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The current energy production technology is associated with incompetent and unsustainable global
conditions like climate change, the greenhouse effect, etc. Therefore, the call for sustainable and
renewable energy practices is essential to address future energy crises, preserve ecological balance and
combat climate change. Harnessing solar energy conversion via artificial photosynthesis over an efficient
semiconductor is a key strategy to maintain the circular energy cycle and achieve zero-emission energy
missions. g-C3Ny4 is one of the most exclusively studied semiconductor-photocatalysts; however, its bulk
structure suffers from several significant limitations. Rational modifications of morphology and porosity
led to the development of a mesoporous-CsNs (mp-g-CN) framework, which has excellent
photoresponsive features. mp-g-CN enriched with superior physicochemical properties, improved
optoelectronic features, and well-dispersed active site distribution can be synthesized by either
template-assisted or template-free synthesis methods. The template-free synthesis approach is more
appealing than the template-assisted synthesis method, which can reduce the multiple synthesis steps

Received 18th February 2025, and avoid the use of hazardous chemicals. Further, the strategic functional maodifications deliver more
Accepted 7th May 2025 efficient mp-g-CN structures, which can be considered as a reference photoactive material for
DOI: 10.1039/d5mh00294; producing H,, H,O,, NHs, carbonated fuel and biofuels from renewable precursors. Finally, some
unresolved hitches in advancing mp-g-CN photocatalysts to achieve high efficiency in artificial
rsc.li/materials-horizons photosynthesis have been encountered as current challenges and future prospects.

Wider impact

In light of the growing energy demand and potential future energy crises, transitioning from fossil fuels to sustainable energy sources is crucial. One promising
approach is solar-to-energy conversion through artificial photosynthesis over a cost-effective and robust photocatalyst by utilizing naturally abundant
precursors. g-C;N, is a well-researched semiconductor photocatalyst recognized for its affordability, absence of metals, durability, and non-toxic characteristics.
Further, the rational modifications of the morphology and porosity of g-C;N, lead to the development of mesoporous g-C;N,-based materials. Overall, we offer a
comprehensive evaluation of the emergence of mp-g-CN-based photocatalytic materials and the current landscape of their synthesis approaches, emphasizing
structural and functional modifications to achieve effective solutions for semiconductor-based photocatalysis aimed at solar energy production. Furthermore,
we also propose the associated research challenges and future prospects in this direction. The promising prospects of this advanced photocatalytic material
emphasize the potential for interdisciplinary collaboration across science and engineering, which could foster innovative solutions and advancements in
semiconductor photocatalysis, ultimately contributing to sustainable energy technologies. We believe this review intends to benefit the research communities,
who are interested in semiconductor photocatalysis for sustainable energy production. We also believe this review could be a guiding tool for fabricating
efficient g-C3N,-based photocatalysts.

1. Introduction
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fossil fuels such as oil, coal, and natural gas collectively meet
approximately 80% of the current global energy demand and
are being depleted continuously. Hence, these conventional
energy sources need to be replaced by renewable precursors to
meet the ever-increasing demands of energy.*” Also, the over-
exploitation of these fossil fuels is leading to their rapid
depletion and rendering them inadequate to satisfy the rising
energy demands in the near future.® Moreover, the combustion
of fossil fuels is associated with the emission of an enormous
amount of CO,, unwanted hydrocarbons, sulphur (S), and
nitrogen (N) into the atmosphere. Excess CO, emission causes
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the greenhouse effect and global warming.” Similarly, the
unwanted hydrocarbon deposition disturbs the carbon neutrality
cycle. In contrast, S and N can oxidize to various acids, causing
acid rain, hence posing a threat to the ecological balance.® There-
fore, it is absolutely essential to establish a sustainable alternative
to fossil fuels by using renewable sources for energy production.
This is a fundamental challenge to counter future energy crisis and
ensure a cleaner environment.”'® Renewable sources such as solar
energy stand out as one of the major sources of vital energy, and
can potentially become an epitome of high-input energy producer.
As per the estimation, the earth receives a substantial amount of
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energy (1.9 x 10® TW h per year) from the Sun, which is almost
1000 times greater than the global energy consumption (1.3 x 10°
TW h per year)."" Hence, it is absolute to utilize this primary energy
resource through several opportunistic approaches in order to
develop sustainable energy grids such as green electricity using
solar cells."” Distinctly, the use of solar energy for sustainable fuel
production by harnessing the natural abundant renewable
resources such as water, CO,, lignocellulosic biomass, and the
earth’s abundant natural gases can be a significant move towards
the construction of a sustainable world (Fig. 1a).

A recent report from March 2023 statistics of the U.S.
National Oceanic and Meteorological Administration revealed
that the CO, emission already has surpassed 414.49 ppm,
demanding the immediate implementation of necessary mea-
sures to take care of the surplus CO, content.® Providentially,
the utilization of this excess anthropogenic CO, gas for the
production of various high-density gaseous and liquid fuels by
harnessing solar energy can be an effective solution for the
energy catastrophe as well as to mitigate the global warming
impact by maintaining carbon neutrality."* In CO,, ‘C’ exists in
its highest oxidation state and can be reduced to form various
value-added chemical products having one or more carbon
atoms, named C1 and C2+ compounds such as CO, HCHO,
HCOOH, CH3;0H, CH3;CHO, CH3CH,CHO, etc. These photore-
duced products have great potential as modern-day fuel, cur-
rently gaining huge research interest.'*'> Similarly, the thirst
for sustainable development of carbon-free fuels such as H,,
H,0,, NHj3, etc., is an emerging topic in recent times to prevent
carbon emissions into the environment.'®"” Indeed, hydrogen
(H,) fuel is a truly sustainable and cleanest mode of energy with
zero pollution. H, has a very high specific energy density
(142 MJ kg™ "), typically greater than that of the currently used
fuels. However, the current production of H,, primarily through
the steam reforming process, is not ideal, as this process
involves high CO, emanation."®'® Therefore, it is crucial to
develop a sustainable route for H, production instead of the
fossil fuel steam reformation process. There is significant
research activity focused on sustainable H, production by
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considering using water as a renewable precursor via photo-
catalytic water-splitting.>>>' The fate of H, production via the
photocatalytic pathway depends upon several critical factors,
which have been extensively elaborated later in this review.
However, the major concern associated with the use of this
high-energy-density H, fuel is its successful storage. The storage
and transportation of H, fuel is highly challenging and requires
delicate measures due to the explosive nature of H,.2* Therefore,
chemicals such as formic acid and NH; suitably serve as the
source of H, carrier, and hence, their sustainable production is
concurrently crucial, like sustainable H, production. For
instance, NH; is a reasonably higher volumetric energy density
fuel than H,, and its storage and transportation is simpler than
H,. NH; (in liquid state) possesses optimum gravimetric and
volumetric energies (18.8 MJ kg " and 11.5 MJ L™, respectively),
suggesting its reasonable comparability to those of CH;OH.>***
The worldwide requirement of NH; crosses 200 million tons per
annum, suggesting its huge demand because of its numerous
applications. Besides, NH; can be stored as a liquid under milder
and lower pressure; it can be utilized as both a hydrogen
precursor and an energy vector in applications like fuel cells
and ammonia turbines.”>>> Currently, industrial NH; produc-
tion is carried out through the well-known Haber-Bosch process,
where H, and N, undergo a reaction at high temperature and
pressure over Fe-based heterogeneous catalysts. As reported
several times, this is an energy-consuming process in which a
large quantity of fossil fuel is utilized to produce H,, resulting in
significant CO, emissions.>®*” Hence, developing a sustainable
and greener route for NH; production using N, fixation is crucial
yet challenging. Although biological N, fixation and electroche-
mical N, reduction seem greener, these processes are far from
practical implementation due to techno-economic barriers.?***
However, the photochemical pathway for NH; production via N,
reduction reaction (NRR) by harnessing solar energy is an attrac-
tive example of solar energy production from renewable precur-
sors. Similarly, the photocatalytic production of hydrogen
peroxide (H,0,) is an excellent example of solar energy produc-
tion using molecular O, as a precursor. H,0, is widely known as a
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processes involved in semiconductor photocatalysis.
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(a) Schematic outline of semiconductor-mediated solar fuel production by utilizing abundant renewable precursors and (b) photocatalytic
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green oxidant and acts as a bleaching agent in the pulp, paper,
and textile industry.28 Moreover, H,0, has attracted significant
interest in recent times as a promising energy carrier compared
to H, due to its high energy density, complete solubility in
aqueous medium, and easy storage and transportation as a liquid
fuel, making it a viable option to partially substitute fossil
fuels.”®?° It is also used in the construction of hydrogen peroxide
fuel cells to generate electricity with +1.09 V vs. NHE, which is
comparable to that of the hydrogen fuel cell (+1.23 V) and
methanol fuel cell (+1.21 V). Due to these several characteristics,
the annual global demand keeps increasing every year. In 2021,
the global production of CH;OH crossed 107 million tons and is
expected to reach up to 500 million tons by 2050.%° However, the
current industrial method for H,O, production is the anthraqui-
none method, which is energy-intensive and produces waste.>* >
Therefore, the economical and sustainable H,0, production, by
harnessing renewable solar energy, can significantly reduce fossil
fuel consumption and eliminate environmental impact to
achieve the energy security goal.

Biofuels are another class of sustainable energy alternatives to
fossil fuels that can be derived from the earth-abundant ligno-
cellulose biomass. They are regarded as green, sustainable and
modern-day fuels that can meet future energy demands.*'*
Approximately 170 billion metric tons per year of biomass is
produced by nature via photosynthesis, making it the fourth
largest naturally occurring energy provider after oil, coal and
natural gas.”* The lignocellulosic biomass entities, mainly com-
prised of cellulose and hemicellulose, can be hydrolyzed to
sugars, which can be derivatized further to produce second-
generation bioethanol. Lignocellulosic biomass is known to
produce several aromatic moieties, sustainable chemicals,
diesel-like biofuels and various platform chemical commodities
such as furfural, 5-hydroxymethylfurfural, 2,5-dimethylfuran,
2-methylfuran, and vanillin.*** Long carbon chain alkanes,
which are found in bio-diesel and jet fuels, can be mainly
synthesized from non-edible oils and vegetable oils extracted
from biomass.** Often, biomass transformations and several
biorefineries are primarily operated by thermal catalytic meth-
ods, but harsh reaction conditions and very high energy con-
sumption obviate their practical applications.*® However, the
solar energy-driven photocatalytic approach for converting lig-
nocellulosic biomass to several value-added chemicals and fuels
can be regarded as a green, sustainable and eco-friendly energy-
saving process for future biofuel production, which has recently
drawn huge attention.*>® Hitherto, solar fuel production using
lignocellulosic biomass is still an underdeveloped process and
requires a huge advanced research focus to embark on some
eye-catching progress.

Semiconductor-based photocatalysis is a progressive green
technology that utilizes everlasting solar energy as a primary
energy provider using an appropriate semiconductor to execute
the photochemical process (Fig. 1b). Semiconductor photocatalysis
can offer promising pathways toward clean energy production, as
highlighted by the incessantly increasing numbers of publications
each year.’””® Despite many reported inorganic and organic
semiconductor photocatalytic materials, researchers have never
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stopped exploring g-C;N, with multiple arenas in photocatalysis
due to its exceptional structural features (Fig. 2).

g-C3N, possesses a unique graphene-like structural arrange-
ment with a two-dimensional (2D) conjugated structure,
formed by triazine rings or tri-s-triazine rings as basic structural
units by the thermal condensation of either melamine, dicya-
namide, urea or thiourea (Fig. 2). Such structural arrangements
make g-C3;N,; a potential photocatalytic material embedded
with multifunctional active sites (Fig. 2)."”*°"*' Moreover, these
active sites and structural features not only exclusively produce
the photogenerated charge carriers but also allow the fast
charge separation to smoothly execute the surface redox reac-
tion. Furthermore, the presence of the C-N robust covalent
framework in the triazine unit provides outstanding thermal
and chemical stability to g-C;N,. The bandgap energy (E,) of
g-C3N, is estimated around 2.7 eV, and the associated energy
bands, ie., conduction band (CB) and valence band (VB), are
located at —1.4 eV and 1.3 eV vs. normal hydrogen electrode
(NHE), respectively. This band alignment provides numerous
opportunities to target various photocatalytic applications and
allows the possibility of further band engineering to increase
efficiency.>** Hence, g-C;N, has been vastly explored and
reported to exhibit excellent performance in photocatalytic H,
production, H,0, generation, CO, reduction, organic pollutant
degradation, water remediation and other artificial photosynthesis
applications.'”*'! Further, g-C;N,-based materials, signifying as
visible light active metal-free photocatalysts, have currently gained
tremendous research interest for sustainable chemical production
by photocatalytic biomass transformation.”> > In contrast, pristine
g-C3N, is also associated with some major drawbacks, which lead
to suboptimal performance.>***® Consequently, the rational mod-
ifications of the morphology and porosity of g-C;N, have been
reported to lead to excellent photoresponsive properties. Porosity
in nanomaterials is generally classified into three types based on
pore size: micropores (less than 2 nm), mesopores (2-50 nm), and
macropores (greater than 50 nm). Materials with smaller pore
sizes, such as micropores and mesopores, generally exhibit higher
specific surface areas and more accessible active sites, making
them highly advantageous for catalytic applications.’® In con-
trast, macropores are more effective in adsorbing organic
macromolecules.>® Conversely, mesopores are more advantageous
in the transportation and diffusion of reactants, products and
solvent molecules because of the smaller void space between pores
and a large void fraction within the framework.”>*”*® This offers
multiple light reflections/scattering phenomena to enhance light
harvesting efficacy. Therefore, mesoporous materials have been
immensely explored in catalysis and photocatalysis over the past
few decades.”’° In addition, mesoporous materials can be a
suitable support matrix for various nanoscopic substances, such
as metal nanoparticles (MNps) in catalysis and photocatalysis.
Specifically, active components embedded in mesoporous materi-
als demonstrate improved catalytic/photocatalytic activity and
stability compared to their unsupported counterparts.>”

In recent years, several reports have emphasized the remark-
able progress in various structurally modified g-C;N,-based
photocatalysts, elucidating various synthesis methods and

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Schematic evolution of g-C3N4 from various precursors embedded with surface active sites and structural features.

structural enhancements such as narrow and tunable pore size
distributions, customizable morphologies, optimized optoelectro-
nic properties, pore surface engineering, etc.®'°® These modifica-
tions aim to enhance photocatalytic performance by improving
light absorption, charge separation, and surface reactivity. For
instance, Wang et al. and Hasnan et al. have reported in their
review that the strategic structural modifications can significantly
improve the photoresponsive features.**> Khan et al and Liu
et al. have also demonstrated that deliberate elemental doping and
significant defect engineering can exclusively modulate the band
structure, making the g-C;N,-based photocatalysts more promis-
ing for efficient charge separation dynamics.®>® All these review
articles acknowledge the importance of surface area and porosity
in enhancing light absorption. However, they often overlook
systematic methodologies for fabricating porous g-C;N, with
tailored mesopore volume and high surface area. Only a handful
of reviews have reported on the development of mp-g-CN-based
photocatalysts over the past years. In 2017, Lakhi et al. and Sun
et al. primarily reported the synthesis of mp-g-CN-based photo-
catalysts mainly dominated by a templated approach.’”®® They
have also discussed that the subsequent structural modifications
along with the creation of a mesoporous structure significantly
boosted the photocatalytic activity. Since then, significant research
progress has focused on template-free strategies, offering advan-
tages such as atom economy and reduced reliance on silica
precursors and corrosive chemicals. Further, the multifunctional-
ity induced in the mp-g-CN-based photocatalyst’s framework holds

This journal is © The Royal Society of Chemistry 2025

substantial potential in addressing various environmental con-
cerns, like sustainable energy production via artificial photosynth-
esis. Therefore, it is absolutely imperative to cover the research gap
in the context of the development of mp-g-CN-based photocata-
lysts and their prevailing prospects in solar energy conversion,
which is yet to be explored. This review comprehensively outlines
recent developments and advancements in mp-g-CN photocata-
lysts along with their potential applications in solar energy
conversion (Fig. 3). Besides the description of various synthesis
routes with particular emphasis on the emerging template-free
approaches for mp-g-CN synthesis, this review provides a detailed
testimony from fundamental principles to mechanistic pathways
underlying mp-g-CN framework-driven solar energy conversion for
sustainable fuel production. In addition, we critically evaluate the
advances of mp-g-CN-based photocatalyst mediated biofuel pro-
duction. Lastly, we also propose the associated research challenges
and future prospects in this rapidly evolving field. We believe this
review can resonate with a broad range of readers, from academia
to industry, to create a reference value for developing highly
efficient g-C;N,-based materials for artificial photosynthesis.

2. mp-g-CN-based photocatalysts

¢-C3N, produced by the traditional synthesis method has a
crammed and close-packed structure, commonly referred to as
bulk g-C3;N,, which hinders its photoresponsive performance.

Mater. Horiz., 2025, 12, 6485-6557 | 6489
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Fig. 3 Schematic outline of general synthesis routes, associated struc-
tural modifications and potential applications of mp-g-CN discussed in
this review.

The strategic mesoporosity modifications in the g-C;N, struc-
ture can ameliorate the optoelectronic response and photoac-
tivity. In contrast to bulk g-C;N,, mp-g-CN-based photocatalysts
thereby attracted considerable research interest in the field of
photocatalysis owing to their distinctive and appealing struc-
tural features, as illustrated in Fig. 4a.°”7° However, the strate-
gic structural modulation followed by doping, vacancy, or defect
engineering in mp-g-CN can further modify the optoelectronic
state to optimize light absorption, reducing band gap energy,
charge carrier dynamics, and surface reactivity. Moreover, by
successfully creating mesopores in the g-C;N, framework, both
surface and bulk functionalities can be achieved.”® The meso-
porous channel in mp-g-CN serves as a potential scaffold that
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incorporates both organic and inorganic nanostructures within
the mesopores by various surface engineering and nano func-
tionalization phenomena. This creates closed contacts between
mp-g-CN and the adopted semiconductor nanostructures in the
resultant composite structure.””””* These closed contacts, in
terms of the grain boundary overlapping between the semicon-
ductors, are responsible for the better charge separation and
migration of the photoexcited charge pairs.”* Therefore, despite
the neat mp-g-CN, the assessment of mesoporous creation has
also been extended to a wide range of functionalized mp-g-CN
hybrid composite semiconductors (mp-g-CN/metal oxide, mp-g-
CN/metal sulfide, etc.).”*”>

The synthesis of mp-g-CN-based photocatalytic systems is
generally classified into two categories, i.e., templated-assisted
method and template-free method, as shown in Fig. 4b. It is
noted that the template-assisted mp-g-CN-based photocatalysts
exhibit a more ordered mesoporous channel and high surface
area compared to those synthesized via the template-free
method.”® The general synthesis approach for the production
of mp-g-CN-based photocatalytic systems is briefly discussed
below.

2.1. Synthesis of mp-g-CN-based photocatalysts using the
template-assisted method

The templates are considered an indispensable tool for the
creation of ordered mesoporous structures in materials.
Template-assisted synthesis methods are based on the use of
inorganic or organic frameworks as templates and are consid-
ered the most effective approaches for the synthesis of target
frameworks having an absolute size, tunable morphology, as
well as a well-defined porous structure.”® Mesoporous channels
with well-defined porosity provide cross-plane electron diffusion
channels, which results in the diminution of the surface recom-
bination sites for the photogenerated excitons.”* It is worth
mentioning that, the deliberate creation of such ordered and
dimensionally controlled mesoporous channels in g-C;N,-based
photocatalysts using the template-assisted strategy can lead to
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(a) Schematic of the comparison of bulk g-C3sN4 and mp-g-CN, (b) various synthesis approaches for mp-g-CN.
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several beneficial aspects such as (i) significant improvement in
photogenerated charge separation by providing active sites for
self-trapping of the charges, (ii) exposure of catalytic active sites,
dispersed on the surface and in the bulk, to resonate with the
charge transportation phenomena, and (iii) creation of a suitable
platform for hosting the other semiconductors or co-catalysts in
order to advance the overall photocatalytic activity. Hence, these
beneficial aspects of mp-g-CN-based photocatalytic systems
demand further exploration to construct highly efficient photo-
catalytic materials, which largely depends on the synthesis
approach and the choice of a suitable template. In the literature,
mp-g-CN materials have generally been synthesized and fabri-
cated by using two types of templates: hard template and soft
template.”® The morphology and the pore structure of g-C3N,
could be regulated by adjusting the type of template involved in
template-assisted synthesis. The details of both types of template-
assisted synthesis strategies are discussed below.

2.1.1. Synthesis of mp-g-CN-based photocatalysts using the
hard template strategy. A wide range of silica precursors are
available as hard templates for synthesizing the mp-g-CN-based
photocatalysts. In the hard template-assisted strategy, the
employed hard template is either first synthesized using an
appropriate silica precursor, or it can be a commercially avail-
able silica hard template employed with the appropriate carbon
nitride (CN) precursor.”®”® A broad collection of silica-based
hard templates, such as silica spheres, silica Nps, colloidal silica
(Ludox-40), SBA-15, MCM-41, KCC-1, etc., were employed for the
synthesis of mp-g-CN-based photocatalysts (Fig. 5a). The hard
template-assisted synthesis approach is regarded as a precise
and controllable approach for developing rational mp-g-CN-
based photocatalysts. The hard template-assisted synthesis
can be correlated with the nanocasting phenomena of a rigid
mold, which has a variety of voids available for the infiltration of
suitable CN precursors. After solidification and the calcination
process, the replica of the void structure containing g-C3;N, is
obtained upon the removal of the mold.*®%7*7° Fig. 5b pro-
vides the schematic illustration to elucidate the hard template-
assisted synthesis of mp-g-CN-based photocatalytic materials.
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Initially, the appropriate g-C;N, precursor in solution form
is infused into the ordered porous channels of the template,
followed by evaporation to create a solid template-precursor
mixture. The fixed and rigid nature of the porous channels
triggers the shaping of g-C;N, within the fixed meso channels.
Finally, removing the hard template through chemical etching
results in the formation of regular and interconnected ordered
mp-g-CN.”> The earliest work on mp-g-CN synthesis was
reported by Vinu et al, using ethylenediamine and carbon
tetrachloride as CN precursors in the presence of SBA-15.7°
Similarly, Groenewolt et al. reported another silica monolith
mediated mp-g-CN using cyanamide as the CN precursor.”’
Following this work, in another attempt, cyanamide as the CN
precursor was mixed with silica Nps with an average particle
size of 12 nm.”® After thermal condensation at 550 °C and
removal of silica using ammonium hydrogen difluoride
(NH4HF,), the resultant mp-g-CN was achieved. The specific
surface area was improved from 86 to 327 m” g~ " by varying the
silica-to-cyanamide ratio from 0.5 to 1.6. Afterwards, a series of
silica template-mediated mp-g-CN-based photocatalytic sys-
tems were prepared. Of note, although the use of a hard
template is associated with a multiple-step process and
requires fluoride-based reagents for the removal of the silica-
based template, the hard template-mediated mp-g-CN-based
materials continue to attract significant research interest due to
the superior quality of the mesoporous framework with the
improved physicochemical properties. For example, Liu et al.
reported an ordered mp-g-CN (mpg-C;N,) photocatalyst using
SBA-15 as a silica-based hard template via an impregnation
method.”® At first, SBA-15 was prepared using the Pluronic P123
symmetric triblock copolymer as a soft template to create
ordered porous channels in SBA-15 and tetraethyl orthosilicate
(TEOS) as the silica source. After the successful synthesis of
SBA-15, it was gradually impregnated with an aqueous solution
of cyanamide and subsequently calcined at three different
temperatures and etched with NH,HF, to obtain the ompg-
C3N, photocatalyst (Fig. 6a). The resultant synthesized CN
materials were designated as ompg-C3;N,-450, ompg-C;N,4-500,

(@
o n ¥ o o
y 00
SiO, sphere Colloidal SiO,  SBA-15 MCM-41 KCC-1
’ I
o o Precursor @ Polymerlsatlon Thermal Slllca etching
infiltration @ condensation )
mp-g-CN
SBA-1 5

Fig. 5
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(a) Schematic representation of various hard templates, (b) stepwise synthesis procedures for the hard template-assisted mp-g-CN photocatalyst.
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all the CN materials and bulk g-C3sN,. Reproduced with permission.”® Copyright 2016, Elsevier (for interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article).

and ompg-C3;N,;-550, corresponding to the calcination tempera-
ture 450 °C, 500 °C and 550 °C, respectively. The developed
mesoporosity was confirmed using several characterization
techniques, and the material obtained at 550 °C calcination
temperature was claimed to be the finest photocatalytic CN
material in comparison to other synthesized materials.
The surface and nanostructure morphology of ompg-C;N,-550
indicated that after the removal of SBA-15, the successful rod-
shaped morphology of ompg-C3;N,-550 was achieved due to the
templating effect of SBA-15, whereas bulk g-C;N, exhibited an
irregular agglomerated morphology (Fig. 6b and c). Addition-
ally, the mesoporosity was confirmed by small-angle X-ray
scattering (SAXS) analysis. The SAXS measurement analysis
indicated that the existence of (100) and (110) reflections
corroborated with the ordered 2D hexagonal mesoporous struc-
ture having pémm space group. The mesoporous channel
creation was further investigated by N, adsorption-desorption
(BET analysis). All the CN samples exhibited a type IV isotherm
and a H1 hysteresis loop, suggesting the existence of an ordered
mesoporous framework having cylindrical porous channels
(Fig. 6d). The surface area was improved from 3.3 m*> g ' for
bulk g-C;N, to 86.2 m* g~ for ompg-C;N,-550.

In another work, Chen et al. reported a 3D mp-g-CN photo-
catalyst using SiO, spheres as the hard template and melamine
as the CN precursor, as schematically illustrated in Fig. 7A-a.*°
In a typical synthesis method, at first, melamine and SiO,

6492 | Mater. Horiz., 2025, 12, 6485-6557

spheres with different particle sizes (15 nm, 30 nm, 100 nm and
200 nm) were vigorously mixed through a ball milling process and
then subjected to calcination to obtain g-C3N,@SiO,-x (Where x
stands for the particle size of SiO, spheres, ie., 15, 30, 100
and 200 nm) (Fig. 7A-a). The resultant g-C;N,@SiO,-x materials
(g-C3N,@Si0,-15, g-CsN,@Si0,-30, g-C;N,@Si0,-100 and g-C;N,@
Si0,-200) were further treated with 10% HF aqueous solution
for silica etching to obtain g-C3;N,-15, g-C3N,;-30, g-C3N,-100,
and g-C3N,-200, respectively. The textual analysis study sug-
gested that the CN materials obtained using 15 nm and 30 nm
SiO, hard templates exhibited superior textual properties
among all the synthesized g-C;N,-x (Fig. 7A-(b and c)). Both
¢-C3N,-15 and g-C3N,4-30 displayed a type IV isotherm with an
average pore diameter of 12.4 nm and 17.5 nm, respectively,
estimated using the BJH model. However, the pore diameter for
¢-C3N,4-100 and g-C3N,4-200 using the BJH model could not be
determined, which might be due to the existence of larger pores
or macropores. Additionally, a decreasing trend of the surface
area was observed when the particle size of the SiO, sphere
increased (Fig. 7A-b). The well-ordered porous architecture
present in all CN materials was further visualized using SEM
and TEM investigation (Fig. 7A-(d-1)). SEM analysis demon-
strated a 3D cotton wadding structure having a distinguished
porous channel present in g-C3N,-15 and g-C3N,-30. g-C3N,4-100
and g-C3N4-200 exhibited an ordered honeycomb-like frame-
work with macroporous channels (Fig. 7A-(e-h)). This structural

This journal is © The Royal Society of Chemistry 2025
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(A) (a) Schematic depiction of the synthesis of 3D porous g-CsNg4, (b) BET isotherms and (c) BJH pore size distribution of all the synthesized

materials, (d) SEM image of bulk g-C3N4, SEM and TEM images of (e) and (i) g-C3N4-15, (f) and (j) g-C3N4-30, (g) and (k) g-C3N4-100, and (h) and (1)
g-C3N4-200. Reproduced with permission.®% Copyright 2020, Elsevier. (B) (a) Diagrammatic representation of halloysite@nano-g-CsN4, SEM and TEM
images of (b) and (e) BCN, (c) and (f) MCN and (d) and (g) halloysite@nano-g-CsNy, (h) and (i) BET isotherms and BJH pore size distribution of the modified
halloysite template, halloysite@nano-g-CzN,4, MCN and BCN. Reproduced with permission.8* Copyright 2018, Elsevier.

variation was due to the thermal polymerization and formation
of the g-C;N, framework, which was confined to the crevices
between the regime of SiO, particles. Furthermore, the TEM
investigation revealed the pore diameter of all the synthesized
CN materials (Fig. 7A-(i-1)). The pore diameters were found to be
14 nm, 20 nm, 100 nm and 180 nm, respectively, for g-C3N,-15,
2-C3N,4-30, g-C3N,4-100, and g-C3N,-200 consistent with the SiO,
particle size adopted during the synthesis.

Wang et al. reported an mp-g-CN nanotube (MCN) synthe-
sized using a modified halloysite as a hard template and
melamine as a CN source via the chemical vapor deposition
(CVD) method.®" At first, the activated halloysite, by calcination
and acidification, was placed on top of a cylinder inside a
covered crucible containing melamine for the vapor deposition,
as shown in Fig. 7B-a. In this process, melamine was thermally
polymerized and wrapped over the halloysite surface in the
vapor form during thermal treatment. The deposition of the
2-C;N, shell on halloysite formed a khaki powder designated as
‘halloysite@nano-g-C;N,’ (Fig. 7B-a). The resultant halloysite@-
nano-g-C;N, was treated with 10% HF solution to form MCN.
The successful synthesis of MCN using halloysite was con-
firmed using SEM and TEM investigation. Compared to the
irregular granule-like morphology of bulk g-C;N, (BCN), MCN
exhibited nanotubular morphology (Fig. 7B-(b-g)). Moreover,
due to the halloysite-mediated synthesis, the textural properties

This journal is © The Royal Society of Chemistry 2025

of MCN were very high compared to that of BCN (Fig. 7B-(h and i)).
MCN displayed a specific surface area of 85.5 m”> g~* with a
hierarchical porous structure having small nanopores (<5 nm)
and larger mesopores between 10 and 50 nm. In contrast, BCN
exhibited an impoverished surface area of only 6 m* g~ ' and low
undefined porosity.

In another attempt, a sandwich-like 3D mesoporous graphite-
like g-C;N,-based catalyst abbreviated as meso-g-C3N,/WP/meso-g-
C;N,; was prepared using solid-phase in situ reduction and
calcination.®” Initially, tungsten phosphide (WP) was synthesized
and used as a mediator for the development of meso-g-C;N,/WP/
meso-g-C3N, using cyanamide as a CN precursor and colloidal
silica as a hard template (Fig. 8A-a). meso-g-C3N,/WP/meso-g-C3N,
after the WP incorporation exhibited sandwich-like laminated
heterojunction nanosheets as visualized by TEM investigation
(Fig. 8A-(b-e)). A neat mp-g-CN (meso-g-C3N,) was fabricated by
using colloidal silica for the comparison study. Based on the TEM
analysis conducted for meso-g-C;N, and WP, a completely differ-
ent morphology was obtained for meso-g-C3N,/WP/meso-g-C3Ny,
which exhibited a successful sandwich-like nanosheet morphol-
ogy. The N, adsorption-desorption analysis was further con-
ducted to estimate the extent of mesoporosity present in all
synthesized materials. The BET surface area was found to be
11, 117, 6, and 82 m” g~ for bulk g-C;N,, meso-g-C3N,, WP and
meso-g-C3N/WP/meso-g-C;N,, respectively (Fig. 8A-(f and g)).
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(B) (a—c) TEM images, (d) HR-TEM image and (e) EDS mappings of the HCN/ACO composite, (f) N, adsorption—desorption isotherms and BJH pore size
distribution plot (inset) of CN, HCN, ACO and the HCN/ACO composite. Reproduced with permission.®® Copyright 2021, Elsevier.

Among all the materials, only meso-g-C3N, and meso-g-C3N,/WP/
meso-g-C3N, exhibited a type IV isotherm, which corroborated
with the formation of ordered mesoporosity in their framework.
Hence, these two materials displayed a much higher surface area
and porosity than bulk g-C3N,. Similarly, another hollow mp-g-
CN-based composite catalyst was fabricated by Ren et al.®* They
reported a Z-scheme g-C;N,/Ag,CrO, composite by using SiO, as
a hard template. The SiO, hard template was initially synthesized
by using TEOS and C;sTMOS as silica sources. Then, the hollow
mp-g-CN designated as ‘HCN’ was prepared using cyanamide and
the synthesized SiO, hard template, followed by thermal
polymerization and, subsequently, the silica etching process.
Afterwards, the as-synthesized hollow HCN acted as a support
matrix for the synthesis of the g-C3N,/Ag,WO, mesoporous
composite, designated as the HCN/ACO composite. The hollow
sphere morphology and the surface deposition of Ag,CrO, were

6494 | Mater. Horiz., 2025, 12, 6485-6557

investigated using TEM, HR-TEM and EDS elemental mapping
analysis (Fig. 8B-(a—e)). The mesoporous architecture was further
confirmed using N, adsorption-desorption analysis and was well
corroborated by the TEM investigation. The type IV isotherm,
exhibiting a higher surface area than bulk g-C;N, and a large pore
diameter, suggested that the use of a SiO, hard template success-
fully created the hollow mesoporous framework in the HCN/ACO
composite (Fig. 8B-f).

So far, the focus has been on the development of mp-g-CN-
based materials using the hard template synthesis approach.
Similar to hard template-assisted synthesis, the following
section provides a brief discussion and highlights the achieve-
ments of the development of soft-template-assisted mp-g-CN-
based materials.

2.1.2. Synthesis of mp-g-CN-based photocatalysts using the
soft template strategy. In the above section, it was observed that

This journal is © The Royal Society of Chemistry 2025
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the hard template-mediated mp-g-CN materials exhibited excel-
lent physicochemical properties; however, the multiple synthesis
steps and difficulties in the template removal process are a few
bottlenecks for adopting this synthesis strategy. The soft template
strategy is another approach for synthesizing template-assisted
mp-g-CN-based photocatalytic materials. Various soft templates
or structure directing agents, i.e., surfactants, amphiphilic block
polymers, ionic liquids, and several gas bubble forming agents,
have been widely employed to synthesize a wide range of mp-g-
CN-based photocatalytic materials.®”””* The surfactant or triblock
polymers such as CTAB, F-127, P123, etc., known as micelle-
forming agents, strongly interact with the CN precursor through
organic-organic assembly based on the mechanism of liquid
crystal templating (LCT) which occurs via an evaporation-induced
self-assembly approach (EISA).”>%*% At elevated temperature,
the CN precursor polymerizes, and the micelle forming a soft
template is decomposed and creates mesoporosity in the final CN
material (Fig. 9). The soft template-assisted synthesis is based on
the molecular assembly process at the interfacial region of the
soft template and CN precursor. Hence, the quality of the
mesoporous framework and other physicochemical properties
of the resultant mp-g-CN-based photocatalytic materials largely
depend upon the choice of the soft template, CN precursor and
the interaction of the surfactant with the CN precursor.®””

A mp-g-CN photocatalytic material having a worm-like por-
ous architecture with narrow pore size distribution was pre-
pared by using Pluronic P123 as a soft template and melamine
as the CN precursor.®® The resultant mp-g-CN material exhib-
ited layered and plate-like morphology with worm-like porous

View Article Online
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channels. The N, adsorption-desorption analysis suggested the
surface area of bulk g-C;N, to be 9 m* g™, which was improved
to 90 m* g~ after the synthesis using P123 as a soft template
and also the resultant mp-g-CN material exhibited a uniform
and narrow pore size distribution. Similarly, Wang et al
reported 3D aggregated hollow bubbles of the mp-g-CN photo-
catalytic system using a combination of supramolecular pre-
cursor derived from dicyandiamide (DCDA) and P123 as a soft
template.®” Initially, a supramolecular precursor of DCDA was
synthesized, which acted as a true CN precursor for the synth-
esis of mp-g-CN hollow bubbles in the presence of P123. The
obtained CN materials were designated as BCN (when synthe-
sized using DCDA directly), HCN (when synthesized using the
supramolecular precursor), CN-0% (absence of P123) and
CN-2% (when P123 content was 2%). The structural and mor-
phological modulation was achieved by using P123, which can
be understood from the SEM and TEM investigation. Both SEM
and TEM investigation suggested that an aggregated morphol-
ogy was obtained for BCN (Fig. 10a and e), while SEM analysis
showed flake-like surface morphology for the HCN sample,
which consisted of porous nanosheets, as confirmed from the
TEM analysis (Fig. 10b and f). It was observed that CN-0%
exhibited a porous sheet with larger size and thickness, as
confirmed by SEM and TEM analysis (Fig. 10c and g). However,
CN-2% exhibited a 3D aggregated hollow bubble morphology
(Fig. 10d and h), which is due to the use of the P123 template.
The difference in the structural feature was further demon-
strated by PXRD observation. All the CN samples, i.e., BCN,
HCN, CN-0% and CN-2%, exhibited the standard diffraction
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Fig. 9 Stepwise synthesis of a mesoporous g-CsN,4-based photocatalyst using the soft template approach.
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peak at 20 12.8° and 27.5° attributed to the 100 and 002 plane of
pristine g-C3N,. However, their peak intensities differed from
each other; the peak intensity followed the order BCN >
HCN > CN-0% > CN-2% (Fig. 10i). This could be due to the
difference in the morphology, as confirmed by the TEM inves-
tigation. The authors also reported that the (002) plane of HCN
was slightly shifted to the right due to the decrement in the
interlayer stacking distance. However, the (002) plane was
observed to be slightly shifted towards the left side in the case
of CN-0% and CN-2% compared to HCN, which was hypothesized
to be due to the increment in the thickness of the shell wall of the
hollow bubble structure. The existence of the type IV isotherm
and H3 hysteresis loop from N, adsorption-desorption analysis
suggested the mesoporous framework (Fig. 10j). The BET surface
area of CN-2% was higher than that of the other CN materials,
signifying the influential role of P123 in the improvement of the
microstructure.

In several reports, the use of triblock polymers as soft
templates has been shown to lead to several hitches, such as
the uncontrolled growth of size and morphology of the
pores.®””73#% The improper operation of the soft template also
led to interlayer collapse or over-stacking during the molecular
polymerization, which subsequently impaired the homogeneity
in mesoporous channel development. Moreover, since the
calcination process is limited (around 550 °C) for the synthesis
of g-C;N, and the soft template removal also occurs in the

6496 | Mater. Horiz., 2025, 12, 6485-6557

range of 500-550 °C, the residual carbon from the soft template
could remain in the final g-C;N, material even after the
calcination process. Therefore, other than the triblock polymer,
several other soft templates, such as ionic liquids and bubble
formation agents, i.e., ammonium salts, have recently been
utilized to develop efficient mp-g-CN-based photocatalytic
materials, which are summarized below.

The ionic liquid-assisted synthesis strategies provide several
beneficial aspects for producing mp-g-CN-based photocatalytic
materials. In this synthesis approach, the ionic liquid interacts
with the CN precursors and forms a supramolecular precursor
having an appropriate and definite well-defined molecular
arrangement, which leads to the formation of a precise morphol-
ogy in the final CN material. Moreover, the ionic liquid decom-
poses during the calcination process to generate in situ pore-
forming gases as well as various dopants, which are responsible
for the formation of functional and porous CN material.®**
Wang et al. reported an ionic liquid-assisted boron (B) and
phosphorus (P) double-doped mesoporous g-CN photocatalyst
using cyanuric acid and melamine as the CN precursors.® They
reported that [Emim]BF, and [Bmim]|PF, ionic liquids were used
as B and P sources as well as mediators for the mesoporous
generation. The ionic liquid formed a supramolecular assembly
through hydrogen bonding with the imidazole moieties and the
-NH, and -OH groups of melamine and cyanuric acid (Fig. 11A-a).
They also mentioned that the ionic liquid started to decompose

This journal is © The Royal Society of Chemistry 2025
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around 400 °C, and produced several gaseous intermediates such
as water vapor, NH;, CO,, etc., which served as in situ intermedi-
ates for etching the carbon nitride surface and were responsible
for the creation of mesopores. They compared the structural
evolution of the resultant B and P doped mp-g-CN (designated
as CN-45B-45P, where 45 represents the dosage of both ionic
liquids) with bulk g-C;N, prepared using only melamine (desig-
nated as CN) and a mixture of melamine and cyanuric acid
(designated as CNN). The surface and nanostructure morphology
of the resultant CN, CNN and CN-45B-45P were suggested; CN
exhibited a block structure, CNN exhibited a lamellar structure,
while CN-45B-45P exhibited a porous structure with thin thick-
ness (Fig. 11A-(b-g)). Upon decomposition of the ionic liquid at
elevated temperatures, B and P were successfully doped into the
material (Fig. 11A-(h-1)). N, adsorption-desorption analysis
unveiled a type IV BET isotherm for all the synthesized materials,
signifying the existence of mesoporous channels (Fig. 11A-m). It
was reported that CN-45B-45P exhibited a high surface area and
large pore volume of 137.49 m> g~' and 0. 8279 em® g,
respectively (Fig. 11A-n). Similar to ionic liquids, other bubble
templates have also been used and have recently drawn
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significant attention for the fabrication of mp-g-CN-based photo-
catalysts.”” In the bubble template-assisted synthesis method,
various gases are released during the thermal decomposition of
bubble templates at elevated temperatures, which are responsible
for creating abundant porosity and pore modifications, and
ultimately improving the microstructure of the final mp-g-CN
material. For example, Kadam et al. reported S-doped mp-g-CN
nanosheets (p-SCN-x, x = 0.5, 1, 2 and 3, representing the mass
ratio of NH,CI to thiourea) using thiourea as the sulfur and CN
precursor and NH,CI as a gas bubble template (Fig. 11B-a).”* The
degree of crystallinity decreased with the increase in NH,Cl
content due to the layer separation and formation of a porous
structure, as shown by the PXRD observation. The ‘S’ doping was
evidenced from the XPS analysis, confirming that ‘S’ was
covalently bonded to ‘C’ and ‘N’. A progressive increase of porosity
with the increase in NH,CIl content was observed from SEM
analysis (Fig. 11B-b). On increasing the NH,ClI content, a larger
amount of in situ gas bubble components (NH;, HCl, and H,S)
formed, which reduced the nanosheet thickness and led to the
collapse of the longrange ordered porous structure. The TEM
investigation of p-SCN-2 suggested a very thin nanosheet structure
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(A) (a) Schematic of the synthesis of B and P doped mp-g-CN (CN-45B-45P), (b) and (e) SEM and TEM images of CN, (c) SEM of CNN, (d), (f) and

(g) SEM and TEM images of CN-45B-45P, (h)—-(l) elemental mapping of CN-45B-45P, (m) and (n) BET isotherms and pore size distributions of CN, CNN,

and CN-45B-45P. Reproduced with permission.®° Copyright 2023, Elsevier.

(B) (a) Diagrammatic representation of S doped mp-g-CN (p—SCN-x), (b)

SEM image of p—SCN-2, (c) and (d) TEM images of p—SCN-2, (e) and (f) BET isotherms and pore size distribution of all the synthesized materials (here,
SCN-0 represents S-doped bulk g-CzN,4 synthesized without NH4Cl). Reproduced with permission.>®> Copyright 2020, Elsevier.
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with a surface characterized by numerous ordered holes, which
could serve as the active centre (Fig. 11B-(c and d)). All the p-SCN
materials exhibited a type IV isotherm and H3 hysteresis, signify-
ing the signature feature of the mesoporous structure. p-SCN-2
exhibited a higher surface area and pore volume than p-SCN-1
and p-SCN-3 (Fig. 11B-(e and f)). This suggested that an optimum
content of NH,Cl was required to gain the ideal mesoporous
structure. In contrast, minimum dosing failed to create abundant
mesoporosity, and excess dosing led to the collapse of the
mesoporous framework.

The primary advantage of using soft templates is their easy
removal, less time consumption, and relatively straightforward
process compared to hard template-mediated synthesis for the
formation of the mp-g-CN matrix. In some instances, the soft
templates, such as ionic liquids or bubble templates, can also
induce heteroatom doping, such as P, B, S, Cl, I, etc., to avoid
the multiple reaction steps.

2.2. Synthesis of mp-g-CN-based photocatalysts using the
template-free method

It is noted that being a 2D nanomaterial, pristine g-C;N,

consists of a stacked layered structure, which hinders it from
39,40

achieving well-ordered porosity and adequate surface area.
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The distribution of active sites is masked due to the layered
structure, and the inappropriate light adsorption leads to
insufficient light harvesting probabilities. Moreover, such bottle-
necks were systematically encountered by adapting the structural
improvements via the template-assisted method, as briefed in the
above section. However, the protocols mentioned above for the
synthesis of mp-g-CN-based nanomaterials (using the hard
and soft template methods) are somewhat cumbersome and
suffer from various concerns such as atom economy, reliance
on hazardous chemicals or additives required for the template
synthesis, time-consuming processes, etc. Unlike template-
assisted strategies, the template-free synthesis approach offers
significant advantages due to its innovative features, including
sustainable and straightforward synthesis methods, economic
viability, and potential for large-scale production.®®***° various
strategic synthesis methodologies have been adopted to achieve
template-free synthesis of mp-g-CN-based photocatalysts (Fig. 12).

The synthesis of mp-g-CN by supramolecular assembly of
various precursors is an ideal example of a template-free
approach. In the template-free synthesis method, suitable and
appropriate precursors are taken and incubated for the mole-
cular assembly to form an intermediate precursor, and this
process truly controls the mesoporosity and provides unique

Template-free
synthesis

Fig. 12 Schematic outline of various template-free synthesis approaches of mp-g-CN.
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features to the resultant mp-g-CN nanomaterials.®®%1071%3 1
this method, the precursors with appropriate composition
combine to form a supramolecular assembly through hydrogen
bonding. This non-covalent interaction forms a stable aggre-
gate of the supramolecular structure of various precursors,
which ultimately controls the morphology and mesostructure
of the final g-C;N, material.'**'*® The template-free synthesis
method provides the opportunity to tailor the composition and
structure of supramolecular aggregates, thereby enabling the
production of various structurally modified g-C;N,-based nano-
materials. Further, the synthesis and advancement of mp-g-CN-
based photocatalysts using various template-free synthesis
strategies have been demonstrated below to realize the popu-
larity and acceptability of these synthesis routes in the devel-
opment of highly photocatalytic systems.

The supramolecular assembly of melamine-cyanuric acid is
capable of forming various morphologically controlled g-C3N,-
based nanomaterials. For example, Sun et al. synthesized 3D
porous nanovesicles (PCNNVs) using a template-free strategy,
involving the supramolecular assembly of melamine and cya-
nuric acid in DMSO."®* They demonstrated that different size
variations of PCNNVs could be achieved by controlling the
mass ratio of melamine to cyanuric acid, and the resultant
synthesized PCNNV materials were designated as PCNNVs-L,
PCNNVs-M and PCNNVs-S (where L, M and S represent large,
middle and small sizes, respectively). Fig. 13A-a illustrates the
synthesis route for these PCNNV materials. It was noted that,
after the dissolution process, cyanuric acid and melamine
interacted via H-bonding between the hydroxyl group of cya-
nuric acid and the amino group of melamine in the DMSO
solution. Varying the mass ratio of melamine to cyanuric acid
led to the formation of voids due to the collapse of supramo-
lecular aggregates and the in situ generated gas (NH; and CO,)

n
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being soaked during thermal treatment. The generated nanovesicle
3D porous structure was visualized by SEM and TEM investigation
(Fig. 13A-(b-g)). It can be seen that PCNNVs exhibited a 3D cavity-
like porous vesicle architecture, and the size of PCNNVs-L, PCNNVs-
M and PCNNVs-S was found to be 360, 280 and 170 nm, respec-
tively, as obtained from TEM investigation (Fig. 13A-(e-g)). The
PXRD pattern suggested the peak intensities corresponding to
(002) and (100) in all PCNNVs to be significantly lower than that
of BCN, which suggested disruption of the in-plane structure due to
the creation of a 3D porous architecture and the resultant porous
cavities had smaller shell thickness. Furthermore, the N, adsorp-
tion-desorption analysis was conducted to evaluate the presence of
porous architecture in all PCNNV materials. All the PCNNVs showed
a type IV isotherm and a H3 hysteresis loop, suggesting the presence
of mesoporous channels in these materials (Fig. 13A-<(h and 1i)).
Expectedly, BCN exhibited a very poor surface area and pore volume
in comparison to all PCNNVs.

Shen et al. reported a template-free synthesis method for the
preparation of a novel g-C;N, having a 3D hierarchical porous
structure.’® In this study, melamine and cyanuric acid were
assembled in ethanol to form a supramolecular precursor by
stirring at 6 °C for 24 h. Afterwards, the resultant supramole-
cular complex was heated at 520 °C for 4 h under Ar flow to
obtain a 3D porous structure of g-C;N,, designated as p-CN.
Cyanuric acid acted as a shaping agent, disrupting the regular
polymerization of melamine into a bulk structure. Therefore,
PXRD data indicated a notable shift and broadening of the
(002) plane in p-CN compared to bulk g-C3;N, (b-CN), attributed
to an increase in the interplanar stacking distance or a decrease
in the interlayer stacking density and reduced long-range
interplanar stacking caused by surface defects during anneal-
ing (Fig. 13B-a). Moreover, the morphology and microstructure
analysis suggested that b-CN had a stacked lamellar structure,
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Fig. 13 (A) (a) Graphical representation of the synthesis of various 3D PCNNV structures, SEM images of (b) PCNNVs-L, (c) PCNNVs-M, (d) PCNNVs-S,

TEM image of (e) PCNNVs-L, (f) PCNNVs-M, (g) PCNNVs-S, (h) BET isotherms, (i) pore size distribution of BCN, PCNNVs-L, PCNNVs-M, and PCNNVs-S.
Reproduced with permission.}®* Copyright 2022, Elsevier. (B) (a) PXRD of b-CN and p-CN, (b) SEM of p-CN. Reproduced with permission.1°®> Copyright

2014, Elsevier.
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whereas p-CN exhibited a hierarchical 3D porous structure
decorated with several hollow-like microstructures (Fig. 13B-b).
This led to an enhancement in the textural properties of p-CN
relative to b-CN, with the surface area exhibiting a 3.5-fold
increase relative to that of b-CN.

Similarly, in another study, Chen et al. reported the fabrica-
tion of an ultra-small size Fe-cluster embedded 3D porous
¢-C3N -based catalyst, designated as FeN,/CCN, using a
template-free approach.’® In this study, melamine and cyanuric
acid formed a supramolecular complex and were mixed with the
FeN, precursor, which was created by reacting the Fe source with
2-methyl imidazole in the presence of polyvinylpyrrolidone. The
resultant melamine-cyanuric acid supramolecular complex was
then annealed to form FeN,/CCN. The stepwise synthesis proce-
dure is illustrated in Fig. 14a. The TEM investigation suggested
the presence of a hierarchical porous network in FeN,/CCN
(Fig. 14b and c). The porous nature of both FeN,/CCN and 3D
CN (synthesized without adding the FeN, precursor) was evalu-
ated using N, sorption analysis. The type IV isotherm with H3
hysteresis loop confirmed the presence of mesoporosity in both
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the synthesized samples (Fig. 14d). However, both surface area
and pore volume were reduced in FeN,/CCN compared to 3DCN,
which was believed to be due to the blocking of micro and
mesoporous channels due to the deposition of the Fe cluster.

The synthesis of various mp-g-CN-based materials (including
both template-assisted and template-free methods) has been
discussed so far, following the bottom-up approach in which
appropriate N-containing precursors are used. However, top-
down synthesis strategies have also been employed to synthesize
mp-g-CN-based materials.'®” These top-down synthesis strategies
are classified under one of the prominent template-free synthesis
methods for synthesizing mp-g-CN-based materials. In this
method, mp-g-CN-based materials can be synthesized or derived
from bulk g-C3N, by delamination of its stacked-layer structure.
Generally, the top-down method involves an exfoliation or etch-
ing process. The weak van der Waals interaction between the
stacked layers of bulk g-C;N, can be exploited to separate it into a
few layers using the exfoliation approach.'®’"'%8

The improved textural properties and structural modulation
can be achieved during the exfoliation process. The ultrathin
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(a) Schematic illustration of the step-wise synthesis of FeN,/CCN, (b) and (c) TEM images of FeN,/CCN, (d) N, adsorption—desorption isotherm

and pore size distribution (inset) of 3DCN and FeN,/CCN. Reproduced with permission.!°® Copyright 2023, American Chemical Society.
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sheets and pore modulation provide a larger surface area
compared to that of bulk g-C;N, after the exfoliation process.
The magnitude of mesoporosity creation also depends on the
exfoliation process, as this process opens up the porous channels
within the framework.'”®™"'° Mainly, three primary techniques
have been employed to exfoliate bulk g-C3N,: (i) ultra-sonication-
assisted exfoliation, (ii) thermal exfoliation, and (iii) chemical
exfoliation. In the ultra-sonication-assisted exfoliation method,
the ultrasonic wave drives the delamination process of the stacked
layers in bulk g-C3N,. Generally, water and alcohols are chosen as
the solvent medium during the ultra-sonication-assisted exfolia-
tion method."®”~"'° Kumar and co-workers reported a mp-g-CN
photocatalyst using ultra-sonication-assisted exfoliation of
as-synthesized bulk g-C;N,.''! Bulk g-C;N, was exfoliated by
the probe sonication method in a water-ethanol mixture to
obtain mp-g-CN with an interconnected porous nanostructure.
mp-g-CN exhibited a type IV isotherm and a H2 hysteresis loop
as evidenced by the N, sorption analysis (Fig. 15A). This
suggested that the exfoliation process significantly improved
the textural properties of mp-g-CN compared to bulk g-C;N,
(Fig. 15A).

In the thermal exfoliation method, post-heat treatment of
synthesized bulk g-C;N, induces layer separation and creates
porosity. For example, thin-layer porous g-C;N, nanosheets
(CNNs) were reported using the thermal exfoliation strategy
(Fig. 15B-a).""? After the thermal exfoliation process, the volume
of the material increased, and the color of CNNs turned pale
yellow, whereas bulk g-C;N, (CNB) appeared dark yellow
(Fig. 15B-a). The intensity of the PXRD patterns at 26 values of
13.1° and 27.6°, corresponding to the (100) and (002) planes
of CNB, respectively, decreased after the exfoliation process
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(Fig. 15B-b), indicating a successful reduction in the stacked
layers. Moreover, the (002) plane of CNNs was slightly shifted to
the left, which was attributed to a reduction of the interlayer
distance, resulting in a more densely packed g-C;N, structure
after thermal exfoliation. The TEM and SEM investigation
suggested that the bulk agglomerated structure of CNB changed
to porous nanosheets after the thermal exfoliation process
(Fig. 15B-(c-f)). The type IV isotherm and the characteristic H3
hysteresis loop suggested the creation of mesoporous channels
after thermal exfoliation (Fig. 15B-g).

The chemical exfoliation process includes delamination of
the stacked layered structure of bulk g-C;N, using suitable
etching agents such as acids or bases. Most notably, these
etching agents also contribute to the additional functionalization
of the resultant g-C;N, structure.**''* Liu et al reported the
preparation of mp-g-CN nanosheets (CNS) by the chemical
exfoliation of bulk g-C;N, (BCN)."'> SEM and TEM analysis
suggested that after the exfoliation and delamination of BCN in
the presence of sulphuric acid, the stacked layers were modified
to thin layer nanosheets (Fig. 16A-(a-d)). The type IV isotherm
with an H3 hysteresis loop confirmed the presence of meso-
porous channels in the synthesized materials (Fig. 16A-f). The
textural properties were enhanced, with the surface area and the
mesoporous volume of CNS being 55.4 m* g~" and 0.216 em® g7,
respectively, while BCN exhibited a shallow surface area (only
7.61 m*> g~ ') and a poor mesoporous volume (0.055 cm® g~ ),
signifying the improvement of textural properties after the
chemical exfoliation process (Fig. 16A-(e and f)).

The presence of additives such as alkali or alkaline earth
metal hydroxide during g-C;N, synthesis can induce mesopor-
osity and layer separation in the resultant structure. In this

- CNB
- O

i

Quantity Adsorbed (cm®g STP)
AVidogD Pore Vowme (cm ig)

A B (a)
’ Melamine
', 'l NH,
- - Lo 4 i "t
L v o \ PN )
° S
i N
» o
3 mesoporous g-C;N, ..3' ,;
£ %
s = -/’,}. —
é bulk g-C;N,
Melamine -
T T T T T CNB(0.5g) CNNs (0.5 g)
00 02 04 06 0.8 10 -
Relative pressure (PIPO)
Textural M ®)
extura esoporous (002)
properties Bulk g-CsN, g-C;3N, \
Surface area <y
(m2g™) 8.4 112.38 <
z
]
s
Pore volume -
" 0.08 0.39 The nterarer
(cm3g™) e 2
(100)
Pore
diameter - 71 30 - % © = - =%
(nm) 28, CuKa

Fig. 15 (A) BET isotherm and the corresponding textural properties of mesoporous mp-g-CN and bulk g-CzN,. Reproduced with permission.™*

1

Copyright 2014, The Royal Society of Chemistry. (B) (a) Schematic representation of the formation of CNNs, (b) PXRD, SEM and TEM images of (c) and (e)
CNB, (d) and (f) CNNs respectively, (g) BET isotherms and pore size distribution (inset) of CNB and CNNs. Reproduced with permission.**? Copyright 2023,
American Chemical Society (for interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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distribution of TS, CN and TSCN10. Reproduced with permission.*® Copyright 2017, Elsevier.

process, the additives etch the g-C;N, framework during the
course of calcination to form abundant pores and structural
defects."'®'" For example, a defect-modified thin layer porous
2-C3N, (10KCN) was prepared via KOH-assisted thermal poly-
merization of urea and melamine (Fig. 16B-a)."'® During the
calcination, KOH enhanced the thermal oxidation process,
accelerating the release of CO,, H,O, and NO, to induce
mesopores, decrease layer thickness and introduce defects in
the resultant structure. The TEM images revealed the ultra-thin
sheets with distinct porous pockets in the 10KCN structure
(Fig. 16B-(b and c)). This material exhibited a large surface area
of 199.4 m* g~ " with a pore volume of 1.3 cm® g~ compared to
all the synthesized materials, suggesting the facile mass trans-
fer phenomena (Fig. 16B-(d and e)).

On the other hand, when synthesizing mp-g-CN-based com-
posites by hybridizing two or more semiconductor materials,

6502 | Mater. Horiz., 2025, 12, 6485-6557

mesoporosity with a large surface area can also be induced
without the addition of any extra templates. These employed
semiconductors other than g-C;N, can trigger the creation of
mesoporous channels in g-C3;N, without the need for any
external templates or pore-forming agents during the synthesis
process.'’”"'® In this context, a sulfur-doped porous g-CzN,/
Bi,S; nanocomposite (Sg-C;N,/Bi,S;) was fabricated using a
facile one-step template-free approach."'” Fig. 16C-a provides
the schematic of the synthesis procedure of Sg-C;N,/Bi,S;.
Bi(NO3);-5H,0 and thiourea were used as precursors, and they
gradually decomposed and reacted to form Bi,S;. Thiourea
acted as a precursor for Sg-C;N, and as a sulfur source for
in situ formation of Bi,S;. Compared to the closed aggregated
sheet-like structure of pristine Sg-C;N,, Sg-C3N,/Bi,S; exhibited
a more hierarchical porous morphology as confirmed by the
FE-SEM and HR-TEM analysis (Fig. 16C-(b-d)). In another report,
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Table 1 List of mp-g-CN-based materials synthesized using various precursors and templates
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BET surface

Pore volume

Photocatalyst Precursor Type of template area (m*g™ ") (ecm’®g™") Ref.
MCN-1 Carbon tetrachloride, ethylenediamine Hard template (SBA-15) 505 0.55 76
mpg-CsNy/s 6 Cyanamide Hard template (Ludox HS40) 439 — 78
ompg-C;N, Cyanamide Hard template (SBA-15) 86.2 0.172 79
2-C3N, Melamine Soft template (P123) 90 — 85
CN-2% Dicyandiamide Soft template (P123) 100 0.46 87
p-SCN-2 Thiourea Gaseous bubble template (NH,Cl) 21.8 0.11 93
PHCN3 Melamine, urea Template-free (supramolecular self-assembly) 79.29 0.28 98
CM-K;, Melamine, cyanuric acid, potassium Template-free (supramolecular self-assembly) 127 0.88 102
hydrogen phthalate
PCNNVs Melamine, cyanuric acid Template-free (supramolecular self-assembly) 150.74 — 104
FeN,/CCN Melamine, cyanuric acid, Fe-imidazole Template-free (supramolecular self-assembly) 27.3 0.186 106
CNNs Melamine Template-free (thermal exfoliation) 212 1.07 112
Meso CN spheres Carbon tetrachloride, ethylenediamine Cellular silica foams ~550 0.90 120
MCN-4-130 Amino guanidine Hard template (SBA-15) 321 0.44 121
MCN-6-150 Carbon tetrachloride, ethylenediamine Hard template (KIT-6) 637 0.9 122
MCN-ATN 3-Amino-1,2,4-triazine Hard template (KIT-6) 472-635 0.71-0.99 123
meso-CN Cyanamide Hard template (KIT-6) 171 0.84 124
M3AT 3-Amino-1H-1,2,4-triazole Hard template (SBA-15) 382 0.789 125
mpg-CN-0.3Cep Melamine, fullerene Cg, Hard template (Ludox HS30) ~200 0.367 126
MCN-TMA 3-Amino 1,2,4 triazole, trimesic acid Hard template (Ludox HS40) 69 0.19 127
CNBF-0.5 Dicyandiamide Soft template 444 0.32 128
Ionic liquid (BmimBF,)
CN-T-800 Melamine, glutaraldehyde Soft template (Triton X-100) 221 0.21 129
CN-P123-6 Melamine Soft template (P123) 73.29 0.27 130
Zn-mpg-C3N, Melamine, ZnCl,-2H,0 Soft template (PEG 1500) 9.8 0.029 131
2-C3N,-ALS 2% Melamine Gaseous bubble template (ammonium 40 0.21 132
lauryl sulfate (ALS))
HP-CN Melamine Template-free (chemical exfoliation) 108.3 0.74 133
PCNS Melamine Template-free (thermal exfoliation) 190.1 0.61 134
PDCN Melamine, urea Template-free (supramolecular self-assembly) 34.5 0.19 135
HACN Cyanuric acid, melem powder Template-free (supramolecular self-assembly) 54.3 — 136

a novel mesoporous titanosilicate/g-C;N, nanocomposite (TSCN10)
was fabricated."'® The TEM analysis suggested that titanosili-
cate (TS) was grown on g-C3N, (CN) in the nanostructure of
TSCN10 (Fig. 16D-(a and b)). N, adsorption-desorption analysis
indicated that TSCN10 exhibited a type IV isotherm with better
textural properties, owing to the pronounced mesoporous chan-
nel compared to CN due to the presence of TS (Fig. 16D-c).
This section provides an overview of the synthesis of mp-g-CN
photocatalysts using template-assisted (hard/soft) and template-
free strategies. Table 1 summarizes a list of mp-g-CN-based
photocatalysts synthesized using a wide range of precursors
and templates, which led to superior textural properties. Various
hard templates such as silica spheres, SBA-15, and MCM-41 can
utilize their rigid inorganic frameworks to create ordered meso-
porous channels in mp-g-CN. The mp-g-CN precursors are first
infiltrated into the template’s voids via the nanocasting
approach. The subsequent calcination and template removal
yields precise mesoporous structures with high surface area.
However, the complex reaction steps of hard template synthesis,
hazardous etching agents, and scalability issues are the key
challenges of the hard template assisted mp-g-CN synthesis. In
contrast, the soft templates such as surfactants, CTAB, and P123
rely on organic-organic assembly with mp-g-CN precursors,
which undergo micelle formation through LCT via the EISA
approach to generate mesoporosity. These templates decompose
during the thermal polymerization process, leaving behind meso-
pores, and offer advantages like simplified removal, heteroatom

This journal is © The Royal Society of Chemistry 2025

doping, and reduced synthesis time of mp-g-CN. Despite this, the
mesopore ordering is comparatively less controlled compared to
hard template methods. Further, the ionic liquid and gas bubble
soft templates are currently gaining huge attention in the synth-
esis of mp-g-CN. Ionic liquid-assisted synthesis involves the
interaction with the CN precursors, forming a supramolecular
assembly, which upon thermal annealing produces mp-g-CN. In
some instances, the ionic liquid-assisted synthesis is also respon-
sible for heteroatom doping in mp-g-CN. Several gas-forming
agents, such as ammonium halide, glucose, sodium bicarbonate,
etc., can directly mix with the CN precursors to form mp-g-CN.
During the thermal annealing process, the gas-forming agents
break down to gas bubbles, which act as a template to create a
porous channel in mp-g-CN. Presently, template-free synthesis
methods have emerged as a trending approach for fabricating
mp-g-CN-based photocatalysts, which can avoid exogenous tem-
plates by leveraging supramolecular precursor self-assembly
(e.g., hydrogen-bonded aggregates) or top-down exfoliation tech-
niques (ultrasonication, thermal/chemical etching) to delaminate
bulk g-C;N, into ultrathin, porous layers. The template-free
approaches prioritize sustainability and scalability, and avoid
reliance on hazardous chemicals but often result in lack of
structural precision in mp-g-CN. Although template-assisted stra-
tegies yield well-ordered porous and high surface area mp-g-CN,
their reliance on hazardous chemicals and multi-step processes
has spurred interest in template-free alternatives in recent times.
Overall, the choice of the synthesis route dictates the balance
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between pore ordering, scalability, and microenvironmental
impact on optimizing the optoelectronic features and photocata-
lytic efficiency.

3. Structural modification of the
mp-g-CN-based nanomaterial

Structural diversification arises in the synthesized mp-g-CN
nanomaterials when a specific synthesis methodology (either
the template-assisted or template-free method) is adapted. The
appropriate synthesis route in the production of mp-g-CN-based
nanomaterials, as discussed in the above section, not only
improves the textural properties but also provides several struc-
tural modifications compared to pristine g-C3N,. The common
structural modifications observed are morphological modifica-
tion, caused by both template-assisted and template-free synth-
esis approaches, and functional modification, due to doping and
defect engineering followed by vacancy creation, which leads to
deviation in the lattice arrangements from the pristine structure
(Fig. 17). Moreover, functional modifications can also be experi-
enced due to the development of mp-g-CN hybrid nanocompo-
sites with appropriate semiconductors, co-catalysts or sensitizers.
These structural modifications bring irregularities in the nano-
structure to improve the electronic properties and have been
proven to be beneficial in photocatalytic activity.*®

3.1. Morphological modifications

During the synthesis of mesoporous g-C;N, nanostructures using
the aforementioned synthesis strategies, it is obvious that the
resultant mp-g-CN exhibits pronounced morphological modifica-
tions in comparison to the pristine g-C;N, structure. Moreover,
the morphological modulation is also responsible for the super-
ior physiochemical properties, thus endorsing the photocatalytic
activity. The morphological modulation also controls the struc-
ture-activity relationship in a larger context by altering the
photogenerated charge pair separation and migration. The

View Article Online
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morphological modulation results in different dimensions,
which essentially depend on the synthesis procedures. Based on
dimensional classification, the g-C;N, nanomaterial can exhibit (i)
0 D, (ii) 1D, (iii) 2D, and (iv) 3D structures with variable morphol-
ogies. The possible morphologies for g-C;N, materials are quan-
tum dots for 0D, nanorods/nanotubes for 1D, nanosheets for 2D,
and nanocubes/nanospheres, etc. for 3D (Fig. 17)."*"*” Generally,
¢-C3N, materials widely attain 2D nanosheet morphology under
regular synthesis strategies. However, altering the synthesis proto-
cols and precursors can lead to morphologies other than the usual
nanosheet morphology. It is also noted that the production of mp-
¢-CN nanomaterials completely depends on the appropriate synth-
esis conditions as discussed in the above section; hence, it is
obvious that the resultant mp-g-CN materials would exhibit var-
ious morphologies, which are purely controlled by the choice of
synthesis conditions. Notably, 0D g-C;N, quantum dots do not
possess pores; hence, mp-g-CN can only have 1D, 2D, and 3D
electronic structures with variable controlled morphologies. The
observed morphologies obtained for the mp-g-CN materials are
discussed below.

3.1.1. 1D mp-g-CN. The mp-g-CN material having the 1D
structure exhibits nanotube or nanorod morphology and this
can be achieved through specific synthesis conditions in the
presence of a suitable structure-directing agent. Several synthesis
methods, with different chemical recipes, have been discussed
in the literature for the production of mesoporous nanotube or
nanorod morphology. The mesoporous 1D nanostructure exhi-
bits longitudinal alignment of pores, hence demonstrating a
directional quantum confinement effect.'"*®> Pawar and co-
workers reported a top-down approach to convert bulk g-C;N,
into 1D mp-g-CN nanorods (Fig. 18A-a)'*® This process involves
acid etching followed by delamination and subsequent heat
treatment, which is responsible for the growth of 1D g-C;N,
nanorods (Fig. 18A-(b and c)). Among the various acids used for
etching, sulfuric acid, due to its strong oxidation ability, resulted
in a rod-shaped morphology with a well-defined porous surface
and reduced interlayer spacing as confirmed by SEM, TEM and
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Fig. 17 Schematic illustration of structural modifications in mp-g-CN.
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(A) (@) Schematic depiction of the formation of 1D mp-g-CN nanorods via the top-down approach, (b) and (c) SEM and TEM images of SCN, (d)

PXRD of all the synthesized materials. Reproduced with permission.**® Copyright 2016, Nature Communication. (B) (a) Scheme for the step-wise
synthesis of AN-TCN, SEM and TEM images of (b) and (e) CN, (c) and (f) TCN and (d) and (g) AN-TCN, respectively. Reproduced with permission.*4°

Copyright 2022, Elsevier.

PXRD (Fig. 18A-(b-d)). The acid etching process led to different
absorption edges and a blue shift in light absorption, with
increased band gap energy compared to bulk g-C;N,. Similarly,
1D ant nest-like filled mesoporous tubular g-C;N, was synthe-
sized via supramolecular assembly of melamine followed by
hydrogen peroxide impregnation (Fig. 18B-a)."*° The introduc-
tion of H,0, was reported to initiate supramolecular assembly
and inhibit the thermal polymerization process by providing an
endogenous humid atmosphere. Moreover, the release of endo-
genous gases during thermal polymerization is responsible
for creating mesoporous channels. The formation of the ant
nest-like filled tubular g-C;N,, as observed in the SEM and TEM
analysis (Fig. 18B-(b-g)), is attributed to the delayed high-degree
polymerization process. In addition, the filled tubular morphol-
ogy was responsible for improving the visible light absorption,
porosity and surface area. Due to this, a large domain of

This journal is © The Royal Society of Chemistry 2025

distributed active sites originated, which enabled the separation
and transportation of photoexcited charge pairs.

3.1.2. 2D mp-g-CN. The close-packed and layered 2D mor-
phology is the most common in all the g-C;N, prototype struc-
tures. In the 2D mp-g-CN framework, the pores are projected
across the in-plane distribution, enabling efficient charge separa-
tion of the photoexcited charge pairs through a short diffusion
distance to reach the surface, via in-plane directional charge
transport phenomena.™*" The 2D mp-g-CN structure also benefits
from a high surface area, providing a large number of exposed
active sites along the plane. Additionally, its efficient light
absorption and facile mass diffusion further enhance the photo-
response, making it highly effective for photocatalytic applica-
tions. Stefa et al reported a porous thin layer of g-C;N,
nanosheets by thermal polycondensation of melamine followed
by direct thermal exfoliation.'**> During the double-stage thermal
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exfoliation process, the hydrogen bonds of polymeric melon units
of bulk g-C;N, become unstable, leading to a reduction in layer
thickness and the formation of mesopores. The resultant
2D nanosheets of thin layer mp-g-CN suggested that thermal
exfoliation could effectively trigger the formation of thin layer
nanosheets in synthesized mp-g-CN, in contrast to the aggregated
layered structure of bulk g-C;N,. Another 2D mp-g-CN ultrathin
nanosheet (CN-X, where X =0, 1, 1.5, and 2 based on the molar
ratio of melamine to ammonium sulphate) was synthesized by
the polycondensation of melamine and ammonium sulphate via
a green and facile one-pot synthesis approach."*> The step-wise
synthesis route for CN-1.5 (Fig. 19A-a) suggests that the ethanol-
treated mixture of melamine and ammonium sulphate under-
went a thermal polycondensation process to yield CN-1.5.
Ammonium sulphate significantly controlled the thermal poly-
condensation reaction and was responsible for providing better
textural properties by modifying the porosity. The gasification of
ammonium sulphate during the thermal polycondensation
reaction exfoliated the bulk phase of g-C;N, to ultrathin
nanosheets by suppressing the weak van der Waals force of
attraction between the layers. SEM and TEM investigation
suggested that the pristine g-C;N, has a bulk and agglomerated
structure, while the other CN-X structures exhibited minimum
layers of ultrathin nanosheets with well-defined porosity
(Fig. 19A-(b-h)). The N, adsorption isotherm and pore size
distribution analysis indicated that CN-1.5 has a better surface
area and pore volume than pristine g-C;N, (Fig. 19A-(i-k)).
Pang and co-workers reported a facile and greener approach
for the strategic synthesis of two-dimensional ultrathin porous
polymer carbon nitride nanosheets (PCNS-F).'** Initially, bulk
2-C3N, (BCN) was synthesized through the thermal condensa-
tion of melamine, followed by solvothermal treatment and
freeze-drying to obtain PCN-F as an intermediate (Fig. 19B-a).
PCN-F was further subjected to a thermal etching process to
produce PCNS-F having ultrathin and porous nanosheet surface
morphology, in contrast to the bulk and stalked structure of BCN
(Fig. 19B-(b-g)). Moreover, these series of synthesis steps played a
crucial role in achieving the enhanced physicochemical proper-
ties and several other structural characteristics. The porosity and
BET surface area were significantly improved in this method,
suggesting the prominent ability of this synthesis approach to
obtain a highly porous g-CN framework without using any
corrosive chemicals or tedious synthesis routes (Fig. 19B-h).
3.1.3. 3D mp-g-CN. The development of well-ordered and
open porous mp-g-CN materials is largely dominated by the
synthesis methods (template-assisted and supramolecular
assembly). In contrast, the attempt of mesoporosity creation in
bulk g-C3N, by post-synthetic modifications (exfoliation and
etching) can only induce minimal and incremental mesoporosity
in the resultant framework. However, the porous architecture
developed by the in situ synthesis method, either template-
assisted or supramolecular assembly, imparts a 3D morphology
to the framework. Therefore, most mp-g-CN-based materials
reported in the literature feature a 3D morphology framework.
In the 3D mp-g-CN framework, the interconnected distribution
of porous channels creates a continuous network which provides

6506 | Mater. Horiz., 2025, 12, 6485-6557
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abundant active sites throughout the framework. Due to this,
light absorption significantly improves and exhibits multiple
scattering effects of light and reduces trap states for better light
harvesting. The 3D porous structure has been proven to offer
effective charge separation and transportation by suppressing
charge recombination rates."** B-doped 3D flower-like mp-g-CN
nanospheres (BMNS) were constructed by the molecular self-
assembly of melamine, cyanuric acid and boronic anhydride
(Fig. 20A-a).’*® The peony flower-like hollow sphere morphology
of the resultant BMNS could be obtained due to the mass loss
and gas expansion during calcination. The molecular assembly
of melamine, cyanuric acid and boronic anhydride was governed
by the presence of H-bonds, which were broken during the
calcination process. However, the slow and partial H-bond
breakage could lead to the formation of a fluffy and aggregated
porous structure in BMNS, as evidenced by the SEM and TEM
investigations (Fig. 20A-(b-d)).

Zhao et al. demonstrated that modifying the g-C3N, precursor
can lead to a 3D porous structure.*® Sodium alginate and mela-
mine were employed to synthesize melamine-coated CA hydrogel
beads, the real precursor for developing the 3D g-C;N,-hierarchical
porous carbon composite (g-C3N,-HPC) (Fig. 20B-(a and b)). The
structural features of the g-C;N,-HPC materials largely depend on
the calcination temperature, which varies from 600 °C to 800 °C.
Among g-C3N,-HPC-600, g-C3N,-HPC-700 and g-C3N,-HPC-800,
g-C3N,-HPC-700 exhibited an exceptionally large surface area of
1435.8 m® ¢~ and a very large pore volume of 1.744 cm® g *
(Fig. 20B-(c and d)). Morphological investigations suggested that
the neat g-C;N, (blank g-C;N,) has a curled and agglomerated
sheet structure, whereas g-C;N,-HPC-700 has a sponge-type
structure decorated with numerous interconnected porous
channels (Fig. 20B-(e-h)).

3.2. Functional modifications

Mesoporosity creation and various morphological modifications
can shorten the diffusion length of photogenerated charge car-
riers, offer diffusional channels for the adsorption of reactants
and desorption of products, and also provide surface-active sites
for chemical reactions. However, it is necessary to modulate the
band structure to maintain the indispensable overpotential neces-
sary to target a specific and challenging chemical reaction.
Functional modifications are regarded as promising strategies
for improving photocatalytic efficiency by fine-tuning the band
structure in mp-g-CN-based photocatalysts. The functional
modifications tend to impact the physicochemical and photo-
electronic properties in mp-g-CN-based photocatalysts.**”
These modifications can be achieved by changing or altering
the atomic contents, or functional groups or moieties attached
to the framework of mp-g-CN structures. The most common
strategies adopted to achieve the functional modification
in mp-g-CN structures are (i) defect engineering, (ii) doping,
(iii) anchoring or grafting of functional moieties through
covalent linkage and (iv) hybridization with suitable nanostruc-
ture materials (Fig. 17).

3.2.1. Defect. Defect creation in the nanostructure has
been considered an extraordinarily beneficial technique to

This journal is © The Royal Society of Chemistry 2025
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American Chemical Society.

improve the light absorption ability and refrain the charge
recombination process in the photocatalyst. The defect engi-
neering domain stretches to uncover several opportunities to
make the mp-g-CN material more committed and viable in the
field of photocatalysis. In mp-g-CN-based materials, the intrin-
sic point defects in terms of ‘vacancies’ have been broadly
explored."*®'*® mp-g-CN can exhibit carbon defects or carbon
vacancies and nitrogen defects or nitrogen vacancies. Theore-
tically, the g-C;N, structure should have a C/N atomic ratio
close to 0.75. Selectively removing either carbon or nitrogen
atoms leads to the formation of carbon- or nitrogen-vacancy
structures. Inducing nitrogen or carbon vacancies in mp-g-CN
has been known to be an effective strategy for (i) narrowing
the bandgap, (ii) attaining an appropriate band structure,
(iv) averting the recombination of photogenerated charge pairs

6508 | Mater. Horiz., 2025, 12, 6485-6557

by generating the trapping sites, (v) enhancing the specific
surface area, (vi) increasing the density of active sites, and
(vii) improving the diffusion phenomena by shortening the
paths for the transportation of charge carriers and reactants.
The choice of appropriate precursors, synthesis route and the
control annealing strategy induces the intrinsic ‘N’ and ‘C’
vacancy in the mp-g-CN structure.'>°

For example, He et al. reported a nitrogen-defective porous
2-C3N, (PDCN) by following the urea mediated supramolecular
assembly approach using melamine in 1 M HCI solution.”*
Fig. 21a represents the schematic illustration of the formation
of PDCN where the variation of the precursor has a significant
role in defect creation. They also reported a few other photo-
catalysts, namely, g-C3N, (bulk g-C3N,, synthesized using
melamine only), PCN (synthesized without adding HCI) and

This journal is © The Royal Society of Chemistry 2025
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DCN (synthesized without adding urea) for the comparative
study. During the hydrothermal treatment, melamine reacts
with HCI. Consequently, some part of melamine is converted to
cyanuric acid and NH;, and the resultant cyanuric acid forms
an H-bond with the remaining melamine to form a supramo-
lecular assembly. Moreover, the presence of urea acted as a
pore-forming agent or porogen due to its decomposition to NH;
and CO, during heat treatment. The nanostructure morphology
investigation using TEM analysis suggested that g-C;N, exhib-
ited an aggregated structure (Fig. 21b) and DCN exhibited a rod-
like structure due to self-assembly of the supramolecular inter-
mediate formed between melamine and HCI during hydrother-
mal treatment (Fig. 21c). An aggregated porous fragmented
structure was achieved for PCN due to urea acting as the porous
template during heat treatment (Fig. 21d). However, the porous
architecture formed in PCN was found to exhibit increased
aggregation due to the high surface energy of the constituent
fragmented particles. In contrast, PDCN exhibited a looser
porous structure due to the presence of HCl and urea, which
consequently created defects in the framework and resulted in
minimum surface energy of the fragmented particles; hence,
PDCN exhibited a less aggregated structure compared to PCN
(Fig. 21e). The PXRD pattern of all the synthesized materials
exhibited a less intense peak compared to that of g-C3Ny,
suggesting that the controlled synthesis strategy resulted in
several structural changes and loss of long-range order crystal
structure of the bulk phase (Fig. 21f). Furthermore, the nitrogen

View Article Online
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defect was estimated using solid-state "*C NMR analysis. All the
samples displayed two types of characteristic peaks at 155.6
and 164.3 ppm corresponding to the terminal CN,(NH,) and
CN; (Fig. 21g). Also, the sideband peaks appeared at 7 and
27 ppm. It was observed that all the peaks corresponding to
PDCN were broadened and weakened, which was due to the
defect generation by the loss of the long-range order crystal
structure of the bulk g-C;N, phase. All the structurally modified
synthesized materials exhibited a type III isotherm and an H3
hysteresis loop because of the presence of mesoporous archi-
tecture in the framework (Fig. 21h). The XPS analysis suggested
that the area ratio of the ‘N’ peak corresponding to C-N—C/N—(C);
peaks for PDCN was less compared to g-C;N,, which signified the
existence of ‘N’ vacancies in the nanostructure of PDCN. Moreover,
the XPS and organic element analysis technique estimated a lower
N/C mass ratio for PDCN compared to g-C3N,, further confirming
nitrogen vacancies in PDCN. These defective and porous architec-
tures also provide superior light absorption properties and
dynamic change in the band position compared to g-C;N,. The
control annealing strategy was also responsible for the formation
of the ‘N’ vacancy, followed by the elimination of other nitrogen-
containing moieties, such as cyanamide and amino groups, in the
mp-g-CN structure.

Guo et al. reported an ‘N’ vacancy and cyanamide defective
mp-g-CN nanostructure (NCMCN) using a multi-step annealing
strategy with the co-assistance of sodium hydroxide (Fig. 22A-a)."**
Bulk g-C3N, (MCN) was synthesized by calcining melamine at
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Reproduced with permission.*> Copyright 2022, American Chemical Society.
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(A) (a) lllustration of the formation mechanism of MCN, NVMCN and NCMCN, (b) XRD, (c) FT-IR, (d) N, adsorption—desorption isotherms, (e) UV-

vis DRS of MCN, NVMCN, and NCMCN. Reproduced with permission.*>* Copyright 2024, Elsevier (for interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article). (B) (a, b) XPS spectra of Cls, N1s, (c) EPR spectra, (d) band structures of gCN and C, -
gCN. Reproduced with permission.*>> Copyright 2018, Elsevier.

550 °C. The resultant MCN upon the controlled annealing
process (at 650 °C under a N, atmosphere) led to the loss of
the terminal amino moiety in the form of NHj;, creating ‘N’
vacancy modified mp-g-CN (NVMCN). Heating NVMCN with
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sodium hydroxide resulted in ‘N’ vacancy and cyanamide defec-
tive mp-g-CN (NCMCN). The resultant NVMCN and NCMCN
exhibited distinct indications of defect creation in PXRD analysis.
PXRD analysis of NVMCN and NCMCN revealed distinct signs of
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defect creation, as evidenced by the weaker and wider (100) and
(002) planes compared to MCN, indicating a reduction in the in-
plane repeating units and interplanar stacking (Fig. 22A-b). The
defect creation in NVMCN and NCMCN was also revealed by FT-
IR analysis, with decreasing peak intensities for -NH moieties,
suggesting the existence of the ‘N’ vacancy (Fig. 22A-c). Unlike
MCN and NVMCN, NCMCN exhibited the stretching vibration of
cyanide, highlighting the cyanamide defective structure in
NCMCN. The XPS analysis calculated the ratio of ‘C’ or ‘N’
bonded moieties to total ‘C’ or ‘N’ atoms of the samples to justify
the existence of the ‘N’ vacancy in NVMCN and both ‘N’ vacancy
and cyanamide defect in NVMCN respectively. Upon heat treat-
ment, the lumpy and aggregated structure of MCN was trans-
formed into a porous and fluffy structure in NVMCN which on
further heating with sodium hydroxide resulted in highly porous
NCMCN. The successive removal of NH, on multistep heat
treatment enhanced porosity, as evidenced by the N,-sorption
analysis (Fig. 22A-d). The ‘N’ vacancy and cyanamide defect
caused a red shift in visible-light absorption and lowered the
band gap (Fig. 22A-e), which caused an increase in visible-light
response ability and modified the band structure. The significant
reduction in PL intensity for NVMCN and NCMCN suggested that
photogenerated charge recombination was markedly inhibited
due to vacancy creation.

Similar to the ‘N’ vacancy, the ‘C’ vacancy also brings several
advantageous properties to the mp-g-CN structure. The ‘C’
vacancy in the mp-g-CN structure can be integrated by applying
the reducing atmosphere or CO, atmosphere during the heat
treatment. Li et al. reported the synthesis of carbon vacancy-rich
mp-g-CN (C,-gCN) by heating pristine g-C3N, (2CN) with sodium
bicarbonate, which provides an in situ CO, atmosphere.'®> The
resultant C,-gCN possessed a porous and loose layer structure
with carbon vacancy. Therefore, C,-gCN exhibited a very high
surface area and pore volume compared to gCN. The PXRD
patterns for C,-gCN showed much lower intensity peaks with a
swift shift towards higher 26 compared to gCN, suggesting a
decrement in the crystallinity due to the ‘C’ vacancy and
reduction of inter-layer packing of repeat units. The XPS and
EPR analysis further confirmed the existence of the ‘C’ vacancy
in C,-gCN. The lower ‘C’ to ‘N’ ratio for C,-gCN compared to gCN
suggested the existence of the ‘C’ vacancy in C,-gCN. Moreover,
the C1s peaks shifted to higher binding energy, suggesting that
the remaining electrons were redistributed after the creation of
carbon vacancies and hence experienced a change in the local
electronic structure. The N1s species in C,-gCN also experienced
an extra peak corresponding to the amino groups because of the
‘C’ vacancy (Fig. 22B-(a and b)). The weaker EPR signal for C,-
gCN compared to gCN corroborated with the lesser number of
paramagnetic carbon atoms containing unpaired electrons in
the aromatic ring, further evidenced by the ‘C’ vacancy induced
in C,-gCN (Fig. 22B-c). C,-gCN exhibited a blueshift in DRS
absorption with a more negative CB position compared to gCN
due to the change in the electronic structure after the creation of
the ‘C’ vacancy (Fig. 22B-d).

3.2.2. Doping. The pi-pi electronic conjugated C-N struc-
ture in mp-g-CN is believed to be the epitome of photo-response

This journal is © The Royal Society of Chemistry 2025
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factors. The introduction of any foreign heteroatom, such as
ions, metals, non-metals or co-dopants, into the crystal inter-
stitial sites of the mp-g-CN structure results in a compositional
modulation. This process results in an alteration in the local
electronic structure at the molecular level, which attains a more
favourable optical and electronic band structure. The doping
phenomenon is responsible for modifying the absorption edge
for better light harvesting, creating active sites which inhibit
charge recombination and promote charge trapping and trans-
portation. In mp-g-CN structures, doping can occur by inserting
the dopant into structural voids or preexisting vacancy sites, or
replacing carbon or nitrogen atoms in the framework. Among
various doped materials, several metal and non-metal doped
mp-g-CN nanostructures have already been proven to exhibit
very high photo-response activity, hence making them suitable
for multiple photocatalytic applications, including solar fuel
production.®>°%>3

Zhang et al. reported a templated and doping approach to
fabricate tunnel-shaped phosphorus doped mp-g-CN (P-SBA-15-
CN) which was synthesized by adopting SBA-15 to induce
mesoporosity and phosphonitrilic chloride trimer as the
phosphorus source (Fig. 23A-a).">* SBA-15 controlled the mor-
phology, porosity, and surface area, thereby generating more
active sites and enhancing the efficiency of the resulting
materials. The EDX mapping obtained using HR-TEM analysis
directly evidenced the phosphorus doping (Fig. 23A-(b-g)).
The XPS analysis confirmed the pre-existence of the ‘N’ vacan-
cies in the undoped mp-g-CN material, further facilitating the
accommodation of phosphorus doping. The resultant phos-
phorus doping led to a broad and wide range of visible light
absorption and also improved the separation and transporta-
tion of the photogenerated charge carriers (Fig. 23A-(h and 1i)).

A 3D mesoporous nitrogen self-doped g-C;N, material was
synthesized using a precursor-recrystallization strategy reported
by Tian and co-workers (Fig. 23B-a).">® Melamine underwent a
pre-molecular reorganization to experience a phase transfor-
mation during the hydrothermal treatment before the calci-
nation process, and urea served as both the porogen agent
and ‘N’ precursor, resulting in the formation of ‘N’ self-doped
ultrathin 3D mp-g-CN (UM3). ‘N’ doping was estimated using
the organic elemental analysis by considering the N/C ratio
and further confirmed by PXRD, FT-IR, and XPS analyses,
which indicated that the interference of urea in the synthesis
medium facilitated nitrogen doping in UM3 (Fig. 23B-b). The
presence of mesopores in all the synthesized UMx samples
was confirmed by the type IV BET isotherm and pore size
distribution (Fig. 23B-c). >*C MAS NMR analysis and DFT
calculations identified the possible doping site for ‘N’ in the
heptazine unit (Fig. 23B-(d and e)). ‘N’ doping altered the
local electronic structure and promoted better charge separa-
tion, which was also responsible for narrowing the band gap
to utilize the maximum solar light absorption for generating
the photo-excited charge carriers (Fig. 23B-(f-j)). In metal-
doped mp-g-CN materials, the g-C3N, precursors showed a
high degree of polymerization due to the presence of metal at
elevated temperatures; this led to higher crystallinity in the
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Fig. 23 (A) (a) Illustrative depiction of P-SBA-15-CN synthesis, (b)—(g) TEM-EDS mapping of P-SBA-15-CN, (h) and (i) UV-Vis and band gap energy of
synthesized samples. Reproduced with permission.*>* Copyright 2023, Elsevier. (B) (a) Fabrication process of ultrathin 3D mp-g-CN, (b) organic elemental
analysis of bulk g-CsN4 and UM3, (c) N, adsorption—desorption analysis of all synthesized materials, (d) solid-state *C MAS NMR of all the synthesized
samples, (e) calculated structure of possible N-doping sites, (f) UV-Vis DRS, (g) band gap energies, (h) Mott—Schottky plots, (i) VB-XPS analysis, and (j)
diagrammatic representation of the electronic band structure of the prepared samples; here, UMx represents the synthesized 3D mesoporous N-doped
g-CsN,, where x = 0, 1, 3, 6 corresponds to the molar ratio of urea to melamine. Reproduced with permission.’>> Copyright 2017, Elsevier.

framework. Also, metal doping modifies the electronic struc- 3.2.3. Covalent linkage. Similar to defect and doping phe-
ture and absorption edges, therefore leading to long-range nomena, the introduction of additional functional moieties on
visible light absorption.'>®*>” the surface of mp-g-CN can also provide several beneficial
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characteristics, making it a potential photo-response material
according to the literature."*® The covalent chemistry can be
implemented for surface grafting of various functional groups
like carboxyl, cyano, hydroxy, amino and other organic func-
tional groups on the surface of mp-g-CN materials (Fig. 24). The
electronic state, acidity/basicity, functionality, density of
defects, surface active sites, overall redox potential and other
optical properties are ameliorated upon the grafting of addi-
tional functional groups on the surface of mp-g-CN.">%">9

The functional modification of mp-g-CN due to the grafting
of additional functional groups is highly dependent on the
synthesis condition, specifically the controlled polymerization
process, which is a crucial factor. Precise copolymerization can
guide intermolecular chemical interactions, facilitating the graft-
ing of the mp-g-CN framework. As a consequence of anchoring

Aromatic
functional

Carboxyl
group

Fig. 24 Types of covalent linkages in mp-g-CN.
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the organic functional group, the resultant modified structure
realises an extended m-conjugated field or the presence of an
electron-rich heteroatom. This modification leads to an altered
band position and a modulated electronic structure, which favors
efficient charge separation and migration.'*”**%1%° A sulphonic
acid grafted ordered mp-g-CN material (ompg-C3N,/SO;H) was
fabricated using the covalent interaction between chloro-
sulphonic acid and ompg-C;N, synthesized using SBA-15 as the
hard template."® The successful covalent linkage of the -SO;H
group was evidenced by the FT-IR and EDS analysis.

Another example of surface covalent grafting of mp-g-CN
includes the fabrication of a photocatalyst composite using
microtubular-shaped kapok fibre (t-KF), a class of cellulosic
material, and mesoporous C-doped g-C;N, (CCN) in the presence
of succinic acid (SA) as a cross-linking agent through covalent
linkage."®" FT-IR analysis revealed that the resultant CCN-SA/t-KF
was constructed by the cross-linking chemical interference of the
carboxylic acid group of SA with the terminal amine group in
CCN and the hydroxyl group of t-KF (Fig. 25a and b). The FESEM
analysis suggested the distinct integration of microtubular t-KF
and sheet-like stacked flake CCN in the CCN-SA/t-KF composite.
XPS analysis further demonstrated that the tertiary bridged ‘N’
atom, connected to the tri-coordinated bridge triazine rings, was
substituted by ‘C’ doping in CCN and CCN-SA/t-KF (Fig. 25¢ and
d). This facilitated the delocalization of photoinduced electrons
and significantly suppressed the charge complexation. Addition-
ally, the ‘N’ peak shifting in CCN-SA/t-KF, compared to CCN, was
attributed to the changes in the chemical environment due to the
composite formation (Fig. 25c). Moreover, the positive peak
shifting of the (002) diffraction plane of CCN-SA/t-KF was attrib-
uted to the change in crystal lattice strain experienced due to the
cross-linking of SA and integration of t-KF into the CCN nanos-
tructure. The composite also exhibited superior light-harvesting
properties by exhibiting long-range, broad absorption edges. The
enhanced light absorption ability benefited the intermolecular
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(a) FT-IR spectra of all the synthesized materials, (b) cross-linking interaction for the formation of the CCN-SA/t-KF hybrid, (c) and (d) XPS

spectra of N1s and Cls of g-CsN4, CCN, CCN/t-KF and CCN-SA/t-KF. Reproduced with permission.’s! Copyright 2023, Elsevier.
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injection of photogenerated electrons from the high electron-
dense surface hydroxyl groups of t-KF to CCN, similar to the
mechanism of ligand-to-metal charge transfer (LMCT).
Similarly, Bian and co-workers reported the post-synthetic
anchoring of methoxybenzoyl (MOB) on mp-g-CN (GCN) via the
amonolysis of p-anisoyl chloride with the terminal amino group
of mp-g-CN (Fig. 26a)."®> The resultant MOB/GCN was fabri-
cated through the creation of an amide bond between MOB and
GCN, which was evidenced by FT-IR analysis (Fig. 26b). More-
over, the XPS analysis also revealed a decrease in electron cloud
density around the amide ‘N’ species of MOB/GCN, which in
turn reduced the electron-donating ability of GCN, suggesting
the chemical interaction between MOB and GCN. The success-
ful composite formation led to enhanced photogenerated
charge separation by suppressing their complexation and
increasing their migration. This phenomenon was confirmed
by the PL and photocurrent measurement (Fig. 26f-(b and c)).
3.2.4. Hybridization strategy. The self-modification approach
in mp-g-CN might not always be effective for complex photocata-
lytic reactions. However, the integration of appropriate nanostruc-
tured materials can significantly augment mp-g-CN’s potential for
enhanced photoactivity. The fabrication of mp-g-CN with suitable
nanostructure materials forming a heterojunction composite can
significantly enhance the photoresponse factors by many fold
compared to bare mp-g-CN. The direct contact between mp-g-CN
and the suitable component dictates the charge transfer pathway,
becoming beneficial for the charge carriers’ separation to achieve
high photocatalytic efficiency.*>'*® For example, in a bare mp-g-CN
photocatalyst, the photogenerated electrons only migrate from the
valence band (VB) to the conduction band (CB) and recombine
with the holes (Fig. 27a). However, in a mp-g-CN-based hybridized
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system, the photogenerated charge pairs were assumed to travel
and separate interfacially within the aligned energy bands between
mp-g-CN and the engaged semiconductor component (Fig. 27b).

The hybridization strategy allows the construction of various
composites of mp-g-CN-based heterojunction and Z-scheme
photocatalytic materials, which experience an extrinsically
modified band gap. Due to this, the actual light absorption
edges induce the appropriate redox potential compared to that
of bare mp-g-CN and transform the composite into a potential
photoactive material. A hybrid nanocomposite of CdIn,S,/mp-
g-CN photocatalytic material was fabricated by Liu et al.*®* mp-
¢-CN was constructed using the SBA-15 hard template, and then
CdIn,S, was fabricated by the hydrothermal method. A series of
mp-g-CN photocatalysts loaded with different amounts of
CdIn,S, were synthesized (CISCN10, CISCN20 and CISCN30,
where 10, 20, and 30 represent the weight % of mpg-CN), and
their successful incorporation was evidenced by PXRD and XPS
analysis (Fig. 28a-g). XPS analysis evidenced a negative shift of
C1s peaks and a positive shift of N1s peaks of the composite
materials, compared to bare mpg-CN (Fig. 28c and d). The Cd3d,
In3d and S2p peaks were also shifted compared to bare CdIn,S,
(Fig. 28e-g), suggesting that CdIn,S, chemically interacted with
the functional moieties of mpg-CN. Further, the intimate inter-
facial contact was confirmed by TEM observation (Fig. 28h and i).
The light absorption edge for the composite materials showed a
redshift compared to bare mpg-CN and a slight blue shift
compared to bare CdIn,S,, which was due to the change in the
electronic structure after the composite formation.

Ouyang et al fabricated a Z-scheme heterojunction
composed of defective mp-g-CN and a MoO; photocatalyst.*®
The schematic representation of the synthesis method showed
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that the calcination of dicyandiamide converted it into g-C;Ny,
and the combined calcination of dicyandiamide and ammonium
persulfate resulted in the formation of defective mp-g-CN (D-CN).
The Z-scheme heterojunction was then constructed by the calci-
nation of D-CN and different contents of MoO3;, designated as D-
CNMX (X = 5, 10, 15 and 20 weight% MoO; loading). The
successful embedment of the MoO; moiety into the mesoporous
channel of D-CN and the formation of the Z-scheme heterojunc-
tion were confirmed from PXRD and FT-IR analysis (Fig. 29a and
b). The XPS and EPR analysis further demonstrated that the use
of ammonium persulfate induced the ‘N’ defect in D-CN. The C/N
ratio from XPS analysis also suggested that certain percentage of
‘N’ atoms were missed from the D-CN framework (Fig. 29d). As a
result, the extra energy states appeared below the CB position,
which was highly beneficial for a longer electronic excitation
process. Due to the N-defect in the D-CN framework, the adjacent
sp> carbon experienced additional unpaired electrons. As a result,
D-CN exhibited a stronger EPR signal compared to g-C3N,
(Fig. 29¢). The schematic model of ‘N’ defect sites in the D-CN
framework is illustrated in Fig. 29e. The UV-DRS, band gap
energy and associated band structure analysis suggested that
the resultant D-CNMX heterojunction materials exhibited a broad
light absorption spectrum, enabling the generation of more
photogenerated charge pairs and their decomplexation, facilitated
due to the synergistic operation of ‘N’ defect and Z-scheme hetero-
junction formation (Fig. 29f-i). By leveraging the several beneficial
aspects of mp-g-CN, such as structural functionality and meso-
porous channels, mp-g-CN can additionally act as the scaffold to
entangle various nanoscopic species, such as co-catalysts and
sensitizers, to harness the photoresponse properties. For instance,
an organic-inorganic hybrid composite of mp-g-CN (mpg-C;N,) and
polymeric cobalt phthalocyanine (CoPPc) was fabricated, which
exhibited excellent photoresponse properties.'®® CoPPc when
chemically embedded by m-m interactions with mesoporous

This journal is © The Royal Society of Chemistry 2025

mpg-C;N, (CoPPc@mpg-C;N,) by in situ polymerization boosted
the charge separation, migration and generation of surface-active
sites compared to bare mpg-C;N, and the physical mixture of
mesoporous-gC;N, and cobalt phthalocyanine (CoPPc/mpg-
C5Ny).

The superior textural properties, optoelectronic features,
and multi-functionality of the mp-g-CN material over pristine
g-C;3N, stem from deliberate structural modifications, generally
achieved in terms of morphological engineering (via synthesis
methods) and functional tuning (via doping/defects). Further,
the choice of the synthesis route (template vs. template-free)
dictates the morphological structure, while post-synthetic mod-
ifications (doping, defect engineering, hybridization) tailor
electronic properties. These structural modifications introduce
controlled irregularities that optimize mp-g-CN as a potential
photocatalyst for efficient solar energy conversion by balancing
high surface area, efficient charge transport, and enhanced
light absorption. Table 2 summarizes a list of mp-g-CN samples
associated with various types of structural modifications, exhi-
biting a superior textural property.

4. DFT calculations for mp-g-CN

First-principles calculations and DFT simulation modelling
provide atomic-level insights into the electronic, optical, and
structural properties of mp-g-CN photocatalysts."”> DFT calcu-
lations can be used as a guiding tool for in-depth interpretation
in designing efficient mp-g-C;N,-based photocatalysts. Struc-
tural relaxation and energy calculations in DFT simulations are
accomplished with the Vienna ab initio simulation package
(VASP) and the Perdew-Burke-Erenzerhof (PBE) exchange-
correlation functional and Grimme’s DFT-D3 method are used
for dispersion correction."”>*’* The computational studies

Mater. Horiz., 2025, 12, 6485-6557 | 6515
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Table 2 List of mp-g-CN-based photocatalysts enriched with various structural modifications

Structural modification

BET surface Pore volume

Photocatalyst Synthesis method  Functional modification = Morphological modification area (m®*g ") (em’g™) Ref.
PHCN3 Template-free P-doping, N-vacancy Micro-tube 79.29 0.28 98

CNNS Template-free — Nanosheet 212 1.07 112
HACN Template-free O-doping 3D interconnected hierarchical 54.3 — 136

fragmented nanosheet

SCN Template-free N-vacancy Microrod 32.05 — 139
CN-1.5 Soft-template O-doping Nanosheet 32.65 0.19 142
PCNS-F Template-free C and N dual vacancy Nanosheet 183.3 — 143
BMNS Template-free B-doping Nanosphere 160.78 0.62 145
Cv-gCN Soft template C-vacancy Nanosheet 147 0.75 152
P20-SBA-15-CN Hard template P-doping, N-vacancy Nanorod 52 0.14 154
CoPPc@mpg-C3N, Hard template Composite Nanosheet 71.6 — 166
Cu-FeOOH/TCN Template-free Composite Nanotube 116.82 — 167
MnFeCu/g-C3Ny NFs  Template-free Metal doping Nanofibre 280 0.4 168
TCN-Lc Template-free Edge grafting Nanotube 102 — 169
TCN(NH3) Template-free NH;-defect Nanotube 135.8 — 170
PCN1.5 Template-free P-doping, C-vacancy Micro-flower 222.12 1.34 171

unravel the charge carrier dynamics and electronic state by
elaborating possible transfer channels. Further, the delocaliza-
tion of the VB and CB level cross-layer transfer of photoexcitons
can be estimated by single metal atom sites. DFT analysis can
pinpoint the exact location of the doping sites, geometry,
energy level, band structure, and charge dynamics to provide
concrete agreement with the experimental output.'””7* GGA-
PBE functional modelling is often used to predict the VB and
CB level composition by calculating the density of states. For
instance, in g-C;N,, the HOMO or VB level is composed of N2
orbitals, whereas the LUMO or the CB level is composed of the
contribution of the C and N orbitals (Fig. 30a-c)."”> The
structural modification leads to achieving a final band struc-
ture which can explain the charge transfer mechanism by
interpreting the synergistic effect of the Fermi level correction,
work function, and built-in electric field. The adsorption energy
calculation for the reactants on the pore surface is indeed a
significant process for interpreting the active sites and the nature
of interaction of mp-g-CN-based photocatalysts.””* In the litera-
ture, mostly monolayer models have been considered for DFT
calculations, which seem uneven in real practice. Indubitably,
the DFT computational analysis can critically contribute to
establishing the guiding tool in the development of a new class
of mp-g-CN-based materials. However, the perplexity of DFT
simulation gradually interpreted with the complex compositions
and large pore framework of mp-g-CN. Due to this, very limited
number of DFT simulations have been reported in the literature.
Kim et al. have reported a mesoporous C;N,; model based on the
experimental output which is composed of tetrazine, triazole,
and guanidine moieties."”> The C;N, monolayer structure was
optimized by the PBE exchange correlation functional within
GGA approximation through modulating the C/N content
(Fig. 30d). The positive frequencies from the phonon density
of states confirm the thermodynamic stability of the model.
Further partial density of states calculations found that both VB
and CB were composed of the Npz orbital. The band structure
analysis suggested that C3N; is a direct semiconductor photo-
catalyst (Fig. 30e and f).

This journal is © The Royal Society of Chemistry 2025

Similarly, another report has demonstrated the 2 x 2
monolayers of g-C,N, g-C3N,, and g-C¢N, with a vacuum space
of 20 A, suggesting the mesoporous structure (Fig. 31a)."”® The
optimized structure was further modelled for dual B atom
doping, and a negative formation energy further confirmed
the thermodynamic stability of all the structures. The dual
B-doped structure was optimized, and it was found that each
B was connected by two bonds to an N atom and one adjacent B
atom, with localized charge between the B atoms, ensuring
high thermodynamic stability. Dual B-doped g-C,N and g-C¢Ng
exhibited the highest activity because of their high adsorption
energy, optimized band structure, and mesoporous framework.

5. Efficient solar energy conversion for
sustainable fuel production over
mp-g-CN-based photocatalytic
materials

5.1. Principle of photocatalytic solar fuel production over
semiconductor photocatalysts

A series of elementary steps direct the semiconductor-mediated
artificial photosynthesis.’”"'”> Adequate light absorption by the
semiconductor photocatalyst is the primary step. The electronic
excitation from the VB to CB takes place only if the energy (Av) of
incident photons is the same or higher than the bandgap energy
of the semiconductor photocatalyst. This electronic excitation
upon light absorption creates positively charged holes (h') in
the VB and excess electrons in the CB of the semiconductor. The
subsequent step includes the shuttling of photogenerated
charge carriers to the semiconductor’s surface via their efficient
separation and transportation. Finally, the surface redox reac-
tions take place, where the photogenerated charge carriers on
the surface of the semiconductors react with chemical species
(Fig. 1). However, some of the charge pairs may exhibit volume
recombination and surface recombination to retard the efficacy
of the photocatalyst. The overall success relies on the extent of
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charge separation and their migration to the surface to execute
surface redox reactions."””'”® Therefore, the photocatalytic
approaches for various types of sustainable fuel production,
such as H, production, CO, reduction, H,O, production, N,
reduction and biomass conversion, need a fine-tuned semicon-
ductor photocatalyst with enhanced optoelectronic properties
and appropriate structural framework, which effectively gener-
ates precise and dynamic charge carriers to facilitate the desired
reactions effectively. The underlying reaction steps involved in
solar energy conversion entail a series of oxidation-reduction
processes mediated by multiple photogenerated e~ and h* pairs.
Moreover, the band edge (CB and VB) positions of the semi-
conductor must correspond to the potentials required to carry
out the redox reactions involved in solar fuel production.’”
Mp-g-CN-based photocatalysts display adequate characteristic
features that make them one of the ideal photocatalytic systems
for efficient solar fuel production.

Here, we highlight the recent progress and advancement in
photocatalytic solar energy conversion for sustainable fuel pro-
duction over mp-g-CN-based photocatalysts. We demonstrate the
fundamental principles and structural aspects to deduce the

6518 | Mater. Horiz., 2025, 12, 6485-6557

structure-activity relationship and the involved photocatalytic
reaction mechanism in certain reactions such as photocatalytic
H, production, CO, reduction, H,O, generation, N, reduction
and lignocellulosic biomass transformation.

5.2. mp-g-CN-based photocatalytic materials for H, production

Hydrogen fuel production using photocatalytic OWS is the
simplest approach for sustainable clean energy production.
Based upon the principle of natural photosynthesis, the photo-
catalytic OWS involves the consumption of solar energy, water
and photocatalysts to produce hydrogen and oxygen without any
adverse environmental impact.’”>"® Thus, photocatalytic OWS
is considered as the best and most highly desirable process for
sustainable H, production. However, this reaction is thermo-
dynamically challenging as it requires Gibb’s free energy of
237.2 k] mol™" and a minimum photon energy of 1.23 eV to
initiate the splitting of a water molecule into H, and 1/20,."*"
Overall water splitting (OWS) reaction

2H,0 + hv — 2H, + 0,, AG° =237.2 k] mol™*

1)

This journal is © The Royal Society of Chemistry 2025
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Hydrogen evolution reaction (HER)

4H' +4e” - 2H,, AE°=0V (2)
Oxygen evolution reaction (OER)
2H,0 —» 4H" +4e” +0,, AE° =123V (3)

The OWS reaction is a combination of two simultaneous
reactions: HER and OER. To drive HER and OER, the CB
potential of the semiconductor must be more negative than
the reduction potential of H, evolution (0 V), and the VB
potential must be more positive than the oxidation potential
of O, evolution (1.23 V) (Fig. 32)."79 %!

The OER reaction requires comparatively much higher over-
potential and a higher kinetic barrier than the HER reaction.
Hence, the OWS reaction is really challenging to achieve for
efficient H, production. The e /h* recombination is the major
cause for slowing down the kinetics in the OWS reaction. In
contrast, efficient H, production can be achieved by meticu-
lously choosing the HER reaction and avoiding the OER reac-
tion by quenching the photogenerated holes using various hole
scavengers such as alcohols, amines, etc., as reported numer-
ous times in the literature.'”®™'%> The selective quenching of
holes can impede the possibility of charge recombination and
endorse the involvement of a greater number of photogener-
ated electrons in HER. Although HER provides faster kinetics

This journal is © The Royal Society of Chemistry 2025

Potential V vs. NHE

Ae: ©  eixe
CB
H,
H*/H, |-
ov
N\
o wBL A
' ht  ht h*
0,
H=7
(pH=7) H,O

Fig. 32 General mechanism of photocatalytic H, evolution.

for H, production, OWS still remains the most desirable choice
for sustainable H, production. mp-g-CN-based photocatalytic
materials with a CB potential more negative than the reduction
potential of H'/H, and a VB potential more positive than
the oxidation potential of O,/H,O can be advantageous for the
OWS reaction. In contrast, the quick recombination of the
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photogenerated charge carriers in bulk g-C;N, restricts their
individual availability due to their bulk recombination, which
serves as a major limiting factor and hinders the photocatalytic
performance for OWS reaction. However, the porous framework
and large surface area in mp-g-CN materials facilitate the diffu-
sion of photogenerated electrons and enhance the availability of
reactive sites, thereby increasing the density of surface electrons
and extending the charge carrier’s lifetime. As a result, the
diffusion of photogenerated charge carriers increases, leading
to improved overall photocatalytic efficiency for OWS. For exam-
ple, Chen et al. successfully fabricated an mp-g-CN photocatalyst
using the SiO, hard template.®® The confinement effect of SiO,
offered a well-ordered porous channel, leading to multiple reflec-
tions of light due to the thin pore wall enriched with numerous
active sites. The mesoporous channels shortened the charge
migration distance and enhanced the fast charge transfer to
expedite the overall photocatalytic activity. Consistent with the
prior studies, this study also observed a comparatively higher H,
prodution via HER process than OWS reaction due to the higher
kinetics barrier of OWS reaction. The HER activity was tested over
the resultant mp-g-CN photocatalyst in the presence of trietha-
nolamine (TEOA) as a sacrificial agent and Pt as a co-catalyst and
it was found to be 2.5 times (A > 320 nm) and 4.7 times (1 >
420 nm) greater than that of bulk g-C;N,. However, when the
same photocatalyst was used for the OWS reaction, the rate of H,
production was much lower compared to the HER reaction under
both full light and visible light irradiation. Likewise, the ratio of
0O,/H, formation was significantly lesser than the stoichiometry
ratio (0.5) of water splitting, directly evidencing that the sluggish
kinetics of the OWS reaction was mainly dominated by the slower
rate of OER reaction. This suggested the inefficient H,O oxidizing
ability at the VB of mp-g-CN. However, the OER activity was also
enhanced by fabricating mp-g-CN with BiVO, and Fe*'/Fe’". In
the resultant composite material, BiVO, acted as a photoactive
material to boost the OER activity, while the mesoporous channel
helped to adsorb Fe**, which plays the role of a charge carrier
transfer mediator by altering the Fe*'/Fe** cycle. The resultant
multifunctional composite material exhibited a very decent H,
production activity by OWS reaction through the successful
Z-scheme mechanism. The photogenerated electron in the CB
of mp-g-CN reduced H,O to H,, and the photoinduced h* in the
VB of BiVO, simultaneously oxidized H,O to O, and intercon-
verted the Fe®'/Fe’" cycle to perform the Z-scheme mechanism.
In contrast, bulk g-C;N,, having stacked and agglomerated
structural features, failed to adsorb Fe** and, thus, was unable
to exhibit the Z-scheme pathway for the OWS reaction and
demonstrated inefficient catalytic activity.

Another mp-g-CN photocatalyst, synthesized using template-
free supramolecular assembly of melamine and cyanuric acid,
was reported for the photocatalytic OWS (Fig. 33a)."®® The
resultant three-dimensional mp-g-CN (3D-g-C;N, NS) photoca-
talyst displayed agglomerated floppy nanosheets (Fig. 33b and
c). These ultrathin and crystalline nanosheets featured an
interconnected open porous channel and a high specific sur-
face area, which facilitated faster charge carrier transportation
and was beneficial for the photocatalytic OWS reaction

6520 | Mater. Horiz., 2025, 12, 6485-6557
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(Fig. 33d). Moreover, the band structure analysis revealed that
the CB level became more negative, and the VB level aligned to
become more positive compared to bulk g-C;N, (Fig. 33e). This
improved band alignment and three-dimensional intercon-
nected mesoporous structure satisfied the thermodynamic
criterion for photocatalytic OWS reaction. The photocatalytic
OWS reaction was executed in the presence of Pt and IrO, as co-
catalysts, and H, and O, evolution rates were found to be 101.4
and 49.1 pmol g ' h™" under visible light, which were approxi-
mately 11.8 times greater than those of bulk g-C3N, (Fig. 33f).

Even though the mp-g-CN framework possesses the necessary
structural and optoelectronic requirements for the execution of
photocatalytic OWS reaction, its successful implementation has
been circumscribed and only extends to a limited number of
reports in the literature due to the challenging and highly
energetic reaction steps of photocatalytic OWS reaction. 583184
However, the photocatalytic HER reaction is more facile to occur
over mp-g-CN-based photocatalysts. Therefore, several mp-g-CN-
based photocatalytic systems with tunable structural features
have been reported in the literature for efficient photocatalytic
HER activity. For example, Obregon et al. reported an SBA-15-
assisted synthesis of mp-g-CN (mpg-CsN,) for photocatalytic H,
production using 1:10 v/v isopropanol-water solution."®® The
superior photoactivity of mpg-C;N, was correlated with its dis-
tinct porous structure, large surface area and pore volume
compared to the layered structure of bulk g-C3N, as confirmed
from SEM and TEM. SBA-15 hindered the complete condensation
of the mpg-C;N, precursor. Hence, the resultant mpg-C;N, was
associated with a decreased conjugation length and porous
structure compared to the closed lamellar structure of bulk
2-C3N, (Fig. 34A-(a-d)). Thus, mpg-C;N, displayed a hypsochro-
mic shift in visible light absorption and experienced a strong
quantum confinement effect. Based on the valence band XPS (VB
XPS) analysis and band gap energies, the band structure for bulk
2-C3N, and mpg-C;N, (Fig. 34A-(e-g)). The more negative CB
value of mpg-C;N, boosted the redox potential of the photogen-
erated electron, contributing to its superior H, production cap-
ability which is 4.7 times greater than that of bulk g-C;N,. In
summary, the higher H, production rate of mpg-C;N, can be
accredited to its mesoporous structure, quantum confinement
effect, and more negative CB value. Similarly, an mp-g-CN
nanosheet was fabricated using a simple ultrasonic exfoliation
strategy for the efficient photocatalytic HER application.'®® The
exfoliation of bulk g-C;N, led to the formation of mesoporous
channels with enhancement in the textural properties, thus unveil-
ing the copious active sites for the HER process. The resultant mp-
g-CN nanosheet also exhibited improved light harvesting features
by multilight scattering phenomena. Also, the exfoliation process
altered the band alignment by narrowing the band gap and
shortening the charge carrier’s transfer path in the mp-g-CN
nanosheet. Therefore, the mp-g-CN nanosheet exhibited better
charge separation with lower charge transfer resistance and led
to 3.3 times greater H, production than bulk g-C3N,.

The mesoporous framework with some additional structural
modification has been proven as an effective HER photocatalyst
in the literature. For instance, Yang et al. reported a flower-like

This journal is © The Royal Society of Chemistry 2025
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(a) Diagrammatic sketch of the synthesis of 3D-g-C3N4 NS, (b) SEM image and (c) TEM and HRTEM image (inset) of 3D-g-C3sN4 NS, (d) N>

adsorption—desorption isotherms and (e) band structures of bulk g-C3N4, g-C3sN4 NS, g-C3N4 NS-1and g-CsN4 NS-2, (f) overall water splitting rate of all
prepared samples (here g-C3zN4 NS refers to g-C3N4 nanosheets, 3D g-C3N4 NS-1 and 3D g-C3N4 NS-2 refer to g-CsN,4 nanosheets with different
amounts of melamine used in the synthesis process). Reproduced with permission.’®® Copyright 2019, Elsevier.

P-doped mp-g-CN photocatalyst (PCNx, where x = 0 g, 0.5 g,
1.0 g, 1.5 g, and 2.0 g, representing the amount of phosphoric
acid added) synthesized by template-free supramolecular self-
assembly of melamine and cyanuric acid with the addition of
phosphoric acid as the source for P-doping (Fig. 34B-a)."”* The
combination of the mesoporous structure and P-doping signifi-
cantly altered the band alignment, leading to a red shift in light
absorption, lowering the band gap and modifying the band
alignment (Fig. 34B-b). The P-doped mp-g-CN was also reported
to exhibit a lower recombination rate and superior charge
carrier separation and transportation compared to bulk
2-C;3N, (Fig. 34B-(c and d)). All these necessary features in the
resultant P-doped mp-g-CN led to an excellent HER activity,
which was 24.6 times higher compared to bulk g-C;N, with
preserved activity even after the fourth consecutive cycle
(Fig. 34B-e).

This journal is © The Royal Society of Chemistry 2025

Recently, Guan et al. reported a hard template-assisted
synthesis of a ‘N’ rich, S-doped mesoporous g-C;N5 photocata-
lyst for H, production by photocatalytic HER."®” 5-Amino-1,3,4-
thiadiazole-2-thiol (5-ATDT) as the CN precursor, as well as the
‘S’ doping source, was used to synthesize SCN-bulk (in the
absence of any template), MSCN-S (in the presence of SBA-15)
and MSCN-K (in the presence of KIT-6) (Fig. 35a). The resultant
MSCN-K and MSCN-S exhibited well-defined textural properties
and rough, porous surfaces compared to SCN-bulk (Fig. 35b-g).
The elemental composition analysis (CHNS) revealed that both
samples were ‘S’ doped and had a high ‘N’ content. Further,
FTIR and XPS analysis confirmed the presence of sulfite (S—O)
functionalization in both samples, suggesting that ‘S’ doping
was also responsible for S—=O grafting in the mesostructure of
MSCN-K and MSCN-S (Fig. 35h and i). The comparative UV and
PL profile of SCN-bulk, MSCN-K and MSCN-S revealed that the

Mater. Horiz., 2025, 12, 6485-6557 | 6521
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Fig. 34

(A) (@) SEM and TEM images of (a) and (c) bulk g-CzNy, (b) and (d) mpg-CsN,, (e) and (f) VB XPS and (g) schematic band structure of bulk g-CsN4

and mpg-CsN,4. Reproduced with permission.'8> Copyright 2019, Elsevier. (B) (a) lllustrative depiction of the formation process of flower-like P-doped
mp-g-CN, (b) band structure alignment, (c) transient photocurrent response, (d) EIS Nyquist plots, (e) photocatalytic activity and stability test of the
synthesized materials. Reproduced with permission.t’”* Copyright 2018, The Royal Society of Chemistry.

light absorption efficiency was reduced after the creation of
mesopores, but ‘S’ doping and S—O linkage significantly
improved charge separation and mitigated charge recombination
(Fig. 35j-1). The combination of the high surface area, ordered
porosity, ‘S’ doping and incorporation of S—O moieties was
reported to quench the radiative recombination of charge car-
riers, alter the band position and shift the CB position to more
negative, ideal for ease of proton reduction and hence exhibited
an excellent HER activity. The HER activity trend (Fig. 35m) was
in accordance with the analysis results discussed above.
Hitherto, several vacancy- and defect-induced mp-g-CN-
based photocatalytic systems have been reported to exhibit
outstanding HER activity.'**'°° The vacancy or defect sites alter
the band potential, create active sites for light absorption, and
channelize the charge carriers for efficient HER activity. For
example, an ‘N’ defect modified thin layered mp-g-CN (DTLP-
CN) was synthesized using the urea and KOH thermal assisted
polymerization strategy for the photoproduction of H,.''®* KOH
was reported to trigger the oxidative deprotonation of the -C-
NH, group in the framework, leading to the incorporation of the
-C=N moiety and also assisted the thermal etching process

6522 | Mater. Horiz., 2025, 12, 6485-6557

during calcination, allowing various decomposed gases to
escape. As a result, numerous mesopores were formed with a
decrement in layer stacking. The optimized mass ratio of urea
and KOH was responsible for inducing a thin layer nanostruc-
ture, N-vacancy, -C=N moiety incorporation and mesoporosity
creation in DTLP-CN. The resultant uniquely designed meso-
porous framework of DTLP-CN delivered better light harvesting
ability due to the narrow band gap, wide absorption spectrum,
better charge separation, and efficient mass transfer, which
were attributed to the mesoporous and thin layer framework
structure. Moreover, the ‘N’ vacancy and the -C=N moiety
created midgap energy levels and modified the band structure.
It was also reported that more unsaturated sites with unpaired
e~ were formed to populate the photoexcited e” in CB levels,
which enhanced the photoresponse activity. The combinational
effect of all these features resulted in an excellent HER activity
of 1.5557 mmol g ' h™" under visible light irradiation, which
was 48.5 times greater than that of pristine g-C;N,. Similarly,
another excellent HER photocatalyst was fabricated using ‘T’
doped and ‘N’ vacancy-modified mp-g-CN by a template-free
synthesis approach.’®! The synthesis methodology involved the

This journal is © The Royal Society of Chemistry 2025
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Fig. 35

(a) Diagrammatic representation of the MSCN material, (b) BET isotherms, (c) BJH pore size distribution of MSCN samples, SEM and TEM images

of (d) and (f) MSCN-K, (e) and (g) MSCN-S, (h) FT-IR spectra, (i) XPS spectra of S2p, (j) UV-vis DRS, (k) PL spectra, (1) transient photocurrent response, and

(m) photocatalytic H, evolution of SCN-bulk, MSCN-S, and MSCN-K. Reproduced with permission.

utilization of glucose and NH,I with melamine, which released
various N-rich gases during calcination and resulted in the
formation of thin layered nanosheets with abundant meso-
pores. Furthermore, a substantial amount of ‘N’ defects and ‘T’
doping was induced in the resultant mesoporous framework. As
mentioned in the previous example, the ‘N’ defect was directed to
form midgap states below the CB level that functioned to
momentarily trap the radiative electrons in the resultant frame-
work. This alteration in the band structure, along with the thin
layer mesoporous framework, led to a quantum confinement
effect, which was responsible for better light harvesting ability as
well as efficient radiative charge carrier separation. Hence,
the resultant ‘I’ doped, ‘N’ vacancy-mediated mp-g-CN nanosheet
was reported to exhibit a photocatalytic H, production of
7819.2 pmol g ' h™* under simulated solar light irradiation,
which was almost 6.5 times greater than that of bulk g-C;N,.
Several non-noble and noble metal-modified mp-g-CN
photocatalysts have been demonstrated as excellent HER
photocatalysts for efficient H, production. For example, a Cu
incorporated mp-g-CN nanotube (P-CN(Cu)) was reported to
achieve an impressive H, evolution rate of 6.53 mmol g ' h™"
under visible light irradiation in the presence of Pt as the
co-catalyst and TEOA as the sacrificial agent, which was
11.26 times greater than that of bulk g-C;N,."*> The electronic
microscope investigation (Fig. 36a-d) revealed a well-defined
nanotube structure of P-CN(Cu), and the X-ray absorption

This journal is © The Royal Society of Chemistry 2025

187 Copyright 2024, American Chemical Society.

near-edge structure (XANES) analysis revealed Cu anchored as
a single atom rather than the metallic nanoparticle form. The
Cu modification enhanced the visible light absorption and
modified the band alignment suitable for HER (Fig. 36e and f).
Both the steady state and transient state PL analyses suggested
that the modified band structure achieved due to Cu incorpora-
tion significantly impeded the charge recombination by increas-
ing the average lifetime of the charge carrier from 4.86 ns for the
sample without Cu modification (P-CN) to 14.09 ns for P-CN(Cu)
(Fig. 36g and h). Moreover, the density of states and spin-density
of states calculated using DFT analysis suggested that Cu single-
atom doping led to the CB level shifting towards the Fermi level
to enhance the charge transfer phenomena (Fig. 36i-k). Further,
the Gibbs free energy for the adsorption of H* (H* was the
intermediate of H,) in P-CN(Cu) was estimated to be higher than
that of P-CN, which revealed that the quicker H* desorption in P-
CN(Cu) facilitated the efficient H, production near the Cu-N,
active centre (Fig. 36l). Meanwhile, the slower H* desorption
because of its strong adsorption on the ‘N’ sites of P-CN resulted
in sluggish H, production.

The MNps embedded within mp-g-CN act as the co-catalyst and
can efficiently improve the photocatalytic HER activity. For exam-
ple, a series of MNps (Pt, Ni and Ag) as co-catalysts, when
embedded within the mp-g-CN framework, demonstrated excel-
lent H, production.'®® The entrapment of MNps inside the meso-
porous channel was carried out using a multiple vacuum-induced

Mater. Horiz., 2025, 12, 6485-6557 | 6523
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Fig. 36

(a) SEM image, (b) TEM image, (c) HAADF-STEM image, (d) EDS mapping of P-CN(Cu), (e) UV-vis spectra, (f) band structure, (g) PL spectra, (h)

TRPL spectra of samples, density of states of (i) P-CN, (j) P-CN(Cu), (k) spin-density of sates of P-CN(Cu), (1) Gibbs free energy profiles for H, evolution.
Reproduced with permission.'? Copyright 2023, Royal Society of Chemistry.

strategy, which was proven to offer more robust composites than
the normal physical agitating approach.'®* The resultant MNp
deposition was found to be beneficial in several ways, such as
the deposited MNps being responsible for charge carrier separa-
tion by trapping the photogenerated electrons, thereby exhibit-
ing the electron enrichment effect to boost H, production. In
this aspect, our group reported a Au Np modified mp-g-CN-SiO,
composite for the efficient H, evolution of 844 umol in 3 h.'?®
The binding efficiency of Au Nps was found to be stable due to
the multi-functional effect of the g-C;N, and mesoporous SiO,
composite. The resultant Au-modified photocatalyst was reported
to exhibit enhanced light harvesting properties due to the
plasmonic effect of Au Nps, and charge recombination was also
significantly suppressed. Several other co-catalyst-embedded mp-
2-CN photocatalysts have been reported in the literature, demon-
strating their role in enhancing light harvesting, suppressing
the charge recombination, and accumulating and utilizing the
photogenerated electrons in photocatalytic HER for efficient H,
production,'®* %

The functional modifications in mp-g-CN photocatalysts
have been reported to improve the structural features to make
them more viable for photocatalytic HER application. For
example, Xing and co-workers reported a mesoporous ultrathin
tubular g-C3N, with edge grafted r-cysteine (TCN-Lc) con-
structed via supramolecular self-assembly followed by the
thermal condensation method."®® The successful edge grafting
of 1-cysteine was estimated using PXRD, *C NMR and XPS

6524 | Mater. Horiz., 2025, 12, 6485-6557

analysis. The (100) plane for the TCN-Lc sample almost dis-
appeared, and the (002) plane became broad and weak, indicat-
ing structural deformation after r-cysteine was incorporated
into the edge sites of the ultrathin mesoporous tubular g-C;N,,
which led to disruption of the in-plane and layer order packing.
The "*C NMR spectrum of TCN-Lc exhibited two additional
peaks attributed to the insertion of the r-cysteine unit into the
basal plane of mesoporous ultrathin tubular g-C;N,. Moreover,
the two distinct peaks attributed to the heptazine unit of g-C3N,
shifted in TCN-Lc, suggesting the change in the chemical
environment upon the edge effect due to the edge site insertion
of t-cysteine (Fig. 37a and b). The XPS analysis revealed that the
C1s peak and N1s peak of TCN-Lc shifted compared to bulk
¢-C3N,, indicating that the 1-cysteine was covalently bonded,
which resulted in high electron density around the ‘N’ sites due
to the edge effect. Compared to bulk g-C;N,, TCN-Lc exhibited a
red shift in visible light absorption with a broad absorption
edge due to n-n* electronic transition. Consequently, the CB
edge position of TCN-Lc shifted downward and constricted the
band gap, thereby facilitating the transition and dissociation of
photogenerated charge carriers. Moreover, the incredible photo-
generated charge separation was again realized from the PL,
TRPL and photocurrent measurement analysis and further
validated by the DFT calculation. Gaussian 09 and DFT calcula-
tions estimated that the LUMO and HOMO arose from the
contribution of C-N bonding orbitals and nitrogen pz orbitals,
respectively, for BCN (Fig. 37c and d). Due to the close proximity

This journal is © The Royal Society of Chemistry 2025
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Fig. 37 (a) and (b) Solid-state :*C NMR and XPS spectra of bulk g-CsN4 and TCN-Lc, optimized electronic structure of the HOMO and LUMO energy
level of (c) and (d) BCN, (e) and (f) TCN-Lc, respectively, partial density of states of (g) BCN and (h) TCN-Lc, (i) vertical and horizontal views of the
electronic charge difference profiles of TCN-Lc, (j) schematic illustration of the photocatalytic HER reaction over TCN-Lc. Reproduced with

permission.*® Copyright 2022, The Royal Society of Chemistry.

of HOMO-LUMO lying in the same tri-s-triazine, the charge
recombination became relatively much quicker in the case of
BCN. Moreover, in the case of TCN-Lc, the electron cloud has
been redistributed upon r-cysteine edge grafting. As a result, the
HOMO was contributed by the r-cysteine unit and the adjacent
tri-s-triazine ring (Fig. 37e and f). In contrast, the C-N bonding
orbitals around the r-cysteine unit contributed to the LUMO.
The density of states of BCN and TCN-Lc (Fig. 37g and h)
suggested that an intermediate band state appeared in TCN-
Lc, promoting the stronger delocalization of the charge density.
Furthermore, the electron cloud was redistributed to increase
the charge carrier separation efficiency in TCN-Lc (Fig. 37i). The
mechanistic investigation presented in Fig. 37j suggested that the
tubular porous morphology of TCN-Lc facilitated the improved
light absorption and shortened the charge transfer distance.
Further, the edge effect of Lc enabled in-plane directional charge
transfer and accumulated a larger number of surface-active sites.
Consequently, the photogenerated electrons accumulated near
the Pt co-catalyst and facilitated HER, while the TEOA sacrificial
agent was oxidized by holes. All these findings signified the
superior photo-responsive factor of TCN-Lc which exhibited an
excellent photocatalytic H, production of 6468 pmol h™* g%,
which was 56 times greater than that of BCN (116 umol h™* g™*).

Furthermore, efficient HER activity can be achieved using
various hybridized composite photocatalysts of mp-g-CN with
different semiconductor photocatalysts. The resultant multifunc-
tional mp-g-CN-based composite photocatalysts have been
reported to exhibit essential photo-active features and improved
structural properties, which are key to better photocatalytic HER
activity. For instance, Wang et al. reported a porous S-doped
2-C3N,4/Znln,S, S-scheme heterojunction composite (S-CN/ZIS),
which produced 19.25 mmol g~ h™", which was 2.7 times greater
than that of g-C3N,/ZnIn,S, (CN/ZIS)."*® S-doped g-C3N, (S-CN)

This journal is © The Royal Society of Chemistry 2025

was first fabricated by a template-free method using thiourea and
thioacetamide, followed by a controlled calcination process.
Further, ZnIn,S, (ZIS) was hydrothermally synthesized in the
presence of S-CN to fabricate the S-CN/ZIS composite having a
hollow-coral framework. The successful growth of ZIS on the
surface of S-CN in S-CN/ZIS (Fig. 38a-d) formed a highly porous
framework, as revealed by HR-TEM and N, adsorption-
desorption analysis. The optimum ‘S’ doping in S-CN/ZIS created
lattice defects and formed C-S-C linkages by replacing the ‘N’
atom. This resulted in a red shift in light absorption compared to
the neat g-C;N, (CN), and the band gap energy was significantly
altered to achieve better light harvesting. M-S measurements
confirmed that S-CN/ZIS exhibited n-type semiconductor char-
acteristics where the charge transfer process was accomplished
by the S-scheme heterojunction pathway, which was confirmed
from the DMPO test and in situ XPS analysis. ‘S’ doping modified
the CN work function and caused a noticeable difference in the
Fermi energy level of S-CN and ZIS, facilitating the formation of
an effective heterojunction interface (Fig. 38e-g). Theoretical
simulation modelling for the three-dimensional charge density
suggested that the electron transferred from CN to ZIS in CN/ZIS
and from S-CN to ZIS in S-CN/ZIS, to form an interfacial electric
field (Fig. 38h-j). Notably, the interfacial electric field was stron-
ger in the S-CN/ZIS interface due to the influence of S doping,
leading to enhanced charge separation efficiency. Hence, the
photogenerated e~ from the CB of ZIS easily recombined with the
h* at the VB of S-CN, while the photogenerated e~ at the CB of
S-CN and h" at the VB of ZIS remained separated for the surface
redox reaction to execute H, production (Fig. 38j). From deeper
insight, the synergistic effect of S-doping and S-scheme hetero-
junction enabled the accumulation of more photoinduced e~ on
the S-CN surface. Further, the hydrophilic nature of the S-CN
surface enhanced H,O adsorption and could be an active
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$-CN/ZIS. Reproduced with permission.’®® Copyright 2024, Wiley-VCH.

reservoir for the ‘H* species. The adsorption-desorption energy
calculation suggested that the S-CN surface suitably facilitates
faster adsorption and desorption of ‘H*’ species compared to CN,
lowering energy barriers for hydrogen evolution. As a result,
S-CN/ZIS exhibited efficient H, production and maintained a
stable photocatalytic activity over five consecutive cycles (Fig. 38k).

Zeng and coworkers reported a homojunction porous CN
photocatalyst by combining triazine-based and tri-s-triazine-
based crystalline C;N, through a secondary growth strategy.**
The successful formation of the interfacial junction in tri-/tri-s-tri-
C;N, was primarily confirmed from the PXRD and FT-IR analysis.
The resultant material, accomplished with a type IV isotherm
with a Hi-type hysteresis loop, exhibited a surface area of
79.7 m> g~ with a distinct mesopore distribution between
2 and 18 nm. Further, nanostructure morphological analysis
suggested the tri-C;N, nanorod deposited on the lamellar tri-s-
tri-C3N, having two distinct lattice fringes corresponding to tri-
C;N, and tri-s-tri-C;N, at the interfacial junction sites of tri-/tri-
s-tri-C3N,. The resultant tri/tri-s-tri-C3N, synthesized material
exhibited an excellent photocatalytic H, evolution performance
with a rate of 144 pmol h™", attributed to its increased crystal-
linity, enhanced visible light absorption, strong interfacial
lattice compatibility between the two phases, and efficient
separation of photogenerated charge carriers.

6526 | Mater. Horiz., 2025, 12, 6485-6557

Similarly, Ag,Mo00,/OC;N,, another example of the hybridized
composite photosystem of ‘O’ doped mp-g-CN (OC;3;N,) and
Ag,M00,, was fabricated by a template-free calcination method
followed by an in situ deposition method (Fig. 39a).>°" A success-
ful composite formation was observed during the morphological
investigation and the EDX analysis (Fig. 39b-i). The fluffy and
porous morphology of curly-shaped OC;N, (Fig. 39b) accommo-
dated the Ag,MoO, nanoparticles on its surface as represented by
the yellow circle (Fig. 39¢c) to form the Ag,M00,/OC;N, hetero-
junction. The band alignment analysis and work function calcu-
lation suggested that the electron flowed from OC;N, to
Ag,Mo00, until their Fermi level reached equilibrium to develop
the Ag,M00,/OC3;N, heterojunction (Fig. 39j). The electron
migration experienced an interfacial electric field between the
interface of OC;N, and Ag,Mo0,, which caused the band
bending of their band edges (Fig. 39k). Due to band bending,
the charge transfer pathway followed the S-scheme mechanism,
which facilitated the recombination of e at the CB of Ag,Mo0O,
and h* at the VB of OC;N,. Hence, the h* of Ag,MoO, and e~ of
OC;N, remained exclusively separated and were utilized for the
H, generation in the presence of TEOA (Fig. 39k). The H,
production activity of Ag,M004/OC;N, reached 16619 umol g™,
which was 1.93 and 180 times greater than that of OC;N, and
Ag,Mo00,, suggesting the high photoactivity accredited to the

This journal is © The Royal Society of Chemistry 2025
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mesoporous channel, high surface area, and unique charge
transfer process.

Besides the examples given above, substantial reports based
on mp-g-CN-based photocatalyst-driven H, production have
been articulated in the literature. Table 3 demonstrates a wide
range of mp-g-CN-based photocatalysts associated with diverse
structural modifications, leading to the efficient production of
environmentally friendly hydrogen fuel.

5.3. mp-g-CN-based photocatalytic materials for CO,
reduction for the production of various saturated and
unsaturated hydrocarbon fuels

The utilization of anthropogenic CO, in the production of value-
added fuel by harnessing solar energy is considered a potential
approach to maintain carbon neutrality and mitigate carbon
emissions. The successful utilization of CO, in solar fuel produc-
tion is an exciting yet challenging research topic. Several factors
are associated with the low quantum efficiency of the photocon-
version of CO, to fuel. The stable linear structure of CO, (with a
high bond enthalpy of 750 k] mol ') having zero dipole moment
hinders its adsorption/activation on the catalyst surface, which
ultimately lowers its photoconversion efficiency.**™*%*'* The CO,
conversion is a thermodynamically uphill process under standard
conditions. Converting CO, to various fuels, such as CHy,
CH,;0H, CH;CH,OH, etc., is a non-spontaneous process and
hence endothermic in nature. The photoreduction of CO,
requires a high overpotential as it involves one electron
reduction of the linear CO, molecule into a bent *CO,~ which
is the rate-determining step.'*" Therefore, the low conversion
rate in photocatalytic CO, reduction is quite acceptable in real
practice. Considering a semiconductor-driven photocatalytic

This journal is © The Royal Society of Chemistry 2025

CO, reduction process, the associated steps are (i) concurrent
generation of photoexcited charge carriers upon light irradia-
tion on the photocatalyst and the modulated adsorption/activa-
tion of CO, on the photocatalyst surface, (ii) migration of light-
induced charge carriers towards the photocatalyst surface, and
finally (iii) the interaction of the charge carriers with the
adsorbed CO, to give the solar fuels (Fig. 40)."*°

Both CO, and H,0, which are considered as the reactant
precursors for CO, photoreduction, adsorb more favorably on the
g-C3N, surface than the photoreduced products such as H,, CO,
and CH,. This advocates that the g-C;N, surface inevitably
enables the optimum adsorption of reactant species and eases
the desorption of product molecules.*'® Nevertheless, the higher
CB level of pristine g-C;N, is not necessarily helpful for CO,
photoreduction. The creation of mesoporous structures can result
in a comparatively more negative CB position (—1.3 to —1.5 €V),
leading to multiple light scattering phenomena and better CO,
adsorption."*™'® Therefore, mp-g-CN and its allied composite
structures hold modulated active sites, and appropriate band
edge positions can enormously produce photogenerated charge
carriers with the required potential to boost photocatalytic CO,
reduction.>'%*1718 Besides, mp-g-CN having diffusible meso-
channels and intrinsic surface basicity due to the ‘N’ linkage in
the framework can efficiently adsorb and activate CO, (due to the
acidic nature of CO,), which is a prerequisite factor for efficient
CO, conversion. Hence, this can enable the generation of
photoexcited electrons with different negative potentials, which
facilitate the conversion of CO, to various gaseous and liquid
fuels. The product distribution and selectivity are entirely
determined by the specific potential, the number of photogen-
erated electrons involved, and their corresponding reaction
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CO, photoreduction is enhanced in mp-g-CN compared to
bulk g-C;N,, as realized from the above example; however,
further optimization of the electronic and optical properties,
such as band engineering within the primitive mp-g-CN frame-
work, is necessary to improve its effectiveness for CO, photo-
reduction. Non-metal doping is considered a straightforward
and atom-economical approach for tuning the bandgap in
mp-g-CN. Non-metal doping can introduce either electron-
deficient (boron doping) or electron-rich (phosphorus and
sulphur doping) frameworks by interfering with empty orbitals
(in the case of boron doping) or filled orbitals (in the case of
phosphorus or sulphur doping), responsible for the creation of
transient local energy states above the VB level and thus
beneficial for broad range light absorption, easier charge
separation with slow charge recombination, and improved
redox properties which are believed to be the dominant factors
in achieving high quantum efficiency CO, photoreduction. For
example, Zhu et al. reported a two-dimensional S-doped mp-g-
CN nanosheet (S-CN) material for CO, photoreduction to CO.>*°
The S-CN photocatalyst demonstrated an excellent CO produc-
tion of 16.02 pmol g~ ', which was 10 times greater than that of
bulk-gC;N, (bulk-CN). The PXRD pattern became narrower, less
intense, and slightly shifted, suggesting that S-doping caused a
substantial reduction in the layer thickness as well as in the
crystallite size. S-CN exhibited a type IV isotherm and H1
hysteresis, evidencing the existence of a mesoporous framework
with a specific surface area 7 times greater than that of bulk-CN.
The high surface roughness value due to the mesoporous
framework and thin layer thickness of S-CN was obtained from
3-dimensional structural analysis using AFM analysis, suggesting
that the S-CN structure mitigated the transmission resistance for

This journal is © The Royal Society of Chemistry 2025

better charge separation. The mesoporosity induced in S-CN was
also helpful for the efficient CO, adsorption, as confirmed from
the CO, adsorption isotherm and DFT calculations, suggesting
that the S-CN surface was more accessible for CO, reduction
reactions (Fig. 42a-c). Further, the CO-TPD analysis suggested
that the S-CN surface could readily desorb CO and favorably
facilitate the CO, reduction process compared to bulk-CN
(Fig. 42d). The computational analysis further estimated the
electronic structure of bulk-CN and S-CN by considering the
difference in the projected density of states (PDOS) and total
density of states (TDOS) (Fig. 42e and f). The VB of bulk-CN was
majorly comprised of the N 2p state (—2.5 eV, 0.00 eV), and the
CB was comprised of the C 2p and N 2p state (0.00 eV, 5.0 V). In
contrast, the VB of S-CN was primarily comprised of the N 2p
state, whereas the CB was mainly composed of the S 3p state.
This led to charge rearrangement by the interference of excess
electrons of S 3p and S 3s, which were excited under light
irradiation to bring a more revolutionary impact in CO, photo-
reduction. The charge rearrangement process was further
evidenced by the charge density analysis, which revealed that
the adjacent C atom of S-doping sites experienced a decrement in
the charge density and received electrons from the S atom;
this helped to extend the m conjugation. Hence, upon light
irradiation, the S-CN surface was enriched with photogenerated
electrons to facilitate CO, photoconversion to CO. The progress
of CO, photoreduction using H,O was analyzed by in situ FT-IR
analysis, suggesting that CO, was activated by the mesoporous
S-CN surface and converted to the *COOH intermediate, which
further reacted with H" and e to produce CO (Fig. 42g).
Similarly, the effect of various non-metal doping on the
photoreduction activity of CO, to CH, was achieved using B,
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Fig. 42

0, S, and P-doped mp-g-CN.?** Various non-metal doped mp-g-
CN structures were synthesized using a non-templated approach
with annealing under a N, atmosphere (Fig. 43a). The CH,
production rate was improved upon the non-metal doping, and
among all the synthesized photocatalysts, S-doped mp-g-CN

(a) CO; adsorption isotherms, (b) and (c) DFT study, (d) CO-TPD spectra of the samples, (e) and (f) DOS of bulk-CN and S-CN, (g) in situ FT-IR
spectra. Reproduced with permission.?2° Copyright 2021, The Royal Society of Chemistry.

exhibited the highest activity (Fig. 43b). The activity trend was
mainly due to the mesoporous structure, which enhanced the
CO, adsorption cum activation process and S-doping boosted the
light-harvesting and charge separation phenomena. The photo-
generated electrons were trapped by S-sites and were used in the
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(a) Diagrammatic representation of the synthesis of mp-g-CN and non-metal (B, O, P, S) doped mp-g-CN, (b) photocatalytic CO, reduction rate

of the synthesized samples, (c) CH4 production mechanism via photocatalytic CO, reduction. Reproduced with permission.??* Copyright 2022, Elsevier.
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8H'/8e~ reduction process for CH, production. The elementary
steps involved in CH, production occurred via the photocatalytic
reaction of CO, with H,O (Fig. 43c).

Apart from non-metal doping, several strategic designs of
mp-g-CN-based composite photocatalysts have been reported
to improve CO, photoreduction activity.>'”>*®**> Hitherto,
various MNps whose work function is larger than that of mp-
2-CN have acted as cocatalysts when encapsulated with mp-g-
CN, forming Schottky barriers and thus efficiently causing
charge separation, followed by accumulation of the photoin-
duced electrons on the MNp surface to expedite the CO,
photoreduction activity.”****® For example, a 3D mp-g-CN
foam and Cu Np composite exhibited excellent CO production
by CO, photoreduction.??* The efficient CO, adsorption accom-
plished by the mesoporous structure and the effective charge
separation by the Cu Np co-catalyst were the responsible factors
for exhibiting an enhanced photoreduction activity, which was
6.34 times higher than that of pristine g-C3N, and 2.56 times
higher than that of the 3D mp-g-CN foam without Cu Np mod-
ification. Similarly, Li et al. reported the CO, photo-reformation of
CH, to several C1 and C2' reduced products over Ru loaded on the
La-doped mp-g-CN nanosheet (Ru-LGCN).>>® The Ru-LGCN photo-
catalyst was fabricated by thermal-oxidative exfoliation followed by
an in situ photoreduction deposition method. The resultant struc-
ture was enriched with the mesoporous channel, and the Ru and
La bimetallic synergistic effect contributed to an efficient CO,
reformation of CH, to CO, CH30H, CH;CHj3;, and CH;CH(OH)CHj3
with an optimal yield of 401.03, 750.02, 460.56 and 460.12 umol g,
respectively. La-doping improved the CO, adsorption efficacy and
also channelized the charge transfer between the photocatalyst
and CO,. Additionally, the Ru incorporation significantly reduced
the charge recombination process and increased the photogen-
erated electron density for better CO, photoreduction activity.
The band edge alignment analysis using theoretical calculation
revealed that the charge distribution state at the conduction band
maximum (CBM) was contributed by the atomic orbital of ‘La’,
whereas the valence band maximum (VBM) state was contributed
by the atomic orbital of the N atom (Fig. 44A-(a-d)). Therefore,
effective charge separation was possible due to La-doping and
the photoexcited electrons at the CBM, which actually accumu-
lated near La sites and were involved in the multi-step
photo-reformation process. The elementary steps outlined in
Fig. 44A-e show that the photogenerated h* oxidized CH, to the
methyl radical (*CH;) and H'. The resultant (*CH;) active species
either dimerized to form CH;CH; or reacted with OH™ and h* to
produce CH;0H. Meanwhile, CH;CH,OH was obtained from the
reaction of OH ™~ with *CH3CH, (*CH3CH, was produced from the
h" catalyzed oxidation of CH;CHj;). Similarly, radical formation
and redox reaction resulted in the production of CH;CHO and
CH,;CH(OH)CH; (Fig. 44A-e).

As stated earlier, CO, reduction is a multi-electron reduction
process, where the charge separation and the band edge align-
ment dictate the accumulation of thermodynamically active
photogenerated electrons near the CB, which is the key instructor
in driving the CO, photoreduction reaction. The mp-g-CN frame-
work can form enormous composite photocatalysts enriched with

This journal is © The Royal Society of Chemistry 2025
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improved light harvesting and phenomenal charge separation to
achieve excellent efficiency in CO, photoreduction. Madhusudan
and co-workers reported a solid-solid Z-scheme Zn,Cd;_,S/
Au@g-C3;N, ternary heterojunction photocatalyst (ZCS/Au@CN)
for CH;0H production via CO, photoreduction, which was found
to be 32.7 times higher than that of the neat mp-g-CN.***> ZCS/
Au@CN was strategically fabricated using the photodeposition-
assisted hydrothermally assembled process. The nanostructure
investigation using electron microscopy analysis revealed that Au
Nps were photodeposited on the external surface of ZCS, and
mesoporous CN nanosheets wrapped into a thin layer around
ZCS@Au to form the ZCS/Au@CN ternary composite (Fig. 44B-(a-
d)). The resultant ternary photocatalyst, with its porous structure
and large specific area, displayed a better CO, adsorption and
stronger visible light harvesting response. Additionally, ZCS/
Au@CN facilitated efficient charge separation and fast interfacial
charge migration (Fig. 44B-e). Au Nps acted as an electron
mediator and enhanced photoreduction ability by exhibiting
the surface plasmon resonance (SPR) effect. Several control
experiments evidenced that CH;OH production was governed
by a solid-solid Z-scheme mechanism (Fig. 44B-f). Under visible
light irradiation, the photoexcited e~ ultimately travelled from
ZCS to the VB of CN through Au Nps. Moreover, due to the SPR
effect, Au Nps also injected the hot electrons into the VB of CN,
where the e /h" pair recombination occurred. Meanwhile, the
photoexcited e” in the CB of CN remained separated and seam-
lessly participated in the 6 e -reduction process to produce
CH;OH (Fig. 44B-f).

In addition to the aforementioned examples, significant
research progress has been made, showing that diverse mod-
ifications within mp-g-CN, as documented in the literature,
have been adapted to achieve better efficiency in CO, photo-
reduction (presented in Table 4).

5.4. mp-g-CN-based photocatalytic materials for H,0,
production

H,0,, recognized as a benign oxidant and viable liquid fuel
candidate, has garnered global interest within the realm of
photocatalysis owing to its synthesis from abundant natural
resources, including oxygen, water, and solar energy. The photo-
catalytic H,O, production by utilizing water and oxygen can be
achieved via two pathways: (1) water oxidation reaction (WOR)
and (2) oxygen reduction reaction (ORR) (Fig. 45). The ORR
pathway holds paramount importance in photocatalytic H,O,
generation and can be achieved by two routes, i.e., (i) a direct one-
step two-electron reduction process and (ii) a two-step single-
electron reduction process (Fig. 45). In the case of two-electron
reduction, O, undergoes direct conversion to H,O, by combining
with two electrons and two protons. This process is also referred
to as concerted 2e” ORR (eqn (4), Fig. 45). In the case of single
electron reduction, O, accepts a single electron to form a super-
oxide radical (0,*") (eqn (5), Fig. 45). Subsequently, O,*~ reacts
with two protons (2H') and an electron to form H,0, (eqn (6),
Fig. 45). Both pathways necessitate the presence of specific active
sites and band structures to facilitate the production of H,O,. On
the other hand, H,0, production by WOR can be achieved via
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TEM, (c) HRTEM, and (d) EDS mapping of ZCS/Au@CN, (e) PL spectra of all the prepared samples, (f) charge-transfer mechanism (Z-scheme) for
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three pathways: (i) one-step two-electron pathway, (ii) two-step
single electron pathway and (iii) four-electron pathway. The one-
step, two-electron pathway is a thermodynamically uphill process
as it is operated at a more positive oxidation potential (eqn (8),
Fig. 45). The two-step single electron process involves the oxida-
tion of H,O to a hydroxyl radical (OH®) by photogenerated holes.
Subsequently, OH*® dimerizes to H,0O, via the 2e” WOR pathway
(eqn (9) and (10), Fig. 45). The WOR pathway is a thermodyna-
mically uphill process operated at a higher oxidative potential

6532 | Mater. Horiz., 2025,12, 6485-6557

(eqn (8)-(10), Fig. 45) hence making it challenging to proceed.
Since the WOR process is executed at a higher oxidative potential,
H,0, decomposes at this stage due to its h" scavenger
nature.?®*?*> Moreover, the four-electron WOR pathway is also
possible (eqn (11), Fig. 45), where H,O is oxidized at a lower
oxidative potential (1.23 Vyyg) to generate O, (eqn (11), Fig. 45).
This generated O, produces H,O, by ORR (eqn (5) and (6),
Fig. 45). The photocatalytic H,O, production via ORR or WOR
is further governed by the optimum adsorption of O, (ORR) or

This journal is © The Royal Society of Chemistry 2025
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Ref.
164
222
223
226
227
228
229
230
231
232
233
127

)

850 nm > A > 320 nm

/. > 420 nm)

(
(
(

300 W Xe lamp (4 > 420 nm)
Xe lamp (100 mW cm™?) (A > 400 nm)

300 W Xe lamp
300 W Xe arc lamp (4 > 420 nm)

300 W Xe lamp (4 > 400)

300 W high-pressure Xe lamp
500 W Xe arc lamp

300 W Xe lamp (4 > 420 nm)
300 W Xe lamp (4 > 420 nm)

300 W Xe lamp (4 > 420 nm)
300 W Xe lamp (4 ~ 420 nm)

300 W Xe lamp
300 W Xe lamp

Light source

stability
4 cycles
4 cycles
4 cycles
2 cycles

4 cycles
3 cycles
3 cycles
3 cycles
3 cycles
5 cycles

Cyclic

h41
b
h

11,1
1

CO (0.974 pmol g~ " h™1)

)
)

22.45 ymol g * h™!
22.62 umol g ' h™*

(
(
(
(

CO, reduction products
CH;OH (42.7 pmol g7 ' h™%)
CH;0H (1.31 pmol h™* g™")
CO (1.66 pmol g~ ' h™)
CO (149 umol h™" g™
CO (11.9 pmol g %)
CH;OH (192.7 umol g™*
CH, (2.117 pmol g " h~
CH;O0H (13.74 pmol g~
CO (116.6 umol g™ %)

Cu modified S-doping CH, (2.33 pmol g%), CO (9.6 umol g™

cO
CcO

Types of structural

modification
Composite
Ag loading
Composite
Composite
Composite
Composite
Composite
B- and P-doping
Composite
C-doping

Template-free self-assembly method Composite

Hard template method
Hard template method
Template-free self-assembly method ~Composite
Hard template method
Hard template method
Template-free method
Template-free method
Template-free method
Soft template method
Template-free method
Hard template method
Template-free method

Synthesis method

Table 4 List of mp-g-CN-based photocatalysts for efficient CO, photoreduction

Photocatalysts
CISCN-20
ZCS/AU@CN
Ag/MCN
CPB-PCN
mpg-CN,|CoPPc
3% CdS-g-C5N,
MCT
NT/GCN-40
TOCN-80
PBUH/CN
20CPB@TCN
MCN-TMA-6
2% Cu-SCN

This journal is © The Royal Society of Chemistry 2025

234
235
236
237
238
239
240
241

300 W xenon lamp (420 nm cutoff filter)

300 W Xe lamp (4 ~ 320-780 nm)
300 W Xe lamp (4 > 420 nm)
300 W Xe lamp (4 > 420 nm)
500 W Xe arc lamp (4 > 400 nm)
350 W Xe lamp (4 > 420 nm)
300 W Xe lamp (4 > 420 nm)

4 cycles
5 cycles
3 cycles
4 cycles
10 cycles
3 cycles
3 cycles
3 cycles

(0.0378 pmol g~ * h™"), C,H, (0.0481 pmol g * h ™)

CO (77.65 umol g~ '), CHy (17.89 pmol g~ ")
CO (21.65 pmol g~ %), CH, (73.40 umol g %)

CH, (9.26 pmol g )
CH;OH (0.88 pmol g~ ' h™%)

CO (0.404 pmol g~* h™Y), CH,
CO (14.4 pmol g™ ),

CO (21.95 umol g™ )

B-doping
Composite
Ag-Ni doping
Composite
N-defect
O-doping
Composite

Soft template method

Hard template method
Template-free method
Template-free method
Soft template method

Template-free method
Template-free method

AUNB/g-C5N,
PCN-18A
CN-AN21
OCN-Tube
12FLTC/BCN

T/U-0.65
CN,-500
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H,0 (WOR) on the photocatalyst surface and the appropriate
band edge alignment of the photocatalyst.”®>*>

mp-g-CN-based photocatalysts, with suitable active sites for
O, adsorption and activation and enhanced optical properties,
have advanced the ORR process as reported in the literature.’***?
Unlike pristine g-C;N,, mp-g-CN-based photocatalysts are inher-
ently enriched with several structural modifications like doping,
vacancy and defects due to their various synthesis routes, which
can further boost H,0, production efficiency. For example,
porous g-C;N, with an inverse opal structure and C-vacancies
(designated as I0 CN-C,) was constructed using monodispersed
SiO, microspheres for efficient photocatalytic H,O, production
under visible light irradiation.>** This hard template-assisted
synthesis of IO CN-C, in the ‘Ar’ atmosphere resulted in the
co-existence of the inverse opal structure and C-vacancy frame-
work. Fig. 46A-(a—c) represents the UV-Vis, bandgap energy and
PL analysis of IO CN-C, with various comparative photocatalysts
synthesized in this study, such as bulk g-C;N, (bulk CN), bulk
2-C3N, with C-vacancy (bulk CN-C,) and g-C;N, nanosheet
(nanosheet CN). IO CN-C, offered a larger specific surface area
and a porous framework, which was reported to enhance the
light absorption ability due to multiple scattering reflection
phenomena (Fig. 46A-(a and b)). Both IO CN-C, and bulk CN-C,
exhibited lower PL intensity (Fig. 46A-c), suggesting that
C-vacancy improved the separation efficiency of charge carriers.
Hence, the combinational effect of inverse opal structure and
C-vacancy in I0 CN-C, demonstrated better visible light harvest-
ing ability with improved charge carrier separation, resulting in
superior photocurrent production and charge transfer resistance,
endorsing a H,O, production of 325.74 uM using 5% ethanol as a
sacrificial agent (Fig. 46A-(d)). The ESR spin trapping experiment
confirmed O,*” involvement in H,0O, production as the active
species. Fig. 46A-e demonstrates that after photoexcitation, the
photoexcited h" oxidizes ethanol to acetaldehyde and H', while
0, is reduced to O, by the photoexcited e™. The resultant O,*~
reacts with H' to form H,O,.

Furthermore, mp-g-CN photocatalysts with structurally and
functionally modified photosystems for excellent H,O, produc-
tion reported so far have been discussed below. Xie et al. reported
a mesoporous O-doped, C-vacancy-rich g-C3N, (O-CNC) using a
template-free method by taking the MCA precursor with varying
amounts of oxalic acid via a microwave synthesis approach for
excellent photocatalytic H,O, production.'® SEM and TEM ana-
lysis suggested that the oxalic acid-free photocatalyst (CN) exhib-
ited a spherical porous structure (Fig. 46B-(a and d)); however, the
addition of oxalic acid, which acted as a porogen, caused the
rupture of the spherical porous balls into aggregated porous
clusters (Fig. 46B-(b, c and e, f)). The addition of oxalic acid was
responsible for the creation of O-doping by N-substitution and
modifying the band structure. As a result, O-CNC photocatalysts
showed a red shift in UV absorption with some additional
absorption bands in the range of 450-500 nm due to the n-n*
transition, probably due to the structural modifications after the
oxalic acid introduction (Fig. 46B-g). The improved light-
harvesting ability, along with enhanced charge carrier separa-
tion and transport in the O-CNC photocatalyst, was attributed to
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Fig. 45 Schematic overview of the general mechanism of photocatalytic H

O-doping, carbon vacancies, and the mesoporous framework. As
a result, the O-CNC photocatalyst exhibited an appropriate band
alignment, as shown in Fig. 46B-h, to execute efficient H,0,
production by following the one electron reduction pathway,
as confirmed by the p-benzoquinone (BQ) scavenging test.
Therefore, O-CNC exhibited an enhanced photocatalytic H,O,
production of 2008.4 umol h™'g™" under simulated solar light
irradiation by utilizing isopropanol (IPA) as the h* scavenger,
which was 4.4 times greater than that of pristine g-C;N, (BCN)
(Fig. 46B-i). Finally, the O-CNC with ‘O’ doping and ‘C’ vacancy
garnered all the necessary features to exhibit extended light
absorption to produce the photoinduced excitons. Due to the
better charge separation ability of O-CNC, the photoinduced e
reduced O, to O,*  as the active intermediate, which was
subsequently reduced to H,0, (Fig. 46B-j).

In another study, Zhou and co-workers synthesized an ultra-
thin g-C;N, nanosheet featuring a hierarchical mesoporous
framework with P-doping (P-mMCNNS-25) by a one-step calcina-
tion method, which offered numerous active reaction sites and
diffusion channels, thereby facilitating H,O, generation in the
liquid-solid-gas three-phase reaction interface.>** The PL emis-
sion band for P-mMCNNS-25 showed a blue shift (Fig. 47a)
indicative of a reduced band gap, corresponding to the quantum
confinement effect, where the CB position shifted to —0.32 eV
and the VB position shifted to 2.39 eV. UV-DRS analysis and band
gap energy analysis revealed a significant enhancement in the
light-harvesting ability in P-rmMCNNS-25 compared to bulk CN
(Fig. 47b and c). Based on the optoelectronic results and VB XPS
analysis, a band structure was proposed, as shown in Fig. 47d.
First-principles calculations for the DFT study estimated the
band structure by considering the band position, and in the
projected band structure for bulk CN (Fig. 47e) the red color
(bright) represents the contribution of C atoms, while the blue
color (dark) corresponds to the contribution of N atoms. The
partial charge density regions corresponding to the VB and CB
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were mostly developed by the C atoms and N atoms, respectively
(Fig. 47f and g). Similarly, the modified band structure and the
corresponding partial charge density regions of P-mMCNNS-25
resulted from the reduced band gap and P doping (Fig. 47h-j).
The synergetic effect of several structural advancements, enhanced
optoelectronic features, hierarchical mesoporous structure and
phosphorus doping was responsible for the narrow band gap of
P-mMCNNS-25. Due to this, it was difficult to achieve the reduction
potential of O,/0,*; hence unlike pristine g-C;N,;, P-mMCNNS-25
preferred the one-step 2e~ reduction pathway over the two-step
single-electron reduction pathway for H,O, production. The DMPO
spin-trapping ESR technique and radical-trapping experiments
further validated the involvement of an efficient and faster one-
step 2e~ reduction pathway mechanism for -mMCNNS-25 exhibit-
ing an excellent H,0, yield of 1083 pmol g * h™™.

The interfacial contact within the mp-g-CN-based hetero-
junction provides adequate active site density to accelerate
photocatalytic H,O, production. For example, a Tiz;C, MXene/
mp-g-CN interfacial Schottky junction (TC/pCN-X, where X =1, 2,
and 5, representing the mass ratio of Ti;C, to porous g-C;N,) was
fabricated via facile electrostatic self-assembly of Ti;C, and
porous g-C;N,, as reported by Yang and co-workers.”*® The
effective Schottky junction formed due to the strong coupling
between the negatively charged surface of the Ti;C, nanosheet
and the positively charged surface of the porous g-C3;N,
nanosheet as determined from the morphological investigation
using electron microscopy analysis (Fig. 48a—c). FESEM EDS
profiling suggested the absence of any additional impurities
and the existence of the respective elements in the TC/pCN
composite (Fig. 48d). The XPS analysis showed a significant
peak shifting in the binding energies of the constituent ele-
ments, confirming the strong interaction of Ti;C, nanosheets
and g-C3N, porous nanosheets in TC/pCN-2. Due to the strong
interaction and Schottky junction formation, the visible light
absorption capability was significantly improved. The slower

This journal is © The Royal Society of Chemistry 2025
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Fig. 46

(A) (a) UV-vis DRS, (b) bandgaps, (c) PL spectra of bulk CN, bulk CN-C,, nanosheet CN, and IO CN-C,, (d) photocatalytic H,O, activity with and

without ethanol, (€) mechanism of photocatalytic H,O. production over IO CN-C,. Reproduced with permission.2** Copyright 2019, American Chemical
Society. (B) SEM images of (a) CN, (b) and (c) O-CNC, TEM images of (d) CN, (e) and (f) O-CNC, (g) UV-vis DRS spectra, (h) band alignment, (i)
photocatalytic H,O, production rate, (j) mechanism of H,O, production over O-CNC (here, O-CNC2, O-CNC4, and O-CNC6 correspond to 0.2, 0.4,
and 0.6 g of oxalic acid used during the synthesis process). Reproduced with permission.'°* Copyright 2021, American Chemical Society.

charge recombination, longer lifetime of charge carriers, highest
transient photocurrent response and better interfacial charge
transfer phenomena were recorded for TC/pCN-2, suggesting that
the optimum content of Ti;C, successfully constructed a robust
Schottky heterojunction (Fig. 48e-h). Further, the efficient spatial
charge separation in TC/pCN-2 facilitated the two-step single
electron reduction of O, to O,* ", as confirmed by the superoxide
detection experiments (DMPO and NBT) and rotating disk

This journal is © The Royal Society of Chemistry 2025

electrode measurement, thereby augmenting the H,0, produc-
tion rate to 2.20 umol L™ min~" under visible light irradiation
(A > 420 nm). A more detailed mechanistic investigation was
proposed based on the work function estimation. The inter-
facial contact of pCN and Ti;C, facilitated the flow of e~ from
PCN to TizC, due to the lower work function of pCN, achieving
Fermi level equilibrium. As a result, an upward band bending
was experienced, resulting in the formation of a Schottky
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Fig. 47 (a) PL spectra of all the prepared samples (here, mCNNS represents mesoporous g-CzN4 nanosheets and mMMCNNS represents hierarchical porous
g-CsN4 nanosheets), (b) UV-vis DRS and bandgap energy (inset), (c) VB XPS, (d) schematic of band structure alignment of bulk CN and P-mMCNNS-25, (e)
band structure of bulk CN by DFT calculations, partial charge density of (f) and (g) VB and CB of bulk CN, (h) band structure of P-mMCNNS-25 by DFT
calculations, partial charge density of (i) and (j) VB and CB of P-mMCNNS-25. Reproduced with permission.2*®> Copyright 2020, Elsevier.
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Fig. 48 TEM images of (a) pCN and (b) TC/pCN, (c) HRTEM and (d) FESEM EDS mapping of TC/pCN, (e) transient photocurrent density, (f) PL, (g) TRPL,

(h) EIS spectra of the synthesized samples, (i) photocatalytic mechanism of the TC/pCN Schottky heterojunction. Reproduced with permission.24®
Copyright 2019, Elsevier.

barrier. Consequently, the photoexcited e~ in Ti;C, couldn’t The addition of a co-catalyst to the structurally modified mp-
bounce back to pCN and remained separated, thereby boosting g-CN photocatalyst enhances charge separation, accelerates the
the photoreduction process as shown in Fig. 48qi. oxygen reduction reaction, and promotes the formation of the
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0,°" active intermediate, thereby significantly boosting H,O,
production.>*”*® Du et al. synthesized a Ni-loaded hollow one-
dimensional oxygen-doped mesoporous nanotube (Ni/OtCN)
using a template-free supramolecular self-assembly approach,
comprising four steps, as shown in Fig. 49a.>*” Ni/OtCN exhibited
a porous and tubular structure having homogeneous dispersion
of Ni Nps, as visualized by SEM, TEM, and HR-TEM analysis
(Fig. 49b-d), and was characterized with a high surface area of
124 m” g~ . The oxygen doping by substituting the ‘N’ atom and
subsequent Ni loading lowered the band gap, improved the

View Article Online

Review

light-harvesting phenomena through wider light absorption,
and was responsible for higher photocurrent production and
efficient charge carrier separation. Further, the high surface
area porous framework enriched with abundant active sites
provides multiple diffusion channels for efficient O, adsorption.
Therefore, Ni/OtCN, with its beneficial structural char-
acteristics, experienced a reduced kinetic threshold for H,O,
production by promoting the 2e~ reduction process in the
ORR pathway. The rotating ring-disk electrode (RRDE) analysis
estimated that the ORR reaction was accomplished with the
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Fig. 49
Reproduced with permission.?4” Copyright 2022, Elsevier.
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(a) Diagrammatic representation of the preparation of Ni/OtCN, (b) SEM, (c) TEM, (d) HRTEM image of Ni/OtCN, (e) free energy diagram for ORR.
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Table 5 List of mp-g-CN-based photocatalysts for H,O, production
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Types of structural Cyclic
Photocatalysts ~ Synthesis method modification H,0, production rate stability Light source Ref.
10 CN-C, Hard template method  C vacancy 325.74 M 5 cycles 300 W Xe lamp (1 > 420 nm) 244
P-mMCNNS-25 Bubble template method P-doping 1083 pmol g * h™* 5 cycles  Simulated sunlight (filter: AM1.5) 245
0.05 K-CN Template-free method KBr doping 26.0 mmol g ' h™" 3 cycles 10 W Blue light lamp (1 ~ 420-430 nm) 249
2D-B-CN Template-free method B-doping 42403 pM g 'h! 10 cycles 20 W neon lamp (4 ~ 400-800 nm) 250
CNPC Template-free method Homojunction 642.54 pM 4 cycles 300 W Xe lamp (4 > 420 nm) 251

composite
KDCN-0.2 Template-free method K and CN 2789 umol L™" h™" 4 cycles 300 W Xe lamp (1 ~ 320-780 nm) 252

modification
GCN Hard template method  Surface defect 92 pmol — 2 kW Xe lamp (4 > 420 nm) 253
Zn0/g-C3N, Template-free method ~ Composite 1544 pmol L™ h™" 4 cycles 300 W Xe lamp (4 > 350 nm) 254
B-CNT, P-CNT, Template-free method B, S, P-doping 42.31 yM min %, — 300 W Xe lamp 255
and S-CNT 24.95 uM min "%,

24.22 yM min~*

LCHF@EDS-1  Template-free method Composite 25.40 mmol g ' h™" 10 cycles 300 W Xe arc lamp (1 > 420 nm) 256
MCN Template-free method Doping 1147.03 uM 4 cycles 50 W halogen lamp 257
Bi,OsBr,/g-C;N, Template-free method Composite 124 uyM 5 cycles 300 W Xe lamp (4 > 420 nm) 258

2e” -transfer process, which was further validated by DFT calcu-
lations. The free energy calculations (AG) suggested that bCN
exhibited the strongest adsorption of intermediates and hence
showed the lowest kinetics. The ‘O’ doping and Ni deposition
reduced the AG value to execute a 2e~ reduction of the *OOH
intermediate to form H,0, (Fig. 49e). The H,0O, production
activity trend further validated the influential role of oxygen
doing, mesoporous channels, and Ni loading in Ni/OtCN, accom-
plishing an excellent evolution rate of 2464 pumol g~ h™". During
the photocatalysis process, the photoexcited electrons in the CB
of Ni/OtCN continuously migrated to the Fermi level, forming
0O,*" as an active intermediate to facilitate H,O, formation
exclusively. Several mp-g-CN-based photocatalytic materials with
notable structural modifications for efficient H,O, production
are presented in Table 5.

5.5. mp-g-CN-based photocatalytic materials for N,
photoreduction

The NRR can be achieved via two fundamental mechanisms, Ze.,
dissociative and associative mechanisms.>**2¢! In the dissociative
mechanism, the N=N bond decomposes on the photocatalyst

surface to generate an *=N adsorbed intermediate, which sub-
sequently undergoes hydrogenation to NH;. Conversely, the asso-
ciative mechanism occurs via two distinct pathways: the
associative alternative pathway and the associative distal pathway.
In the associative alternative pathway, both nitrogen atoms of the
adsorbed N=N are alternately protonated, leading to the release
of NH; molecules simultaneously. In contrast, the associative
distal pathway involves the initial hydrogenation of the nitrogen
atom farthest from the catalyst surface, as illustrated in Fig. 50a.
As reported in numerous studies, the photocatalytic NRR pre-
dominantly follows the associative mechanism.>*°%" The
photocatalytic NRR to ammonia using various photocatalysts
is considered an optimal process and currently holds a keen
research interest. In this process, H" and e act as driving forces
to produce NH; through a competitive reaction between water
splitting and N, reduction (eqn (12)-(14)).>>** Hence, it is
obvious to compromise with the low quantum efficiency in
NH; production. Therefore, selecting a photocatalyst that can
efficiently facilitate NRR over water splitting is crucial.
2H,0 + 4h* - -0, + 4H"

(12)

Fig. 50
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(a) Proposed mechanism of NRR on the surface of a heterogeneous catalyst, (b) schematic depiction of photocatalytic NRR.
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N, + 6H' + 6e” — 2NH,

1/2N, + 3/2H,0 — NH; + 3/40,

The key step in photocatalytic NRR is the adsorption cum
activation of N=N and achieving an appropriate band struc-
ture of the photocatalyst that facilitates the NRR over the OWS
reaction. The N, adsorption and activation process requires a
high energy input due to the inert nature of N,, high dissociative
enthalpy (941 kJ mol™ ") of the strong nonpolar N=N bond,
high ionization energy (15.58 eV), and poor proton affinity
(—1.90 eV). Upon light irradiation, the first photocatalytic step
in NRR involves the oxidation of water to H" and O, at the VB of
the semiconductor photocatalyst.>***> Here, water acts as a hole
scavenger as well as a proton donor for NH; production. The
in situ generated H' from the hole-mediated oxidation of H,O at
the VB can either react with the adsorbed cum activated N, to
produce NH; and several other nitrogen compounds through a
multi-electron reduction process or simply reduce to H, at the
CB (Fig. 50b).>***?¢> Hence, the photocatalytic NRR is a kine-
tically challenging process and requires an enormous amount of
energy. The implementation of appropriate photocatalysts, such
as functionally rich and porous modified g-C;N, featuring
optimized band structures, can lower the kinetic barrier, pro-
mote the chemisorption of molecular N, and consequently
improve the efficiency of photocatalytic NRR. Recently, several
mp-g-CN-based photocatalysts have been employed for photo-
catalytic NH; production.”®>7>%*

The doping of the ‘B’ like electron-deficient heteroatom in
the mp-g-CN framework can fine-tune the electronic structure
and thereby facilitate the N=N bond adsorption and activa-
tion due to its Lewis base characteristics. Moreover, B doping
also empowers the CB of the resultant photocatalyst to facilitate
the multi-reduction process essential for photocatalytic NRR.
For example, a ‘B’ doped mp-g-CN photocatalyst (2 wt%
B/g-C3N,) was reported for photocatalytic N, fixation with an
NH; production of 81.56 mol L™" h™', which was 2.44 times
higher than that of g-C3N,.”*® From the SEM images (Fig. 51a
and b), 2 wt% B/g-C;N, comprised the porous nanosheets
assembled with a non-uniform stacked multilayer porous fra-
mework. 2 wt% B/g-C;N, exhibited a redshift in light absorp-
tion with a lowered bandgap energy. Further, the ‘B’ doping
caused the availability of a more significant number of
unpaired electrons in the framework, in both the dark and
light conditions. This structural modification was reported to
expand the light transmission path length, improve the light-
harvesting phenomena and reduce the charge transfer process
to slow down the charge recombination. Thus, 2 wt% B/g-C3N,
exhibited better photocurrent density with minimum charge
transfer resistance, beneficial for higher NH; production com-
pared to other photocatalysts. The mechanistic aspects of the
photocatalytic NRR of 2 wt% B/g-C;N, initiated with the H,O
oxidation near its VB to produce O, and H' (Fig. 51c). Additionally,
the unsaturated nature of the valence electrons of ‘B> atoms
weakens the N=N, simultaneously enhancing the charge carrier
separation. This process increased the population of photoexcited

This journal is © The Royal Society of Chemistry 2025
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Fig. 51 SEM images of (a) g-CsN4 and (b) 2 wt% B/g-CsN4, (c) photo-
catalytic NRR activity of various synthesized photocatalysts. Reproduced
with permission.?®®> Copyright 2023, Elsevier.

electrons at the CB of 2 wt% B/g-C;N,, consequently enabling the
coupling of H" with the activated and adsorbed N=N to signifi-
cantly produce NHj.

Similarly, another example of B-doped mp-g-CN (BCN)
photocatalyst was reported to enhance the adsorption and
activation of the N, molecule and smoothly drive the photoca-
talytic NRR.>®® BCN was fabricated using a metal templated
strategy followed by acid etching to attain a hollow tubular
structure (Fig. 52a). The porous BCN framework allowed efficient
diffusion of N,, making it accessible at the ‘B’ sites. The presence
of B-N-C and B-N bonds created an e -deficient BCN frame-
work, which efficiently polarized the N=N bond via the
o-donation and n-back donation process (Fig. 52b and c). The
B-doping finely tuned the band structure of BCN, leading to
significant improvements in light absorption and charge separa-
tion (Fig. 52d and e). During the aqueous-mediated photocata-
Iytic N, reduction, the consumption of photoexcited charge
carriers led to the production of O, and NHj;, with a record yield
of 1.2 mmol h™' ¢! NH; production. The '°N, isotope labelling
experiment was further conducted to confirm that NH; was
purely achieved from the N, feed gas and not from the frame-
work decomposition. The in situ DRIFT analysis revealed that the
N, adsorption (N-N adsorption peak at 1109 cm™ ') on BCN-4
became more prominent in the presence of moisture (OH
stretching band at 3678 cm™ ") and light (Fig. 52f and g). The
band at 1453 cm ™, corresponding to H-N-H bending vibration,
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appeared upon light irradiation, suggesting the seamless desorption
of NH; from the surface of BCN-4. In contrast, BCN-0 didn’t possess
such type of band, highlighting the decisive role of B-doping in N,
photofixation. Additionally, the DFT calculations estimated that the
B-doping sites reasonably enhanced the adsorption and activation
of N=N, forming the *N, active intermediate, which was then
easily protonated, boosting the NH; production via the photocata-
lytic NRR. The transformation of *N, to *NNH active species was
the kinetic rate-limiting step in BCN-4. The B-doping in BCN-4
lowered the Gibbs free energy (AG) for N, adsorption to
—1.11 eV, whereas BCN-0 corroborated with the AG value of
+0.66 eV (Fig. 52h and i). This was attributed to the inconsistent
chemisorption of N, on BCN-0, which led to poor N, fixation
performance. Overall, the BCN framework exhibited poor water
adsorption, better N, adsorption, and more efficient NH;
desorption, making it more favorable for driving the photoca-
talytic NRR over photocatalytic OWS.

The substitution of the ‘C’ atom in the mp-g-CN framework
with the ‘P’ atom can create abundant P-N active sites and
facilitate NRR activity. For example, optimum doping of ‘P’ in
the porous g-C;N, nanosheet (PCN0.6) was accomplished by
one-step thermal polymerization of urea and phosphonitrilic
chloride, which was reported to improve N, photo fixation
significantly.>®” A series of PCNx were prepared (where x
represents the amount of phosphonitrilic chloride, x = 0.1,
0.3, 0.6, 0.9, and 1.2 g). Thermal decomposition of phosphoni-
trilic chloride dictated the P-doping and induced the porous
architecture in PCNx. The successful substitution of the ‘C’
atom with ‘P’ created P-N electron transfer bridging sites,
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resulting in redshift and broadened light absorption with
decreased band gap compared to g-C3;N, (denoted as CN)
(Fig. 53A-a). The effect of ‘P’ doping in the band structure was
further investigated using density of states analysis (DOS),
which suggested that the VBM of CN and PCNO0.6 was con-
structed by N atoms, while the CBM of CN was composed of a
combination of C and N atoms. Similarly, the CBM of PCNO0.6
was constructed by the combination of C, N, and P atoms
(Fig. 53A-(b and c)). As a result, PCN0.6 exhibited reduced
bandgap energies with a more negative CB potential, thereby
associated with a favorable electronic band structure, resulting
in enhanced photocurrent production and charge separation,
favorable for the photocatalytic NRR (Fig. 53A-(d-f)). The spatial
charge density was estimated by DFT calculations, which
suggested that the electron distribution in PCN0.6 was more
localized due to ‘P’ doping. As a result, the redox site was more
dominantly separated in PCNO0.6 compared to CN. Conse-
quently, the P-doping sites acted as photoinduced electron
reservoirs and efficiently facilitated charge separation. The
charge density difference of the N, adsorbed CN and PCNO0.6
surface was further calculated by DFT analysis, which sug-
gested that, ‘C’ atoms in CN served as the active sites for N,
adsorption, while in P-CN.6, the P atoms more preferentially
adsorbed N, with a very negative adsorption energy compared
to the ‘C’ atom (Fig. 53A-(g and h)). The N, TPD experiment also
suggested that the N, chemisorption significantly improved
after P-doping due to electron distribution occurring between
the P-doping site and adsorbed N, (Fig. 53A-i). This electron-
sharing process debilitated the binding energy of N,, and the
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Reproduced with permission.2%® Copyright 2023, Elsevier.
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Bader charge analysis estimated a greater number of electrons
transferred from PCNO.6 to N, compared to that for CN. There-
fore, PCNO.6 possessed all the characteristic features for effi-
cient photocatalytic NRR performance, achieving an NH;
production rate of 3110 pg L™' h™' g™, which is 15 times
greater than that of CN.

The synergistic effect of both co-catalyst loading and defect
engineering can have a promotional impact on the photocata-
lytic NRR. Zhang et al. reported a bubble template approach to
fabricate an ‘N’-vacancy induced mp-g-CN (Vy-CN) coupled with
the NizB co-catalyst.>®® The introduction of the ‘N’-vacancy and

View Article Online
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porous framework in the resultant photocatalyst Ni;B/Vy-CN
led to a redshift in light absorption and reduced bandgap
compared to g-C;N, (CN) (Fig. 53B-a). Further, the intimate
contact of NizgB and Vn-CN in Ni3B/Vy-CN formed an interfacial
Schottky junction, which enhanced the light absorption ability,
reduced charge recombination, and facilitated charge carrier
separation and transportation (Fig. 53B-b). As a result, Ni;B/Vy-
CN exhibited higher photocurrent production with the smallest
charge migration resistance (Fig. 53B-(c and d)). The charge
transfer mechanism was investigated using the DFT analysis,
which suggested that the higher work function (@) of NizB
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(A) (a) UV-vis spectra, total DOS and partial DOS of (b) CN and (c) PCNO.6, (d) band structure, (e) transient photocurrent, (f) PL of CN and PCNO.6,

calculation of the charge density difference of N, adsorbed on the (002) facet of (g) CN and (h) PCNO.6, (i) No-TPD of CN and PCNO.6. Reproduced with
permission.2%” Copyright 2024, Elsevier. (B) (a) UV-vis-DRS, (b) PL spectra, (c) transient photocurrent response, (d) EIS spectra of CN, Vy-CN, NizB/Vy-CN,
and (e) proposed mechanism over NizB/Vy-CN for photocatalytic NRR. Reproduced with permission.?® Copyright 2023, American Chemical Society (for
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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facilitated the flow of electrons from Vy-CN to NizB until the
Fermi level equilibrium. As a result, an internal electric field was
developed at the interface of Ni;B and Vyn-CN and formed a
Schottky junction. Therefore, during the photocatalytic NRR,
photogenerated e~ from the CB of Vy-CN migrated to the Fermi
level of Ni;B, where the N, preferentially adsorbed and ultimately
reduced to NH; with a production rate of 7.68 mM g~ ' h™ ', which
was 6.7 times greater than that of CN (Fig. 53B-e).

Various MNp-doped mp-g-CN-based photocatalysts have
been demonstrated to significantly expedite the photocatalytic
NRR significantly. Gao et al. reported the successful fabrication
of copper-doped porous g-C;N, (Cu@pg-C;N,) through a
method involving dicyandiamide and nitric acid treatment
driven supramolecular self-assembly, with the ethylenediamine
tetraacetic acid copper disodium complex (Cu-EDTA) serving as
both Cu precursor and CN framework modifier.”*® Compared
to bulk g-C;N,, the surface area of Cu@pg-C;N, was signifi-
cantly improved from 5.69 m> g~ to 75.76 m” g !, whereas the
Cu-free porous g-C;N, (pg-C;N,) displayed a surface area of
58.72 m* g~ ! (Fig. 54a). This suggested that Cu incorporation
increased the adsorptive sites, which was further clarified by N,
TPD analysis (Fig. 54b). Cu sites served as the active sites for the
physisorption of molecular N,, thereby accessing the abundant
N, molecules near these active sites (Cu) for the photocatalytic
NRR. The porous framework intrinsically accommodated
Cu-doping and offered a strong interaction of Cu sites and
the C-N framework, as confirmed by the peak shifting in PXRD
observations. Again, due to Cu incorporation and the porous
nature of the material, the light absorption ability significantly
improved and showed a redshift in the UV-Vis absorption with a
decreased band gap (Fig. 54c and d). The suitable band struc-
ture, slower charge recombination process, higher photocurrent
production response, and better charge transfer efficiency sug-
gested that Cu incorporation played a crucial role in elevating

View Article Online
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the overall efficiency of Cu@pg-CsN, compared to the other
competent photocatalysts (Fig. 54e and f). The synergistic effect
of the mesoporous functional structure and Cu incorporation
drove the aqueous-mediated NRR reaction, as summarized
below (eqn (vi)—(x)):

pg-CsNy + hv — pg-CsNy(h' +¢e") (vi)
pg-C3Ny(e™) + Cu - Cu(e™) (vii)
2H,0 + 4h" - 4H" + O, (viii)

N, + 6e~ + 6H" — 2NH; (ix)
NH; + H,O — NH," + OH™ (x)

Upon light irradiation, the spatially distributed Cu in
Cu@pg-C;N, trapped the photogenerated e, while the photo-
generated h* oxidized H,O to generate H'. The photofixation of
N, was driven by the electron-rich Cu sites, efficiently produ-
cing NH,* with a production rate of 150.47 umol L', which was
20 times higher than that of bulk g-C3;N, (Fig. 54g).

Unlike photocatalytic H, production, CO, photoreduction
and photocatalytic H,O, production, there are comparatively
limited reports on the photocatalytic NRR over mp-g-CN-based
photocatalysts. Some recently reported mp-g-CN-based systems
for efficient photocatalytic NRR activity are summarized in
Table 6.

5.6. mp-g-CN-based photocatalytic materials for the
production of liquid fuels using valorisation of lignocellulosic
biomass

Lignocellulosic biomass mainly refers to organic residuals of
wood, grass, and agricultural crop byproducts. Similar to other
renewable precursors, lignocellulosic biomass is a promising
feedstock for the production of various liquid-gaseous biofuels
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Fig. 54 (a) N, adsorption—desorption isotherms, (b) N,-TPD profiles, (c) UV-Vis DRS analysis, (d) band gap energies, (e) steady-state PL profile, (f)
transient photocurrent analysis of the synthesized photocatalysts, and (g) N, photofixation mechanism over Cu@pg-CsN4. Reproduced with

permission.?%° Copyright 2023, Wiley-VCH.
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Table 6 List of mp-g-CN-based photocatalysts for photocatalytic NRR
Types of structural Cyclic
Photocatalysts Synthesis method modification NH; production rate stability Light source Ref.
B/g-C3N, Template-free method B-doping 164 pmol g h™* 3 cycles Visible light (4 > 420 nm) 265
PCNO.6 Template-free method P-doping 3110 pg L ' ht gt 4 cycles 300 W Xenon lamp (2 > 420 nm) 267
NizB/Vy-CN  Temple-free self-assembly Composite 7.68mM g ' h™! 5 cycles 300 W Xe lamp 269
method

BCN Template-free method B-doping 313.9 pmol h™' g ™" 5 cycles 250 W Xe lamp (4 > 400 nm) 270
PF-g-C3N, Template-free method N-vacancy 315.54 umol L' h ' ¢* 3 cycles 300 W Xe lamp 271
HGCN Template-free method C-vacancy 2554mg L h™'g™! — 300 W Xe lamp (4 >420 nm) 272
GF-500 Template-free method Composite 479 mgL ' h! 3 cycles 300 W high-pressure Xe lamp 273
PDI/10H-CN, Template-free method Composite 519.2 pmol h™' g™* 8 cycles 300 W Xe lamp 274
PCN-V Template-free method P-doping, N-vacancy 9.3 pmol — 2 kW Xe lamp (4 > 420 nm) 275

along with platform chemical commodities.>'° Fig. 55 repre-
sents the complex structure of various building blocks of ligno-
cellulosic biomass, mainly comprised of cellulose, hemicellulose,
and lignin. All these building blocks mostly have C-C and C-O
linkages, which need to be deconstructed in an efficient manner
to produce various biofuels and bioproducts.>****”¢ Both cellu-
lose and hemicellulose are linked via 1,4-B-glycosidic linkages
and serve as precursors for several platform compounds, includ-
ing sugars, furan derivatives such as furfural (FUR), furfuryl
alcohol (FOL), 5-hydroxymethyl furfural (HMF), 2,5-furandi-
carboxylic acid (FDCA), 2,5-diformyl furan (DFF), 2-methyl furan
(MF), levulinic acid/esters (LA/LEs), gammavalerolactone (GVL),
etc.>'* Similarly, lignin is made of phenylpropanoid building
blocks that can produce various lignin oils, such as coniferyl
alcohol, p-coumaryl alcohol, sinapyl alcohol, vanillin, syringalde-
hyde, etc., and lignin model compounds, and is characterized by

aromatic building blocks having B-O-4, a-O-4, and 4-O-5 type of
C-C and C-O linkages.>'**’® The depolymerization followed
by deoxygenation of these complex structures of the pre-treated
lignocellulose biomass should necessarily be carried out to
obtain value-added commodities, which is a challenging and
energy-intensive process. In the literature, various biological
and chemocatalytic approaches have been reported for utilizing
lignocellulosic biomass and its model compounds to produce
various fuel additives and chemical commodities.>”**””

The high oxygen content in biofuels prevents their blending
with transportation fuels. Therefore, various reductive catalytic
approaches have been employed to deoxygenate the bio-oils and
biofuels, making them potential for practical applications.***”®
A schematic presentation in Fig. 56 describes the systematic
catalytic transformation of lignocellulosic biomass moieties for
the production of bioproducts, diesel-like hydrocarbons and

“es,  (Lignin)

PPE = 2-phenoxy-1-phenylethanol

Lignocellulosic biomass

Glu = Glucose, LA = Levulinic acid, HMF = 5-hydroxymethylfurfural, FUR = Furfural, DPE = Diphenyl ether, BPE = Benzyl phenyl ether,

BPE

PPE

Fig. 55 Schematic overview of the lignocellulosic biomass structure and its three main components.
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Fig. 56 Diagrammatic illustration of the stepwise chemical transformation pathway for the conversion of lignocellulosic biomass moieties to various

value-added bioproducts and biofuels.

fuels. These catalytic processes typically require harsh reaction
conditions and noble metal catalysts.*®> Alternatively, photo-
reformation of lignocellulosic biomass is a sustainable process
that has been proven to bring tremendous revolutionary aspects
in biorefineries and is only limited to a few developed
countries.**?*?”° The photocatalytic valorization process has
been successfully conducted on various biomass moieties for
the production of liquid biofuels and bio-diesel through C-C
coupling, decarboxylation, hydrogenolysis, hydrodeoxygenation
of biomass-derived compounds or model compounds and
transesterification of crude bio-0il.****?%° Photocatalytic ligno-
cellulosic biomass transformation follows similar fundamental
photocatalytic reaction steps as discussed in Fig. 1 and Section 5.
During the photo-reformation of lignocellulosic biomass,
reactive oxygen species, such as hydroxyl radicals, superoxide
radicals, and singlet oxygen, are often generated. These active
intermediates play a crucial role in valorizing lignocellulosic
biomass moieties into various desired products.*® Furthermore,
the lignocellulosic biomass can be mineralized to produce
syngas (CO + H,) via the photo-reformation process. However,
over-oxidation can lead to the production of CO,, which is
undesirable. This issue can be mitigated by implementing

6544 | Mater. Horiz., 2025, 12, 6485-6557

strategic measures in photocatalyst design and modulating
their active sites effectively.*®"

Herein, the attention focuses on the solar energy-assisted
transformation of lignocellulosic biomass feedstock into various
sustainable fuel precursors and fuel additives using mp-g-CN-
based photocatalytic systems. For example, the selective photo-
oxidation of HMF to DFF was achieved using a modified and
porous g-CsN, photocatalyst.”®> The pristine g-C;N, (designated
as g-C3N,-M) was synthesized by the calcination of melamine,
followed by structural modification through water treatment. The
resultant modified structure (g-C;N,) exhibited enhanced poros-
ity and surface area, enriched with active sites beneficial for a very
high degree of photoactivity. TEM analysis found that the closed
sheet-like morphology of g-C;N,-M turned into a more open
porous framework after the modification. As a result, g-C;N,
exhibited a higher surface area and pore volume than g-C;N,-M
(Fig. 57a and b). The light absorption edge also exhibited a red
shift after modification, suggesting improved light harvesting
dominated by the improved textural properties and structural
modification. Thus, g-C;N, enriched with high surface area,
porosity, enhanced light harvesting ability and improved charge
recombination exclusively achieved a selectivity of 85.6% for DFF

This journal is © The Royal Society of Chemistry 2025
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Fig. 57

photooxidation of HMF to DFF using g-CsN4-M. Reproduced with permission.?82 Copyright 2017, Elsevier.

with a HMF conversion of 31.2% in the presence of O, oxidant
(Fig. 57c). Based on the scavenging tests and controlled experi-
ments, the photoexcited e~ reduced O, to O,°”, while the
basicity of g-C3N, deprotonated HMF and formed the corres-
ponding alkoxide anion, which further reacted with photogen-
erated h' to form a radical intermediate (Fig. 57d). This radical
intermediate was further consumed to form DFF and FDCA

(overoxidation product).

(a) BET isotherms, (b) pore size distribution plot of the samples, (c) time-dependent photocatalytic activity of g-C3sN4-M, (d) mechanism for the

Another example of HMF to DFF conversion was achieved
over a mesoporous Z-scheme heterojunction of g-C;N, and
BiOCL.>*** The SEM and EDS mapping suggested a successful
close contact interface of g-C;N, and BiOCl in the g-C;N,/BiOCl
Z-scheme heterojunction (Fig. 58a-i). Moreover, XPS analysis
found that the binding energies corresponding to C, N and O in
the g-C3;N,/BiOCl composite significantly shifted to higher

values while the binding energies of Bi and Cl shifted to lower

—— o,
~- BiOCI
~4- 0.05 g-CN,/BiOCI
+- 0.1 g-C,N,/BiOCI
4 0.15 g-C,N/BiOCI
0.2 gC,N,/BIOCH

0 30 W %0 120
Reaction Time/min

B Conv. Of HNF
Conv. Of DFF
Sel. Of DFF

PHCF, HO0

Solvent

Fig. 58 SEM image of (a) BiOCL, (b) g-C3Ny, (c) g-C3N4/BiOCl, (d)-(i) EDS mapping of g-C3sN,/BiOCl, (j) photocatalytic activity of various synthesized
catalysts, (k) effect of solvents in the photocatalytic oxidation reaction over g-C3zN4/BiOCl, () Z-scheme charge carrier separation mechanism for
photocatalytic oxidation reaction. Reproduced with permission.28® Copyright 2024, Elsevier.
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values which can be attributed to the electron transfer from
2-C;3N, to BiOCl due to the higher Fermi energy level of g-C;N,
than BiOCl. Furthermore, the band alignment analysis sug-
gested the creation of a compact and intact Z-type heterojunc-
tion interface with staggered energy band topologies in the
2-C3;N,/BiOCl composite, beneficial for enhanced light absorp-
tion and significant charge separation. The resultant Z-scheme
2-C3N,/BiOCl composite also displayed higher photocurrent
production and charge transfer efficiency than that of neat BiOCl
and g-C3;N,. Therefore, the g-C;N,/BiOCl composite efficiently
facilitated the photocatalytic oxidation of HMF to DFF compared
to g-C3N, and BiOCI (Fig. 58j). The highest photocatalytic activity
was achieved in acetonitrile solvent due to higher O, solubility
and low polarity (Fig. 58k). The band structure analysis revealed
the formation of the Z-scheme heterojunction at the interface of
BiOCl and g-C;N,. Therefore, during the photooxidation process,
the photogenerated e~ of BiOCl recombined with the photogen-
erated h" of g-C;N, while the photoexcited e of g-C;N, and the
photoexcited h* of BiOCI remained separate for redox reaction as
shown in Fig. 58l1. Further, the higher VB edge potential of BiOCl
facilitated the HMF oxidation while O, was reduced to O,° ™ at the
CB of g-C3N,.

The full utilization of lignocellulosic biomass moieties for
the production of various value-added fuel precursors and
chemicals requires a highly precise band engineering in the
photocatalyst and advanced process engineering to execute the

View Article Online
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photo-valorization process. Ku et al. reported a ‘S-doped and
-C=N group grafted mp-g-CN (MCSCN-75) photocatalyst
through a template-free thermal decomposition of urea and
trithiocyanuric acid for the photovalorization of waste Camellia
oleifera shell (WCOS) lignin to monophenolic compounds via the
cleavage of C,—Cp.*** A step-wise fabrication process of MCSCN-
75 is presented in Fig. 59a. N, sorption analysis suggested that
MCSCN-75 was enriched with well-defined mesopores and high
surface area compared to bulk g-C;N, (Fig. 59b and c). FT-IR
analysis indicated an asymmetric stretching vibration of -C=N
at 2170 cm~ " in MCSCN-75, confirming the successful -C=N
grafting in MCSCN-75 (Fig. 59d). MCSCN-75 exhibited a redshift
in absorption, reduced bandgap, and enhanced light absorption
ability due to extended conjugation from -C =N grafting and ‘S’-
doping. Due to the appropriate and improved photoresponse
features, MCSCN-75 showed higher photogenerated charge car-
rier production, separation, and migration. Therefore, MCSCN-75
efficiently carried out the photovalorization of WCOS waste
(Fig. 59e), producing various important value-added compounds
like vanillin, syringaldehyde, etc. (Fig. 59f) compared to g-C;N,
(Fig. 59g).

Another photocatalytic
involved the photooxidation of guaiacol, a lignin model com-
pound, using the mp-g-CN photocatalyst in the presence of
molecular O, as a green oxidant.”®® This process achieved an
82% conversion, yielding p-benzoquinone (59%), catechol

lignocellulosic  transformation
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Fig. 59 (a) Schematic depiction of the fabrication of MCSCN, (b) N, adsor

ption—desorption isotherms, (c) pore-size distribution plot, (d) FT-IR, (e) the

proposed structure of waste Camellia oleifera shell (WCOS) lignin, (f) GC-MS chromatogram of the reaction mixture, (g) photoactivity of bulk g-CsN4 and

MCSCN-75. Reproduced with permission.?84 Copyright 2022, Elsevier.
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(27%) and pyrogallol (6%) as the primary products. The VB-XPS
analysis and the respective band structure of mp-g-CN revealed
its ability to efficiently generate various reactive oxygen species
(ROS), which facilitated the photooxidation process (Fig. 60a
and b). The *OH DMPO spin trapping ESR analysis in operando
mode confirmed the formation of the DMPO-*OH complex and
evidenced the photooxidation of guaiacol driven by the *OH
radical. This photooxidation process was initiated by the attack
of the *OH radical at the methoxy group of guaiacol to produce
p-benzoquinone as the major product; however, the possibility
of the attack of the *OH radical at the hydroxide centre was
ruled out, as phenol as the photooxidation product was not
observed in the reaction mixture (Fig. 60c).

Solar-assisted hydrogen production via photo-reformation of
lignocellulosic biomass is an interesting research topic which
serves as an alternative to OWS and HER.?®' The H, production
via photo-reformation of lignocellulosic biomass in the oxidation-
half reaction is energetically more favourable, as the oxidation
potential required for this process is lower than that needed for
the oxidation of water. The photo-reformation of lignocellulosic
biomass also offers simultaneous production of sustainable H,
and value-added bioproducts due to the utilization of photogen-
erated e~ and h', respectively. The photogenerated h" oxidizes
the lignocellulosic biomass moieties, while the photogenerated
e~ reacts with the aqueous H' to produce H, (Fig. 61).>*® For
example, Xie et al. reported a carbon ring incorporated two-
dimensional porous g-C3;N, (g-C3N,-C,,4) photocatalyst for
photo-reformation of a-cellulose under near-infrared (NIR)
irradiation.”®” Fig. 62a represents a schematic depiction of the
fabrication of g-C3N,-Co,4, achieved by the dehydration and
subsequent facile polymerization of melamine and glucose. The
successful incorporation of the C-C-C conjugated carbon ring in
g-C3N,~Co4 was confirmed by *C NMR, XPS, N, adsorption

This journal is © The Royal Society of Chemistry 2025

(a) VB-XPS analysis, (b) band structure and mechanism of light-driven production of ROS, (c) reaction pathway for the photooxidation of
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Fig. 61 Schematic illustration of the photo-reformation of lignocellulosic
biomass moieties for the simultaneous production of H, and value-added
bioproducts.

analysis, etc. A distinct single peak in the "*C NMR of g-C;N,~
Co4 at 57 ppm was attributed to the presence of the C-C-C
aromatic ring in the g-C;N,-Cy 4 nanostructure (Fig. 62b). The C-
ring incorporation intercepted the C-N framework growth to
prevent the formation of bulk-g-C3;N,, thereby creating abundant
adsorptive sites to increase the specific surface area of g-C3N,—Co 4
compared to g-C3N, (Fig. 62c). The TEM images of g-C;N, were
associated with closely stacked nanosheets, whereas g-C;N,—Co 4
possessed small-sized porous nanosheets (Fig. 62d-g). Due to this,
the photogenerated charge carrier transfer distance shortened and
exposed more surface-active sites in g-C3N,—Co4. The optical
absorption analysis suggested that g-C;N,—C, 4 exhibited redshift
and enhanced NIR light absorption ability compared to g-C;N,
(Fig. 62h). The sluggish charge carrier recombination property,
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Fig. 62 (a) Schematic representation of g-CsN4—Cg 4 synthesis, (b) solid-
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g —C3N4—Cg 4. Reproduced with permission.?8” Copyright 2023, American Chemical Society (for interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article).

greater lifetime of charge carriers and slower charge transfer
resistance attributed to the C-ring incorporation were beneficial
for achieving superior photoresponse ability in g-C3N;-Co 4
compared to g-C;N, (Fig. 62i-k). The appropriate band structure
of g-C;N,~Cy 4 was characterized using MS measurement, VB-
XPS analysis, and bandgap measurement, which suggested the
formation of an intermediate band (IB) in g-C3N,-C, 4 due to the
presence of a conjugated C-C-C ring. This ring, associated with
plenty of unpaired e, as confirmed by the EPR analysis
(Fig. 621), enabled fast photoinduced e~ transfer flow and con-
structed the polarization of charge density distribution to sepa-
rate the charge carriers efficiently (Fig. 621-0). Hence, compared
to g-C3N,, g-C3N,-Cy4 favourably displayed a higher photocur-
rent production under the NIR region to accomplish the photo-
reformation process. Moreover, the DMPO scavenging test con-
firmed that the OH*® radical and O**~ reactive intermediates were
actively engaged in the photo-reformation of a-cellulose to exclu-
sively produce H, with a production rate of 2.1 pumol h™" along
with several bioproducts such as mannose, galacturonic acid,
glucuronic acid, galactose, lactic acid, formic acid, and HMF.

6548 | Mater. Horiz., 2025, 12, 6485-6557

Biomass model compounds can also serve as alternatives to
traditional photogenerated h* sacrificial agents such as trietha-
nolamine, methanol, etc., usually utilized in the photocatalytic
HER.?®"?%¢ This approach offers a sustainable and meaningful
strategy for producing value-added products (H, and bio-
products) by fully utilizing the photoinduced charge carriers.
For example, a 2D/2D LavO,/g-C3N, (LavO,/CN) photocatalyst
was fabricated for the simultaneous oxidation of furfuryl alco-
hol and H, production under visible light irradiation.?®® This
2D/2D heterojunction was synthesized via a self-assembly
approach, and the regular interfacial contact of LavO, and
g-C3N, was visualized in the LavO,/CN heterojunction. Various
composites with different LavO, loadings (x% LaVO,/CN,
where x = 5, 10, 15, 20, and 25) were prepared and character-
ized. TEM, HR-TEM and PXRD analyses demonstrated a strong
and intimate interaction of LavO, and g-C;N, in the LavO,/CN
heterojunction (Fig. 63a-e). LavO,/CN composites displayed
superior light harvesting ability compared to individual LavO,
and g-C3N, (Fig. 61g) and significantly diminished the charge
carrier recombination rate (Fig. 63f and g). These improved

This journal is © The Royal Society of Chemistry 2025
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mechanism of LaVO,4/CN for H, and furfural production. Reproduced with permission.®® Copyright 2022, Elsevier.

optoelectronic properties in LaVO,/CN composites triggered
better photocurrent production and efficient charge carrier
separation with lower charge transfer resistance. The charge
transfer dynamics was analysed by TRPL analysis, which sug-
gested that the shorter fluorescence lifetime of LavO,/CN corre-
sponded to nonradiative electronic charge transfer between
LavO, and CN, favoring the efficient migration and maximum
utilization of the charge carriers (Fig. 63h). The Z-scheme LavO,/
CN heterojunction featured a staggered energy band structure
between LaVO, and g-C3N, components, where the Fermi energy
level of LavO, was positioned far below that of g-C3N, (Fig. 63i).
Charge separation was facilitated by the formation of an internal
electric field at the interface, where photogenerated e in the CB
of LavO, recombined with photogenerated h* in the VB of g-CN.

This journal is © The Royal Society of Chemistry 2025

Consequently, h" in the VB of LavO, and e~ in the CB of g-C3N,
exclusively separated and remained available to execute the redox
reaction. This mechanism enabled the oxidation of furfuryl
alcohol to furfural at the VB of LavO, and the reduction of water
to produce H, at the CB of g-C;N,, with the assistance of a Pt co-
catalyst (Fig. 63i).

The simultaneous production of various valuable platform
chemicals/fuel additives along with the H, production via
photo-reformation of lignocellulosic biomass encounters sev-
eral bottlenecks such as product selectivity, separation, diffu-
sion, and catalyst deactivation, which consequently requires
more attention for its practicality.

Based on the above-given examples in the solar energy
conversion for sustainable fuel production using mp-g-CN-
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based photocatalysts, the ideal design principles of mp-g-CN
photocatalysts are primarily associated with the synchronous
effect of improved textural properties, optimized electronic
structure and facile redox reactivities. In a deeper context,
extended light absorption, enhanced charge separation, and
creating exposed surface-active sites without affecting the
structural integrity are the key points for designing the most
efficient mp-g-CN-based photocatalysts for solar fuel produc-
tion. The hierarchical mesoporous framework with a narrow
bandgap in mp-g-CN, exhibiting multiple scattering of light, is
of particular interest for enhancing light-harvesting ability.
Moreover, the mesoporous architecture and high surface area
impart accessible active sites and promote better mass trans-
port. Proton adsorption and H, desorption processes are exclu-
sively dominated in the mesoporous framework of mp-g-CN-
based systems, hence facilitating the efficient photocatalytic H,
production. Various synthesis approaches can lead to mp-g-CN
with a variety of nanostructures, such as 2D and 3D intercon-
nected porous networks, which shortens the charge diffusion
path, preventing fast charge recombination. However, the
template-free synthesis approach is currently blooming as an
emerging technique for cost-effective large-scale mp-g-CN pro-
duction. Further, on advocating the most appealing features in
terms of advanced modification strategies, the electron orbital
regulation due to the heteroatom doping and defect engineer-
ing modifies the hybridization state in the mp-g-CN framework,
resulting in fine-tuning of the band alignment and electronic
properties, narrowing the band gap and creating mid-gap
states. Further, the spin state regulation by N-vacancy or metal
doping maintains the spin dynamics, boosting the charge
separation and kinetics of photoactivity in solar energy conver-
sion. The alteration of the chemical and physical state by
surface functionalization, such as -NH,, -OH, —-CN, -COOH,
etc., can modify the microenvironment of active sites in mp-g-
CN, resulting in better surface reactivity by the promotional
effect of adsorption of reactants and intermediates, directional
charge transfer behavior to reduce recombination, optimum
hydrophilicity to prevent photocorrosion and favoring co-
catalyst integration by acting as the anchoring sites for efficient
solar fuel production. The functional groups, such as -SO;H and
-COOH, grafted on mp-g-CN based photocatalysts can signifi-
cantly boost the acid-catalyzed biofuel production. The appro-
priate heterojunction construction can significantly improve the
spatial charge separation, boost the charge utilization and esca-
late the redox potential to achieve efficient photoredox activity in
solar fuel production. Due to the optimum porosity and surface
area, the strategic composite of the mp-g-CN photocatalyst with
redox mediators or OER catalysts such as BiVO, or MnO, can
significantly enhance the H,O splitting reaction by promoting the
OER for achieving higher H, production. Overall, it is absolutely
required to judiciously install the multifunctionality in the mp-g-
CN framework, depending upon the science and challenges
associated with a specific type of application. Therefore, appro-
priate design principles and advanced structural modifications of
mp-g-CN collectively underpin its potential in solar energy con-
version for efficient solar fuel production.
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6. Summary, challenges and future
prospects

This review underscores mp-g-CN as a transformative photo-
catalytic platform for solar energy conversion, addressing the
intrinsic limitations of pristine g-C;N,. Several research find-
ings demonstrate that the porous framework in mp-g-CN based
photocatalysts enables many characteristic features to enhance
the photoresponsive factors by many fold by enhancing the
light-harvesting phenomena via multiple scattering effects,
shortening the migration path of charge carriers, optimizing the
band alignment, and creating an electron transport system,
through the quantum confinement effect. All these integrated
features can seamlessly trigger the surface redox reaction to achieve
a reasonable quantum efficiency over mp-g-CN-based photocata-
lysts. By realizing the importance of this hot topic, we anticipate
that the demonstration of current research activities in the present
critical review would essentially expedite future advancements in
this fast-developing field. Overall, we provide an inclusive estima-
tion of the rising of mp-g-CN-based photocatalytic materials and
the ongoing scenario of their synthesis approaches with structural
and functional modifications, aiming to achieve an effective
solution for semiconductor-based photocatalysis in terms of solar
energy production. We believe the summary of the collection of
various effective strategies for synergistically regulating the material
characteristic features of mp-g-CN can open a new horizon to
fabricate more committed g-C;N,-based photocatalysts for highly
efficient solar-energy conversion.

We have discussed several fundamental and advanced
synthesis methodologies for the development of mp-g-CN
photocatalysts for solar energy conversion. Then we have sum-
marized that the hard template-assisted synthesis method
provides superior structural control, yielding an ordered and
precisely defined porous mp-g-CN relative to soft template
approaches. Furthermore, supramolecular self-assembly has
emerged as the predominant strategy, surpassing conventional
template-assisted methods by offering sustainable and hazar-
dous chemical-free methods for synthesizing mp-g-CN with
tailored dimensions and morphology. We have then highlighted
the impact of various structural modification strategies to
optimize the electronic properties by controlling dimension
and morphology, doping and defect engineering, surface func-
tionalization, and forming composite heterojunctions. Such
adjustments can efficiently improve the light harvesting ability
and charge carrier separation of mp-g-CN-based photocatalysts.
Thereafter, we have systematically discussed the various aspects
of sustainable solar energy production from natural gases and
lignocellulosic biomass as renewable precursors. The systematic
investigation of the current research progress of mp-g-CN
photocatalysts deals with the method of fabrication, important
characterization to determine the structural features, optoelec-
tronic properties, active site identification, reaction pathways,
and involved mechanism investigations for solar energy produc-
tion applications. We have observed that compared to several
existing modified g-C;N, photocatalysts, either structurally or
functionally modified mp-g-CN photocatalysts have shown

This journal is © The Royal Society of Chemistry 2025
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excellent responses towards visible light absorption and efficient
charge separation ability. To advance mp-g-CN-based photocata-
lytic materials for artificial photosynthesis, future research
should focus on advancements in their fabrication and execution
as discussed below:

e As the research fraternity is continuously focused on the
development of environmental sustainability by carbon capture
and clean energy production using photocatalysis, g-C3N,-
based materials have been considered as the best choice to
achieve the goal towards sustainable energy production using
artificial photosynthesis. Therefore, continuous efforts should
be made to explore more research in the development and
advancement of mp-g-CN-based photocatalytic systems.

e Even though porosity engineering and structural modifica-
tions enhance the light-harvesting properties, developing mp-g-
CN-based materials with a broader range of light absorption
ability remains critical to maximize solar light utilization.
Moreover, researchers are actively working on advancing the
porous g-C;N, photocatalysts by fine-tuning from the molecular
level to achieve an optimized mp-g-CN framework, aiming to
improve physicochemical and optoelectronic properties that
can suppress charge recombination and maintain photostabil-
ity over repeated cycles. However, it remains a formidable
challenge to achieve; therefore, the active researchers must
carry forward these studies further in advancing the mp-g-CN-
based photocatalysts.

o It still remains unclear as to the type of specific modifica-
tion the mp-g-CN photocatalysts need to target a particular type
of photocatalytic application. Since it is an ever-growing
research field, a plethora of articles have been published over
the past few decades. Hence, it demands a precise database and
simulation methods ensuring structure controllability, photo-
activity, and product selectivity, which will help the future
researchers to think precisely for advancing and strengthening
the research input.

e mp-g-CN photocatalysts synthesized by template-assisted
and non-templated approaches exhibit different dimensions
and morphology. Hence, it is necessary to develop simulation
methods and modelling to gain a deeper understanding of
further modification and execution. This approach can provide
a direction for the rational design of highly efficient mp-g-CN-
based photocatalytic materials.

e Currently, researchers are more focused on developing
mp-g-CN using template-free synthesis strategies and avoiding
the multiple-step associated template-assisted strategies. How-
ever, it can open a new opportunity to advance the current
template-free synthesis route by rationalizing the g-CN precur-
sors in order to develop mp-gCN materials with reproducible
textural properties. Large-scale production of mp-g-CN-based
catalysts and laboratory-to-industry technology transformation
for their practical implementation towards solar energy pro-
duction involve several key factors such as cost-effective synth-
esis strategies in pilot plants, process designing, appropriate
photoreactor modelling, minimizing the environmental detri-
ments, and maintaining atom economy based upon the exist-
ing infrastructure.

This journal is © The Royal Society of Chemistry 2025
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e It can be noted that the use of sacrificial reagents for
various artificial photosynthesis applications, like OWS and other
solar energy production, creates economic barriers for their
practical implementation. Hence, it is imperative to develop
multifunctional mp-g-CN-based photocatalysts that can enable
seamless solar energy production without using sacrificial agents
and additives.

e mp-g-CN-based photocatalysts can efficiently mimic nat-
ural photosynthesis. The Lewis base nature and porosity of mp-
2-CN enable enhanced CO, adsorption. Additionally, the structural
properties of mp-g-CN allow for the incorporation of multifunc-
tionality by embedding or grafting active moieties into its meso-
channels, which can improve the H,O splitting reaction.
Furthermore, the photoexcited active intermediates generated
from the H,O splitting reaction can interact with the adsorbed
and activated CO,, facilitating the formation of carbon-based fuels.

e The lignocellulosic biomass transformation requires pre-
cise and modulated active sites for the activation of lignocellu-
losic biomass moieties. The active sites, typically the acidic and
basic sites, can be easily transcribed into mp-g-CN-based
photocatalysts to activate the lignocellulosic biomass moieties.
Additionally, the porous channel is beneficial for mass diffu-
sion, and the CN framework provides Lewis basicity, which can
promote esterification reactions, biomass condensation reac-
tions, isomerization, and cyclization reactions. Since this is a
new research area, only a limited studies have been carried out
so far for lignocellulosic biomass transformation using mp-g-
CN-based photocatalysts. However, the strategic development
and modifications of mp-g-CN can lead to the development of
highly promising photocatalysts for various challenging bio-
mass transformations.

e Although porous g-C;N, can more efficiently develop
composite photocatalysts compared to other modified g-C;N,
analogues, continuous effort should focus on the novel fabrica-
tion techniques to ensure the photostability and heterogeneity
of the mp-g-CN-based composites. For instance, metal sulphide-
based composites exhibit a strong photocorrosion effect due to
the oxidation of S>~ by photoexcited holes, which can be
resolved by making an appropriate heterojunction structure
(S-scheme or Z-scheme) that can channelize the charge carriers
and mitigate the photocorrosion. Similarly, doping, vacancy,
and defect engineering in the mp-g-CN framework can improve
the charge mobility and prevent the oxidative damage of the
composite photocatalyst.

e Integrating structurally and functionally modified mp-g-
CN-based photocatalytic materials with solar cell technologies
in tandem or integrated systems can be an interesting aspect of
renewable energy production using a sustainable approach.

e Being a nitrogen-rich compound and porous framework
with a high surface area, mp-g-CN can be explored in electro-
catalysis to further increase its horizon in sustainable energy
production. The hierarchical porosity and high surface area
enable faster diffusion and accessible active site distribution.
The pyridinic ‘N’ atom in the framework, having a strong
electron-withdrawing ability, acts as the active site in the electro-
catalytic process, such as ORR, HER, H,O splitting, and fuel cell
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application. The robustness of mp-g-CN-based materials contri-
butes to their long-term catalytic stability since the electrocataly-
tic processes are carried out in acidic or alkaline media.
Additionally, mp-g-CN can be ideal for the intercalation of Li",
as well as serve as a good separator and anode electrode for
lithium-ion batteries. However, the poor electrical conductivity
and sluggish charge transfer conductivity are the main limita-
tions which push back its substantial usage in various electro-
catalytic processes. Also, limited systematic investigations were
unable to provide a clear depiction of the potential challenges
and prospects of mp-g-CN-based materials in electrocatalysis.

e Finally, the future prospects for mp-g-CN photocatalysts
are promising due to the current research scenario. This topic
has the potential to carve out a significant space among the
research fraternity, encompassing multidisciplinary research;
hence, it encourages more collaborative research among differ-
ent disciplines, from science to engineering.
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