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ABSTRACT: Mesoporous carbon nitride (MCN) is a fascinating
material with enhanced textural properties, tailored morphology
and enriched surface functionalities. Hence, it demonstrates
promising performance in various applications. Over the years,
various methods such as hard template, soft template, template-
free, etc. have been adopted toward the preparation of MCN with
controlled structural properties. Furthermore, the exciting proper-
ties of MCN have been fine-tuned by controlling the morphology
and tuning the textural properties and surface functionalities,
including the type and amount of nitrogen, via simple adjustment
of the precursors, the carbonization temperature and the nature of the structure-directing agents/hard template. Besides these, the
integration of conductive carbon, heteroatoms, metal-based materials, organic molecules, etc. was found to not only enhance MCN’s
performance in the already existing applications but also open up more exciting applications. The present Review begins by
providing a general overview of the salient features of MCN, which dictate its performance in the various applications. Then, the
Review discusses the trends in the applications of MCN-based material in the areas of electrochemical energy storage and conversion
and gas storage in the past decade. The structure−property relationships of MCN-based materials in the above-mentioned
applications are also discussed in detail. Emphasis is given to the role of the synthetic approach adopted and the nature of the
precursor(s) used toward controlling the textural, morphological properties and chemical composition of MCN-based materials in
obtaining the final product with improved performance. Moreover, the effects of modifications of key features of MCN on its
electrochemical performance are also discussed. Finally, the current challenges and perspectives are provided, thereby guiding future
research in the field of MCN-based materials for electrochemical energy storage and conversion and gas storage.

1. INTRODUCTION
Carbon nitrides (CNs) are emerging metal-free semiconduct-
ing materials with various applications owing to their
fascinating properties such as superior mechanical strength,
flexibility, chemical and thermal robustness, etc.1−3 Primarily,
CNs are made up of carbon and nitrogen, and the presence of
nitrogen in their structural framework endows them with
exceptional electronic and field emission properties. Indeed,
five different structures of CNs have been predicted based on
density functional calculations.4−6 Among them, graphitic
carbon nitride (g-C3N4, g-CN) is considered to be the most
stable under ambient conditions. g-CN, prepared using various
methods including ion implantation78 and polycondensation of
nitrogen-containing precursors,9,10 is believed to consist of
layered structures that are linked by weak intermolecular
forces, forming an extended stacked structure similar to that of
graphite.11,12 Though the predicted stoichiometric ratio
between C and N in g-CN is 0.75, it remains rather a
herculean task to prepare g-CN without a trace of defects or
hydrogen/oxygen or other elemental impurities, thereby

creating a significant debate on naming g-CN.1,13−15 In an
attempt to address this concern, other compounds exhibiting
lower or higher amounts of nitrogen content have been
included in the family of g-CN.3 It is worth mentioning that
the imperfection in the stoichiometric ratio of g-CN arises
from structural defects introduced during the reaction process
and the extent of polycondensation of precursor(s). In general,
using a lower polycondensation temperature and a single
precursor allows the preparation of g-CN with higher nitrogen
content and thus a C/N ratio close to the ideal for g-CN.
Although there are various methods available for the synthesis
of g-CN, thermal polycondensation of precursor(s) containing
a high amount of nitrogen receives more attention owing to its
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simplicity, cost-effectiveness and, most importantly, the ability
to fine-tune the chemical composition of the final prod-
ucts.16,17 One major limitation of direct thermal polyconden-
sation of nitrogen-rich precursor(s) into g-CN is the formation
of bulk and nonporous byproducts with extremely low specific
surface area. Therefore, the utilization of bulk and nonporous
g-CN in applications where textural properties play a
significant role, such as adsorption, catalysis, electrochemical
energy storage and conversion, etc., is quite limited. A
pioneering work credited to Vinu et al. in 2005 is considered
a turning point in the space of g-CN.15 The work presented a
novel approach for the introduction of mesoporosity into the
structural framework of g-CN without noticeably changing its
unique properties. Thereafter, various researchers reported the
preparation and functionalization of mesoporous carbon
nitride (MCN) for various applications utilizing different
approaches, as comprehensively discussed in a review by the
Vinu group.1 On the other hand, improvements in the textural
properties of MCN not only enhanced its performance in the
previously explored applications but also opened up more
exciting applications. In the past few decades, a large number
of review articles have been published in the areas of synthesis,
properties and applications of g-CN and its composites for
various applications. For instance, Das et al.18 discussed the
electrochemical energy storage applications of g-CN nano-
sheets systems, Chaluvachar et al.19 and Thomas and his co-
workers20 provided overviews of the utilization of 2D g-CN as
an electrode material for rechargeable batteries as well as
electrolyte fillers, and Sajid et al.21 highlighted the challenges
and prospects of utilization of g-CN for lithium ion batteries.
The review articles by Iqbal et al.22 and Safaei et al.23 discussed
the electrochemical energy storage of g-CN systems, whereas
Ghaemmaghami et al.24 and Govindaraju et al.25 highlighted
the supercapacitive performance of g-CN and the electro-
catalytic properties of g-CN and its composites, respectively.
Furthermore, Pachaiappan et al.26 reviewed the recent
advances in the photocatalytic applications of g-CN, including
hydrogen production and storage. The influences of synthetic
conditions on the electronic structure and photocatalytic
properties of g-CN have also been discussed. Recent advances
in the synthesis and modification of g-CN toward photo-
catalytic-related conversation applications, including photo-
catalytic hydrogen generation, CO2 reduction and N2 fixation,
were reported by Tang et al.27 It is worth mentioning that the
above reviews mainly focused on the photocatalytic energy
conversion applications of pristine g-CN and either provided a
limited discussion on electrochemical energy storage or did not
discuss the electrocatalytic and gas storage applications of g-
CN. Very recently, Ajmal et al.28 overcame the limitations of
the above reviews by comprehensively discussing the synthetic
strategies and various applications of g-CN, including super-
capacitors, photo(electro)catalysis and batteries. Of special
interest, the textural properties (surface area, pore volume,
pore diameter), morphology and surface chemistry of g-CN
play interesting roles in the numerous applications of g-CN.
Nevertheless, a review article that exclusively and compre-
hensively discusses the applications of MCN and its
composites in the field of electrochemical energy storage and
conversion and gas storage is lacking. It is worth noting that
the biosensing applications of MCN have already been
reported by the Vinu group in 2023.29 Therefore, the present
Review begins by providing a general overview of the salient
features of MCN, which dictate its performance in the various

applications. Then, the Review discusses the trends in the
applications of MCN-based materials in the areas of electro-
chemical energy storage and conversion and gas storage in the
past decade. The structure−property relationships of MCN-
based materials in the above-mentioned applications are also
discussed in detail. Emphasis is given to the role of the
synthetic approach adopted and the nature of the precursor(s)
used toward controlling the textural and morphological
properties and chemical composition of MCN-based materials
in obtaining the final product with improved performance.
Moreover, special consideration is given to the key features of
MCN and the effect of modification of those key features on
the electrochemical performance of the final product. Finally,
the current challenges and perspectives are provided, thereby
guiding future research in the field of MCN-based materials for
electrochemical energy storage and conversion and gas storage.
It is worth mentioning that only articles in which mesoporosity
is intentionally introduced by either hard template, soft
template or template-free methods into the structural frame-
work of MCN-based materials are reviewed. This Review is
expected to provide new avenues for the advancement of
MCN-based materials toward electrochemical energy storage
and conversion and gas storage and act as a starting point for
new researchers who want to step into the spaces of MCN-
based materials.

2. GRAPHITIC CARBON NITRIDE
Graphitic carbon (g-CN) is a solid semiconducting material
that exists as a stacked structure similar to that of graphite, in
which two-dimensional (2D) layers of g-CN are held together
by weak intermolecular forces.7−10,12,30 g-CN has been
extensively investigated for various applications such as
photocatalysis,31−33 adsorption,1,13 sensing, drug delivery,34

etc. Over the years, various strategies have been adopted to
further improve its performance and open up more exciting
applications. Nevertheless, the ultimate utilization of bulk and
nonporous g-CN for electrochemical energy storage and
conversion and gas storage has not been widely explored,
despite its key attributes that could trigger promising
performance.

2.1. Salient Properties of Graphitic Carbon Nitride
toward Electrochemical Energy Storage and Conver-
sion and Gas Storage. The presence of carbon and nitrogen
atoms in the structural framework of g-CN imparts distinctive
surface properties toward its applications in electrochemical
energy storage and conversion and gas storage. Moreover,
surface modifications and introduction of mesoporosity also
play crucial roles in improving its performance. Besides the
elemental building blocks, carbon and nitrogen, the presence of
hydrogen as an inevitable elemental impurity provides a
dangling bond within the layered structures, thereby creating
periodic vacancies in the lattice, which act as sites for ion
adsorption and storage. In this section, the salient features of g-
CN that could make it an ideal candidate for electrochemical
energy storage and conversion are discussed.
2.1.1. Two-Dimensional Layer Structure of Graphitic

Carbon Nitride. g-CN is made up of triazine subunits and/
or tri-s-triazine units connected by planar tertiary amino
groups that form stacked-layered 2D structures. The layers are
connected via weak intermolecular forces such as hydrogen
bonds, van der Waals forces, etc. The 2D layered structure of
g-CN reversibly hosts guest ions during the charging and
discharging process of rechargeable batteries and super-
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capacitors via an intercalation/deintercalation mechanism. In
addition, the electron confinement effect in 2D layered
structures has been identified as an opportunity for making
improvements in the electrical properties of g-CN, in turn
providing platforms for the fast transport of electrons/ions
during the charge/discharge process. The interlayer distance of
0.315 nm in g-CN is slightly lower than that of graphite (0.335
nm) owing to the localization of electrons caused by the
substitution of carbon atoms with nitrogen atoms. This denser
packing introduced by nitrogen substitution is expected to
provide stronger binding energy along the perpendicular
direction, thereby enhancing the charge transfer storage
performance of the material. Furthermore, the 2D layered
configuration with a sheet-like morphology and lateral size of
less than 100 nm offers a large surface area with abundant
active sites for the adsorption of reactants and ions, which
makes g-CN an attractive candidate for electrochemical energy
storage and conversion. It is worth mentioning that the
interlayer distance of 0.315 nm in g-CN is not sufficient to
intercalate larger electrolyte ions such as Na+, K+, etc.
However, it has been documented that the interlayer spacing
can be tailored by the insertion of foreign substances such as
amorphous carbon, organic molecules, functional groups,
solvent ions, etc.1,35,36 For instance, the intercalation of
amorphous carbon into the layered structure of g-CN enlarges
the spacing, thereby improving its supercapacitive performance
and electrocatalytic hydrogen evolution reaction.36,37 Also, the
interaction of the foreign species, particularly conductive
substrates, not only makes it possible to overcome difficulties
related to the storage of large ions but also provides conductive
pathways, thereby improving the kinetics of the ion trans-
port.35

2.1.2. Mechanical Stability of Graphitic Carbon Nitride.
The mechanical stability of materials used for the fabrication of
energy storage and conversion devices plays a crucial role
toward their durability during operation and real-time
application. Continuous volume expansion and contraction
may lead to structural changes, cracking and even delamination
of the electroactive material from the surface of the current
collector, thereby causing the deterioration of capacitance/
capacity and cycling stability. Interestingly, g-CN demonstrates
excellent mechanical properties, which make it a potential
candidate for various electrochemical energy storage and
conversion applications. Indeed, studies on the mechanical
properties of both the triazine and tri-s-triazine structures of g-
CN using first-principles calculation have shown that their
tensile stress and elastic modulus can reach up to 40 and 25
GPa and 210 ± 5 and 320 ± 5 GPa, respectively.38 The
reported tensile strength and elastic modulus of g-CN are one-
third those of defect-free graphene, a clear indication that g-
CN is among the strongest known 2D materials. Furthermore,
it has been established that, during the deformation of g-CN
structure, the sheets expand uniformly and no crack or defect is
observed up to the tensile strength point, a clear indication that
g-CN could be explored as a promising electrode material for
flexibile and wearable applications.38

2.1.3. Thermal Stability of Graphitic Carbon Nitride. The
thermal stability of the electroactive material plays a crucial
role in ensuring that electrochemical energy storage and
conversion devices operate safely and reliably. The thermal
stability of an electrode/electrocatalyst is one of the key
considerations, especially for batteries and fuel cells that are
deployed for long-term operation at elevated temperatures

during which the internal temperature of the devices could
potentially build up. In this regard, g-CN exhibits excellent
thermal stability and only decomposes at a temperature above
600 °C and a pressure of 25 GPa,39 suggesting that g-CN could
be an ideal candidate for the development of next-generation
batteries and fuel cells for electric vehicles and large grid
applications.
2.1.4. Chemical and Electrochemical Stability of Graphitic

Carbon Nitride. In electrochemical energy storage and
conversion devices, electrode materials are exposed to various
corrosive chemical environments, and their stability in the
target electrolyte ensures long-term operation with no or only
limited capacity fading. Notably, because of the presence of
strong covalent bonds between C and N in its structural
framework, g-CN exhibits excellent resistance to chemical
attack; thereby, a prolonged lifespan of devices can be
anticipated, which lowers the need for frequent replacement,
saving costs and environmental impact.40 On the other hand,
g-CN demonstrates excellent structural integrity when
subjected to continuous intercalation/deintercalation of ions,
an indication that the volume changes experienced during the
electrochemical processes do not result in phase changes.41,42

In addition, owing to its excellent chemical stability, g-CN is
not expected to undergo dissolution. Furthermore, delamina-
tion of the electroactive materials from the current collector
during extended operation leads to capacity/capacitance fading
and deactivation of electrocatalytic active sites. Therefore, the
excellent chemical and electrochemical stabilities of g-CN
make it an ideal candidate as an electroactive material for
various electrochemical energy storage and conversion devices.
2.1.5. Surface Chemistry of Graphitic Carbon Nitride. The

existence of heteroatoms in the structural framework of
carbon-based materials has been reported to tune their
electronic conductivity and wettability.9,43−46 Therefore,
several methods have been adopted for doping heteroatoms
in carbon materials, which enhances their electrochemical
properties. Among various heteroatoms, nitrogen doping has
received extensive attention, mainly due to its capability to
enhance the electrical properties and surface chemistry, which
are crucial for energy storage and conversion applications. On
the other hand, g-CN is made up of a substantial amount of
nitrogen (an ideal g-CN contains 60%), and its surface
chemistry is mainly controlled by the nitrogen atoms. Based on
the deconvolution of the high-resolution X-ray photoelectron
spectrum of N 1s of g-CN, four types of nitrogen were found.24

While quaternary nitrogen (N-Q) is believed to be responsible
for the electron transport properties of g-CN, pyrrolic, oxide
pyridinic and pyridinic N act as the sites for electron
donations. In addition, nitrogen-based functionalities present
in g-CN were reported to participate in redox reactions in
acidic media, thereby enhancing the energy storage capabilities
of g-CN.42,47 Furthermore, the nitrogen group bonded to
neighboring carbon tends to create a spin density and charge
distribution around the carbon atoms, thus creating favorable
sites for electrocatalytic reactions.48

2.2. Challenges Faced by Graphitic Carbon Nitride.
Although pristine g-CN demonstrates several attributes that
could potentially ensure its excellent performance when
deployed for various electrochemical energy storage and
conversion applications, there are still some key challenges
that limit its potential applications. The key challenges of g-CN
are discussed below.
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2.2.1. Low Electrical and Ionic Conductivity. The electrical
and ionic conductivities of materials are among the key
properties that ensure their superior electrochemical perform-
ance when deployed in the fields of energy storage and
conversion. The fast transport of ions and electrons at the
interface ensures accelerated kinetics of the electrochemical
reactions. Unfortunately, bulk g-CN demonstrates low ionic
and electrical conductivities due to the restricted movement of
ions and electrons, respectively. Furthermore, the long
diffusion path length of ions results in high resistance to the
transport of ions, thereby deteriorating the rate performance.
Thus, developing high-performance electrochemical energy
storage and conversion devices based on bulk g-CN remains a
major challenge. It is worth mentioning that some attempts,
such as composite formation, surface functionalization, doping,
etc., have been adopted in the past few decades to address the
above-mentioned limitations. Nevertheless, rapid capacity
fading and deactivation of electrocatalytic sites caused by the
unstable boundary interphase between the g-CN and
composite material is observed in most of the g-CN-based
composites and surface-functionalized g-CN.18,19,49 It has been
reported that the weak intermolecular van der Waals forces are
responsible for the unstable boundary interphase witnessed in
g-CN-based composites.25

2.2.2. Poor Textural Properties. The state-of-the-art
materials presently used in various electrochemical energy
storage and conversion and gas storage suffer from inferior
textural properties, including surface area, pore size, pore
volume, etc., which inhibit the accumulation of ions at the
interface, thereby limiting the formation of double-layers and
also redox reactions.50,51 Therefore, enhancing the textural
properties of an electroactive material plays an indispensable
role in dictating the performance of electrochemical energy
storage and conversion devices. For instance, EDLCs, which
are based on high surface area carbon materials, store charges
primarily by the adsorption/desorption of ions at the
electrode−electrolyte interface, and the capacitance has been
found to increase linearly with an increase in surface area.52,53

The increase in the capacitance as a function of surface area is
mostly witnessed for mesoporous materials in contrast to
microporous materials.54 Also, the high surface area enhances
the wettability and provides abundant electrochemical active
sites to facilitate the rapid transport of ions to the electrode,
thereby ensuring higher energy storage capability. In addition,
other textural properties of the electrode materials, such as
pore size, pore volume, pore shape, etc., play significant roles in
tailoring the performance of electrochemical energy storage
and conversion and gas storage.54 For instance, materials with
ordered mesopores and large pore volumes store more
electrolyte ions and demonstrate better rate performance.
Bulk and nonporous g-CN is known for having inferior textural
properties which seriously impede its extensive utilization in
the areas of energy storage and conversion and gas storage,
considering that textural properties influence the performance
of these devices significantly.1 Hence, rational design, nano-
structuring and surface engineering have been adopted to
enhance the performance of bulk g-CN, and the introduction
of mesoporosity, modifications and surface functionalization
has been intensively explored as a promising strategy to not
only improve the textural properties but also overcome some
of the limitations of g-CN mentioned above.1,55,56

3. MESOPOROUS GRAPHITIC CARBON NITRIDE
Mesoporous graphitic carbon nitride (MGCN) is a nano-
porous g-CN prepared through the deliberate introduction of
mesoporosity into its structural matrix. MGCN, with enhanced
textural properties and tailored morphology, demonstrates
improved performance for various applications. For instance,
the high nitrogen content provides important sites for
electrochemical reactions, the enriched sp2 hybridized carbon
facilitates flow of electrons, and the large surface area and
porosity provide abundant sites for the adsorption of a large
volume of reactants and accessible channels for mass transport.
Furthermore, MGCN, with adjustable textural and environ-
mentally benign properties, excellent thermal and mechanical
stability and high basicity, could be an exciting material for
CO2 and/or H2S adsorption, separation and storage. Over the
years, various methods have been adopted toward the
preparation of MGCN with controlled structural properties.
In general, three major strategies have been extensively
explored, namely, hard template, soft template and template-
free, as comprehensively discussed in a review article by Vinu
and his co-workers.1

3.1. Mesoporous Carbon Nitride-Based Materials for
Electrochemical Energy Storage Applications. The
overdependency on nonrenewable energy sources including
fossil fuels, coal and natural gas has posed serious major
environmental and health impacts, thereby leading to
unpleasant challenges such as global warming, air pollution,
acid rain, ozone layer depletion, deforestation,57 etc. These
environmentally related issues need an urgent holistic
approach if humanity is to realize a bright energy future with
minimal environmental impacts. Renewable energy sources are
alternative, nondepleting and cost-effective energy resources
with sustainability potential. Therefore, the need for
developing efficient energy conversion and storage systems
for storing and integrating renewable energy resources is
gaining significant attention.
3.1.1. Supercapacitors. Supercapacitors, also known as

electrochemical capacitors (ECs), which bridge the gap
between batteries and conventional capacitors, are gaining
interest owing to their ability to deliver higher energy than
traditional capacitors and higher power than rechargeable
batteries.58,59 Other attributes of ECs include long cycling
stability, high safety, low cost of maintenance, etc.60−62 ECs
have been used as standalone devices for applications that
require fast power impulses for short durations and as
complementary energy storage devices where they are
integrated with batteries for various applications.63,64 At
present, the energy density of the commercially available
ECs (8−10 Wh kg−1) is still far below the requirement for
their utilization in applications where high energy density is
essential.62,65 Thus, the major bottleneck of the low energy
density of ECs is currently at the forefront of research activity
from both academia and industry. Considering that the energy
density of ECs greatly depends on the specific capacitance of
the electrode material and the voltage window of the
electrolyte, the explosive number of investigations are geared
toward the development of advanced electrode materials that
can deliver enhanced specific capacitance and novel electro-
lytes with extended working voltage.66,67 Based on the charge
storage mechanism, ECs are categorized into electrical double-
layer capacitors (EDLCs) and pseudocapacitors. In EDLCs,
charges are stored based on the adsorption/desorption of ions
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at the electrode−electrolyte interface during charging/
discharging. The amount of charge stored is linearly related
to the electrochemical accessible active surface area of
electrode materials.68,69 Furthermore, EDLCs are well known
for their superior power density and extended cycle-life.70,71

On the other hand, pseudocapacitors store charges due to the
fast Faradaic reactions in addition to double-layer capacitance
and thus deliver higher specific capacitance than EDLCs.65,72

Transition metal compounds and conducting polymers are the
most commonly studied electrode materials for pseudocapa-

Table 1. Capacitance Performance of Various MGCN-Based Materials

Electrode material

Specific/aerial
capacitance

(F g−1/mF cm−2)

Current density
(A g−1 or mA cm−2) or

scan rate (mV s−1) Electrolyte used

Capacitance
retention (%)/num-

ber of cycles

Energy density
(Wh kg−1/mWh cm−3)/ power
density (W kg−1/mW cm−3) Ref

MGCN 244 0.5 1 M H2SO4 100/5,000 - 78
MGCN-T 279 0.5 1 M H2SO4 98.10/1,000 20.97/499.94 79
P2-g-CN 520.5 0.5 1 M H2SO4 1131.1/10,000 37.2/750 80
MGCN-SBA-15 322 0.5 1 M H2SO4 95.3/15,000 - 81
MCN-GA 240 5 1 M H2SO4 >94%/10,000 11.6/8,000 82
MGCN-E 394 0.75 1 M H2SO4 95.88/10,000 - 83
Ultrathin porous g-CN 936 1 1 M H2SO4 95/10,000 281.3/1 84
MGCN-0.3 252 0.5 1 M H2SO4 98/10,000 20.42/300 36
UMCN-A1.25 520 0.1 1 M H2SO4 82.04/10,000 7/241.15 86
g-CN-2 235 10 6 M KOH 95/5,000 3.92/1,666 87
ZM-C-800 359.1 1 6 M KOH 89/10,000 11.4/498.5 88
NiCo-LDH/g-CN2 2933.3 0.5 6 M KOH 75.3/7,000 52.7/524 89
Porous ACN-700 185 0.5 6 M KOH 87.2/5,000 16.9, 650 90
MGCN-P-0.5 399 0.5 1 M H2SO4 83.10/10,000 17.22/500 91
B-g-CN800 620 0.1 1 M H2SO4 101.3/2,500 86.1/100 92
NiCo2S4/NSs/P-g-CN 506 1 2 M NaOH 99/5,000 16.7/200 93
3D-Bi2S3@2D-g-CN 41.53 μA h cm−2 1 1 KOH/PVA 94.86/5,000 3.17/1,495 94
GCN/Bio-C20 300 1 0.5 M H2SO4 100/13,000 53.72/900 95
rGO-pg-CN/PPyNTs 803 0.5 1 M KCl 82/5,000 8.063/125.002 97
GCNNFS 275 0.5 0.1 M Na2SO4 93.6/2,000 - 98
NPGC 261 1 6 M KOH 97/2,000 6.53/28,400 99
Porous c-CN 333.8 5 6 M KOH 88/12,000 5.9/846 100

Figure 1. (A) Schematic illustration of the synthesis of MGCN. Cyclic voltammograms (CVs) of BGCN and MGCN recorded at a scan rate of 5
mV s−1 in (B) 1 M H2SO4 and (C) 6 M KOH electrolytes. Reproduced with permission from ref 78. Copyright 2018 Wiley-VCH Verlag GmbH &
Co. KGaA.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.5c00679
ACS Omega 2025, 10, 18184−18212

18188

https://pubs.acs.org/doi/10.1021/acsomega.5c00679?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00679?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00679?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00679?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c00679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


citors.66,73 The major limitations of this class of ECs include
inferior cycling stability and limited power density.74,75

Although various advancements in the field of ECs have
occurred over the years in terms of fine-tuning the electrode
materials and electrolytes, the need to develop ECs with
energy density close to that of a battery is high.76,77

MGCN, with unique textural properties, morphology and
abundant surface functionalities, could be a promising
electroactive material for ECs. In the past few years, its
potential application in the field of ECs has been explored, as
highlighted in Table 1. Indeed, our group in 2018 unveiled
MGCN as a promising electrode material for ECs.78 A facile
soft template method was adopted, and direct carbonization of
a precursor/surfactant composite under limited oxygen
resulted in the formation of MGCN with enhanced textural
properties as compared to bulk g-CN (Figure 1A). The as-

prepared MGCN demonstrates a typical combination of
double-layer capacitance and pseudocapacitance properties in
both acidic and alkaline electrolytes and outperforms bulk g-
CN (BGCN) (Figure 1B). Quantitatively, MGCN delivers a
specific capacitance of 244 F g−1 at a current density of 0.5 A
g−1 in 1 M H2SO4 and 100% Coulombic efficiency over 5,000
cycles. The excellent capacitance properties of MGCN are
largely due to the large surface area and uniform accessible
mesopores, which provide abundant electrochemical active
sites for the storage of ions at the electrode−electrolyte
interface and facilitate rapid diffusion of ions, respectively.
Also, the high pyridinic nitrogen content in MGCN acts as a
center for fast Faradaic reactions, thereby enhancing the overall
specific capacitance.

Although it is difficult to control the morphology of MGCN
by the soft template method, the textural properties and

Figure 2. (A) TEM images of (a-c) MGCN-C, (d-f) MGCN-T and (g-i) MGCN-S. (B) Nitrogen sorption isotherms and BJH pore size
distribution of (a,b) MGCN-C, (c,d) MGCN-T and (e,f) MGCN-S. (C) (a) CVs recorded at a scan rate of 5 mV s−1 and (b) GCD cycles recorded
at a current density of 0.5 A g−1 of MGCN-C, MGCN-T and MGCN-S. (D) (a) Rate performance and (b) cycling stability at a current density of
7.5 A g−1 of MGCN-C, MGCN-T and MGCN-S electrodes. Reproduced with permission from ref 79. Copyright 2019 Elsevier Ltd.
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chemical composition of MGCN can be tailored by controlling
the nature of the interaction between the surfactant and the
precursors. In this regard, we explored the role of surfactants in
tuning the textural and electrochemical properties of MGCN.79

Three different surfactants, namely, cetyltrimethylammonium
bromide (CTAB), polyethylene glycol p-(1,1,3,3-tetramethyl-
butyl)phenyl ether (Triton X-100) and sodium dodecyl sulfate
(SDS) as cationic, neutral and anionic surfactants, respectively,
were used as porogen and structure directing agents. Owing to
the difference in the nature of the interactions between the
cross-linked product formed by the reaction between
melamine and glutaraldehyde and surfactants, all the MGCN
samples exhibited different textural properties and various
amounts of sp2 graphitic carbon domains (Figure 2A and 2B).
Among all the samples, MGCN synthesized using Triton X-
100 (MGCN-T) displayed the highest surface area and a
higher number of mesopores, which is attributed to the ability
of Triton X-100 surfactant to provide two sites for interaction
with the precursor, namely polyethylene glycol moieties and
ether groups. MGCN-T delivered the highest specific
capacitance of 279 F g−1 at 0.5 A g−1 as compared to
MGCN prepared using CTAB (MGCN-C) and SDS (MGCN-
S), which offered 241 and 223 F g−1 at the same current
density, respectively. Furthermore, MGCN-T demonstrated a
good rate performance, retaining 49.81% of its initial specific
capacitance value when the current density was increased 40
times, and exhibited excellent cycling stability over 10,000
cycles (Figure 2C and 2D). A symmetrical device fabricated
using MGCN-T displayed a high energy density of 20.97 Wh
kg−1 at a power density of 499.94 W kg−1 and an excellent
cycle-life over 10,000 cycles. The superior electrochemical
performance of MGCN-T is due to its better morphology and
textural properties, the higher amount of pyridinic nitrogen
and the sp2 carbon domain originated from the decomposition
of the surfactant during the thermal process. The residual
carbon originating from the decomposition of soft templates
not only enhances the electrical conductivity of MCN but also
acts as a spacer to mitigate the stacking of layers brought about

by strong π−π interactions. Inspired by this, Xu et al.80 used
various amounts of P123, urea and glucose as structure-
directing agents and precursors for the preparation of porous g-
CN for high-performance supercapacitors. Due to the
synergistic effect arising from the distinctive porous structure
and the high level of nitrogen doping, the as-synthesized CN
with 234 mg of P123 (P2-g-CN) exhibited the highest specific
capacitances of 520.5 and 176.0 F g−1 at current densities of
0.5 and 50 A g−1, respectively. Interestingly, symmetrical
devices fabricated using P2-g-CN displayed an energy of 37.2
Wh kg−1 at a power density of 750 W kg−1 and could power a
3.2 V light-emitting diode.

Due to the difficulty experienced in tuning the morphology
of MGCN to a larger extent by the soft template method and
the inherently low nitrogen content of the final material, our
group adopted the hard template approach using
hexamethylenetetramine as a single precursor, thereby
improving the supercapacitive performance of MGCN
electrode.81 Two different silica templates, namely, SBA-15
and KIT-6, were used during the synthesis. The morphology
and textural parameters were well replicated in the parent
MGCN, as evidenced by the microscopic and nitrogen
adsorption/desorption studies (Figure 3A−D). Interestingly,
the use of the hard template method resulted in the
introduction of defects into the framework of MGCN, thereby
providing more electroactive sites for charge storage.
Furthermore, the nitrogen content of MGCN prepared using
a hard template and a single precursor is higher than the
amount obtained by the soft template method. Also, the choice
of the template determines the amount of nitrogen content in
the final product; thus, MGCN prepared using KIT-6
(MGCN-KIT-6) exhibited a higher nitrogen content than
MGCN prepared using SBA-15 (MGCN-SBA-15), which is
attributed to the smaller particle size of the KIT-6 template,
thereby assisting in the retention of a higher amount of
nitrogen during carbonization. It is worth mentioning that not
only the amount but also the type of nitrogen influences the
electrochemical performance of MGCN, and thus pyridinic

Figure 3. (A) TEM images of (a,b) SBA-15 and (c,d) KIT-6. (B) TEM images of MGCN-SBA-15 and MGCN-KIT-6. (C) (a,c) Nitrogen sorption
isotherms and (b,d) the corresponding BJH pore size distributions of SBA-15 and KIT-6. (D) (a,c) Nitrogen sorption isotherms and (b,d) the
corresponding BJH pore distributions of MGCN-SBA-15 and MGCN-KIT-6. (E) (a) CVs recorded at a scan rate of 5 mV s−1 and (b) GCD cycles
recorded at a current density of 0.5 A g−1 of MGCN-SBA-15 and MGCN-KIT-6. (F) Inner and outer charge contributions of MGCN-SBA-15 and
MGCN-KIT-6. (G) (a) Rate performance and (b) Nyquist plot of impedance spectra of MGCN-SBA-15 and MGCN-KIT-6 electrodes (open
circles represent raw data, and solid lines represent fitted data). Reproduced with permission from ref 81. Copyright 2018 Elsevier Ltd.
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nitrogen offers better chances of undergoing fast Faradaic
reactions in acid electrolyte. MGCN-SBA-15, which exhibited
a higher surface area, a large pore volume and more mesopores
and defect sites, delivered a specific capacitance of 322 F g−1 at
a current density of 0.5 A g−1, as compared to MGCN-KIT-6,
which delivered 245 F g−1 at the same current density (Figure
3E). On the other hand, MGCN-KIT-6 displayed better rate
performance, primarily due to the higher number of sp2 carbon
domains and the degree of crystallinity, which facilitate the
rapid transport of ions at a higher current rate (Figure 3G).
Furthermore, the decrease in the capacitance contribution
from the inner charge storage mechanism in MGCN-SBA-15
at a higher current rate could have resulted in its inferior rate
performance (Figure 3F).81

To enhance the electrical conductivity of MCN, a composite
made up of graphene aerogel and MCN was prepared by
Nazari et al. in 2021.82 First, MCN and graphene oxide were
prepared individually by a hard-templating nano approach
using SBA-15 and a modified Hummers’s method, respectively.
Subsequently, an optimized amount of MCN (10 mg) was
dispersed in a graphene oxide (GO) aqueous dispersion (10
mL, 1.0 mg mL−1) and then subjected to ultrasonication-
assisted hydrothermal treatment at 180 °C for 12 h to obtain
the three-dimensional (3D) MCN−graphene aerogel compo-
site (MCN-GA, Figure 4). The MCN-GA composite showed a

specific capacitance of ∼240 F g−1 at 5 mV s−1 in 1.0 M H2SO4
electrolyte, which is higher compared to those of the pristine
MCN (142 F g−1) and graphene aerogel (174 F g−1).
Furthermore, the symmetric supercapacitors fabricated using
MCN-GA exhibited an energy of 11.6 Wh kg−1 at a power
density of 8.0 kW kg−1 and an excellent cycle-life with
capacitance retention of >94% after 10,000 charge/discharge
cycling tests. The as-synthesized MCN-GA composite is made
up of MCN nanoparticles (NPs) encapsulated with graphene
nanosheets (NSs) homogeneously, thereby forming a con-
tinuous conductive network, which is beneficial for the
accelerated transport of ions and electrons even at a higher
current rate. The surface functionalities of MCN primarily
facilitate the strong interaction with the graphene aerogel
through covalent bonding and thus mitigate the aggregation of
MCN NPs, which is expected to offer the material a durable
cycle-life. In addition, the high surface area for the formation of

a double layer at the electrode−electrolyte interface and the
existence of mesopores with a wide distribution of pore size in
the range of 3.3−21.2 nm allow the material to deliver high
specific capacitance and superior rate performance, respec-
tively.

The layers of g-CN are held together by van der Waals
forces, which results in the formation of a 3D stacked structure.
In recent years, solvent-assisted ultrasonic or thermal
exfoliation has been the most widely adopted strategy for the
conversion of nonporous multilayered g-CN into a few-layers
or a monolayer g-CN, which demonstrates better textural
properties and improved performances. For the first time, our
group reported the capacitance properties of a few-layered
MGCN (MGCN-E), which is analogous to graphene, by the
thermal exfoliation of multilayered MGCN.83 Typically, the
multilayered MGCN was prepared by a sol−gel method using
commercially available colloidal silica and hexamethylene-
tetramine as a hard template and precursor, respectively.
Thermal exfoliation under an air atmosphere resulted in a
decrease in the number of layers from ∼11 to 2, as evidenced
by microscopic images (Figure 5A and 5B), and a significant
enhancement in textural properties (Figure 5C). As a
consequence, MGCN-E outperformed its multilayered
MGCN counterparts in terms of specific capacitance at a
scan rate of 10 mV s−1 (Figure 5D). Quantitatively, MGCN-E
delivered a specific capacitance of 394 F g−1 at a current
density of 0.75 A g−1, which is ∼1.5 times higher than that of
MGCN (Figure 5D). Nevertheless, the rate performance of
MGNC-E is slightly compromised, which could be due to a
loss in the capacitance contribution from the fast Faradaic
reactions of pyridinic nitrogen and carbonyl oxygen at higher
current rates.83

Besides thermal exfoliation, a bottom-up strategy was
adopted by Lu et al.84 for the preparation of conductive
ultrathin g-CN. Typically, a graphene-templated van der Waals
epitaxial strategy was employed, and ultrathin g-CN was
obtained with a large surface area, high electrical conductivity,
narrow pore-size distribution and suitable level of nitrogen
doping. Capacitance studies revealed that the material
exhibited a high volumetric capacitance of 936 mF cm−2 at a
current density of 1 mA cm−2 and showed excellent cycling
stability of over 10,000 cycles. The excellent capacitance
performance is attributed to the ultrathin structure and high
nitrogen doping level that provides numerous active sites for
charge storage besides unhindered channels for accelerated
transport of ions.

In 2019, our group developed a simple and sustainable
method for the synthesis of MGCN with improved capacitance
properties. In this method, MGCN was synthesized using an
environmentally friendly material, namely, the sodium salt of
carboxymethyl cellulose (CMC), as a biotemplate.36 It was
reported that the chemical composition and the textural and
electrochemical properties of MGCN could be easily fine-
tuned by varying the ratio between the precursor and
biotemplate. Notably, MGCN prepared using 0.3 g of CMC
(MGCN-0.3) exhibited higher surface area, a larger pore
volume and relatively more oxygen-based functionalities and
thus demonstrated the highest specific capacitance of 252 F g−1

at a current density of 0.5 A g−1 as compared to MGCN
synthesized using 0.1 g (MGCN-0.1) and 0.5 g (MGCN-0.5)
of biotemplate, which deliver specific capacitance of only 182
and 222 F g−1, respectively. A symmetrical supercapacitor
device fabricated using MGCN-0.3 electrodes showed a high

Figure 4. Schematic representation of the processes for the
preparation of the mesoporous carbon nitride−graphene aerogel
(MCN-GA) nanocomposite. Reproduced with permission from ref
82. Copyright 2021 Elsevier B.V.
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energy density of 20.42 Wh kg−1 at a power density of 300 W
kg−1 and a good rate performance and retained more than 90%
of its initial capacitance after 10,000 cycles. Carbonate-based
materials were recently exploited for the generation of porosity
into the building block of carbon material, thanks to their
decomposition process, which releases gases that act as
blowing agents.85 In 2023, Wang et al.86 reported the
preparation of a hierarchical porous g-CN with a high nitrogen
content for supercapacitor applications. Ammonium carbonate
and glucose were used as pore generator and the source of
carbon, respectively. On the other hand, melamine and urea
were used as the binary precursors for the formation of a 3D
interconnected g-CN structure after stepwise calcination at 550
and 800 °C. The effects of the loading level of the ammonium
carbonate at values of 0.625, 1.25 and 2.5 g were investigated,
and with the samples denoted as UMCN-AX, where X indicates
the amount of ammonium carbonate used during the synthesis.
Although the formation of a distinct 3D network is favored by
the use of a higher amount of ammonium carbonate (2.5 g,
UMCN-A2.5) due to the release of a higher amount of gases
(NH3 and CO2), UMCN-A1.25 exhibited higher surface area,
interconnected mesoporous structures, higher nitrogen content
and graphitic carbon domains. Consequently, the porous
hierarchical structure and high nitrogen content of UMCN-
A1.25 enabled it to deliver specific capacitance values of 520 F
g−1 at 0.1 A g−1 and 219.4 F g−1 at 20 A g−1 and steady cycling
stability after 10,000 charge/discharge cycles. Inspired by the
work of Wang, Shwetha et al.87 reported the preparation of
MGCN using two modified techniques, namely, a simple one-
pot method (CN1) and a hydrothermal method assisted by

carbonated beverages (CN2). In the first method, melamine
and ammonium carbonate in a ratio of 1:1 were mixed and
carbonized at 550 °C for 2 h. In the second method, 0.5 mL of
Coca-Cola was introduced in place of ammonium carbonate.
The mixture containing 10 g of melamine, 0.5 mL of Coca-
Cola and 60 mL of deionized water was sonicated at room
temperature for 5 min and then hydrothermally heated at 180
°C for 16 h. While the ammonium carbonate is presumed to be
responsible for the generation of porous structures in the CN1,
the carbonated beverage acts as a porogen in the CN2 method.
The microscopic and surface area analyses indicated that g-CN
prepared using CN1 (g-CN-1) exhibited a combination of
meso- and micropores with a surface area of 53.22 m2 g−1,
whereas g-CN prepared by adopting the CN2 (g-CN-2)
strategy displayed ordered mesopores with a pore diameter and
surface area of 4.5 nm and 68.66 m2 g−1, respectively. The
electrochemical capacitance of both materials studied in 6 M
KOH in the potential range of −0.1 to 0.6 V suggested that g-
CN-2 delivered a specific capacitance of 235 F g−1 at a scan
rate of 10 mV s−1 as compared to g-CN-1, which delivered 165
F g−1 under a similar scan rate. Similarly, g-CN-2 retained 60%
of its initial specific capacitance when the current density was
increased from 0.5 to 4 A g−1, which is much higher than that
of g-CN-1 (40%). While the superior capacitance of g-CN-2 is
attributed to its distinctive coiled and lamellar structure and
higher surface area, which offers a large number of active sites
for capacitive storage of ions, the presence of ordered
mesopores and a large number of sp2 domains in g-CN-2
could have facilitated rapid transport of electrons and ions and
thus a higher rate capability. Broccoli-like MCN was

Figure 5. (A) TEM images of (a,b) MGCN and (c,d) MGCN-E. (B) Atomic force microscopic images of (a) MGCN and (b) MGCN-E, with
their corresponding step height profiles inset. (C) (a) Nitrogen sorption isotherms and (b) BJH pore size distributions of MGCN and MGCN-E.
(D) (a) CVs recorded at a scan rate of 10 mV s−1 and (b) GCD cycles recorded at a current density of 0.75 A g−1 of MGCN and MGCN-E.
Reproduced with permission from ref 83. Copyright 2019 Centre National de la Recherche Scientifique (CNRS) and the Royal Society of
Chemistry.
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synthesized by Cai et al.88 using a simplified one-step
carbonization process of a composite material consisting of a
zeolitic imidazolate framework of Zn-based ZIF-8 and
melamine. The composite (ZIF-8/melamine) was prepared
by suspending 0.5 g of melamine in 10 mL of water, followed
by the addition of 2.0 g of ZIF-8 to the mixture, and
subsequently sonicated for 1 h before drying in a vacuum at 60
°C for 24 h. The composite powder obtained was placed in a
furnace and heated at various temperatures, including 600, 800
and 900 °C, under a nitrogen atmosphere for 3 h. The
composite carbonized at 800 °C (ZM-C-800) exhibited a 3D
broccoli-like morphology and a high N content of about
28.3%, and thus it delivered a specific capacitance of 359.1 F
g−1 at a current density of 1 A g−1. Moreover, a symmetric
supercapacitor fabricated using ZM-C-800 as the electrode
displayed an energy density of 11.4 Wh kg−1 at a power density
of 498.5 W kg−1.88 Shen et al.89 reported the deposition of
nickel−cobalt-layered double hydroxide flower-like NSs (f-
NiCo-LDH) onto the framework of g-CN using poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene gly-
col) diacrylates (Pluronic F127) as a modulating agent
through a refluxing method. The optimized composite having
10 mg of g-CN (f-NiCo-LDH/g-CN2) displayed a hierarchi-
cally porous structure and a combination of both macro- and
mesopores and thus delivered a high specific capacitance of
2,933.3 F g−1 at 0.5 A g−1 and retained 75.3% of its initial
capacitance after 7,000 charge/discharge cycles. Asymmetric
hybrid supercapacitors assembled using the f-NiCo-LDH/g-
CN2 composite as the cathode and activated carbon as the
anode delivered an energy density of 52.7 Wh kg−1 at a current
density of 0.5 A g−1. Shen et al.90 synthesized porous activated
CN (ACN) by a one-step pyrolysis/activation method using
citric acid and melamine as blowing agent and precursor,
respectively. They found that varying the temperature has
significant effects on the textural parameters and oxygen/
nitrogen content of the final products. The surface area and
pore size increased and decreased, respectively, with an
increase in the pyrolysis temperature from 500 to 700 °C,
which is mainly due to the increase in the surface area
contribution from the micropores. In contrast, the nitrogen
and oxygen content were found to decrease and increase,
respectively, with an increase in the pyrolysis temperature from
500 to 800 °C. Notably, 700 °C was found to be the optimum
temperature for the preparation of ACN (ACN-700) with
superior textural and nitrogen/oxygen content, which delivered
a specific capacitance of 185 F g−1 at a current density of 0.5 A
g−1. The assembled symmetric supercapacitors based on ACN-
700 achieved energy densities of 16.9 Wh kg−1 at a power
density of 650 W kg−1 and 6.2 Wh kg−1 at a power density of
300 W kg−1 in 2 M 1-butyl-3-methylimidazolium tetrafluoro-
borate ([BMIm]BF4)/acetonitrile and 6 M KOH, respectively.

The major limitation of carbonaceous materials is inferior
energy density, which is primarily attributed to the surface-
dependent charge storage mechanism. Heteroatom doping has
been identified as a viable option for introducing sites for fast
Faradaic reactions, thereby enhancing the overall capacitance.
Although MCN possesses high nitrogen content, introducing
other heteroatoms such as P, S, B, etc. was found to improve
its electrochemical properties. In this regard, our group
investigated the effects of phosphorus doping on the
composition and capacitance properties of MGCN.91 It was
found that a phosphorus dopant prefers a carbon site for
doping, thereby introducing defects into the structural

framework of MGCN. An increase in the loading level of the
dopant leads to corresponding increases in the oxygen content
and surface area, mainly attributed to phosphoric acid
activation and incorporation of large atomic radius P into
the lattice of MGCN, thereby introducing structural distortion.
The doping of MGCN with P creates a new bond
configuration in which the P atom is bonded to both O and
C (P−C, P−O), thereby breaking the electroneutrality of the
carbon host. This is expected to enhance the capacitance
properties of MGCN. Furthermore, the structural defects and
improved surface area offered by phosphoric acid activation
provide ideal sites for charge storage and formation of double
layers, respectively. Consequently, all the P-doped MGCN
electrodes (MGCN-P-X, where X denotes the amount of the
phosphoric acid used) deliver higher specific capacitance at all
the current rates as compared to pristine MGCN. A
symmetrical supercapacitor device fabricated with MGCN-P-
0.5 delivered an energy density of 17.22 Wh kg−1 at a power
density of 500 W kg−1 and demonstrated excellent rate
capability by retaining its energy density up to 9.92 Wh kg−1

when the power density was increased by 20 times.
Furthermore, the device presented stable cycling stability
over 10,000 cycles. Kong et al.92 used boron doping to
enhance the supercapacitive performance of porous CN.
Typically, an ionic liquid solvent namely; BMIBF4 was utilized
as the source of the boron and a sacrificial template. The
optimized as-prepared hierarchically porous boron-doped g-
CN (B-g-CN800) NS electrode showed specific capacitance
value of 620.0 F g−1 at 0.1 A g−1 and 312.0 F g−1 at 20 A g−1,
stable cycling stability after 2,500 charge/discharge cycles and
a high energy density of 86.1 Wh kg−1 at a power density of
100 W kg−1. The superior electrochemical performance is
attributed to the hierarchically porous structure with pore size
dominantly in the range of 1−3 nm and high contents of
pyrrolic nitrogen (11.12 at%) and boron (8.21%).

Besides heteroatom doping, compositing MCN with other
materials has been reported as a facile method to enhance its
electrochemical performance. For instance, a composite
comprised of NiCo2S4 NSs and porous g-CN was prepared
by Li et al.93 First, porous g-CN was prepared by calcination of
thiourea at 550 °C,18 followed by hydrothermal treatment of
NiCo2S4 precursors with as-prepared porous g-CN at 180 °C
for 12 h. In the composite, g-CN provides structural support,
thereby preventing the rapid degradation of NiCo2S4, and the
distinctive “sheets on sheets” architectures shorten the
diffusion path lengths for ions and electrons. Accordingly,
the colored composite (NiCo2S4/NSs/P-g-C3N4) exhibited a
specific capacitance of 506 F g−1 at a current density of 1 A g−1

and outstanding rate capability and cycling stability. An
asymmetrical device constructed using NiCo2S4/NSs/P-g-
C3N4 as the anode and activated carbon as a cathode offered
an energy density of 16.7 Wh kg−1 at a power density of 200 W
kg−1 as well as retaining 99% of its initial capacitance after
5,000 cycles. Karuppaiah et al.94 demonstrated the synthesis of
uniform hierarchically 3D urchin-like Bi2S3@2D-g-CN NSs by
a hydrothermal method. The resultant optimized 3D-Bi2S3@
2D-g-C3N4 composite presented a battery-type charge storage
mechanism and delivered an aerial capacity of 41.53 μAh cm−2

at 1 mA cm−2 and an excellent rate capability of 62.77% with a
capacity retention of 94.86% after 5,000 cycles. Moreover,
when the 3D-Bi2S3@2D-g-C3N4 composite was employed as
an electrode material for the fabrication of symmetric
supercapacitors, it delivered an energy density of 3.17 μWh
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cm−2 at a power density of 1495 μW cm−2 with a good cycling
retention of 83.84% after 7,500 cycles in hybrid KOH/
poly(vinyl alcohol) (PVA) gel electrolyte. The synergistic
effect of the porous structure, abundant electroactive sites and
enhanced electronic/ionic conductivities, which decrease the
interfacial resistance, is responsible for its fascinating electro-
chemical performance. A 3D/2D composite made up of MCN
and bioderived carbon (Bio-Cx) was investigated as an
electrode material for supercapacitors by Taha et al.95 The
composite was prepared by a one-pot thermal polymerization
of urea to obtain g-CN,96 followed by the addition of various
amounts of as-prepared biocarbon (GCN/Bio-Cx, where x
denotes the amount of biocarbon used during the synthesis).
The composite prepared using 20 mg of biocarbon exhibited
an enriched number of electrochemically active sites, a larger
surface area and distinctive 3D/2D networks and thus
demonstrated a high capacitance of 300 F g−1 at 1 A g−1 in
the potential window of 1.2 V in 0.5 M H2SO4 electrolyte. The
assembled asymmetric supercapacitor device fabricated using
the GCN/Bio-C20 composite as an anode and mesoporous N-
doped carbon (MPNDC) material as the cathode presented an
enhanced energy density of 53.72 Wh kg−1 at a power density
of 900 W kg−1 and retained almost 100% of its initial
capacitance after 13,000 charge/discharge cycles. Baruah et
al.97 exploited the advantage of the synergistic influence of the
enhanced surface area and interfaces, thereby increasing the
electroactive sites of the electrode material for supercapacitors.
They prepared self-assembled heterostructures of the proto-
nated graphitic carbon nitride (pg-CN) and negatively charged
reduced graphene oxide (rGO) and then introduced
polypyrrole nanotubes (PPyNTs) via an in situ polymerization.
The ternary nanocomposite (rGO-pg-CN/PPyNTs) with
enhanced microstructures and large surface area displayed an
excellent specific capacitance of 803 F g−1 at a current density
of 0.5 A g−1 and good cycling stability of 82% after 5,000
charge/discharge cycles in 1 M KCl electrolyte. Additionally,
the symmetric supercapacitor fabricated using rGO-pg-CN/
PPyNTs delivered an energy density of 8.063 Wh kg−1 at a
power density of 125.002 W kg−1.97 Tahir et al.98 developed a
facile method for the preparation of porous g-CN with a
nanofiber morphology as an efficient material for photo-
catalysis and supercapacitors. The addition of ethanol and 0.2
M HNO3 during the synthesis resulted in the activation of
melamine, thereby forming a bigger unit of heptazine, and the
presence of ethanol as a polar solvent in the reaction mixture
led to the generation of g-CN with a fibrous structure. The as-
prepared 1D g-CN with fibrous structure (GCNNFs),
exhibiting a higher nitrogen content, displayed a specific
capacitance of 275 F g−1 at a current density of 0.5 A g−1 in 0.1
M Na2SO4 aqueous electrolyte and demonstrated superior
cycling stability with 93.6% capacitance retention after 2,000
cycles at a current density of 1 A g−1.

MCN can be used as a sacrificial template and nitrogen
source for the preparation of advanced electrode materials.
Yang et al.99 realized the synthesis of nitrogen-rich porous
graphene-like carbon sheets (NPGCs) using MCN as both
nitrogen source and in situ template by a plasma-enhanced
chemical vapor deposition method followed by high-temper-
ature pyrolysis. The as-prepared NPGCs demonstrated
exciting features, including a conductive interconnected
network with an electrical conductivity of 693 S m−1, copious
number of mesopores, ultralarge pore volume of 4.35 cm3 g−1

and high surface area of 1277 m2 g−1, which are all expected to

improve its electrochemical performance. Consequently,
NPGCs delivered a specific capacitance of 261 F g−1 at 1 A
g−1 with an exceptional rate capability of 72.41% after the
current density was increased to 100 A g−1 and presented an
outstanding cycling performance with capacitance retention of
97% at 10 A g−1 after 20,000 cycles. Furthermore, the
assembled symmetric supercapacitors delivered an energy
density of 6.53 Wh kg−1 at a high power density of 28.4 kW
kg−1. A layered conductive bamboo-like carbon nitride (c-CN)
was synthesized by Cai et al.100 using a metal−organic
framework (MOF). The as-prepared MOF was annealed
under vacuum followed by filtration and drying to obtain c-
CN. When used as a negative electrode for flexible super-
capacitors, c-CN produced a large capacitance value of 333.8 F
g−1 at 5 mV s−1 and retained over 88% capacitance with
retention of cycling stability after 12,000 cycles. A symmetrical
device was constructed using a solid-state electrolyte (PVA/
KOH gel) by assembling two symmetric c-CN electrodes with
a PVA/KOH gel. The device functioned as a flexible EC,
which worked under different deformation conditions and
delivered an energy density of 5.9 W h kg−1 at a power density
of 846 W kg−1, thanks to the synergistic effects of high
porosity, mechanical flexibility and improved electrical
conductive.
3.1.2. Batteries. A battery is an electrochemical energy

storage device that converts the chemical energy of the active
materials into electrical energy by redox reactions. A battery is
considered as two or more galvanic cells coupled in series or in
parallel or both. Batteries are the preferred source of energy for
portable and mobile applications owing to their high
conversion efficiency and because they are user-friendly in
terms of shape, size and design. Rapid advancements in the
field of materials science and technology has resulted in
improvements in the performance of different battery and cell
technologies. For instance, over the years, nonrechargeable
technologies such as zinc−carbon and alkaline batteru
technologies have evolved, and new and exciting rechargeable
batteries such as Li-ion, Na-ion, Li-S, etc. are either
commercialized or will be available soon. Furthermore, all-
solid-state batteries, with the potential to replace traditional
batteries based on flammable liquid electrolytes, are gaining
momentum.101 This class of battery technology can be
deployed for large-scale energy storage, including power grids
and electric vehicles, among others. The performance of
various MCN-based materials toward battery applications is
summarized in Table 2.
3.1.2.1. Li/Na-Ion Batteries. Among the various batteries,

Li-ion batteries (LIBs) are considered the most promising due
to their high energy density, low memory effect, good rate
capability, etc.102,103 Although g-CN possesses a suitable
interlayer distance that can accommodate both Li and Na
ions, the capacities reported for LIBs and Na-ion batteries
(NIBs) range from 6 to 182 mAh g−1 and from 10 to 100 mAh
g−1, respectively.43,104−106 The obtained limited capacity is
mainly attributed to the low electronic conductivity and
inferior cycling stability of the g-CN material.105,107

Furthermore, the limited intercalation kinetics of g-CN has a
detrimental impact on Li- and Na-ion storage performance.
Over the years, various strategies, such as heteroatom doping,
compositing with conductive materials, etc., have been adopted
to overcome these issues.108 In this regard, most of the studies
on the application of g-CN for battery applications are based
on compositing. Furthermore, the introduction of porous
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networks into the framework of g-CN has been identified to
facilitate the efficient transport of ions and chemical species
and to provide enough space to accommodate large amounts
of active material, thereby mitigating unwanted volume
expansion.109 For instance, Kim et al.110 reported the Li- and
Na-ion storage properties of MCN with a triazole framework
coupled with molybdenum sulfide (MCN-11/MoS2) for the
first time. According to density functional theory (DFT)
calculations, the reversible adsorption of the Li and Na ions
follows the order g-C3N4 < C3N5 < MCN-11/MoS2 composite,
indicating that the charge transport of both LIBs and NIBs is
more facile in the composite than in pristine g-CN and C3N5.
On the other hand, experimental studies revealed that the
optimized composite (MCN-11/MS2) delivered a reversible
capacity of 193 and 54 mAh g−1 for LIBs and NIBs,
respectively, which are 3.86 and 10.80 times higher than that
of pristine MCN, which is ascribed to the composite’s enriched
mesopore channels, extended gallery height and high ion
adsorption energy. The low initial Coulombic efficiency
witnessed in the material is attributed to the formation of a
solid−electrolyte interphase, which is more predominant in a
Li environment than Na.110 In 2021, Jiang et al.111 synthesized
a g-CN honeycomb-shaped meso@mesoporous carbon nano-
fiber material integrated with homogeneously dispersed
ultrafine Fe2O3 NPs (Fe2O3@g-C3N4@H-MMCN) through a
multistep synthetic approach. A first cathodic peak at a
potential of 1.54 V in the cyclic voltammogram (CV) of the
hybrid material revealed the intercalation reaction of Li (Fe2O3
changes to LixFe2O3), while the second cathodic peak was
attributed to the transformation of Fe3+ to Fe2+, an indication
that Fe2O3 NPs act as hosts for Li ions. On the other hand, the
nitrogen doping originating from the g-CN lowered the energy
barrier for the intercalation of Li ions, thereby enhancing the

surface wettability, whereas the mesoporous structure
mitigated the unwanted volume expansion. The as-prepared
hybrid material delivered a superior specific capacity of 1510
mAh g−1 at a current density of 100 mA g−1. The material still
maintained a specific capacity of 782.9 mAh g−1 after 500
cycles. Zhou et al.112 reported the NIB performance of a g-
CN@carbon composite prepared by gel coating followed by
calcination. During the calcination process, the gel coating was
found to play a vital role in the homogeneous dispersion of g-
C3N4, thereby preventing the aggregation of particles. Owing
to the unique structure of the composite, including enhanced
pyridinic-N content, high electronic conductivity and con-
ductive porous networks, it delivered a high discharge capacity
of 250 mAh g−1 at 0.1 A g−1 and a long-term cycling
performance with 180 mAh g−1 over 1600 cycles at 0.5 A g−1.
Additionally, the composite material, when used as an anode
with Na3V2(PO4)3 as a cathode for a full battery, demonstrated
good cycling stability and maintained a specific capacity of 136
mAh g−1 over 140 cycles at 0.1 A g−1. Cai et al.113 investigated
the LIB performance of a novel holey α-C3N2 monolayer using
swarm-intelligence 2D global minimum structure search
methods in conjunction with structure design through the
assembly of organic unit building blocks. The CN structure
developed from a convex hull, based on the relative
thermodynamic stabilities, revealed that the α-C3N2 exhibited
a high porosity structure and improved N content offering
multiple pyridinic-N sites. Hence, the material demonstrated
enhanced Li adsorption sites and displayed an extremely high
theoretical capacity (2791 mAh g−1). Experimentally, high
feasibility, a low Li-diffusion energy barrier and a suitable
open-circuit voltage are the major attributes of porous α-C3N2
that make it a highly promising anode material for LIBs.
Furthermore, it has been demonstrated that the α-C3N2
framework can be composited with other materials, thereby
extending its applications beyond LIB anodes. Kim et al.114

demonstrated the preparation of MoS2 coupled with ordered
MCN using nanotemplating as a single-step strategy. The
nanotemplating process involved the pyrolysis of phospho-
molybdic acid hydrate (PMA), dithiooxamide (DTO) and 5-
amino-1H-tetrazole (5-ATTZ) precursors in the presence of a
3D mesoporous silica template. During the calcination process,
the hybridization of the materials followed by sulfidation and
polymerization and thus formation of MoS2 and CN occured
simultaneously inside the meso-channels of the hard template.
The prepared CN/MoS2 hybrid material exhibited a high
purity and remarkable degree of crystallinity and thus delivered
specific capacities of 605 and 431 mAh g−1 at current densities
of 100 and 1000 mA g−1, respectively. The preparation of P-
doped MCN (P-MCN-1) with ordered porous structures for a
high-energy and high-power LIB anode was reported by
Kesavan et al.115 The as-prepared P-MCN-1 material delivered
a high reversible discharge capacity of 963 mAh g−1 after 1000
cycles at a current density of 1000 mA g−1 when used as an
anode for LIBs, which is much higher than that of other
reported materials like s-triazine (C3H3N3, g-C3N4), pristine
MCN1 and B-MCN-1 subunits. The prediction based on first-
principles calculations revealed that P-MCN-1 has a high
formation energy, lower bandgap value and high Li-ion
adsorption, which results in high lithium storage, stable
cycle-life, high power capability and minimal irreversible
capacity (IRC) loss.

Although phosphorus doping enhances the NIB perform-
ance of MCN, the introduction of heteroatoms with larger

Table 2. Performance of Various MCN-Based Materials
toward Battery Applications

Material

Specific
capacity

(mAh g−1)

C-rate (C)/
Current
density

(mA g−1)

Capacitance
retention

(%)/number of
cycles Ref

g-CN/N-C 54.9 0.2 200 40
c-CN PP 996.8 2.0 - 100
MCN/S 828.4 0.1/0.5 100 109
MCN-11/MoS2 193 and 54 100 500 98
Fe2O3@g-C3N4@

H-MMCN
1115.1/

998.4
100/2000 100/500 111

g-CN@carbon
composite

180 0.5 A g−1 1600 112

g-CN@carbon
composite/
Na3V2(PO4)3

136 0.1 A g−1 140 112

α-C3N2 2791 - - 113
CN/MoS2 605 and

431
100 and 1000 - 114

P-MCN-1 963 1 A g−1 1000 115
S-MCN 413.9 50 10 116
Li2S/p-C3N4/

CNT
997.5 0.2 A g−1 600 118

PTCN/S 504 4 500 119
CN/MoS2 680 0.5 200 120
C3N4/N-rGO/

MoS2

800 100 100 117

Pt/CNHS 600 100 100 129
NGM-CN-Fe 677 5 100 130
g-CN/N-Cs 54.9 0.2 200 131
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atomic radii such as S could expand the interlayer distance of
the MCN, thereby facilitating the facile insertion of a large
volume of Na ions. Inspired by this, Cha et al.116 reported the
preparation of sulfur-doped MCN (S-MCN) through a hard
template method by using DTO as a single molecular
precursor. According to first-principles DFT calculations, the
doping of S on MCN increases the high adsorption energy and
chemical structure of the composite, thereby optimizing its
uptake of Na-ions. Notably, S-MCN prepared at 700 °C
possesses the largest surface area and highest number of defect
sites, instigating its inherently low crystallinity, facilitating the
delivery of a specific discharge capacity of 413.9 mAh g−1 at a
current density of 50 mA g−1 after 10 cycles. The design of N-
doped graphene/porous g-CN NSs supported by a layered
MoS2 hybrid (C3N4/N-rGO/MoS2) for use as a LIB anode
was reported by Hou et al.117 A 2D multilayered nanostructure
was formed by the dispersion of few-layer MoS2 NSs onto the
N-doped graphene/porous g-C3N4 NS matrix using a facile
hydrothermal method. The obtained hybrid C3N4/N-rGO/
MoS2 NSs displayed a considerably large capacity of more than
800 mAh g−1 at 100 mA g−1 and high rate capability by
retaining 83% of their capacity when the current density was
increased from 50 to 500 mA g−1. Furthermore, the hybrid
material delivers excellent cycling stability by maintaining 91%
of its initial capacity after 100 cycles. The obtained remarkable
rate capability and cycling stability of the composite are
attributed to the porous networks in g-CN, which provide
enriched channels for the facile diffusion of electrolyte ions and
restrain the large volume changes of MoS2 NSs, thereby
enabling the material to exhibit superior rate performance and
cycling extended stability, respectively.
3.1.2.2. Li-S Batteries. Lithium−sulfur batteries (LSBs) are

a new and promising next-generation battery technology, based
on elemental sulfur (S8) as a cathode and Li as an anode.
Theoretically, LSBs are expected to deliver a specific capacity
of 1675 mAh g−1 and a specific energy of 2600 Wh kg−1, which
is 2−5 times higher than those of LIBs. Nevertheless, intense
shuttling of lithium polysulfides (LiPSs) and slow redox
kinetics are among the major limitations of LSBs. MCN, with
large surface area, enriched mesopores and high pyridinic
nitrogen content, can efficiently enhance the redox kinetics of
S species and facilitate rapid redox conversion of LiPSs.
Besides, via tailoring the textural properties and morphology
and tuning the surface functionalities, including nitrogen
content/type, of MCN by doping, compositing could
significantly improve its performance toward LSB applications.
For instance, Liang et al.118 reported the synthesis of a 3D
lithium sulfide/porous g-CN/carbon nanotube ternary com-
posite (Li2S/p-C3N4/CNT) as a bifunctional host for a Li-S
cathode. The composite, prepared by a direct and easy liquid
infiltration−evaporation method, delivered an initial discharge
capacity of 997.5 mAh g−1 at 0.2 A g−1 and demonstrated good
cycling stability over 600 cycles. The reasonable Li-S
performance of the composite is attributed to the ultrafine
nature of Li2S, which ensures material utilization, a highly
conductive network of CNTs accelerating the rapid transport
of electrons and porous g-CN providing strong polar
adsorption capacity for Li2S. Very recently, the inherently
inferior conductivity of g-CN toward LSBs was overcome by
exploiting the defect engineering strategy by Ma et al.119 The
etching approach was adopted for the preparation of vertically
aligned tubular g-CN with porous structure and low nitrogen
content (PTCN). The low nitrogen content in PTCN endows

the material with excellent conductivity and superior capability
for adsorption of S atoms and enhances the catalytic
conversion of LiPSs, where the enriched porous structure
and tubular morphology facilitate rapid redox conversion of
LiPSs. Consequently, Li-S batteries with PTCN/S cathodes
delivered a discharge capacity of 504 mAh g−1 at 4 C and a
remarkable cycling stability over 500 cycles with minimal
capacity fading of 0.0063% per cycle. Angamuthu et al.120

adopted a hydrothermal method for the preparation of MoS2
anchored onto the surface of a CN-based nanomaterial (C-N/
MoS2) for LSBs. The as-prepared hybrid material demon-
strated improved electrochemical performance, with an initial
charge/discharge capacities of 1252 and 1264 mAh g−1 at 0.5
C rate and good capacity retention of 680 mAh g−1 after 200
cycles. The higher capacity and cyclic stability of CN/MoS2-
based hybrid in comparison with the pure CN are attributed to
the uniform formation of a hybrid structure with CN
supporting the MoS2 and enhancing the surface area and
porosity of the composite, thereby providing more electro-
chemical active sites and suppressing the diffusion of dissolved
polysulfides. Li et al.109 reported the efficient synthesis of
MCN-based materials as cathode matrixes for advanced LSBs
using a hard template method followed by melt-diffusion under
a nitrogen atmosphere. The MCN material, with a large surface
area and abundant mesopores, provides an effective platform
for anchoring S and provides highly conductive channels for
the rapid transport of electrons and Li ions while retarding the
shuttling of polysulfides during the charge/discharge process.
Furthermore, the high nitrogen content in the framework of
MCN induces polarization with the framework, thereby
allowing the facile chemical adsorption of S. Electrochemical
studies revealed that the MCN/S hybrid cathode demon-
strated an excellent performance with initial discharge
capacities of 1284.5 and 1107.1 mAh g−1 for 66.7 wt% active
material at 0.1 and 0.5 C, respectively. It also displayed
remarkable cycling stability by retaining its initial discharge
capacity at 828.4 mAh g−1 after 100 cycles. Recently, vacuum
annealing of a MOF followed by hydrochloric acid solution
treatment was adopted by Cai and co-workers100 for the
preparation of multilayered bamboo-like conductive carbon
nitride (c-CN) as an in situ interlayer separator−support
toward LSB applications. The metallic Ni formed during the
high-temperature vacuum calcination acts as a catalyst, which
propels the transformation of amorphous carbon into sp2-C.
Subsequently, a tubular-like c-CN material with excellent
electronic conductivity, large surface area and ultrahigh
nitrogen content was obtained after acid washing. A flexible
and high-performance c-CN-based (c-CN PP) separator was
prepared via facile vacuum filtration of c-CN and a
commercially available Celgard polypropylene (PP) sheet, to
fabricate a coil cell LSB in such a way that the c-CN PP
separator is facing the cathode side. The CV profile of the
fabricated LBS displayed two cathodic peaks at potential
ranges of 2.21−2.24 and 1.81−2.07 V, which were assigned to
the reduction of S8 to Li2Sx (4 ≤ x ≤ 8), followed by the
reduction of the byproduct into an insoluble compound.
Furthermore, the assembled LSB delivered an initial capacity
of 1532.1 mAh g−1 at 0.2 C and maintained a capacity of 996.8
mAh g−1 when the C rate was increased to 2.0 C, suggesting
that the developed separator facilitated the accelerated kinetics
of the LiPSs redox reaction.
3.1.2.3. Metal−Air Batteries and Beyond. In metal−air

batteries, air and metal are utilized as cathode and anode,
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respectively. Metal−air batteries exhibit higher energy density
than traditional batteries since the ambient air used in the
cathode is weightless. The common metals investigated as
anode materials include Li, Na, Mg, Al, K, Zn and Fe.121

Among them, lithium−air batteries (LABs) and zinc−air
batteries (ZABs) have received a large amount of scientific
interest. The major limitations of LABs and ZABs for practical
applications include their inferior cycling stability and
efficiency, due to the corrosion of the anode material, and
poor capacity and rate capability, due to the large overpotential
caused by the sluggish kinetics of the oxygen evolution reaction
(OER) and oxygen reduction reaction (ORR) during the
charging/discharging process, respectively.122−126 In recent
years, it was identified that developing efficient electrocatalysts
could be an ideal strategy for solving the slow kinetics of the
ORR and OER, and hence various electrocatalysts have been
investigated.127,128 Owing to their facile synthetic methods,
environmental friendliness, large surface areas and enriched
mesopores, MCN-based materials have been investigated as
electrocatalysts for both LABs and ZABs. For instance, Zhao et
al.129 investigated the preparation of a single-atom Pt catalyst
supported on holey ultrathin g-CN NSs (Pt-g-CN) using a
facile liquid-phase reaction of g-CN and H2PtCl6. They
observed that the single-atom Pt NPs could achieve high
stability and dispersibility, thereby promoting their full
utilization during the electrochemical process, thanks to the
support offered by the holey ultrathin g-CN NSs. Incorporat-
ing Pt atoms and porous structure g-CN proffer the composite
to exhibit excellent electrocatalytic activity when employed as a
cathode catalyst for LABs, showing a discharge capacity of 600
mAh g−1 after 100 cycles. Wang et al.130 developed a
hydrothermal method for the preparation of heterolayered
iron−nitrogen coordination between g-CN and a graphene
nanomesh (NGM-CN-Fe) with superior ORR electrocatalytic
activity. The optimized composite demonstrated an enhanced
ORR performance with an onset potential of 0.5 V, which is 14
times better than that of atomic Fe, and a half-wave potential
20 mV more positive than that of commercial Pt/C. The
enhanced ORR electrocatalytic activity of the hybrid is
ascribed to the formation of interfacial metal−nitrogen
coordination between different 2D materials. Recently,
MCN-based materials have been used for other battery
technologies, including as separators for aqueous ZIBs, cathode
materials for Al-ion batteries (AIBs), etc. For instance, Yang et
al.131 reported a facile drop-casting method for the synthesis of

a modified separator based on a composite made up of a layer
of g-CN NSs and a commercially available separator for
aqueous ZIBs. The 2D porous g-CN NSs facilitate the
distribution of electrolyte ions, thereby inducing uniform Zn-
ion flux, and thus prevent dendrite growth on the zinc anode,
which enhances the reversibility of the battery. A symmetrical
ZIB based on Zn||Zn utilizing a g-CN-coated separator
delivered a 300-fold enhancement in terms of cycling stability
for over 590 h at 3 mA cm−2 and a Coulombic efficiency of
99.2% at 1 mA cm−2 for over 750 cycles. Li et al.40 prepared g-
CN/N-doped carbon (g-CN/N-C) composites as advanced
cathode materials for aqueous AIBs. The optimized composite
delivered an initial capacity of ∼54.9 mAh g−1 at 0.2 C with a
high Coulomb efficiency of ∼99.9% and excellent long-term
cycling stability over 200 cycles. The ex situ X-ray diffraction
and scanning electron microscopy investigation revealed that
the charge/discharge process occurring in AIBs involves the
removal/addition of Al species, mostly Al3+, AlCl4− and Al2Cl7,
from/into the g-C3N4 crystal lattice with the formation of
intermediate Al8C3N4 and (ClCN).3

Of special interest, all-solid-state batteries with the potential
to replace traditional batteries based on flammable liquid
electrolytes are receiving a great amount of attention.101 This
class of battery technology can be deployed for large-scale
energy storage, including power grids and electric vehicles,
among others. Nevertheless, the difficulty in finding a suitable
nanosize all-solid-state battery assembly, including a solid
electrolyte with superior ionic conductivity, remains a
herculean task toward actualizing the full potential of all-
solid-state batteries. It is worth mentioning that research is
currently ongoing aiming at overcoming the above-mentioned
challenges related to this technology.101

3.2. Mesoporous Carbon Nitride-Based Materials for
Electrochemical Energy Conversion Applications. The
performance of various MCN-based materials toward electro-
catalytic ORR, OER and HER, as discussed below, is
summarized in Table 3.
3.2.1. Electrocatalytic Hydrogen Evolution Reaction and

Oxygen Evolution Reaction. Considering its high energy and
cleanliness, hydrogen has the potential to be used as an
alternative and sustainable energy source for the future
economy.132 At present, a large proportion of H2 gas is
produced by steam reforming of natural gas, which is
considered to be nonsustainable as the reserve of hydrocarbons
is fast-depleting.133 Furthermore, the utilization of hydro-

Table 3. Performance of Various MCN-Based Materials toward Electrocatalytic ORR, OER and HER

Electrocatalyst
Onset potential

(V vs RHE)
Overpotential (mV)@10 mA cm−2/Current

density (mA cm−2)
Tafel slope
(mV dec−1) Electrolyte Application Ref

C-MGCN-0.3 160.1 314.8 0.5 M H2SO4 HER 36
g-CN@G MMs - 219 53 0.5 M H2SO4 HER 140
O-Co3S4@S-MCN 1.60 370 52 1.0 M KOH OER 141
g-CN/NiO-7.5% - 215 95 1.0 M KOH HER 142
Co3O4/P-CN - 320 66.8 1.0 M KOH OER 143
Mo2C@carbon 1.00 - - 0.5 M H2SO4 HER 144
MTiCN - 37.6 34 0.5 M H2SO4 HER 145
MCN-11-G3 0.81 11.1 51.4 0.1 M KOH ORR 153
C3N7 0.81 - 53.8 0.1 M KOH ORR 154
FePc@MCN 0.93 - - 0.1 M KOH ORR 155
Fe3C@mCN-800 0.90 - - 0.1 M KOH ORR 157
CoOx/mC@MoS2@

g-C3N4

0.89 4.53 84 0.1 M KOH ORR 158

g-CN/C 0.90 23.92 - 0.1 M KOH ORR 159
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carbons for the production of H2 gas leads to the release of
greenhouse gases (GHGs), which trigger climate changes. In
recent decades, electrocatalytic water-splitting has received
attention as an efficient and sustainable method for the
generation of H2 gas.134 During the overall electrocatalytic
water-splitting, a hydrogen evolution reaction (HER) and an
oxygen evolution reaction (OER) occur at the cathode and
anode, respectively. The major limitation of electrocatalytic
water-splitting is the slow reaction kinetics associated with
both OER and HER, and thus an efficient electrocatalyst is
required to reduce the high overpotential of the reactions,
thereby increasing the efficiency of the overall process.135

Though noble metals such as platinum are reported to
demonstrate excellent electrocatalytic activity, their high cost
and scarcity remain major hurdles from the commercialization
point of view.135−139 Hence, researchers are focused on finding
alternative electrocatalysts that are cost-effective and environ-
mentally benign. Accordingly, transition-metal-based materials
exhibiting unique chemical and physical properties, including
excellent corrosion and chemical stability, high electrical
conductivity, etc., have been found to demonstrate an
appreciable electrocatalytic HER performance. On the other
hand, the direct application of MCN as an electrocatalyst for
HER is very limited due to its inferior electrical conductivity.
Therefore, compositing it with other materials and heter-
oatom/carbon doping has been studied to overcome this
limitation. For instance, our group reported that the presence
of residual carbon in the interlayer of MCN provides a
conductive pathway for the transfer of electrons, thereby
decreasing the interfacial charge transfer involved in HER.36

Inspired by this, we deliberately doped MCN with carbon and
investigated its influence on the electrocatalytic HER perform-
ance.35 Typically, a sol−gel method was adopted for the
introduction of mesoporosity and glucose was utilized as a
carbon source (Figure 6A). It was found the residual carbon
originated from the thermal decomposition of glucose, which is

mainly amorphous, enlarging the interlayer space of MCN, an
indication that structural doping of carbon was achieved.
Microstructural studies (Figure 6B) revealed that the amount
of carbon source used during the synthesis has a significant
influence on both the texture and particle size of the as-
prepared material. Notably, the particle size was found to
decrease with an increase in the amount of carbon source,
which was ascribed to the increase in the effective coordination
between the precursors. On the other hand, the degree of
porosity was found to increase with an increase in the amount
of the carbon source, mainly due to the increase in the amount
of gas originating from the thermal decomposition of glucose.
Among all the samples, MCN prepared using 0.3 g of glucose
(C-MGNC-0.3) presented the lowest onset potential of 160.1
mV vs reversible hydrogen electrode (RHE) and required only
314.8 mV to achieve a current density of 10 mA cm−2 in 0.5 M
H2SO4 (Figure 6C). The better HER performance of C-
MGCN-0.3 was ascribed to its better textural properties and
comparably smaller particle size, which facilitated rapid charge
transfer reactions. Han et al.140 synthesized a mesh-on-mesh g-
CN@mesoporous graphene mesh hybrid (g-CN@GMMs) by
a facile hydrothermal treatment of presynthesized 2D
mesoporous graphene meshes with urea, followed by thermal
carbonization at 600 °C under an argon atmosphere. The
mesh-on-mesh architecture of the composite, coupled with the
strong synergetic influence of g-CN and GMMs, endows it
with an enriched surface area and high electrical conductivity,
which provide exposed adsorption sites for molecular hydrogen
and facile transport of electrons. Consequently, the g-CN@
GMMs electrocatalyst demonstrated superior HER activity,
with an overpotential of 219 mV at a current density of 10 mA
cm−2 and a Tafel slope of 53 mV dec−1.

Besides carbon doping, composites made up of transition-
metal-based materials and MCN have been prepared for both
HER and OER. For example, Signh et al.141 reported the
electrocatalytic performance of sulfur-doped conductive MCN

Figure 6. (A) Schematic representation of the synthesis of C-MGCN-X samples. (B) SEM images of (a) pristine MGCN, (b) C-MGCN-0.1, (c)
C-MGCN-0.3 and (d) C-MGCN-0.5 samples. (C) HER polarization curve recorded at a sweep rate of 20 mV s−1 of pristine MGCN and C-
MGCN-X samples. Reproduced with permission from ref 35. Copyright 2022 Elsevier B.V.
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supported with defect-rich cobalt sulfide (O-Co3S4@S-MCN).
It was found that the hard template used, namely, MCM-41,
could be employed as a porogen and an in situ oxygen source.
The presence of the porous nanostructures in the as-prepared
material offers accessible and abundant active sites for the fast
transport of electrons and reactant mass, thereby speeding up
the OER. On the other hand, the addition of oxygen into
Co3S4 results in an improvement in its electrocatalytic
performance. Physiochemical studies revealed that the as-
prepared O-Co3S4@S-MCN material is highly crystalline and
consists of Co3S4 with abundant defects. The O-Co3S4@S-
MCN composite showed a low onset potential of 1.6 V at a
current density of 10 mA cm−2, a high mass activity of 71 A g−1

at 1.7 V, a low Tafel slope of 52 mV dec−1 and excellent
stability (only a 5% decrease in current density after 2 h of
continuous electrolysis) for the electrocatalytic OER in 1.0 M
KOH. Chebanenco et al.142 prepared an exfoliated g-CN/NiO
nanocomposite using the thermal pyrolysis of urea followed by
ultrasonic exfoliation of g-CN colloidal solution in the
presence of nickel acetate. Ultrafine g-CN/NiO nano-
composites with various amounts of NiO (g-CN/NiO-0.0%,
g-CN/NiO-2.5%, g-CN/NiO-5.0%, g-CN/NiO-7.5% and g-
CN/NiO-10%) were successfully prepared by varying the
concentration of nickel acetate. Among all the samples, g-CN/
NiO-7.5%, with an optimized amount of NiO NPs, delivered
the best performance, showing an overpotential of 215 mV at
10 mA cm−2 and a Tafel slope of 95 mV dec−1. Phosphorus-
doped g-CN was utilized to overcome the agglomeration and
limited conductivity of Co3O4 nanocrystals toward OER by
Zhu et al.143 Typically, Co3O4 nanocrystals were anchored
onto the surface of phosphorus-doped g-CN (P-CN). The X-
ray photoelectron spectroscopy studies demonstrated that
sintering of the Co3O4 nanocrystals and P-CN NSs results in
the formation of Co−N bonds, thereby creating an effective
route for charge transport and exposing a large number of
potential active sites. The OER performance of the as-prepared
Co3O4/P-CN catalyst exhibited a remarkable overpotential of
320 mV, a Tafel slope of 66.8 mV dec−1 and a superior
electrochemical active surface area of 133.58 mF cm−2.

Owing to its high nitrogen content and confined pore
spaces, MCN has been utilized as a hard reactive template for
the preparation of nitrogen-doped nanostructured metal
oxides/sulfides for HER. For instance, Alhajri et al.144

developed molybdenum carbide nanocrystals (Mo2C) sized
within 3 to 20 nm within a carbon matrix using MCN with
confined pores as a sacrificial template. Physicochemical
analysis revealed that the carbonization temperature used for
the thermal decomposition of MCN influences the composi-
tions and surface structures of the final product, which in turn
affect their electrocatalytic performance toward HER. Among
the samples, the Mo2C@carbon nanocomposite prepared at
1050 °C exhibited the largest surface area (308 m2 g−1) and a
relatively small particle size (∼8 nm on average) and thus
delivered the highest HER activity, with an onset potential of
100 mV vs RHE in 0.05 M H2SO4 electrolyte. In 2022, Gujral
et al.145 utilized MCN as a reactive hard template for the
preparation of mesoporous titanium carbonitride (MTiCN).
The as-synthesized MTiCN materials exhibited a rod-like
morphology, abundant mesostructures, high specific surface
area and enriched graphitic carbon domains. The ratio between
the MCN and titanium chloride precursor was varied from 0.4
to 1.2, and the optimized MTiCN demonstrated an
appreciable electrocatalytic HER activity, with a low onset

potential of 37.6 mV vs RHE and a Tafel slope of 34 mV dec−1,
which is close to that of commercial Pt/C.
3.2.2. Electrocatalytic Oxygen Reduction Reaction. The

oxygen reduction reaction (ORR) plays a significant role in
various electrochemical energy storage and conversion devices
such as fuel cells, metal−air batteries, etc. The strong O�O
bond requires energy of 498 kJ mol−1, making ORR kinetically
sluggish, thereby resulting in low efficiency of the devices.
Thus, electrocatalysts are used to speed the activation and
reduction of O2. Several noble metals and nonprecious
transition metal oxides have shown remarkable performance
as electrocatalysts, but their low earth-abundance, toxicity and
high cost remain major challenges. On the other hand, carbon-
based materials such as carbon nanotubes (CNTs), graphene
and their analogues are considered attractive electrocatalysts
owing to their low cost, good stability, high electrical
conductivity and high surface area.146−150 Additionally, their
electronic structures can be easily modified by defect
engineering, heteroatom doping or combination with other
substrates, thereby achieving higher electrocatalytic ORR
activity.151 MCN, with high inherent nitrogen content,
enriched sp2-hybridized carbon, large surface area and excellent
thermal and chemical stabilities could be a promising
electrocatalyst for ORR. The high nitrogen content is expected
to provide important sites for O2 adsorption, the enriched sp2-
hybridized carbon will facilitate the flow of electrons, and the
large surface area will provide abundant sites for the adsorption
of a large volume of reactants. Nevertheless, the ORR
performance of pristine MCN is limited mainly due to the
difficulties in O2 adsorption, O�O bond activation/cleavage
and oxide removal.152 Three major strategies were recently
adopted to overcome the above limitations, namely, tailoring
the nitrogen content and configuration, compositing with other
materials and carbon doping. Kim et al.153 reported tuning of
the nitrogen content and configuration of MCN, thereby
enhancing its ORR activity. Is is typical, a facile self-assembly
of 5-amino-1H-tetrazole (5-ATTZ) was adopted for the
preparation of MCN with a combined triazine and triazole
framework. Subsequently, the as-prepared MCN with a C3N5
stoichiometric ratio was hybridized with graphene by using
graphene−mesoporous silica hybrids as a template, thereby
tuning the electronic properties of the composite. Among the
materials studied, MCN hybridized with an optimized amount
of graphene content (2.1 wt% graphene, MCN-11-G3)
demonstrated the best onset potential of 0.81 V vs RHE and
the lowest Tafel slope of 51.4 mV dec−1. Furthermore, the
material exhibited a kinetic current density of 11.1 mA cm−2 at
0.60 V. It has been pointed out that the 3D structure of MCN
plays a significant role in the removal of the oxide byproduct
during the ORR. In another study, Kim et al.154 prepared
thermodynamically stable C3N7 and C3N6 with ordered
mesoporous structures by pyrolysis of 5-ATTZ at two
temperatures, namely, 250 and 300 °C. Various physicochem-
ical and DFT studies revealed that the N−N bonds in the
C3N7 and C3N6 are stabilized as tetrazine and/or triazole
moieties. Although ordered mesoporous C3N6 possesses a
larger surface area (167 m2 g−1) than ordered mesoporous
C3N7 (114 m2 g−1), electrocatalytic studies indicated that C3N7
displays better ORR performance, with an onset potential of
0.81 V vs RHE, as compared to C3N6 (onset potential 0.8 V vs
RHE). The better electrocatalytic activity of C3N7 is ascribed
to its higher number of nitrogen atoms, which provide a
greater number of active sites for molecular oxygen adsorption.
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It is worth mentioning that there is a limited amount of
research in the area of tailoring the nitrogen content and
configuration of MCN for ORR applications, and thus the
formation of MCN composites has received the most
attention. For instance, Signh et al.155 reported the ORR
activity of MCN-immobilized metal phthalocyanines (MPc,
where M = Mn, Fe, Co, Ni, Cu and Zn). Typically, the MCN
material was prepared by a hard template method using MCM-
41 as the hard template, followed by the immobilization of
MPcs. In the composite, MCN is expected to act as a support
material, thereby preventing the aggregation of MPc molecules
and stabilizing the metal ions through coordination with
nitrogen groups. The MPc-incorporated MCN materials
(MPc@MCN) were investigated for their electrocatalytic
ORR activity in acidic and basic media. Electrocatalytic studies
revealed that FePc@MCN and CoPc@MCN materials
displayed higher ORR activity than the other composites in
0.1 M KOH. Notably, FePc@MCN follows a direct four-
electron oxygen reduction pathway and shows an ORR onset
potential of 0.93 V in 0.1 M KOH, comparable to that of Pt/C
(1.0 V). Additionally, FePc@MCN exhibited superior stability
when subjected to 3000 cycles and showed better methanol
tolerance as compared to Pt/C. FePc@MCN was found to
have a better methanol tolerance in comparison to Pt/C in the
basic medium. On the other hand, CoPc@MCN displayed a
favorable two-electron reduction reaction in both acidic and
basic media. The superior ORR activity of FePc@MCN is
ascribed to the side-on interaction that occurs between the
oxygen and Fe in FePc, leading to the concurrent reduction of
both oxygen atoms.156 Liu et al.157 adopted a colloidal
amphiphile-templating method for the synthesis of MCN
loaded with Fe3C (Fe3C@mCN). Preparation of the
composite involved the synthesis of MCN via the colloidal
amphiphile (CAM)-templating method, followed by loading of
Fe3+ into the mesochannels of MCN. Microstructural analysis
indicated that the composite prepared using MCN carbonized
at 800 °C (Fe3C@mCN-800) consisted of uniformly
distributed nanospheres with an average diameter of 225 nm.
Furthermore, nanocrystals of Fe3C, with an average size of 14

nm, can be seen in the frameworks of MCN. The Fe3C@
mCN-800 electrocatalyst displayed a much higher ORR
activity, with an onset potential value of 0.90 V and a half-
wave potential (E1/2) of 0.81 V, comparable to those of Pt/C.
Moreover, the Fe3C@mCN-800 electrocatalyst demonstrated
better durability than the Pt/C catalyst and retained 90% of its
initial current density after 10 h. The superior electrocatalytic
activity of Fe3C@mCN-800 is attributed to the higher surface
area and higher degree of crystallinity of the ultrafine size Fe3C,
which endow the catalyst with multiple exposed sites that are
electrochemically active toward ORR. He et al.158 reported the
bifunctional electrocatalytic activity of a mesoporous cobalt
oxide/carbon@molybdenum disulfide@g‑CN (CoOx/mC@
MoS2@g-CN) composite derived from a cobalt-based MOF
(ZIF-67) embedded with MoS2 and melamine. The enhanced
HER and ORR activities of CoO and MoS2, respectively, are
exploited in the composite. g-CN provides a conductive
network for the rapid transport of electrons and enriches
nitrogen dopant for the formation of a Co-N complex, which
enhances the overall electrocatalytic activity. Notably, syner-
gistic effects among the different components enables the as-
synthesized composite (CoOx/mC@MoS2@g-C3N4) to ex-
hibit an onset overpotential of 0.89 V and a Tafel slope of 84
mV dec−1 in 0.1 M KOH for ORR. Furthermore, the
composite displayed a low onset potential of −0.031 V and a
Tafel slope of 66 mV dec−1 in 0.5 M H2SO4 for HER.

Fu et al.159 overcame the poor electrical conductivity of g-
CN by the intentional incorporation of carbon into its
structural framework. Following the typical procedure, a 3D
hierarchical porous g-CN/carbon (g-CN/C) composite was
prepared using glucose as a carbon source. During the
carbonization of the precursor, the released ammonia gas
generates the pores in the material, which makes the whole
process a sustainable and template-free approach. The as-
synthesized g-CN/C composite displayed fluffy microspheres,
which were linked together and formed 3D structures.
Moreover, the as-synthesized g-CN/C composite featured a
wide specific surface area of 450 m2 g−1 as well as multiscale
macropores and micropores, providing abundant ORR active

Table 4. Performance of Various MCN-Based Materials toward Gas Storage, Separation and Conversion

Material Application
Surface area

(m2 g−1)
Amount of gas adsorbed (mmol g−1)/current

density (mA cm−2)
Operation temp (°C),

pressure (bar) Ref

gNPCN-130 CO2 storage 466 23.1 0, 30 170
MCN-8E-150 CO2 storage 5.63 0, 30 171
DP-CN-1-4 CO2 and H2S storage 2036.9 8.3, 13.8 25, 1 172
Pebax/ZIF-8/g-CN-9

MMMs
CO2/CH4 separation 278 35.5 ± 0.67 25, 2 173

SEW-MCN-1-130 CO2 storage 655 11.6 0, 30 55
MCN-3 CO2 storage 514 1.74 70, 1 176
MCN-1-130 CO2 storage 678 16.5 0, 30 175
MCN-7-150 CO2 storage 801.5 11.3 0, 30 177
E-MCN-1-900 CO2 storage 738 20.1 0, 30 178
CN-C9N7 CO2 storage, CO2/N2 and CO2/

CH4 separation
- 7.06a 25, 1 179

Cr-MCN-10-1.5 CO2 storage 1294 16.8 0, 30 180
20MgO/MCN CO2 storage 215 1.15 25, 1.013 181
Porous rGO/CN CO2 storage and selectivity 450 0.43b 27, 0.1 192
MCN-14-180 CO2 storage and conversion 244 9.1 and ∼48 0, 30 174
Pd/Cu/g-CN NTs Electrochemical reduction of CO2 240 12.5 - 182
Ni-MCN H2 storage 1481 1.46% 30, 100 188
ND-MCN H2 storage 62.6 0.4% 25, 100 191
aSeparation factor: CO2/N2 and CO2/CH4 = 41.43 and 18.67 Barrer. bSelectivity factor: α12ads = 427.
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sites that facilitate charge transfer. The 3D hierarchical
composites catalyzed ORR efficiently, with an onset potential
of 0.90 V and a current density of 23.92 mA cm−2. These
remarkable performances suggest their promise for applications
in fuel cells and metal−air batteries.

3.3. Gas Storage. Gas storage using porous materials via
adsorption-based technologies has been in existence since the
invention of synthetic zeolites in the early 1940s.160,161

Advancements in the preparation of the existing materials
and discovery of new promising porous materials with
controlled textural, morphological and surface properties over
the years have opened a new direction toward a green and
sustainable separation technology. Indeed, the separation and
purification of CO2 and the desulfurization of transportation
fuels are among the emerging applications of porous materials.
The performance of various MCN-based materials toward gas
storage, separation and conversion is summarized in Table 4.
3.3.1. Carbon Dioxide and Hydrogen Sulfide Storage. The

accelerated increase in the global energy demand due to rapid
population growth and industrialization has dramatically
increased the excessive burning of fossil fuels, thereby resulting
in the emission of GHGs.162 Carbon dioxide is among the key
components of GHGs, which has several environmental
implications such as climatic changes, global warming,
deforestation, flooding, etc. The level of CO2 in the
atmosphere has risen steadily from 322 ppm in 1967 to 408
ppm in 2017 and is projected to attain 600 ppm by
2100.162−164 Hydrogen sulfide is another hazardous gas
emitted during the operation of fossil fuel-based machinery.
Hence, mitigating the emission rates of CO2 and H2S is
urgently needed to slow down the impact of global warming
and climate change. Over the years, various methods such as
physical and chemical absorption,165−167 adsorption,168

cryogenic distillation,169 etc. have been adopted to reduce
the concentrations of CO2 and H2S in the atmosphere.162

Among them, adsorptive separation and storage using
advanced porous materials are gaining significant interest.
MCN, with adjustable textural and environmentally benign

properties, excellent thermal and mechanical stability and high
basicity, has been studied as an exciting material for CO2 and/
or H2S adsorption, separation and storage. Wahab et al.170

reported the preparation of high-nitrogen MCN by a
nanoconfined synthesis method using SBA-15 and guanidine
hydrochloride as a hard template and single precursor,
respectively (Figure 7A). To investigate the influence of
textural properties of the MCN toward CO2 adsorption, the
hard template (SBA-15) was prepared at two different
hydrothermal temperatures, namely, 130 and 150 °C (SBA-
130 and SBA-150). The nanoconfined porous carbon nitride
(g-NPCN) was prepared using the as-prepared hard template,
and surface area analysis indicated that the surface area and
pore volume increased with an increase in the hydrothermal
temperature used for the preparation of the hard template
(Figure 7A). The CO2 adsorption capacity of the samples at
various temperatures demonstrated that g-NPCN prepared
using SBA-130 (g-NPCN-130) outperformed several meso-
porous materials possessing higher surface area and pore
volume (Figure 7B), indicating the role of the inherent C−N
in boosting its adsorption capacity. The acid−base interaction
existing in g-NPCN-130 could enhance its CO2 adsorption
capacity. On the other hand, g-NPCN prepared using SBA-150
demonstrates higher CO2 uptake, which can reach up to 23.1
mmol g−1 at 30 bar, compared to g-NPCN-130 (Figure 7B).
The difference in the adsorption capacity between g-NPCN-
150 and g-NPCN-130 was ascribed to the higher surface area
and pore volume of g-NPCN-150. Additionally, the large pore
size of g-NPCN-150 and higher nitrogen content could
facilitate the adsorption of higher amounts of CO2.

55

The preparation of nitrogen-rich MCN materials with
abundant −NH- and −NH2-based functionalities is expected
to modify their physicochemical and textural properties and
thus improve their CO2 uptake capacity. Park et al.171 reported
the synthesis of highly ordered 3D MCN with high nitrogen
content reaching 61%, which is higher than that of ideal g-CN,
using an uncalcined KIT-6 template. Owing to the higher
nitrogen content, MCN synthesized using KIT-6, prepared at a

Figure 7. (A) Synthesis scheme for nanoporous carbon nitride materials using guanidine HCl as a single C-N precursor and the SBA-15 silica
template, N2 isotherms of g-NPCN-130 and g-NPCN-150 and pore size distribution curves of g-NPCN-130 and g-NPCN-150. (B) CO2
adsorption abilities of different materials at 0 °C and CO2 adsorption abilities at three different temperatures for (a) g-NPCN-130 series and (b) g-
NPCN-150 series; pressures were up to 30 bar for both series. Reproduced with permission from ref 170. Copyright 2020 Elsevier B.V.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.5c00679
ACS Omega 2025, 10, 18184−18212

18201

https://pubs.acs.org/doi/10.1021/acsomega.5c00679?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00679?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00679?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00679?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c00679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


hydrothermal temperature of 150 °C (MCN-8E-150),
exhibited the highest CO2 adsorption capacity of 5.63 mmol
g−1 at 0 °C under 30 bar. It is worth mentioning that the
reported CO2 adsorption capacity of MCN-8E-150 is
comparably lower than the values reported for 2D MCN
possessing higher textural properties but lower nitrogen
content, which leads us to speculate that the textural properties
of MCN play a more important role toward its CO2 adsorption
capacity.

Tabarkhoon et al.172 reported the synthesis of porous carbon
nitride with dual pores (DP-CN) using a hard template
method followed by KOH activation.172 The hard template
method was used to introduce mesoporosity into the
frameworks of CN, whereas the low-temperature KOH
activation was exploited to create microporosity (Figure 8A).
It was observed that the amount of nitrogen in the parent
mesoporous CN influenced the surface area, pore volume and
pore size of the final material after KOH activation. In other
words, the part of the nitrogen presence in the parent MCN
reacts with KOH during the thermal activation, leading to the
liberation of some gases such as NOx, NH3, etc., thereby
facilitating the formation of a higher number of micropores
and thus increasing the surface area and pore volume. In
addition, the ratio between the activating agent and the parent
MCN influences the textural properties, and it was found that
the surface area contribution increases with an increase in the
amount of KOH. Thus, DP-CN prepared using a MCN:KOH
ratio of 1:4 (DP-CN-1-4) exhibited the best textural properties
(Figure 8B). CO2 adsorption studies demonstrated that DP-
CN-1-4 exhibited the highest CO2 and H2S uptake values, 8.3
and 13.8 mmol g−1 at 1 bar, respectively. It is worth
mentioning that the adsorption capacity of the parent MCN
is lower than that of DP-CN-1-4, which indicates the role of
microporosity in enhancing the CO2 and H2S uptake. On the

other hand, the adsorption capacity of H2S is higher than that
of CO2 at all pressures (Figure 8C), mainly due to the higher
polarizability of H2S (38.0 × 10−25 cm3) than CO2 (26.3 ×
10−25 cm3).167 The higher polarizability results in a stronger
electrostatic affinity of the H2S molecule toward nitrogen-
based functionalities on the surface of the DP-CN-1-4
adsorbent. The selectivity of CO2 and CO2/CH4 separation
was investigated by Li et al.173 using high-performance mixed
matrix membranes (MMMs) made up of zeolite imidazolate
framework-8 (ZIF-8) anchored onto the surface of the porous
g-CN. The ZIF-8 was anchored onto the surface of the porous
g-CN by the thermal oxidation etching method. In the
composite, the interconnected 3D nanopores of ZIF-8 offered
the MMMs highly selective nanochannels, whereas the porous
g-CN improved the CO2 adsorption and permeability. The
selectivity of the MMMs toward CO2 and CO2/CH4
separation was improved by incorporating Pebax as a
nanofiller. Thus, MMMs prepared using 1:9 wt% between
the Pebax matrix and ZIF-8/GCN demonstrated the highest
separation performance, reaching 553 ± 23 Barrer and 35.5 ±
0.67 for CO2 permeability and CO2/CH4 separation factor,
respectively.173 Removal of the surfactant used to create the
porosity in the hard template is an important step, dictating the
textural properties of both the template and the daughter
MCN.1,174,175 Although calcination is the most widely adopted
method, it is an energy- and time-extensive process. In this
regard, Lakhi et al.55 adopted a calcination-free approach for
removing the surfactant from the SBA-15 template and used it
to prepare MCN with rod-shaped morphology. The as-
prepared MCN showed excellent properties, with the surface
area reaching 655 m2 g−1 for SEW-MCN-1-130 prepared using
SEW-SBA-15-130 (where SEW and 130 denote static ethanol
wash and the hydrothermal temperature used for the
preparation of the template). Owing to its higher surface

Figure 8. (A) Schematic diagram of the synthesized DP-CN-X-Y, where X and Y denote the amounts of MCN and KOH, respectively, used during
the synthesis. (B) N2 adsorption/desorption (a,b) pore size distributions of M-CN-1 and DP-CN-1-4, (c) comparison of surface area among M-
CN-X and DP-CN-X-Y (before and after activation with KOH), (d) surface area and micropore volume of M-CN-1 and DP-CN-1-Y prepared with
different activation ratios (2, 3 and 4), and effects of (e) EDA/CTC ratio on the nitrogen content of M-CN-X samples and (f) chemical activation
on the nitrogen content of M-CN-1 and DP-CN-1-Y. (C) Bar charts of equilibrium (a,b) CO2 and (c,d) H2S adsorption capacities of M-CN-X and
DP-CN-X-Y at low (1 bar) and medium pressure (10 bar) at 25 °C and (e,f) effect of total surface area on CO2 and H2S uptake at 1 and 10 bar (25
°C). Reproduced with permission from ref 172. Copyright 2022 Elsevier B.V.
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area and larger percentage of micropores as compared to SEW-
MCN-1-150 and SEW-MCN-1-100, SEW-MCN-1-130 dis-
played the highest CO2 uptake under identical conditions of
temperature and pressure. For instance, SEW-MCN-1-100 and
SEW-MCN-1-150 displayed adsorption capacities of 11.6 and
13 mmol g−1 at 0 °C and 30 bar, whereas SEW-MCN-1-130
adsorbed 15.4 mmol g−1 under identical conditions. The ratio
between the ethylenediamine (EDA) and carbon tetrachloride
(CTC) was exploited by Khan et al.176 to tune the nitrogen
content and thus CO2 adsorption and desorption behavior of
MCN. It was found that both surface area and pore size
decrease with an increase in the ratio of the precursors (1:1 for
MCN-1, 1:2 for MCN-2 and 1:3 for MCN-3), whereas the
nitrogen content was found to exhibit a reverse direction. The
observed slight decreases in the surface area (540, 526 and 514
m2 g−1 for MCN-1, MCN-2 and MCN-3, respectively) and
pore size (7.4, 6.9 and 6.1 nm for MCN-1, MCN-2 and MCN-
3 respectively) are ascribed to the formation a denser structure
with increased nitrogen loading. On the other hand, the
increase in the nitrogen content as the ratio between the
precursors increases is attributed to the increase in the degree
of polymerization of the EDA and CTC, thereby hindering the
release of nitrogen atoms during the thermal carbonization.
CO2 adsorption studies revealed that all the as-prepared MCN
materials exhibit similar uptake capacity in the range of 2.46−
2.51 mmol g−1 at room temperature. However, MCN-3, with
the highest nitrogen content (26.1%), demonstrated the
highest CO2 uptake (1.74 mmol g−1) when the experimental
temperature was increased to 70 °C. The reverse CO2 uptake
capacity of MCN-3 was evaluated using a gravimetric method
at two temperatures, namely, 25 and 75 °C, and the results
indicated that the adsorption process is completely reversible
for up to five cycles. The superior CO2 adsorption capacity and
reversible behavior of MCN-3 are mainly due to its
significantly higher initial isosteric heat of adsorptions (Qst)
of ∼73 kJ mol−1, which depends on not only the nitrogen
content but also the type of nitrogen. In 2015, Lakhi et al.175

demonstrated that the morphology of the adsorbents has a
significant influence on their CO2 adsorption capacity and an
adsorbent with uniform and rectangular-shaped morphology
exhibited a better CO2 adsorption capacity. Typically, a highly
ordered MCN (MCN-1-T, where T is the hydrothermal
temperature used for the synthesis of the template) with
uniform rod-shaped morphology was prepared using the hard
template method. The MCN-1-T samples were used as
adsorbents for CO2 capture. Although MCN-1-150 exhibited
a higher value of isosteric heat of adsorption, an indication of
stronger adsorbate−adsorbent interaction, MCN-1-130 regis-
tered the highest CO2 uptake among all the samples, reaching
16.5 mmol g−1 at 0 °C under 30 bar pressure. It was found that
the textural properties of the material have a direct relation
with its morphology and thus the overall CO2 adsorption
capacity. The adsorbent with uniform morphology (MCN-1-
130) exhibited the highest surface area and nitrogen content
compared to the other adsorbents (MCN-1-100 and MCN-1-
150) and thus demonstrated the highest CO2 adsorption
capacity. Besides the textural and morphological properties and
nitrogen content, Lakhi et al.177 demonstrated the role of high
pressure toward increasing the adsorption capacity of an
adsorbent. In this regard, they investigated the preparation of a
large-pore and 3D cage MCN (MCN-7-T, where T is the
synthesis temperature of the silica template FDU-12). Among
the adsorbents, the MCN-7-130 sample showed the highest

CO2 uptake of 13.5 mmol g−1, whereas MCN-7-100 and
MCN-7-150 exhibited adsorption capacities of 10.5 and 11.3
mmol g−1, respectively, at 0 °C and 30 bar. The superior
adsorption capacity of MCN-7-130 is attributed to its better
textural parameters. It was found that the adsorption capacity
of MCN-7-130 increases with an increase in the adsorption
pressure, with a high isosteric heat of adsorption in the range
34.95−24.3 kJ mol−1.177 Lakhi et al.178 investigated the
influence of carbonization temperature on the crystallinity,
textural parameters and nitrogen contents of MCN and its
CO2 adsorption capacity. The prepolymerized samples were
carbonized under various carbonization temperatures in the
range of 600−1000 °C. The surface area and pore volume of
the MCN material were found to increase with an increase in
the carbonization temperature up to 900 °C, beyond which
degradation of the mesostructure was witnessed. The increases
in the surface area and pore volume of the MCN material with
an increase in the carbonization temperature were mainly
ascribed to the increase in the percentage surface area
contribution from the micropore. On the other hand, the
increase in the thermodynamic instability of nitrogen atoms at
higher temperatures results in a decrease in the percentage
nitrogen content as the carbonization temperature increases.
Notably, the nitrogen content reaches the lowest values of 6.3
and 4% at temperatures of 900 and 1000 °C, respectively, a
clear indication that the optimum temperature to prepare
MCN with considerable nitrogen content is around 850 °C.
The CO2 adsorption capacity studies at various temperatures
and pressures revealed that CO2 uptake of the MCN materials
increases with an increase in the carbonization temperature
and reaches the highest level at 900 °C. Although MCN
prepared at 900 °C exhibits a low nitrogen content, it
registered the highest CO2 adsorption capacity of 20.1 mmol
g−1 at a temperature of 0 °C and a pressure of 30 bar. This
suggests that achieving a superior CO2 adsorption capacity
requires a synergy between the textural parameters, nitrogen
content and degree of crystallinity in the MCN-based
adsorbent. Very recently, Liu et al.179 investigated the
development of porous CN NSs with C9N7 for selective
CO2 adsorption using Grand Canonical Monte Carlo
(GCMC) and DFT calculations. The influence of varying slit
widths in the range of 0.6 to 1 nm on the selective CO2
adsorption capacity of the C9N7 structure was studied, and
C9N7 with a slit width of 0.7 nm registered the highest CO2
adsorption of 7.06 mmol g−1 and outstanding CO2/N2 and
CO2/CH4 selectivity of 41.43 and 18.67, respectively, at 25 °C
under a pressure of 1 bar. The substantially selective CO2
adsorption and separation on the C9N7 surface are attributed
to the strong interaction between the CO2 and the C9N7
surface.

Apart from controlling the textural properties, nitrogen
content and experimental pressure, the role of metal oxide NPs
in determining the CO2 adsorption capacity of MCN materials
was also investigated. For instance, Joseph et al.180 function-
alized MCN with chromium oxide NPs through a simple and
versatile method using a MOF (MIL-100(Cr)) and amino-
guanidine hydrochloride (AG) as a template and single
molecular precursor, respectively. The use of MIL-100(Cr)
as a sacrificial template provides a facile strategy, thereby
avoiding the use of corrosive traditional detemplating agents
and thus making the whole process scalable. Furthermore, it
was found that the textural properties and nitrogen content of
the final material can be tailored by adjusting the ratio between
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the MIL-100(Cr) and AG. While the surface area and pore
volume were seen to decrease with an increase in the amount
of AG, the chromium and nitrogen content took reverse
trends. Considering that the highest surface area contribution
originated from the micropore, the highest surface area was
obtained for MCN-functionalized chromium oxide NPs
prepared using 1.5 g of AG (Cr-MCN-10-1.5). Among all
the samples, Cr-MCN-10-1.5 registered the highest CO2
adsorption capacity of 16.8 mmol g−1 at an adsorption
temperature of 0 °C and at 30 bar, which could be attributed
to its superior textural properties and abundant nitrogen-based
functionalities providing the basic sites. Furthermore, the
presence of more chromium oxide NPs in Cr-MCN-10-1.5
could have enhanced its basic character by a synergetic effect,
thereby improving the CO2 uptake.180 The effects of the NP
dispersion on the CO2 adsorption capacity of MCN were also
reported by Refaat et al.181 A series of MgO-supported MCN
materials with varying amounts of MgO in the range of 5−25
wt% was prepared by a sonication-assisted method. The as-
prepared MgO-supported MCN (xMgO/MCN, where x
denotes the amount of MgO) was evaluated for CO2 uptake
from a 10 vol% CO2/N2 mixture using a fixed-bed adsorber. At
25 °C and under atmospheric pressure, 20MgO/MCN
displayed the highest CO2 adsorption capacity of 1.15 mmol
g−1, which is much higher than those of bare MCN (0.99
mmol g−1) and MgO (0.74 mmol g−1) under identical
conditions. Furthermore, 20MgO/MCN was found to exhibit
superior reusability over five cycles with consistent CO2
capture capacity. The enhanced CO2 capture capacity of the
20MgO/MCN nanocomposite is primarily due to the presence
of highly dispersed MgO NPs, which can facilitate CO2
adsorption by acid−base interaction, whereas the excellent
reusability is attributed to the inherently reduced energy
demands of MgO toward CO2 regeneration.

Electrochemical conversion of captured CO2 into valuable
feedstocks for fine industry applications is a facile approach
toward sustainable energy resource exploitation. Very recently,
Kim et al. reported the preparation of nitrogen-rich
mesoporous C3N5 with tailored pore size, binding energy
and basic character for CO2 capture and conversion.174 5-
ATTZ and SBA-15 (prepared at various temperatures, X =
130, 150 and 180 °C) were utilized as a precursor and hard
template, respectively. The as-synthesized MCN-14-X material,
which is based on triazole structures, is expected to exhibit
more basic sites and higher core nitrogen content than
traditional g-CN. DFT calculations forecast that C3N5 is
enclosed by 7 and 10 carbon and nitrogen atoms, respectively,
and the CO2 uptake occurs most likely on the largest hole.
Furthermore, as the pore size of MCN increased from 3.5 to
6.1 nm, the basic character and binding energy of CO2 were
found to be in the order MCN-14-130 < MCN-14-150 <
MCN-14-180. Thus, MCN-14-180, with optimum pore size,
more basic sites and the strongest binding energy of CO2,
registered the highest CO2 adsorption capacity of 9.1 mmol g−1

at 0 °C and 30 bar. Besides, MCN-14-180 demonstrated the
highest current density, which is attributed to wider
mesoporous channels ensuring rapid transport of gaseous
reactant during the CO2 reduction reactions. In 2019, Eid et
al.182 investigated the electrochemical reduction of CO2 over
Pd/Cu/g-CN nanotubes (Pd/Cu/g-CN NTs). Typically, a
melamine precursor was impregnated with metal precursors
(Pd and Cu) in the presence of ethylene glycol and HNO3
solution by stirring at room temperature. Subsequently, the

obtained precipitate was annealed at 550 °C for 2 h under a
nitrogen atmosphere. The electrochemical reduction activity of
Pd/Cu/g-CN NTs was evaluated in CO2-saturated 0.5 M
NaHCO3, demonstrating an appreciable electrochemical CO2
reduction and delivering a current density of ∼12.5 mA cm−2

at a potential of ∼ −1 vs Ag/AgCl. The superior electro-
chemical CO2 reduction activity of Pd/Cu/g-CN NTs was
ascribed to the higher surface area and abundant active sites,
which facilitated rapid mass transport and accelerated
adsorption/dissociation of O2.
3.3.2. Hydrogen Storage. Hydrogen is among the potential

energy carriers which will not only provide a sustainable
solution to the alarming increase in the depletion of fossil fuel
sources but also help to realize the green mission of the United
Nations. Nevertheless, storing hydrogen gas presents a difficult
challenge owing to its lightweight and gaseous nature, and
various practical methods have been developed for safe and
reliable storage of hydrogen. Over the past few decades, the
physisorption of hydrogen using porous materials has received
a lot of attention. g-CN with a high degree of crystallinity, and
its abundant active edges are expected to act as hosts for
hydrogen gas. However, the reported hydrogen storage
capacity of BGCN and its composite materials is rather
inadequate from the practical point of view, which could be
due to the low surface area.103,183−186 Thus, MCN, with an
inherently large surface area, tailored morphology and exposed
abundant surface structures, could be an ideal candidate for
hydrogen adsorption and storage. Nevertheless, few research
groups have reported on potential applications of MCN for
hydrogen adsorption. In 2011, Park et al.187 investigated the
hydrogen storage performance of 2D and 3D MCN with high
nitrogen content using SBA-15 and cubic meso-SiO2 as a hard
template for the first time. Later, in 2014, Moradi reported the
synthesis and hydrogen adsorption capacity of Ni-doped
MCN.188 The ordered MCN was prepared by the thermal
polymerization reaction of ethylene diamine and carbon
tetrachloride in the presence of mesoporous silica MCM-48
as a hard template. Subsequently, MCN was impregnated with
nickel metal by a vacuum decomposition process. Adsorption
studies using the pressure−composition−temperature (PCT)
method at 100 bar and 303 K revealed that doping MCN with
Ni increases its adsorption capacity (MCN, 1 wt% and Ni-
MCN, 1.49 wt%). Furthermore, the hydrogen adsorption
capacity of undoped MCN is higher than that of mesoporous
carbon synthesized under the same reaction conditions. The
higher adsorption capacity of Ni-doped MGCN is attributed to
a spillover mechanism, and the enhanced adsorption arises
from the strong affinity for hydrogen of Ni.189,190 On the other
hand, the larger uptake capacity of undoped MGCN as
compared to mesoporous carbon is related to the stronger
interaction of hydrogen gas on the C−N bond. It is worth
mentioning that both the surface area and pore volume of
mesoporous carbon (1530 m2 g−1, 0.73 cm3 g−1) are higher
than those of Ni-doped MCN (1481 m2 g−1, 0.64 cm3 g−1) and
undoped MCN (1501 m2 g−1, 0.71 cm3 g−1), a clear indication
of the role the surface functional groups plays toward the
hydrogen storage performance of porous materials. The role of
defect engineering in tuning the surface and bulk properties of
g-CN and thus its hydrogen adsorption capacity was explored
by Wang and his co-workers.191 They proposed the
preparation of nitrogen-deficient porous CN (ND-MCN) by
acid-assisted pyrolysis of melamine as a template-free, green
and scalable method for the synthesis of nitrogen-deficient
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MCN. HCl is used as both a porosity and a nitrogen-vacancy-
generating agent, thereby resulting in the formation of
nitrogen-deficient and porous CN (Figure 9A). Hydrogen
adsorption studies conducted at 77 and 298 K under 100 bar
indicated that ND-MCN exhibited higher hydrogen uptake at
both temperatures (Figure 9B). The observed higher hydrogen
adsorption capacity of ND-MCN as compared to BGCN could
be due to the enhanced textural properties in addition to
abundant vacancies generated by nitrogen deficiency. The large
surface area and pore volume of ND-MCN provide more
active sites for the adsorption of hydrogen molecules, while the
mesoporous structures facilitate the rapid and facile diffusion
of hydrogen gas into the inner channel of the material, thereby
increasing the percentage utilization of the interior surface
area. Furthermore, modulation of the electronic properties of
the ND-MCN by the nitrogen vacancy could have increased
the adsorption energy of hydrogen molecules on its surface,
thus leading to the higher hydrogen storage density of 6.39 ×
10−3 wt%·g m−2.

4. CONCLUSION, FUTURE OUTLOOK AND
PROSPECTS

The fascinating properties of MCN-based materials, such as
tailored morphology, high nitrogen content, improved textural
parameters, enriched surface functionalities, etc., have enabled
them to demonstrate a promising performance for various
applications. In this Review, we have discussed the recent
research trends involving MCN in the areas of electrochemical
energy storage and conversion and gas storage, as highlighted
in Tables 1−4. The structure−property relationships of MCN-
based materials in the above-mentioned applications were
discussed in detail. Emphasis was given to the role of the
synthetic approach adopted and the nature of the precursor(s)

used in controlling the textural and morphological properties
and chemical composition of MCN-based materials toward
obtaining the final product with improved performance.
Moreover, the key impacts that MCN modifications have on
the final material’s electrochemical performance were dis-
cussed. Nevertheless, several challenges need to be overcome
to pave the way for the potential utilization of MCN-based
materials for the development of next-generation energy
storage and conversion devices. The challenges and future
research directions associated with MCN-based materials
toward electrochemical energy storage and conversion and
gas storage are as follows:

1. At present, MCN with controlled properties has only
been prepared using hard template methods which
involve the use of corrosive and hazardous detemplating
agents, thereby making the whole process expensive and
time-consuming. Therefore, developing a greener, time-
and energy-efficient method for the preparation of MCN
with tailored properties is key toward its potential
commercialization in the area of energy storage and
conversion and gas storage. Although biotemplate
approaches were recently introduced, it is rather difficult
to control the textural properties and chemical
composition of the final product, which could inevitably
negate their performance toward the final applications.
Therefore, a detailed understanding of the nucleation
mechanism between the biotemplate and the precur-
sor(s) could be a turning point in overcoming this
challenge.

2. Although MCN-based materials offer an impressive
capacitance performance, as highlighted in Table 1, their
utilization as electrode materials is still at a nascent stage,
and the reported energy density is still far from the

Figure 9. (A) XRD patterns, TEM images and nitrogen adsorption/desorption isotherms and pore size distributions of CN and ND-MCN. (B)
Hydrogen adsorption isotherms at various temperatures for CN and ND-MCN. Reproduced with permission from ref 191. Copyright 2021 Elsevier
B.V.
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requirement for practical applications. One major
limitation of MCN-based materials toward electro-
chemical energy storage and conversion applications is
their low electrical conductivity. Therefore, future
research is expected to tailor the surface chemistry of
MCN through surface functionalization with conductive
substrates, thereby improving both ionic and electrical
conductivity. Also, surface defect engineering and
nanostructuring could be viable options in tuning the
overall capacitance properties of MCN-based material.
Ionic and solid-state electrolytes possessing a wider
potential window are emerging platforms for the
fabrication of superconductor (SC) devices with
enhanced energy density. Surprisingly, little attention
has been devoted toward investigating the capacitance
performance of MCN-based materials; instead, aqueous-
based electrolytes were predominantly explored. Hence,
future studies are expected to focus not only on the
utilization of ionic and solid-state electrolytes in MCN-
based SC devices but also on their detailed charge
storage mechanisms.

3. Although theoretical calculations have shown that
pristine MCN could be used as the anode for various
rechargeable batteries, most of the reported studies are
based on composite and heteroatoms doping. Yet, the
detailed structure−property relationships of the reported
MCN-based composite and heteroatoms doping for the
associated performance remain subjects of investigation.
Therefore, a detailed theoretical understanding of the
role of each component in the heterostructure is
necessary to further enhance their performance. More-
over, gaining a deeper understanding of the electrode−
electrolyte interaction and the associated electrochem-
ical reactions is crucial in optimizing the design and
performance of MCN-based rechargeable batteries.
Furthermore, the formation of composites of MCN
with other funct iona l mater ia l s , inc lud ing
MXenes,193−195 COFs, MOFs,196,197 etc., would address
the poor electrical conductivity of MCN and thus
provide an avenue for improving its electrochemical
energy storage and conversion performance.

4. As highlighted in Table 3, MCN-based materials were
widely utilized as electrocatalysts for various electro-
chemical energy conversions. It was found that various
modifications, such as tailoring the nitrogen content and
configuration, compositing with other materials and
carbon doping, etc., improve the adsorption of reactants
and accelerate the kinetics of the overall reaction in
MCN-based electrocatalysts. Given this, future research
should be directed toward the synthesis of MCN-based
materials with controllable surface defects and enhanced
surface textural properties, thereby improving the rate of
mass-transfer reactions during electrocatalytic trans-
formations. The preparation of single-layered MCN
materials with tailored nitrogen contents is expected to
provide an efficient platform for various types of
electrochemical energy conversion. Furthermore, strate-
gic doping of p-block elements into the structural
framework of MCN materials, particularly at edge sites,
would provide a greater number of active sites for the
adsorption reaction. Finally, a deeper theoretical under-
standing of the basic mechanisms associated with various
electrochemical interactions of MCN-based electro-

catalysts (i.e., the mechanism of electrocatalyst/electro-
lyte) and the roles of defects would help in further
improving their electrocatalytic performance.

5. MCN-based materials with adjustable textural and
environmentally benign properties, excellent thermal
and mechanical stability and high basicity have been
studied as exciting materials for gas separation, storage
and conversion. Apart from controlling the textural
properties and nitrogen content, the incorporation of
various materials has been reported to further enhance
their performance. Although there are a number of
reports on the utilization of MCN-based materials for
CO2 adsorption, their potential applications in hydrogen
storage and electrochemical conversion of CO2 are still
areas of ongoing scientific endeavors. This suggests that
there is a need to understand the inherent properties of
MCN-based materials in terms of their adsorptive H2
uptake, molecular CO2 diffusion and bond cleavage.

6. Although MCN exhibits fascinating textural properties
and structural tunability, which could be explored for
storage of various gases including ammonia, it is
surprising to find out that research in this direction is
lacking. Therefore, it is expected that future research
should be directed toward the utilization of MCN as a
metal-free material for storage of ammonia and other
emerging gases.

7. The future outlook and prospects for MCN-based
materials for electrochemical energy storage and
conversion and gas storage applications require a triple
helix of collaborative efforts, i.e., among academia,
industry and government. Academia is expected to
drive the advancement of both fundamental and applied
research toward the large-scale synthesis of MCN-based
materials with improved and tailored properties, which
could be achieved through endowed interdisciplinary
collaboration. On the other hand, entrepreneurial
investment in the various electrochemical energy storage
and conversion devices based on MCN materials would
foster the establishment of large-scale manufacturing
facilities, whereas government intervention and fair
regulation would catalyze the mass adoption of unveiled
technologies, ensuring economic and societal devel-
opment.
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