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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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the industrial revolution, population growth, and advance-
ments in daily life such as electricity, heating, and transporta-
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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.

This journal is © The Royal Society of Chemistry 2025

(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


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mh00294j

Open Access Article. Published on 08 Mee 2025. Downloaded on 02.05.26 03:44:27.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

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,
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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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