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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,
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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

rsc.li/frontiers-inorganic and suggesting new research directions.

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

1. Introduction

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

This journal is © the Partner Organisations 2024


http://rsc.li/frontiers-inorganic
http://orcid.org/0000-0001-8456-5540
http://orcid.org/0000-0001-7807-5561
http://crossmark.crossref.org/dialog/?doi=10.1039/d4qi00950a&domain=pdf&date_stamp=2024-07-31
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qi00950a
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI011016

Open Access Article. Published on 20 June 2024. Downloaded on 3/14/2026 7:55:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

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
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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
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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
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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-
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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-
lated in the HOMO of PS I drift to ferredoxin-NADP" reductase
through ferredoxin for the conversion of NADP' into NADPH
coenzyme in which the reduction of carbon dioxide to carbo-
hydrate occurs. The photogenerated holes that are present in

This journal is © the Partner Organisations 2024

the HOMO of PS II act as an oxygen-evolving centre, where the
accumulated photogenerated holes oxidize water molecules at
the manganese-calcium oxide cluster. Both the above-dis-
cussed processes occur simultaneously at different regions of
the chlorophyll pigment in plants. This type of charge transfer
demonstrates the robust redox ability of PS I and PS II, which
is different from the conventional type-II heterojunction. The
electron flow path of the cascade profile resembles the letter
2’ of the English alphabet, from which the name of the
Z-scheme system is derived. Thus, excellent redox potential, as
well as efficient charge carrier separation, can be attained in
the Z-scheme system by the combination of reduction and oxi-
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dation semiconductors. Inspired by the unique features of the
natural Z-scheme photosynthesis process, the biomimetic arti-
ficial Z-scheme photocatalysts synthesized have been exten-
sively studied in the last 30 years, indicating extraordinary
advancement in the field of research. The ground-breaking
idea of the artificial Z-scheme model was first initiated by
Bard in 1979 by imitating the natural photosynthesis process
of plants by employing a shuttle redox pair as an electron
transport pathway between two photosystems to maximize
the redox potential of the photocatalytic heterojunction
systems.'®> The accumulation of photoinduced electrons in
the CB of PS I make it an electron surplus region, which shows
strong reduction potential and suppresses photodegradation
from self-oxidation. Similarly, PS II serves as a hole-rich region
by the accumulation of photoinduced holes in the VB of PS II,
which show a strong oxidation ability and protect PS II from
photoreduction. However, this statement reveals that PS II
should be a semiconductor with a strong oxidation ability,
while PS I should have a strong reduction ability to protect
against the corresponding photooxidation and photoreduction
and simultaneously promote hydrogen peroxide production.
Hence, photocatalysts having poor resistance towards photoox-
idation cannot be employed as PS II. In summary, a photo-
catalyst with a smaller resistance to photoreduction is not
appropriate for use as PS 1.'%

Furthermore, the number of photoinduced electron and
hole pairs in the photocatalytic Z-scheme heterojunction
system is just half of that in the conventional photocatalytic
system because of the recombination of excitons via the elec-
tron mediator. However, the Z-scheme heterojunction can
efficiently reduce bulk electron-hole recombination and
increase the lifespan of photoinduced charge carriers in the
isolated photosystem. Based on the condition of whether an
additional charge mediator is introduced or not, and the type
of the electron mediator taken for charge carrier transfer, the
Z-scheme photocatalytic systems can be classified into two
types: indirect Z-scheme systems and direct Z-scheme systems
(PS-PS systems), respectively.'®*

(a)

VB s NI
b by

SI

Fig. 8

View Article Online
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3.1.1. Indirect Z-scheme heterojunctions. The Z-scheme
charge transfer path of photoinduced electrons and holes,
which is not possible directly but requires an electron
mediator, is called an indirect Z-scheme system. On account of
the species applied as an electron mediator, indirect Z-scheme
systems can be categorised as conventional liquid-phase
Z-scheme systems (PS-A/D-PS systems) and all-solid-state
Z-scheme systems (PS-C-PS systems).'*

3.1.1.1. Conventional Z-scheme systems. The conventional
Z-scheme photocatalyst, the PS-A/D-PS system, involves an elec-
tron acceptor/donor (A/D) pair in the liquid phase and two
photosystems (PS II and PS I), where this pair operates much
like a Ferris wheel between the two photosystems, but without
any physical contact between PS II and PS I (Fig. 8a).'% The
direction of electron transport from the CB of PS II to the VB
of PS I relies on the below-mentioned redox reactions of the
A/D pair:

Forward reactions:

Acceptor (A) + ne” (from the CB of PS II) — donor (D)

Donor (D) + nh™ (from the VB of PS I) — Acceptor (A)

When the photocatalysts are exposed to photons having
energy equal to or higher than the bandgap energy (E,), photo-
excitation occurs. Then the reduction of the electron acceptor
(A) takes place by the transfer of photoexcited electrons from
the CB of PS II to the electron donor (D), and simultaneously,
the created electron donor (D) will revert back into its oxidized
form (i.e., electron acceptor, A) by consuming the photo-
induced holes from the VB of PS L. As a result, the photogene-
rated electrons from the CB of PS II are indirectly transported
to recombine with the photogenerated holes from the VB of PS
I with the assistance of the regeneration of the A/D redox pair.
The net effect is that photoinduced electrons in the CB of PS I
and photoinduced holes in the VB of PS II are efficiently separ-
ated (i.e., the system shows largely suppressed charge recombi-
nation) and accumulate in the highest possible CB and lowest

(b)
Photocatalyst

Ion

Brownian motion 1 hermal motion

(a) Suggested (solid lines) and favored (dotted lines) charge transfer pathways in conventional liquid-phase Z-scheme heterojunctions. (b)

Diagrammatic depiction of the Brownian movement of photocatalyst particles and thermal movement of redox couple ions in a solution.
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possible VB, providing a considerably large redox potential for
the photocatalytic surface redox reaction from the combi-
nation of the two photosystems.

Due to the free thermal motion of redox ion pairs in the
liquid phase, rapid Brownian movement of photocatalyst nano-
particles and the absence of spatial constraints between redox
ion pairs and surface-active sites of photocatalysts, thermo-
dynamically favourable unwanted backward reactions occur
(Fig. 8b)."” Particularly, the photoexcited electrons in PS I
possess a higher reduction potential than those in PS II. So,
the redox pair acceptors are more prone to receive electrons
from PS I instead of PS II. In a similar way, photoinduced
holes in PS II have a higher oxidation potential than those in
PS 1. Therefore, the donor of redox pairs is more willing to give
electrons to PS II on behalf of PS I. Hence, the system cannot
assure a strong redox potential, which has a negative impact
on the photocatalytic reaction.”® The commonly utilised elec-
tron mediators for the PS-A/D-PS Z-scheme systems are 10> /I,
Fe**/Fe**, [Co(bpy)s]**"*", [Co(phen);]***, VO,*, and VO**.**®

Backward reactions:

Acceptor (A) + ne” (from the CB of PS I) — donor (D)

Donor (D) + nh™ (from the VB of PS II) — Acceptor (A)

Most of the redox pair mediators show light-shielding effects
since the redox couples strongly absorb visible light and show
colour, which reduces the supply of solar photons and their
subsequent utilization. Redox couples are generally pH sensitive
and difficult to keep in their long-term active state, which
restricts the implementation of redox couples to operate
PS-A/D-PS systems over a wide range of pH values. For example,
simple ion redox cycles like iodate/iodine (IO,7/I") can only
operate effectively under more basic conditions of pH > 9 due
to the presence of active I0;7/I” ion pairs instead of inactive
I;7/T" formation, available under lower pH conditions (eqn (1)
and (2)). Similarly, Fe**/Fe** redox pairs are only stable under
more acidic conditions of pH less than 2.5 due to the formation
of Fe(OH);, precipitate through Fe®" hydrolysis at high pH."%®

I,” +2 — 3" E°vs. NHE = +0.536 V (1)

10;7 +6e” +3H,O0 —1 4+ 60H~ E°vs. NHE = +0.670 V

(2)

Achieving electron transport via an aqueous environment
between photocatalyst nanoparticles and redox ion pairs pre-
sents a significant challenge, due to the absence of free elec-
trons in water. Furthermore, the reactions of ionic redox
couples are only possible under liquid phase conditions; this
restricts their application to solid and gas phase photocataly-
sis. Such PS-A/D-PS systems also cannot be used for the degra-
dation of pollutants in the solution because the latter probably
hinders the forward redox reaction of the A/D pair, resulting in
limited uses of the PS-A/D-PS systems in the field of photo-
catalytic water splitting.'®® In order to address the above-dis-
cussed problems, the redox couple mediator-free all-solid-state
Z-scheme has been proposed.
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3.1.1.2. All-solid-state Z-scheme systems. In the solid-state
Z-scheme mechanism, the A/D pair of a conventional liquid-
phase Z-scheme system is exchanged for a solid-state conductive
material (C) as the electron transfer bridge connecting the two
semiconductors (Fig. 3), which are either noble metals (Au, Ag,
Cu, Bi, Pd and Pt nanoparticles) or carbon-based materials like
graphene, reduced graphene oxide (rGO), exfoliated graphite,
graphene oxide, carbon dots (CDs), MXene, and carbon nano-
tubes (CNTs), broadening its application from liquid to gas
ranging from H,O splitting to CO, reduction. First, Tada et al.
introduced the idea of solid-state Z-scheme systems by applying
‘Au’ as a solid-state conductive material in the development of
the CdS/Au/TiO, ternary system in 2006 for the photocatalytic
water splitting reaction.'® Basically, a minimal interfacial
Ohmic contact resistance is developed between a solid-state
semiconductive material and two semiconductors (PS I and PS
II system) at the junction interface; this generates an outstand-
ing interparticle electron transfer capability by reducing the
electron transfer path from the CB of PS II to the VB of PS 1.
Although the use of a solid conductive material extends the
application scope, as well as improves the stability and recovery
of the photocatalyst, it still has some drawbacks. Firstly,
because of their strong reducing capabilities, the photoinduced
electrons from the CB of PS II tend to recombine with the
photoinduced holes from PS I, which possess high oxidizing
capabilities, especially across solid conductors. Secondly, elec-
tron transfer through certain metal conductors, such as Au,
having a higher work function (lower Fermi level, E¢) than those
of PS I and PS II, faces challenges owing to the presence of dual
Schottky barriers at the interfaces where the semiconductors
meet the metal. Excited electrons of PS I and PS II naturally
move towards a metal conductor having a larger work function.
Additionally, to ensure the conductor particles are exactly
positioned between two photocatalysts, it is challenging to
accurately manage the synthesis process from the perspective
of material design. The bulk conductor particles are most
likely haphazardly distributed on the photocatalyst surface
and exhibit point-to-point interfacial contact with the semi-
conductor, suggesting that they may serve as cocatalysts rather
than charge-transfer shuttles.**''° Appropriate preparation
techniques are crucial for the creation of diverse PS-C-PS
systems to make sure that the PS and the electron mediator are
in close interfacial contact. PS-C-PS system development is con-
strained since the PS and solid-state conductive material must
be integrated together as a single unit, in contrast to the flexi-
bility of the PS-A/D-PS system. By applying a controlled synthesis
procedure, the ideal geometrically precise positioning of the
solid conductor sandwiched between two semiconductors is
quite imprecise. The usage of noble metals as electron
mediators is rare, expensive, photocorrosive, and displays a
shielding effect, which greatly limits their viability for real appli-
cations.”® Challenges persist with regard to the dynamics of
electron transfer within liquid Z-scheme configurations, as
these mechanisms have yet to be fully resolved. To summarize,
the challenge of electron transfer within liquid Z-scheme
systems continues to be an open question.
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3.1.2. Direct Z-scheme photocatalytic systems. A recently
developed Z-scheme heterostructure is referred to as a direct
Z-scheme (Fig. 9), in which there is a direct surface connection
between the semiconductors and no mediator stands between
them.""" Griitzel initially illustrated the idea of a mediator-free
Z-scheme in 2001 through the implementation of a WO;/dye-
sensitized TiO, tandem cell.'*” This approach was further
advanced by Wang and colleagues in 2009, who developed a
ZnO/CdS Z-scheme heterojunction system.''* But Liu and
associates were the first researchers who used the term “direct
Z-scheme” in a review article in 2010.'** Later, Yu et al. also
showed strong proof of charge transfer occurring in a direct

(a) Vac (b)

View Article Online
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Z-scheme configuration."”> In addition, inheriting all the
benefits of the all-solid-state Z-scheme heterojunction, this
photocatalytic system also addresses all of its drawbacks.
Contrary to conventional Z-scheme systems, which utilize
redox mediators (as seen in Fig. 3), the direct Z-scheme hetero-
structure notably inhibits backward reactions due to the lack
of redox mediators, and the shielding effect provided by the
charge mediators can also be substantially diminished.
Furthermore, photocatalysts with a direct Z-scheme display
resilience against corrosion. For example, in the case of
employing an Ag-based material as the oxidizing agent within
a direct Z-scheme heterostructure, the recombination of photo-
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Fig. 9 Comparison of charge transfer pathways in (a—c) direct Z-scheme versus (d—f) p—n junction.
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generated electrons from the Ag-based material with holes
from its counterpart reduces the probability of photocorrosion
of Ag-based compounds to yield the metallic form.''®
Furthermore, the lack of mediators in direct Z-scheme hetero-
junctions significantly decreases the expense associated with
their development, thereby enhancing their viability for exten-
sive implementation. In the scenario where two semi-
conductors possessing a staggered band alignment come into
contact, assessing the mode of charge transfer in the photo-
catalytic activities is essential. It is important to emphasize
that a discrepancy in the work function between the two semi-
conductor photocatalysts is vital for initiating charge redistri-
bution and establishing an internal electric field; factors that
profoundly influence the separation and transfer of photo-
induced excitons."”!*8

In the direct Z-scheme, the CB and VB potentials of PS I are
positioned at a higher level along with a lower work function
or higher Fermi level in comparison with PS II, as indicated in
Fig. 9a. When PS I and PS II are in close proximity to one
another under dark conditions, there will be a spontaneous
flow of electrons from PS I to PS II at the interfacial surface.
This process will continue until PS I and PS II have achieved
equilibrium in their Fermi levels, as depicted in Fig. 9b.
Consequently, PS I and PS II become oppositely charged, i.e.,
positive and negative, due to the loss and gain of electrons,
respectively, at their interface, resulting in the establishment
of an internal built-in electric field that is directed from PS I to
PS II. At the same time, upward and downward band bending
occurs at the interface region of PS I and PS II because of the
donation and accumulation of electrons, respectively, which
forms a potential barrier. Under light irradiation, the photo-
generated electrons in the CB of PS II and holes in the VB of
PS I are more prone to recombine at the contact interface
under the influence of the three factors (i.e., internal built-in
electric field, band edge bending, and coulombic attraction
between electrons and holes) that act as the driving force for
recombination (see Fig. 9¢)."* In this instance, the Z-scheme
charge transfer method is favoured. On the other hand, factors
like the internal built-in electric field, inducing an extra poten-
tial barrier caused by band edge bending, and coulombic
repulsion inhibit the type II like charge transfer (i.e., flow of
photoinduced electrons from the CB of PS I to the CB of PS I,
as well as photoinduced electrons from the VB of PS II to the
VB of PS I), which are not suitable for Z-scheme charge trans-
fer pathways as illustrated in Fig. 9c. Finally, weak charge car-
riers are removed via recombination, while the powerful photo-
generated electrons and holes are conserved in the CB of PS I
and the VB of PS II, respectively, to participate in the specific
surface redox reaction. It should be highlighted that the elec-
tric field induced in this process also plays a significant role in
suppressing the recombination of photoinduced electrons
present in the CB of photosystem I (PS I) and photoinduced
holes in the VB of photosystem II (PS II), as outlined in Fig. 9c.
Conversely, the p—n heterojunction is a subclass of the type II
system illustrated in Fig. 9d, substantially differing from the
direct Z-scheme system depicted in Fig. 9a. The Fermi level of
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PS I, a p-type semiconductor, is situated lower than that of PS
11, an n-type semiconductor. When the p-type and n-type semi-
conductors come into contact with each other under dark con-
ditions, free electrons from the n-type can diffuse to the p-type
semiconductor until equilibrium is achieved, leading to the
formation of an interfacial built-in electric field directed from
n to p, as shown in Fig. 9e. Consequently, a negative charge is
created at the PS I interface, while PS II becomes positively
charged due to electron transfer from PS II to PS I. This field
facilitates electron movement from PS I (CB) to PS II (CB),
while hole transfer occurs from PS II (VB) to PS I (VB) under
light irradiation, ie. a p-n junction charge carrier transfer
pathway is realized (see Fig. 9f). In this scenario, due to the
orientation of the existing built-in interfacial electric field,
electron movement from PS II (CB) to recombine with holes in
PS 1 (VB) is restricted, ie. a direct Z-scheme charge carrier
transfer pathway (as illustrated in Fig. 9f). Nonetheless, this
mechanism of charge transfer is akin to the conventional type
II system, sharing its inherent limitations. Therefore, within a
p—n junction, the mode of photoinduced charge carrier flow is
not conducive to the direct Z-scheme mode, as represented in
Fig. 9f."'® Interestingly, in summary, the direct Z-scheme
photocatalyst, the type II heterojunction and the p-n junction
systems have the same band alignment. But, the ways of
moving charges in the type II heterojunction and the p-n junc-
tion systems are different from those of the direct Z-scheme
photocatalyst. Notably, the direct Z-scheme system is able to
maintain the strong redox potential of the photoinduced
charge carriers. In contrast, charge segregation of the type II
heterojunction, as well as p—n junction photocatalysts, is facili-
tated by sacrificing their photogenerated charge carriers,
which possess exceptional redox potential since electrons
move from high to low reduction potential and holes move
from high to low oxidation potential against the repulsive
force of similar migrating charges. The primary causes of their
differing charge transfer paths from those of direct Z-scheme
systems are not having any IEFs in the type II heterojunction
and creating the opposite direction of IEF in the p-n junction.
Because of their similar band constructions, it is crucial to
determine whether a manufactured photocatalytic system
adopts a direct Z-scheme or type II heterojunction (or p-n
junction).

Analogous to direct Z-scheme photocatalysts, all-solid-state
photocatalysts similarly demonstrate bending at the edges of
the VB and CB. This behaviour is primarily observed at the
interface of the metal and the semiconductor in these all-
solid-state photocatalysts. In situations where the metal
demonstrates a larger work function than the semiconductor
(¢pm > ¢s), there is a movement of free electrons from the semi-
conductor towards the metal. This directional transfer results
in an upward bending of the semiconductor band edge, a
phenomenon induced by the generated electric field.
Conversely, if the metal possesses a smaller work function
than the semiconductor (¢, < ¢), there will be a migration of
free electrons in the opposite direction, that is, from the metal
to the semiconductor, causing the semiconductor band edge

Inorg. Chem. Front,, 2024, 1, 4914-4973 | 4925


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qi00950a

Open Access Article. Published on 20 June 2024. Downloaded on 3/14/2026 7:55:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

to bend downward. For conventional Z-scheme photocatalysts,
direct interfacial contact between two distinct photocatalysts
does not exist. Consequently, there is no redistribution of free
electrons between the two photocatalysts, and no internal elec-
tric field forms between them. In this context, the edges of the
VB and CB of each component remain unaffected when con-
ventional Z-scheme photocatalysts are constituted.

3.1.2.1. Theoretical requirements for the formation of a direct
Z-scheme heterojunction. Direct Z-scheme heterojunction prepa-
ration has four fundamental prerequisites. First, the energy
bands of two semiconductors should be aligned in a stag-
gered pattern as that of a type II heterojunction. The second
need is that a strong oxidation potential should be present in
one semiconductor while a strong reduction potential is
present in the other. Third, the reductive side photocatalyst
should have higher CB and VB positions and a higher Fermi
level (smaller work function) than the one used in the
oxidative side. Fourth, photosystem II should be a semi-
conductor with a strong oxidation ability, while photosystem
I should have a strong reduction ability to protect them from
the corresponding photooxidation and photoreduction and
simultaneously promote hydrogen peroxide production.
Hence, a photocatalyst with weak resistance to photooxida-
tion cannot be used as PS II. In the same way, a photocatalyst
with weak resistance to photoreduction is not suitable as PS
1. Therefore, for the system as a whole to attain the desired
level of stability over time, PS I and PS II must have a high re-
sistance to photoreduction and photooxidation processes,
respectively.'*® The direct Z-scheme effectively addresses the
limitations found in the type-1I heterojunction, conventional
Z-scheme, and all-solid-state Z-scheme systems, but it does
not completely answer certain scientific questions. One sig-
nificant issue is the difficulty in establishing an interfacial
built-in electric field (IEF) at identical Fermi levels when two
semiconductors are juxtaposed. This is because the potential
difference tends to disappear, subsequently impeding charge
transfer at the interface.’® In response to these unresolved
questions, Fu and colleagues proposed an alternative as a
potential solution: the step-scheme (S-scheme) photocatalytic
system.

To address the challenges and discrepancies observed in
charge transfer within type-II heterojunctions, the traditional
Z-scheme, and both all-solid-state and direct Z-scheme
systems, a novel S-scheme heterojunction paradigm was intro-
duced, building upon the principles of the direct Z-scheme
heterojunction. Since Fu et al. (Yu’s group) unveiled the
concept of S-scheme photocatalytic systems in 2019,'°° there
has been growing interest in S-scheme heterojunctions. This
approach offers a clear representation of electron transfer,
resembling an upward movement on a staircase or appearing
as an “N” shape on a microscopic scale. The development of
S-scheme heterojunctions was, therefore, a natural progression
in the field. The distinctive benefits of S-scheme heterojunc-
tions, including efficient separation and transport of photo-
generated carriers and a strong redox capacity, have catalyzed
rapid advancements in the domain. To fully understand the
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S-scheme photocatalytic heterojunctions, one must delve into
their formation and progression.

4. Fundamentals of S-scheme
heterojunctions

4.1. Construction of S-scheme heterostructures

At its core, an S-scheme heterostructure is established between
two intimately connected semiconductors that exhibit a stag-
gered band alignment, akin to those seen in a type II configur-
ation (see Fig. 11a). Yet, what differentiates the S-scheme
heterostructure photocatalyst is its unique charge transfer
mechanism. While type II is commonly employed, it is not
without its thermodynamic and kinetic limitations, leading
to a diminished redox capability. Drawing inspiration
from the direct Z-scheme, the S-scheme heterojunction is com-
prised of an oxidation semiconductor photocatalyst (OSP)
and a reduction semiconductor photocatalyst (RSP). A semi-
conductor photocatalyst characterized by a higher conduction
band minimum (CBM), a higher valence band maximum
(VBM), and an elevated Fermi level is designated as the
reduction semiconductor photocatalyst (RSP). Conversely, the
counterpart in this relationship is identified as the oxidation
semiconductor photocatalyst (OSP). Common examples of
OSPs and RSPs are depicted in Fig. 10. For the S-scheme het-
erojunction to form, the CB, VB, and E¢ of the RSP should be
positioned higher and should have a lower work function com-
pared to those of the OSP.

Here, we examine the development of the S-scheme hetero-
junction between two n-type semiconductors. Given that the
RSP has a higher E¢ than the OSP, as depicted in Fig. 11a,
when the RSP and OSP come into contact under dark con-
ditions, there will be a spontaneous migration of free electrons
from the RSP to the OSP (Fig. 11b) via the interface to attain
Fermi-level equilibrium only at the exact contact point and
Fermi level bending within the interface zone developing
depletion and accumulation layers of electrons at the interface
in the RSP and OSP respectively, since the RSP side loses elec-
trons and is positively charged and vice versa (Fig. 11c). There
will be a gradual reduction and increment of the Fermi levels
of the RSP and OSP, respectively, near the interface zone until
Fermi level equilibrium is reached, as confirmed by the
surface potential results. However, the Fermi level of the bulk
remains as before."*!

Upon close interaction, four areas emerge, each having its
own unique electron density profile: the OSP bulk, the OSP
interface, the RSP interface, and the RSP bulk (see Fig. 11d).>*
Given that E; is influenced by electron density, its value should
differ across these four regions. An increase in electron density
at the OSP interface (or a decrease at the RSP interface) leads
to a corresponding elevation (or reduction) in E¢. Furthermore,
the extent of the interface region is influenced by the disparity
in the Fermi levels between the OSP and RSP. At the same
time, upward and downward band edge bending occurs at the
interface region of the RSP and OSP because of the donation
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Fig. 11 (a—d) Charge transfer pathways in an S-scheme heterojunction.

and accumulation of electrons, respectively. Simultaneously,
an interfacial electric field (IEF) is formed, which is directed
from the RSP to the OSP. When exposed to light, electrons get
promoted to the CB, while holes are formed in the VB. The
photogenerated electrons in the CB of the OSP and holes in
the VB of the RSP are more prone to recombine at the contact
interface under the influence of five factors (i.e., interfacial
built-in electric field, band edge bending, pinning of the
Fermi level, the existence of a potential difference and coulom-
bic attraction between electrons and holes), which act as the
driving force for recombination. These combined influences
diminish the potential to produce oxidative entities. Moreover,
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the probability of charge recombination within either the OSP
or RSP is notably reduced in such a scenario. On the other
hand, an interfacial built-in electric field, band edge bending,
and coulombic repulsion inhibit double charge transfer like
type-Il. Meanwhile, the photogenerated electrons exhibit a
greater potential in the CB of one semiconductor (RSP),
whereas the photogenerated holes possess a higher potential
in the VB of another semiconductor (OSP). Concurrently, elec-
trons in the CB of the RSP and holes in the VB of the OSP
migrate toward the surface of the photocatalyst due to the
influence of the IEF, where catalytic reactions take place. This
strategy leverages the interfacial electric field as a driving
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force, enabling charge carriers to be spatially separated during
illumination while maintaining robust redox capabilities, pro-
viding a potent thermodynamic impetus for the production of
H,0, through photocatalysis. The S-scheme mechanism is
facilitated by the synergistic interaction between two semi-
conductor materials, driven by an interfacial electric field.
This field effectively limits the transmission distance of photo-
generated charge carriers, thereby mitigating losses during
their migration process. Consequently, S-scheme heterojunc-
tions not only enhance the transfer and separation of carriers
but also expedite redox reactions, thereby promoting efficient
H,0, production. Finally, weak charge carriers are removed via
recombination, while the powerful photogenerated electrons
and holes are conserved in the CB of the RSP and the VB of
the OSP, respectively, to participate in the surface redox reac-
tion. Furthermore, S-scheme heterojunctions spatially segre-
gate active sites responsible for oxidation and reduction pro-
cesses, leading to a substantial suppression of charge carrier
recombination. Following the assembly of an S-scheme hetero-
junction, since the Fermi energy (E¢) within the bulk remains
unaltered, photogenerated electrons maintain their original
high reduction potential in the RSP, while photogenerated
holes retain their initial high oxidation capacity in the OSP.
Hence, the S-scheme system ensures charge separation and
endows the system with a strong redox potential, which boosts
the photocatalytic performance. Previously reported hetero-
junction systems have many contradictions based on their
charge transfer mechanism, which can be solved by this
principle.

4.2. Maintaining the driving force behind S-scheme transfer

Under ideal conditions, when semiconductors with distinct
Fermi levels are in contact with each other, electron movement
aligns these levels, as shown in Fig. 9a and b. According to
this theoretical assumption, the interfacial electric field in the
heterojunction should weaken and eventually vanish under
dark conditions, leading to a deviation from S-scheme transfer
post-light illumination due to the loss of its driving force.*®'*?
Contrary to this theoretical expectation, the sustained
migration of photoinduced charge carriers via the S-scheme in
such heterojunctions has been confirmed through numerous
sophisticated characterization techniques, presenting a stark
contradiction to the initial assumption. This discrepancy
stems from the actual equilibrium condition of the Fermi level
at the heterojunction, which significantly differs from the
idealized predictions.’*® In a perfect scenario, Fermi levels
within a heterojunction would align without considering the
impact of surface states. Yet, interfacial defects and the result-
ing high contact resistance in real-world heterojunctions lead
to Fermi level pinning, as strongly supported by surface poten-
tial tests."** Even when equilibrium is achieved, a persistent
potential difference between the interface of two semi-
conductors is observed.'® Furthermore, the variance in elec-
tron density at the interface of the heterojunction causes the
bending of Fermi levels, as illustrated in Fig. 11c.”® This
occurs as electrons move from the E¢ of the reduction photo-
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catalyst to that of the oxidation photocatalyst, reducing elec-
tron density at the interface compared to the internal area and
thus bending the Fermi levels. Such dynamics establish a
dynamic equilibrium within the components of the hetero-
junction, ensuring a continuous driving force for the persever-
ance of S-scheme charge transfer.

The driving force behind carrier separation within the inter-
face of the heterojunction is a pivotal factor, traditionally con-
sidered solely due to the interfacial built-in electric field. Yet,
recent research suggests that the diffusion effect contributes to
charge separation, where the variance in electron concen-
tration across the S-scheme heterojunction enables diffusion-
controlled carrier separation to surpass that of the interfacial
electric field of the heterojunction.'*® Moreover, two critical
aspects, namely, effective interfacial contact area and inter-
facial contact resistance, must be considered for optimizing
charge separation. The effective interfacial contact area is
crucial as it defines the extent of the driving force, with a
larger area enhancing the carrier separation efficiency."””” On
the other hand, the interfacial contact resistance significantly
affects the rate at which charge carriers migrate; excessively
high resistance can impede carrier movement. Therefore,
improving lattice matching is essential for constructing
S-scheme heterojunctions that facilitate efficient carrier
migration."?®

4.3. Design principles of S-scheme heterojunctions and
theoretical requirements for implementing S-scheme charge
transfer mechanisms

In general, to assemble an S-scheme heterostructure, two indi-
vidual n-type semiconductors are chosen, which serve as the
oxidation semiconductor photocatalyst (OSP) and the
reduction semiconductor photocatalyst (RSP).'*° However, as
research and development progress, several questions arise: (i)
Can p-type based semiconductors also be used in the creation
of S-scheme photocatalysts? In this context, to answer the
above question, several reports proposed that S-scheme photo-
catalysts could definitely be established by using p-type
semiconductors.”®'*® Which means both the RSP and OSP can
be n-type or p-type semiconductors and vice versa. For con-
structing an S-scheme heterojunction, the major crucial point
is that the RSP semiconductor has a higher CB and Fermi level
than those of the OSP. Mainly, four feasible scenarios, (1) n-n
heterojunction, (2) p—n heterojunction, (3) n—p heterojunction,
and (4) p-p heterojunction, are valid options to meet the
aforementioned condition. It is noteworthy that experimental
verification has been obtained for all four forms of
heterojunctions.’*>*** Type-II and S-scheme charge transfers
in semiconductor heterojunctions are often confused with
each other because their formation mechanisms and the inter-
leaving of semiconductor energy bands, along with electron
transfer dynamics in the dark state, are very similar. In the
n-type semiconductor heterojunction, when the CB of PS1 is
more negative and its Fermi level is higher than those of PS2,
electron transfer follows an S-scheme, not type-II, as electrons
move from the higher E; of PS1 to the lower E; of PS2 due to
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the unbalanced state of E¢ under dark conditions, creating an
interfacial electric field (IEF) directed from PS1 to PS2. This
setup makes type-II charge transfer impossible: the interfacial
energy band of PS1 with a higher E¢ bends upward, hindering
electron movement towards the interface and favouring hole
migration, while the interfacial band of PS2 with a lower E
bends downward, facilitating the opposite. Consequently, this
mismatch in band bending and electric field direction exclu-
sively supports S-scheme electron transfer, as shown in
Fig. 12a and b. This principle similarly applies to two p-type
semiconductors that are in contact, where a higher Fermi level
and more negative CB position of PS1 compared to PS2 also
lead to S-scheme transfer, as illustrated in Fig. 12c and d."*
Additionally, when an n-type and a p-type semiconductor
come into contact, the relationship between their Fermi levels
and CB positions determines the charge transfer type: a higher
Fermi level and more negative CB in the n-type results in
S-scheme transfer (Fig. 12e and f), whereas a more negative CB
and lower Fermi level in the p-type align with type-II transfer
conditions, as the interfacial electric field direction aligns with
the band bending state (Fig. 12g and h).

In summary, the electron transfer type between semi-
conductors that are in contact in a heterojunction hinges on
the relative positions of their CB and Fermi levels. For two
semiconductors that are in contact, S-scheme transfer occurs
when the more negative CB of the semiconductor accompanies
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a higher Fermi level, whereas type-II transfer takes place when
the more negative CB of the semiconductor accompanies a
lower Fermi level. It is important to highlight that the charge
transfer direction is determined by the positions of the energy
bands of the constituent semiconductor within the heterojunc-
tion, and this is not influenced by the type of semiconductor
involved.

4.4. Tactics for Fermi level adjustment to facilitate type-II to
S-scheme transfer conversion

Adjusting the Fermi levels between semiconductors can sig-
nificantly influence the electron transfer mechanisms, facili-
tating a shift from type-II to S-scheme transfer. The direction
of band bending at the interface is critical for determining the
nature of electron transfer, whether it be type-II or S-scheme.
By modifying the relative positions of Ef, one can change the
band bending direction, thereby switching the electron trans-
fer mechanism and enhancing carrier separation efficiency.'**™*>
This strategy of Fermi level adjustment is a key method for
controlling carrier dynamics within heterojunctions. For
example, Huang and colleagues successfully altered electron
transfer in a C3N,/W;3049 system by adjusting the relative posi-
tions of E;."*® Meanwhile, PS1 and PS2 are in contact, and an
electric field is generated from PS2 to PS1 at their interface
due to the lower Fermi level of PS1 than that of PS2. This field
directs electrons to consumption at PS2 while accumulating at
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PS1, causing the interfacial energy band to bend downwards
and upwards for PS1 and PS2, leading to a type-II electron
transfer mechanism. Interestingly, the study found that
adsorbing triethanolamine on PS1 raised its Fermi level above
that of PS2. This adjustment reversed the band bending direc-
tions, upward for PS1 and downward for PS2, facilitating an
S-scheme charge transfer. This discovery highlights a method
for controlling the pathways of carrier transfer.'®® In addition
to molecular adsorption, non-metallic doping is another
effective method for altering Fermi levels. For instance, Kim
and co-workers enhanced the Fermi level in C3N, by doping
with boron. They observed that when boron-doped C;N, was
combined with ZnO, resulted in a reversed interfacial band
bending state, providing a shift in the charge transfer mecha-
nism."** Moreover, the creation of interfacial chemical bonds
can also adjust the Fermi levels and change the band bending
directions, offering another avenue for control."*> While it is
theoretically feasible to transition the electron transfer
dynamics from type-II to S-scheme through Fermi level adjust-
ments, in practice, the Fermi level in semiconductor hetero-
junctions may remain fixed due to significant contact resis-
tance. Consequently, a comprehensive set of characterization
tools is recommended to verify the potential for actual Fermi
level modification.

4.5. Enbhancing the driving force behind S-scheme transfer:
approaches and strategies

The interfacial electric field is key to driving S-scheme charge
transfer effectively, with its strength being crucial for charge
carrier separation efficiency."*”"*° To boost this strength,
various strategies have been devised, including the develop-
ment of dual S-scheme heterojunctions.'*® Moreover, these
heterojunctions are also involved in three distinct photo-
catalyst systems to address the challenges such as less inter-
facial contact and the weak driving force seen in single com-
ponent S-scheme heterojunctions. Under dark conditions,
when oxidation-type (OSP) and reduction-type (RSP) photocata-
lysts are juxtaposed, energy band bending and the creation of
an internal electric field occur at the interface, resulting in the
accumulation of electron and hole pairs in the OSP and RSP,
respectively. Upon illumination, the electric field drives the
electrons from the CB of the OSP to recombine with holes
present in the VB of the RSP, facilitating the accumulation of
high redox potential electron and hole pairs in the CB of the
RSP and the VB of the OSP, respectively. This dual arrange-
ment creates two interfacial electric fields, providing excellent
spatial charge carrier separation and transfer compared to that
in single S-scheme based heterojunctions, thereby significantly
boosting the photocatalytic efficiency."*' Moreover, precisely
increasing the Fermi level gradient and widening the Fermi
level gap serve as another potent method to amplify both the
strength of the interfacial electric field as a driving force, and
expanding the space-charge region, thereby strongly promot-
ing more directed carrier transport.'*®> Additionally, creating
interfacial chemical bonds further strengthens the built-in
electric field and speeds up charge carrier transport, demon-
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strating a multifaceted approach to improving the efficacy of
S-scheme electron transfer mechanisms.'***** Moreover, it
should be noted that, beyond semiconductor materials,
organic compounds with comparable lowest unoccupied mole-
cular orbital (LUMO) and highest occupied molecular orbital
(HOMO) energy levels can also be integrated into S-scheme
heterojunctions.'*

In summary, the initial concept of S-scheme heterojunctions
has evolved from n-n type to encompass various possibilities.
This expansion opens up new avenues for the design and
manipulation of diverse S-scheme heterojunctions in future
research and applications for effective charge carrier separation
and enhanced photocatalytic activities. For clarity, Table 1 sum-
marizes the specific differences between direct Z-scheme and
S-scheme heterostructures. Table 2 details a comparison of
different types of heterojunctions, focusing on their band posi-
tions and mechanisms for charge transfer and separation.
Additionally, we discuss several characterisation methods to
verify direct Z- or S-scheme charge dynamics and provide mul-
tiple instances of g-C3;Ny-based direct Z- or S-scheme hetero-
junction systems for photocatalytic H,O, evolution.

5. Characterization techniques for
direct Z- or S-scheme heterojunction
photocatalysts

To date, three characterization techniques (i.e., ex-situ/in situ light
illuminated XPS, surface potential measurement by in situ-KPFM
and fs-TAS) have been developed to directly confirm the for-
mation of direct Z and S-scheme heterojunctions.

5.1. In situ/ex situ illuminated X-ray photoelectron
spectroscopy (ISIXPS)

To confirm the pathway of photogenerated electron-hole trans-
fer in S-scheme heterojunctions, the in situ light illuminated
XPS (ISIXPS) technique was first suggested by Yu and colleagues
and is recognized as a particularly effective and influential
method. XPS, or X-ray photoelectron spectroscopy, is a sophisti-
cated method for surface examination that offers insights into
the elemental composition, content percentages, electronic
states, and bonding patterns of different materials.'*® This tech-
nique is useful for detecting alterations to the elemental
binding energy when the chemical surroundings, i.e. electron
density of an element, are changed. For instance, when there is
a reduction in the electron density of a particular element, it
results in a positive shift in binding energy, whereas a rise in
electron density causes a negative shift.

In S-scheme photocatalytic systems upon light irradiation,
both the OSP and RSP of the heterojunction experience a
reduction or increment in electron density because of the dis-
tinctive exciton migration dynamics of the S-scheme, which is
caused by the movement of photoexcited electrons from the CB
of the OSP into the VB of the RSP, influenced by an interfacial
electric field (IEF). Consequently, this process leads to a lowered
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Table 1 Difference between direct Z-scheme and S-scheme heterostructures

Entry Direct Z-scheme

S-Scheme

1 When semiconductors with distinct Fermi levels are in contact
with each other, the electron movement aligns these levels.
According to this theoretical assumption, the interfacial electric
field in the heterojunction should diminish over time and
eventually vanish under dark conditions, meaning that carrier
migration post-light irradiation would not follow the direct
Z-scheme due to the loss of its driving force, which is clearly at
odds with experimental observations from surface potential tests

2 It is silent about the nature of the charge transfer direction

3 It does not address the intensity of interfacial band edge bending,
which creates an additional potential barrier to inhibit type-II like
charge transfer

4 It does not address the factors influencing the extent of the
interfacial space-charge region and the strength of the interfacial
electric field

5 The direct Z-scheme does not address the switching of carrier
transfer

binding energy in the RSP and an increased binding energy in
the OSP under illumination conditions. XPS characterization
thus facilitates monitoring of the directional charge migration
related to specific elements, providing a detailed analysis of the
associated OSP and RSP semiconductor structures.™”’”

During XPS analysis, a solid specimen, connected electri-
cally to apparatus, will be placed in an ultrahigh vacuum
environment, typically maintained below 10™° Pa. Upon
exposure of the sample surface to high-energy X-ray beams,
such as 1486.6 eV for Al Ko X-rays, the electrons gain enough
energy to be ejected from the surface into the vacuum, leading
to atom ionization. This phenomenon is also known as the
photoelectric effect (as illustrated in Fig. 13a).

These ejected electrons, or photoelectrons, possessing

varying kinetic energies (Ey), traverse through the XPS device’s

analysis slit. The ensuing electron current, indicative of the
rate of photoelectron emission and contingent on Ey, is then
documented (Fig. 13b)."*” On a microscopic scale, atomic
orbital energies are quantized, meaning every electron pos-
sesses a distinct energy level. Based on their proximity to the
nucleus, ranging from near to far, the atomic orbitals can be
categorized into distinct types like 1s, 2s, 2p, and 3s. The
energy needed to knock out an electron from the material is

This journal is © the Partner Organisations 2024

Interfacial defects and the resulting high contact resistance in
actual synthesized heterojunctions lead to Fermi level pinning, as
strongly supported by surface potential tests. Even when
equilibrium is achieved, a persistent potential difference between
the interface of two semiconductors is observed. Furthermore, the
variance in electron density at the interface of the heterojunction
causes interfacial Fermi level bending. This occurs as electrons
move from the Ef of the reduction photocatalyst to that of the oxi-
dation photocatalyst, reducing electron density at the interface com-
pared to the internal area and thus bending the Fermi levels at the
interface. Such dynamics establish a dynamic equilibrium within
the components of a heterojunction, ensuring the continuous
driving force for the perseverance of S-scheme charge transfer. The
Fermi level of the bulk remains unchanged, allowing photoinduced
charge carriers to retain their original high redox potential in the
respective semiconductor components

The charge carrier transfer direction is determined by the positions
of the energy bands of the constituent semiconductors within the
heterojunction, and is not influenced by the type of semiconductor
involved

The intensity of interfacial band edge bending is directly related to
the Fermi level gap between two semiconductors. The literature
reports that type-II charge transfers often occur when
semiconductors with small Fermi level differences form an
S-scheme heterojunction. In such cases, the reduction
photocatalyst is preferentially excited, causing both type-II and
S-scheme transfers to coexist. Conversely, a large Fermi level
difference dominates the S-scheme migration path

The strategy of precisely increasing the Fermi level gradient and
widening the Fermi level gap between OSP and RSP amplifies both
the strength of the interfacial electric field as a driving force and
expands the interfacial space-charge region, thereby strongly
promoting more directed carrier transport

By modifying the relative positions of the Fermi levels, one can
change the interfacial band bending direction, thereby switching
the electron transfer mechanism, which is a key method for
controlling carrier dynamics within the heterojunctions

termed its ionization or binding energy (E}). Notably, electrons
residing in inner orbitals (e.g., 1s) exhibit a higher E;, than
those in outer orbitals (e.g., 2p). The inner-shell electrons can
be excited by X-rays due to their extraordinarily powerful
energy (for example, the energy (7v) of Al Ka X-rays is 1486.6
eV). With enough energy, the photoexcited electrons can over-
come the barriers of the sample’s work function (W) and
binding energy (Ep), allowing them to eventually be ejected
from the surface of the sample with Ey. As a result, E,, can be

determined using the following eqn (3):'*®

E, =hv— E — W (3)

In XPS experiments, E}, of the inner-shell electrons is deter-
mined by measuring the kinetic energy (Ey) of emitted photo-
electrons. By analyzing this E, value, one can discern the
elements present in the sample, as each element typically pos-
sesses a distinct E}, value. A shift or change in E}, of electrons
in the inner shell, also called the chemical shift, occurs when
an electron loses or gains an electron in the outer orbitals of
the atom. For instance, a carbon atom contains two electrons
in each of its 1s, 2s, and 2p orbitals, as depicted in Fig. 13c.
The nucleus of carbon contains six protons and six neutrons,
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Fig. 13

(a) Ilustration of the XPS measurement principle. (b) Photoelectron production during XPS studies under X-ray irradiation. (c—e) Impact on

the binding energy (E,) of C 1s following electron loss or gain. (f) Detailed schematic of the working principle of ISIXPS analysis under dual irradiation
with UV-visible light and X-rays. (g) Electron excitation processes during ISIXPS measurements under simultaneous UV-visible light and X-ray
irradiation. (h) Variations in electron density and elemental binding energy (E},) of an S-scheme heterojunction photocatalyst under photoexcitation.
The figures are adapted with permission from ref. 149. Copyright 2022, ACS. (i—k) Light-induced S-scheme charge transfer process between ZnO
and CN. Spectra of (l) C 1s, (m) N 1s, (n) Zn 2p, and (o) O 1s in ZnO, CN, and ZCN12 measured using high-resolution ISI-XPS in the dark and under
UV light illumination. The figures are adapted with permission from ref. 151. Copyright 2021, ACS. (p) Arrangement of band structures of U-CN and
PDA. In situ XPS measurements of (q) C 1s and (r) N 1s for U-CN and CNP-4. (s) The S-scheme charge transfer process occurring within the
CNP-4 heterojunction. The figures are adapted with permission from ref. 152. Copyright 2023, Wiley-VCH.

hence possessing six positive charges. Two fundamental forces
bind the nuclei and electrons of atoms together: the coulom-
bic force, which is caused by protons, and the nuclear force,
which is influenced by protons as well as neutrons. As the
carbon nucleus has a fixed number of protons and neutrons,
the overall attractive force remains consistent. When a carbon
atom loses a valence electron from the 2p orbital, its electron
count is reduced to five (as shown in Fig. 13d). This loss
enhances the force exerted on each remaining electron, result-
ing in an increase in Ep, of the C 1s electron. On the other
hand, if a carbon atom gains an electron in the 2p orbital, its
electron count rises to seven, reducing the force per electron
and thereby decreasing E, of C 1s (illustrated in Fig. 13e).
Electron acceptance or loss can be challenging in some situ-
ations. For instance, in covalent compounds, atomic orbitals
hybridize to form new molecular orbitals, altering the electron
distribution and density. Hence, E;, of C 1s will likewise
change depending on the chemical environment in which the
carbon atom is found. When the electron density around a
carbon atom is reduced, E};, of C 1s is increased and vice versa.

This journal is © the Partner Organisations 2024

While these shifts in E, might be subtle compared to direct
electron acceptance or loss, they remain detectable through
XPS techniques.'*® ISIXPS emerges as a vital tool to confirm
the electron transfer routes in S-scheme semiconductor
materials. In this technique, a combination of high-energy
X-rays and ultraviolet-visible (UV-vis) light is employed to
irradiate the sample’s surface, as depicted in Fig. 13f. The
resulting excited photoelectrons with kinetic energy (E;) then
leave the sample surface, enter the vacuum, and are captured
by the analyzer. To delve deeper into the role of UV-vis light
during ISIXPS experiments, electron excitation processes are
detailed in Fig. 13g. The inner-shell electrons can be excited by
X-rays with very high energy (Al Ka = 1486.6 eV), allowing them
to overcome the barriers of binding energy (E;,) and work func-
tion (W) to emerge as free photoelectrons carrying Ej ulti-
mately. In contrast, the energy of UV-vis light (between 2 and 4
eV) is significantly lower compared to X-rays. As a result, it can
only excite the valence electrons to move from the VB to the
CB, while ensuring these excited electrons remain bound to
the atom’s nucleus, as shown in Fig. 13g. Therefore, following
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excitation of the outer-shell valence electrons, the analyzer in
ISIXPS measurements detects E;, of electrons in the inner
shell. As valence electrons move from the VB to the semi-
conductor’s CB, photogenerated electrons are formed through
the excitation process. These energized electrons can transfer
between two semiconductors while residing in them. Like con-
ventional XPS analysis, the loss of photogenerated electrons
causes a reduction in electron density and an increase in
elemental binding energy (Ep), while the acceptance of photo-
generated electrons results in increased electron density and a
decrease in Ep. As per the previous discussion, the proof of
electron movement in S-scheme heterojunctions under dark
conditions and during light exposure can be obtained by com-
bining normal XPS and ISIXPS data analysis. The variation in
E}, of an individual element can be utilized to approximate the
alteration in electron density. This enables the determination
of electron movement directions in S-scheme heterojunc-
tions.™° Conventional XPS reveals the electron flow dynamics
between the RSP and OSP upon intimate interaction. Given
that the RSP possesses a higher Fermi level (E¢) than the OSP,
electrons migrate from the RSP to OSP after coming into
contact. Analyzing the RSP post-contact reveals a decline in its
electron density compared to its pre-contact state, which
marks an upsurge in Ej, of its constituent elements. In con-
trast, the post-contact OSP showcases an enhanced electron
density in the S-scheme photocatalytic system compared to its
initial state, implying a consequent decrease in its Ej,.
Additionally, the migration pathway of photoexcited electrons
in the S-scheme heterojunction can be verified using ISIXPS.
When subjected to light, photoinduced electrons in the CB of
the OSP are driven to move to the VB of the RSP by the inter-
facial built-in electric field (IEF), resulting in a decrease in the
electron density of the OSP and an increase in the RSP as visu-
alized in Fig. 13h. As a result, under light irradiation, the
elemental E, of the OSP increases, and that of the RSP
decreases in the S-scheme photocatalyst.**°

On the basis of XPS and ISIXPS mechanistic analyses, we
present two case studies that utilize ISIXPS to unveil the
charge transfer dynamics within S-scheme heterojunctions.
For example, Liu’s group prepared an S-scheme heterojunc-
tion between MOF-derived ZnO and g-C3;N, (CN) through a
two-step calcination process.'> The CB and Fermi level (E¢)
of CN are positioned higher than those in ZnO, making them
suitable for the development of an S-scheme heterojunction.
To validate charge carrier transfer in the ZnO/CN (ZCN-12)
S-scheme heterojunction photocatalyst, both conventional
XPS and ISIXPS tests are carried out. When ZnO and CN
come into close contact, there will be spontaneous diffusion
of electrons from CN to ZnO via their interfaces because E¢ of
CN is higher than that of ZnO to attain Fermi level equili-
brium at the exact contact point, developing depletion and
accumulation regions of electrons at the interface of CN and
ZnO, respectively, since CN loses electrons and becomes posi-
tively charged and vice versa. At the same time, upward and
downward band bending occurs at the interface region of CN
and ZnO because of the donation and accumulation of elec-
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trons, respectively. Simultaneously, an interfacial electric
field is formed, which is directed from CN to ZnO. Therefore,
relative to CN, the C 1s and N 1s peak positions in the ZCN12
composite move to a higher E;, implying a reduction in elec-
tron density within the CN component of ZCN12 (as seen in
Fig. 131 and m). On the other hand, when set against ZnO,
the Zn 2p and O 1s peak positions in the ZCN12 composite
tend to a lower Ej, (illustrated in Fig. 13n and o). This
suggests increased electron density in ZnO, implying that
ZnO receives electrons from CN. These shifts in electron
density between CN and ZnO confirm electron migration
from CN to ZnO after contact in the absence of light (Fig. 13i
and j). During ISIXPS experiments, the sample surface is
exposed to UV light with a wavelength of 365 nm. In the
ZCN12 compound, there is a noticeable shift to a lower
binding energy (Ep,) for the C 1s and N 1s peaks (as seen in
Fig. 131 and m), whereas the Zn 2p and O 1s peaks shift to a
higher Ej, (as illustrated in Fig. 13n and o). This suggests an
increase in electron density in the CN regions and a decrease
in the ZnO part. Such observations reinforce the idea of
photogenerated electron migration from ZnO to CN when
subjected to UV light, a process visually mapped out in
Fig. 13k. Through the findings from both regular XPS and
ISIXPS, the electron movement patterns in the ZnO/g-C;N,
S-scheme heterojunction are clearly demonstrated. Similarly,
Zhang et al. successfully developed a 2D/2D close contact
S-scheme heterojunction system, C;N,/PDA (CNP), through
the in situ self-polymerization method, showing an excellent
H,0, production efficiency.'*® The band diagrams for U-CN
and PDA are illustrated in Fig. 13p. When compared to indi-
vidual U-CN, the observed C 1s and N 1s peaks in
CNP-4 move to a lower E}, after contact in the absence of light
(as depicted in Fig. 13q and r). No significant variations are
evident post-PDA deposition, implying that the primary peaks
in CNP-4 are derived from U-CN. These findings indicate an
increased electron density in U-CN and a reduced one in PDA
within CNP-4. This validates electron movement from PDA to
U-CN when they come into contact without light exposure
(see Fig. 13s). When exposed to light, the C 1s and N 1s peaks
of CNP-4 exhibit a shift toward an elevated E;, as seen in
Fig. 13q and r. This shift suggests a reduction in electron
density within U-CN and a corresponding increase in PDA,
signifying the migration of photogenerated electrons from
U-CN towards PDA, a process supported by the IEF as demon-
strated in Fig. 13s. Through the combined insights from XPS
and ISIXPS studies, the pathway of electron transfer in the
C;3N,4/PDA (CNP) S-scheme heterojunction is elucidated both
in the absence of light and upon photoactivation. To sum up,
XPS and ISIXPS stand out as highly sensitive tools capable of
identifying minor shifts in elemental E}, resulting from vari-
ations in electron density, in both the absence and presence
of light. These shifts in elemental E}, effectively represent the
interactions and electron movements between two com-
ponents. Additionally, XPS and ISIXPS serve as widely appli-
cable techniques for tracking electron transfer within hetero-
junction photocatalysts.

This journal is © the Partner Organisations 2024
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5.2. Surface potential
Atomic force microscopy (AFM) emerged in 1985, pioneered by
scientists at IBM."® This cutting-edge technique is renowned
for delivering detailed images and insights into surface charac-
teristics and material properties on the nanoscale. Essentially,
AFM operates by using a probe to “sense” or “interact” with a
material’s surface, enabling evaluations of its morphology,
roughness, and composition. An advanced extension of AFM is
Kelvin probe force microscopy (KPFM). This technique broad-
ens the horizons of AFM by measuring the surface potential or
work function of catalysts.'>* The above can be achieved when
employing a conductive tip in AFM followed by applying a
minor amount of alternating current voltage (Vyc) inside the
tip as well as the material under observation (Fig. 14a). This
process helps in measuring the contact potential difference.
Furthermore, a bias voltage (Vpc) enables the measurement of
the electrostatic force through Vcpe with the conductive tip.
KPFM provides insights into the complex electrical character-
istics and charge orientation of the material’s surface.

Merging the functionalities of AFM and KPFM in a singular
device provides dual advantages: it captures both the physical

View Article Online
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topography and the electrical attributes at the nanoscale. Such
a combination becomes pivotal when delving into surface elec-
tronic characteristics, including aspects like charge deviation
distribution, surface potential fluctuation, and work function
difference. This integrated AFM-KPFM approach enables a
richer exploration of how surface structures are interlinked
with their local electronic attributes, as shown in Fig. 14b. The
localized surface potential, represented as ¢ = ¢ (x, y), is inti-
mately connected with the electronic distribution over the
material. One is able to derive this potential through counter-
balancing the electrostatic force across the tip as well as the
specimen. By adjusting the bias voltage, one can identify the
surface potential at particular points (local surface potential)
over the specimen."® Fig. 14b illustrates a typical depiction of
beam deflection AFM and demonstrates the ability of
AFM-KPFM to offset electrostatic forces by applying a bias
voltage to the specimen. Utilizing in situ atomic force
microscopy in combination with Kelvin probe force
microscopy (AFM-KPFM) in potential mode offers a way to
assess the charge dynamics, specifically examining the move-
ment of photoexcited electrons from the oxidation semi-
conductor to the reduction semiconductor of a heterojunction
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(a) In situ AFM-KPFM principles and operation. (b) A typical beam deflection setup for AFM. The figures are adapted with permission from

ref. 156. Copyright 2024, Elsevier. (c) AFM picture from the CP photocatalytic system. Surface potential variation in CP in the dark (d) and under light
illumination (e). (f) The surface potential measured through line scanning. (g) Schematic representation of in situ light irradiated KPFM. The figures
are adapted with permission from ref. 157. Copyright 2021, Wiley-VCH. (h) Schematic illustration of the operation of the fs-TAS instrument. The
intensity of the probe pulse subsequent to traversing the specimen (i) in the absence of the pump pulse and (j—1) with it. Three distinct signals, GSB,
ESA, and SE, can be discerned through the utilisation of pump pulse excitation. (m) Correlations between relaxation and electron transition pathways
in the semiconductor. The figures are adapted with permission from ref. 161. Copyright 2023, RSC.
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photocatalyst when exposed to light."®® Such a transfer is
evident from the enhanced surface potential on the oxidation
semiconductor post-light exposure, supporting the existence of
the S-scheme heterojunction. KPFM imaging was utilized to
visualize the separation of excitons within an S-scheme hetero-
junction photocatalyst. The utilization of in situ-KPFM has
emerged as a significant method to investigate charge separ-
ation as well as transfer mechanisms during light irradiation.
This approach can determine the distribution of surface poten-
tial at heterogeneous interfaces. Typically, when a semi-
conductor receives electrons, its Fermi level rises, leading to a
subsequent reduction in surface potential. Conversely, when it
loses electrons, the Fermi level goes down, resulting in an
increase in surface potential. During the S-scheme charge
carrier migration mechanism, electrons shift from the OSP to
the RSP under light excitation. This induces electron gain in
the RSP and loss in the OSP. As a result, it is simple to deter-
mine the direction of electron transfer by monitoring surface
potential variations. In this domain, Cheng and colleagues
unveiled the spatial dynamics of charge separation and move-
ment in a CdS/polymer (CP) photocatalyst using in situ-KPFM,
as depicted in Fig. 14(c-g).">” In Fig. 14d and f, in the absence
of light, the potential variation on the surface of the conju-
gated polymer PT (point A) as well as CdS (point B) was
approximately 100 mV. This suggests an interfacial electric
field (IEF) moving from PT (point A) to CdS (point B), acting
as the driving force for electron movement. When exposed to
light, there was a noticeable decline in the surface potential at
point A (PT), whereas the surface potential at point B (CdS)
increased, indicating the transition of photoexcited electrons
from CdS towards the polymer.

5.3. Transient absorption spectroscopy (TAS)

Transient absorption spectroscopy (TAS) is a valuable tool for
investigating ultrafast electron dynamics within photoexcited
semiconductors, offering temporal resolution ranging from
femtoseconds to picoseconds. The femtosecond transient
absorption spectroscopy (fs-TAS) method is frequently
employed as a “pump-probe” technique, offering a potent
means to investigate the electronic state configuration and
charge dynamics in semiconductor materials. More specifi-
cally, it offers a dynamic representation of carrier occupation
across semiconductor energy levels over time."*® Furthermore,
fs-TAS unravels the intricate relaxation pathways through
which photoexcited electron transfer occurs from the high
energy CB to the low energy VB of a photocatalyst.'*® By analyz-
ing fs-TAS data, the charge dynamics of heterojunction photo-
catalysts can be revealed, allowing us to determine the cause
of enhanced catalytic efficiency.'® In practical fs-TAS experi-
ments, a monochromatic laser known as a “pump pulse” of
high energy is used to excite a semiconductor photocatalyst.
Subsequently, a white pulse called a “probe pulse” of low
energy is employed to estimate the number of photoinduced
charge carriers in excited CB and ground state VB energy
levels. The time delay between the laser and the white pulse is
adjusted using an optical delay line. By using an optical delay
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line, the time delay between the laser and the white pulse can
be monitored. The relaxation process is explained by analyzing
the fluctuation between the number of photoexcited charge
carriers and the delay time.'®" The fs-TAS setup consists of
three key elements: a Ti-sapphire laser system that produces
an 800 nm femtosecond beam, an optical parametric amplifier
(OPA), and a transient spectrometer (Fig. 14h). A beam splitter
divides this beam into two distinct beams with different inten-
sities. Following this, the beam with higher intensity is modu-
lated by a chopper and utilized to generate a shorter wave-
length pulse through the OPA. This pump pulse is then used
to excite electrons of the semiconductor photocatalyst from
the VB to the CB. On the other hand, the beam with lower
intensity passes through an optical delay line and interacts
with sapphire, producing a continuous white pulse. This white
pulse serves as a probe pulse, which is directed at the sample.
A critical step is the precise alignment of the pump and probe
pulses at the same point on the sample. As the probe pulse
passes through the sample and reaches the detector, the pump
pulse is blocked by a stopper after it has passed through the
sample.

The optical delay line enables the adjustment of the path
difference between the probe and pump pulses, creating a con-
trolled delay time between them. This delay enables the two
pulses to arrive at the sample at different moments. By asses-
sing the absorption of the probe pulse in both the presence
and absence of pump pulse illumination, while varying the
delay time between them, differential optical absorption
spectra of the sample can be obtained. Changes in the signal
intensity of the probe pulse as it passes through the sample
indicate variations in the number of excited carriers.'®?
Therefore, examining these signals offers information about
the relaxation dynamics of excitons as they move from a higher
energy state to a lower one. The fs-TAS spectrum is a particular
form of differential optical absorption spectrum obtained
from transmittance measurements. Generally, the detector
evaluates the transmittance (T) of the sample, and the absor-
bance (4) of the sample can be calculated as follows:®

A= —log T =log(ly/I)

In this context, I, and I denote the intensity of the probe
pulse before and after it travels through the sample, respect-
ively. Additionally, the change in absorption of the probe pulse
(AA) for the sample is defined as follows:

AA = Ay, — Ao = log(Io/Iw) — 10g(Io/Iwo) = log(Iwo/Iw)

In this case, A, and A, represent the absorption of the
probe pulse by the sample with and without excitation by the
pump pulse, respectively. I, and I, denote the intensities of
the probe pulse after traversing the sample with and without
excitation by the pump pulse, respectively. It is crucial to note
that AA changes with both the wavelength of the probe pulse
and the time delay between the pump and probe pulses. As
the delay time is adjusted by the optical delay line, A4 is
recorded at various wavelengths.'®*
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Consequently, a three-dimensional image function, AA (4,
t), depicting the relationship between wavelength and delay
time is obtained. This three-dimensional image enables an
examination of how AA varies with wavelength at a constant
delay time and how it changes with delay time at a specific
wavelength, reflecting the variation in the number of excited
state charge carriers over delay time at that wavelength.
Following this, we explore the relationship between A4 and the
carrier kinetics of the sample. In the absence of a pump pulse,
when only the probe pulse illuminates the semiconductor
photocatalyst, the semiconductor absorbs part of the probe
pulse. The intensity of absorption depends on the number of
ground state electrons in the VB and the semiconductor’s
absorption coefficient, as shown in Fig. 14i. When the pump
pulse is introduced to the semiconductor sample, ground state
electrons in the VB are excited and transition to the CB of the
semiconductor. This leads to a decrease in the number of elec-
trons in the VB and an increase in the CB. When the semi-
conductor sample is then illuminated by the probe pulse, the
absorption of the probe pulse is reduced (I, > I,,) due to the
decreased number of ground state electrons in the VB, result-
ing in a negative AA signal, commonly known as ground state
bleaching (GSB), as depicted in Fig. 14j. Additionally, some of
the electrons in the excited state absorb the probe pulse that
was not absorbed by the ground state electrons, moving to
higher energy excited states. As a result, the absorption of the
probe pulse by the sample increases (I, < Iyo), leading to a
positive AA signal, referred to as excited state absorption (ESA)
or photoinduced absorption (PIA), as illustrated in Fig. 14k.
Moreover, the semiconductor sample in the excited state is
inherently unstable and returns to the ground state, through
either stimulated or spontaneous radiation. During this tran-
sition, the semiconductor sample emits fluorescence, leading
to an increased intensity of light detected by the detector (I, >
Iyo). This process results in a negative AA signal known as
stimulated emission (SE), as shown in Fig. 141."%

Three distinct AA signals can be identified in fs-TAS
measurements, each associated with specific electron tran-
sition and relaxation processes within semiconductors, as out-
lined in Fig. 14m. Based on the previously discussed AA
signals, two main types of fs-TAS spectra can be identified. In
a photoactivated semiconductor, when an excited electron
moves from the energy levels of the CB to those of the VB, it
loses energy through interactions with surrounding particles.
This lost energy is predominantly released as heat, resulting in
a difference between the energy of the excitation light and the
emitted light, commonly known as fluorescence. As a result,
the luminescence spectrum, also referred to as the fluo-
rescence spectrum, shifts to lower energy levels, a phenom-
enon known as the Stokes shift.

The extent of the Stokes shift varies due to different
physicochemical properties and energy level structures among
various semiconductors.'®® In the fs-TAS spectrum, the ground
state bleaching (GSB) signal aligns with the steady-state
absorption spectrum, while the stimulated emission (SE)
signal matches the fluorescence spectrum. When the Stokes
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View Article Online

Review

shift is minor, the wavelengths of the GSB and SE peaks
overlap to some extent, resulting in the final fs-TAS spectrum
being a composite of the GSB, SE, and excited state absorption
(ESA) peaks, as shown in Fig. 15a. On the other hand, when
there is a significant Stokes shift, the wavelength of the GSB
peak does not overlap with that of the SE peak, leading to the
differentiation of three distinct peaks in the fs-TAS spectrum,
as illustrated in Fig. 15b. Heterojunction photocatalysts exhibit
markedly higher photocatalytic efficiency compared to single
photocatalysts, largely due to the spatial separation of charge
carriers. To understand the mechanism behind this enhanced
performance in heterojunctions, it is crucial to study the
dynamics of photoinduced carriers within these photocata-
lysts, with a particular focus on the ultrafast interfacial elec-
tron transfer process. The application of fs-TAS measurements
enables the observation of charge transfer processes at pico-
second (ps) and femtosecond (fs) timescales, making it an
effective tool for investigating heterojunction photocatalysts.
Significant studies have been carried out to explore the kine-
tics of interfacial electron transfer in S-scheme photocatalysts
using fs-TAS.

In this regard, Wang and co-workers studied the dynamics
of photoexcited charge carriers in photocatalysts with a TiO,/
polydopamine (TiO,/PDA) S-scheme heterojunction employing
fs-TAS.'®” In their research, the fs-TAS spectra for both pure
TiO, and the most efficient TiO,/PDA sample (referred to as
TP0.5) showed ground-state bleach (GSB) peaks around
375 nm, as depicted in Fig. 15c. The analysis of the GSB recov-
ery kinetics (Fig. 15d) indicated a quick decay of the GSB
signal within just 30 ps. This rapid decay (z;) on the femtose-
cond timescale was attributed to electron trapping in the TiO,
material, while slower decay (z,) was associated with electron
transfer kinetics. Notably, TP0.5 had a larger proportion of 7,
compared to pure TiO,, indicating a novel charge transfer
mechanism in TPO0.5. This mechanism was attributed to inter-
facial charge transport within the TiO,/PDA S-scheme hetero-
junction, with charge transfer from the CB of TiO, to the VB of
PDA occurring within approximately 5 ps. Moreover, the
average lifetime (7h.) value of TPO0.5 in the time-resolved
photoluminescence (TRPL) spectra indicated the band-to-band
recombination of electrons and holes within TiO, and was esti-
mated to be around 10 ns (Fig. 15e). In conclusion, the inter-
facial charge transfer process took place much faster than
charge recombination, thus aiding in the effective separation
of excitons within the TiO,/PDA S-scheme heterojunction
photocatalysts, as illustrated in Fig. 15f. This study provides
insights into the mechanism behind the enhanced perform-
ance of S-scheme heterojunction photocatalysts by elucidating
the kinetics of interfacial electron transfer. Similarly, He and
colleagues carried out an extensive investigation using fs-TAS
to thoroughly explore electron transfer processes within the
TiO,/Bi,O; S-scheme heterojunction.'®® Their study included
fs-TAS measurements on two samples: pure TiO, (denoted as
TO) and TiO,/Bi,O; with optimized photocatalytic perform-
ance (referred to as TBO40). In the fs-TAS spectra of both TO
and TBO40, as depicted in Fig. 15g and h, notable features
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were seen, including a GSB peak at approximately 395 nm and
a broad ESA peak extending from 425 to 550 nm. To determine
whether these spectral signals were attributed to electrons or
holes, control experiments were performed using either an
electron scavenger (such as AgNO; and benzoquinone) or a
hole scavenger (like lactic acid and ethanol). Specifically, the
fs-TAS spectra of TO were examined in the presence of an elec-
tron scavenger (AgNO;) or a hole scavenger (furfuryl alcohol).
The addition of these electron or hole scavengers resulted in
noticeable changes to both GSB and ESA signals, indicating
that the dynamics of photoexcited charge carriers played a role
in both of these signals. By analyzing the fitting results of GSB
recovery kinetics within the first 100 ps, as shown in Fig. 15i, it
was found that the average lifetimes (r,.) of holes increased
from 148.5 ps for TO-AgNO; to 232.5 ps for TBO40. This
enhancement in hole lifetimes suggested the superior elec-
tron-accepting ability of Bi,O; within the heterojunction. As a
result, this indicated an efficient interfacial charge transfer
process from the CB of TiO, to the VB of Bi,03, as depicted in
Fig. 15j.

4938 | /norg. Chem. Front., 2024, N, 4914-4973

Similarly, Cheng and colleagues used fs-TAS in their
research to explore the dynamics of photogenerated carriers in
a CdS/PDB S-scheme heterojunction.'® Initially, two-dimen-
sional mapping TA spectra were obtained to detect TA signals
across femtosecond to nanosecond timescales, as shown in
Fig. 16(a-d). Notably, an additional peak at 710 nm was
observed in the CdS/PDB composite compared to pure CdS.
This specific wavelength corresponded to an energy level of
1.75 eV, aligning with the energy difference between the CBM
of CdS and the HOMO of PDB, as depicted in Fig. 16e.
Subsequently, decay kinetic curve fitting was conducted to
determine fluorescence lifetimes, as illustrated in Fig. 16f and
g. The lifetimes 7, and 7; of CdS/PDB were significantly shorter
than those of pure CdS. Additionally, a new lifetime, labeled as
7,4, was introduced into the fitting process to achieve an accu-
rate fit. These results provided strong evidence for the transfer
of photoexcited electrons from the CB of CdS to the HOMO of
PDB, as illustrated in Fig. 16h. The studies mentioned above
have mainly offered indirect insights into interfacial electron
transfer within S-scheme heterojunction photocatalysts,
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inferred from the analysis of electron transfer kinetics
obtained by fitting the recovery kinetics of GSB. However, it
should be noted that the recombination of electrons in the CB
of the OSP and holes in the VB of the RSP can lead to fluo-
rescence emission as well as a negative AA signal in fs-TAS
spectra, a signal that is often overlooked. Future research
could, therefore, focus on detecting and analyzing this nega-
tive AA signal, which arises from the interfacial charge transfer
processes within S-scheme heterojunction photocatalysts.
Such studies could provide a more detailed understanding of
these intricate electron transfer dynamics.

The results from fs-TAS indicate that the improved photo-
catalytic performance of heterojunction photocatalysts is due

This journal is © the Partner Organisations 2024

to rapid interfacial charge transfer and the effective use of
photogenerated carriers in redox reactions at the right time.

5.4. DFT calculations

Density functional theory (DFT) serves as an indispensable
computational tool for investigating the electronic structure
and charge dynamics in many-electron systems, including
Z/S-scheme heterojunctions commonly found in photocatalytic
reactions. By modeling electron interactions at atomic and
molecular levels, DFT provides insights into electronic pro-
perties. It generates essential information, including band
structure, lattice parameters, and energies related to binding
and adsorption, which are crucial for addressing challenges
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like photocatalyst stability, substrate adsorption strength,
etc.'’° In addition to offering theoretical guidance for regulat-
ing carrier behavior, DFT calculations have been particularly
useful in indirectly confirming the charge flow dynamics in
S-scheme photocatalytic systems, as evidenced in recent publi-
cations. However, it is important to note that DFT is a theore-
tical method and may not account for all complexities encoun-
tered under actual testing conditions.””! By delving into the
electronic arrangement of the materials using DFT calcu-
lations, one is able to obtain a clearer understanding of charge
transfer dynamics, enabling more effective regulation of elec-
tronic structures and more accurate prediction of material pro-
perties. One is able to gain a clearer understanding of the kine-
tics of charge transfer. The interfacial carrier mobility pathway
as well as the interfacial electric field (IEF) direction in Z- or
S-scheme photocatalysts can be confirmed through DFT simu-
lations along with metrics like the variation in average planar
electron density, denoted as Ap(z), and the mapping of differ-
ential charge density. Simulating the interfacial electric field
serves as a valuable approach for investigating the carrier
transfer mechanism. The interfacial directional flow of elec-
trons and holes within a heterojunction can be hypothesized
through examining the interfacial electric field within the
components of a heterojunction.”

Generally, DFT is utilized to ascertain the work function (¢)
of each component within a photocatalytic system. The Fermi
energy level for each semiconductor can subsequently be veri-
fied using the formula ¢ = E,,. — Ef, where ¢ signifies the work
function and E,,. stands for the vacuum energy. Through the
optimization of average potential distributions for each com-
ponent, the work function (¢) is determined. Electron
migration from one component of the photocatalytic system to
another can be determined by computing the work functions
of the two semiconductors. A three-dimensional differential
charge density map shows the build-up of charge at the inter-
face, with yellow and green denoting electron accumulation
and depletion, respectively. The fluctuation in average electron
density along the Z-axis serves as a guide for discerning the
routes of electron transfer among the components of the
photocatalytic system.'”"'”>

In this regard, Sun et al. confirmed the routes of charge
transfer in the Sv-ZIS@3DA-CN S-scheme heterojunction
through DFT analyses.'”® Clear differences in charge density at
the interface are evident from DFT simulations, with the
3DA-CN side mainly appearing green and the Sv-ZIS side pre-
dominantly yellow, symbolizing an electron depletion zone
and an accumulation zone, respectively (Fig. 17b and d). The
distribution of electronic charge surrounding S atoms in Sv-
ZIS is notably more localized than that surrounding C atoms
in 3DA-CN, indicating an intense bond between S and C
atoms. In the average planar electron density difference curve,
the 3DA-CN side exhibits positive charge, indicative of negative
electron density, while the Sv-ZIS side displays negative charge,
indicative of positive electron density (Fig. 17c). Consequently,
both the differential charge density map and the average
planar electron density curve demonstrate that electrons are
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transferred from 3DA-CN to Sv-ZIS (Fig. 17b-d). Fig. 17e illus-
trates the density of states (DOS) surrounding the Fermi levels
of 3DA-CN, Sv-ZIS, and Sv-ZIS/CN composite. Notably, there is
significant electron density near the Fermi level of Sv-ZIS/CN,
indicating electron redistribution between 3DA-CN and Sv-ZIS,
suggestive of a strong interaction between them. As a result, an
interfacial built-in electric field (IEF) is formed and directed
from 3DA-CN towards Sv-ZIS in the 3DA-CN@Sv-ZIS S-scheme
photocatalytic system. The optimized geometric simulated
structure yielded work function (®) values of 4.83 eV and 4.67
eV for Sv-ZIS and 3DA-CN, respectively, as depicted in Fig. 17a,
f and g. Notably, the Sv-ZIS system has a higher work function
and lower Fermi level compared to 3DA-CN. Consequently,
upon interfacial close contact, spontaneous electronic
migration occurs from the 3DA-CN component towards the Sv-
ZIS component. This movement continued as long as the
Fermi level became sufficiently flat to impact on band
bending.

One useful tool for studying the carrier transfer mechanism
is internal electric field simulation. This approach was used to
examine the interfacial electric field as well as the interfacial
charge transfer direction across TiO, and g-C3N,."'® The values
of work function for TiO, along with g-C;N, photocatalysts are
6.43 eV and 5.32 eV, respectively, implying electron migration
from g-C3N, to TiO,. A 3D visualization of the interfacial
charge density difference (as shown in Fig. 17h) displays where
charges accumulate (yellow) and are depleted (cyan).
Additionally, a variation in average charge density along the
Z-axis was observed (Fig. 17i), further confirming electron
migration from g-C;N, towards TiO, leading to the creation of
holes on the g-C;N, side.

In their research, Zhu and co-workers analyzed the charge
transfer dynamics in different materials by computing their
work functions.'”* The study indicated that the work functions
for g-C3Ny, SnS,, and O-C;N, were 4.3, 6.0, and 3.6 eV, respect-
ively, as depicted in Fig. 18a. This indicates that the Fermi
level positions of g-C3N, and O-C3N, are more negative than
that of SnS,. Fig. 18b visually represents the charge density
difference, where accumulation and depletion regions of
charge are highlighted in yellow and cyan colour. Within the
2-C3N,/SnS, photocatalyst, the charge is primarily localized on
2-C3N, (blue) and on SnS, (yellow), implying charge transfer
from g-C3N, towards SnS,. A similar electron transfer is
observed in the O-C3N,/SnS, system. Furthermore, the
strengths of the interfacial electric field (IEF) within g-C3N,/
SnS, as well as O-C3N,/SnS, S-scheme heterojunctions were
found to be 1.32 x 10° V m™" and 5.31 x 10° V m™", respect-
ively, as shown in Fig. 18c and d. These values suggest a stron-
ger IEF along with efficient electron flow in the oxygen-doped
system, aligning with the experimental observations that
demonstrate superior photocatalytic activity in O-C3;N,/SnS,
compared to the g-C3N,/SnS, system. In conclusion, this study
offered not only a theoretical understanding of the S-scheme
mechanism within the g-C;N,/SnS, heterojunction but also
introduced a new method for altering the strength of the IEF
in S-scheme photocatalysts by incorporating nonmetal atoms.
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(a) Lateral perspective of the Sv-ZIS/CN heterojunction following geometrical optimization. (b) Top view of the charge density difference.

(c) Planar-averaged difference in electron density. (d) Side view of the charge density difference. (e) DOS for the Sv-ZIS/CN composite. Work func-
tions for (f) 3DA-CN and (g) Sv-ZIS photocatalysts. The figures are adapted with permission from ref. 173. Copyright 2022, RSC. (h) Variation in
charge density (0.0004 e A~3) across the g-CsN,/TiO, interface. (i) Planar-averaged difference in electron density (Ap(2)) for the g-CsN,/TiO, inter-
face, with yellow regions showing electron accumulation, while cyan areas denote electron depletion. The figures are adapted with permission from

ref. 118. Copyright 2016, RSC.

Hence, DFT analyses serve as a foundational tool for deter-
mining both IEF orientation and the charge carrier transfer
pathway.

5.5. Reactive free radical trapping testing by EPR

It is well known that the photocatalytic process can produce a
variety of reactive free radicals. Among these, holes must have
a strong oxidative power in order to produce hydroxyl radicals,
while electrons with strong reductive capabilities are the
source of superoxide radicals. Within an S-scheme photo-
catalyst, the excitons with a weaker redox potential tend to
recombine, leaving behind potent charge carriers of robust
redox potential. Hence, evaluating the formation of hydroxyl
("OH) and superoxide ("O,") radicals through EPR during the

This journal is © the Partner Organisations 2024

photocatalytic reaction is an effective strategy to authenticate
the more relevant S-scheme charge migration pathway.”® In
this regard, Fu and colleagues presented the EPR profiles for
DMPO-"OH and DMPO-'0,~ for WO;, g-C;N,, and 15%WO,/
g-C;N, photocatalysts.'® In Fig. 19b, g-C;N, showcased an
absence of DMPO-'OH signals, because its photoinduced holes
had a weak capacity for oxidation (2.14 V, in relation to NHE at
pH = 0), as shown in Fig. 19a. However, both WO; and 15%
WO;/g-C3N, composite showed a pronounced DMPO-'OH
response, proving that photogenerated holes of WO; did not
migrate towards the VB of g-C;N,, but instead resided over the
VB of WOj;. Conversely, in Fig. 19¢, pronounced DMPO-"'0O,"~
responses were evident in g-C3;N, along with the 15%WO,/
g-C3N, heterojunction, indicating that their photoexcited elec-
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trons possessed enough reduction power for the reduction of
O, to 'O, . According to these EPR data, the photoinduced
holes and electrons remained in the VB of WO; and in the CB
of g-C3N4, subsequently proving to be a more relevant
S-scheme charge migration pathway than the type-II
mechanism.

5.6. Selective photodeposition of noble metal cocatalysts

In photocatalytic reactions, noble metals like Au and Pt, with
large work functions, typically serve as electron reservoirs.
These metals are commonly deposited selectively on the elec-
tron-dense area of the photocatalyst, which are the reduction
sites, through the process known as photodeposition. Hence,
the targeted photoreduction of these noble metals represents
an efficient approach to determine the surface characteristics
of a particular semiconductor of any heterojunction system
and identify its electron-rich zone or reduction site as well as
electron-deficient zone or oxidation site. Within the S-scheme
heterojunction, upon irradiation, the OSP side undergoes elec-
tron loss, while the RSP side gains electrons. Consequently, a
high electron density develops on the RSP side, which causes
noble metals to deposit on the RSP surface selectively. In this
regard, Liu and colleagues developed an S-scheme O-ZnlIn,S,/
TiO,_, heterojunction. They observed that upon exposure to
light, Pt nanoparticles selectively deposited themselves onto
the O-ZnIn,S, nanosheet surfaces, whereas MnO, nano-
particles favored the TiO,_, surface, as illustrated in Fig. 19d
and e.'”” Such observations provide strong evidence that
0-ZnIn,S, and TiO,_, serve as the reductive and oxidative sites
in photocatalytic processes being rich in electrons and holes,
respectively. Consequently, it has been demonstrated that the
0-ZnIn,S,/TiO,_, heterojunction exhibits an S-scheme charge
transfer mechanism.

5.7. Ultraviolet photoelectron spectroscopy (UPS) analysis

UPS is a less commonly utilized method than XPS for deter-
mining the valence band density of states on the surface of the
materials."’® However, its working principles are quite similar
to those of XPS. Specifically, UPS involves the ejection of
photoelectrons when the material is irradiated with deep ultra-
violet (UV) light. This process causes the dislocation of elec-
trons out of the VB instead of the inner-shell electrons.
Fig. 20a shows that UV light excites electrons from the VB to
surpass the vacuum level (E,,.), creating a VB reflection above
E,ac. These electrons, originating from any point within the
VB, must reach the surface to escape and be detected.
Electrons that retain energy while escaping are known as sec-
ondary electrons, ranging from E; to above E,,., as shown in
Fig. 20b, where Ey is applicable for the photoelectron spectro-
meter as well as the sample. Electrons are released towards the
vacuum, allowing the spectrometer to measure both the VB
and secondary electrons surpassing the vacuum level, which is
illustrated in Fig. 20c. The resulting UPS spectrum mainly fea-
tures secondary electrons.

Analysis of this spectrum in relation to Ef enables the plot-
ting of the secondary electron cutoff (SECO). Alignment of E¢
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within the spectrometer and the surface of the specimen facili-
tates determination of the work function (®) of the respective
material, a critical parameter representing the minimum
energy needed to remove electrons from the Er of the material,
thus reflecting the challenge in electron mobility out of the
material as follows:"””

& = hv — SECO

Acquiring a UPS spectrum was straightforward, but deriving
meaningful data could be challenging due to specimen prepa-
ration and surface charge accumulation concerns.'”® Whitten
and co-workers proposed a specific protocol for UPS analysis
to address these challenges."”® To explore the charge transfer
pathway in the Y-CeO,@ZnIn,S, heterojunction, UPS analysis
was utilized. This technique, specifically applied to Y-CeO,
and ZnlIn,S,, facilitated the calculation of work functions (®)
by subtracting the incident UV light energy (21.22 eV) from the
energy of secondary electron cutoff (Esgco), as demonstrated in
Fig. 20d and e."”® The results indicated a greater work function
value for Y-CeO, (5.58 eV) than ZnIn,S, (4.46 eV), suggesting a
lower Fermi level (E¢) for the former. This inconsistency in E¢
was further investigated using ESR spectra, VB-XPS, and UV-
visible DRS. These investigations led to a proposed mecha-
nism, illustrated in Fig. 20(f-h), where spontaneous interfacial
electron transfer occurred from Znln,S, to Y-CeO, to attain
Fermi level equilibrium. This electron movement initiates an
interfacial electric field (IEF), preventing further electron trans-
fer. Y-doping in CeO, causes the band edge to shift downward,
while ZnIn,S, inclusion develops an upward band bending
near the interface. When exposed to light, electrons move from
the VB creating holes in the CB, leading to the recombination
of photoexcited electrons and holes from the CB of Y-CeO,
and the VB of ZnIn,S,, respectively. The study highlights the
efficacy of UPS in determining Fermi levels and supporting the
S-scheme carrier dynamics.

5.8. Steady-state PL spectroscopy

The application of steady-state photoluminescence (PL) spec-
troscopy is prevalent due to its non-destructive, rapid, and
easier sample-preparation nature. This technique is essential
for assessing optoelectronic characteristics across a variety of
samples, such as heterostructures,’”® defect analysis,'*® and
evaluating solar cell efficiency.'®’ The mechanism underlying
PL is demonstrated in Fig. 21a, revealing distinct optical beha-
viors in organic versus inorganic semiconductors. Inorganic
semiconductors, characterized by tightly bound atoms within
a crystal lattice, exhibit delocalized electronic states, forming a
broad VB and CB. In contrast, organic materials are better
understood through organic semiconductor theory. This
review focuses primarily on PL emissions from inorganic semi-
conductors. When a direct band gap semiconductor absorbs a
photon, the energy of which exceeds the band gap (E;), an elec-
tron from the VBM moves to the CBM, resulting in a vacancy
in the VBM as shown in Fig. 21a. The photoexcited electron
then moves to the lower energy state of CB, dissipating its
excess energy as thermal energy. Ultimately, it transitions back
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Copyright 2022, Wiley-VCH.

to the VBM, emitting photons in the process. In inorganic PL,
two primary emission types are recognized: intrinsic and
extrinsic emissions. Intrinsic (inter band) emissions involve
the direct return of the electron to the VB, whereas extrinsic
(sub-band-gap) emissions arise as the photoexcited electron
becomes captured at defect or impurity sites inside the band
gap, indicating the defect and impurity characteristics of the
parent system.">® The freshly generated photons must undergo

4944 | Inorg. Chem. Front, 2024, 1, 4914-4973

depletion of energy to successfully depart the surface of the
catalyst (Fig. 21b). Without this loss, photons may reflect back,
preventing their escape. Fig. 21c illustrates three key extrinsic
radiation mechanisms. One trapping level is involved in extrin-
sic emissions of both type I and type II, with the energy gap
that separates the inter band and sub-band-gap emission lines
precisely mirroring the trap energy position inside E,.
However, type III extrinsic radiation demands multiple trap
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Ag* electrode. The figures are adapted with permission from ref. 183. Copyright 2017, Elsevier.

levels for both holes and electrons. For type III, it is impracti-
cal to identify the trap energy position by examining the
energy gap that separates the inter band and sub-band-gap
emission lines. Nonetheless, in scenarios where the emissions
from defects or impurities involve two trap energy positions of
type 111, one being a deep trapping level (situated at a consider-
able distance from the band edge) and the other a shallow
trapping level (close to opposite band edge), the emissions are
characterized by pronounced thermal quenching. At elevated
temperatures, carriers stuck in the shallow condition can
undergo thermal activation, moving towards the closest band
edge, which consequently results in a reduction of emission
intensity. The concept also holds true for both type I and type
II once the trap zone is near a band edge. The standard con-
figuration for steady-state PL spectroscopy is depicted in
Fig. 21d, featuring an appropriate light source for sample exci-
tation, a spectrometer to gather emission spectra, a highly
responsive detection device for detecting the scattered radi-
ation, plus an electronic device for optical-electrical data con-
version. Within PL spectroscopy, the responses of opto-
electronic elements change with light frequency, leading to a
spectrum detected by the detector of the system that differs
from the sample’s original emission spectrum, as depicted in
Fig. 21e. Such a difference emphasises the importance of con-
sidering the PL spectroscopy system’s overall spectral
response. An adjustment variable, derived from correlating the

This journal is © the Partner Organisations 2024

system’s anticipated and observed spectra, is employed to
adjust subsequent measurements, ensuring precise steady PL
spectra analysis, despite system-specific deviations.'®"

In this context, the FePS3/TiO, (TiO,/FPS) heterojunction
82 Both PL and time-resolved

photoluminescence (TRPL) techniques were employed to eluci-

system is utilized as a case study.

date exciton dynamics. Fig. 20(i) presents the PL spectra of
samples (TFO and TF5), showing two prominent peaks around
408 nm followed by 467 nm, equating to energy values of 3.04
eV and 2.66 eV, respectively. The PL peak near 408 nm indi-
cates band-to-band emission activity, whereas the PL peak
close to 468 nm is likely to be due to band edge-free excitons.
The PL intensity of TiO, decreases noticeably, when TiO,
nanoparticles are deposited onto FPS nanosheets, suggesting a
lower rate of exciton recombination of the TiO,/FPS composite
(TF5) than that of pure TiO, (TF0). Besides, an emission peak
of 826 nm is visible in the PL spectra of the FPS composite,
relating to the inter band emission of the composite photo-
catalyst. Further understanding can be gained by examining
the exciton lifespans through TRPL analysis, as illustrated in
Fig. 20(j). The fitted and average exciton lifetimes of the TF5
composite are significantly higher than those in TFo0,
suggesting efficient charge separation and migration.
Likewise, the TRPL spectra and associated exciton lifetimes for
FPS nanosheets are shown in Fig. 20(j). FPS demonstrates a
shorter average exciton lifespan than those of TiO, and TFS5,
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suggesting a more rapid recombination of excitons. These
observations are in line with the minimal photocatalytic per-
formance observed in FPS, when compared to TFO and TF5,
highlighting the enhanced photocatalytic efficiency of the
TiO,/FPS photocatalyst.

5.9. Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is another technique that, although
not yet validated for the S-scheme charge transfer pathway, has
proved to be successful in Z-scheme heterojunctions. In this
method, the cyclic voltammogram provides the oxidation and
reduction capability of the semiconductor, indicated by the
peak and trough points, respectively. When the reduction-oxi-
dation potential of a heterojunction system is higher than that
of the pristine semiconductor, it suggests an enhancement in
the redox power of the photocatalytic system, thereby indicat-
ing the creation of a Z-scheme heterostructure. This is in con-
trast to the type II double charge transfer mechanism, which is
expected to reduce the redox potential of the system
(Fig. 21f)."® In this regard, Ding et al verified the formation
of a direct Z-scheme heterojunction within the BiO,_,Br/
Bi,0,CO; photocatalytic system.'®® To effectively apply this
method, one should compare the CV plot of both the compo-
site photocatalyst and the pristine semiconductor to realise an
enhanced redox power in the heterojunction system. Hence,
this examination can also serve to validate the direct Z- or
more relevant S-scheme interfacial charge transfer within the
heterojunctions. For clarity, Table 3 summarizes the specific
characterization techniques employed to confirm the charge
transfer pathway in direct Z- or S-scheme heterojunctions.

6. Fundamentals and reaction
mechanisms of photocatalytic H,O,
production over g-C3zN4

The process of producing H,0, through light-driven methods
using g-C3;N, as a semiconductor photocatalyst encompasses a
series of intricate and ongoing reactions. When g-C;N, is
exposed to light energy that is sufficiently higher than the
band gap energy, electrons within the VB become energized
and move to the CB, leaving behind positively charged holes
(h") in the VB (Fig. 22a). These photogenerated electrons and
holes migrate from the inner part of g-C;N, to its surface.
However, during this migration, there is a tendency for these
carriers to recombine, leading to the conversion of energy,
which is either emitted as light or generates heat. The carriers
that evade recombination reach the catalyst’s surface, and
some engage in surface reduction or oxidation reactions with
oxygen and water molecules, respectively, while others inevita-
bly experience recombination (Fig. 22b). Two significant chal-
lenges in H,0, production are the limited ability of the photo-
catalyst to harness light effectively and the undesirable recom-
bination of charge carriers, which is often attributed to the dis-
organized flow of charges after their separation. Moreover, the
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dynamics of how reactant molecules adhere and become acti-
vated on the catalyst’s surface play a vital role in this process.
Additionally, understanding the specific mechanisms of H,0,
formation, along with the thermodynamic energy involved, is
crucial for enhancing the efficiency of photocatalytic H,0,
generation. According to ongoing research developments, the
pathways for the photocatalytic production of H,O, involve the
oxygen reduction reaction (ORR) and the water oxidation reac-
tion (WOR).

6.1. Oxygen reduction reaction (ORR) pathway

The photocatalytic oxygen reduction reaction (ORR) follows/
encompasses three distinct reaction pathways facilitated by
one-, two-, and four-electron transfers, as outlined in eqn (4),
(7) and (8). Typically, the formation of H,0, through photoca-
talysis is predominantly realized by the proton-coupled two-
electron ORR, where protons are chiefly sourced from water or
organic electron donors.'®* This two-electron ORR can tran-
spire through an indirect stepwise/sequential single electron
transfer pathway, as depicted in eqn (4) and (5), or alterna-
tively, through a concerted two-electron pathway, as illustrated
in eqn (7). Given that the ORR processes are significantly influ-
enced by the energy position of the CB edge, O, is reduced by
photoexcited electrons in the CB. In the indirect, sequential
one-electron-transfer ORR, O, is first reduced to ‘O, , as
depicted in eqn (4), which is subsequently followed by the for-
mation of H,0,, as illustrated in eqn (5). Given that the redox
potential of O,/°0,” is set at —0.33 V versus NHE, it is a
thermodynamic prerequisite for a semiconductor engaging in
a sequential one-electron-transfer ORR to have a CB position
that is more negative than —0.33 V versus NHE.

Importantly, this specific CB position not only satisfies the
conditions for the one-electron-transfer ORR but also aligns
with the thermodynamic prerequisites for the concerted two-
electron-transfer ORR.'®> When compared to the direct two-
electron-transfer route, the indirect stepwise single-electron-
transfer ORR is kinetically desirable due to only one electron
being required in each step.'®® Nevertheless, to uphold
thermodynamic viability, it necessitates a larger bandgap, con-
sequentially restricting the light absorption capacity.
Moreover, complications arise as ‘O, has the potential to
interact with holes, producing singlet oxygen (*0,), as shown
in eqn (6), which subsequently decreases the selectivity for
H,0,.*° Therefore, to prevent such side reactions and ineffi-
ciencies due to the presence of unpredictable reactions at
more negative potentials, the direct two-electron-transfer ORR
is recommended as it holds promising implications for the
enhanced production and selectivity of H,0,. Conversely, the
semiconductor with CB positions falling between the 0,/°0,"
redox potential (—0.33 V vs. NHE) and O,/H,0, redox potential
(+0.68 V vs. NHE) can produce H,0, directly through the two-
electron-transfer pathway, as shown in eqn (7). Hence, the con-
certed two-electron pathway proves to be more favorable
thermodynamically for the photoinduced generation of H,0,
in an ORR because it requires less energy in the CB level.
However, the synthesis of H,0, via the two-electron-transfer

This journal is © the Partner Organisations 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qi00950a

View Article Online

Review

Inorganic Chemistry Frontiers

syuowirradxs Surdden Sunnp paynuapr sfearpel
31} JO DURISISSE I} YIIM SWSTUBYIIW I9JSULI}
a3reyd jo udisap a3 3urjqeus ‘sysAreresojoyd

dSO Y3 pue sy 9y3 Usamjaq 103ONPUODIWAS JO SIINJONIIS PUB( Y3 SALIIP 0} suonisod
S[OAS] IWLId] TR[IWISSIQ uondunj YIOM parewrxoxdde Ajreaur| aq ued enoads Sdn AYL dA pue ‘gD Y7 Jo UOneUIWINSq sdn 8
uonoun(o121ay e Jo 2Is
UONEPIXO IO JUOZ JUIIDJIP-UOIIII[ SB [[9M Sk
91IS UOIIONPAI I0 AUOZ YOLI-UOIIII[A Y3 AJIuapl
dSO 93 Jo 9A ‘UOTIB[NUINIOE [ONS 10§ SINII0 JBY) WSITUBYIIW
93 UI pauuod $a[0y pue dsy a1qissod a3 saALd pue uonounfoIalay ayl Jo
Y3 JO gD Y3 UIYIIM paurelar suonddP  syuduodwiod AY) UdaMId] IB[NWNIOE SUOIIII[ uonisodapojoyd
SUOIIII[d pajerauadoloyd pajerauadoloyd jo ured/ssoq 2I9UM SINDD0 S[BIOW JO UONINPIIOIOYJ N 92+ N [N A
sayisodwod
PoZISaY3UAS snotrea jsurede S1030NpuUOITWSS
aunsud Suneneas uaym Aprenonied
dSO 93 JO gA 93 Ul paureja1 ‘sasodind uostreduwiods 103 uonerper 3y
Sa[oY pue S oY) Jo 9D s[earpex INOYIIM IO [IIM JudWNISUI ay3 Aq parnyded syuowrrradxa
) UTYIIM PIUTJUOD SUONIAH HO. pue _?Q, Jo uononpoid are ‘speorper Aq paonpoid ‘steudis OdINA Zurdden 3urmnp speudrs sp100ay qdd 9
I19jsuen
dso ay) 03 a31eyp [eroeyIa3UI Jo uondIpaid ayy ur Surpre
dS¥ 92U WOIj I9JSUBI} U0 “uowaZueIIe JTUOII[ JI9Y) UTRIIdISE pue I01ARYdq
‘SO 93 pue Sy Y3 Usamiaq SUOIIJ[d  SIINJONIIS PUEB( I0JONPUOITWAS JO IOIABYSQ 3}  PUE dINIONIIS puk(q ISeI210J 03 paudIsop
S[OAJ] IWUId] Te[IWISSIA  JO ured 1o sso ‘uonouny yiopA  djedonue o3 parndiuod are sigourered Snoures [003 3UTUIEd] SUIYIRW [BI1II0], 1ada S
dS¥ 9y 03 dSO 23 dS¥ 9y ut sa[oy
W1} SUOIdIR pajerauadoyoyd pue dSO Y3 UI SUOIII[D JO UOTIBUIQUIOIT s)sATeredojoyd uonoNpal pue UOHEPIXO
dS¥ 23 Ul S3[0Y pue SO 93 JO I9JSURI) [BIOBJIOIUT O} WOIJ PISEI[I 319U 93 YIIM PIIRIDOSSE ST JO 90€JI23UT 93 Je [eUSIS I9jSuel)
Ul SUOIIII[ JO UOIBUIqUIOIRY oy3 smoys [eudrs enoads v,  enoads v, ur yrdusjosem oly1oads e je yyead oy,  93reyod [eroeI)ul Isejen|n ay3 3unoaad SVI-S} ¥
renuajod aoeyins
Ul 9seaIdul ue ur Junnsal ‘umop sa03 [9A9]
TWLIDA 93 ‘SUOIIII[D SISO I UYM ‘A[9SI9AU0D)
‘Tenyuajod ooejIns ur uononpai juanbasqns
dS¥ 2y 03 4SO 9y} Woij SUOI1IJ[D € 01 SUIPea] ‘SISII [9A3] TWLIR SIT ‘SUOIIII 90€}193UI SNOUA301939Y WA
JI9JSUEI} UOIIIIO PAdNpUIoIoyd paonpurojoyd jo ured/ssoq SIAI903I 1030NPUOITUWIAS € udym ‘A[TesrdAT, 2y Jo uonnqinsip renuod doeyng pajeIpel n1s ur ¢
15418380030y d UOTIOUN (012397 O3 UTYIIM
S3SBAIIAP dSY Y3 JO By} pUE ‘SISBAIIUT dSO
a3 JO 97 [eIUAWAd 9} ‘UonyeIpelIl JydI| Iopun
)INSa1 & SY Sy Y3 UI 9SB2I0Ul UB pUe 4SO 93
JO AJISUSP UOIID[d 9} UI 3SBIDIP E UI Sun[nsal
‘dSd a3 Jo FA 33 03 a0 03 (4HI) PIY
J11309[9 UI-)[ING [BIOBJIIUI 9Y3 A UIALIP a1k SO (97)
JO gD a3 Ul suondafa paonpurojoyd yy3if 03 A319u0 JuIpuUIq [BIUSWIS[D UI 3SBIIIAP
pardalqns uaya -aoeyans s,apdures ay3 ajerpelil B/9SLAIOUI U puk AISUap UOIIIJ[S Ul
dS¥ 2y 03 4SO Y3 woiy SUOIII[D 03 pakordwd st IY3[ (SIA-AN) S[QISIA-ID[OIABIIN  ISBAIOUI UB/UONINPAI B SISNEI SUOIIIIO SdX
I9JSueI} UOIIDAO Padnpuroloyd paonpurojoyd jo ures/ssoq pue sfe1-x A319U9-yS1Y Jo UONBUIqUIOD ¥ parerouadojoyd jo aoueidasoe/sso palerpelir nas ur 4
jo1d S-IA 10 ‘sdx ‘ordrourid
£1A17639U01309[0 UMI[[NIA 9Y3 S Yons Spoyawt
y3noiy) suonisod pueq JUIUIULIAOP UIYM
SUO0I3D3[ JO UOTIIAIIP 3} 03UT SIYSIsur SurIapo
dso ‘£)ISUSP UOIIOJ[O UT ISBIIIAP IO ISBAIIUL
0} dSY WOIJ I9JSUeI) UOIIIIT SUOI1309[? JO ured/sso Uk I93I0 3BdIPUI SPYIYS A319Ud pafrerad AISUIP UOIIDJ[D UI SUONBLIBA SdX naus xq 1
SOTUIRUAD Ppa1eys uoneuwIojul sa1npad01d Jo MIT1ATIAQ 1doouoo Teuonerado poyowr  Anug
931BYD UI PIA[OAUT SSID0I] UONeZLIBIRYD

suonouNfoJa)ay dWaYds-S JO -7 }D24IP Ul 9}n0J Jajsuedy abieyd ayy AJ11aA 0} pasn sanbluyods) uonezuaydeleyd jo Alewwns ¢ ajqel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()

"INV £§:SS:/ 920Z/YT/E UO papeo|umoq #720g dUn 0 UO paus!iand 9oy sseody uado

Inorg. Chem. Front,, 2024, 1, 4914-4973 | 4947

This journal is © the Partner Organisations 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qi00950a

Open Access Article. Published on 20 June 2024. Downloaded on 3/14/2026 7:55:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review
()
S &
o = 0
2‘3 'EwQ)
E 3 S25
5 | S
g g To@
s v -
8 Sy
= & Ea o
S 3] swn s
> 9] OK o
Sal|T v o
w2 | L =g o]
w2 = 0% o
[} = j:‘,“—‘ﬂ
gz | g g3
SE|& Sm S
AT a =O 8
w
-
3}
=)
=
13 =)
o ) o L
Q| o0 < o
< | < el
< < o o
w [3) =
2|5 Sk
o] © 33‘
S| @ 88
< L a, c
E|E 5 8
‘5 = [eR=]
Rk S
= |3 Koo
=) v B8
Rl S o
2g¥ Sug
Eo 8 =N.2
“O,QM HE e a
S5O ® @ O .=
=B 28 obgg
v o e v Qo= =
S0 33 E53T
ESTSLE Z2S8z8
D,_‘q:g‘tvm =9 S =
3] 2 = SosgE=Ec
o O o = 7] S 3]
= o o = =3
= o = 58 w0
o 2P E 9 Qw-‘ovgl
o— —
8":4-:<E "‘50"3
29 < v @ © o
SRl I N B
XEREngvouasl
(5] 0o 2 S p .S g =%
3| o82E88825=2C3 >
17} B 9]
=] o gb‘aot)-ﬂ""ou
S|EEIHFSSELES 2
O gma'éamugg_gﬁg‘
SlStEosc22E55
8| Z2eg8c88582 28
5|33 9 gamg§-~mg
| gEEEEsES88ux
S| E8ZESE5285s
E|lEFaafgEBSEAZD
ol v g S92 E=E9Q
2| 22528855822
O|FoESad880830wnws
=]
< S
g=}
=] <
< o
<2 %
Q S
2 k=l
@ =
"g <
= =]
-8 2
[3) D —
@ .S 5.8
o (=%} S o
Q=2 O o
[ 5] = = ©
= c g w £
S|l = o 2
o — B«
= R
= %m @»n ©
c | 8.5 L@
§|2E E=
K= ot
5| Z8 g g
5 gw QE
o, Y o
o < = O
O | mon N1
=]
s}
=)
IS
X
3|5
2| g
< s 9
Q 55 | -
Q Nt; Ay
< | =g [ >
O E|FE o
%)
)
3 g
S = —
- 2] — —

4948 | Inorg. Chem. Front., 2024, 1, 4914-4973

View Article Online

Inorganic Chemistry Frontiers

ORR pathway presents a formidable challenge, chiefly due to
unsatisfactory selectivity, determined by the activation energy,
stemming from the competing four-electron-transfer pathway,
which enjoys a more favorable thermodynamic barrier
(Fig. 22¢c and d). Precisely, the redox potential of O,/H,O (+1.23
V vs. NHE) is more positive compared to O,/H,O, (+0.68 V vs.
NHE), establishing H,O0 as the prevalent product. Particularly,
semiconductors with a CB more positive than +0.68 V versus
NHE will find H,0, synthesis thermodynamically impeded/
prohibited, favoring the four-electron-transfer process to yield
H,O instead.

O, +e” — "0, (E°=—0.33 Vvs. NHE) (4)

‘0,” +e +2HT — H,0, (E°=+1.44 Vvs. NHE) (5)
‘0" +h™ — 10, (E°=40.34 V vs. NHE) (6)

0, +2¢~ +2H" — H,0, (E°= +0.68 Vvs. NHE) (7)

0O, +4e” +4H" — 2H,0 (E° = +1.23 V vs. NHE) (8)

6.2. Water oxidation reaction (WOR) pathway

Contrary to the ORR, the WOR is initiated by photoinduced
holes within the VB of g-C3;N,. Similar to the ORR, the WOR
can proceed through three distinct reaction pathways, invol-
ving one-, two-, and four-electron transfers, represented by
eqn (10), (9) and (12), respectively. Remarkably, the redox
potential for the 2e™ transfer pathway is +1.76 V versus NHE
(egn (9)), which is higher than +1.23 V versus NHE for the 4e™
transfer pathway (eqn (12)). This signifies that the formation
of H,0, is thermodynamically less favorable compared to the
oxygen evolution reaction (OER). Consequently, this thermo-
dynamic preference results in the predominant generation of
O, and poses a challenge for H,O, production during the
WOR. The production of H,0, through water oxidation can
occur via a concerted 2e” transfer WOR or an alternative indir-
ect, stepwise single e~ transfer WOR pathway. In the indirect
route, when the VB edge surpasses +2.73 V versus NHE, the
single electron transfer WOR has the potential to generate
"OH, as illustrated by eqn (10), and subsequently, a pair of
OH can merge to produce H,0,, in accordance with eqn (11).
However, the realization of this process is entangled with
difficulties attributed to the high standard potential (+2.73 V
vs NHE), sluggish reaction rates, and diminished selectivity
over the OER process.'®” The pronounced oxidation potential
of the H,O/"OH couple restricts the formation of "OH, which
also plays a pivotal role in the decomposition of H,0,.'*?
Relative to the indirect step, the direct concerted 2e™ transfer
WOR, represented by eqn (9), demonstrates superior thermo-
dynamic favorability for the synthesis of H,0,. This necessi-
tates the VB edge position of the photocatalyst to be located
within the +1.76 and +2.73 V range versus NHE. However, this
photoinduced WOR route, indicated by eqn (9), invariably
intertwines with competing reactions, such as the single-elec-
tron WOR generating "OH (eqn (10)) and the four-electron
reaction resulting in O, (eqn (12)). While the process involving
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energy diagram. (e) The concept of uphill and downhill processes in this production process. The figures are reproduced with permission from ref.

189. Copyright 2024, Wiley-VCH.

the formation of H,O, through the pairing of hydroxyl rad-
icals induced by holes is theoretically feasible (as outlined in
eqn (11)), the actual yield of H,O, is constrained by the neces-
sity of having a high concentration of these hydroxyl radicals.
This requirement significantly limits the production efficiency
of H,0,. Additionally, the light-driven two-electron WOR path,
which is essential in this process, requires a high oxidation
potential. This high potential, unfortunately, leads to a situ-
ation where the newly formed H,0, is prone to rapid
decomposition, further complicating the effective generation
of H,0,. The photocatalytic WOR for synthesizing H,O0, typi-
cally does not occur in isolation, mainly due to its inherent
limitations. However, an innovative approach involves coup-
ling the two-electron WOR pathway with the hydrogen evol-
ution reaction (HER). This coupling results in a unique inter-
mediate photocatalytic process that simultaneously produces
H, and H,0,. Furthermore, H,0, synthesis can be effectively
achieved through a dual-pathway strategy, which integrates
both the four-electron WOR and the two-electron WOR."®* In

This journal is © the Partner Organisations 2024

this synergistic process, the four-electron WOR pathway
supplies oxygen for the ORR pathway, which in turn facilitates
the generation of H,0,.

2H,0 + 2ht — H,0, + 2H" or 2H,0 — H,0,

+2H" +2¢” (E°=+41.76 Vvs. NHE) ®)
H,O0 +ht - OH+H'orH,0 —" OH + H" (10)
+e” (E" =+42.73Vvs.NHE)
'OH + "OH — H,0, (E°=+1.14Vvs. NHE)  (11)
2H,0 + 4h™ — O, +4H" or2H,0 — O, + 4H" (12)

+4e” (E° = +1.23Vvs.NHE)

6.3. Integrated dual-channel pathway

H,0, can be produced through a novel approach by combining
the ORR and the WOR. For instance, merging the ORR
pathway with the WOR pathway can yield H,0, via dual path-
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ways from both O, and H,0O, enabling 100% atom utilization
efficiency as all atoms of O, and H,O contribute to forming
H,0, (eqn (13)), integrating the two-electron ORR and the two-
electron WOR, which is a combination of eqn (7) and (9).'*®
This integrated approach harnesses the full energy of photopro-
duced electrons and holes, thus optimizing the photocatalysis
process. Additionally, it enables H,O, formation without utiliz-
ing sacrificial agents. Another way to synthesize H,0O, involves
combining the four-electron WOR process with the two-electron
ORR process, utilizing H,O as an electron donor. This process
is outlined using water and oxygen as the sole reactants.
Thermodynamic considerations reveal a challenge in the direct
synthesis of H,O, through two-electron water oxidation driven
by photogenerated holes, as detailed in eqn (9). This difficulty
arises because the oxidation of water to oxygen (O,) in a four-
electron process, which occurs at a potential of +1.23 V versus
NHE, is more thermodynamically favorable than the two-elec-
tron process leading to H,O,, which happens at +1.76 V versus
NHE. It is important to note, however, that this alternative route
described in eqn (14), combining eqn (7) and (12), generates
excess O,, resulting in less than 100% atom utilization
efficiency. In the production of H,0,, as outlined in eqn (13)
and (14), the water oxidation half-reaction is thermodynamically
challenging, requiring an uphill effort with a notable gain in
free energy, specifically 204 kJ mol™" and 117 k] mol ™" respect-
ively. This process of generating H,O, from O, and H,O,
without the use of sacrificial agents, aligns well with the prin-
ciples of a photosynthesis process, as characterized by a positive
free energy change (AG > 0) (Fig. 22¢).® In this scenario, solar
energy is effectively harnessed and stored in the form of H,0,
through photosynthesis. Conversely, when employing a hole
scavenger, like organic alcohols, in the oxidation half-reaction
(seen in eqn (15)), the production of H,O, shifts to a photo-
catalytic process. This is because it is a thermodynamically
favorable or “downhill” reaction, where the free energy change
is negative (AG < 0) (Fig. 22e)."® In such photocatalytic pro-
cesses, while solar light speeds up the reaction, it does not
result in the storage of solar energy.'®® It is important to note
that the terms “photosynthesis” and “photocatalytic” are often
used interchangeably to describe the H,O, generation reaction.
However, a clear understanding and differentiation of these
terms is essential for accurate scientific communication,
especially considering their distinct thermodynamic properties
and the role of solar energy in each process.

2H,0 + 0, — 2H,0, (AG =204 kJ mol™) (13)

1
H0+ 0, = H;0, +-0, (AG =117 k] mol ™) (14)
R-CH,OH + 2ht — RCHO + 2H* (15)

Electrochemical investigations have shown that the CB of
g-C;3N, is situated at approximately —1.13 V versus NHE. This
level is adequately negative, surpassing the required poten-
tials for both 0,/H,0, (0.68 V vs. NHE) and O,/°0,~ (-0.33 V
vs. NHE) conversions, endowing it with the necessary
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reduction potential to generate H,O,. However, the VB of
g-C3Ny, at around 1.51 V vs. NHE, does not meet the 1.76 V
vs. NHE threshold needed for H,0, production through the
WOR. Such findings show that g-C;N, possesses a reduction
potential that is adequate for H,0, synthesis via the ORR
under the influence of visible light.** In the context of overall
photocatalytic H,O, generation, the OER plays a pivotal role,
as illustrated in eqn (12). The VB potential of g-C3N,, esti-
mated to be around 1.51 V vs. NHE, is sufficiently high to
facilitate water oxidation, yielding oxygen (1.23 V vs. NHE)
and thereby driving the photocatalytic OER. Nonetheless, the
overpotential associated with the OER often acts as a bottle-
neck in oxygen evolution, thereby impeding the overall
efficiency of the photocatalytic production of H,0,. Thus,
enhancing the OER reaction kinetics is vital for boosting
overall H,O, production efficiency.

Despite the adequacy of the CB and VB of g-C;N, for initiat-
ing the reaction, the photocatalytic efficiency remains limited.
The efficiency of surface reactions on photocatalysts is largely
influenced by the nature of the surface atoms present, the
microstructure, and the density of active sites. Consequently,
for effective photocatalytic H,O, generation, it is crucial to
modify g-C;N, to better support the adsorption and activation
of O, and H,0O molecules.

7. Dynamics of hydrogen peroxide
formation and breakdown

Hydrogen peroxide is inherently unstable, readily decompos-
ing when exposed to ultraviolet (UV) light, under alkaline con-
ditions, or at elevated temperatures. Additionally, the failure to
promptly remove H,0, from the surface of the catalyst can
lead to further reactions with electrons or holes, thus dimin-
ishing the efficiency of photocatalytic H,O, production.
During the one-step reduction of H,0,, 'OH radicals are
formed, whereas h* can interact with H,0, to produce ‘O,
(see eqn (16) and (17)).'8%18>188

H,0, + e~ — "OH + OH™ (16)

H,0, + ht — '0,” + 2H™ (17)

The kinetics of H,0, photoproduction is characteristically
reversible, attributed to the simultaneous occurrence of its
formation and decomposition, which hampers satisfactory
yields of H,0,. This photocatalytic production is a balance
between the formation and decomposition processes of
H,0,. The kinetics of H,0, formation and decomposition are
characterized by zeroth- and first-order processes, respect-
ively, with the overall behavior described by empirical eqn
(18) and (19).

In <7[[§22822]];) = thy (18)
[H,0,] = :—;(1 — e katy (19)
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Here, k¢ and kg represent the rate constants for the formation
(tmol L™ min™") and decomposition (min~") of H,0,, respect-
ively, where ¢ denotes time (min) and [H,0,]; (umol L") refers
to the concentration of H,O, at a given time t. Consequently, a
higher & coupled with a lower k4 indicates increased activity
towards H,0, generation, highlighting the efficiency of the
process. The complexity of H,O, decomposition is influenced
by various factors, including the intensity of light and the
surface properties of the photocatalyst, where reducing light
energy by employing visible light or decreasing the adsorption
capacity of the photocatalyst for H,O, can affect the process.*”

8. Photocatalytic generation of H,O,
by g-C3N4

Shiraishi et al. initially explored the mechanism behind the
photocatalytic generation of H,O, by g-C3N,, highlighting the

I BN N N Y
a TiO,
b g'CsN4
T T T Y
3400 3420 3440 3460

Magnetic field / G

(©) s

1,4-endoperoxide
species

superoxo radical

Fig. 23

View Article Online
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crucial function of 0,.”* Through employing 5,5-dimethyl-1-
pyrroline N-oxide (DMPO), a reagent for spin-trapping, their
study demonstrated the limited occurrence of one-electron O,
reduction to form the *OOH radical on g-C;N,. This conclusion
was supported by electron spin resonance (ESR) analysis, as
shown in Fig. 23a, where there was the presence of a negligible
adduct signal, when g-C3;N, served as the photocatalyst. This
minimal signal infers that the electron prefers to quickly
reduce the superoxo radical (transitioning from d to f) rather
than engaging in one-electron O, reduction (transitioning
from d to e). Analysis of the Raman spectra, as presented in
Fig. 23D, reveals that isotopic labeling leads to the appearance
of new broadband signals at 891 cm™ in the EtOH/H,0/*°0,
system and at 861 cm™" in the EtOH/water/*?0, system, signify-
ing the generation of 1,4-endoperoxide species on the tri-s-tri-
azine unit of the photoexcited g-C;N, surface, via a two-elec-
tron oxygen reduction pathway (illustrated in Fig. 23c, from d
to f). The virtually nonexistent *OOH radical formation (refer-
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(a) ESR spectra of solutions resulting from the photoillumination of TiO, and g-CzN4 in an ethanol/water/O, system. (b) Raman spectra and

calculated Raman shifts for g-C3N,4 following photoreaction with 160, and *¥0, in an ethanol/water mixture. (c) The mechanism for the selective
formation of H,O, on g-C3N4 under visible light illumination. The figures are reproduced with permission from ref. 66. Copyright 2023, Wiley-VCH.
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enced in Fig. 23c; from d to e) likely results from the rapid
reduction of the superoxo radical (transitioning from d to f),
facilitated by the stabilization of endoperoxide species at the C1
and N4 positions of the triazine ring. Consequently, this mecha-
nism effectively hinders/inhibits one-electron O, reduction (d —
e — a), favoring instead a preferential two-electron reduction
pathway. Such a process explains the exceptionally high selecti-
vity of g-C3N, (around 90%) for H,O, production.

Drawing from the aforementioned information, Shiraishi
et al. introduced the mechanism for the photocatalytic pro-
duction of H,0, by g-C;N,, as shown in Fig. 23c. Initially, illu-
mination of g-C3;N, generates photogenerated charges (a).
These charges then separate, with electrons localizing at the
C1 and N4 sites of the triazine ring and holes at the N2 and
N6 sites (b). The o- and p-hydrogens of the alcohol remove
these holes, generating an aldehyde (b to c), while oxygen cap-
tures the electrons from either the C1 or N4 site to form a
superoxo radical (c to d). Subsequently, this radical is quickly
reduced by another electron at the para position, leading to
the formation of the 1,4-endoperoxide species (d to f). The
cycle is completed with the protonation of this species, produ-
cing H,0, (f to a), thereby finishing the photocatalytic process.

9. Performance evaluation method:
apparent quantum yields (AQYs) and
solar-to-chemical conversion (SCC)
efficiencies

The apparent quantum yield (AQY) and solar-to-chemical con-
version (SCC) efficiency serve as pivotal parameters for asses-
sing the photocatalytic performances of photocatalysts, specifi-
cally in the domain of H,O, production. The AQY is essentially
determined by the ratio of the number of electrons transferred
for H,O, production to the number of incident photons at a
given wavelength, and is calculated according to eqn (20)-
(22):42,190

- 2 X ny,o,

AQY (%) = x 100% (20)
aph
E X Aq
Naph = 21
aph U, ( )
h N,
U, = X C; A (22)

In the above formulas, ny o, represents the molar amount
of H,0, produced, N,p, is the number of incident photons
entering the reaction vessel, and E signifies the measured
difference in light intensity transmitted before and after being
absorbed by the photocatalyst (mW cm™2). Additionally, Aq
denotes the area of the light collector part of the radiometer
(cm?), U, is the molar photon energy of the given wavelength 1
(J molynoton 1), k= 6.626 x 107! J s7" is the Planck constant, ¢
=3 x 10° m s™" represents the speed of light in a vacuum, N, =
6.022 x 10**> mol ™" is the Avogadro number, and 1 specifies the
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given wavelength of incident photons (nm). AQY measure-
ments, pivotal for understanding photocatalytic H,0, pro-
duction performance, are conventionally executed in a boro-
silicate glass bottle, utilizing an air mass (AM) 1.5 solar simu-
lator in conjunction with wavelength-dependent band-pass
filters, facilitating a meticulous and detailed evaluation of
photocatalytic efficiency under varying conditions.

Moreover, solar-to-chemical conversion (SCC) efficiency
also plays an integral role in the comprehensive evaluation of
photocatalysts, providing a nuanced understanding of the con-
version efficiency of solar energy into chemical energy, enrich-
ing the overall interpretative framework for analyzing photo-
catalytic performances and their optimization. The SCC
efficiency is a critical metric and is instrumental in evaluating
the transformation of captured solar energy into H,O,. The
methodology for measuring SCC efficiency aligns closely with
the conditions employed for AQY measurements, with the
noteworthy exception being the incorporation of a 1 > 420 nm
cutoff filter. This filter is indispensable for preventing the con-
sequential decomposition of synthesized H,O, by ultraviolet
light, ensuring the integrity of the measurement.

The mathematical representation for calculating SCC
efficiency is given by eqn (23):'8>*%°

AG x ny,o0,

SCC efficiency (% ) = B

X 100% (23)

Here, AG = 117 kJ mol™" symbolizes the Gibbs free energy
required for the generation of H,0, from H,O and 1/20,, P
represents the power of the incident photons, denoted in watts
(W), and t delineates the illumination time, measured in
seconds (s). The number of incident photons, coupled with
the average intensity of irradiation, can be meticulously quan-
tified by a radiometer, rendering a more accurate depiction of
the solar energy harnessed for H,0, production.

In essence, SCC efficiency provides a meticulous evaluation
of the capability to convert captured solar energy into H,O,,
extending a nuanced understanding of the operational efficacy
of photocatalysts in harnessing solar energy for chemical
transformations, thereby enriching the analysis and optimiz-
ation potential of photocatalytic processes.

10. AQuantification method for
photogenerated H,O,

Accurate measurement of photogenerated H,O, is crucial for
advancing the field of photocatalytic hydrogen peroxide pro-
duction since the concentrations achieved through photo-
catalytic methods generally range from the micromolar to
millimolar levels. Presently, the primary methods for this
quantification are spectrophotometric analysis and chemical
titration techniques. In spectrophotometry, the concentration
of H,0, is typically ascertained by employing redox reactions
involving H,0, and specific colour-forming agents. These reac-
tions transform colourless H,0, into substances with distinct
colours, which are then quantified via UV-visible or fluo-
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rescence spectrophotometry supported by pre-established cali-
bration curves. One classical approach employs iodometry,
where H,0, oxidizes iodide ions to form triiodide ions, dis-
playing a unique absorbance peak around 350-353 nm (eqn
(24)).>° To facilitate this redox reaction, a surplus of potassium
iodide (KI) and a catalytic amount ammonium molybdate
((NH4);M00,) are introduced into the initial colourless
medium, where the stoichiometric reduction of H,0, occurs.

31" +2H'" + H,0, — I;~ + 2H,0 (24)

A variety of indicators have been investigated for their
efficacy, including the catalysis of potassium iodide by potass-
ium hydrogen phthalate, the oxidation of N,N-diethyl-p-
phenylenediamine (DPD) facilitated by peroxidase (POD)
and other reactions such as the oxidation of VO;~ salts,
the acid-catalyzed oxidation of o-tolidine, and the oxidation
of 0x0(5,10,15,20-tetra(4-pyridyl)porphyrinato) titanium(iv)
(TiO(tpypH4)*"). Additionally, the reduction of Cu(u) in the
presence of 2,9-dimethyl-1,10-phenanthroline (DMP), the
reduction of cerium(v) salts, and the horseradish peroxidase
(HRP)-catalyzed dimerization of p-hydroxyphenylacetic acid
(POHPAA) have been studied. However, the reliability of these
colorimetric indicators can be compromised in the presence of
specific organic electron donors. For instance, p-benzoquinone
has been found to interfere with DPD and VO;~, leading
to inaccuracies in H,0, quantification. Chemical titration,
specifically using potassium permanganate (KMnO,), is
another commonly employed method for detecting H,O,. This
technique capitalizes on the reductive decolorization of
KMnO, by H,0, (eqn (25)). The reaction can be summarized
as follows:

2MnO, "~ (pink colour) + 5H,0, + 6H™

25
— 2Mn** + 8H,0 + 50, (25)

However, this titration method is susceptible to interference
from aromatic compounds and suffers from the issue of over-
oxidation of a variety of species including H,O, due to the
robust oxidizing nature of KMnO,, thus affecting the accuracy
of H,0, quantification. Thus, spectrophotometric techniques
appear to offer more targeted and reliable results than titration
methods, primarily because the resulting products are identifi-
able by their specific wavelengths. Despite the range of avail-
able H,0, detection methods, there is a pressing need for a
standardized, accurate method for quantifying H,O, concen-
trations in photocatalytic systems.

11. Advancements in g-C3sN4-based
direct Z-scheme and S-scheme cata-
lysts for photocatalytic hydrogen per-
oxide generation

In this section, we provide an overview of recent studies on
g-C3N,-based direct Z-scheme and more relevant S-scheme
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heterostructures aimed at generating hydrogen peroxide
(H,0,) through photocatalysis. We provide a concise overview
of the results from different research groups and include
Tables 4 and 5, which outline the reaction conditions and
efficiencies documented in each study. The development of a
heterostructure based on g-C3;N,, either in the form of a direct
Z-scheme or the increasingly significant S-scheme, when com-
bined with oxidation-type photocatalysts, enables the overall
photosynthesis of H,0, by facilitating the simultaneous pro-
duction of H,O oxidation and O, reduction products by utiliz-
ing the spatially separated oxidation and reduction com-
ponents.’”® This system simultaneously enhances the photo-
catalytic activity by broadening light absorption, improving
stability, and boosting charge carrier and redox active site sep-
aration and modulating their transportation, while also
prolonging carrier lifetimes and optimizing redox potential. It
also aligns with the optical responses of adjacent components,
induces band bending, and creates an IEF with preferred band
alignment, promoting the segregation of useful photoinduced
charge carriers, concurrently addressing the aforementioned
challenges of g-C3;N,. This topic is currently at the forefront of
research in artificial photocatalysis. Our goal is to provide an
understanding of how to create efficient g-C3N,-based photoca-
talysts for the generation of H,0,.

In research conducted by Shiraishi et al., it was found that
resorcinol-formaldehyde (RF) resins could function as a
metal-free photocatalyst for generating H,O, in the absence of
a sacrificial agent.'®> The SCC efficiency of the resin syn-
thesized at 250 °C achieved a global high of 0.5%. Studies have
shown that RF resins created at low hydrothermal tempera-
tures (below 200 °C) display weak photocatalytic activity. This
is attributed to the lack of quinone units (C=O group), which
act as electron acceptors (A), thereby impeding the production
of H,0,. The formation of the quinone group during hydro-
thermal synthesis at high temperatures (above 250 °C) requires
auto-pressurization, which is a crucial step in the process. To
overcome the issues associated with high-temperature syn-
thesis, the group of Su introduced g-C;N, into RF resins using
a low-cost, solvent-free ball milling mechanochemical method.
This innovative approach effectively lowered the temperature
required for quinone group formation from 250 °C to 180 °C,
making the process more accessible (Fig. 24a).'®® This
Z-scheme structure led to an extended visible light absorption
range beyond 800 nm, resulting in the production of
72.8 pmol of H,0, within 12 hours when exposed to visible
light without the need for sacrificial agents. This represents a
2.37-fold enhancement in comparison with the performance
of the unmodified RF resin (Fig. 24b). This innovative
approach offers fresh perspectives on the preparation of
Z-scheme photocatalysts and the formation of quinone groups
in RF resin, contributing to advancements in generating H,O,
within sacrificial agent free systems using visible light, and
presenting possibilities for widespread applications. In a
different study, Li and colleagues developed a metal-free,
entirely organic S-scheme heterojunction, PDINH/PCN, by
depositing perylene-3,4,9,10-tetracarboxylic diimide (PDINH)
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Fig. 24

(a) Schematic depiction of RF-CN-bm preparation. (b) H,O, generation comparison for g-CsN4, RF, RF-CN, and RF-CN-bm. The figures are

adapted with permission from ref. 193. Copyright 2023, Elsevier. (c) H,O, formation by the CNP-4 heterojunction under varying conditions. (d)
Histogram showing H,0, yield after 1 h of illumination. (e) ESR spectra of the DMPO-"0,~ adduct for U-CN and CNP-4 in the absence and presence
of light irradiation. (f) Koutecky—Levich plots from RDE analysis of U-CN and CNP-4 at a fixed potential of —1.0 V versus NHE. The figures are
adapted with permission from ref. 152. Copyright 2023, Wiley-VCH. (g) H,O, formation over time when exposed to simulated sunlight. (h) Schematic
of the photocatalytic mechanisms in the Zn-TCPP/CN S-scheme heterojunction for H,O, generation. The figures are adapted with permission from

ref. 197. Copyright 2023, Elsevier.

onto porous carbon nitride (PCN) through a crystallization
process.'®* This structure includes PDINH nanosheets, which
are formed through interactions involving hydrogen bonding
and n-n stacking, combined with PCN nanosheets. The
PDINH/PCN composite achieved a peak rate of H,O, pro-
duction at 922.4 pmol h™" g™, significantly surpassing those
of individual PCN and PDINH, as evidenced by ESR spectra
showing strong "O,” and "OH radical signals. This indicates
that H,0, synthesis occurs through ORR and WOR dual path-
ways, utilizing the CB electrons of PCN and the HOMO
holes of PDINH in the S-scheme heterojunction for these
processes.

Organic/inorganic hybrid heterostructures are emerging as
effective solutions for H,0, photosynthesis, typically formed
through weak noncovalent interactions like electrostatic inter-
actions, van der Waals forces, and hydrogen bonds. However,
efficient charge transfer at the organic-inorganic interface
remains a challenge. Using specifically tailored polymer struc-
tures, which can covalently bond, may overcome this issue by
reducing interfacial charge transfer resistance and enhancing

4956 | Inorg. Chem. Front, 2024, 1, 4914-4973

charge migration. Metal-free Z-scheme photocatalysts are par-
ticularly promising in this regard, given the wide range of suit-
able organic moieties for heterostructure -creation. For
instance, the Z-scheme photocatalyst PI,-NCN, created by co-
valently attaching polyimides (PIs) to g-C3N, nanosheets,
demonstrates efficient stepwise single-electron ORR and WOR
processes for H,0, production.'®® Notably, the optimized
PI5.0-NCN variant shows a threefold increase in H,0, pro-
duction rate to 60 pmol h™' compared to pristine NCN. Zhang
and co-workers developed a novel S-scheme photocatalyst
named C3;N,/PDA (CNP) by combining ultrathin g-C3N, (U-CN)
with in situ self-polymerized polydopamine (PDA).'>> This
photocatalyst significantly enhances H,O, production, reach-
ing 3801.25 pmol g~' h™', when exposed to light, surpassing
the rates of U-CN and PDA by approximately 2 and 11 times,
respectively. The S-scheme structure of CNP facilitates
improved light utilization, charge carrier segregation, and
transmission, resulting in its enhanced efficiency in producing
H,0, through photocatalysis. The production process, inhib-
ited under ‘O,” scavenging conditions, involves an indirect
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stepwise single electron O, reduction pathway, as confirmed
by ESR spectroscopy and rotating disk electrode (RDE) charac-
terization studies (Fig. 24(c-f)). These findings indicate that
H,0, is derived from ‘O,  intermediates. Li and colleagues
devised a new S-scheme heterojunction, termed PDI-Ala/
S-C3N,, which was entirely organic.'*® This was achieved by
affixing  N,N’-bis(propionic  acid)-perylene-3,4,9,10-tetracar-
boxylic diimide (PDI-Ala) onto sulfur-doped g-C;N, using an
in situ self-assembly technique. The effectiveness of this het-
erojunction is attributed to the aromatic nature of g-C3N, and
the highly conjugated © bonds of PDI-Ala. This enables strong
binding through interactions such as n-n stacking and C-N
bonds. The resulting composite exhibited a H,O, formation
rate of 28.3 pmol h™" g™, outperforming PDI-Ala and S-C;N,
by 2.9 and 1.6 times, respectively. This improved performance
is credited to its unique conjugated structure, interfacial elec-
tric field, and the formation of new chemical linkages, all of
which enhance charge carrier migration and segregation
within the system. Additionally, Ye and colleagues developed a
Z-scheme photocatalyst through the in situ polymerization of
zinc polyphthalocyanine (ZnPPc) onto boron-doped, nitrogen-
deficient g-C;N, nanosheets (NBCN).'®® DFT analysis showed
electron transfer from nitrogen atoms of NBCN to the phthalo-
cyanine ring and zinc atoms of ZnPPc, as confirmed by in situ
XPS under varying light conditions, which indicated that zinc
acted as an electron acceptor. UV-vis DRS demonstrated that
the presence of ZnPPc on NBCN broadened the visible light
absorption, with a red-shifted Q band at 710 nm, indicating
enhanced solar spectrum utilization. This heterojunction
facilitated O, evolution from the WOR process in NBCN and
two-electron exchange for the ORR in ZnPPc, resulting in a
remarkable rate of photocatalytic H,O, generation of 114 pmol
g~' h™" in pure water without sacrificial agents. Furthermore,
Xia and colleagues engineered an S-scheme heterojunction
between Zn-TCPP/CN for photocatalytic H,0, synthesis.™®”
This was achieved by attaching zinc porphyrin (Zn-TCPP)
photosensitizer onto g-C;N, (CN) via a -CONH- bridging bond
through the process of calcination. The optimal Zn-TCPP/CN2
composite achieved a H,0, production rate of 532.7 ymol L™*
in 90 min, surpassing those of pristine CN and Zn-TCPP by 3.1
and 9.0 times, respectively (Fig. 24g). In situ irradiated XPS
and KPFM analyses offered insights into the charge dynamics
in the S-scheme between Zn-TCPP and CN, improving carrier
separation and redox capabilities, consequently enhancing the
photocatalytic performance (Fig. 24h). Moreover, theoretical
calculations demonstrated a strong interplay between Zn-TCPP
and CN, promoting electron dispersion and the segregation of
charge carriers.

Bismuth oxyhalides, Bi-rich materials recognized for their
outstanding mass transfer properties, stability under light
exposure, and responsiveness to visible light, effectively cata-
lyze water oxidation owing to their high VB potential. In this
context, Zhang and colleagues created a direct Z-scheme
photocatalyst, Bi,OsBr,/g-C3sN,, by affixing Bi,OsBr, nanorods
onto g-C;N,; nanosheets through a water-assisted self-assem-
bly technique.®® This innovative heterostructure demon-
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strated an impressive rate of H,0, production, reaching
124 pM in 60 min in pure water, which was nearly 25 times
higher than that achieved with g-C3;N, alone. The notable
improvement in H,O, generation is attributed to the face-to-
face attachment of Bi,O5Br, nanorods and g-C;N, nanosheets
in the Z-scheme heterojunction photocatalyst. This arrange-
ment enables effective transfer of charge carriers and
supplies robust redox electrons for O, reduction as well as
holes for H,O oxidation.

Recently, transition metal sulfides and metal selenides have
emerged as promising materials for photocatalytic H,O, gene-
ration. Their narrow bandgaps, broad spectral sensitivity, and
adjustable energy band levels are key factors contributing to
their efficacy in this application. The VB of specific metal sul-
fides falls within a suitable range, creating a significant
thermodynamic driving force for the WOR. Moreover, the CB
of certain metal sulfides is more negatively positioned than
the reduction potential of O,, providing an ample potential for
the ORR. Hence, it is advisable to investigate a broader range
of transition metal sulfides for applications in solar-driven
H,0, generation systems. In this context, Yu and co-workers
synthesized a Z-scheme photocatalyst by attaching Cd.¢Zn, 4S
nanoparticles to ultrathin g-C;N,, employing a direct synthesis
approach to create a distinctive point-to-face arrangement.'!
This morphology prevents agglomeration due to the plentiful
surface binding sites provided by UCN and enables fast inter-
facial charge migration by shortening the carrier travel path. In
situ light illuminated KPFM, DFT calculations, and XPS
studies revealed a strong interfacial electric field between
CdoeZne4S and g-C3N,, leading to an accelerated Z-scheme
exciton migration and segregation route. The CdgZng 4S/
g-C3N, composite demonstrates greater surface potential and
electric field than its individual parts (Fig. 25(a-d)), enhancing
the redox potential and reducing carrier recombination. This
leads to a remarkable photocatalytic H,O, production rate of
1098.5 pmol g~* h™" (Fig. 25e). Additionally, the free energy
diagram also supports the higher O, reducing ability of the
composite (Fig. 25f).

Moreover, combining conventional narrow bandgap semi-
conductors with g-C;N, to form heterostructures has emerged
as a successful approach for creating photocatalysts that are
responsive to near-infrared (NIR) light. This enhances solar
absorption in the NIR region and improves the separation of
charges. In this context, Wang and colleagues created a
Z-scheme photocatalyst, Cu,(OH)PO,/g-C3N,, capable of a full-
spectrum response for producing H,0,, which was achieved by
using an in situ hydrothermal method.'”® Cu,(OH)PO,, with
strong NIR absorption (800-1200 nm), as shown in Fig. 25g,
enhances the overall solar absorption of the composite.
Additionally, the [PO,]*~ content of Cu,(OH)PO, improves O,
adsorption, crucial for photocatalytic H,O, production, as
indicated by the O,-TPD signal (Fig. 25h). The optimized CN/
CuPO (20%) photocatalyst achieves a 7.2 mmol L™ H,0, con-
centration under simulated sunlight without sacrificial agents,
outperforming neat g-C3;N; and Cu,(OH)PO, by 13 and 31.3
times, respectively. Likewise, Li and collaborators prepared a
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2023, RSC. (g) UV-vis spectra comparison. (h) O,-TPD analysis comparison

of g-CzNg4, Cux(OH)PO,4, and CN/CuPO(20%) samples. The figures are adapted with permission from ref. 198. Copyright 2018, ACS.

Cu,(OH),C03/g-C3N, composite capable of responding to the
full spectrum of light.'*® They achieved this using a self-sacrifi-
cial method, wherein partial decomposition of g-C;N, resulted
in a Cu,(OH),CO3/g-C3N, composite with a highly effective
combined interface. This composite exhibited significant
absorption in the near-infrared (NIR) range (800-1200 nm)
and achieved a H,0, concentration of 8.9 mmol L™ when
exposed to simulated sunlight. This performance surpasses
those of pristine g-C3N, and Cu,(OH),CO3; by more than 16
and 26.9 times, respectively. This highlights the importance of
integrating NIR-based semiconductors into Z-scheme photoca-
talysts for enhanced H,0, production.

In another report, Liu et al. developed a 2D/2D Z-scheme
photocatalyst in the O-doped g-CN/ZnInS-Zn (ZIS-Z/OCN)
system with defect engineering for improved photoinduced
ROS production.>®® ZIS-Z/OCN, featuring a better interfacial
electric field (IEF), reduced charge transport distances, and
zinc vacancies, efficiently minimizes hot charge-carrier recom-
bination and speeds up charge movement at the hetero-inter-
face. This leads to exceptional molecular oxygen activation
under visible light, surpassing those of pristine ZIS-Z and
OCN. Consequently, the 40ZIS-Z/OCN sample produces
168.67 pumol L™' of H,0, during 80 min of visible light
exposure. Furthermore, Sun et al. developed a unique photo-
catalyst by merging agaric-like microporous g-C;N, with sulfur
vacancy-modified, flower-like ZnIn,S,, forming an S-scheme

4958 | /norg. Chem. Front., 2024, N, 4914-4973

heterojunction (g-C3N,/Sv-ZnIn,S,) that showed a H,0, pro-
duction efficiency of 1310.18 pM, which was four times higher
than that of pristine g-C;N, (Fig. 26a)."”* The efficiency of the
catalyst is enhanced by its strategic morphology, sulfur
vacancies, and the design of interfacial S-C bonds, along with
an interfacial built-in electric field that guides the S-scheme
electron transfer. H,0, generation follows an indirect two-step
single-electron transfer route. The charge migration path is evi-
denced by EPR spectra: under light, the g-C3;N,/Sv-ZnIn,S,
composites show stronger DMPO-"0O,~ and DMPO-"OH signals
compared to their individual components, indicating
enhanced "O,” and "OH radical production and effective
charge migration facilitated by the S-C bonds and S-scheme
heterojunction, thus boosting H,0, production (Fig. 26b and
¢). Jiang and co-workers developed an iron-free photo-Fenton-
like (PFL) reaction system using a direct Z-scheme hetero-
structure composed of sulfur vacancy modified MoS, with
carbon nitride nanotubes (MoS,_,/TCN), offering a break-
through for generating hydrogen peroxide over a wide pH
range and addressing the traditional limitations of Fenton
oxidation (Fig. 27a).”°' The band structure of MoS,_,/TCN
facilitates the rapid segregation of photoexcited electrons
and holes. DFT results reveal that the Z-scheme charge
dynamics lowers the energy barrier for *tOOH and *HO,™ for-
mation, while S vacancies on MoS,_, improve photoinduced
electron utilization by MoS,_,/TCN (Fig. 27b and c). This
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qi00950a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 20 June 2024. Downloaded on 3/14/2026 7:55:57 AM.

(cc)

Inorganic Chemistry Frontiers

View Article Online

Review

(b)

DMPO- -0y

Sy-ZIS/ICN

Intensity (a.u.)

13
DMPO- -OH

(c)

A
Q.
-

2!
Sv-ZIS/ICN

\ A ) ,J q~ Sv-ZIS

2

H,0, (pmol h™' g™)
g

000

500 1

K*/1--CN
30%K*/I-CN/CdSe-D
[ 40%K 1-CN/CdSe-D

50%K*/I"-CN/CdSe-D)
60%K*/I"-CN/CdSe-D)
CdSe-D

|
10004 :
3DA-CN |
b A A AR 500 1
Dark *'WWVW/\M% |
: : r - - T - - 0 —
3480 3500 3520 3540 3560 3460 3480 3500 3520 3540 3560
Magnetic field (G) Photocatalysts
Dark environment Light environment
»
Electric field \ Electric field
-1 —0.73V —1 1= 1 —
______ c e (o ot = E. ____—L—_EC '—————“—(—Ec
Ec —025V Ec E. Ec ¢
=) | e ¢ W il = a = ——1
= 0+ Z 0 e Z 0 = T o f =
= = éé + B
4 4 € & P &
3 =z < e e - —_
= = [ B = \
& 1l 119V i (. & . - o e .
b= 1 Ly [ g v = 1L E, B 1 = = — hEV = 1l I —%-EV
e K] S s ) 1
& CdSe-D = CdSe-D P CdSe-D = CdSe-D
.4 B 207V o B - - E.,_l :
K/I-CN K'/I-CN K'/I-CN e
Before contact After contact Interfacial electric field formation Light irradiation
Fig. 26 (a) TEM images showing the Sv-ZIS/CN composite. ESR spectra of (b) DMPO-"0O,~ and (c) DMPO-"OH for Sv-ZIS/CN, Sv-ZIS, and 3DA-CN

samples. The figures are adapted with permission from ref. 173. Copyright 2022, RSC. (d) H,O, production rates over the catalysts under visible light
(A > 400 nm) illumination. (e) Schematic depicting the charge transfer mechanism in the K*/I"-CN/CdSe-D S-scheme heterojunction. The figures are

adapted with permission from ref. 204.

Copyright 2024, Wiley-VCH.

4
(b) | —1eN
Y R MoS,/TCN-3
»
ik 0,
[ 0 S }
> i
o
o
s =24 [
o 1
b4 —_—t
. °
HZOZ
-6
4
=0= PCN
L (d) —0— 1CuInSyPCN (c) ——TCN
= —0— 2CulnSyPCN £ — MoS,ITCN-3
= =0= 3CulnSyPCN / ;
£ 1000 —o— 4Culns,/PCN / 24
E' —0— CulnS, // 3
g —0— 3CulnS,@PCN » P
2 2
£ i g
S 500+ €y
!)N ° -
e, [] oz
= 4
w
0
T r T : r T r 24
0 10 20 30 40 50 60 Ty
Time / min HOO
Fig. 27 (a) SEM images of MoS,_,/TCN-3. Free energy change graphs for the *HO,™ 2e™ ORR pathway under (b) acidic and (c) alkaline conditions.

The figures are adapted with permission from ref. 201. Copyright 2023, Elsevier. (d) Photocatalytic H,O, generation by PCN, CulnS,, 3CulnS,@PCN,
and xCulnS,/PCN samples. The figures are adapted with permission from ref. 202. Copyright 2023, Elsevier.

This journal is © the Partner Organisations 2024

Inorg. Chem. Front,, 2024, 11, 4914-4973 | 4959


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qi00950a

Open Access Article. Published on 20 June 2024. Downloaded on 3/14/2026 7:55:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

results in a high performance and stable H,O, generation
(254.8-269.9 pmol g~* h™" in pure water, 1879 pmol g~* h™' in
10% isopropanol) over the pH range of 3-9. This approach pro-
vides an innovative strategy for on-site generation and acti-
vation of H,0, in Fenton oxidation reactions. In related
research by Zhang et al., an S-scheme heterojunction, CulnS,/
PCN, was developed through an in situ low-temperature hydro-
thermal method.?°®> The catalytic efficiency of the optimized
sample, 3CulnS,/PCN, showed a H,0, production rate of
1247.6 pmol L' h™', substantially exceeding the performance
of the separate components. It was 11.6 times higher than that
of PCN (107.4 pmol L' h™) and 16.0 times higher than that
of CulnS, (78.0 pmol L' h™") (Fig. 27d). Furthermore, the
apparent quantum yield for H,O, generation using 3CulnS,/
PCN achieved 16.0% at a wavelength of 420 nm.

Additionally, Wang et al. developed an S-scheme p-n het-
erojunction photocatalyst, PCN/MnS, by combining p-type
a-MnS with n-type protonated g-C;N, (PCN) through a one-
step synthesis method.””® This composite develops a nano-
sphere morphology of a-MnS with lamellar-derived protonated
2-C3N, layers on its surface, forming a heterojunction that
improves the surface area, light absorption capacity, and
charge migration. This structure significantly boosts the
photocatalytic production rate of H,O, to 209.4 pM h™", out-
performing pure a-MnS by 1.5 times in air without needing O,
gas bubbling or sacrificial agents. Moreover, the group of He
synthesized a K'/I"-CN/CdSe-D S-scheme photocatalyst by
incorporating potassium and iodide ions intercalated into
carbon nitride together with diethylenetriamine modified
cadmium selenide through a dual approach involving molten
salt and microwave-assisted hydrothermal techniques.”®* The
incorporation of I~ and K' ions into C;N, improves light har-
vesting and reduces the distance required for charge transfer
between layers. Additionally, the formation of interfacial C-Se
bonds effectively regulates the charge migration process. The
40%K'/I"-CN/CdSe-D composite demonstrated an outstanding
H,0, formation rate of 2240.23 pmol h™' g™" in the absence of
a sacrificial donor through a stepwise single-electron ORR
route (Fig. 26d). This method of combined interfacial chemical
bonding with ionic intercalation and an S-scheme heterojunc-
tion offers a novel approach for reducing the recombination of
photoexcited charge carriers and improving the efficiency of
H,O0, photosynthesis (Fig. 26e).

The incorporation of cocatalysts onto g-C;N, is a commonly
employed method to improve its photocatalytic performance
for generating H,0,. Cocatalysts can capture photoinduced
electrons from g-C;N, and provide catalytic centers to promote
surface redox reactions. Additionally, certain cocatalysts can
improve the light absorption capabilities of g-C;N,. MXene,
CQD, rGO, and metallic transition metal compounds such as
metal phosphides are frequently used as cocatalysts. They can
create Schottky junctions with g-C3N,, serving as efficient elec-
tron sinks because of their high work functions, which sub-
stantially decrease inherent recombination of electron-hole
pairs. Tiz;C, MXene, a layered two-dimensional transition
metal carbide known for its superior electrical conductivity,
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forms a Schottky junction when combined with n-type semi-
conductors. In this regard, Yang and team members developed
a Ti,Cs/g-C3N,/BiOCI (TC/g-CN/BOC) composite consisting of
both a Z-scheme and Schottky junction with significantly
enhanced H,0, production efficiency.>®> This composite,
under sunlight exposure, enables the transfer of photoexcited
electrons from the CB of BiOCI to the VB of g-C;N, to merge
with holes, encouraging oxidation in the VB of BiOCL
Concurrently, electrons from the CB of g-C;N, transfer towards
TizC,, aiding in the reduction of O, to H,0,. This TC/g-CN/
BOC composite shows impressive photocatalytic H,O, pro-
duction, reaching 1275 pM in 60 min under simulated sun-
light. Similarly, Parida et al. developed a Schottky functiona-
lized direct Z-scheme ternary heterojunction photocatalyst,
a-MnO,@B/O-g-C3N,/d-Ti;C,, employing a simple two-step
synthesis method for photocatalytic H,O, production.”’® The
5-MX/MBOCN variant, with 10% ethanol, achieved an optimal
photocatalytic H,0, formation rate of 2846.4 pmol h™" g7
which was 2.5 times higher than its binary MBOCN counter-
part. The enhanced performance is owing to the combination
of direct Z-scheme charge migration and the incorporation of
a metallic delaminated MXene cocatalyst in the Schottky junc-
tion, providing a novel approach for optimizing charge
migration and boosting H,0, photosynthesis efficiency.
Furthermore, Chen et al. developed a ternary system, a-Fe,O3/
CQD@g-C;N,, using a solvothermal process.>®” The a-Fe,0/
CQD@g-C;N, hybrid experiences boosted e /h" separation
efficiency due to the established Z-scheme heterojunction
along with the electron capturing ability of carbon quantum
dots (CQDs), which in turn improved the H,O, production
rate. The photocatalyst attains a H,O, production rate of
1.16 pmol L™" min~' when exposed to visible light, outper-
forming pure g-C;N, by 19 times. Additionally, the inclusion
of Fe,O; shifts H,0, formation from a sequential single-elec-
tron indirect ORR to a direct two-electron ORR, providing
active sites for H,O, formation via the 2e~ WOR route, owing
to its VB position being more positive than the H,0,/H,0 elec-
trode potential. Similarly, Li et al synthesized a ternary
Z-scheme composite, rGO-decorated W;30,0@g-C3N, (r-CNW),
by employing a straightforward in situ hydrothermal technique
for H,0, production, in which rGO acted as both a charge
transfer facilitator and a co-catalyst for the oxygen reduction
reaction.””® The optimal r-CNW-2 sample showed significantly
improved H,O, generation rates (71, 58.5, and 9 pmol g~* h™)
under simulated solar, visible (>400 nm), and NIR light
(>800 nm), which were 1.3 and 2 times greater than those of
2-C;N, (Fig. 28a). This improvement in performance, especially
under NIR light, is credited to the transfer of LSPR hot elec-
trons to the CB of g-C3N,, which boosts the oxygen reduction
reaction. The Parida group created a ternary nanohybrid CNZ/
BCN-NiP,_, using ZIF-8 derived C,N-codoped ZnO (CNZ) and
B-doped g-C3N, (BCN) decorated with Ni,P, nanoparticles
through a facile calcination-phosphidation strategy.>®® The
optimized CNZ/BCN-Ni,P,_, photocatalyst notably achieved a
high H,0, production rate of 2873.46 pmol h™' g™ when
exposed to light, nearly twice the performance of the binary

This journal is © the Partner Organisations 2024
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permission from ref. 208. Copyright 2023, Elsevier. (b) H,O, generation rates of CNZ/BCN(1:1) and CNZ/BCN-Ni,P,_, samples. (c) Diagram of
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CNZ/BCN (1:1) composite (Fig. 28b). This improvement is
attributed to the complex intimate contact of the CNZ and
BCN Z-scheme heterojunction, along with Ni,P, cocatalyst inte-
gration, which improves photogenerated charge separation,
mobilizes photoexcitons, increases surface reactive sites, and
enhances photon absorption (Fig. 28c). Oxygen vacancies also
play a crucial role, acting as active sites for H,O, generation,
increasing photoexciton transmission, and reducing electron—
hole recombination.

Shi et al. developed a Z-scheme heterojunction composite,
KCN/WO;, by thermally copolymerizing K'-doped g-C;N,
(KCN) with WO; nanoparticles.”*® The K* doping of the g-C;N,
layers reduced electronic localization and expanded the © con-
jugated system, facilitating electron transmission. The process
of K" doping and WO; coupling realised an enhanced charge
segregation in g-C;N,. The KCN10/WOj3(10%) composite, lever-
aging the low CB of KCN10 and the high VB of WOj;, signifi-

This journal is © the Partner Organisations 2024

cantly increased H,0, photocatalytic production to 1.33 mmol
L' in 4 h without O, bubbling, a 27-fold improvement over
undoped g-C3N,. W;30,9, a sub-stoichiometric tungsten oxide
with a tunable bandgap and broad light absorption from
visible to NIR, is favored for g-C;N, modification due to its
abundant oxygen vacancies and LSPR effect, similar to noble
metals. These vacancies lead to collective charge oscillations,
enhancing the LSPR effect. Based on this concept, Zhang and
co-workers developed a W;3040@g-C3N, two-dimensional
layered Z-scheme heterostructure, using in situ solvothermal
growth of W;30,, nanobelts over the surface of g-C;N,
nanosheets.>"" The heterostructure composite using crystalline
2-C3N,; (W130,49-CCN) exhibited higher crystallinity and an
improved interface compared to its amorphous counterpart
(W15040-ACN), enhancing the photogenerated charge carrier
transport efficiency. This resulted in extended light absorption
from Vis to NIR and significantly higher charge separation/
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transport efficiency in W;30,9-CCN. W;30,o-CCN achieved a
H,0, evolution rate of 5550 uM g~* h™" under the full spec-
trum, which was about 2.4 times that of W;30,4-ACN. This per-
formance is attributed to the synergistic effect of the Z-scheme
structure and improved interfacial structure in W;g049-CCN.
Similarly, Li and colleagues synthesized a 2D S-scheme photo-
catalyst by combining sulfur-doped porous g-C;N, (S-pCN) and
tungsten oxide (WO, ;,) semiconductors via a solvent evapor-
ation-induced self-assembly.>'*> This novel composite, show-
casing optimal contact and excellent photocatalytic perform-
ance, achieved a H,0, yield of 87 pM in 3 h under illumination
without sacrificial agents in distilled water. This efficiency is
due to the oxygen vacancies and the tunable localized surface
plasmon resonance (LSPR) effect of WO, ,, alongside the
S-scheme mechanism (Fig. 28d).

Liu et al. created a ZnO/g-C;N, (ZCN) S-scheme heterojunc-
tion photocatalyst featuring a hierarchical porous structure,
specifically designed for H,O, production, through calcining
the urea-impregnated ZIF-8 MOF.">" The formation of macro-
pores in ZCN12 was observed in FESEM images, resulting from
ZIF-8 micropore expansion and rupture due to the release of
NH; gas during calcination, while N, physisorption confirmed
the presence of micropores and mesopores, as shown in
Fig. 28e. This unique hierarchical porous structure of ZCN12
not only enhances mass transport and light absorption but
also expands its surface area, offering additional active sites
on the surface for photocatalytic H,O, generation. The in situ
development of g-C3N, on ZnO forms a tightly integrated
S-scheme heterojunction, leading to the composite’s excep-
tional H,0, production rate of 1544 pmol L™ h™". This rate is
3.4 and 5 times greater than those of g-C;N, and ZnO individu-
ally, respectively (Fig. 28f). The improvement in H,0, pro-
duction is ascribed to both the S-scheme charge transfer
mechanism along with the sponge-like architecture of the
photocatalyst.

Jiang et al. successfully engineered a 3DOM SCN/T S-scheme
composite by electrostatically combining TiO, nanoparticles
with sulfur-doped g-C;N, in a 3D ordered macroporous (3DOM)
architecture, achieving a high yield of 2128 pmol h™" g™' in
H,0, production from pure water.>'® This performance is cred-
ited to the combined effects of the 3DOM structure, which
enhances surface reactive sites, amplifies light absorption (via
multiple scattering and the slow photon effect), and facilitates
mass transfer, together with the S-scheme heterojunction that
enhances exciton separation and redox efficiency. Additionally,
this system effectively combines the strong oxidation properties
of TiO, with the strong reduction capabilities of SCN, enabling
efficient ORR and WOR processes for H,O, production. In situ
DRIFTS analysis after visible-light irradiation revealed enhanced
absorption peaks at 805, 877, 995, 1100-1250, and 1330-
1514 cm™ ", corresponding to tri-triazine units, adsorbed H,0,,
adsorbed "O,” and 'OOH species, and C-N stretching in aro-
matic rings (Fig. 28h and i). Conversely, water absorption bands
at 3500 and 1573 cm™ ' decreased, indicating its consumption
as a proton carrier in O, reduction (Fig. 28g), with no "OH
bands being detected. This suggests that the triazine structure
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in the 3DOM SCN/T S-scheme heterojunctions predominantly
facilitate the O, reduction pathway in photocatalytic H,O,
formation.

Again, the Parida group developed a Z-scheme heterojunc-
tion by attaching mixed-phase, macroporous TiO, (n-type)
nanoparticles onto B-doped g-C;N, (BCN) (p-type) nanosheets,
using sonication and calcination methods.”"* Their optimal
photocatalyst, TBCN-8, demonstrated the highest efficacy, pro-
ducing 110 pmol h™ of H,0,. Liu et al. developed an S-scheme
heterojunction named CN-HMoP by embedding polyoxometa-
late (HMoP) nanoparticles into g-C;N, nanosheets using a cal-
cination-post hydrothermal method.*'> This process involves
the formation of Mo-N bonds between the Mo atoms of HMoP
and the amino groups and N atoms of the triazine rings of
¢-C3N,. These bonds facilitate the layer-by-layer insertion of
HMoP nanoparticles into the g-C;N, lamellae, leading to
enhanced charge transfer and reduced carrier transfer resis-
tance by exfoliating g-C;N, nanosheets. Furthermore, the resul-
tant S-scheme heterostructure not only facilitates the effective
spatial separation of exciton pairs but also maintains high
redox potentials, contributing to its superior photocatalytic
performance. Under simulated sunlight and visible light, H,O,
generation rates of CN-HMoP were 137.1 and 113.1 pmol L™
h™, respectively, significantly outperforming those of pristine
CN by 17.7 and 16.8 times.

12. Summary, challenges and future
prospects

Hydrogen peroxide (H,O,), widely used in chemical synthesis,
wastewater treatment, metal extraction, and textile bleaching,
is gaining global importance for its eco-friendliness. The
photocatalytic production of H,0,, utilizing water, oxygen, and
solar energy, emerges as a sustainable and cost-effective
method, offering a greener and more efficient solution com-
pared to the traditional, polluting anthraquinone process. This
approach aligns with carbon-neutral objectives and is ideal for
local, decentralized H,0, production. g-C3;N,, a metal-free
polymer semiconductor, is promising for photocatalysis due to
its attributes like high activity, non-toxicity, stability, effective
electronic structure, visible light absorption, readily available
precursors, and affordability. Its tri-s-triazine-based structure
efficiently drives two-electron transfer to O, under visible light,
forming superoxo radicals and 1,4-endoperoxide, thus enhan-
cing H,0, production through the ORR pathway. However, the
OER is crucial but hindered by its high overpotential, limiting
overall H,O, production. Addressing challenges like improving
OER Kkinetics, increasing H,O, selectivity, managing the com-
petition between the 4-electron ORR and HER, and enhancing
the driving force are crucial for optimizing H,O, production
efficiency using g-C3;N,. Despite its potential, the photo-
catalytic performance of g-C;N, in H,O, production is
impeded by several factors: rapid recombination of photo-
induced charges, a narrow optical response range, weak oxi-
dation capability, and low H,0, yield and selectivity.
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Additionally, its practical application is hindered by a low
specific surface area, poor electronic conductivity, and the
need for sacrificial agents to consume photoinduced holes, all
of which restrict its effectiveness for H,O, generation. Thus,
the construction of a g-C3Ng-based direct Z- or S-scheme
heterostructure with oxidation-type photocatalysts enables the
overall photosynthesis of H,O, by facilitating the simultaneous
production of H,O oxidation and O, reduction products by uti-
lizing the spatially separated oxidation and reduction com-
ponents. This system simultaneously enhances photocatalytic
activity by broadening light absorption, improving stability,
and boosting charge carrier and redox active site separation,
while also prolonging carrier lifetimes and optimizing redox
potential. It also aligns with the optical responses of adjacent
components, induces band bending, and creates an IEF with
preferred band alignment, facilitating the spatial separation of
valuable photoinduced carriers, concurrently addressing the
mentioned challenges of g-C;N,. Oxidation semiconductors,
designed to respond to visible light, should have a more posi-
tive VB oxidation potential than that of H,O, which is essential
for the realization of the WOR pathway. Typically, inorganic
metal oxides and oxyhalides exhibit excellent stability, potent
oxidation capabilities, and effective affinity for surface
hydroxyl (*OH) species, aiding the selective formation of H,0,
through the WOR. Thus, combining g-C3N, with oxide/oxyha-
lide photocatalysts can capitalize on their robust redox poten-
tial for enhanced photocatalytic performance. The efficiency of
photocatalytic H,O, production significantly relies on several
factors: the capacity to harvest light, the rates of charge gene-
ration and recombination, the efficiency of charge separation
and transfer to the surface of the catalyst, the degree of oxygen
adsorption, and the rate of surface redox reactions. Recent
research indicates the mechanism of the ORR based on the
initial configuration of O, adsorption: end-on mode adsorp-
tion leads to a stepwise ORR pathway due to the differing reac-
tivities of the oxygen atoms, typical of inorganic photocata-
lysts, in which O, binds to metal sites or oxygen vacancies
through one of the oxygen atoms. Conversely, g-C3N, favors a
bridging adsorption mode, with both oxygen atoms attached
to the surface via n-x interactions, enabling the simultaneous
occurrence of both sequential single-electron and concerted
two-electron ORR pathways when combined with oxide/oxyha-
lide photocatalysts.

In recent years, significant progress has been made in
photocatalytic H,O, production using g-C;N,-based direct Z-
or S-scheme photocatalysts. However, despite these advance-
ments, the technology remains far from practical, scaled-up
application and is still in its infancy, facing numerous chal-
lenges that hinder commercial viability and practical appli-
cations. This review offers a comprehensive analysis of the
current state of the art and suggests further research directions
to bridge the gap towards industrial application. The focus for
future work should be on enhancing performance and devel-
oping high-performance photocatalysts to facilitate the tran-
sition to economically viable and industrially feasible photo-
catalytic H,O, production. Our insights are intended to both
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guide and inspire the development of high-performance
g-C3N, -based direct Z- or S-scheme photocatalysts, highlight-
ing the potential for innovative next-generation photocatalyst
development in this promising yet challenging field.

(1) In photocatalytic H,O, generation, reaction routes are
crucial for selectivity and yield. The 2e” WOR is inefficient due
to a high oxidative potential, while the lower potential of the
4e” WOR not only produces O, for the 2e” oxygen reduction
reaction (ORR), but also facilitates ORR kinetics through intel-
ligently designed interfaces and active sites. Identifying these
sites and understanding electron transfer mechanisms are
vital. Recent studies show that adjusting the conduction band
edge negatively in g-C;N, semiconductors enhances the one-
electron ORR, leading to superoxide radical formation, crucial
for H,0, generation via the two-step ORR process. The adsorp-
tion of these radicals on the surface of the catalyst is key for
improving the selectivity and efficiency of H,O, production.
Additionally, the choice of electron donor significantly affects
the ORR routes in these systems, although the mechanisms
behind this are not fully understood. Further research is essen-
tial to understand the active site nature, reaction pathways,
and their role in high catalytic performance for effective photo-
chemical H,0, generation and the design of novel catalytic
systems.

(2) Mesoporous structures in catalysts enhance rapid mass
diffusion, aiding in displacing H,O, from the surface and pre-
venting its decomposition, while simplifying the separation
process. Focusing on visible light absorption, rather than UV
light, further decreases H,0, decomposition. Utilizing hetero-
geneous reaction systems, such as two- or three-phase systems,
helps detach H,O, from catalysts, minimizing decomposition
and improving oxygen solubility and diffusion. Surface
functionalization to increase hydrophobicity plays a crucial
role in creating a barrier between the catalyst and H,0,, thus
preventing excess reduction of H,O, and boosting efficient
H,0, production under visible light. This hydrophobic modifi-
cation also enhances oxygen diffusion to active sites while pre-
venting H,0, adsorption during the ORR process.

(3) The DFT method is used to calculate the oxygen adsorp-
tion energy and photoinduced carrier distribution, aiding in a
deeper understanding of photocatalytic reaction pathways.
Techniques like transient-photoinduced current (TPC), transi-
ent-photoinduced voltage (TPV), and in situ X-ray absorption
spectroscopy (XAS) offer atom-level insights into H,O, photo-
production. Analyzing O, adsorption behaviors, surface effects
on O, adsorption and activation, intermediate states in H,O,
generation, and the influence of active species is essential. In
situ IR and Raman spectroscopy verify conformational changes
to the catalyst and intermediates in reactions. However, exist-
ing gas-solid in situ methods inadequately represent the
liquid-solid reaction environment in photocatalytic H,O, syn-
thesis, necessitating liquid-solid in situ spectral technology for
an accurate understanding of H,O and O, interactions.
Theoretical calculations like band structures, charge density
mappings, adsorption energies, and reaction pathways serve as
supplementary evidence to support the reliability of the photo-
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catalytic synthesis mechanism. Techniques including in situ
environmental transmission electron microscopy (ETEM),
in situ Fourier transform infrared (FTIR) spectroscopy, and
ultrafast transient absorption (TA) spectroscopy contribute to
microscale observations of photocatalyst structures and reac-
tivity, interface reactions, intermediate formation, adsorption/
desorption processes and the kinetics of electron transfer
during photocatalysis.

(4) The development of standardized protocols for measur-
ing photocatalytic H,O, production is crucial. Consistent stan-
dards are essential for accurately comparing the efficacy of
different research findings in this field.

(5) Photocatalytic hydrogen peroxide (H,O,) production often
uses sacrificial agents and powdered catalysts in water, posing
recyclability challenges. Embedding these catalysts on films or
glass improves recyclability but reduces H,O, yield due to a
smaller surface area. The key challenge is to balance high yield
with catalyst recycling, requiring innovative designs. Charge
carrier separation is the key to producing H,O, efficiently.
However, employing organic scavengers to improve this results
in byproducts and decomposition problems, which complicate
H,0, purification and reduce its scalability. Thus, there is a
growing need for scavenger-free photocatalysts that work efficien-
tly under ambient conditions, utilizing photoexcited holes and
electrons for the ORR and WOR. Moreover, developing self-sus-
taining O, systems for solar-to-chemical conversion is more
economically viable than relying on external oxygen sources.

(6) An innovative approach for enhancing solar energy
efficiency involves a photosynthesis system for H,O, that also
conducts other oxidation reactions to produce valuable chemi-
cals. Currently, most reactions use low-value sacrificial agents
like isopropanol (IPA), which prevent carrier recombination
but contaminate H,0,, increasing purification costs. IPA,
which is converted into isopropyl aldehyde, could be replaced
with compounds like benzyl alcohol or lactic acid, which have
oxidized products with higher commercial value, improving h*
use and adding value to the process.

(7) Focusing on utilizing seawater and wastewater for H,0,
production offers a sustainable and cost-effective approach,
addressing the issue of freshwater scarcity. The abundance of
seawater makes it an ideal alternative for H,O, generation.
Using g-C;Ny-based photocatalysts for this purpose could
notably reduce costs and boost the feasibility of photocatalytic
H,0, evolution technologies.

(8) The photoproduction of H,0, is influenced by factors
like reactor design, light intensity, reaction conditions, temp-
erature, catalyst dosages, and variations in ions and pH levels.
Despite their importance, these critical factors have been
underexplored in recent research. Hence, a thorough under-
standing of their impact on catalytic efficiency is crucial for
enhancing H,0, production for industrial applications.

(9) Enhancing Z- and S-scheme heterojunction performance
requires using appropriate preparation techniques to ensure
robust connections between reductive and oxidative photocata-
lysts and minimizing interfacial charge carrier resistance. The
templated hydrothermal approach merges the RSP and OSP
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effectively and involves preparing one type of photocatalyst as
a substrate, onto which the other type of precursor electro-
statically attaches and is eventually converted into a bonded
photocatalyst on the substrate under supercritical hydro-
thermal conditions. For stable Z- and S-scheme heterojunc-
tions with polymeric photocatalysts, on-surface thermal
polymerization is commonly used.

(10) Over time, g-C3N,-based heterojunction photocatalysts
can lose their effectiveness due to reduced component inter-
actions, affecting charge transfer efficiency and performance.
Enhancing interactions and stability in g-C;N, systems for
real-world applications requires further research. Cost
reduction in H,0, production can be achieved through
efficient synthesis and separation processes, but there are chal-
lenges to address, such as long-term stability and the need for
additional purification due to the powdered nature of the
materials. The production of H,0,, which requires a constant
oxygen flow and sacrificial agents, could be simplified and
made more cost-effective by using oxygen from the air and
water from abundant sources like seawater or wastewater, elim-
inating the need for sacrificial agents.

(11) The Z- or S-scheme-based heterojunctions, with their
strong interfacial electric fields, effectively encourage the an-
isotropic separation of e~ and h', reducing recombination in
bulk and surface areas. However, optimizing this field is chal-
lenging due to charge carrier and defect saturation. A
suggested and effective strategy to counter this involves enhan-
cing the interfacial electric field (IEF) and charge carrier separ-
ation through piezoelectric effects, using piezoelectric and fer-
roelectric polarization fields, particularly in semiconductors
with non-centrosymmetric polar structures. For g-C;N,-based
heterostructures, developing piezoelectric and ferroelectric
polarization through specific modifications can improve
carrier transfer efficiency and suppress recombination, making
the research and development of these piezoelectric hetero-
junctions a promising field.

In conclusion, this research opens new avenues for design-
ing cost-effective, highly selective photocatalysts with enhanced
activity and stability, which could revolutionize the field of
photocatalytic H,O, production and have far-reaching impli-
cations for renewable energy, environmental remediation, and
green chemistry.
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