high demand like
the COVID-19 crisis.>' In environmental remediation, it steri-
lizes bacteria and breaks down organic pollutants through
advanced oxidation processes (AOPs), generating hydroxyl rad-
icals via Fenton-like reactions or UV exposure.>” Overall, its
efficiency, safety, and versatility make H,0, a go-to for both
cleaning and potential energy storage. Presently, the anthra-
quinone (AQ) oxidation method dominates industrial H,O,
production and is responsible for the vast majority of the total
output.>®** However, this process has inherent limitations,
such as high energy requirements, resource-intensive reac-
tions, and complex operation, purification and transportation
steps. Additionally, it generates a considerable amount of
hazardous byproducts. Given these constraints, alternative
methods like photocatalysis and electrocatalysis are attracting
increasing research attention.>° Although electrocatalysis
yields more H,O,, its high energy input restricts its broad
application. On the other hand, semiconductor based photoca-
talysis operates under ambient conditions and offers a more
sustainable approach by converting water (H,O) and oxygen
(0,) into H,0,, using cost-effective and abundant raw

Subrat Kumar Sahoo received his
M.Sc. degree in Chemistry from
Siksha ‘O’ Anusandhan (Deemed
to be University), Bhubaneswar
in 2019. Since November 2022,
he has been working as a
research scholar under the super-
vision of Prof. Kulamani Parida
at the Centre for Nanoscience
and Nanotechnology (CNSNT),
Institute of Technical Education
and Research (ITER), Siksha ‘O’
Anusandhan (Deemed to be
University). His current research
focuses on the development of carbon nitride based hetero-
structures for solar H,0, synthesis.

oy
.

- L W
X

e

Subrat Kumar Sahoo

This journal is © the Partner Organisations 2024

View Article Online

Review
materials, solely powered by renewable solar energy.’'”?
Moreover, it offers the advantage of on-demand, on-site pro-
duction, thereby mitigating the risks associated with the hand-
ling and distribution of concentrated H,0,. This makes photo-
catalysis an increasingly attractive route for decentralized and
environmentally friendly H,O, production. With its promise
for a greener and more cost-effective H,O, synthesis, the field
of photocatalytic H,0, production is experiencing rapid
growth. The concept of generating H,O, through photocataly-
sis was originally introduced by Baur and Neuweiler in 1927.**

A number of semiconductors, namely metal oxides,** metal
sulfides,?” metal phosphides,*®*° transition metal dichalco-
genides,’® transition metal oxyhydroxides,"’ metal-organic
frameworks (MOFs),">** carbon-based semiconductors,** ™’
metal-free organic semiconductors like g-C;N,,*®° resins,
covalent triazine frameworks (CTFs),>® covalent organic frame-
works (COFs),**®" covalent heptazine frameworks (CHFs)®*
and Bi-containing semiconductors,®"®® have been extensively
investigated for photocatalytic H,O, production. Despite sig-
nificant research, the field still faces challenges such as low
photoconversion efficiency and rapid e /h" pair recombina-
tion, which limit its practical applications. In light of these
challenges and considering the environmental benefits of
reduced metal utilization, there is an urgent demand for the
development of innovative, visible-light-responsive, metal-free
photocatalysts to maximize the overall efficiency of solar
energy utilization.

Among the plethora of semiconductor photocatalysts
studied, graphitic carbon nitride (g-C;N,) has gained signifi-
cant interest, particularly in the area of photocatalytic H,0,
production. This attention can be attributed to its advan-
tageous electronic band structure, exceptional physico-
chemical stability, facile synthesis methods, cost-effectiveness,
and high resistance to photocorrosion.’®”’* Additionally, the
specific alignment of its conduction and valence bands
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favours oxygen (O,) reduction while concurrently limiting the
undesired oxidative breakdown of H,0,, which gives it an edge
over oxide-based alternatives.”® This benefit is further ampli-
fied by its high selectivity in generating H,O, through a
mechanism involving the formation of superoxide radicals
('0,7) and subsequent 1,4-endoperoxide intermediates on its
melem units. These intermediates effectively inhibit O-O bond
cleavage, optimizing H,0, yield during oxygen reduction.”* In
a pioneering study, Shiraishi and colleagues were the first to
showcase the capability of a g-C3;N, structure to photocatalyti-
cally produce H,O, in a water/alcohol mixture. Despite this
breakthrough, the process exhibited low efficiency when no
sacrificial agent was involved, primarily due to the speedy
recombination of charge species and insufficient O, adsorp-
tion on the catalyst’s surface.”! In the case of unmodified
2-C3N,, several obstacles impede its practical utility. These
challenges encompass rapid charge carrier recombination,
limited light absorption capacity, suboptimal electrical con-
ductivity, low specific surface area, and slow water oxidation
kinetics due to the weak oxidation ability of holes. To optimize
the photoconversion efficiency of pure g-C;N,, a multitude of
nanoengineering strategies have been effectively deployed.
These include elemental substitutions with metals and non-
metals, the introduction of defects, precise control over mor-
phological attributes, surface functionalization techniques,
and the construction of heterojunctions.®®”>”” These
approaches aim to enlarge the light absorption spectrum and
separation efficiency of photoinduced charge carriers.
However, it is challenging to significantly enhance both the
oxidation and reduction capabilities of g-C;N, using a single
modification approach. This is because the efficacy of g-C3N,
largely relies on the potentials of its VB and CB to facilitate
specific half-reactions, namely OH™/"OH and O,/'O,” thermo-
dynamically. Additionally, optimizing g-C;N, for enhanced
visible light absorption is often at odds with achieving strong
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redox potentials. Because enhanced light absorption typically
requires a narrower band gap, while stronger redox abilities
necessitate more negative potentials for the CB and more posi-
tive potentials for the VB, numerous techniques have been
suggested for altering the properties of g-C;N,. However, when
considering multiple objectives at once, only the formation of
heterojunctions that combine g-C3N, with other suitable semi-
conductor materials seems to comprehensively address all of
the concerns previously mentioned.”” %!

To date, a diverse array of heterojunctions involving g-C3N,
have been engineered (Fig. 3) based on the band positions and
charge separation mechanism. These include type II,
Z-scheme, and S-scheme heterojunctions.** ®** Among the
variety of heterojunctions, establishing a Z-scheme or
S-scheme heterojunction between g-C;N, and another oxi-
dative semiconductor presents a viable and logical solution for
a singular modification strategy of g-C3N,. The crux of this
approach lies in establishing a robust and closely-knit inter-
face between g-C3;N, and the other semiconductor, one that
features well-aligned CB and VB edges. When materials with
different work functions come into contact, an internal electric
field is created between them. This field can expedite the
movement of photoexcited electron-hole pairs and curtail
exciton recombination.®*®® Moreover, this well-structured com-
posite not only augments the absorption of visible light but
also assures significant oxidation and reduction abilities for
photogenerated holes and electrons, respectively. Both of these
properties are important for improving the photocatalytic
performance.

On the basis of the inimitable advantages of direct Z- and
S-scheme heterojunctions in preserving the strong redox
ability of the photocatalytic system, Z- and S-scheme-based
photocatalysts were widely explored in photocatalytic H,O, pro-
duction. In particular, numerous articles using g-C;N,-based
Z- and S-scheme heterojunctions for photocatalytic H,O, pro-
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duction have emerged; therefore, an exhaustive overview of
this topic is highly in demand. This work discusses a new
breakthrough in g-C;N,-based Z-scheme and S-scheme hetero-
junctions towards H,O, production under visible light illumi-
nation (Fig. 4). We exclusively focus on g-C;N, as a photo-
catalyst with a detailed discussion of its properties and its
Z-scheme and more relevant S-scheme heterojunctions for
photocatalytic H,O, applications (Fig. 1). In this review, first of
all, the proposed background and upsurge in research on
direct Z- and S-scheme heterojunctions are elaborately intro-
duced. Secondly, the design principles and characterization
methods of Z- and S-scheme heterojunctions have been sys-
tematically described. Moreover, the photocatalytic appli-
cations of current advancements in g-C3N,-based direct Z- and
S-scheme heterojunctions have been described in detail, with
respect to H,0O, generation, highlighting the important
finding of the recently reported state of the art. The review also
systematically describes the fundamentals of H,O, evolution
along with a brief description of the peroxide formation
pathway over g-C3N, and detection techniques. We have
included a short narrative on different types of reaction con-
ditions for optimising photocatalytic H,O, generation
efficiency. Finally, we try to summarize the future prospects of
this emerging area of research towards green fuel generation
along with the associated challenges and measures taken to
address the issues encountered.
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2. Graphitic carbon nitride (g-C3Ny):
a sustainable photocatalyst

Graphitic carbon nitride (g-C3N,), the most stable allotrope
composed of the abundant elements carbon and nitrogen, is a
noteworthy metal-free conjugated organic n-type semi-
conductor. Since its discovery in 2009 by Wang et al., g-C3N,
has gained significant attention in the arena of photocatalysis,
especially for its role in photocatalytic hydrogen production
through water splitting.®” Its robust physicochemical stability,
abundance on Earth, desirable electronic band structure, and
straightforward preparation process make it an excellent
photocatalyst.®®% Interestingly, the early version of this
material, known as “melon”, was first created by Berzelius in
1834 and later named by Liebig.’® Despite its long history, the
application of g-C3;N, in heterogeneous catalysis only began
around 2006, marking a new era in its utilisation. Carbon
nitride is known for its diverse structural forms, including
a-C3N,, B-C3Ny, cubic-C3N,, pseudocubic-C3N,, and notably,
graphitic-C3N,; (g-C3N,). The latter, g-C3N,, is particularly
esteemed as the most stable allotrope, thanks to its outstand-
ing chemical and thermal stability.”! Studies on the inner
workings of g-C3N, have unveiled its intricate structure, which
is composed of tri-s-triazine/heptazine (C¢N;) aromatic hetero-
cycle rings, each featuring secondary nitrogen atoms (Fig. 5).
Notably, the tri-s-triazine/heptazine (C¢N;) components within
g-C3N, have been identified as more energetically stable com-
pared to s-triazine (C;N3) units, with this stability manifesting
as a 30 k] mol ™" lower energy level.”> Each layer in the planar
structure of g-C;N, is an alternating arrangement of carbon
and nitrogen. These rings are linked by planar tertiary amino
groups, creating a two-dimensional, pi-conjugated, polymeric
structure. This arrangement results in a delocalized n-electron
cloud, which underlies the minimal basic nature of the tertiary
amines present. Additionally, these layers are held together by
weak van der Waals forces, with a notable gap of 0.326 nm
between them. This gap facilitates exfoliation of the material
into two-dimensional graphitic nanosheets. In each layer, the
atoms are strategically organized in a honeycomb configur-
ation and are strongly bonded through covalent bonds, endow-
ing g-C;N, with its highly stable physicochemical
properties.”®** Moreover, g-C;N, stands out among its five
structural phases by having the lowest band gap. This feature
is primarily due to the presence of sp>-hybridized carbon and
nitrogen atoms, which facilitate n-conjugated electronic struc-
tures.”> The electronic structure of g-C;N, is remarkably
efficient for visible light absorption, a feature linked to its
moderate band gap energy, approximately estimated at 2.7 eV.
Additionally, the material exhibits band edge potentials of +1.6
eV for the VB and —1.1 eV for the CB, when measured against
the normal hydrogen electrode (NHE). These values align with
an optical wavelength in the vicinity of 460 nm, which gives
g-C3N, its distinctive yellow colour, a direct result of its specific
absorption profile within this wavelength range.””> Analysis of
the HOMO and LUMO reveals that the VB of g-C3N, primarily
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Fig. 1 Comprehensive overview of the key themes and topics covered in the review.

consists of 2p orbitals of nitrogen, while the CB contains 2p
orbitals of both carbon and nitrogen.®> This structural arrange-
ment endows g-C;N, with a considerably negative CB, thereby
enhancing the reducing power of electrons. This feature makes
it highly effective for various catalytic reactions.’® Additionally,
2-C3;N, exhibits exceptional thermal stability up to 600 °C in
air. This resilience is attributed to its aromatic C-N hetero-
cycles. Its chemical stability is equally impressive; it remains
stable and does not dissolve in a range of substances, includ-
ing water, acids, alkalis, and several organic solvents such as
alcohols, diethyl ether, and toluene.®® This resistance to sol-
vents renders g-C;N, a versatile material, especially suitable
for liquid-phase reactions in a variety of solutions. Beyond its
chemical and physical properties, g-C3N, is also recognized for
its biocompatibility and environmentally friendly attributes,

4918 | Inorg. Chem. Front,, 2024, 1, 4914-4973

making it an attractive material for diverse applications.
Despite extensive research, the practical application of pristine
g-C3N, faces several challenges. These include rapid recombi-
nation and inefficient separation of charge carriers due to the
merging of N 2p and C 2p states in the CB, and structural irre-
gularities or defects. Additionally, its limited electron mobility,
stemming from poor conductivity, and suboptimal solar
energy absorption or weak response to visible light further
restricts its use. The material’s low specific surface area
(10-15 m® g ') results in fewer active sites, impacting its hydro-
philicity, crystallinity, and surface properties, while its moder-
ately positive VB energy limits its oxidation capability. The
structure of g-C3;N, is comprised of two types of carbon atoms:
sp> hybridized carbon (N-C=N) and nitrogen-bridging carbon
(C-NH,), as well as three types of nitrogen atoms, namely pyri-

This journal is © the Partner Organisations 2024
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dine nitrogen (C-N=C), central nitrogen (N—(C);), and amino
nitrogen (C-N-H). Pyridine nitrogen acts as a site for oxidation
reactions on the surface of g-C;N,, while carbon atoms, pyri-
dine nitrogen, and central nitrogen serve as reduction centres
during photocatalytic reactions.”® However, the bridge-con-
nected nitrogen cannot be photoexcited, leading to the block-
ing of charge flow between triazine units and impeding inter-
layer charge carrier transfer due to weak van der Waals forces.
This leads to the recombination of photoinduced charged

This journal is © the Partner Organisations 2024
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species, diminishing the photocatalytic —performance.
Furthermore, the replacement of highly electronegative nitro-
gen in the structure by carbon contributes to high symmetry,
slowing internal electron transport and e /h" pair recombina-
tion. Given that g-C;N, is synthesized through the thermal
condensation of nitrogen-rich molecules, and the composition
of the precursor is adjustable, it is possible to design and con-
struct electron transfer channels within its structure. These
channels can break the structural symmetry, enhancing charge
transport and separation. To address these issues sustainably,
numerous modification approaches have been explored, such
as controlling structural defects,”® doping with metals or non-
metals,’® incorporating functional groups,”" altering its mor-
phology and dimensionality,”” introducing metal constitu-
ents,”’ employing exfoliation,®® and heterojunction for-
mation.”® Among these strategies, designing heterojunction
structures based on g-C;N,, using semiconductors with
varying bandgaps, has become a focal point. These structures
are advantageous for separating electron-hole pairs and lever-
aging the synergistic benefits of different components to
enhance performance. Currently, there is growing excitement
around the construction of Z- and S-scheme heterostructures
using g-C3N, as a component to balance its strong reducing
ability in the CB, offset its weak ability to oxidize holes, and
ultimately improve the charge separation efficiency.*®

The planar structure of g-C;N, makes it a suitable candi-
date for the construction of Z- and S-scheme photocatalytic
systems. This is particularly due to its increased surface
area, which can be easily achieved through a facile exfolia-
tion process. This larger surface area offers a huge number
of active sites for photocatalytic reactions, leading to
enhanced catalytic activity. Additionally, g-C3;N, has gar-
nered considerable interest as a reduction photocatalyst for
its significant capabilities in environmental applications,
specifically in various photocatalytic reduction processes.
Researchers have been exploring the coupling of g-C;N, with
a wide range of oxidation semiconductor photocatalysts to
create Z- and S-scheme nanocomposites. This area of study
is crucial for several reasons. Firstly, it helps to maintain a
higher redox capability, which is essential for efficient cata-
Iytic reactions. Secondly, it enhances the ability to harness
solar radiation, making the photocatalytic system more
energy-efficient.

3. Construction of heterojunctions

Heterojunctions, which arise from the fusion of two semi-
conductors with unique bandgaps and electron configurations,
lead to the phenomenon of band bending at their interfaces.
These interfaces can be differentiated into two distinct types
based on their bandgap alignments and the relative positions
of their valence bands (VB) and conduction bands (CB): type-II
(staggered-gap) and the Z-scheme heterojunction.

The type-II heterojunction is recognized for its advan-
tageous alignment where the VB and CB of S2 are higher in

Inorg. Chem. Front., 2024, 1, 4914-4973 | 4919
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Fig. 5 Structural representation of (a) s-triazine and (b) tri-s-triazine
rings within g-C3N4. The figures are adapted with permission from ref.
88. Copyright 2020, Wiley-VCH.

energy than those of S1 (as depicted in Fig. 6). This promotes
the separation of electrons and holes upon light illumination;
electrons move from a higher to a lower energy state, with
holes moving in the reverse direction, thereby spatially
separating them, but at the expense of the redox potential
of the system, adversely affecting photocatalytic processes.
Furthermore, the movement of charge carriers would be pro-
gressively impeded as like charge carriers continue to build up
in their populations. Further in-depth analysis of the charge
transfer process revealed a decrease in redox potential, leading
to slower redox reaction rates due to the relocation of electrons
to the less reductive CB of S1 and the accumulation of holes in
the less oxidative VB of S2. This situation also led to the dissi-

4920 | /norg. Chem. Front., 2024, N, 4914-4973

pation of some amount of energy unproductively, without
directly contributing to photocatalytic reactions.’® Additionally,
the proposed charge separation process is impeded by electro-
static repulsion between like charges, such as electrons in the
CBs of semiconductors and holes in their VBs. Furthermore,
the CB of S1 contains a limited array of molecular orbitals
with nearly continuous energy levels, each capable of holding
just two electrons. Upon photoexcitation, these orbitals fill up
with photoinduced electrons, preventing electrons from the
CB of S2 from entering. This situation is akin to a hotel where
rooms (orbitals) can only be reoccupied once the initial guests
(electrons in S1) have vacated, leaving no vacancy for new
guests (electrons from S2) until the former are moved else-
where.®® This observation contributed significantly to the
emergence of the Z-scheme family. The Z-scheme heterojunc-
tion approach has been recognized as a promising alternative
to type-II heterojunctions in this context. Moreover, a novel
charge transfer configuration, termed the S-scheme hetero-
junction, has also been recently introduced.'®® This new para-
digm is gradually establishing a foothold in the realm of
photocatalysis, with Z-scheme and S-scheme heterojunctions
already having a wide range of applications.

3.1. Z-Scheme-based heterojunctions

The Z-scheme concept emerges from the natural photosyn-
thesis process performed in plants’ chlorophyll pigment to
facilitate the thermodynamically uphill conversion of water
and carbon dioxide into oxygen and carbohydrates (Fig. 7).
This transformation is facilitated through a two-step photo-
excitation process under solar energy irradiation, enabling
plants to exploit solar energy efficiently with a quantum
efficiency approaching 100%. This model represents the
natural and intricate mechanisms by which plants harness
solar energy to perform essential life-sustaining transform-
ations.'*’ Basically, photosystem I (PS I) and photosystem II
(PS 1I) are the two main components of chlorophyll, which are
connected in series vig an electron transfer chain. PS I and PS
II harvest solar energy, corresponding to wavelengths of 1 <
700 nm and 4 < 680 nm, respectively, in the chlorophyll reac-

This journal is © the Partner Organisations 2024
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Fig. 7 Diagrammatic representation of the natural photosynthesis process.

tion centres and electrons are excited from the highest occu-
pied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO). After that, the photoinduced elec-
trons in the LUMO of PS II recombine with the HOMO of ferre-
doxin-NAPD reductase (PS I) via an electron transfer chain,
which stimulates chemical osmotic potential that causes the
transformation of adenosine diphosphate (ADP) into adeno-
sine triphosphate (ATP). The photoexcited electrons accumu-
la