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A review on the advancements of graphitic carbon
nitride-based photoelectrodes for
photoelectrochemical water splitting

Merin Joseph, {22 Mohit Kumar, (2 “ Suja Haridas, {2 *3°
Challapalli Subrahmanyam € *© and Sebastian Nybin Remello®®

Photoelectrochemical water splitting has been envisaged as a promising green technology for efficient
solar-to-fuel conversion. Graphitic carbon nitride (g-C3sN4) demands prime focus among the emerging
class of potential 2D materials for energy harvesting and storage on account of its high chemical/
thermal stability and metal-free nature. The unique characteristics of the material enable its application
as both a photocathode and photoanode. However, the low photocurrent density of pristine g-CsNy4
curbs its possible commercial application. Considerable attempts to modify the electrodes via nano-
structuring, heteroatom doping, heterojunction formation, and other methods are in progress. The
current review offers insights into the potential and limitations of g-CsN4 as a photoanodic/cathodic
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1. Introduction

The rapidly growing energy demands have challenged the
scientific society to come up with clean, renewable, and sus-
tainable energy sources. However, clean renewable resources,
such as solar, tidal, wind, and geothermal energy, have their
own sets of limitations that hamper the replacement of the
current fossil fuel-based non-renewable resources." In this
scenario, solar energy utilisation remains the most promising
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approach to provide a sustainable solution to the energy crisis.
Despite the abundant and inexhaustible solar energy incident
on the earth’s surface, the average utilisation remains meagre.
The core requirement for solar energy utilisation is the mild
conditions for the operational feasibility of reactions allowing
for the fine-tuning of the selectivity.”® In conjunction with
energy generation, energy storage is also of crucial significance,
with electrochemical and chemical energy storage™® being
equally explored in this domain. Efficient conversion of solar
energy into chemical energy is as momentous and challenging
as direct solar-to-electric conversion. Hydrogen is regarded as a
potential clean fuel with zero carbon emission for the future,
and sustainable H, generation demands prime priority. Of
several available technologies for H, production, photoelectro-
chemical (PEC) water splitting has gained popularity owing to
its relative simplicity and environmental benignity.'”>®°
In comparison with photocatalytic water splitting, PEC benefits
from the generation of H, and O, over separate electrodes,
avoiding gas mixing and back reactions. The external
bias applied in PEC significantly allows for charge separation
and migration, achieving high efficiency as compared to
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photocatalytic water splitting. Photoelectrocatalysis has been
applied in chemical synthesis and nitrogen reduction in addi-
tion to water splitting.'®**

After the initial design of PEC water splitting by Fujishima
and Honda,'? the process has received much attention in the
realm of solar energy conversion and storage revolution.'?
A typical process in a PEC cell involves the light-assisted
generation of voltage by photoactive semiconducting electrodes
and the mobilization of charge carriers to bring forth water
splitting. Efficient PEC water splitting entails materials comply-
ing with various criteria, including suitable band edge posi-
tions, an appreciable absorption of the solar spectrum, effective
charge separation, high hydrolytic stability and photostability,
and cost-effectiveness.’*'*!* Numerous semiconductor mate-
rials have been employed for efficient PEC water splitting.'>>°
However, due to the complex electrode kinetics, fast exciton
recombination, large over potential, and photostability of materi-
als, achievable solar-to-hydrogen conversion efficiencies (STH)
remain too low, thus limiting the commercialisation of PEC water
splitting.

Graphitic carbon nitride (g-C3;N,), a metal-free polymeric
semiconductor material, has aroused global interest as a multi-
functional material for energy harvesting and storage.””?®
Although the material was known for a long time,” Wang
et al. first reported the photocatalytic activity of g-C;N, in
2009.%° Ever since then, we have seen many reports on the
profuse applications of g-C;N, regarding photocatalytic H,
production,®™* pollutant degradation,*?*> CO, reduction,***”
etc. The suitable electronic band structure, visible light absorption
capability, non-toxicity, and easy synthesis from low-cost precur-
sors render g-C;N, an ideal photoelectrode material for energy
harvesting. The photocurrent responses of carbon nitride solids
were first reported by Zhang et al.*® in 2010, paving a new path for
PEC applications.®® Several reports covering various aspects of
g-C;N-based PEC water splitting are available in the literature,*™*
most of which are primarily focused on film fabrication strategies.
In this review, we provide a concise depiction of the basic
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principles of photoelectrochemical water splitting. A brief recap of
the potential of g-C3N, as a photo(electrocatalyst) and the various
electrode fabrication strategies are provided. The focus here is
an in-depth overview of the prevailing status of g-C;N,-based
photocathodic and photoanodic materials for PEC water splitting.
The prospects and challenges are highlighted in the concluding
section.

1.1 Hydrogen economy

The development of a hydrogen economy is mankind’s finest
opportunity for a sustainable energy future considering the
rising expense of fossil fuels and concerns about energy secur-
ity and environmental safety.*® The hydrogen economy refers to
an industrial system where electricity and hydrogen are the two
universal energy carriers.’” In recent decades, there has been a
notable surge in interest in hydrogen as a potential energy
carrier for a sustainable future. With a low heating value,
hydrogen combustion releases more energy than any other fuel
when compared mass-wise. Presently, the reforming of fossil
fuels accounts for 98% of the annual output of H,, which is
about 0.1 Gton.”® The most significant advantage of using
hydrogen is that when it burns with oxygen, it generates heat
and water, unlike fossil fuels, which release carbon dioxide.*’
A ‘low-carbon future’ will arise from the development of the
hydrogen economy. This will lower greenhouse gas emissions
globally, which will mitigate their detrimental effects on the
climate. As the hydrogen economy progresses, ‘green’ hydrogen
is perhaps the most envisaged form of hydrogen. Hydrogen
produced by electrolyzing water using renewable solar energy is
green hydrogen, which has zero carbon emissions.>>*" Despite
making up a very small portion of the energy output at the
moment, H, generation from renewable resources has enor-
mous potential to cover the world’s energy needs without
having a negative environmental impact.*® Since the costs of
these technologies are still too expensive in comparison to
traditional fossil fuel-based technologies, their real-time
deployment will require both considerable technology advance-
ments and cost reductions. Innovations in technology are
particularly required in the areas of storage, transportation,
carbon capture and the low-efficiency hydrogen generation
from renewable sources.*’

1.2 Basics of PEC water splitting

Solar-assisted PEC water splitting is contemplated as a promis-
ing approach for sustainable energy production. The basic
principle of PEC water splitting involves hydrogen generation
utilising solar energy and is aided by an external bias between
the semiconductor photoelectrode and a counter electrode in
the presence of a suitable electrolyte. The external bias enables
the slow kinetics to be overcome and drives the reaction at a
desired rate/current density.”> PEC water splitting is mainly
comprised of two half-reactions, water oxidation or oxygen
evolution reaction (OER) at the anode and water reduction or
hydrogen evolution reaction (HER) at the cathode. Overall,
water splitting can be represented as follows: water splitting
is an energy-uphill process with a AG value of 237 kJ mol ",
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rendering it thermodynamically unfavourable.>® The feasibility
of the reaction demands a minimum energy requirement of
1.23 eV.*! Therefore, the semiconductor photoelectrode should
be able to absorb light energy equivalent to or greater than
1.23 V and subsequently generate electron-hole pairs. In order
to initiate the overall water splitting, the valence band (VB)
maximum of the photocatalyst should be more positive than
the water oxidation potential (Es, = 1.23 eV at pH 0), and the
conduction band (CB) minimum should be more negative than
the hydrogen evolution potential (E%q = 0 eV at pH 0).>>* Thus,
the wavelength employed, along with the band edge positions
of the catalyst, plays a critical role in deciding the efficiency of
overall water splitting. The photoinduced physical and
chemical processes involved include light absorption, charge
separation and migration, charge injection and the corres-
ponding chemical reactions at the electrode.®'*?° The effi-
ciency of the process is heavily reliant on the charge transfer
at the electrode/electrolyte interface. The electrode materials,
depending on their nature, fall under the categories of photo-
anodes or photocathodes. The electrodes perform the dual
roles of light-absorbing antennae promoting electron-hole
generation, and active sites for H,/O, evolution. Generally, n-
type semiconductors are employed as photoanodes with the
Fermi level being closer to the CB minimum. Photocathodes
are usually made of p-type semiconductors, with their Fermi
level being closer to the VB maximum. When immersed in an
electrolyte, there occurs a shift in the Fermi level resulting in
the formation of an electric field and a consequent band
bending. In the case of n-type semiconductors, we have an
upward bending while a downward bending is observed for
p-type materials.*®**? In short, the transfer of electrons to the
electrolyte by a p-type semiconductor generates a cathodic
photocurrent, while an anodic photocurrent is produced when
holes are received by the electrolyte aided by an n-type
semiconductor.>® The electrons generated at the CB of the
photocathode directly migrate to the electrode surface, redu-
cing H' to H,, while holes are transported to the anode for
water oxidation.*®*'>>3%% In the case of the photoanodes,
oxygen is evolved due to direct water oxidation by holes. The
electrons generated at the anode are directed to the cathode via
an external circuit. H' migrates to the cathode to be eventually
reduced to H,.>*****? During the charge migration process,
overpotential results from the energy losses occurring when
electrons migrate through the external circuit and holes
through the space charge region.

OER: 2H,0 — O, + 4H" + 4~ E%,=1.23V (1)
HER: 4H" + 4~ — 2H, E2q=0V (2)

2H20 g 02 + 2H2

The general device setup consists of a photoelectrode (cath-
ode/anode), a counter electrode (usually platinum), a suitable
electrolyte, and a wire completing the circuit. Semiconductor
PEC water splitting may be achieved via single or coupled

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of PEC water-splitting cells with single
and coupled photosystems.

photosystems. In the former case, either the anode or cathode
is photoactive, with Pt being the traditional commonly used
counter electrode. For the coupled (tandem) photosystems,
n- and p-type semiconductors are used as the anode and
cathode, respectively (Fig. 1).>°

1.3 Relevant challenges and attempts for improved PEC
performance

The semiconducting photoelectrodes are the vital constituents
of a PEC system. A flawless photoelectrode material should
meet several requirements, including a low band gap, efficient
charge carrier utilization, low overpotential, wide solar spec-
trum harvesting, excellent stability for extended operation, and
facile low-cost fabrication to enable commercialisation. The
search is still ongoing to explore new photoelectrode materials
exhibiting sustainable PEC performance.’®” Recently, several
semiconductor materials have been acclaimed as effective
photoelectrodes, including oxides, nitrides and sulphides such
as TiO,, BiVO,, WO3;, Fe,03, ZnO, Ta;N5, g-C3N,, MoS,, WS,,
etc. 1520237265859 Nevertheless, none of them fulfils the require-
ments for large-scale synthesis and hydrogen generation. The
efficiency of hydrogen evolution is dependent on the character-
istics of the semiconductor material, including its specific sur-
face area, surface planes, morphology, and optical qualities. The
photocatalyst’s light absorption range is a property of the
semiconductor band gap, whereas the viability for simultaneous
water oxidation and reduction is reliant on the conduction and
valence band positions.> On the other hand, if the material
exhibits optimum photocurrent densities, photocorrosion-
related stability problems will prevent it from performing for
industrial-scale applicability. Unresolved issues including lim-
ited catalyst stability and inadequate efficiency are related to the
physicochemical characteristics of the semiconductor material.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The fabrication of novel materials and the improvisation of
current photocatalyst materials through structural and
chemical modifications will enable the large-scale generation
of hydrogen from solar energy in an efficient manner.> Some of
the key design strategies that can be employed to improve the
overall performance of the photoelectrodes are listed here.

e The construction of heterojunctions is one of the most
frequently utilized techniques for averting charge recombina-
tion. A relative shift in band position may be seen when two
semiconductors with thermodynamically matched band struc-
tures come into contact, causing the band to bend at the
interface. By combining a narrow band gap semiconductor
with a broad band gap scaffold, light absorption could be
enhanced in addition to the internal electric field that improves
the charge separation efficiency.®*®*

e PEC performance has been successfully boosted by tuning
the semiconductor materials into several morphologies, includ-
ing nano-rods/wires, nano-flakes, nanotubes, and nano-porous
structures. The condensed material geometry provides a short-
cut for the charge transport process in addition to having an
accessible area for electrolyte interaction.®®®>%3

e Heteroatom doping, as demonstrated by theoretical and
experimental research, can concurrently improve electrical and
light absorption characteristics by generating shallow donor
and/or acceptor levels.® While employing this tactic, some cases
have reported increased donor density and conductivity, while
other cases have succeeded in modifying the band gap or even
the band structure. However, controlled doping remains
challenging.®®*"%

e One effective way to raise the photovoltage is to deposit
passivation overlayers, which are either a wide band gap
semiconductor coating or a layer of extremely thin, compara-
tively insulating metal oxide. It is used in hematite photoa-
nodes more frequently, which triggers band bending, boosts
photovoltage and decreases onset potential.®®

e The photocorrosion of semiconductor materials, which
happens when photogenerated charges drive the material self-
oxidation (or reduction) instead of the water-splitting reaction,
is one of the major causes of instability in PEC devices.®” Apart
from photocorrosion, there are additional variables that con-
tribute to the instability of PEC water-splitting devices, which
are associated with the interfaces between the electrolytes and
semiconductor catalysts. Finding materials that are inherently
resistant to corrosion remains a potential milestone and is one
way to attain high stability; another is to use protective layers
that can physically separate the semiconductor materials from
the electrolyte. PEC device stability may be impacted by electro-
Iyte conditions (pH, for example); adjusting the electrolyte
composition and controlling the dissolution reaction during
PEC operation can also help in the stable operation of PEC
devices.®

e An approach that shows promise for addressing problems
with single or heterojunction PEC devices is tandem
cell configuration. PEC systems can offer higher STH by harvest-
ing a broader solar spectrum in tandem cell configuration. Photo-
anode/photocathode (PEC/PEC) and photoelectrode/photovoltaic

Energy Adv., 2024, 3, 30-59 | 33
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(PEC/PV) tandem cells are the two primary types of tandem cell
configuration. These tandem dual-absorber devices can max-
imize the amount of solar energy absorbed while also produ-
cing a strong driving force for self-driven solar water splitting.
Sunlight first passes through the n-type semiconductor and
then the p-type semiconductor in a PEC/PEC tandem cell. The
top electrode, the photoanode, absorbs photons with shorter
wavelengths in the solar spectrum. The bottom electrode, the
photocathode, transmits and collects the remaining photons
with longer wavelengths. Thermodynamically, two semiconduc-
tors with smaller band gaps can be selected in preference to a
single photoelectrode since each photoelectrode only needs to
supply a portion of the total potential for water splitting;
yet, their stability remains a major concern when in direct
contact with electrolytes. A voltage-biased PEC device with an
integrated PV device constitutes a PEC/PV tandem cell. The
semiconductor material’s minority carriers in the PEC photo-
electrodes in this configuration take part in the water redox
reaction, which happens at the semiconductor-electrolyte junc-
tion. When there is insufficient power produced by the minor-
ity carriers, solar cells can sustain an operation. Like the PEC/
PEC arrangement, light serves as the only energy input for the
entire system.'"%*7°

1.4 g-C3N, as a potential water-splitting photo(electro)catalyst

2-C3N, has a layered graphite-like structure consisting of tri-s-
triazine units (Fig. 2). The simplistic synthesis route from low-
cost precursors, chemical/thermal stability, non-toxicity, and
biocompatibility have contributed to the wide interest in the
material.

With the VB and CB positions being favourable for both
water oxidation and reduction potentials, g-C;N, has attracted
great interest as a photo(electro)catalyst. Moreover, g-C3N,
shows resistance to photocorrosion.”" However, the inherent
activity is restricted by the limited visible light sensitivity, low
surface area, poor electronic conductivity and fast electron-
hole recombination. Considerable effort has been directed
towards enhancing the performance by lengthening the exciton
diffusion length to prevent charge recombination at grain
boundaries. Tuning the electronic structure via heteroatom
doping (metal/non-metal) can alter the absorption edge, enhancing
the visible light sensitivity.”>”® Non-metal species substituting

N/gN N*N N/gN N)*N
\ | | |
O O o
NN N N/)\N/ N7 NZSNE N N/)\N/ Il
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Fig. 2 Schematic illustration of g-C3zN,4 containing tris-s-triazine units.
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Fig. 3 A graphic illustration of type Il and Z-scheme heterojunctions.

carbon and nitrogen in the framework promote charge separation
and migration, while metal atoms are substituted in interstitial
spaces, thereby introducing defect sites and additional atomic
orbitals, which in turn alter the absorption edge.”*””’® It needs
to be mentioned that excessive doping retards PEC performance by
providing sites for charge recombination and triggering side
reactions.”® Creating an efficient heterojunction enables the fast
migration of charges at the interface, prolonging the exciton
lifetime.*® The most commonly used ones are Z-scheme and Type
II heterojunctions (Fig. 3), which achieve efficient separation of
photogenerated electrons and holes, ensuring sustainability. the
order of deposition plays a major role in deciding the electron flow
and the type of heterojunction formed.*" As compared to nano-
particles, ordered nanoarrays have been found to promote charge
migration, inhibiting recombination at grain boundaries.**>%*
Morphological and crystalline factors are also quite crucial in
deciding the band gap and charge separation.’***% The introduc-
tion of localised surface plasmon resonance also enhances PEC
efficiency.®*®° It has been reported that combining g-C;N, with
other carbon compounds and dye sensitization increases its
activity.?*?

2. Electrode fabrication strategies

The fabrication of thin films of g-C;N, is a salient step in PEC
water splitting. One of the major factors affecting the PEC
application of g-C3N, is the difficulty encountered in fabricat-
ing uniform high-quality films on the conductive substrate.**?
The formation of thin and uniform films of g-C;N, is difficult
because of its poor dispersibility/solubility in most of the
solvents and subsequent aggregation leads to cracks and non-
homogeneous film. Poor adhesive forces between g-C3;N, also
contribute to the inhomogeneous microstructures of the photo-
electrodes leading to a low photocurrent density. There are two
types of methods for thin film fabrication: top-down and
bottom-up. The top-down approaches to film fabrication

© 2024 The Author(s). Published by the Royal Society of Chemistry
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include drop casting,*>**™'* spin coating,'”"'** dip coating,"*®
spray coating,'”” vacuum filtration,"*®*? electrospinning,** "
doctor blade,'*'" etc. It is exceedingly difficult to create a
uniform and stable slurry or sol of g-C3;N, while employing
top-down techniques, which often leads to massive aggregations
of g-C3;N, and cracks in the film as well as the interface between
the film and substrate. As a result, PEC performance is fre-
quently low in such top-down manufactured g-C;N, film
photoelectrodes.*® The casting of g-C;N, embedded in a con-
ductive polymer matrix improves charge transport and casting
homogeneity."'®

Several advanced bottom-up approaches have been adopted
to enhance the PEC performance of the photoelectrodes by
achieving high-quality g-C;N, films. These techniques favour
the formation of uniform micro-structured films with intimate
contact with the substrate, thereby facilitating smooth charge
transfer. The bottom-up approach also enables to mitigate
the problem of poor dispersibility of g-C;N,. Electrochemical
deposition, a commonly used bottom-up approach can be
categorised into electrophoretic deposition'****' and electro-
deposition.'**™*** Electrophoretic deposition is achieved by
holding the substrates at the positive and negative potential
in a dispersion of exfoliated g-C;N,4." ™ The strategy avoids high-
temperature operation, enabling deposition on thermally
unstable substrates like carbon paper and nickel foam, which
is essential for flexible film fabrication. Thermal vapour con-
densation (TVC) involves the direct vaporisation of the solid
precursors and deposition as a thin film over the substrate and
subsequent polymerisation under controlled thermal condi-
tions'**™**” quite similar to the chemical vapour deposition
(CVD) technique. The careful temperature control enables the
fine-tuning of the morphological characteristics and micro-
structure of g-C;N, films. The major advantage of TVC is the
non-requirement of sophisticated instrumentation. However,
precursors like urea, thiourea, cyanamide, etc., are reported to
form coarse low-quality films leading to high dark currents.'***3%
Unlike thermal vaporisation, the direct growth method involves
direct contact between the substrate and precursor and its trans-
formation into film over the substrate by thermal polymerisation.
Here also, deposition on a variety of substrates like FTO, ITO, etc.,
is possible. Furthermore, it is feasible to create a variety of
morphologies, such as thick films, porous films, or nanorod arrays
for g-C;N, films using this method."*>'*® Hetero-films can also be
conveniently fabricated via vaporization-assisted thermal polymer-
ization. Similarly, choosing special substrates allows the deposi-
tion of a continuous film via the intermediate formation of a
supramolecular complex.'***!142 The thin films fabricated using
liquid-mediated growth exhibited high mechanical robustness,
yielding films that resisted peel-off even after ultrasonication."**
The microcontact-printing-assisted process involves the infiltration
of precursor (cyanamide) solution into the anodic aluminium
oxide membrane (AAO) placed between FTO substrates.'**'**
At high temperatures, cyanamide vapours released from AAO
diffuse over to the substrates and are deposited as g-C3;N, films
after thermal polymerisation. The protocol allows the control
of film thickness by varying the cyanamide concentration.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Solvothermal deposition followed by annealing has also been
charted as a convenient route for the fabrication of C;N,
films."**"*® The annealing enables the tri-s-triazine structure
formation and improves film crystallinity. Altering the precursor
concentration, treatment time and post-annealing temperature
can control the film thickness and density. The solvothermal route
ensures intimate contact between the substrate and the precursors
and hence provides better adhesion of the film leading to an
enhanced photocurrent.

3. PEC performance of g-CsNy4
electrodes

The unbiased Fermi level (Eg) position of g-C3N, renders it
suitable for application as either the photoanode or the photo-
cathode material for PEC water splitting. The following sections
focus on the utility of g-C;N, as photoanodes and photo-
cathodes. The literature reports on photocathodes are relatively
few, perhaps due to slow reaction dynamics.

3.1 Pristine and modified graphitic carbon nitride as
photoanodes

Although g-C;3;N, is a promising n-type semiconducting mate-
rial with appropriate band edge positions, the PEC perfor-
mance of neat g-C3N, remains low and challenging and
efforts have been made to devise strategies for morphological
control to obtain a greater photoresponse. The morphological
transformation from nanoplates to nanorods via controlled
reflux resulted in a two-fold enhancement in photocurrent.**”
The alteration from nanoplates to nanorods via a sequential
exfoliation, regrowth and rolling of lamellar sheets was believed
to eliminate the surface defects and increase the active lattice
face. DFT studies also supported the stability of the tri-s-
triazine structure in comparison to the s-triazine structure.
Acid exfoliation of bulk g-C;N, could yield a porous honey-
comb structure causing a rapid decrease in electron-hole pair
recombination.™*?® The first successful attempt at microcontact
printing-assisted growth over an anodic aluminium oxide (AAO)
membrane was reported by Liu et al.'** The random and even
diffusion of cyanamide vapours onto the upper and lower
substrates resulted in a uniform graphitic carbon nitride
network over FTO plates yielding a photocurrent density of
30.2 pA cm 2 at 1.23 Vgye. This was ascribed to an advanced
microstructure, intimate contact with the conducting substrate,
ultrathin film thickness and a high proportion of exposed
active sites. Uniform g-C;N, films prepared by thermal vapour
condensation from melamine precursors exhibited a high
photocurrent density in comparison with bulk g-C;N,.'*%'3
The high performance was attributed to intimate contact with
the substrate, lower charge transfer resistance and reduced
electron-hole recombination. The treatment temperature was
crucial and relatively smooth transient photocurrents indicated
the balanced photo-charge generation and transport process while
decay denoted a high probability of charge recombination.
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The deposition of FeOOH as a cocatalyst improved the charge
transfer rate, giving a high photocurrent.'**

Zhang et al. reported enhanced photocurrent generation in
protonated g-C;N, and the protonation was reported to facili-
tate the dispersion of C;N,.'*° An in situ solvothermal direct
growth of g-C;N, film on an FTO substrate generated a four-
fold activity enhancement as compared to post-processed films
because of enhanced adhesion and compactness leading to
better device performance.”®” Mild annealing in a nitrogen
atmosphere was crucial in forming a perfect film. The PEC
property of ultrathin flakes of g-C;N, synthesised by a wet
mechanical grinding method was reported to be greater as
compared to bulk g-C;N, due to two possible reasons: a more
positive VB potential and the enhanced electron transfer ability
in the horizontal plane prolonging the lifetime of the photo-
generated electrons.'*® Pinhole-free g-C;N, films were obtained
using a two-step vapour deposition process (TVD) from various
precursors, and a photon-induced oxygen evolution upon ano-
dic polarization in aqueous electrolytes resulted in a photo-
current density of 63 pA cm ™2 at 1.23 Vgyg bias.'®® The quality
of the films depended on the nature of the substrate, the
monomer amount and the deposition temperature. A lower
charge transfer resistance at the electrode/electrolyte interface
may be ascribed to the enhanced thermal condensation degree
of the film prompting the continuous growth of the films. Peng
et al. fabricated a closely packed g-C;N, film by crystallisation
of g-C;N, monomers followed by thermal condensation.”" The
seeded FTO plate was immersed in a hot aqueous supersatu-
rated solution of melamine to prompt further deposition of
melamine during cooling followed by calcination to obtain the
g-C3N, film. Seeding-induced deposition eventually resulted in
the formation of a dense highly interconnected porous layer
firmly adhered to the substrate, leading to a low onset potential
of 0.25 Vgyg. The electrodes also exhibited excellent hole
extraction efficiency, promoting exciton dissociation via the
template confinement along with improved electrode stability.
A high IPCE value of around 15% was demonstrated
with illumination at 360 nm in a neutral medium without a
sacrificial agent.

Monolayered g-C;N, spin-coated onto FTO from a metha-
nolic dispersion of bulk g-C3;N, retained its intrinsic n-type
properties and activation under positive applied bias-enhanced
PEC performance.'®>">> The interaction of the C and N atoms
with methanol molecules and the cavitation effects of ultra-
sonication led to ultrafast drying and disruption of the van der
Waals forces within the g-C;N, structure. The negative shifting
of the conduction band (CB) and valence band (VB) potentials
in exfoliated g-C3;N, indicated the possibility of Z-scheme
heterojunction construction. Qin et al demonstrated the
direct growth of carbon nitride films with extended optical
absorption, excellent charge separation under illumination and
outstanding performance as the photoanode, yielding 51%
faradaic efficiency for O, and an external quantum yield of
12% at 1.23 Vgyg in alkaline solution and quantum efficiency of
around 8.5% at 400 nm without sacrificial agents. In comparison
with its bulk counterpart, the nanostructured g-C;N, exhibits a
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Fig. 4 (a) SEM images, (b) transient photocurrent density curves and (c)
schematic diagrams showing the transport pathway of electrons in the
NPF and PNR of g-CsNg4. Reprinted from ref. 154 with permission.

high degree of aromatic ring n-conjugation, enhancing the charge
carrier mobility, and the creation of a large proportion of hole-
accepting defect sites and space charge regions (SCR) boosts the
PEC activity.">® A high open circuit voltage of 0.61 V indicated the
good charge separation characteristics of the electrode. A photo-
anode based on a vertically aligned g-C3N, porous nanorod array
(PNR) prepared in situ using a thermal polycondensation
approach, with anodic aluminium oxide as the template, could
yield a photocurrent density of 120.5 uA cm™ > at 1.23 Vgyg under
solar illumination. The SEM images, transient photocurrent den-
sity curves and schematic illustrations showing the transport
pathway of electrons in the NPF and PNR of g-C;N, are given in
Fig. 4.1

3.1.1 Heteroatom doping. Successful deposition of S-doped
g-C;N, films on ITO conductive substrates could be achieved by
mixing thiourea into melamine as a co-precursor via a CVD
route.*® Apart from introducing sulphur into the matrix, thiourea
is proposed to affect the crystallinity and morphology of the films
by modulating the polymerisation mode. A negative shift in the
open circuit potential indicated the transfer of photogenerated
electrons to the counter electrode via an external circuit, confirm-
ing the n-type behaviour of the electrode. To compensate for the
low photocurrent insufficient for O, evolution, the feasible con-
struction of n-p heterojunctions as photoanode and n-n hetero-
junction as photocathode is suggested. The role of S in the
initialisation of film growth and in assisting charge migration
was proposed by Fang et al.’>® A photocurrent of 100 uA cm™ 2 at
1.23 Vgyug under AM 1.5 illumination in NaOH electrolyte without
a sacrificial agent has been reported. The performance was
attributed to the reduced defects along the interface inhibiting
charge recombination."”® Gradient doping of S by molten
mediated polymerisation for a gradually varying band structure
to promote charge separation and PEC performance in an alkaline
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medium was demonstrated by Fang et al.">® P and S-doped 1D-g-
C;N, prepared using a modified hydrothermal synthesis exhibited
high water oxidation capability.">” Enhanced charge separation
and subsequent prolonging of the lifetime of charge carriers
resulted in the charge accumulation at the electrode surface and
transfer to the electrolyte yielding a higher water photo-oxidation
current as compared to undoped 3D and 1D-g-C;N,. The promo-
tion of PEC activity by the synergistic effect of heteroatom doping/
heterojunction formation/cocatalyst deposition on interfacial
charge transfer has also been demonstrated."**™

A drastic narrowing of the bandgap in P-doped g-C;N,
enabled near-infrared light-induced PEC water splitting, gen-
erating a photocurrent density of 1.4 uA cm™ 2 at 1.2 Vag/agal and
H, evolution of 1.27 umol h™* g~* at 0.6 V with reference to the
Ag/AgCl electrode.'® The delocalisation of the isolated elec-
trons into the m-conjugated structure of g-C;N,, generated a
positively charged centre at the P atom inhibiting the charge
recombination. A novel B-C3;N,/bulk g-C3;N, heterojunction
architecture with 10% IPCE and 103.2 pA cm 2 at 1.23 Vgug
was reported by Ruan et al.'®” Theoretical and experimental
investigations indicated an upward shifting of the VB edge and
a lowering of the bandgap enabling the hole transfer from the
bulk to the surface for photooxidation/hydrogen evolution and
enhanced PEC activity.”>"*” The results of PEC measurements
from ref. 72 are represented in Fig. 5. A high level of boron
doping induced the formation of defect centres promoting
electron-hole recombination. The negligible impact of H,0,
addition on the photocurrent proves the inherent charge
separation in the photoanode. The localisation of HOMO (VB)
onto two heptazines and the delocalisation of LUMO (CB) was
proposed by the theoretical studies indicating the possible
pathway of suppression of electron-hole recombination. Lei
et al. constructed a g-C3N,/B-doped g-C3N, (BCN) 2D hetero-
junction photoanode, which intensified the interfacial contact
area between BCN and the porous g-C;N, and shortened the
transfer time and diffusion pathlength of photogenerated
charge carriers.'®" A heat treatment strategy was used for the
preparation of B-doped graphitic carbon dots/C rich g-C3N,
heterojunction composites with higher photocatalytic and
photoelectrochemical activity.">

V-doped g-C;N, prepared by the direct calcination of urea
and ammonium metavanadate exhibited enhanced light
absorption and charge separation, and high water-splitting
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Fig. 5 (a) The light-chopped LSV curvesin 0.2 M Na,SO,4 and 0.05 M Na,S
(pH = 11.7). (b) The IPCE with transient photocurrent density curves under
visible light (A > 420 nm) (inset). Reprinted from ref. 72 with permission.
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activity."®” Doping with cobalt resulted in the VB being shifted
to more positive values and a negative shift of the CB edge,
improving the PEC performance.’*'®® The red shift in the
absorption edge enhanced the light-harvesting capability, and
improved interfacial charge transfer was established from the
EIS analysis, with Co®* acting as an electron trap. The role of Co
in promoting O, evolution was also reported.'®® Pd and Ag-
doped C3;N, nanostructures electrophoretically deposited on
FTO for photoelectrocatalytic oxygen evolution under simulated
solar radiation have been tested.'® Dip coating of Ni(OH),
further improved the performance. An increased band bending
at the band edge and facilitated electron transfer at the
electrode/electrolyte interface enhanced the surface oxidation
kinetics. Zhao et al. devised an ionic liquid-assisted protocol for
the synthesis of Br-modified g-C3N, with high surface area and
porous structure.’”® The enhanced transportation capability of
photogenerated electrons and improved optical/conductive
properties are attributes of high H, evolution capability. Sig-
nificant enhancement in the photoelectrochemical properties
was achieved by the insertion of Ni ions into the phenyl-
modified graphitic carbon nitride layer.”® Interactions between
Ni and precursor molecules in the molten state, prior to
condensation, contributed to the homogeneous dispersion of
Ni, leading to extended light absorption and charge transfer,
culminating in enhanced PEC performance. The reduction in
the bandgap after bismuth doping is linked to the formation of
localized isolated energy levels below the CB minima of pristine
C;3N4.'” Bi-doping of g-C3N, significantly favors the charge
separation and electron transfer from the surface of the photo-
anode to the electrolyte, with the PEC performance being
strongly dependent on optimal Bi content. To enrich the
photoactivity, Paul et al. adopted the co-doping of Mg and Li
atoms into the g-C;N, matrix, resulting in a greater photo
response as compared to its metallic counterparts.'”*

3.1.2 Carbon materials. Carbon materials can act as excel-
lent matrices facilitating electron transfer to enhance PEC
performance. Carbon nanomaterial insertion is proposed to
provide orthogonalization of light resulting in enhanced light
absorption.'”” The PEC performance of g-C;N, was improved
through the efficient charge cascade achieved by Bi doping
along with the use of GO as a cocatalyst on the surface of the
photoanode.® A low Tafel slope and better interfacial charge
transfer prospects revealed by EIS and PL analysis account for
better electrode kinetics and reduced activation energy barrier
for the OER. The development of a highly porous intercon-
nected g-C3;N,4/r-GO photoanode with long electron diffusion
length (~36 pm), large electrochemically active surface area,
enhanced light harvesting, and hole extraction property was
reported by Peng et al.'*® Better interfacial charge transfer and
excellent electron mobility led to a 20-fold enhancement in
photocurrent density, a high external quantum efficiency of
~5% at 400 nm and stability over a wide pH range. A porous
graphitic carbon nitride/reduced graphene oxide (r-GO) inter-
face constructed via a solvothermal route and deposited on a Ni
foam created a highly active photoanode, with r-GO acting
as the bridge for accelerating the rate of electron transfer from
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2-C3N, to Ni foam.
generated from g-C3;N, under visible light illumination to the
cathode was efficiently driven by r-GO and external bias
potential. g-C;N,/CNT composite films with enhanced PEC
properties were fabricated by Yousefzadeh et al.’”* The mecha-
nism proposed involves water oxidation by the holes. CNT
promotes the transport of the photoelectrons from the g-C3N,
nanoparticles to the counter Pt electrode via the FTO substrate,
leading to water reduction. A metal-free flexible protonated g-
C;3N,/C dots photoanode fabricated on a polyethylene ter-
ephthalate (PET)/indium tin oxide substrate (ITO) by the elec-
trophoretic approach generated a photocurrent of 38 uA cm >
at 1 Vgyg.'”” The narrow band gap sp® carbon clusters con-
tributed to excellent light absorption and a negative shift in the
onset potential.

3.1.3 Metal oxides. TiO, has been one of the most explored
wide-bandgap materials. Heterojunction formation with g-C;N,
along with enhancing the visible light sensitivity improves
charge separation and enhances the PEC performance.'”®
As compared to TiO, nanocrystal-based films, unique nanotube
arrays are found to exhibit higher photon collection efficiency
and better charge separation."”””'”® g-C;N, and TiO, nanotube
arrays with 7.3% IPCE at a wavelength of 400 nm were fabri-
cated by Zhou et al.'”® Direct Ti-O-C bonding resulted in unique
electronic coupling and enhanced optical absorption.”** Electron
injection from the LUMO of g-C;N, to the CB of TiO, offers
efficient charge separation and the coupled system can be
regarded as a ‘“dyad”. A photoanode comprised of g-C;N,—
TiO, nanotube arrays with UV and near-UV sensitivity was
fabricated by the in situ growth of g-C;N, on the surface of
TiO, nanotubes, resulting in a six-fold enhancement in photo-
current density and hydrogen evolution of 19.1 umol h™*.'8°
Cu implantation enhanced the electronic conductivity and
electronic structure of TiO, nanotube arrays (TNA), causing a
significant lowering of the band gap, and further decoration
with polymeric carbon nitride nanosheets (PCN) enhanced
visible light absorption and exciton separation at the hetero-
junction. Cu implantation generates Ti*" in TiO, crystals and
enhances interfacial bonding between TiO, and PCN with a
subsequent acceleration of charge transfer at the heterojunc-
tion. PCN decoration passivates the surface defects created by
Cu implantation and reduces the surface trap density of the
material enhancing exciton lifetime."®" Synthesis of TNAs by
electrochemical anodization on a titanium substrate and the
facile thermal treatment using suitable substrates for the
formation of g-C3N,/TiO, heterojunction is one of the most
adopted strategies.'®**#! A diagram of the charge transfer
mechanism of the g-C;N,/TNTA heterojunction electrode and
the photocurrent density of different photoanodes is given in
Fig. 6."%* The interaction involves the charge transfer from the
electron-rich C;N, surface and the unoccupied orbital of Ti*".
The synergistic effects of Ti** and O-doping on the photoelec-
trochemical performance of Ti** self-doped TiO,/oxygen-doped
g-C3N, (Ti**-Ti0,/0-g-C;N,) heterojunctions were examined."*?
C-0 and O—C—N bonds in O-C3N, can be bonded with hydro-
xyl groups of TiO, to form electron transfer pathways.
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Fig. 6 (a) A schematic depiction of the charge transfer mechanism of
the g-C3sN4/TNTA heterojunction electrode. (b) Time-dependent photo-
current density under intermittent light irradiation. Reprinted from ref. 184
with permission.

A core-shell TiO,/g-C3N, structure, obtained by the hydro-
thermal growth of TiO, nanorods and solvothermal growth of
the g-C;N, layer, was investigated by Fan et al.'®® g-C;N, acts as
a visible light absorption layer, while TiO, acts as an effective
electron transfer layer hindering electron-hole recombination
and improving the overall performance.'®® The construction
of a Z-scheme heterostructure of TiO, with an interfacial
oxygen vacancy layer and coupling with g-C;N, has been
investigated."®”"'®® The oxygen vacancies triggered the onset
of an electronic band below the CB of pure TiO,. High donor
density and a more negative flat band potential imply better
photoelectrochemical performance. The enhanced photoelec-
trochemical performance of TiO, nanorod arrays/pillars deco-
rated with g-C;N, quantum dots has been verified by several
groups.'®'" The synergistic effects of TiO, and C;N, were
established by DFT calculations.'®® Exposure to barbituric acid
and the subsequent thermal polymerisation led to the substi-
tution of N with C, producing reactive N-defect sites with
an ensuing enhancement in PEC hydrogen evolution and
exceptional stability for around 111 h under continuous
illumination.’* Ultrathin red 2D-g-C;N, (red CN) with a band
gap of 2.05 eV enabling strong band-to-band visible light
absorption was realised by the fluorination of ultrathin
g-C;N, followed by thermal defluorination.'> An intermediate
defect band led to a lowering of the CB and the associated
distribution of defect centres imparted high light-harvesting
power and suppressed the recombination rate. A TiO, nanorod-
based photoanode sensitized by red 2D CNs formed a type II
band alignment showing a superior photocurrent density of
121.9 pA em ™2 at 1.23 Vgygp without the aid of a co-catalyst.
A type II heterostructure between g-C;N, nanoplatelets and
TiO, giving a photocurrent density of 142.7 pA em™> at
1.23 Vryg was reported by Rajaitha et al.’®* A photoanode with
a shell-core heterostructure of N-doped C/g-C3N,/TiO, generat-
ing a photocurrent density of 0.45 mA cm > at 0.6 V was
constructed by Huang et al.***

Improvement in electrical conductivity via reinforced con-
tact between TiO, and g-C3N, could be accomplished in a
nitrogen-doped carbon (Cy) interfacial nano-layer derived from
polydopamine. g-C;N -wrapped TiO, NTA heterojunction photo-
electrodes with effective interfacial charge separation were fabri-
cated via a chemical vapour deposition-like process.'®> Niobium
doping has been a good strategy for altering the electronic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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properties of TiO, due to the size compatibility of Nb>* and Ti*".
Nb®>" replaces Ti*" and the donor is formed on the TiO,
conduction band, providing electrons for Ti*" and obtaining
high carrier concentration, enhancing the conductivity, and
improving the PEC performance of the Nb-TiO,/g-C;N,
photoanode."®® The successful formation of a P-C;N,/TiO,
heterojunction via sequential electrochemical anodization,
wet dip coating and thermal polymerisation, and its efficient
photocatalytic and photoelectrocatalytic performance has been
demonstrated.”®® TiO, nanorods decorated with B-doped g-
C;N, were fabricated via the thermal polymerisation method
to improve the PEC performance. The rational design of a
hydrophilic bifunctional hierarchical assembly of B-doped g-
C;3;N, nanoplatelets with high visible light sensitivity and sup-
pressed charge recombination was attempted by Ding et al.'®”
The synergistic effect of B doping and the hydrophilic char-
acter, coupled with increased specific surface area and
improved hierarchical porosity generated a photocurrent den-
sity of 1.72 mA cm ™2 at 1.23 Vgyp under AM 1.5G illumination.
The modulation of the electronic structure was proposed to be
via an orbital overlap between 2p levels of B and C in the VB and
that of N and B in the CB. The synthesis of fluorine-doped g-
C3N,; QDs (CNFQD) via a solid-state reaction and its further
embedding into rutile TiO, by an in situ hydrothermal process
could extend the photo response to 500 nm."*® The energetics
at the heterojunction were favourable for efficient electron
transfer from CNFQDs to TiO, and hole transfer to the electro-
lyte under visible light irradiation. Modification of g-C;N,/TiO,
with Co-Pi is reported to be a competent strategy for augment-
ing charge migration."”>*®° Co-Pi incorporation does not
change the band positions and the band gap was evidenced
by the almost similar flat band potentials of g-C;N,/TiO, and
Co-Pi-modified g-C;N,/TiO,. The high PEC performance could
be attributed to the fast interfacial charge migration from the
photoanode to the electrolyte mediated by Co-Pi. The protec-
tive function of the TiO, layer and hole capture layer is also well
demonstrated.>*°

Cobalt atoms when coordinated with g-C;N, are reported to
act as co-catalysts for water oxidation, leading to a photocurrent
of 1.79 mA cm™? at 1.23 Vgyg.2*! The coordination was con-
firmed by the blue shift in the distinctive bending vibration of
the tri-s-triazine unit ascribed to the weakening of the conjuga-
tion effect due to electron transfer from the n-conjugated ring
to the empty d orbital of Co**. The conversion of Co" to Co™
and Co" mediated by photogenerated holes reduces the kinetic
barrier for water oxidation and improves the water-splitting
performance. The excellent PEC activity of the CuNi@g-C;N,/
TiO, system was ascribed to the cooperative effects induced by
the creation of a heterojunction between TiO, and g-C;N,
photocatalysts and a subsequent enhancement in optical
absorption and charge separation evoked by Cu species and
the co-catalytic effect of Ni(OH), toward the oxygen evolution
reaction.”®® A ternary photoanode of carbon dots (CD)/ultra-
thin carbon nitride (UCN) coupled to TiO, nanorods with
improved PEC activity was fabricated by Kong et al.>*> While
CDs can significantly facilitate the decomposition of H,0,, an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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intermediate of two-electron water oxidation, and induce rapid
reaction kinetics, UCN efficiently accelerates charge separation
and restricts electron/hole recombination. The TiO,/g-C3N,/
CNT photoanode with excellent stability and an onset potential
of 0.25 Vag/agct has been reported.>® The excellent photoche-
mical performance benefits from the migration of photoin-
duced electrons from g-C;N; to TiO, and their intimate
interface contact with CNT. A hierarchical Co;0,/P-C;N,/TiO,
photoanode with matched and continuous energy band positions
was designed for visible-light-driven PEC water splitting.”*> Swift
diffusion of the photogenerated holes from the 1-D TiO,@P-C;N,
core-shell structure to the surface of the 0-D Co;0, nanodots and
consecutive transfer of the photogenerated electrons to the coun-
ter electrode contributes to the high PEC performance. The short
diffusion path for holes through highly dispersed 0-D Co;0,
nanodots inhibits the accumulation of holes.

A morphology-controlled synthesis of g-C;N,/Fe,O; compo-
sites resulted in enhanced interfacial charge transfer.>°® Small
amounts of a-Fe,O; nanosheets are reported to promote the
exfoliation of g-C;N,, producing a 2D hybrid that exhibits tight
interfaces forming a Z-scheme junction.>®” Ti** doping of Fe,O;
promoted the charge transfer due to enhancement in the
conductivity of bulk Fe,05.'°* The electrostatic self-assembly
of negatively charged Fe,O; and protonated C;N, forming a
Z scheme with hydrogen bond-facilitated charge transfer has
been reported.’® Aerosol-assisted chemical vapour deposition
(AACVD) and the ensuing spin coating and air annealing have
been employed for the creation of a-Fe,05/g-C3N, heterojunc-
tion photoanode.*®” The unique nanoflake structure of o-Fe,O;
promotes good adhesion with g-C;N,, leading to strong inter-
facial contact and lends admirable stability to the photoanode.
The intimate contact at the heterojunction facilitates the elec-
tron transfer from the CB of g-C;N, towards the less negative
CB of o-Fe,0; and hole transfer from the more positive VB
of a-Fe,0; to that of g-C3N,. The consequent accumulation of
electrons in o-Fe,O; and holes in g-C3;N, prevents the charge
recombination and eventually leads to enhanced PEC
performance.’®® Integration of the Co-Pi cocatalyst promoted
water oxidation, yielding a high photocurrent density.>*>**°
The synthesis of narrow band gap wine-red carbon nitride
(WRCN) from carbon-rich supramolecular precursors and the
subsequent coupling with Fe,O3 forming a type II heterojunc-
tion have been attempted.?'* WRCN showed enhanced absorp-
tion extending to the near IR region, probably due to a high
degree of polymerisation facilitated by molten salts like NaCl/
KCI used in the ionothermal method. High PEC activity of
metallic and bimetallic carbon nitride integrated with hematite
was reported.”’*'> The surface modification of a hematite
dendrite/g-C3N, composite with an oxidation cocatalyst (CoFeO,)
could achieve enhanced visible-light-induced PEC water
splitting.”’* The higher electronic conductivity of the CoFeO,
layer enables effective charge transfer at the electrode/electro-
Iyte interface during water oxidation. The breakage of electro-
neutrality and the formation of a tubular structure, depending
on the annealing temperature, have been postulated.”*” The
bending of carbon nitride sheets to the tubular structure with
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cobalt embedded in the center was proposed to be aided by the
Co site. An integrated photoanode constructed with carbon
quantum dot (CQD)-sensitized Ti:Fe,O;@graphitic carbon
nitride nanosheets (GCNNS) core-shell array displayed a photo-
current density of 3.38 mA cm ™2 at 1.23 Vgye.”" Ti*" effectively
boosts bulk charge separation, as revealed by the anodic
shifting of the flat band potential, while CQDs aid in charge
carrier separation and a shift in the onset potential of the
photoelectrode due to its inherent capability of H,O, oxidation.
Interfacial coordination between C3;N, and CdS-Fe;O, pro-
moted the band gap-dependent interfacial charge transfer
and contributed to the overall PEC performance of the ternary
system.”’* N-doped carbon dots were anchored on g-C;N,/
Fe,O; for the degradation of trimethoprim and H, evolution
from wastewater.'?

Absorption in the visible region, good electron transport
properties, photocorrosion resistance, chemical/thermal stabi-
lity, and band edges suitable for water splitting render WO; a
promising material for energy harvesting. g-C3N,/WO; hetero-
junction plate array films were synthesised through combi-
native hydrothermal and dipping-annealing methods.*'® As-
prepared g-C3N,/WO; heterojunction films achieved a maximum
photocurrent density of 2.10 mA cm™> at 2 Vgyg, almost 3-fold
higher than pure WO; film. In the heterojunction film, the
photo-generated electrons of g-C;N, easily migrate to the CB of
WO; and then to the FTO substrate and reach the counter
electrode through the external circuit. Similarly, the photo-
generated holes of WO; transferred to the VB of g-C;N, can take
part in the oxygen evolution reaction.>'®>'® The substantial
stability of WO,/g-C3N, nanosheet photoanodes after continuous
illumination for 3600 seconds, and efficiency for seawater split-
ting have also been reported.>'” The order of the deposition
clearly influenced the type of heterojunction formed and signifi-
cantly affected the PEC performance.®' The Z-scheme g-C3N,/
NCDs/WO, photocatalyst, where nitrogen-doped carbon dots
(NCDs) acted as the electron mediator, exhibited an apparent
quantum efficiency of 7.58% at 420 nm.®” The localised surface
plasmon resonance effect of WO, and the photoluminescence
property of NCDs enhanced the NIR utilisation efficiency.
Nanobelt-like WO, overlapped with NCDs on the surface of CN
nanosheets and the close solid—solid interface ensured the fast
charge mobility.

ZnO/C;3N, type II heterojunctions have been explored for
their photoelectrochemical performance.”***** The surface
deposition of g-C3N, on ZnO nanowires/nanorods with smooth
and rapid interfacial electron transfer has been attempted. The
incorporation of Pt clusters formed a ternary photoanode
generating a photocurrent density of 120 pA cm ™2 at 0.5 Vagiagal
in a 0.5 M Na,SO, solution.>*® Both g-C;N, and ZnO acted as light
absorbers while Pt nanoclusters served as the cocatalyst facilitat-
ing the transfer of the photogenerated electrons. Sulphuration of
the ZnO electrode could form core-shell ZnO/ZnS heterostruc-
tures, which were further integrated with C;N, to obtain ternary
photoanodes with enhanced PEC performance.””" The sulphur-
isation process occurs via anion exchange through which surface
trap states such as oxygen vacancies and adsorbed oxygen of
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pristine ZnO nanorods become further reduced to form the ZnS
interlayer. Type II photoanodes were designed by coating PCN
films onto highly conductive yttrium (Y)-doped zinc oxide (ZnO)
nanorods (NRs) serving as charge collectors.'*® Bifunctional CoPi
efficiently inhibited the photocorrosion of g-C;N,/ZnO and pro-
vided a hole transfer channel.”** Further, the Fermi level potential
of g-C;N,@ZnO shifted towards the positive direction with a
resultant upward band-bending at the band edge position, pro-
moting the separation efficiency of the photogenerated electron—
hole pairs.”**> CdS quantum dots modified g-C3N,/ZnO nanorods
core-shell structures were fabricated via hydrothermal and SILAR
(successive ionic layer adsorption and desorption) processes. The
photogenerated electrons in g-C;N, and CdS were transported to
ZnO and the Pt electrode for the HER.*** Masoumi et al. con-
structed a dual heterojunction of ZnO with Fe,O; and g-C3N,,
which facilitated electron-hole separation to the surface of the
substrate, thereby increasing the PEC performance.*’

SnO, is one of the most investigated wide band gap materi-
als for energy-harvesting applications. SnO,_,/g-CsN, hetero-
junction nanocomposites were prepared by a convenient one-
step pyrolysis method.'® Ultrasonication ensures the homo-
genisation of Sn(OH), with melamine due to the formation of
hydrogen bonds; during the thermal treatment, melamine
decomposes into g-C3N,, releasing reducing gases such as
NHj;, with the consequent formation of SnO,_,. This has been
reported to enhance charge-carrier mobility, and visible-light
absorption capability is achieved due to the presence of oxygen
vacancies in nonstoichiometric (reduced) semiconductor nano-
crystals. The homogeneous deposition of g-C;N, nanodots in
amorphous mesoporous 1D SnO, as the host via pulsed elec-
trophoresis followed by water soaking treatment to crystallize
amorphous SnO, could yield extended visible light absorption
and deliver a photocurrent density of 1.8 mA cm™ > at 0.2 V,y
agal>>? Incorporating plasmonic Au into the SnO, quantum
dots (SQD) improved the performance by providing a pathway
for the transportation of electrons from g-C;N, to SQD.>*° The
band-bending strategy effectively separates the electron-hole
pair, thereby improving the PEC performance.

p-type NiO exhibits strong resistance to photo-corrosion in
neutral electrolyte solutions. It shows perfect lattice matching
with g-C;N, and possesses a compatible band alignment,
enabling the formation of a type II heterojunction. The more
positive VB potential of NiO enables the injection of photo-
generated holes from g-C;N, to NiO, suppressing the charge-
recombination by effectively passivating the surface-trapped
electrons. A 2D/2D interface between Ni/NiO hexagonal
nanosheets and g-C3;N, via in situ solid-state heat treatment
exhibited superior activity for electrochemical and photoelec-
trochemical water splitting.>*® The use of a liquid-phase laser
ablation technique for the heterostructured nanocomposite
NiO@g-C;N, has been reported.>**

3.1.4 Tungstates and vanadates. Bi,WO, QDs coupled with
g-C3N, form a Z scheme and the one-step hydrothermal synth-
esis mediated by oleate ions prevented the aggregation of
Bi,WOs QDs.>**> A type II heterojunction of S-doped g-C3N,/
Bi;WO, was fabricated from an ultrasonication approach to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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overcome the sluggish charge transfer at the electrode/electro-
lyte interface and fast recombination of electron-hole pairs of
Bi,WO, (BWO).>** It has been speculated that in S-doped
2-C3N, (SCN), the VBM is located on N atoms except for the N
atom near sulfur, while CBM is mainly located on the S atom at
the adjacent heptazine unit. This enhances the photogenerated
electron-hole pair separation, reducing recombination and
enhancing the photocatalytic efficiency.>** The electron migra-
tion process generates the positively charged electron depletion
layer in SCN near the interface, which leads to the upward
bending of the band edge. Similarly, an electron accumulation
layer in the BWO near the interface causes the downward
bending of the band edge in BWO. The resultant inner electric
field (IEF) at the interface resists further electron transfer. The
energy level positioning favours the formation of a type II
heterojunction with facile electron transfer. A 2D/1D hetero-
structure with ZnWO, nanorods decorated over the g-C3N,
nanosheets (g-C;N,/ZnWO,) was successfully fabricated by
hydrothermal synthesis.**> The band gap modification was
attributed to the band bending arising due to heterojunction
formation.

BivO, has been well explored as a photocatalyst and photo-
electrocatalyst due to its visible light sensitivity, band edge
positions suitable for hydrogen evolution and high stability.
A Z-scheme mechanism at the g-C;N,/BiVO, interface has been
well established.”*®**” The relative band positions induce the
injection of excited electrons on the CB of BiVO, into the VB of
2-C;N, to recombine with photogenerated holes and restrain
recombination. The CB of g-C;N, and the VB of BiVO, were
projected as the centres for reduction and oxidation, respectively.
Uniform films with good coverage and crack-free surfaces could
be obtained by electrospinning and the nanostructured hetero-
junction facilitated the electron-hole separation due to a shorter
charge transport distance with a consequent high photocurrent
density and negative shift of onset potential."** The augmented
activity of g-C3N,/BiVO, microflower structures has been
reported.>*® g-C;N, nanolayers self-assembled with BiVO, into
a highly coupled g-C3;N,/BiVO, dyad augmented the charge
separation efficiency of the BiVO, photoelectrodes for the
OER.>* The incident photon-to-current conversion efficiency
(IPCE) provided by the scalable g-C3N,/BiVO, photoanodes was
estimated to be 50% at 1.23 Vgyg in 0.5 M Na,SO, solution and
significantly increased to 97% at an applied voltage of 1.6 VgyE.
The enhanced visible light absorption of the dyads was attrib-
uted to the multiple reflections of light rays in the hierarchical
structure attained by the introduction of g-C3N, nanolayers.
The g-C;N, nanolayers function as the pump to extract elec-
trons from the BiVO, side for better OER performance, with the
pumping effect being enhanced by the bias voltage. Ultrathin
2-C;N, nanosheets were projected as an efficient metal-free
cocatalyst for improving the oxygen evolution activity of the
nanoporous BiVO, photoanode.>****' Fig. 7 represents the
illustration of the exfoliation/acidification process for fabricating
BiVO,/g-C3;N,-NS photoanodes with enhanced PEC performance.
The g-C3N, nanolayers not only suppress the surface charge
recombination of BiVO, but also effectively accommodate
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Fig. 7 (a) Schematic illustration of the exfoliation and acidification pro-
cess for the fabrication of BiVO4/g-C3N4-NS photoanodes. Reprinted from
ref. 240 with permission. (b) J-V curves, (c) transient photocurrent
response (1.23 V vs. RHE) for different photoanodes measured under
visible-light illumination in 0.1 M Na,SO4. Reprinted from ref. 242 with
permission.

photogenerated holes in the VB for water oxidation. Mo doping
of BiVO, enhances the charge separation due to exceptional
electron transfer capability.>*>**® Mo doping significantly
reduces the interfacial energy loss via work function adjust-
ment and increases the open circuit photovoltage of Biv0,.>*?
A similar effect is generated at the B-C3N, interface rendering
an IPCE of 2.67% at 0.54 Vgyyg for the B-C3;N,/Mo-BiVO,
heterojunction. The inclusion of NiFeO, as an oxygen evolution
catalyst greatly improves the PEC performance. The DFT simu-
lations proposed the separation of electron/hole pairs facili-
tated by the creation of an internal electric field at the g-C3N,/
BiVO, interface via the formation of a van der Waals-type
heterojunction.'® A combined theoretical/experimental approach
was adopted by Mohamed et al. to establish the boosted perfor-
mance of the y-irradiated g-C;N,/BiVO, heterojunction.®® 7y irra-
diation was observed to alter the surface topology and the
enhancement in optical properties was attributed to the hybridi-
sation of C 1s and N 1s. A combined theoretical and experimental
study was conducted on the g-C3N,/BiVO, heterojunction synthe-
sised by a modified sol-gel technique by varying the weight ratios
of g-C3N,.>** A comparative evaluation of the impact of carbon
nanotubes, reduced graphene oxide and graphitic carbon nitride
in enhancing the PEC performance of BiVO, has been attempted
and the maximum IPCE was reported for the g-C3;N,/BiVO,
heterojunction.”*> The band bending at the nano junction was
estimated to reduce bulk recombination and facilitate charge
transport and transfer. The boosted PEC performance could be
correlated to efficient charge transfer kinetics as a result of the
increased number of charge carriers and the lowering of the
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charge transfer resistance. Samsudin et al. reported the augmen-
ted photoelectrocatalytic performance of the g-C;N,/BiVO, micro-
flower composites with supporting theoretical studies.”*® The
photocatalytic and photoelectrochemical performances of g-C3N,/
InVO,>*® and FeVO,/g-C;N,>"” systems have also been reported.

3.1.5 Chalcogenides. The outstanding mechanical and
electrical properties of molybdenum disulfide (MoS,) with a
2D layered structure attracted much attention and it has been
extensively explored as a hydrogen evolution catalyst.>*® Metal-
lic MoS, loaded on g-C3;N, showed an enhancement in PEC
performance and photochemical H,0O, generation.”*® The
layered MoS, co-catalysts were distributed on the surface of
2-C3N, via a facile impregnation method and the formation of
intimate interfaces facilitated charge transfer and visible light
sensitivity.>*® The interfacial transfer of photogenerated elec-
trons in the CB of g-C3N, to MoS, renders the conduction band
electrons more mobile, enabling the separation of electron-
hole pairs. The hydrothermal growth of MoS, over the S-doped
g-C3N, deposited via CVD on the ITO substrate formed a p-n
junction with high PEC performance due to the synergistic
effect arising from high charge carrier concentration, efficient
charge separation and enhanced light absorption.>>" Ye et al.
reported an n-n type heterojunction with a typical type II band
structure.>”

Plasmonic Bi nanoparticles supported over a g-C3N,/Bi,S;
photoanode for PEC water splitting were reported by Subrama-
nyam et al.>>® Decoration of Bi,S; QDs on g-C;N, extended the
absorption edge to the near-infrared region and it was further
enhanced by the plasmonic effect of Bi nanoparticles. The
maximum photocurrent at around 310 nm could be attributed
to the formation of energetic hot electrons, and the presence of
Bi nanoparticles accelerated the overall charge transportation,
resulting in PEC-driven hydrogen generation. The intimate
In,S;/g-C3N, interface promoted charge transfer and inhibited
the recombination of electron-hole pairs, significantly improv-
ing the PEC performance.”*****> The highly conductive In,S;
rapidly withdraws electrons from g-C;N,, transferring them to
ITO. Meanwhile, the photogenerated holes in the g-C;N,
nanosheets are transferred to In,S; NPs and are consumed at
the In,S;/g-C3;Ny-electrolyte junction. The PEC activity and
stability were greatly enhanced by combining CdS and g-C3;N,
through the formation of an interlocking thin film, which
provided a large contact area and better adhesion to FTO.>*
Due to the higher positioning of the VB and CB of C;N, relative
to CdS, the photoexcited electrons of g-C;N, were directly
transferred to CdS, and the holes in the valence band of CdS
migrated to the conduction band of g-C;N,. The Ag@g-C3N,/
ZnS photoanode with a photocurrent turn-on potential of
0.45 Vgyg has been reported.>®” The light passed through the
transparent Zns layer to Ag@g-C3;N, and then to TiO,, an electron-
selective layer, which enhanced the transfer of electrons to the
circuit while the incorporation of Ni(OH), improved the stability
of the photoanode and its water oxidation capability. Chaudhary
et al. reported the synthesis of copper sulphide (CuS) supported
on Ni-incorporated graphitic carbon nitride sheets. The
improved activity was assigned to the band bending induced
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by the larger space region width, the formation of an effective
p—n junction between CuS and g-C;N, lowering the effective
band gap, and the facile charge transfer kinetics due to Ni
incorporation into the g-C;N, matrix.'®* The conceptual design
of the InSe/g-C3;N, van der Waals heterostructure with type II
band alignment to achieve spontaneous and highly efficient
water splitting was proposed by He et al.>*®

3.1.6 Layered double hydroxides (LDH). The special interest
in layered double hydroxides (LDH) in catalysis can be traced to
their lamellar structure, redox properties, non-toxicity, and high
structural stability. The formation of oxo-bridges facilitates the
metal-to-metal charge transfer, thereby decelerating the electron-
hole recombination.>**** The in situ assembly of N-deficient
porous carbon nitride nanosheets and the NiFe-layered double
hydroxide into a 3D N-doped graphene framework was attempted
by Hou et al. to obtain a 3D hierarchical nanostructure.>®* The
ternary hybrid exhibited remarkable photoelectrochemical perfor-
mance for water oxidation, which was attributed to the effectual
light trapping, multidimensional electron transport trails, rapid
charge transport, strong coupling effect and amended surface
reaction kinetics. CoMn-LDH>**> and CoFe-LDH”® coupled with
g-C3N, for high photoelectrochemical performance have been
reported.”®> NiCo-LDH was introduced onto g-C;N, film
through cathodic electrochemical deposition and acted as a
co-catalyst for water oxidation.’®® N-doped graphene, intro-
duced into the heterostructure assembly of the g-C;N,/NiFe
LDH hybrid behaves as an electronic mediator to strengthen
the interfacial interactions and charge transfer.>®> A Z-scheme
charge transfer mechanism due to enriched oxygen vacancy
defects in NiFe-LDH and N-r-GO contributes to the superior
photoactivity of the heterostructure. The ruptured tubular
structure of graphitic carbon nitride (RT g-C3N,) was reported
to improve charge separation.® Efficient photoelectrochemical
water oxidation proceeded over the CuTi-LDH/g-C;N, type II
heterojunction.?®® Bismuth oxycarbonate (Bi,0,CO;) grafted
NiFe LDH on g-C;N,. Interfacial electron transfer aiding photo-
electrochemical water splitting via the S-scheme mechanism
has also been demonstrated.**”

3.1.7 Miscellaneous. Samanta et al. reported the plasmonic
enhancement of H, evolution over Au/C;N, systems.'*' The
induced plasmonic resonance of Au NPs augmented the elec-
tron passage through the Schottky barrier at the Au/g-C3;N,
interfaces and the accumulation of many electrons in the CB
leads to high photocurrent and H, evolution. A hierarchical
core-shell copper-azolate-C;N, framework (CuAF) integrated
with Ni(OH), as the cocatalyst forming a staggered-gap type II
heterojunction for water oxidation was constructed by Karimi-
Nazazbad et al.>*® The relative positioning of the valence and
conduction bands in the heterojunction resulted in the accu-
mulation of electrons and holes in the CB of C;N, and valence
band of CuAF, respectively. The construction of a photoanode
by loading 2D crystallised Ni(OH), on the surface of three-
dimensionally microporous g-C;N, via an electrostatic method
was demonstrated by Cao et al.®>®® The resultant Z scheme
heterojunction accelerated the charge carrier separation while
the 2D/3D hollow structure facilitated their diffusion.
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Bismuth oxyhalides are characterised by distinctive layer
structures and narrow band gaps, rendering them suitable for
photocatalytic and photoelectrocatalytic applications. The
2-C3;N,/BiOF heterojunction was synthesised using an ultraso-
nication process and explored as photoanode material in PEC
water splitting.>”® Under light illumination, the photoinduced
electrons were transferred to the CB of BiOF from the CB of
2-C3N,. Simultaneously, the holes moved from the VB of BiOF
toward the VB of g-C3N,. The optimized 6%g-C;N,/BiOF elec-
trode showed excellent photoelectrochemical water splitting
performance with wastewater rejected from reverse osmosis.
The improved PEC performances of g-C;N,/BiOI°>?%*”%%72 and
BiOBr'® as photoanode materials were investigated. The syner-
gistic trap passivation and charge separation at the g-C3N,-S/
BiOI heterojunction resulted in a higher photocurrent because
of lower charge transfer resistance.’® The exfoliation via the
breakage of hydrogen bonds between the sheets and increased
crystallinity led to better charge transportation. The integration
of Ni as a cocatalyst into the g-C;N, framework enhanced the
photocurrent density by minimising the activation energy
barrier and enhancing the charge separation and transporta-
tion."® The introduction of dopant ions (Nd**) influenced the
microstructural, optical and photoelectrochemical properties
of C;N, and the heterojunction with BiOI showed considerable
improvement in the PEC water splitting performance.””?

Ultrathin g-C;N, nanolayers were used as the co-catalyst to
boost the OER of Bi,M0O nanosheet arrays with exposed (010)
facets.>”* The high surface area, exposed oxygen atoms and
even electron transport pathways facilitate charge separation
resulting in enhanced PEC performance. Li et al. demonstrated
the fabrication of a direct Z-scheme heterojunction by encap-
sulation of the Bi,O;/BiPO, p-n junction in the g-C3N,
framework.>”> A new perception of interface engineering was
attempted by introducing the nuclear fuel ThO, onto g-C;N, for
the water-splitting application. The presence of thorium nitrate
during g-C;N, polymerisation altered the structure and mor-
phology, improving the PEC stability of the photoanode.>”®
Zheng et al. reported a plasma-assisted liquid-based fabrication
of the g-C;N,/Mn,0; p-n heterojunction, which led to the
accumulation of electrons and holes in the VB of g-C;N, and
CB of Mn,0;, respectively.””” Ag-Ni alloy particles were homo-
geneously distributed throughout the g-C;N, matrix using an
in situ solid-state heat treatment, as evidenced by the TEM
images. This was the first demonstration of the efficient tuning
of the photoelectrochemical properties of g-C;N, photoanodes
by incorporating bimetallic alloy particles.>”®

Chen et al synthesised a vertically aligned Si nanowire
(NW)/g-C3N, core-shell array using metal-catalysed electroless
etching, liquid atomic layer deposition, and annealing methods.
The photoelectrode exhibited an extended optical absorption
range and significantly improved the PEC performance in com-
parison with the bulk phase g-C;N,.”° Enhanced visible light
absorbance and reduced photogenerated charge recombination
in g-C3N,/SiC synthesised via pulsed laser ablation in liquid was
evidenced by absorption and photoluminescence spectra and this
contributed to the improved photoelectrochemical activity of
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the g-C;N,/SiC-based photoanode.”®® A direct Z-scheme NiTiOs/
¢-C;N, heterojunction with enhanced activity under white LED
activation was assembled by a simple calcination method.?®*
Polydisperse cobalt phosphide nanoparticles were deposited over
g-C3N, to form a CoP-CN heterostructure with strong intimate
interfacial contact, charge transfer efficiency and stronger photo-
reductive capability.”®>*** A synergistic effect between the Pt
nanoparticles and CoP over the g-C;N, nanosheets contributed
to highly boosted photo/electrochemical activity.”®* Islam et al.
demonstrated the superior performance and stability of the
thermolytically fabricated g-C3N,/ZnGa; 4Al,,0, heterojunction
as compared to a hydrolytically prepared counterpart.*** A nano-
engineering approach to the construction of an integrated
3D photoanode comprised of a 1D/2D Ba-doped TaON array
and 2-D g-C3N, nanosheets decorated with CoO, nanoparticles
by an innovative stack design, generating a photocurrent of
4.57 mA cm™> at 1.23 Vgyg under AM 1.5 simulated sunlight,
has been proposed.”® Table 1 presents a concise comparative
evaluation of the PEC performance of g-C;N,-based photoanodes.

3.2 Graphitic carbon nitride and its composites as
photocathodes

Investigations on photocathodes are rather limited and the
most explored systems include Cu,0,"2*?%¢?%” and Cu0Q.'"#285:289
Cu,0 is a typical p-type narrow band gap (~2 eV) semiconductor
with a theoretical photocurrent of —14.7 mA cm > for water
splitting and a solar to hydrogen conversion efficiency of 18.1%
on the AM 1.5 spectrum.”*® Due to specific band alighments at an
effective heterojunction, the photoexcited electrons in the CB of
Cu,O can transfer to the CB of g-C3N, while the photoexcited
holes can transfer from the VB of g-C3N, to the VB of Cu,O. The
PEC performance graphs and schematic pathway for photo-
electron excitation and transfer in the Cu,O/g-C;N, under visible
light irradiation are depicted in Fig. 8."** The efficiency and
stability of the Cu,O foam photoelectrode could be enhanced by
combining it with g-C;N, as a protection layer to alleviate the
photocorrosion.”®” With the tactical combination of type II band
edge heterojunctions and passivation using g-C3N,, a photo-
cathode (Cu,O/g-C;N,/CoS) with high stability was fabricated by
Kunturu et al®*' The enhanced light-to-electricity conversion
efficiency of the Cu,O/g-C3N, p-n junction was also utilised to
form a triple-layer photocathode Cu,0/g-C;N,/WS,.>*® The mixed-
phase WS, nanosheets obtained via Li intercalation served as an
operative hydrogen evolution catalyst along with enacting the
function of an electron acceptor to facilitate electron-hole
separation.

A 3D hierarchical C-doped CuO/g-C3N, nanocomposite
synthesised by a facile in situ microwave-assisted one-pot
process yielded CuO nanosheets assembled into unique micro-
flower/dandelion morphologies.**® High photocorrosion stabi-
lity, extensive visible light absorption, and excellent PEC
performance by CuO/g-C;N, nanocomposites, aided by efficient
charge segregation and transfer at the electrode-electrolyte
interface and high surface area, have been reported.'®>8%2%°

Visible light-aided hydrogen production by PEC water split-
ting was successfully achieved by the direct synthesis of g-C3N,
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Table 1 PEC performance of g-CsN4-based photoanodes

System Photocurrent density (mA cm ™ ?) Potential Electrolyte Ref.
BCN-0.6 0.055 1.23 Vrue 0.2 M Na,SO, + 0.05 M Na,S 72
Ph-CNgqo 0.06 Vagiagal 0.1 M KOH 73
Ag/g-C5N, (1:10) 0.00640 Vscr 0.05 M Na,SO, 74
Ni-CN, 0.0698 0.26 Vag/age 0.1 M KOH 75
WO,/g-C3N, 0.82 1.23 Vene 0.5 M Na,SO, 81
Co-g-CN 3.253 Vagiagal 0.1 M Na,SO, 84
BiOI/g-C;N, 0.0815 Vag/agal 1 M KOH 95
g-C3N,—S/BiOI 0.70 Vag/agcl 0.1 M Na,SO, 98
0.8%Y:ZnO@PCN 0.4 1.23 Vgue Na,SO, 100
g-C3N, 0.0014 Vag/agc 0.5 M Na,SO, 101
SCN-27.4 0.468 0.6 Vag/agcl 0.2 M Na,SO, 102
Ti**-Ti0,/0-g-C3N, 0.0034 Vagiagel 0.1 M Na,SO, 103
0.5 g-C3N,/Ti-Fe,05 2.55 Vag/agcl 1 M NaOH 104
2-C3N,/BiVO, 0.42 VRHE 0.5 M Na,SO, 105
Cpyp/g-C3N, 0.00664 Vscr 0.5 M Na,SO, 113
CN/BV-1 0.44 0.56 Vrug 0.5 M PBS + Na,SO; 114
CN-rGOy 5 0.072 1.23 Vrue 0.1 M KOH 116
2-CN600 0.12 1.55 Vrue 0.1 M Na,SO, + 0.1 M Na,SO; + 0.01 M Na,S 129
g-CN 0.062 1.23 Vrue 0.1 M Na,SO, 130
CMD5 0.1 1.55 Vrye 0.1 M Na,SO, + 0.1 M Na,SO; + 0.01 M Na,S 131
2-CN400 0.075 1.23 Veue 0.1 M Na,SO, + 0.1 M Na,SO; + 0.01 M Na,S 132
2-C3N, 0.089 1.1 Vg 0.1 M Na,SO, 133
TiO,/CMB 1.4 Vagiagal 0.1 M Na,S 134
S-BCN 0.1032 1.23 Vrue 0.1 M Na,SO, 137
CN@FTO 0.030 1.23 Vrue 0.1 M Na,SO, 144
CN-h 0.0035 0.6 Ve 0.2 M Na,SO, 147
CN 0.116 1.23 Vrue 0.1 M KOH 151
Exfoliated g-C3N, 0.01021 Vag/agcl 0.5 M Na,SO, 152
CNyp 0.266 1.23 Vrue 0.1 M KOH 153
g-CN PNR 0.1205 1.23 Veue 0.1 M Na,SO, 154
PCN 0.100 1.23 Vrue 1 M NaOH 155
1D-S-C;N, 0.010 1 Vscg 0.1 M Na,SO, 157
Co/S-C5N,/BiOCl 0.393 1.23 Vrue 0.5 M KCl + KH,PO, 158
P-C;N,/TiO, 1.98 0 Vag/agal 1 M NaOH 159
BCN/TiO, 1.01 1.23 Vrue 1 M NaOH 160
CN/BCN 0.62 1.23 Vrug 0.1 M Na,SO, 161
Ni/S-gC5N,/BiOBr 0.177 1.23 Vrue 0.5 M Na,SO; + NaHCO; 163
Ni/g-C;N,@Cus 15.5 VRuE 0.1 M KOH 164
Bi@g-C3N4/GO 0.3 1.23 Vrue 0.5 M Na,SO, 165
P/g-C3N, 0.00025 1.2 Vagiagal 0.5 M Na,SO, 166
V doped g-C5N, 0.80 VRHE 0.1 M KOH 167
TiO,@Co-C3N, 1.79 1.23 Vyue 0.1 M Na,SO, 168
Pd@g-C;N, 0.0788 1.23 Vrue 0.1 M Na,SO, 169
GCNML 0.12 1.23 Veue 0.5 M Na,SO, 171
CN-CNT 0.075 1 Vagiagal 0.5 M Na,SO, 174
PCN/C dots 0.038 VRHE 5% v/v TEOA + 0.5 M Na,SO, 175
TiO,/C3N,-CMT 2.74 1.23 Vrur NaOH 176
CTs, 1.481 Vagiagal 0.5 M Na,S 179
C;N,-TiO, 1.5 VRHE 0.25 M Na,$S + 0.35 M Na,SO; 180
PCN-TNA 1.42 1.23 Viur 0.2 M Na,SO; 181
TNT-L 0.87 0 Vag/agal 1 M KOH 182
g-C3N,/TNTAS 0.86 0.7 Vag/agc 0.1 M Na,SO, 184
TiO,-4 h/g-CN 0.0433 0.6 Vo 0.2 M Na,SO, 185
20-gCN@TIO, 0.0723 1.23 Vrue 1 M KOH 186
0D/1D g-C3N,/0 V-TiO, 0.72 1.23 Vrug 0.1 M Na,SO, 187
CN QDs/TiO, 1.34 0.3 Vagiagal 0.1 M Na,SO, 188
2-C;N; QDs/TNTAs 0.62 0.6 Vscr 0.1 M Na,SO, 189
CNB, ;5 QD@TIO, 0.57 1.23 Vrue 0.5 M Na,SO, 190
d-FCNSs-51 50/TiO, 0.1219 1.23 Vrue 0.5 M Na,SO, 192
2-C3N,/TiO, 0.1427 1.23 Vrue 1 M KOH 193
TNR@Cn-C;3N,/FTO 0.64 1.5 Vagiagal 0.1 M Na,SO, 194
2-C3N4/TNAs 0.206 0.63 Veug 1 M Na,SO, 195
CNT70 9.33 mA 1.49 Vag/age 1 M Na,SO, 196
2D-B-CN-4 1.63 VRHE 0.1 M Na,SO, 197
CNF;TNR-4h 0.18 0.6 Vag/agcl 0.1 M KOH 198
2-C;N,@Ti0,@Co-Pi 1.6 1.23 Vpue 0.1 M Na,SO, 199
2-C3N,/TiO,/Co-Pi 0.346 1.1 Vrug 0.1 M Na,SO, 200
TiO,@Co-C;3N, 1.79 1.23 Vrue 0.1 M Na,SO, 201
TiO,/CuNi@g-C;N, 0.890 1.5 Vrue 1 M NaOH 202
CDs/UNC/TiO, 1.43 1.23 Vrue 1 M NaOH 203
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Table 1 (continued)
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System Photocurrent density (mA cm™?) Potential Electrolyte Ref.
TiO,/C3N,/CNT 2.94 0.6 Vag/agc 0.5 M Na,SO, 204
CPCT2 1.58 1.23 Veug 0.5 M Na,SO, 205
g-C3N,/Fe,0;, 0.78 Vag/agcl 1 M NaOH 206
Fe,03/R-CN/Co-Pi 0.7 1.23 Vrug 1 M NaOH 208
WRCN/hematite/Co-Pi 2.14 1.23 Vrue 1 M NaOH 209
CoFeO,/HD-CN 0.60 1.23 Vrue 0.1 M NaOH 210
CoNi-tC;N,/a-Fe,0; 2.73 1.23 Ve 1 M NaOH 212
Ti:Fe,0;@GCNNs 2.75 1.23 Vrue 0.1 M KOH 213
Genesf 0.0238 Vag/agcl Na,SO, 214
NCD@CNFO 3.07 Viue 0.1 M Na,SO, 215
2-C3N,/WO, 1.48 2 Vg 0.2 M Na,SO, 216
WO,/g-C3N, NSAs 0.73 1.23 Vgug Seawater 217
2-C3N,/WO, 1.92 1.23 Ve 0.1 M KH,PO, 218
2-C3N,/Pt/ZnO 0.120 0.5 Vagiagcl 0.5 M Na,SO, 219
1 D ZnO/g-C;N, 0.12 VRHE 0.5 M Na,SO, 220
Zn0/ZnS/g-C;N, 0.66 1.23 Ve 0.5 M Na,SO, 221
Zn0/g-C3N, 0.25 1.23 Vrue 1 M KOH 222
Zn0/C3N,-10 1.68 1.19 Vgug 0.5 M Na,SO, 223
Co-Pi/CNNs/ZnO 2.45 1.23 Vrue 0.2 M Na,SO, 224
Co-Pi/g-C3N,@ZnO 5 1.23 Vgug 3.5 wt% NaCl 225
CdS/g-C;N4/ZnO 3.34 1.23 Veug 0.1 M Na,$ + 0.2 M Na,SO, 226
ZnOj/a-Fe,0,/g-C3N, 0.97 1.23 Vrue 1 M NaOH 227
2-C5N,/SnO, 1.82 0.2 Vag/agc 0.1 M NaOH 228
CNAs-20 3.93 1 Vagagal 0.1 M Na,SO, 229
g-C;N,@1/8NiO 20.0 1.23 Vrug 0.5 M H,SO, 230
NiO@g-CN 0.00865 0.7 Vsce 0.5 M Na,SO, 231
BWO QDs/CN 0.00039 1.23 Ve 0.2 M Na,SO, 232
SCN/BWO 0.0574 1.23 Vrug 1 M KOH 233
Czo 0.162 Vag/agcl 0.1 M Na,SO; 235
g-C3N,-BivVO, 0.00202 1.23 Vrue 1 M KOH 236
BivO,/g-C3N, 1.14 1.23 Vgue 0.5 M Na,SO, buffered with a 1 M Na,SO; 237
BV/CN-5 0.7 1.23 Veug 0.5 M Na,SO, 239
BiVO,/g-C;N,-NS 3.12 1.23 Vrue 0.1 M Na,SO, 240
2-C3N,/Mo:BivO, 3.11 1.23 Vrue 0.1 M KH,PO, 241
NiFeO,/B-C;N,/Mo:BiVO, 5.93 1.23 Ve PPB 242
y-g-C;N,@BiVO, 1.38 Vag/agcl 0.5 M Na,SO, 243
2-C3N,/BiVO,(30%) 0.00046 Vag/agcl 0.1 M Na,SO, 244
BiVO,/g-CN 7.4 2.2 Vpus 0.1 M KH,PO, + 1 M Na,SO; 245
C;N,/InVO, 0.013 0.9 Vagiagal 0.1 M Na,SO, 246
FeVO,/C;N, 0.18 0.7 Vscr 0.1 M Na,SO, 247
mt-CN/MoS, 0.16 0.5 Vagiagai 0.1 M Na,SO, 251
MOoS,/g-C3Ny 0.07 —0.8 Vagiagal 0.1 M H,SO, 252
g-C3N,/Bi,S;/BiNPs 7.11 1.23 Veue 0.1 M Na,SO, + 0.1 M Na,SO;, 253
CNIS25 0.0078 1.5 Vagiaga 0.1 M Na,SO; 254
In,S;/S-C3N,-dots-20 4.93 1.18 Vgue 3.5 wt% NacCl solution and Na,SO, 255
g-C3N,/CdS 5.4 0.2 Vag/agal 0.5 M Na,$ + 0.5 M Na,SO, 256
Ag@g-C;N,/ZnS 0.2 1.60 Vrur 1 M KOH 257
DPCN/NRGO/NiFe-LDH 0.1623 1.4 Vrus 0.01 M Na,SO, 261
CoMn-LDH/g-C3N, 0.227 Vagiagal 1 M KOH 262
CoFe-LDH@g-C;N, 0.196 VruE 1 M KOH 263
CNN G3 LDH 0.97 0.61 Vag/aga 0.1 M Na,SO, 265
CuTi-LDH/C;N, 0.014 VRHE 1 M KOH 266
C;N,@CuAF/Ni(OH), 0.32 1.23 Vrug 0.5 M Na,SO, 268
6%g-C3N,/BiOF 0.0482 1.23 Veue 0.5 M NaOH 270
6%g-C3N,/BiOI 0.1316 VRuE 0.5 M Na,SO; + NaHCO, 271
Nd:g-C;N,/BiOI 1.55 1.23 Veug 0.5 M Na,SO, 273
Bi,Mo0O4/g-C;5N, 0.520 0.7 Vsc 0.1 M Na,SO, 274
g-C3N,/Bi,0,/BiPO, 0.095 1.25 Vagiagal 0.1 M Na,SO, 275
g-C3N,/ThO, 0.00971 1.23 Vag/aga 0.5 M Na,SO, 276
CN/Mn,0;/FTO 0.093 0.8 Viue 0.1 M Na,SO, 277
AgNi/g-C;N, 1.29 1 Vagiagal 1.0 M NaOH 278
SiNWs/g-C3N, 0.045 0 Vp, 0.5 M Na,SO, 279
g-C3N,/SiC 0.015 Vsce 0.5 M Na,SO, 280
CoP-CN 0.15 0.4 Vagingal 0.5 M Na,SO, 282
CoOx/C;N,/Ba-TaON 4.57 1.23 Veug 1 M NaOH 285

films on a polycrystalline CuInS, chalcopyrite substrate.>*> The

as a protective layer for semiconducting CulnS,, inhibiting

electrode showed good activity and stability with g-C;N, acting degradation and photo-corrosion under acidic conditions.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Energy Adv, 2024, 3, 30-59 | 45


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ya00506b

Open Access Article. Published on 07 Desemba 2023. Downloaded on 24/07/2025 18:21:13.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy Advances

KL -
) Vi

e

ge

0.1 mol/LNaNO, solution

wo BN,

Fig. 8 (i) (a) Transient photocurrent response at a bias potential of —0.4 V
(vs. Ag/AgCl) under visible light: [(1) Cu,O; (2) CuO/g-C3N4-5; (3) Cu,O/
g-C3N4-10; (4) Cup,O/g-C3Ng-15; (5) Cu,O/g-CsN4-20; (6) g-CsNyl.
(b) Linear sweep voltammograms of Cu,0O, g-C3N4 and Cu,0/g-C3N4-15
films in the dark and under visible light. (i) Schematic pathway for
photoelectron transfer and the photoelectrochemical process in Cu,O/
g-C3Ny4 film under visible light irradiation. Reprinted from ref. 151 with
permission.

While the solar spectral range up to 460 nm was captured by the
high band gap g-C;N, material, the red portion was absorbed
by the low band gap CulnS, (~1.5 eV) semiconducting elec-
trode with a smaller band gap. The generation of cathodic
photocurrents with an onset potential of +0.21 Viyg in 0.1 M
H,SO, aqueous solution was observed over polycrystalline
CulnS,, and the introduction of C;N, enhanced the onset
potential to 0.36 Vgyg. The design and development of a
C3N4_xS3x/2/CdS/Culn, ;Ga, 3S, photocathode with optimally
aligned energy levels to facilitate photoactivity was undertaken
by Wang et al.>®® The alteration of the CdS/CIGS materials
using a stable and band-aligned protecting layer of S-doped
C;N, could satisfy the requisites for highly efficient water
reduction materials. A molten-salt-based synthetic approach
was adopted for the preparation of Cu-modified g-C;N, with
superior photocathodic performance on account of the coordi-
nation effect of Cu and the formation of a type II heterojunction
due to in situ generation of CuCL.>** After the photoexcitation to
the CB of coordinated C;N, and then to the CB of CuCl, the
electrons were expended for H, generation.
Biopolymer-activation of g-CN via soft-templating and the
incorporation of active carbon-dopant sites was demonstrated

Table 2 PEC performance of g-C3N4-based photocathodes

View Article Online

Review
by Zhang et al.>*®> Two biopolymers, alginate and gelatin, were
used as activating agents for g-C3N,. Synergistic interactions
between the g-C3N, precursor and biopolymer precursor
induced a sponge-like porosity and simultaneous C doping,
leading to enhanced PEC activity. Carbon doping enhances the
conjugation, thereby extending the absorption edge. Electric-
field-assisted charge transfer at the interfaces has been utilised
to construct ZnO nanotube array-decorated g-C;N, particles
with improved photocathodic performance.>*® Grafting of
CoSe, nanorods into g-C3;N, nanosheets reduced the charge
accumulation on CoSe,, providing greater stability. Basu et al.
reported g-C;N,—CoSe, decorated on p-Si MWs that could
function as stable and competent photocathodes for PEC
H, evolution.’*® The efficient snatching of photogenerated
electrons by CoSe, and the subsequent transfer to the Si surface
and the electrolyte explained the high performance. The as-
prepared p-Si/C;N,—CoSe, heterostructure could afford a photo-
current density of —4.89 mA cm ™2 at 0 Vg, Owing to the more
positive valence band potential of g-C;N, relative to NiO, it can
act as a cocatalyst and photosensitizer for the NiO photo-
cathode, capable of injecting holes into p-type NiO.>*” The
photocathodes exhibited excellent stability in both air and N,-
saturated neutral environments. A 0D/2D AgVO;/g-C3N, photo-
cathode exhibited a high photocurrent density of —1.02 mA cm >
at 0 Vpup.””® Enhancing the efficiency of the g-C;N, photo-
cathode via the o-catalyst decoration technique was attempted
by Shanker et al>*° An extended interface for the efficient
separation of photoexcited electron-hole pairs through
electron transfer from g-C;N, to N graphene-titanium nitride
(TIN-NFG) could be achieved in C;N,:TiN-NFG nanocrystals.
A stable 2D/2D heterojunction g-C3;N,/graphydine was prepared
by simple m-n stacking interactions. The incorporation of
Pt nanoparticles on g-C;N; increased the photocurrent.>*®
Gopalakrishnan et al. reported silicon nanowire-based hybrid
nanostructures comprised of SrTiO; nanoparticle-coupled
2-C3N, nanosheets as photocathodes. The hybrid heterojunction

System Photocurrent density (mA cm™?) Potential Electrolyte Ref.
ZnO/Au/g-C;N, —0.29 0 Vius 0.2 M Na,SO, 99

g-C3N,/CuO —0.85 0 Viue 0.1 M Na,SO, 118
Si/C3N,—CoSe,-100 —-8.4 —0.289 Viug 0.5 M H,SO, 120
Cu,0/g-C5N, —~1.38 —0.4 Vagingal 0.1 M NaNO, 124
Cu,0/g-C3;N,/WS, 9.5 —0.55 Veue 1 M Na,S0O, 286
Cu,0 foam/g-C3N, —2.5 0 VruE 0.1 M Na,SO, 287
C-CuO/CN —2.85 0 Vgus 0.1 M Na,SO, 288
g-C3N,/CulnS, —0.3 —0.6 Vagiaga 0.1 M H,SO, 292
C3Ny_4S3/2/CdS/CIGS -5 —0.3 Virusr 1 M K,HPO,/KH,PO, 293
Cu-CN-W —0.200 0.42 Vipg 0.2 M Na,SO, 294
g-C3N,/NiO/FTO —0.02 0 Vrug 0.1 M Na,SO, 297
AgVO05;/g-C;N, ~1.02 0 Vius 1 M Na,S0O, 298
g-C;N 4 TiN-NFG —~0.196 0.11 Vg 0.5 M Na,SO, and 10 vol% TEOA 299
Pt@g-C;N,/GDY —0.133 0 Vue 0.1 M Na,SO, 300
Hybrid Si NWs@g-C;N, NSs-SrTiO; NPs —28 1.23 Veus 0.5 M Na,SO, 301
g-C;N:ITO —0.070 1 Veus 0.5 M Na,SO, 302
CN/TO/PTO film —0.0685 0 Vagiaga 0.1 M Na,SO, 304
LaFeO5/g-C;N, —0.004 —0.3 Vagiagal 0.1 M Na,SO, 305
ZnSe/g-C3N, —0.5 Vagiagcl 0.5 M Na,SO, 306
h-PCN —0.1 Ve 0.5 M H,SO0, 307
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photocathode exhibited a photocurrent density of —28 mA cm™>
neutral pH. The PEC water reduction activity was ascribed
to the formation of a built-in potential electrode/electrolyte
interface due to charge separation and migration from Si
NWs to the interfacial heterojunction layer.>’® With a bias of
0 Vgrue in a neutral electrolyte, the Z-scheme ZnO/Au/g-C3N,
photocathode exhibited a stable photocurrent of —0.29 mA ¢cm™>
in the presence of a Pt co-catalyst. On account of its high work
function (—5.30 eV), Au NPs mediated the electron transfer
from ZnO to g-C3N,, completing a direct Z-scheme charge-
carrier process.’®" Shanker et al. introduced Sn-doped In,O;
(ITO) nanocrystals as co-catalysts for g-C;N,, generating a
six-fold activity enhancement.’> A type-II ferroelectric-semi-
conductor heterojunction of g-C;N, with BiFeO; has been
reported.>®® Another ferroelectric material, PbTiO; (PTO) when
combined with g-C;N, formed Z-scheme heterojunctions with
TiO, inserted between PTO and g-C;N, to form a buffer layer.?**
The deposition of LaFeOj; at the surface of the g-C;N, film via
magnetron sputtering followed by oxidation was reported by
Gries et al.>®® A type-II heterostructure ZnSe/g-C;N, obtained by
implanting the ZnSe nanoflowers into the g-C;N, framework
aided by ultrasonication was tested for PEC water splitting.’*®
The photocurrent enhancement for g-C3;N, in the cathodic
direction could be achieved by P doping employing trioctylpho-
sphine oxide as a dopant precursor.*”” Table 2 provides the PEC
performance of g-C;N,-based photocathodes.

at

4. Conclusion and perspectives

This review delivers a comprehensive depiction of g-C3N,-based
materials for PEC water splitting. Considering the require-
ments for the VB and CB positions, g-C3N, can be used both
as a photocathode and anode. Nonetheless, its inherent short-
comings such as small surface area, low electrical conductivity
and rapid electron—hole recombination limit its PEC activity.
In general, the low photocurrent density exhibited by pristine
2-C3N, impairs its potential to meet commercial demands.
High-quality g-C;N, films are essential for efficient light
absorption and charge generation in the PEC water splitting
procedure. To achieve maximal activity, the g-C;N, films should
be homogeneous, continuous, and in good contact with the
substrate. For the synthesis of g-C;N, films, innovative bottom-
up methodologies should be used since they mitigate the poor
dispersibility and solubility problems of g-C;N,, which are
often present in top-down approaches for g-C;N, film
fabrication.

New hybrid non-vacuum-based synthetic protocols to obtain
homogeneous and crack-free films with good adhesion to the
conductive substrate should be developed with controllable
thickness to fabricate the large surface area thin film photo-
electrodes. The process of the synthesis of films should mod-
ulate and control the intrinsic m-conjugated structure for
2-C;N, light absorption and conversion to be further increased,
resulting from substantial alterations to its electronic state,
band structure, and optical/electrical characteristics. A few

© 2024 The Author(s). Published by the Royal Society of Chemistry
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strategies that can be investigated to modulate the intrinsic
properties to achieve ideal PEC performance include hetero-
atom doping, defect engineering, and the introduction of
functional groups into the g-C;N, matrix. The controllable
changes in functional groups on the surface can improve the
investigations and control over the surface plane fabrication,
adhesion and charge transfer. Morphological nano levels can
also aid in improving the PEC performance. There is ample
scope for exploring the impact of various hierarchical nano-
structures, including nanoparticles, nanorods, etc., on PEC
performance.

The decoration of hole-transporting layers (HTLs) and ETLs
(electron-transporting layers) with minimum to no parasitic
light absorption should be studied. The stable intermediate
layers to avoid the direct contact of electrolyte and light
absorbing layer should be of utmost priority for the longevity
of the electrode. The investigation of effective oxidation/
reduction cocatalysts that align well with the charge capturing
from the bulk layers of g-C;N, is essential since the activation
energy of water oxidation is the limiting step for overall water
splitting. Photo-generated charge carriers can be effectively
separated, and their recombination can be suppressed by the
cocatalyst by providing specific active surface sites to partici-
pate in the reduction and oxidation reaction. To accomplish
efficient charge transfer, good interfacial contact between the
cocatalyst and g-C;N, must be sustained using buffer layers.
The cocatalyst introduction can also reduce the overpotential
for the HER and OER. The formation of type-II or Z-scheme
heterojunctions with other semiconductors can facilitate high
charge mobility, thereby reducing the prospects of electron-
hole recombination; the metal oxides, double oxides, and
chalcogenides are widely explored in this category. Integration
with conductive matrices like graphene improves electronic
conductivity and provides channels for electron transfer. The
plasmonic effect of the metal nanoparticles loading may be
beneficial in widening the light absorption and increasing the
charge carrier concentration. Long-term and large-scale appli-
cations of g-C3;Ny-based photoelectrodes rely substantially on
their stability and feasibility to manufacture large surface area
films economically. Additional research on the modified tech-
nologies is necessary to ensure a steady run. This includes
applying protective layers and achieving strong adherence of g-
C;N, films on substrates. Theoretical studies should be taken
into consideration for understanding the charge transfer
kinetics and mechanism assisting the rational design of sys-
tems for efficient PEC water splitting and relieving experi-
mental workload and chemical cost. DFT studies are useful
for comprehending the fundamental process of the improve-
ment of PEC activity brought about by different modification
techniques at the atomic or unit-cell scale. Clarifying the
kinetics of charge transfer in a functional photoelectrode and
gaining a thorough grasp of charge transfer and recombination
in semiconductor materials is crucial. Consequently, it would
be ideal to use in situ spectroscopic studies to observe charge
transfer kinetics, phase changes, and reactive reaction inter-
mediates in real time. Additional sophisticated spectroscopic
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techniques, like time-resolved fluorescence measurements,
transient absorption spectroscopy, and time-resolved micro-
wave conductivity, could be useful in elucidating the relevant
photoelectrochemical processes. The PEC application of g-C3N,
is still in the early phase. With the intensive perpetual research
in the field, g-C;N, may emerge as a potential durable system
for PEC applications in the coming years.
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