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ABSTRACT: As a group of large-surface-area nonmetal materials,
polymeric carbon nitride (C,N,) and its hybrid structures are nowadays e ae o™
of ever-increasing interest for use in energy devices involved in energy w “6‘}
conversion and storage, offering low expenses and facile production
processes. With the growing requirement for clean and renewable energy
generation and storage systems, progress in the replacement of expensive
noble-metal catalysts with C,N,-based materials as efficient electrocatalysts = \
has expanded considerably, and the demand for these materials has ® | ORR
increased. The modified C,N, architectures are beneficial to electrocatalytic
applications, improving their moderate electrical conductivities and
capacity loss. The present review strives to highlight the recent advances coecor
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in the research on the aforementioned identities of C_N.-derived materials (clectralyte)
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and their structurally modified polymorphs. This review also discusses the

use of C,N,-based materials in fuel cells, metal—air batteries, water splitting cells, and supercapacitor applications. Herein, we deal
with electrocatalytic oxidation and reduction reactions such as hydrogen evolution, oxygen evolution, oxygen reduction, CO,
reduction, nitrogen reduction, etc. Each device has been studied for a clearer understanding of the patent applications, and the
relevant experiments are reviewed separately. Additionally, the role of C,N,-derived materials in some general redox reactions
capable of being exploited in any of the relevant devices is included.
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1. INTRODUCTION

With increasing environmental concerns and energy demands,
the exploration of clean and renewable energy systems to
reduce fossil fuel consumption has turned into a worldwide
research priority. In this regard, renewable energy conversions
with carbon dioxide (CO,) and water can effectively generate
hydrocarbon fuels and hydrogen (H,), respectively, through
electrocatalytic processesl’2 or produce mixtures (e.g., syngas)
to be directly utilized in other reactions.”> Today, the great
general interest in energy related-systems (e.g, fuel cells,
batteries, sensors, and supercapacitors)®’ is mostly related to
the need to develop sustainable technologies that are feasible
and based on inexpensive and renewable resources and energy
cycles.® For example, in metal—air batteries there is a huge
demand for low-cost, abundant, and eflicient bifunctional
catalysts.®

Electrocatalysis has attracted specific interest for academic
purposes and great interest for technical industrial-scale uses.
However, an underexplored gap exists between fundamental
concepts and application-oriented progress for the commerci-
alization of such technologies due to the inconsistencies
between research parameters and industrial ones.”'® High-
performance redox electrocatalysis favors the prospect of

processing fuels using renewable energy materials. It is noted
that appropriate metals and alloys are supposed to be efficient
electrocatalysts. However, the fabrication of low-dimensional
nanostructured catalysts is an important target'' because the
morphology of the applied material can influence the final
efficiency in this context.'” Namely, the fabrication of porous
metal nanocatalysts is assumed to be a beneficial strategy for
reaching high-surface-area candidates that fulfill the need for
both desirable electrocatalytic activity and pore structures.'’
Besides, compared to porous and one-dimensional (1D)
nanomaterials, two-dimensional (2D) nanomaterials can
deliver a larger quantity of electrocatalytically active sites,
which are much simpler to identify due to the ordered 2D
molecular framework. They also demonstrate the economic
advantage of substituting precious metals.'*"?



It is important to note that these energy systems operate
based on diverse key redox reactions, which include the oxygen
reduction reaction (ORR), the hydrogen evolution reaction
(HER), the oxygen evolution reaction (OER), the CO,
reduction reaction (CO,RR), the methanol oxidation reaction
(MOR), and the nitrogen reduction reaction (NRR). The
development of catalysts as electrode materials can speed up
these reactions and improve the efficiencies of energy systems.
Various metal-based catalysts containing metal-free polymeric
graphitic carbon nitride (g-C;N,) have been employed for a
variety of electrocatalytic applications.'®™"® Metal-based nano-
composites usually exhibit ideal surface areas for catalysis'” and
hydrogen storage.”” However, they are associated with low
selectivity and durability and destructive environmental effects,
which hinder their application. Hence, developing abundant,
inexpensive, more stable, and highly active metal-free catalysts
is currently desirable.”’ In fact, one of the key limiting factors
in the development of new energy devices is the availability of
an adequate catalyst; in response to this, carbon-based
structures are assumed to be key materials because of their
large surface areas, simple processing, high stabilities, and low
cost.”> Multiple carbon-based electrocatalysts can be pointed
out, including porous carbon nanoparticles,23 graphene, and
carbon nanospheres, fibers, sponges, ribbons, shells, and sheets,
nanocages, as well as different carbon hybrids, including
carbon—C;N,, carbon—carbon, monometal- and bimetal-
modified carbon, and carbon with metal sulfides, carbides,
nitrides, oxides, and phosphides.”* Doping carbon-based
materials with heteroatoms such as nitrogen (N), boron (B),
selenium (Se), sulfur (S), and phosphorus (P) leads to high
stability, appropriate catalytic activity, and cost reduction in
energy storage and conversion devices such as supercapacitors,
fuel cells, H, storage, and batteries.”>~** In 1920, the concept
of heteroatom doping in carbon materials was first introduced.
Currently, more than ten nonmetallic elements have been
doped into carbon materials. The size and type of the
heteroatom strongly influence the catalytic performance of
carbon materials in energy systems.”®> Among the various
heteroatom-doped carbon materials, nitrogen-doping enhances
the electrochemical performance and is widely used in metal-
free catalysts. In addition, the nitrogen atoms are more
negative than the carbon atoms, leading to an increase in the
electron density of carbon; hence, the interaction with positive
particles becomes stronger. Additionally, the nitrogen doping
strategy can provide channels for ion and electrolyte
diffusion.”””° The surface wettability and electrical conductiv-
ity of carbon materials can also be improved by nitrogen
doping.”>** Two common approaches for nitrogen doping into
carbon-based methods are (i) “in situ” doping and (ii) post-
treatment doping. In the first approach, nitrogen-doped carbon
is prepared with carbon and nitrogen atoms from the
precursors. In the post-treatment method, some carbon
atoms are replaced with nitrogen atoms in the presence of a
nitrogen source.””?"*

Regarded as metal-free catalysts for ORR, HER, and OER
processes, materials consisting of nitrogen-doped carbon, such
as N-doped carbon nanotubes and N-doped graphene, have
attracted considerable interest due to their excellent electro-
catalytic activities. However, the research has indicated that 1D
and 2D materials often carry trace amounts of impurities,
which nevertheless considerably influence the eventual electro-
catalytic functionality in terms of promoting or inhibiting
different reaction catalysis.”*** Different N-configurations can

be formed by doping the carbon backbone with a nitrogen
atom, among which pyridinic and quaternary N are assumed to
be the main active sites for the above-mentioned reactions.
Carbon-based single-atom catalysts (SACs) are also members
of the important carbon-based catalysts category, exhibiting
extraordinary features like ordered porosity, adjustable
morphologies, and uncomplicated immobilization in multiple
metals.”* Regarding the improved features of their nitrogen-
modified forms, the conversion of CO, into methanol as
chemical fuel using single-atom carbon nitride—ruthenium
photocatalysts to eventually yield a large amount of methanol
has been reported.*®

Aside from all the considerable features of C,N, structures,
ongoing limitations such as a relatively insufficient nitrogen
content (2—S5 atom %), an unstable carbon structure, and weak
functionality under extreme electrochemical conditions neces-
sitate continued research and development in this area.”
Structures containing carbon and nitrogen are increasingly
grabbing attention due to their potential to construct materials
with outstanding electrical and chemical properties. Such
assemblies, including organic frameworks and 2D inorganic
materials, have dedicated a diverse range of functionalities to
the design field of electrochemical materials.>® For instance,
polymeric carbon—nitrogen-based catalysts are among the
systems that can be obtained through strategies such as noble-
metal cocatalysts (Pt, Au, Ag, etc.), non-noble metals (Ni, Fe,
Cu, etc.), and nitrogen doping, in brief."® Among polymeric
C.N, structures, the g-C;N, composition is very well-known
for its thermal and chemical stability and has a significant
catalyzin% capability toward a wide range of chemical
reactions.”” This structure covers various materials applicable
to different electrocatalytic reactions, from porous solid
materials such as covalent triazine-based frameworks (CTFs)
to porous nitrogen-doped carbon catalysts (NdCs).** Since
nitrogen is one element after carbon in the periodic table,
replacing one C with N means the total number of electrons
can be tuned one electron at a time with no significant lattice
mismatch. Besides, via N-doping, the n-type electronic
regulation of the carbon structure promotes the semi-
conducting applications of C—N materials.>”

Graphitic carbon nitride (g-C5N,) is highly recognized as a
stable allotrope, and it is a unique 2D material in energy-
related applications. The 2D framework with nitrogen
heteroatoms substituted in graphite is generated through the
sp® hybridization of nitrogen and carbon atoms. Based on
previous research, tri-s-triazine is regarded as the basic unit of
the g-C;N, network. In contrast to conductive graphite, g-
C;N, has exhibited wide-band semiconductor properties.
Various fabrication methods have been applied in the synthesis
of g-C;N, structures to achieve the challenging goal of totally
condensed samples, and the obtained g-C;N, structures usually
have degrees of defects and eventually exhibit condensation.””
Such distortions are created specifically at temperatures above
the melem thermal stability limit and may induce excessive n-
to-z* transition pathways, which is mostly applicable in
electrocatalytic applications.*’

Recent reviews were focused on photocatalytic studies of
C,N, structures as a result of their visible light response’ * or
specific catalytic reactions,'® and less critical attention has been
paid to emerging electrochemical applications. In this context,
herein we identified some relevant reviews. The study of
efficient and cost-effective doped g-C;N, architectures in
photocatalytic wastewater treatment and gas purification is one



Figure 1. Schematic representation of multiple possible C,N, structures, including (a) C,N, (b) CN, (c) C3N, (d) CN,, (e) g-C;N,, and (f) spiral-
C;N, and different g-C;Nj structures, including (g) f-g-C;N,, (h) heptazine g-C;N,, and (i) triazine g-C;N,. Nitrogen atoms are depicted in blue.
Panel a was reproduced with permission from ref 49. Copyright 2015, Springer Nature. Panel b was reproduced with permission from ref 48.
Copyright 2016, American Chemical Society. Panel ¢ was reproduced with permission from ref 51. Copyright 2012, Wiley-VCH. Panel d was
reproduced with permission from ref 50. Copyright 2015, Springer Nature. Panel e was reproduced with permission from ref 59. Copyright 2018,
American Chemical Society. Panel f was reproduced with permission from ref 54. Copyright 2020, American Chemical Society. Panel g was

reproduced with permission from ref 60. Copyright 2014, Hindawi.

of the aforementioned works. It summarizes the multiple C;N,
doping strategies, including metal and nonmetal doping,
heterojunctions, and codoping, for improving the photo-
catalytic activies of such materials in terms of the charge
separation and charge carrier lifetime by tuning their crystal
and electronic structures.”’ Besides, the review of the recent
progress in the use of defective C,N, structures as photo-
catalysts toward different oxidation and reduction processes,
nitrogen fixation, organic synthesis, and pollutant removal is
another example in this setting that exclusively evaluates the
vacancy-defect-modified C,N, photocatalysts.*” One of the
other worthy review investigations on g-C;N, was concerned
with the improvement of their photocatalytic (solar-driven)
water splitting roles, with a focus on the surface strategies. The
study highlighted the three stages of surface regulation, surface
functionalization, and surface assembly and discussed the
challenges involved with artificial photosynthesis."’ Further,
design and synthesis-directed studies have been carried out
that focused on the advances in the construction of g-C;N,-
based materials. Melamine self-assembly-born C,N, structures
addressed as ordered materials are reviewed with respect to the
self-assembly mechanisms, synthesis methods, and the material
features, and the review presents insights into the design and
fabrication of enhanced-performance ordered g-C;N, for
energy and environmental fields."* In reference to the studies
over a specific type of reaction, the review on photocatalysts
and electrocatalysts based on polymeric carbon nitride can be
named, which describes various design methods of vacancy
induction and doping toward NRR and discerns the
mechanisms of electrocatalytic and photocatalytic NH;,
evolution with the aid of theoretical simulations.** Ironically,
techniques such as structural and crystallographic tailoring,

interface regulation, and defect engineering are reviewed to a
large extent for heterogeneous NRR catalysts production.*
There are also extensive reviews on general attempts to
construct and apply 2D graphitic photocatalysts. Considering
the crucial role of 2D—2D interfaces in such photocatalytic
systems on the development of charge separation and the final
photocatalytic efficiency, the synthesis, characterization
methods, and stability of 2D-g-C;N, structures were also
covered, particularly focusing on water splitting applications.*”

Thus, an overview of the relevant literature indicates that
reviews covering the correlations among the structure,
properties, and performance of C,N, materials with an
exclusive attention to their electrocatalytic features should be
prepared. Moreover, it was realized that a comprehensive and
detailed description of the function of C,N, materials in the
most referenced energy storage and conversion devices in a
categorized manner is still missing, which can shed some light
on the general realms of the preparation, modification,
characterization and applications at the same time.

In the present account, we intend to provide a compressive
overview of the electrocatalytic performance of C,N,-based
materials in different applications. This Review mainly displays
the advancements attained so far in C,N,-based electrocatalysts
and gives multiple perspectives of the existing challenges
experienced in the preparation of catalysts and their
efficiencies. In the beginning of this study, the recently
updated details of C,N, structures, synthesis methods,
properties, possible modification routes, and general electro-
chemical mechanisms are reviewed. In the subsequent sections,
the main focus is on the separate applications of C,N, materials
in energy devices, including fuel cells, metal—air batteries,
water splitting systems, and supercapacitors. In the following,



the performances of some synthesized C,N, architectures in
various catalytic redox reactions, such as ORR, HER, OER,

CO,RR, NRR, etc., have been reviewed as well.

2. C,N,-BASED STRUCTURES

So far, various types of carbon nitrides (CxNy) structures with
specific stoichiometries have been theoretically predicted or
experimentally synthesized, as presented in Figure la—f. These
structures can be categorized as 1:1 stoichiometry 3D CN,*
layered C,N,* 2D and 3D CN, structures,”® layered C;N,>’
C,N,,°>* spiral C;N, and different C;N, structures that will
be explained in the following sections.”* Imidazole-based ionic
liquids have been assumed to be appropriate precursors for the
synthesis of a number of C,N, structures, such as C,N; for
which EMIm (1-ethyl-3-methylimidazolium) and BMIm (1-
butyl-3-methylimidazolium) were applied.52 Similarly, 1,2-
diaminobenzene was considered to be a possible precursor
for the fabrication of spiral-C;N.>* However, in an elemental
synthesis approach that applied high pressure and temgerature,
no organic precursors were used for C,N, synthesis.”*

Regarding theoretical investigations, multiple structural
phases have been proposed for C;N,-based materials (Figure
1g—i), including a-C3N,, f-C;N,, cubic C;N,, pseudocubic
C5N,, and graphitic compounds (g-C3N,) such as g-h-triazine,
g-h-heptazine, and g-o-triazine.ss’56 Among them, it is
recognized that g-C;N, is the most stable allotrope under
ambient conditions, where the 2D 7-conjugated layers with s-
triazine or tri-s-triazine (s-heptazine) rings are linked via
tertiary amines. The tri-s-triazine lattice has larger carbon
vacancies and is more stable energetically than the other
isomer at ambient temperature. The tri-s-triazine units consist
of a nitrogen species with a lone pair of electrons, which has a
significant role in the electronic structure of g-C;N,. This lone
pair of electrons creates the band structure by forming a lone-
pair valence band and, along with the #-bonding electron
states, stabilizes the lone-pair state.”” Similar to graphite, g-
C;N, has a planar structure with atoms located in a
honeycomb configuration, with covalent forces within the
layers and van der Waals interactions between the layers
supporting the semiconducting properties.*>**

g-C;N, exhibits unique physicochemical properties and has a
yellow powder appearance with polymeric condensed tri-s-
triazine (C¢N;) units in each layer. According to thermal
characterizations, the C—N heterocycles existent in the g-C;N,,
framework led to a stable structure up to almost 600 °C in an
air atmosphere. Besides, its chemical stability does not allow g-
C;N, to be dissolved in organic, basic, or acidic solvents. g-
C;N, is a metal-free semiconductor with a low band gap of 2.7
eV. g-C;N,-based materials have more advantages, such as high
surface areas, chemical stability, and good selectivity. In
addition, g-C3N, is the most stable phase of C,N, materials in
ambient conditions. Different synthetic approaches can prepare
different morphologies of g-C;N,. Bulk g-C;N,, one of the
forms of g-C;N,, has a 3D structure like graphite. Bulk g-C;N,,
can be synthesized from the pyrolysis of urea, melamine, and
dicyandiamide. This basic form has shown poor electronic
features such as a high contact resistance and slow reaction
kinetics, owing to the stacking of the layers. In the bulk form,
however, poor properties such as the high contact resistance,
large band gap, small surface area result in an inefficient final
performance in terms of conductivity, catalysis, etc.”’ However,
some methods for improving the features of g-C;N, include
exfoliating bulk g-C;N, into nanosheets, nanotubes, and

quantum dots; doping g-C;N, with other elements; and
composing g-C;N, with another material. The exfoliation of g-
C;N, into 2D nanosheets can be performed due to the strong
covalent bonds between the carbon and nitrogen atoms and
the weak van der Waals forces of attraction between the layers
of bulk g-C3;N,. Thermal exfoliation, chemical exfoliation, and
liquid exfoliation are three common approaches for producing
g-C3N, nanosheets with high surface areas. Moreover, the
exfoliation process can reduce the g-C;N, band gap.”~** In
chemical exfoliation, reagents such as concentrated sulfuric,
nitric, and hydrochloric acids have been applied, and the
exfoliation degree is dependent on reagent’s concentration.
However, this approach is not ecofriendly and has some
disadvantages, such as a low yield, poor controllability, long
and tedious processes. In thermal exfoliation, the weak van der
Waals forces of the attraction between the layers of g-C3N, are
broken by heat. A reaction between oxygen and the hydrogen
attached to the tri-s-triazine occurs during the heating process,
forming gas that causes the formation of pores in the bulk g-
C;N,. However, the thermal exfoliation route provides the
material with a low crystallinity and a relatively low surface
area. During the liquid exfoliation process, the bulk g-C;N, is
sonicated in a suitable solution.”” Increasing the exfoliation
degree increases the number of nitrogen vacancies by reducing
the N species of the triazine rings (C—N=C), providing a
large surface area and high catalytic activity.””°° Therefore, the
exfoliation of g-C;N, can provide a porous structure and a
large surface area.

C,N, materials can adopt distinct structures of bulk or
nanostructures. CxNy nanostructures are produced with
multiple morphologies, from zero-dimensional (0D) to three-
dimensional (3D) structures such as nanospheres, quantum
dots, nanorods, nanotubes, and nanosheets. Among these
morphologies, 1D and 2D nanostructures have become major
research focuses due to their high surface area and C/N aspect
ratio and significant ionic and electronic charge transportation
properties along the longitudinal axes.”” For instance, due to
their unrivalled photocatalytic activities, g-C;N, tubes have
been found to be appropriate candidates for both photo-
synthetic water splitting and CO, reduction.’® Multiple g-C;N,
hybrid structures have been introduced to this point. Among
these compounds, binary nanocomposites, g-C;N,—carbon
nanomaterial composites, g-C;N,—metal sulfide nanocompo-
sites, and nanocomposites with conductive polymers were
recently categorized.”®

It is possible to control the structure of g-C;N, through a
number of preparation paths, including the different precursor
ratio, the condensation temperature, the porosity, and
doping.”” CN 3D nanoarchitectures are normally obtained
from 0D—2D building blocks and are of great interest due to
their large interconnected surface area and accompanying
simple molecule-transfer capability; however, for fabrication
purposes, 3D porous structures of g-C;N, are almost
challenging. In addition, the sp® graphitic network endows a
unique structure with a significant surface area to the 2D CN
materials, turning them into exceptional architectures; for
example, a clear increase in the density of states at the
conduction band has been theoretically exhibited by g-C;N,
ultrathin nanosheets compared to their bulk rivals. Meanwhile,
1D g-C;N, nanostructures such as nanofibers, nanotubes, and
nanorods also exhibit significant electronic and electrochemical
properties as a result of their light-harvesting and mass transfer
capabilities and large surface area.”” Furthermore, in contrast



to other hazardous nonenvironmentally friendly semiconduc-
tor quantum dots, 0D g-C;N, nanostructures, which
commonly possess a few thousand atoms, have attracted
attention due to their excellent quantum confinement effects,
which lead to nontoxicity on the one hand and both
fluorescence and water solubility on the other.””’® Various
morphologies of g-C;N, are represented in Figure 2.
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Figure 2. Multiple morphologies of g-C;N,, including (a) 3D (bulk)
g-C;N,/graphene nanocomposites (SEM image), (b) 2D g-C;N,
nanosheets (TEM image), (c) 1D g-C;N, nanotubes (TEM image),
and (d) 0D g-CN quantum dots (TEM image). Panel a was
reproduced with permission from ref 71. Copyright 2016, American
Chemical Society. Panel b was reproduced with permission from ref
72. Copyright 2014, Wiley-VCH. Panel ¢ was reproduced with
permission from ref 53. Copyright 2016, American Chemical Society.
Panel d was reproduced with permission from ref 73. Copyright 2014,
American Chemical Society.

By exploring the processing techniques of g-C;N, to
produce more qualified C,N, structures, their thin films,
hierarchical structures such as hydrogels, and hybrid
compounds such as g-C;N,, or carbon nanotubes and graphene
hybrids could be accounted for.”*

3. SYNTHESIS METHODS OF CyN,

In general, g-C;N -based structures can be produced by
replacing C atoms with N atoms through chemical and
physical routes, which fall in the diverse categories listed in
Figure 3. As the main preparation route of the chemical
methods, thermal condensation is focused with the aid of
organic oxygen-free and nitrogen-rich precursors.”> Accord-
ingly, compounds free of a direct C—C bond,” such as
melamine, urea, thiourea, cyanimide, dicyanamide, etc., have
been typically adopted as the chief nitrogen-rich precursor
materials with respect to whether s-triazine (C;N;) or tri-s-
triazine (C¢N,) units would be formed as the C;N, initial
blocks based on the reaction path employed.”””” Predom-
inantly, the precursor molecules tend to condense to melamine
via nucleophilic addition or polycondensation, and the g-C;N,
structure forms through the subsequent polymerization of the
achieved basic units along with a temperature increase.”®
Normally, the synthesis processes take place either in the air or

inert atmosphere, which does not alter the bulk structure.
However, it may affect the surface properties of the obtained
product. It has also been realized that the basic environment
may help the condensation reactions proceed at lower
temperatures.”” Additionally, the chemical acidic etching of
g-C3N, results in the formation of a nanoperforated
structure.”” The KOH-aided strategy was also examined for
the sufficient construction of in-plane holes and 7—7 electronic
conjugated links. The physical synthesis method is another
preparation approach that includes methods such as sputtering,
which can be used to deposit vertically arranged crystalline g-
C;N, arrays on nickel or silicon substrates.*’

The two famous nanostructure preparation strategies include
bottom-up and top-down approaches that are typically used for
the synthesis of C,N,-based materials. A number of
preparation routes for the synthesis of C,N,-based nano-
composite electrocatalysts are specified in Figure 3. Thus far,
multiple fabrication methods have been utilized to prepare
C.N,-based nanostructures for various purposes, including
physical and chemical vapor deposition, thermal condensation,
microwave-assisted processes, electrodeposition, hydrothermal
and solvothermal synthesis routes, sol—gel processes, thermo-
chemical reactions such as pyrolysis and combustion, and
polymerization.”*>*" As illustrated in Figure 4a, Fe-TCNQ
(Fe-7,7,8,8-tetracyanoquinodimethane) metal—organic frame-
works (MOFs) were synthesized through a hydrothermal
method and then pyrolyzed to form Fe;C/CN core—shell
structures.”” According to Figure 4b, g-C;N, was produced by
the thermal polycondensation of dicyandiamide followed by
the desiggn of Cu;P with g-C;N, on 3D-graphene through drop
casting. ?

A straightforward two-step method containing pyrolysis
(PDA and Fe’*) and acid leaching (02 M HCL) was
employed to fabricate Fe,N—mesoporous nitrogen—graphitic
carbon spheres (Fe,N/MNGCS) as ORR electrocatalysts with
a high efficiency. Ultrafine Fe,N nanocrystals were synthesized
and introduced into the mesoporous N,-doped graphitic
carbon spheres as depicted in Figure 4c, where Fe®" assisted
the graphitization of PDA and promoted its mesoporous
structure.”* CN nanosheets were fabricated by thermal
condensation using urea, and their surfaces were then
hydrothermally decorated with Pt—Au architectures® as
shown in Figure 4d. Using urea as the precursor, g-C;N, was
prepared via rapid combustion. Pd nanoparticles were then
deposited on the g-C;N, support through a é)hotoassisted
method to achieve Pd-g-C;N, nanocomposites™ (Figure 4f).
The thermal condensation of melamine and thiourea was
applied to obtain S-doped g-C;N,. Together with the S-g-
C;N,, Ni and Fe precursors were dispersed in a deep eutectic
solvent (DES) solution, and the mixture was then treated
hydrothermally to attain NiFe-LDH (layered double hydrox-
ide)/S-GCN hybrids®” (Figure 4g). The prepared CN
materials mainly possess a bulk structure with a low surface
area, and a few active sites are weakly dispersed. Thus, they
have not been very successful in certain catalysis and biological
applications.*’ In order to vanquish such restrictions, the
synthesis of porous structures and nanomaterials based on g-
C;N, has become popular due to the amplified surface area,
which could promote the physicochemical properties and, as a
result, the final applications.>>”® To create new controllable
C.N, structures with ordered porosity and diverse morphol-
ogies, templating and nontemplating approaches have been
employed to design hollow and porous phases of CN. As in
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Figure 3. Various methods for the fabrication of graphitic carbon nitride-based composites.

Figure 4e, porous polydopamine nanospheres were prepared
using a colloidal amphiphile-templating approach (CAM@
PDA), and Fe;C@mCN nanohybrids were then produced by
loading Fe*" into the polymer nanosphere framework.** C.N,
structures also include nanoarchitectures with multiple
dimensions, including nanoparticles, nanodots, nanosheets,
nanofibers, nanorods, and nanocomposites.m’81 Regarding
nontemplating practices, a top-down template-free approach
was employed to synthesize a porous carbon nitride (PCN)
structure in order to prepare a CoS,@PCN/rGO composite as
an electrocatalyst. The PCN material was produced using the
0, atmosphere pyrolysis of Co>*/melamine networks, which
was followed by the incorporation of graphene and CoS,
nanoparticles. Through the addition of graphene oxide (GO)
to the as-synthesized PCN and a thermal process in the sulfur
atmosphere to complete the sulfurization step, the CoS,@
PCN/rGO catalyst was developed.*

Templating methods are recognized as two categories of
hard and soft templating techniques (Figure 4e). On the one
hand, hard templating methods, also called nanocasting, are
based on the use of hard structure-directing agents and
pyrolysis reactions together with precursors. Some of such
templates include silica nanoparticle colloids and their
mesoporous structures and anodized alumina. This process is
usually followed by an etching step using HF, NH,HF,, or

other different strong alkaline solutions, which finally results in
the desired nanomaterials.”’ However, most of the synthesis
procedures and various steps involving foreign materials may
cause impurities in the products, which subsequently impact
the electrocatalysis performance.”> On the other hand, soft-
template fabrication employs soft structure-directing agents
such as ionic liquids and amphiphilic block polymers to
synthesize PCN, which cause less harm to the environment. In
addition, a self-templating or template-free method of
supramolecular self-assembly is a potential bottom-up
technique that gives rise to sufficiently stable noncovalently
bonded structures.”® Although the application of suitable hard
or soft templates within the synthesis process brings about
benefits like a tunable size and larger surface area, it requires
the use of toxic, expensive, and nongreen etchants to eliminate
the templates afterward.”" Correspondingly, it was realized that
templating could improve the surface area of phosphorus and
fluorine codoped CN nanocatalysts while simplifying the
codoping process itself, which decreased the optical band gap
and led to the enhanced photocatalytic reduction of CO, to
methanol.”’ Besides, the interference of mainly F-containing
agents is avoided through the use of non-templating methods,
which is preferable for the design of g-C;N, nanostructures.®'

Thermal, chemical, and ultrasonic exfoliation®® of bulk g-
C;N, into uniformly dispersed novel nanostructures, such as
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nanosheets, and post-thermal oxidation treatments fall under
top-down methods, which are commonly performed by
external forces. In return, using bottom-up routes, the
anisotropic assembly of specific organic molecules occurs in
growth media such as templates or favorable structure-
directing agents.”® A nanocomposite containing g-C;N, and
reduced graphene oxide (rGO) was produced using an in situ
chemical process via the covalent coupling of the components.
Additionally, palladium (Pd) nanoparticles (3.83 nm) were
loaded via a soft chemistry process to complete the

electrocatalytic hybrid structure, as shown in Figure 4f.
Concerning instances of the bottom-up approach, a
solvothermal method was utilized for the synthesis of a g-
C;N,@RGO composite through a reflux process. Through the
formation of hydrogen bonds between the amine groups in
melamine and the oxygen groups in GO, together with the
affinity for H,O molecules, g-C;N, was adsorbed and grown
on the GO surface without a pyrolysis step. High contents of N
(6—18 at. %) were achieved in addition to a 3D network
structure. Moreover, Pt nanoparticles of 2—4 nm in diameter
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Figure 5. General properties of g-C3N, structures suitable for use in various electrocatalytic applications.

were uniformly dispersed on the as-synthesized g-C;N,@RGO
through a polyol procedure.” In order to produce a g-C;N,
nanocomposite with enhanced ORR electrocatalytic perform-
ance, the electrospinning technique was employed to produce
dense and multilayered nanofibers of poly(vinyl) alcohol
(PVA). Carbon nitride (CN,) nanoparticles were homoge-
neously dispersed in the nanofibers to induce catalytic activity
in the CN,/PVA nanostructure.”*

4. VARIOUS PROPERTIES OF CyN,-BASED
MATERIALS

As mentioned earlier, C,N, is known for its various allotropes
with different names and qualities, among which g-C;N, has
the most stable structure under ambient conditions.”” In the
following, the general and fundamental properties of g-C;N,,
as shown in Figure §, are briefly reviewed.

g-C;N, is an easy to synthesize, low-cost, and nontoxic
indirect semiconductor with a medium band gap suitable for
sustainable chemistry. Regarding its electrical properties, a
band gap equal to 2.7 eV was determined for g-C;N,, and the
positions of the conductive and valence bands were
respectively characterized at —1.1 and 1.6 eV (vs. NHE);
these values are ideal for conduction pertaining to oxidation—
reduction reactions. The features mentioned suggest that g-

C;N, is a multifunctional photocatalyst applicable under visible
light irradiation, particularly for water splitting. Besides, such
an attractive electronic structure introduces this metal-free
catalyst as a promising option for use in electrochemical cells
and energy conversion systems in general. The theoretical
application of perpendicular electric fields up to 10 V nm™" to
a heptazine monolayer was evaluated; no change in its
electrical properties was indicated, and there was no detectable
buckling in its structure.”® While g-C;N, is known as a
semiconductor, it exhibits a reconstructed structure with half-
metallic characteristics. Density functional theory (DFT)
calculations for g-C;N, indicate its high electron mobility
and reasonable electrical conductivity, facilitating electron
release and injection mechanisms, namely for CO, capture.”’

On the basis of optical characterizations of g-C;N,, its
absorption pattern is attributed to organic semiconductors (at
around 420 nm). Typically, under ambient temperature, g-
C;N, presents photoluminescence over a wide range from 430
to 550 nm with a maximum at 470 nm, exhibiting blue
photoluminescence.”® Additionally, a desirable two-photon
absorbance performance was proven for g-C;N,, whose
concomitant absorbance of two near-infrared photons was
followed by bright fluorescence emission with a visible-light
wavelength.”
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Figure 6. Schematic illustration of different g-C;N, surface modification methods. (a) Cycloaddition: 1,3-dipolar cycloaddition reaction of
azomethine ylides with pure g-C;N,. Reproduced with permission from ref 111. Copyright 2014, Royal Society of Chemistry. (b) Cross-coupling
reaction: post-covalent functionalization of CN-Ph-Br through Suzuki and reductive Heck reactions. Reproduced with permission from ref 112.
Copyright 2018, Wiley-VCH. (c) Reduction: polytriazineimide surface charging and exfoliation. Reproduced with permission from ref 113.
Copyright 2018, Wiley-VCH. (d) Miscellaneous surface functionalization: covalent addition of molecular catalysts on g-C;N,. Reproduced with

permission from ref 114. Copyright 2020, Royal Society of Chemistry.

Due to its low weight and metal-free structure, g-C;N,
presents a high mechanical power similar to those of other
carbon nanomaterials.'”’ Based on molecular dynamics
simulations, g-C;N, is a significantly flexible and strong 2D
material appropriate for the mechanical reinforcement of
polymers, thus expanding their commercial applications.
Besides, in the s-triazine-based form, the thermal conductivity
level along the armchair direction was reported to be almost
12% higher than that along the zigzag direction.'”’ A number
of polymers were blended with g-C3;N, to fix their
thermomechanical, tribological, and surface drawbacks, includ-
ing polyimide, polyurethane, epoxy, wood plastic, etc.
However, effort is still required to achieve the enhanced
structural stability and surface area of g-C;N, as a reinforcing
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nanofiller.'® Moreover, DFT calculations demonstrated that
while the Poisson’s ratio of a heptazine monolayer was half that
of a graphene structure, its in-plane stiffness was comparable
with graphene; based on calculations of their elastic and
yielding points, heptazine is able to resist longer tensions in the
plastic zone.

Concerning C,N, materials, their general structural and
chemical properties include low friction coeflicients, low
densities, super hardness, wear resistance, considerable
chemical inertness, and biocompatibility.'®>'®> The ring-like
structure of tri-s-triazine provides it with a high chemical
stability in both acidic and alkaline media.'”* Additionally,
both triazine and heptazine exhibited lower toxicities than
graphene oxide, and triazine was found to be more cytotoxic to



lung carcinoma epithelial cells when the two C,N, structures
were compared; however, both had dose-dependent toxico-
logical effects.'”

Thermal characterizations have almost explained the high
temperature for the full decomposition of C,N, (about 750 °C,
at which no remnant is deposited), which offers strong thermal
stability for high-temperature operations and also for the
preparation of refined carbon nanostructures. However,
fabrication procedures may have a corresponding effect on
this temperature. Moreover, remarkable chemical stability was
measured for g-C;N, structures, for instance, in response to
acid corrosion and alkaline solutions.””® Stable aqueous
dispersions of g-C;N, are also ascribed to its negative surface
charge depriving the solutions of aggregation.”®'*® Although
the addition of nanoparticles, such as Au, for catalytic
modification may require an intermediate to regulate the
stability, biopolymers are economical and available compounds
applied for dye removal, heavy metal ion removal, and other
environmental and industrial applications that are ideal
candidates for this purpose.107 Appropriately, the modification
of Au nanoparticle—CN hybrids for the HER was performed
using chitosan, which efficiently decreased the aggregation of
Au nanoparticles and increased both the stability and the
catalytic activity of the C,N, structures.'*®

5. MODIFICATION AND FUNCTIONALIZATION
METHODS FOR CxN,-BASED MATERIALS

In order to improve the catalytic properties of catalysts,
including C,N,-based materials, a common strategy is
associated VVlth certaln modifications of the C N, structures.
It 1ncludes metal or nonmetal ion doplng, hetero]unctlon
creation,'” the generation of carbon defects, the addition of
plasmonic compounds, the incorporation of defects, and
vacancy formatlon, as explained individually in the following
paragraphs.'' These methods of functionalizing the g-C;N,
surface create anchoring sites for adjusting the electronic and
chemical properties. The covalent and noncovalent strategies
include oxidation or reduction, cycloadditions, couplings, and
noncovalent interactions.”* In Figure 6, a comprehensive
schematic of various g-C3N, surface functionalization paths is
illustrated.

Metal/nonmetal ion doping is one of the effective
approaches to enhance the catalytic behavior of carbon nitride
structures, as their pure forms suffer from a limited light
absorption range. By entrapping the electrons, doping elements
more effectively reduce the band gap and increase the charge
separation efficiency. g-C3N, can be doped with metal ions,
including iron, zing, cobalt, and bismuth, and nonmetal ions. s
For instance, Ni-doped g-C;N, exhibited a high peak current
density in the electrochemical oxidation of ethanol, suggesting
a correlation between the increased photocatalytic and
electrochemical activities of the metal-doped C,N, materials
and their structural modification while preserving the original
morphology. The incorporation of nonmetal elements (N, P, S,
etc.) into g-C;N, produces more visible-light-sensitive photo-
catalysts, as the nonmetal element adjusts the physicochemical
characteristics in terms of the particle size, surface, and thus
the optoelectrical properties. Such manipulation induces a
delay in the electron—hole recombination and leads to an
extension of the visible-light absorption. Among nonmetals, O,
N, C, S, and P are the major elements that are chemically
doped to optlmlze the catalytic application of g-C;N,
nanocomposites.''® Despite all the beneficial effects of doping,
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the dopants may not act positively on the electrocatalysis
functions of some nanomaterials. Therefore, a wider review of
the impact of dopants, and impurities in particular, on carbon-
based electrocatalysts should be considered based on the
recent research, as explained below.

Carbon nanomaterials such as carbon nanotubes (CNTs)
and graphene, transition-metal dichalcogenides (TMDs), and
black phosphorus are materials with different electrocatalyti-
cally active impurities that originate from the precursors and
parent materials or remain after growth, exfoliation, and
washing steps. The main impurities in carbon nanotubes,
graphene, and black phosphorus are metallic, although the
valence oxides and sulfides and phase impurities in TMDs are
considered to leave the key effects in addition to the metallic
impurities.” In this respect, it has been realized that certain
doping levels of these materials are required for their catalytic
activity to appear when either TMD or graphene are employed
for the OER and the CO,RR. Meanwhile, in the cases of
applying graphene toward the ORR and TMDs toward the
HER, successful performances were achieved even without
dopants."'” In graphene, nonmetal dopants like N have been
shown to elevate the electrocatalytic activity, while in the case
of TMDs transition-metal doping has increased the function-
ality and compatibility."'” In a study on the functionality of
graphene nanoribbons (GNRs) toward the HER, the presence
of impurities was examined by ICP-MS (inductively coupled
plasma mass spectrometry) and XPS, and the effects of
impurities on the final electrocatalytic activity were studied
through linear sweep voltammetry. According to the results,
XPS did not successfully detect the parts per million levels of
such metallic impurities, while ICP-MS confirmed their
presence. Moreover, HER results revealed that W-based
metallic impurities were the possible active sites in the
graphene nanoribbons, and the obtained electrocatalytic
activity was higher than those of the reference GC and edge-
plane pyrolytic graphite (EPPG) electrodes.''® To compare
real metal-free graphene and the graphene obtained from
standard synthesis methods, ultrapure graphene was prepared,
and the impurities were monitored and controlled with the aid
of the ICP-OES system and neutron activation analysis. Based
on the results, the metallic impurities were eliminated by the
reactive thermal treatment of graphene, which resulted in a
slightly lower heterogeneous electron-transfer rate and yet an
almost nonexistent electrocatalytic activity. Accordingly, it was
claimed that the metallic impurities in graphene electro-
catalysts have the largest influence on the ORR reactions and
that metal-free graphene is not catalytically active in this
sense.''” To explore the effects of electrolyte- and solution-
born impurities on the electrocatalytic activity, HCIO,
electrolytes were used to examine Cl~ anion and NO;~
impurities (from 1077 to 107® M). The inevitable effects
toward the ORR were demonstrated such that the impurities
influenced the available sites for O,, and the intermediate
adsorption and deactivation rate was considerably enhanced
when ClI™ was incorporated as the supporting electrolyte at the
aforementioned concentrations. Furthermore, the electro-
catalytic effect of Cu,,q—Pt on CO oxidation reactions was
reported to be significantly different in alkaline solutions and
acidic environments.'”* Similarly, the effects of Fe impurities
on Ni-based catalysts were studied, revealing that the intrinsic
performance of such catalysts drops remarkably with the
removal of these impurities from the electrolyte, resulting in
OER activities much lower than even those of Co oxides. A
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very scarce amount of Fe could decrease the OER over-
potential to a large extent, while a considerable positive shift
could simultaneously be observed in the reduction and
oxidation potentials related to the existing Ni species.' '

Although element doping is considered an efficient method
for developing the performance of the g-C;N, material, it
involves some challenges that require accurate solutions and
arrangements. Among these challenges, alterations in the g-
C;N, microstructure, including the loss of the graphitic
structure and its effect on the in-plane ordering of the tri-s-
triazine units, could be named. This implies that precise and
comprehensive characterization results are needed to confirm
the chemical states of the heteroatoms that exist in the doped
g-C3N, structure, and each of these techniques encounters
shortcomings and challenges. As XPS is widely used for this
purpose due to the simple determination of the bond types of
the heteroatoms based on the peak positions, it should be
noted that external factors may affect these XPS characteristic
peaks. For instance, new XPS peaks regarding the in-planar
distance computation of the nitride pores appear as a result of
the replacement of C atoms in the corners by P atoms in P-
doped g-C;N, structures.'*”

Besides, other challenges still remain in doping strategies.
Accordingly, the effective modulation of the HOMO and the
LUMO with the orientation is required for high oxidation and
reduction potentials. However, a profound understanding of
doping-assisted origin of visible-light absorption, the nature of
the newly born chemical states, and dopant locations is
missing, the doping-induced photocatalytic enhancement
mechanisms are not totally clear, and also it is vital to clarify
the site and role of the metal ion and the heteroatom.*'

The creation of a heterojunction (HJ) is another assisting
contrivance to solve the g-C;N, structure restrictions. The
various types of HJs include Schottky, type II, and Z-scheme
heterojunctions. Accordingly, the transfer of charges at the
interface formed between the two structures would be
prolonged such that charge transfer activities would not
hamper the reaction process. Due to their separate active sites
for reduction and oxidation and improved light-harvesting
abilities, g-C3N, with Z-scheme heterojunctions are among the
most effective catalysts, exhibiting more straightforward charge
transfer than type II heterojunctions.'”” Correspondingly,
through the creation of an effective heterojunction consisting
of TiO, and g-C;N,, improved visible light absorption and
declined charge recombination were reported in Cu—Ni-based
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nanostructure-modified TiO,/g-C;N, nanorods as PEC
catalysts."”* In this regard, a hydrothermal synthesis process
was used to obtain nanocomposites with nanodimension
hierarchical heterostructures. Cu, Ni, and bimetallic Cu—Ni
nanoparticles were homogeneously incorporated into g-C;N,,
which exhibited enhanced methanol oxidation reaction
(MOR) activity when exposed to visible-light illumination."*®

Despite the numerous successful examples of heterojunc-
tions, especially in terms of their superior photocatalytic
activity over that of isolated C,N,, there are still limitations
involved in the deep realization of charge carrier dynamics and
consequently the design of rational optimal junctions. To
monitor the charge carrier dynamics in heterojunctions, time-
resolved photoluminescence techniques and absorption spec-
troscopy methods have normally been used. However, finding
correlations between the lifetime and the activity has not
resulted in a clear trend because of the inconsistent monitoring
of the reactive charges, which shadows the anticipated links
between interfacial charge separation and shorter or longer
charge lifetimes such that clear consistency is often not found
while the charge lifetime is observed, even when similar
materials are used in the junction. Thus, to provide a model for
understanding the charge dynamics and activity links, more
accurate spectral assignments are required."*® Further, the
composition of the components in a heterojunction is a very
determinative factor, and high-performance heterojunctions
are usually achieved by the overwhelming trial and error
method."”’

Moreover, through the introduction of carbonaceous
materials into g-C;N, matrices, new compensated properties
are created rather than each individual component, particularly
regarding the photocatalytic activity. The combination of
systems with 7z-conjugation contributes to the stabilization of
the created hybrids with extended optical wavelength
absorption with respect to solar spectra. This is attributed to
the lowered band gap position along with the improved
electron channelization and charge separation.'**

In spite of the prodigious developments in the incorporation
of carbonaceous materials into C,N, (photo)catalysts, critical
limitations still need to be resolved. In surface modifications,
the interface contacts may not become so intimate, giving rise
to weak bond strengths and electron transport. Thus, enhanced
compatibility between the carbon additive and the catalyst is
required. Moreover, carbon nanomaterials, such as carbon
dots, nanotubes, etc, in their powdered forms are quite



challenging to recycle after the process is over, leading to
possible secondary pollution. This is why 3D solid (photo)-
catalysts are favored while 3D carbonaceous ones are currently
limited in number. However, adequate stability should be
ensured via the direct assembly of the composites. Besides, for
a better mechanistic understanding of carbon-aided catalysis of
these materials, a comparable testing standard, such as the
whole type of junction established, should be considered in
addition to the existing fundamentals.'*”

The incorporation of plasmonic metals, such as Pt, Au, Ag,
etc, is employed to produce g-C;N,-based composites with
enhanced characteristic activities. In this way, the metal
experiences electronic excitation through the absorption of
electromagnetic radiation, which supplies an adequate amount
of energy both for crossing the junction barrier and charge
migration. 10130

Although the application of plasmonic metals for the
catalytic improvement of C,N, materials is an efficient
modification process, unfortunately these sorts of strategies
are probably limited to lab-scale research because of their high
cost. Typically, the chosen materials for modification should be
cost-effective, abundant, and also nontoxic to fulfill the
economic and environmental aspects of the process. Besides,
the molecular orbitals and the charge transfer dynamics in
noble-metal deposition and other modification strategies
require deep investigations to uncover the basics of the
(photo)catalytic improvement.'>”

Defects in the g-C;N, structure, as depicted in Figure 7, are
conventionally generated via thermal and chemical treatments
in addition to other methods such as ultrasound and
microwave-assisted measures.”>’ The covalent approaches
usually cause defects by damaging the sp® domains,
dramatically affecting the electrical features. Nevertheless, by
carefully tuning the defect density, the created defects can
strongly aid the catalysis and composite applications.

One of the routes to modify the electronic band of g-C3N,, is
the modification of its structure through induced C or N
vacancies. This also increases the rates of charge separation
and hole—electron movement. The relevant strategies for
creating defective g-C;N, with nitrogen or carbon vacancies
mainly include post-heat processing under a H, or Ar
atmosphere or with accompanying reductants, polymerization
under special conditions and atmospheres, rapid thermal
treatment, and copolymerization."'® Because they provide
extra energy levels and active sites, vacancies in g-C;N, appear
to be a practical path, especially for the fabrication of highly
effective catalysts and other energy-related and environmental
devices."**

The low-resolution characterizations do not allow us to
correlate the features, structure, and activity of the catalyst or
the defect degree. Besides, the vacancies may occur in different
parts of the catalysts, including the body and the surface,
requiring advanced techniques to quantify the amount of
vacancy defects in the material. Thus, it is challenging to
manage the type, location, and structure parameters of the
defects simultaneously. As vacancies in CN catalysts are
considered useful for light absorption yet inappropriate for
redox activity, finding a threshold for decreasing the
disadvantages and increasing advantages via optimized design
seems quite necessary. Moreover, tuning the stability of the
defect is difficult in terms of practical trials, as the influencing
factors and the method of adjusting the format of the vacancies
are still unclear. This adds to the ambiguous understanding of
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the structural evolution of defects during the catalytic
process. >

Metal oxide doping and the formation of type-II and Z-
scheme heterojunctions sound more common among the
modification processes for enhancing the catalytic efficiency of
g-C3N,."*" However, the highest efficiency may be obtained
through the integration of multiple modification strategies or
codoping methods, benefiting from the synergistic results on
the one hand and covering the drawbacks of each separate
method on the other.'”’

6. CxN,-BASED ELECTROCATALYTIC APPLICATIONS

6.1. General Mechanisms. Precise knowledge of the
electron transfer during adsorption and catalysis processes
should be acquired through exact calculations and sensitive
characterization of active sites and transformation mecha-
nisms.'*® Two-electron pathways are proposed for the ORR in
an aqueous medium, namely (1) the reduction from O, to
H,O through four electrons and (2) the reduction of O, to
H,0, (hydrogen peroxide) by two electrons.">” These
pathways are explained in the following equations.

For an acidic solution,

0, + 4H" + 4e” —» 2H,0 (1)
0, + 2H' + 2¢” > H,0, 2)
H,0, + 2H" + 2¢” - 2H,0 (3)
For an alkaline solution,

0, + 2H,0 + 4e” — 40H" )
0, + H,0 + 2¢” - HO, — +OH" %)
HO, — +H,0 + 2¢~ — 30H~ (6)

Since unfinished oxygen reduction occurs via the two-
electron pathways, resulting in a lower energy conversion
efficiency and the formation of intermediates and free radicals
(as explained below), the four-electron paltgway is favored for

achieving high-efficiency fuel cell devices.

In an acidic solution,

0, + 2H" + 2¢” — H,0, (7)
H,0, + 2H" + 2¢” — 2H,0 (8)
In an alkaline solution,

0, + H,0 +2¢ - OOH™ + OH™ (9)
OOH™ + H,0 + 2¢" — 30H™ (10)

When carbon electrodes are applied as the cathode, two
successive reactions with the two-electron pathways dominate,
producing H,O, intermediates. The ORR mechanism is
normally managed by parameters such as the electrode
material, the current density, and the pH level. Accordingly,
on glassy carbon and pyrolytic graphite electrodes, the ORR
proceeds through the two-electron pathway, leading to H,O,
formation; however, H,O, is later reduced to H,O by the
oxidized forms of the electrodes. Besides, ORR involves three
rate-controlling steps as follows: (1) O, adsorption at the
electrode surface active site, (2) bond dissociation of O,, and
(3) electron transfer. Generally, as used in alkaline electrolytes,
carbon materials exhibit electrocatalytic efliciency toward the
ORR. Graphite and other carbon-based electrodes usually
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encounter the ORR through a mechanism that depends on
HO,” formation-assisted reduction.'*” The two-electron
transfer pathways in the ORR are depicted in Figure 8.

Hydrogen evolution is the half-cell reaction at the cathode
side in acidic electrolyzers, which can be defined as [2H* + 2e~
— H,]. In return, the anodic half-cell reaction is hydrogen
oxidation in the fuel cell mode in the form of [H, — 2H" +
2e7], as explained in the following equations'*’

at the fuel electrode (Anode) at the oxygen electrode (Cathode)

Electrolysis "+2e¢ —H: H20 — %402+ 2H" + 2e (11)

Fuel cell Hy — 2H" +2¢ 10, + 2H" +2¢” — H20 (12)

The overall reaction rate is mainly calculated based on the
free energy of the hydrogen adsorption step. This step
(Volmer) would be the limiting step when hydrogen and the
surface are linked together very weakly, whereas the desorption
phase (Heyrovsky and Tafel) would be the rate-limiting step
for very strong linkages.'*!

The HER and the hydrogen oxidation reaction (HOR) are
associated with the electrochemical generation of gaseous H,
and the operation of the fuel cell anode, respectively. Both
reactions are sensitive to the nature and structure of the
electrode, and their rates depend on the hydrogen isotopes.'**
A heavier isotope forms a stronger bond, and the resulting
molecules are less likely to dissociate. The increase in energy
needed to break the bond results in a slower reaction rate and
the observed isotope effect. The HER is explained as two
reaction mechanisms of Volmer—Heyrovsky and Volmer—
Tafel reactions. In the former type, hydrogen is generated
through two initial stages (a and b), while in the latter type
hydrogen is generated by the three subsequent initial stages.' "
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(a) Volmer reaction (hydrogen intermediate adsorbed):
H' + e + (activessite) ¥ — H*

(13)
(b) Heyrovsky and Tafel reaction (hydrogen desorption):

H* + e + H' - Hy (14)
(c) Volmer reaction (hydrogen intermediate desorbed):

HY + e + (activessite)* — H* (15)
(d) Volmer reaction (hydrogen intermediate adsorbed):

H*'H' + ¢ - 2H* (16)
(e) Heyrovsky and Tafel reaction (hydrogen desorption):

2H* — Hyp (17)

When hydrogen evolution takes place, hydrogen fuel can be
produced as water or protons are reduced at the electrode’s
surface,"*” the kinetics of which relate to parameters such as
the adsorption isotherms of the intermediate, the rates of the
steps, the solution’s nature, and the surface.'*> Compared to
the HER, the HOR has been evaluated less deeply due to
diffusion hmltatlon effects interfering with the delivery of H, to
the surface.'** Considering aqueous solutions, the consecutive
reaction steps of the HER in acidic and alkaline media can be
observed as follows:'*"~'**

Acidic medium Alkaline medium

H'@g +e — Hag) H20 + e — Hug)+ OH (18)

Had) + Hiaa) — H2aq) H(ag) + Hag) — H2g) (19)

H‘[aq) + Hd) + & — Haaq H20 + Hagy + € — Hag) + OH (20)
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where aq and ad denote the aqueous and adsorbed states,
respectively

At different potentials, the rate-controlling HER step would
change as well; accordingly, the rate limiting step at low
potentials is the hydrogen adsorption step, while that at high
potentials is the desorption reaction.'”” According to Sabatier
principle, if an electrocatalyst can promote a strong bond with
the adsorbed H, thus simplifying the proton and electron
transfer while guaranteeing easy bond breakage and the
formation of gaseous H,, it is considered an eflicient
electrocatalyst toward the HER.'** The hydrogen evolution
process in acidic and alkaline media is depicted in Figure 9.

In the case of the oxygen evolution reaction, as well as the
overpotential needed to obtain a certain current density, lower
Tafel slopes are more desirable. Considering the OER
mechanism, the following reactions can be represented:'*®

Acidic solution:

2H,0 = O, + 4H" + 4e” (21)
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Alkaline solution:
40H - O, + 2H,0 + 4e” (22)

In an alkaline medium, a series of reaction steps are
. 147
involved.

(single active site)* + OH™ = *OH + e~ (23)
*OH + OH™ = *O + H,0 + e~ (24)
*0 4+ OH™ = *OOH + e~ (29)
*OOH + OH™ = *0O + H,0 (26)
*OO = (single active site)* + O, + e~ (27)

Figure 10 illustrates the OER mechanism and depicts the
porous electrocatalysts, whose increased surface areas and thus
numerous surface oxygen vacancies enhance the OER
efficiency. The OER involves four-exciton transfer, which
leads to slow electrochemical kinetics and makes it a limiting
reaction in the generation of molecular oxygen in water
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splitting processes. Some of the intermediates mainly observed
in the OER include O%, HOO%, and HO*.'**~"3!

The reaction that occurs at the anode of direct methanol fuel
cells (DMFCs) is the MOR, a six-electron route of oxidizing
the solution of methanol and water that is different in acidic

and alkaline media.'>>

CH,OH + H,0 — 6CO, + 6H" + 6e~ (28)

The MOR mechanism is a series of steps consisting of
methanol adsorption, the dehydrogenation of carbon-contain-
ing intermediates, and CO, formation. Through electro-
chemical methanol oxidation, various products can be formed
in the same conditions. Therefore, reactions can occur in the
following different routes (as shown in Figure 11):

(a) Step-by-step dehydrogenation to CO,y and then
oxidation to CO,.

(b) Direct reaction process to CO,.

(c) Partial oxidation to formic acid or formaldehyde.

In acidic media, the desired procedure for the MOR is the
direct oxidation of methanol to CO, on the surface of the
electrode, transferring six electrons and six protons. However,
CO,4 cannot be disregarded in the actual reactions, leading to a
decrease in the electrocatalytic efficiency due to the reduction
of number of active sites. The mechanism for the electro-
oxidation of methanol under acidic conditions can be
represented by'*¥'>*

CH,OH — CO, + 4H" + 4e” (29)
H,0 - OH, + H" + ¢~ (30)
COy + OH,y —» CO, + H" + &~ (31)
CH,0H + 80H™ — CO;>” + 6H,0 + 6e” (32)

In the alkaline media, the oxidative reaction of CO,4 removal
can occur via two mechanisms. Free OH™ directly takes part in
the reaction according to eq 34, which is well-known as the
Eley—Rideal (E-R) mechanism, and consecutively eliminates
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CO,4 from the electrocatalyst’s surface.'>> On the other hand,
CO,y can react with OH, in eq 35, which is called the
Langmuir—Hinshelwood (L- H) mechamsm, to generate OH_ 4
on the sites of electrocatalyst.'®

CH,OH — CO, + 4H" + 4e” (33)
CO4 + 20H™ - CO, + H,0 + 2¢” (34)
CO, + 20H,4 — CO, + H,0 (35)

These two distinct reaction mechanisms give various
electrocatalyst design pathways. In the E-R mechanism, the
electrocatalytic activity is impacted by the strength of the CO, 4
bond, while in the L-H mechanism a bifunctional electro-
catalyst with two adsorbed CO and OH sites takes priority.

6.2. Operation Basics. In fuel cell systems, H, is often
generated by the electrolysis of water as the input fuel. In a
typical system, the components consist of anode and cathode
electrodes, an electrolyte to transport the electrons from the
anode to the cathode and a catalyst. A continuous flow of H,
fuel is delivered to the anode, while the oxidizing agent
(oxygen or air) is passed through the cathode so that the redox
reactions occur. Hydrogen molecules are oxidized (HOR) at
the anode side and converted into electrons and protons. The
protons, HY, travel through the electrolyte toward the cathode,
while oxygen molecules produce O*~ as reduction takes place
at the cathode (ORR). At the same time, the electrons
generated at the anode move to the cathode through an
external circuit to neutralize the system charge. Thus, a direct
current is generated from the process, and water and heat are
produced as reaction products.”*® In the direct reaction of
methanol electro-oxidation at the fuel cell anode, methanol
reacts with H,O, producing electrons, protons, and CO,
(MOR). However, several intermediates may form in indirect
paths that undergo reactions without producing electron—
proton pairs. CO is an intermediate that limits the methanol
oxidation rate, as it is more stable and blocks the active catalyst
sites.'>® In metal—air batteries, the metal anode is oxidized,
producing electrons toward the external circuit (discharge). At



the same time, oxygen at the cathode receives the incoming
electrons, and oxygen-species form through reduction (ORR).
These oxygen species pass across the electrolyte with the
remaining metal jons and merge to generate metal oxides. In
the case of rechargeable batteries, the process is reversed and
oxygen evolution occurs at the cathode (OER). Normally, a
catalyst is needed to accelerate oxygen reduction due to its low
solubility in liquid electrolytes; thus, the cathode reactions
mainly occur at a three-phase interface in the air electrode."”
In water splitting systems, water is reduced to generate
hydrogen gas (HER) at the cathode side, which is also where
hydroxide ions form. These ions then dissociate at the anode
side, releasing gaseous oxygen molecules (OER) and water.

The high overpotential of the oxidation reaction at the
anode originates from the slow four-electron kinetics path, in
contrast to the two-electron transfer that occurs at the cathode
side during reduction.'® As g-C;N, contains of C—N bonds in
its skeleton and a high number of N sites are found at certain
positions in the layers, it is a stable compound during
electrocatalysis. Additionally, these numerous sites potentially
improve the catalytic activity. In the g-CN materials, carbon
atoms are linked to nitrogen atoms with full valence states and
are thus completely oxidized. Such a configuration supports a
band structure that brackets the H*/H, and O,/H,0
potentials with no corrosion of the C—N bond in the
backbone.'®" Based on recent research, graphitic nitrogen
and pyridinic N-doping can redistribute the electron density of
neighboring carbon and support its electroactivity for the
adsorption and desorption of O, during catalysis, which
promotes reactions such as ORR and OER. Thus, because of
the high number of pyridinic-N active sites, g-C;N, materials
have attracted attention as catalysts for facilitating and
accelerating the oxidation—reduction reactions, as explained
above in the aforementioned energy devices.'®”

6.3. C,N,-Based Materials for Fuel Cell Applications.
With the aim of improving the production efliciency of
electrical energy, fuel cells are used extensively. These high-
performance electrochemical devices are capable of directly
converting chemical energy to electricity, although more
effectively and with less release of greenhouse gases compared
to conventional fossil fuel combustion-based systems.** The
fuels, including H,, would be oxidized in the anode side,
releasing water or e~ or H' in alkaline or acidic media,
respectively. That is followed by a flow of electrons toward the
cathode and the reduction of O, to OH™ or H,0.>* A critical
challenge that remains unsolved with respect to fuel cells is
finding strongly efficient design strategies to reduce the high
overpotential levels required for the oxygen reduction reaction
(ORR).*® Accordingly, the development of nonprecious,
efficient, and durable catalysts to promote the ORR with
remarkable activities and rates is of crucial importance in fuel
cell commercialization. Carbonaceous materials have attracted
high hopes as catalysts for the ORR, as doping their
frameworks with heteroatoms such as nitrogen can greatly
enhance the ORR efficiency through charge rearrangement and
improve O, chemisorption through considerably weakening
the O—O bonds. Therefore, among carbonaceous materials, g-
C;N, has received significant attention for use in electro-
catalytic oxygen reduction processes.”*

6.3.1. C,N,-Based Materials As Electrocatalysts. Porous
graphitic carbon nitride was composited with acetylene black
(ep-GCN-AB composite) to be evaluated as a cathode catalyst
in a microbial fuel cell (MFC). The synthesized composite
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exhibited a marked oxygen reduction reaction performance,
with a charge transfer resistance comparable with that of Pt/C.
The maximum power densities obtained for MFCs that used
ep-GCN-AB composite electrodes were much higher than
those obtained using an acetylene black coated-cathode,
demonstrating ep-GCN was an efficient MFC cathode catalyst
with expenses 20X lower than those of Pt/C. Besides, a higher
surface area and better electron conduction and separation
were achieved in the presence of acetylene black. In addition,
ep-GCN showed better ORR activity at a potential of —0.393
V than Pt/C."** A cathode membrane was fabricated by fixing
a g-C;N,/Fe’(1%)/TiO, catalyst in carbon fiber cloth using a
PVDF coating, followed by loading the catalytic components
on granular activated carbon (GAC) to form a GAC cathode
with MnO,/TiO,/g-C;N,. This was the first report of a
cathode with a catalytic membrane serving simultaneously with
a modified GAC electrode to enhance the electricity
generation and pollutant elimination of microbial fuel cell-
microbial bioreactor (MFC-MBR) systems. This electrode
exhibited an ORR peak at 0.041 V, suggesting its considerable
catalytic activity. This concomitant performance of the cathode
membrane for cathodic catalysis and filtration along with the
packed MnO,/TiO,/g-C;N,/GAC function showed higher
catalytic behavior in terms of power generation and greater
removal of the ammonium produced by the anodic
bioconversion of pollutants compared to single-component
systems, verifying its promising potential for the treatment of
coking wastewater in MFCs.'**

Platinum nanoparticles were bonded on a binary g-C;N, and
ZIF-67 cobalt metal—organic framework to produce a novel
catalyst through an eco-friendly method. The PtNPs@g-C;N,-
ZIF-67 was evaluated with respect to its electrocatalytic
performance toward butanol oxidation using EIS (electro-
chemical impedance spectroscopy), LSV (linear sweep
voltammetry), CV (cyclic voltammetry), and CA (chrono-
amperometry) analyses in alkaline electrolytes. Highly
improved butanol electro-oxidation with a great surface area
and current density, a low charge transfer resistance and
oxidation potential, and long-term stability was exhibited by
the as-prepared catalyst. All these enhanced features could be
attributed to the synergistic effect between Pt nanoparticles
and the g-C;N,-ZIF-67 support. A poisoning tolerance limit of
7 M in KOH was reported, suggesting the use of the novel
catalyst as a great antipoisoning material in direct butanol fuel
cells.'*

Consequently, a novel Cu,0-g-C3N,/Vulcan carbon (VC)
composite was obtained by an additive-free hydrothermal
method with different ratios of g-C;N, and VC (1:1, 1:2, and
2:1) for use as an anode catalyst for urea oxidation. The
electrochemical features of the as-prepared Cu,0-g-C;N,/VC
composites were analyzed for urea oxidation, which was
influenced by alterations to the g-C;N, to VC ratio. Using 2 M
urea, a current density of 25.3 mA cm™> was obtained at 6 V
for the Cu,0-g-C;N,/VC (1:2) composite, which was higher
than those of both the Cu,0-g-C;N,/VC (1:1) and Cu,O-g-
C;N,/VC (2:1) materials. Thus, the results of the Cu,0O-g-
C3N,/VC (1:2) catalyst were ascribed to the surface area in
the composite increasing with the larger VC content due to the
different shape and morphology formed, the larger surface area,
and the smaller ohmic resistance. Besides, the overall
electrochemical oxidation of urea was improved for the
composite compared to the individual components, and
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chronoamperometric measurements revealed an increased
stability of about 2 h with no current density degradation.'®®

A g-C;N,@RGO composite nanocatalyst was synthesized
with a high specific capacitance ranging form 220 to 258 F g™'
at 10 mV s™' and a very small resistance against charge transfer.
The nanocatalyst displayed a large electrochemically active
surface area (ECSA) of 81.5 m® g™' together with a current
density of 13.7 mA cm™ for methanol electrochemical
oxidation. Besides, the forward current peak to reverse current
peak ratio (Iz/Iy), a parameter denoting the CO poison
tolerance, was as high as 1.38 for the Pt/g-C;N,@rGO hybrid,
and long-term stability was also exhibited. The material’s
outstanding electrochemical ability was reported to originate
from both its specific structural features (2D g-C;N, and 2D
graphene), the highly exposed surface area for electrochemical
activity supplied by the uniform dispersion of Pt on the hybrid,
and the existence of various C—N groups with high N
contents. The MOR was carried out at 50 mV s™! with 10 mV
s scan rates. The forward current peak obtained for Pt/g-
C3N,@RGO (8:1) was about 1.5—3X higher than those of the
other test electrodes and also exhibited a smaller onset
potential. In the chronoamperometric tests, in addition to a
high final current density of 2.1 mA cm ™, the lowest current
decay rate was achieved by the Pt/g-C;N,@RGO (8:1)
electrode after a full test period. In an accelerated durability
test (ADT), 73% of the initial forward oxidation current peak
(IF) was lost by the hybrid after 100 cycles, evidencing its
reasonable stability toward methanol oxidation. The men-
tioned result showed that Pt/g-C;N,@RGO has a high
electrocatalytic stability compared to Pt/RGO.” An effective
method was applied for the large-scale production of Pt-
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decorated 3D architectures based on graphene and g-C;N,
nanosheets (Pt/G-CN) to evaluate their methanol oxidation
activity as an anode electrocatalyst. Following a procedure
similar to that for graphene oxide hydrogel formation, a
uniform suspension of GO and g-C;N, freestanding nano-
sheets was obtained through sonication and thermal treatment
to form the final 3D hybrids. To maintain their porous
structures, the products were further dried in the CO, medium
of the critical point. The g-C;N, nanosheets were prone to
locate in the pores or spaces formed among the graphene oxide
layers. The fabricated 3D structures offered large exposed
multisized pores for quickly transfer the reactants toward the
electroactive sites, and a sufficiently high level of electrical
conductivity was preserved in the final catalysts due to the
presence of graphene with conducting channels. The overall
3D Pt/G-CN composites were found to possess great
electrocatalytic features such as extraordinary poison tolerance,
high electrocatalytic activity, and long-term stability, leading
them to outperform the conventional Pt-Vulcan XC-72 (Pt/C)
and Pt/graphene (Pt/G) electrodes for the methanol oxidation
reaction (MOR). CV was performed in a 1 M H,SO, solution.
Among various G-CN ratios, the highest ECSA value of 69 m*
g”! obtained for Pt/G;-(CN), via Coulombic charge
calculation for hydrogen adsorption, showing that the Pt/G;-
(CN), nanocatalyst with more catalytic sites and a high
electrolyte diffusion rate was more electrochemically acces-
sible. In the MOR, the poison tolerance increased with
increasing content of g-C3N, nanosheets from 30 to 90%. High
amounts of nitrogen in the hybrids could activate more
adjacent carbon atoms, speeding up OH formation through
water dissociation and enhancing the oxidative elimination of
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Pt/g-C3N,—BiOI nanocomposite. Reproduced with permission from ref 171. Copyright 2019, Royal Society of Chemistry.

the poisonous carbonaceous intermediate groups. The high
content of N, could stabilize the Pt nanoparticles by assisting
the interaction of the metal with the support. Chronoamper-
ometry tests with conditions of 0.5 V and 2000 s were carried
out to measure the long-term stability of the composites. The
Pt/G;-(CN), sample again demonstrated the highest current
gained through oxidation and the slowest current decay.'®’

Regarding the ADT tests, an increase in the amount of
surface oxide groups on the a-CB was observed, which changed
virtually proportional to the potential cycle number. This led a-
CB to become majorly oxidized. In contrast, no apparent
electrochemical oxidation was seen after the a-CB@pg-CN
samples were cycled (potentials up to 1.9 V) .'®® In recent
work, a novel g-C;N, with an engineered morphology,
enhanced catalytic efficiency, high mass activity was produced
as a cost-effective and favorable electrocatalyst for the
methanol oxidation reaction (MOR) in fuel cells. Using bulk
carbon, thermochemical etching method was applied to
fabricate various morphologies of graphitic carbon nitride,
including nanosheets, nanorods, and quantum dots, and the
morphologies were evaluated in an alkaline medium for
methanol oxidation reaction by means of cyclic voltammetry.
Due to their numerous formed edges and the maximum atomic
content of pyridinic N active sites in the nanoscale
morphology, g-C;N, quantum dots exhibited the highest
methanol oxidation activity.

The zero-dimensional g-C;N, quantum dots (CNQDs)
were deposited on conducting polyaniline (PANI) as a support
to form a metal-free anode catalyst (CNQD-PANI) in DMFCs
(Figure 12). The as-prepared electrocatalyst outperformed the
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commercial 20 wt % Pt/C due to both its higher oxidation
activity toward methanol and fantastic CO poison tolerance,
which highlighted its potential as an applicable catalyst in
DMFCs. Regarding the electrostatic interaction induced
between the conducting polyaniline fibers and the g-C;N,
quantum dots, developed electrical conductivity and enhanced
methanol adsorption were observed for the CNQD-PANI
electrocatalyst. This electrostatic interaction was assumed to be
responsible for catalyzing the oxidization of CO, which was
adsorbed on the catalyst, into CO, in the basic solution within
the MOR, leading to a boosted CO tolerance. Moreover, it also
efficiently caused the CNQDs to keep the dissolution under
control. Fundamentally, the electrostatic interaction between
the —COO~— groups and N sites of the CNQDs and PANI,
respectively, distributed the carbon nitride quantum dots in the
nanocomposite uniformly and limited their agglomeration,
which eventually increased the catalytic activity. However, a
level of instability was observed in the CNQD electrocatalytic
process such that a remarkable fall in the current density from
13 A g' to 10.8 A g' was measured over 100 cycles. This
instability was ascribed to the catalyst’s slow dissolution in the
basic medium and lower electrode electrical conductivity.
Therefore, the as-synthesized metal-free nanocomposite
revealed an increased current density of 28.4 A g~ in the
initial cycle, which decreased only 8% of the primary amount
over 1000 catalysis cycles.”

CuAg/Cu,0 nanoparticles were synthesized on the surface
of 2D carbon nitride through a galvanic exchange method for
the preparation of a CO, reduction and methanol oxidation
electrocatalyst. Bimetallic CuAg/Cu,O nanoparticles were
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formed through the partial atomic exchange of copper and
copper oxide by silver atoms. The synthesized carbon nitride/
Cu/Cu,O catalysts and C—N/CuAg/Cu,O were assessed
electrocatalytically in methanol oxidation and carbon dioxide
reduction reactions. Considering a 0.5 M methanol solution,
the silver-containing electrocatalysts revealed double the
current density efficiency for the oxidation of methanol
compared to that of the C—N/Cu/Cu,O monometallic
catalysts due to the oxygen bonds on silver being weaker
than those on the copper substrate. Regarding the selective
reduction of CO,, the oxidation of formate as the product took
place on a Pt rotating ring disc electrode, and C—N/CuAg/
Cu,O exhibited a higher selectivity for the formation of formic
acid. That was attributed to the reduced oxophilicity and
decreased hydrogen evolution of the compressively strained
copper. Therefore, it can be anticipated that the selectivity of
carbonyl products would increase as a result of the addition of
Ag to Cu.'”’ Bismuth oxyiodide (BiOI) and g-C;N, nano-
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sheets were coupled to form a long-wavelength-absorption
2D—2D composite, as presented in Figure 13. The produced
heterojunction with a high charge separation possessed a wide
visible-light-collecting potential useful for the unification of
solar energy. The g-C;N,/BiOI electrode was decorated with
Pt nanoparticles, and its final visible-light catalytic activity
indicated a 16.9X improvement compared to the conventional
electrocatalytic oxidation under dark conditions, exhibiting
5.07 and 2.82X increases in comparison with Pt/g-C;N, and
Pt/BiO], respectively. An ethanol oxidation mass activity of
about 53.1 mA mgp,~' was obtained for the as-prepared Pt/g-
C;N,/BiOlI electrocatalyst with the use of even 600 + 15 nm
red light illumination. Moreover, an improved electrocatalytic
stability was also achieved under visible light. Altogether, this
electrocatalyst presents an appropriate model for the
construction of high-efficiency direct ethanol fuel cells."”!
Copper-doped carbon nitride (Cu-g-C;N,) was prepared by a
facile single-step pyrolysis method as an effective cathodic



material with a considerable electrocatalytic response for the
ORR in an alkaline environment. A reduction peak at 0.66 V
was observed in the presence of this electrocatalyst. This
modified Cu-g-C;N, electrocatalyst had low expenses and
demonstrated a strong methanol tolerance, long-term
durability, an E-onset of 0.92 V (plus a 79.7 mV dec™" Tafel
slope), a four-electron transfer reduction pathway, and less
than 4% H,0O, formation compared to Pt/C. Such a
performance was attributed to the strong integration of the
Cu—N,, active sites with the nitrogen—carbon matrix.'”> Under
an inert atmosphere, the pyrolysis of silver hexacyanoferrate-
(II) supported by polycarboxylate-functionalized graphene
nanoplatelets (GNPs) was conducted to prepare silver/iron—
carbon nitride as an ORR electrocatalyst for use in alkaline
solutions. Compared to silver nanoparticles deposited on
GNPs and iron—carbon nitride, the performance of the hybrid
catalytic material revealed that oxygen reduction took place at
more positive potentials (higher than 0.3 V) and that the
amount of H,0, formed during the reduction process was
lower at such potentials in the 0.1 M KOH electrolyte medium.
The observed improvement was attributed to the strong effect
of silver on H,0, reduction and decomposition in basic
electrolytes. However, modified GNP electrocatalysts (an-
nealed at 800 °C), including FeCN,/GNP800-C, Ag/
GNP800-C, and AgFeCN,/GNP800-C hybrids, were reported
to be less selective with respect to the four-electron oxygen
reduction pathway than Pt/C, and they were found to exhibit
much lower HO,™ oxidation currents than the unmodified
GNPs. Moreover, as a result of the robust metal complexes
fixed to the CN shells, such CN-based nanocomposites
exhibited high stabilities and maintained their electrocatalytic
performance, even passing continuous acidic medium polar-
ization. "

Hierarchical heterojunctions of Ni, Cu, and Cu—Ni
nanostructures decorated on ultrathin 2D graphitic carbon
nitride were prepared and deposited on GC (glassy carbon)
anodes.'”® The methanol electro-oxidation reaction was
performed to evaluate their catalytic activities in an alkaline
medium. The Ni nanoparticle-embedded g-C;N, electro-
catalysts showed high activities, with an onset potential of
0.35 V and a charge transfer resistance of 0.12 k€. During a
160 min chronoamperometric experiment, the modified GC
electrodes exhibited a stable current density of 12 A cm™ with
a 4 wt % loading of NiO. The current densities attained under
alkaline conditions with the same weight percentage of Ni/CN,
Cu—Ni/CN, and Cu/CN were 58.79, 5.51, and 1.71 A g™/,
respectively, indicating the stable MOR activity. In addition,
the effect of UV light (4 ~ 400 nm) was examined during the
MOR reaction, which led to improved current densities for all
the catalysts; the highest value was 22 A cm™2 for the 4% Ni/
CN sample. The obtained MOR catalytic activity of the
synthesized Cu—Ni/g-C;N, composites under visible-light
irradiation was almost 2.7X higher than the activity under
dark conditions in an alkaline electrolyte, and the catalysts
exhibited oxidation peaks at a potential of 0.56 V. However,
adding Cu to the hybrid damaged the efficiency due to
irreversible reduction and oxidation of Cu® to Cu® and Cu**,
respectively, which segregated copper oxide, affected the
electron transfer, and finally gave rise to an increase in the
redox potential. The stabilities of the modified electrodes with
different nanocomposites were investigated. Their results
showed that the Ni/CN catalyst had the most stable
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electrocatalytic performance compared to the Cu—Ni/CN
and Cu/CN electrodes.'**

Employing pyrolysis and acid leaching, ultrasmall Fe,N
nanocrystals were added to g-C;N, spheres to form Fe,N/
MNGCS nanocomposites, as shown in Figure 14c. The sample
(Fe,N/MNGCS)-4 demonstrated optimized ORR activity,
with high selectivity and stability (less than a 5% loss in the
initial current after a 60 000 s operation), positive half-wave
potentials (0.881 V vs. RHE), and a high methanol crossover
tolerance (94.9% of the current was preserved when the
concentration of methanol was increased from 0.5 to 4 M) in
alkaline media. The electrocatalytic activity of the obtained
composite was found to be superior to those of the commercial
Pt/C (10 wt %) and carbon-encapsulated catalysts. This
significant ORR activity arises from the synergistic effects of
the mesoporous structure of the composite material, its high
surface area with high-performance active sites for catalysis,
and its proper conductivity. Compared to Pt/C, Fe,N/
MNGCS exhibited a positive oxygen reduction peak potential
(0.9 V), indicating facile O, transport by Fe,N/MNGCS.
Chronoamperometry tests were carried out, and an almost 5%
decrease in the current retention ratio was observed when 0.5—
4 M methanol was injected into the alkaline electrolyte. This
was attributed to the special structure of Fe,N/MNGCS
avoiding aggregation during the catalysis and preserving the
active sites in addition to the highly carbonized MNGCS
accelerating the transfer of the electrons, reactants, products,
and intermediates.** The results are depicted in Figure 14a—f.

A core—shell composite material (TaO,N,@C,N,) was
fabricated as an active Pt-free oxidation—reduction reaction
(ORR) catalyst using spherical carbon nitride as the core and
tantalum (oxy) nitride as the shell (Figure 15a—d). The aim of
using CN was to synthesize a core capable of increasing the
electrical conductivity. In return, the (oxy) nitride shell was
formed in order to preserve the core in case of electrochemical
corrosion. In comparison with pure tantalum (oxy) nitrides,
the as-prepared core—shell composites exhibited enhanced
ORR activity, which was more obvious when the nitriding step
was carried out at 1000 °C. However, the selectivity tests
(four-electron pathway to H,O) revealed that further improve-
ment was needed. The electrochemical characterizations were
performed in acidic (0.5 M H,SO,) and basic (0.1 M KOH)
electrolytes. Cyclic voltammetry (CV) in acid electrolytes
demonstrated higher charging current densities in the double
layer for composites prepared under higher nitriding temper-
atures, which could be attributed to an improved conductivity
of the material lowering resistance in the catalyst layer. The
higher conductivity was ascribed to the thin layers with large
areas of Ta,N; and TaN. This was assumed to be the origin of
the more efficient electric contact between the carbon cores,
which resulted in the availability of more surface area for
electrochemical activity. Similar behavior was observed for the
alkaline media CV records. According to the CV tests, among
the various TaON@CN catalysts synthesized, only TaON@
CN-700 (treated under 700 °C) revealed signals of surface
reactions in addition to the currents created by double-layer
charging, which was the predominant process in other samples.
This catalyst had the highest peak current density at 0.4 V
toward the ORR. Based on the electrochemical stability
assessments, Tay;N; or TaN in TaON@CN-1000 was
proposed to act as the active surface phase in the ORR
instead of the more stable phase of Ta;Nj. This was ascribed to
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Figure 15. High-resolution SEM images of the surfaces of (a)
TaON@CN-1000 and (b) TAON@CN-1150. (c) TEM image of the
TaON@CN-1000 spheres. (d) Representation of (i) current densities
and (ii) CV curves of TAON@CN nitrided at 0.6 V and at different
temperatures in N,-saturated 0.5 M H,SO, (10 mV s™!) with a
catalyst loading of 0.28 mg cm™> Reproduced with permission from
ref 174. Copyright 2017, Elsevier.

the almost complete dissolution of these unstable phases in
acidic media together with the loss of the ORR activity.'”*

A strategy was applied to construct mesoporous structures
based on the framework of g-C;N, to produce potential metal-
free hybrids as promising electrocatalysts for the acidic-
medium oxygen reduction reaction (ORR). In this regard,
hexagonally ordered mesoporous silica was employed as a
template to fabricate ordered mesoporous carbon nitride
(OMCN) architectures through a nanocasting synthesis route.
The as-prepared OMCN demonstrated a supreme electro-
catalytic activity toward the ORR with respect to the onset
potential and the current density in comparison with ordered
mesoporous carbon (OMC) and bulk carbon nitride (Figure
16a—d). The abundance of catalytically active nitrogen
moieties in the OMCN architectures on the one hand and
the high surface area of the structure on the other hand seemed
to simultaneously improve the electrocatalytic performance of
OMCN. In addition, the outstanding durability and higher
tolerance to methanol in the ORR experiments compared to
the Pt/C catalyst make this metal-free structure an ideal
electrocatalyst for extensive use in proton-membrane fuel cells
(PEMFCs) and DMFCs. The highest value for ORR activity
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was obtained for OMCN, although the reduction current was
higher for OMC, specifically around the potential 0.9 V. This
was attributed to the current from double-layer charging as a
result of the large surface area of OMC instead of the current
from oxygen reduction. In the ADT tests, a considerable loss of
surface area was observed for commercial Pt/C, changing from
94 to 69 m” g~' after 200 cycles due to the Ostwald ripening
phenomenon in the cycling potential range. In comparison, no
remarkable change was measured for OMCN in the cyclic
voltammetry experiments, demonstrating its significant struc-
tural durability against acidic media compared to the Pt/C
catalysts.'”>

Pursuing an innovative approach, a core—shell electro-
catalyst structure was developed that contained carbon nitride
as the “shell” and conducting carbon nanoparticles as the
“core”. In addition to uniformly enclosing the carbon
nanoparticle core, the carbon nitride shell was developed as
a matrix to accommodate alloy nanoparticles of PdCoNi. Since
the ORR activity of the active sites could increase significantly
based on platinum-group metals, Co and Ni were adopted as
cocatalysts for Pd. The alloy nanoparticles were bonded to the
carbon nitride shell through the “nitrogen coordination nests”.
As nitrogen atoms acted as coordination nests in the matrix
shell for the palladium alloy, their concentration effect on the
ORR efficiency of the prepared electrocatalyst was studied.
The outcomes indicated that nitrogen and the alloy nano-
particles interacted with each other, influencing the active sites
in terms of bifunctional and electronic mechanisms in the ORR
as well as which adsorption or desorption activities the
contaminants and oxygen molecules undertook. Furthermore,
a higher surface activity (388 A cmp; %) was observed for the
PdCoNi electrocatalyst in comparison that of the Pt-based
reference electrode (153 A cmpy2), which further revealed a
higher efficiency for the ORR at an applied potential of 0.9 V
(versus RHE). On the basis of the results, effective features
were determined to be the PdCoNi alloy-phase parameters,
specifically the grain size and the cell constant, and the
interactions between the carbon nitride “shell” and the
nanoparticle alloy. Accordingly, it was demonstrated that the
highest ORR activity was related to the PACoNi alloy, which
had the shortest cell constant and a low content of N in the
shell. It was concluded that the N-based ligands not only
hampered the growth of the alloy nanoparticles and led them
to form fine grain sizes but also increased the electrocatalyst’s
tolerance to Cl anion contamination'”® (Figure 16e—g).

Fabricated CN,/PVA nanostructures were compared to
pristine carbon nitride, which revealed that the CN nano-
particles were dispersed in the PVA nanofibers and their ORR
electrocatalytic performance was remarkably enhanced. This
was confirmed by means of characterizations showing the
existence of pyridine N and the formation of active amino N
groups from small amounts of pyrrole N during high-voltage
electrospinning. CV analysis indicated the improved peak
current density and onset potential of these CN,/PVA
nanofibers, which were evaluated as comparable candidates
to Pt/C (40:60 wt %) catalysts. The onset potential of the as-
synthesized nanofibers was 0.88 V, while that for Pt/C was
0.97 V. Rotating ring disk electrode (RRDE) analysis
demonstrated that the desired four-electron pathway was
followed within the ORR. Besides, voltammetry studies
combined with FTIR confirmed the high stability of the
CN,/PVA nanofibers toward the ORR after 5000 repetitions
and the preservation of their active sites. It was observed that
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Figure 16. (a) ORR performance of ordered mesoporous carbon nitride (OMCN)), bulk carbon nitride, OMC, and glassy carbon,. (b) TEM and
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the PVA nanofibers broke apart after the 5000 cycles were
complete.”® A molecular scaffold of g-C;N, that hosted
different transition metals was mounted on a carbon nanotube
as a support to form a new category of catalysts for CO,
reduction in an aqueous medium. The bimetallic structures of
NiMn and NiCu coupled with g-C;N, could create more
efficient catalysts than their monometallic rivals. In particular,
the activity of the Ni/C;N, catalyst was improved considerably
by the addition of a second metal. That was attributed to the g-
C;N, atomic modification in the presence of metal atoms,
which gave rise to a high faradaic efliciency of about 90%
(nF(CO) ~ 90%) for the CO evolution reaction in a wide
potential range (—0.6 to —0.9 V versus RHE) and a low
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overpotential of 0.39 V."”” A cost-effective bimetallic (Co, Fe)-
CN/rGO electrocatalyst was fabricated as an efficient
alternative to the use of Pt catalysts in the ORR. The
fabricated M-N,-C-class catalyst exhibited a high porosity, a
large surface area, rapid charge transfer (at the (Co, Fe)-CN—
rGO interface) in acidic media with its 2D—2D interface, and
numerous Co-N,-C and Fe-N,-C active sites. The composite
was reported to have an outstanding cathodic ORR reaction
activity, with an 875 mV onset potential (41 mV more negative
than that of Pt/C) and an efficient four-electron reaction route.
The catalyst demonstrated an excellent methanol tolerance and
a high durability, making it an ideal nonprecious bimetallic
electrocatalyst in fuel cell applications'”® (Figure 17).
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g-C3N,, Cu,0, and the Cu,0-g-C;N, composite recorded by applying 2 M urea. (d) Chronoamperometry data of g-C;N,, Cu,0, and Cu,0-g-
C;N, recorded by applying 2 M urea in 1 M KOH. Reproduced with permission from ref 183. Copyright 2021, Elsevier.

Electrocatalysts based on noble metals such as Pt,'”° Au, Pd,
Ir, and Ru are recognized as highly efficient ORR catalysts.
Sadhukhan et al.'® developed a platinum nanoparticle—carbon
nitride (Pt/CN,) composite through the ultrasound-assisted
reduction of H,PtCly by sodium borohydride in a medium that
included CN, nanosheets. In acid media, the as-prepared
platinum carbon nitride (Pt/CN,) demonstrated a supreme
electrocatalytic performance for CH;OH, HCOOH, and
HCHO oxidation. Compared to the Pt/C catalyst, the Pt/
CN, composites had higher mass activities and onset
potentials, a stronger carbon monoxide poisoning resistance,
and better durability for the oxidation of the three compounds
mentioned previously. The methanol oxidation mass activity of
the Pt/CN, composite (at 0.64 V), which was measured
through forward scans, was 2.7X higher than that of the Pt/C
commercial catalyst. On the Pt/CN, composites, the HCOOH
electro-oxidation mechanism exhibited a significantly improved
efficiency through the dehydrogenation pathway. Besides, at
0.3 V (versus NHE), the Pt/CN, composite exhibited a mass
activity 25X higher than that of Pt/C. The superior
electrocatalytic activity and reasonable durability were ascribed
to the high level of dispersion of the Pt NPs, which provided a
high surface area as well as a robust metal—support
interaction.'®” Carbon nitride was dispersed on polyacryloni-
trile (PAN) nanofibers by the electrospinning method in order
to improve the oxygen reduction reaction efficiency. Both
cyclic and linear voltammetry were applied to compare the
ORR activities of the CN,/PAN nanofibers and the native CN,,
nanoparticles, and the results revealed an enhancement by the
as-prepared composites. The ORR current density (5.82 mA
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cm™2) and the onset potential (0.93 V) of Pt/C (40:60 wt %)
were found to be slightly higher than those of the CN,/PAN
nanofibers. The electrocatalytic mechanism of the synthesized
nanofibers was investigated by RRDE voltammetry, which
indicated a four-electron reduction pathway for the ORR as
well as water formation and inconsiderable H,O, generation.
The continuous formation of water as the ORR product was
observed by in situ FTIR and voltammetry (0.93 to 0.63 V).
Measurements were conducted using linear sweep voltamme-
try (LSV) with 6000 repetitions coupled with FTIR spectros-
copy, which determined the increased stability of the CN,/
PAN catalytic activity for the ORR. An improved water
content (4000 LSV cycles) and zero CO, evolution (2000 LSV
cycles) were also specified."®"

6.3.2. C,N,-Based Materials as Support. A composite of
graphitic carbon nitride and Vulcan carbon (g-C;N,/VC) was
synthesized hydrothermally with various ratios of VC and g-
C;N, and was used a support for Ni(OH), nanoparticles to
form novel Ni/ (g—C3N4/VC) composites for urea oxidation
purposes. The Ni deposited on different supports exhibited an
excellent activity compared to those of the single supports.
Among the multiple composite ratios of VC to g-C;N,, the
sample with a ratio of 2:1 demonstrated the highest
performance, with a current density nine-times higher than
that of Ni over VC for with 2 M urea in 1 M KOH at 0.5 V. A
high stability was achieved for the as-prepared Ni over the
composite support, and the current density degradation for
durations longer than 2 h was not considerable. EIS results
exhibited an increased charge transfer rate due to the
synergistic effect of the nanoparticles and g-C;N, as well as



the VC support, which assisted the urea oxidation to a great
extent'®” (Figure 18a and b). Cu,0-g-C;N, nanocomposites
were successfully fabricated using a straightforward additive-
free solution chemistry route in which glucose was applied as
the reducing agent. Besides, the Cu,0-g-CsN, composites
demonstrated outstanding performance in the electrochemical
oxidation, and the activity was about two-times higher than
those of the single-component catalysts (Cu,0 and g-C;N,).
Such an increase was attributed to the synergy between the g-
C;N, support and Cu,O. This synergy also led to a high
stability, as determined from the lack of noticeable degradation
after 3 h of constant current discharge183 (Figure 18c and d).

A one-step simple solvothermal process was applied to
prepare a graphitic carbon nitride—titanium oxide (g-C;N,/
TiO,) nanocomposite to act as a support for the Pt-based
catalysis of the electrochemical oxidation of methanol. On the
basis of the resultant high mass activity of 210 mA mg™" for the
MOR in acidic media (0.1 M H,SO,) compared to that of
commercial Pt/C at a peak potential of 1.03 V, the supporting
catalyst was determined to play a beneficial role. The adaptable
architecture of the hybrid on the one hand and Ti—OH surface
bonds on the other hand led to synergistic effects that were
exhibited by the catalyst support. It was observed that the
oxidation of the adsorbed intermediates like CO and their
consequent removal was facilitated by Ti—OH groups on the
surface, which thus weakened the poisoning effect of platinum.
The catalytic performance of the g-C;N,/TiO, composite
declined about 73% after the calcination step at 400 °C. Based
on the reduction in the activity after the application of heat, it
was concluded that the surface —OH bonds played a
significant role in decreasing the activation energy for the
adsorption of methanol, which was fruitful for both the final
electrocatalytic activity and detaching the species adsorbed on
Pt in the form of CO, and H*. Therefore, the active sites on Pt
were preserved for further MORs. Chronoamperometry
analysis of g-C;N,/TiO,/Pt revealed a relatively slow current
density decay rate and an appropriate tolerance level toward
intermediate species, thus indicating a high stability.'**

In Pt-based catalysts, the introduction of Au can improve the
ORR performance;'®> integrating the two approaches of
developing Pt-based bimetallic catalysts and applying a catalyst
support, a 3D Pt—Au/CN structure was fabricated on the
surface of carbon nitride nanosheets to evaluate photoassisted
reactions in fuel cells. For this purpose, a simple single-step
hydrothermal technique was applied to deposit Pt and Au on
the surface of a 2D g-C3N, semiconductor (produced by urea
thermal condensation) as the catalyst support. The as-prepared
composite was then used as the working electrode in the
electrocatalytic MOR. The electrocatalytic efficiency reported
for 3D bimetallic Pt on a Au core joint with a 2D g-C;N,
support was nearly 14X higher than that of monometallic Pt-
CN in the electro-oxidation reaction of methanol. This
enhancement was reported to originate from the highly
available active sites as well as the synergistic electronic effects
of the two metals. Under visible-light irradiation, the Pt—Au/
CN composite exhibited current density and stability levels
higher than those typical for electrocatalysis processes in the
MOR. It was also reported that the Pt;y-Au,;/CN-modified
electrode exhibited the highest current density of 1.52 mA
cm™?, being 13.8X larger than that of Pt-CN at similar
conditions. That was considered to be strong proof of the
generation of bimetallic Pt and Au in the composites in
addition to the Pt—Au alloy. The MOR electrocatalytic activity
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exhibited by Pt—Au/CN under visible-light irradiation was
1.70X and 23.5X higher than those exhibited by Pt—Au/CN
and conventional Pt/CN, respectively, under dark conditions;
the electrocatalytic activity was also accompanied by improved
electrochemical stability. All the improvements were ascribed
to the formation of a bimetallic structure, the growth of
exposed catalytic active sites on 3D Pt—Au/CN, the simplicity
of methanol adsorption on the surface of the 2D CN support,
and finally the synergistic effect born from the combination of
electro- and photocatalytic processes. The chronoamperometry
(CA) and chronopoentiometric (CP) analyses were used to
consider the electrocatalyst’s stability. According to the CA
analysis, the stability of the Pt—Au/CN electrode was greater
than that of Pt/CN under both visible-light and dark
situations. In addition, it was clearly detected that the Pt—
Au/CN electrode had a higher electrocatalytic activity than the
Pt/CN electrode in relation to both the initial and steady-state
current density under similar conditions. The CP results
demonstrated the antipoisoning effect with the application of
visible light illumination, with Pt—Au/CN exhibiting a
maintenance time of 12080 s under light and that of 8387 s
under a dark environment (rather than 37 s for Pt/CN).%

A core@shell configuration was developed as a stable and
electrochemically efficient support through the integration of
2D layered polymeric graphitic carbon nitride (pg-CN) and
amorphous carbon black (a-CB). Due to its special molecular
structure and unique electronic function, the as-prepared
composite was suggested to be an ideal candidate for the
electrocatalytic ORR. The novel a-CB@pg-CN composite was
found to improve the stability of fuel cell devices, particularly
at high potentials (1.2—1.7 V), as it did not undergo more
alterations.'®® Compared to commercial a-CB-based electrodes
in PEMFCs, where H, and O, are given as the reagents at the
anode and cathode, respectively, and heat and electricity are
produced from the electrochemical reaction energy,"*® the Pt
catalyst electrodes based on the novel a-CB@pg-CN support
displayed much higher stabilities and comparable ORR
electrocatalytic activities while maintaining sufficiently high
energy and power densities. Density functional theory (DFT)
calculations were conducted, which clarified that the fantastic
electrocatalytic characteristics of the as-prepared a-CB@pg-
CNs were due to an inherent junction of the chemical and
electronic features of the components. This junction surpassed
the electrochemical corrosion kinetics and synergistically
fostered interactions between the catalyst and the support.
Unlike amorphous C, g-CN possesses a crystalline structure in
which carbon and nitrogen atoms are bonded as fully oxidized
atoms with satisfied valence states. Such a band gap
characteristic was assumed to bracket the potentials of H*/
H, and O,/H,0, implying that the corrosion of the C—N
structure was thermodynamically unfavorable in PEMFC
devices;'®® this is an important feature, especially in duplicate
start-up and shut-down conditions.

A straightforward and quick combustion process was
developed for the photoassisted chemical reduction-based
synthesis of a palladium—graphitic carbon nitride (Pd-g-C;N,)
nanocomposite through the room temperature deposition of
palladium nanoparticles on a porous graphitic carbon nitride
support for application as an efficient electrocatalyst in the
oxygen reduction reaction (ORR). Using a 0.1 M KOH
solution, the as-prepared Pd/g-C;N, nanocomposite revealed a
strong electrocatalytic performance for the ORR, satisfying the
clear four-electron pathway. Pd-g-C;N, showed a more



positive onset potential of 0.9 V than Pt/C (0.72 V). The
improved ORR activity was presumed to originate from the
simultaneous positive effects of the combination of g-C;N, and
Pd and the homogeneous dispersion of the nanosized Pd
particles. Moreover, in comparison with the commercial Pt/C
catalysts, a considerably higher tolerance and an improved
stability toward methanol crossover were achieved by the
developed nanocomposite. As nitrogen doping is considered to
promote the formation of bonds between metal nanoparticles
and the carbon of the support, the durability of the Pd-g-C;N,
nanocomposite was examined for long-term usage through CA
analysis and compared to that of Pt/C at the applied potential
of 0.61 V. Over 45000 s, the Pd-g-C;N, nanocomposite
demonstrated around 8% activity loss, which was much lower
than that of over 45% demonstrated by commercial 10 wt %
Pt/C. Hence, it was concluded that the robust interaction
between g-C;N, frameworks and Pd nanoparticles could
induce a premier stability higher than that of the benchmark
Pt/C. Considering the kinetics of the ORR, the porous
structure of the g-C;N, support could effectively assist O,
diffusion at the interface between the electrode and the
electrolyte. Besides, the efficient dispersion of fine-sized Pd
nanoparticles directly in contact with the g-C;N, structure
played a positive role in the significant electrocatalytic behavior
of the Pd-g-C;N, hybrids.*

The electrocatalytic properties of a ternary Pd/g-C;N,/rGO
nanocomposite were measured and compared with those of
both Pd/rGO and commercial Pd-activated carbon (Pd/AC)
catalysts. The outcomes revealed the considerable improve-
ment of properties toward the electrocatalytic oxidation of
formic acid and methanol. The obtained signs of progress
included a significantly larger surface area for the electro-
chemical activity, measured as ECSA values; strongly advanced
forward current densities; and long-term stability. The synergy
achieved among the individual components, together with the
unique characteristics of the Pd-g-C;N,-rGO nanostructure,
was reported to be responsible for the exceptional electro-
chemical activity of the material. The excellent electrical
conductivity of rGO, the high specific surface areas obtained
for the mesoporous structure that aid the access of fuel
molecules, the appropriate structural stability of the composite
induced by the covalent links between g-C;N, and rGO, and
finally the uniform distribution of Pd nanoparticles on the
support as a consequence of planar group effects on the g-
C;N, layers were obtained. Theoretical studies applying DFT
also revealed desirable interactions between palladium adatoms
and carbon through the exchange-transfer mechanism. Addi-
tionally, g-C;N, on the graphene sheets was able to harness the
agglomeration of both fine and larger Pd nanoparticles.”
Reduced graphene oxide (rGO) and nanoflakelets of g-C;N,
were combined via a facile two-step approach to design a novel
support material (CNNF-G) that was nitrogen-rich and
suitable for the deposition of Pd nanoparticles. The nano-
flakelets were formed through the polymer splitting decom-
position of bulk g-C;N, on rGO at high temperatures. The
produced CNNF was then coupled closely with the rGO
sheets. When high dispersions of Pd nanoparticles were
applied, the resulting CNNF could deliver more accessible
edge sites and a higher number of active nitrogen groups. Pd
nanoparticles with an average diameter of 3.92 nm were evenly
dispersed on the CNNF-G layers. The Pd-CNNF-G nano-
composite catalyst revealed an outstanding electrocatalytic
activity toward the oxidation reactions of formic acid and

27

methanol. High ECSA values and substantial forward peak
current densities were obtained. Reliable stability, durability,
and an unusual poison tolerance were also achieved, which
were highly ahead of those reported for Pd/carbon nanotubes,
Pd/graphene, and commercial Pd/activated carbon catalysts.
The attained distinctive properties were promising for rapid
electrolyte diffusion through the induced swift and obstacle-
free channels. Moreover, the nanocomposite could effectively
contribute to the elimination of carbonaceous intermediates
produced from the unfinished oxidization of the fuel from the
catalyst surface."®®

For a better understanding of the importance of the carbon
nitride-based materials in fuel cells, a comparison table of
C,N,-based electrocatalysts and other types of electrocatalysts
is presented in Table SI.

6.4. C,N,-Based Materials for Metal—Air Batteries.
Metal—air batteries are highly efficient energy storage and
conversion devices due to their large specific energy and low
expenses. They normally consist of a pure metal (alloy)
electrode for discharge processes and a metal compound for
charge processes, plus an air electrode coated with an
electrocatalyst for the ORR (discharge) and the OER (charge).
Typically, the air electrode is a matrix composed of catalyst
particles (alone or carbon-particle-supported). However,
combining systems of carbon and nitride compounds has
emerged as promising strategy for increasing the recharging
efficiency of such batteries in the OER and the ORR.'™ Tt is
assumed that the low diffusion length in nanoscale dimensions
relative to that in the bulk materials considerably decreases the
travel distance for ions and electrons while c?rcling, giving rise
to improved battery capacities and lifetimes. *°

6.4.1. C,N,-Based Materials as Electrocatalysts. Pd
nanoparticle-modified graphitic carbon nitride cathode cata-
lysts (Pd-CN) were prepared for Li—O, batteries. Pd
nanoparticles were loaded onto g-C;N, with a high specific
surface area (239.56 m* g~') and a porous layered structure,
which was obtained via thermal polymerization. According to
the results, the maximum primary discharge specific capacity
for the sample Pd-CN was 26614 mAh g~" at a current density
of 100 mA g~'. This capacity remained high at high current
densities, revealing a remarkable rate capability. After 70 cycles,
the cathodes showed unchanged capacities with no terminal
voltage alterations. Based on the electrochemical outcomes, the
Pd nanoparticles efficiently increased the specific capacity and
the cyclic stability while favorably reducing the overpotential.
Those results proved that Pd-CN composites are promising
future cathodes in Li—O, batteries."”"

A CoS,@PCN/rGO catalyst was developed with enhanced
conductivity and activity compared to the pristine g-C;N,. The
structure exhibited significant electrocatalytic activity and
stability in both the OER and the ORR, which reportedly
outmatched the electrocatalytic function exhibited by Pt
RuO,, and other precious-metal electrocatalysts. The remark-
able electrocatalytic activity of the composite material was
assumed to originate from both its special nanomesh-like
structure and the CoS, nanoparticle modification. The long
recyclability and the bifunctional activity of the as-prepared
CoS,@PCN/rGO were concluded to be appropriate for use in
zinc—air battery systems. Accordingly, an effective recharge-
ability, as well as a good level of practicality, was obtained
when CoS,@PCN/rGO was utilized in a rechargeable Zn/air
coin cell battery. The improved electrocatalytic efficiency of
CoS,@PCN/rGO was ascribed to the high porosity of the
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Figure 19. (a) Schematic representation of hollow cobalt oxide nanoparticles embedded in nitrogen-doped carbon nanosheets prepared from a
peach gum (Co/N-Pg) catalyst in a Zn—air battery. (b) optical image of a LED plane powered by two Zn—air batteries in series with the Co/N-Pg
air cathode. (c) TEM image of Co/N-Pg. (d) ORR and (e) OER (at 1600 rpm) polarization curves of Co/N-Pg, N-Pg, Co/Pg, and Pt/C in an
oxygen-saturated 0.1 M KOH solution. (f) ORR and (g) OER polarization curves of Co/N-Pg at 1600 rpm in 0.1 M KOH before and after acid
treatment. Reproduced with permission from ref 192. Copyright 2019, Elsevier.

synthesized morphology simplifying the transport of catalysis
intermediates and increasing the internal accessibility of the
exposed active nitrogen sites, both of which were desirable for
the ORR and OER processes. The CoS,@PCN/rGO electro-
catalyst demonstrated a more positive ORR onset potential of
0.89 V compared to Pt/C (0.95 V). The Faradaic efficiency
(FE) of the CoS,@PCN/rGO electrode was found to be
95.7%, and the electrode exhibited a high selectivity for the
oxidation of water to O,. The stabilities of the CoSx@PCN/
rGO electrode and the RuO, counterpart catalyst for the OER
were tested. According to the chronoamperometric tests, the
CoS,@PCN/rGO electrode was able to preserve 93% of its
primary current by completing 15000 s operation, while its
RuO, counterpart exhibited an almost 35% decline in the
current density. In fact, CoSx@PCN/rGO is a highly stable
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electrode for OER reactions. Besides, a narrower and more
stable potential gap was achieved for the CoS,@PCN/rGO
electrode compared to those achieved for Pt/C in long-term
cycles, confirming the high catalytic activity and outstanding
chemical stability.”” An effective bifunctional cobalt oxide
nanoparticle-based electrocatalyst was prepared for use in Zn—
air batteries through a hydrothermal step followed by a
pyrolysis phase. The hollow nanoparticles were inserted into
carbon nanosheets doped with nitrogen, and the composite
was denoted as Co/N-Pg due to the cheap biomass peach gum
utilized in its structure. Due to the exclusive structure of the
composite together with the synergy achieved from the
proximity of the Co—N—C species and the hollow oxide
nanoparticles, the offered Co/N-Pg catalyst demonstrated a
dominant bifunctional electrocatalytic performance for the



ORR and the OER (Figure 19) and a significant stability.
When Co/N-Pg was used as the air electrode, a small OER
overpotential, a high four-electron selectivity in the ORR with
a low charge—discharge voltage gap of 0.81 V, and a current
density of 50 mA cm™> were obtained for the tested Zn—air
batteries. Additionally, the battery exhibited a remarkable peak
power density of 119 mW cm™ and long-term cycling
durability. The nanoparticles could favor active sites with a
short ion diffusion length. Moreover, Co—N—C bonds acted as
bridges between the nanoparticles and the N-doped carbon
lattice, which finally boosted the electroactivity of the material
for the ORR and the OER. The cathodic peak potential of the
Co/N-Pg (0.81 V) catalyst was approximately equal to that of
Pt/C. Additional active sites were provided for the OER due to
the Co,N species in Co/N-Pg. Meanwhile, the charge
transport in catalysis was also higher due to the N-doped
carbon shell, which also prevented the dissolution and
aggregation of cobalt oxide nanoparticles; thus, the Co/N-Pg
catalyst exhibited considerable stability. The accelerated
durability test results showed that the potential of Co/N-Pg
at 10 mA cm™? shifts positively by approximately 6 mV after
200 continuous cyclic voltammetry cycles due to the evolution
of O, bubbles, which affected the exfoliation of the
electrocatalyst from the electrode.'””

A straightforward and scalable approach for the preparation
of Fe-TCNQ MOFs as precursors was employed to fabricate
bifunctional core—shell Fe;C@CN, structures based on
nitrogen-doped carbon. The obtained nonprecious electro-
catalysts were produced through a one-step hydrothermal
method, which led to hierarchical structures that possessed
multimodal porosity. The numerous types of mesoporosity in
the structure increased the accessibility of the active site, thus
improving the mass transport during the reaction. Therefore, a
high electrocatalytic yield was achieved by the optimized
catalyst in the ORR and the OER in addition to the high
stability and good methanol crossover resistance of the
product. In an alkaline medium, the optimized Fe-TCNQ-
900 catalyst revealed excellent ORR activites, reasonable OER
activities, and proper durability compared to those of Pt/C.
This electrocatalyst exhibited an oxygen reduction potential of
—0.16 V in O,. This advancement was attributed to the
combination of the robust coupling of N-doped carbon shells
with Fe;C, Fe—Ny active sites, the appropriate nitrogen doping
, and the multimodal porosity (Figure 4a and c). The stability
of the prepared Fe-TCNQ-900 was investigated for the OER
after 1000 cycles. The results showed that the current density
of Fe-TCNQ-900 declined approximately 27 mV at 10
mA cm™%, which confirmed that Fe-TCNQ-900 is a stable
and useful electrocatalyst for the OER. In addition, the
Faradaic efficiency (FE) was 87.5% for the Fe-TCNQ-900
electrode, which displayed a high selectivity in the oxidation of
H,0 to 0,.*” A hybrid self-supported film of g-C;N,
overlapped with MXene-phase titanium carbide (Ti;C,)
nanosheets was prepared via the Ti—N, interaction. These
binder-free configuration films exhibited a remarkable catalytic
activity toward the OER and a high durability in an alkaline
aqueous solution. It was realized that the porous structure of
the film, together with its conductive framework possessing the
Ti—N, species as electroactive sites and the outstanding
electrocatalytic performance of the flexible TCCN structures,
was comparable to that of transition-metal-based catalysts.
Besides, the function was found to be superior to plenty of
other films reported so far, since the films were directly applied

29

as cathodes in the aforementioned batteries. It was concluded
that the interaction between 2D structures was responsible for
the excellent oxygen electrochemistry, which is capable of
revolutionizing clean energy devices. The ORR and the OER
were located at potentials of 0.87 and 2.55 V, respectively.'”

Utilizing a sandwich-like azulene-based polymer precursor,
Fe/N doped mesoporous carbon nanosheets were prepared
with topological defects. The as-synthesized electrocatalysts
revealed a half-wave potential (841 mV) in an alkaline medium
superior to those of other porous carbon materials, as well as
promising methanol resistance, reasonable ORR activity, and
stability. The ORR peak located at 0.78 V revealed that this
electrocatalyst was more active than Pt/C. When applied in
Zn—air batteries as the air cathode, the sample exhibited a peak
power density (153 mW cm™) and a specific capacity (628
mAh g_l) higher than those of Pt/C. The positive effect of the
topological defects on the ORR was further proven using
DFT.'”™ Combining the advantages of g-C;N, with those of
spinel-type metal oxides, CoFe,0,/g-C;N, composites with
accelerated O, and Li* transport were prepared. The presence
of CoFe,0, facilitated Li,O, decomposition and hindered the
electrode polarization. CoFe,0,/g-C;N, had a more positive
ORR onset potential of 0.9 V compared to CoFe,O, and g-
C;N,,. A higher specific capacity for discharge of 9550 mAh g™
was observed when the CoFe,0,/g-C3N, composite catalysts
were employed in Li—O, batteries. Besides, the stability of 85
cycles indicated an improvement in the battery’s cycling
stability.'”> A Ag/g-C;N, nanocomposite modified with Co;0,
was prepared as a cathode catalyst for use in Li—O, cells.
Benefiting from the improved surface area of g-C;N, in the
presence of Ag NPs and the higher electronic conductivity, the
oxygen evolution and reduction potentials of Co;0, were
enhanced considerably. The synergy between the constituents
of the Ag/g-C;N,/Co;0, nanocomposite led to its superior
catalytic activity in Li—O, batteries and high electrochemical
efficiency toward the ORR and the OER, including a reduced
charge—discharge potential gap, a high discharge capacity, and
a high cycling stability; the significant ORR catalgltic activity of
Ag/g-C;N,/Co;0, was acquired at —0.245 V."”° A composite
of a-MnO, nanorods on porous g-C;N, sheets was produced
for use as the air cathode in Li—air batteries. The composite
demonstrated activities toward the ORR and the OER superior
to those of individual constituents of @-MnO, and g-C;N,. It
was found that the @-MnO, nanorods were responsible for
catalyzing the OER, while the porous g-C;N, sheets were
responsible for catalyzing the ORR. The g-C;N,/a-MnO,
showed a more positive ORR onset potential of —0.105 V
compared to g-C;N, and @-MnO,. The g-C;N,/a-MnO,
composite also exhibited an efficiency higher than those of
carbon catalysts due to its larger discharge capacity, cycling
stability, and decreased voltage gap.'”’

Lithium—sulfur batteries are potential systems that have a
high specific capacity and low cost. Host materials that hamper
the dissolution of lithium polysulfides are used to solve the
long-term cycling challenge in these batteries.'”® Concerning
some further relevant C,N, applications in batteries, a
composite anode of Li—C;N, was fabricated for use in solid-
state electrolyte (SSE) batteries. A Li;N-modified Li anode was
formed that exhibited a higher wettability at the interface with
garnet SSE. Thanks to the formed Li;N layer and the increased
interface wettability, the Li—C;N, electrode-symmetric cell
exhibited a very low interfacial resistance of 11 Q cm™ and an
enhanced critical current density (CCD) of 1500 pA cm™2.



Additionally, a full cell fabricated with a Li—C;N, anode, a
LiFePO, cathode, and a garnet SSE demonstrated a function
comparable to those of liquid cells."”” A 3D porous N-deficient
g-C;N, (NDCN) architecture with abundant macro and meso
pores was developed as the cathode for Li—S batteries. The
prepared structure with active sites for the adsorption of Li
polysulfides could host S and accelerate ion transport. As a
result, a Li—S cell that used the S@NDCN cathode exhibited a
high cycling stability and a low decay rate of 0.045% per cycle
after 300 cycles.'"”® A number of sustainable materials derived
from waste with carbon nitride grafted on them were prepared
to be applied as sulfur cathodes in Li—S batteries. The waste-
derived carbons included melamine—urea—formaldehyde
resins (MUF-C-1100), carbonizing coals (PM), and luffa
cylindrical sponges (SG). The Li—S cell containing the sample
cathodes exhibited improved activities in terms of the specific
capacity, the capacity retention, and the Coulomb efliciency,
which was predominantly attributed to the modified S hosts
possessing micrometer meso pores and the high affinity of the
N sites of C;N, for lithium polysulfides. The S-PM-CN, MUF-
CN, and SG-CN sample cathodes demonstrated specific
capacities of 1269.8, 1335.6, and 953.9 mAh ¢! at 0.05 C
together with capacity retentions of 75.9%, 66.7%, and 95.1%
and Coulomb efficiencies of 97.3% after 200 cycles, 93.6% after
300 cycles at 0.5 C, and 98.2% after 125 cycles at 1 C,
respectively.””” DFT was applied to evaluate the ORR process
on g-C3N, and the S-, O-, and P-doped g-C;N, surfaces.
Accordingly, the reaction was determined to start with the
adsorption of Li, the first atom of which was trapped on the
substrates. The ORR process was investigated on such surfaces,
and discharge overpotentials of 0.41 and 0.84 V were obtained
for g-C;N,S and g-C;N,S/Li, respectively, making g-C3N,S an
ideal candidate for Li—O, batteries.””"

For a better understanding of the the importance of C,N,-
based materials in metal—air batteries, a comparison table of
C,N,-based electrocatalysts and other types of electrocatalysts
is presented in Table S2.

6.5. C,N,-Based Materials for Water Splitting Devices.
In contrast to carbon-emitting technologies for H, production,
water electrolysis demands water as an input material and
applies a reproducible electricity driving force with no
environmental pollution. However, its low energy conversion
performance overshadows its functionality for industrial
purposes. Water electrolysis includes two half-reactions, the
HER and the OER, between which the OER needs a higher
overpotential and thus has slower kinetics due to the four-
electron transfer path to pass the energy barrier of the reaction.
Furthermore, different energy storage devices like metal—air
batteries and fuel cells also deal with the OER.

6.5.1. C,N,-Based Materials as Electrocatalysts. Molybde-
num carbide nanoparticles were homogeneously embedded in
a N-doped carbon matrix (NCS) by employing g-C;N, as a
template to prepare the material from the polyaniline-
molybdate monolith, which was generated via the direct
carbothermal reduction of a self-polymerized aniline species. In
this regard, a highly porous molybdenum carbide—carbon
composite (MoC@NCS) was obtained as an efficient and cost-
effective electrocatalyst with a high electrical conductivity and
good corrosion resistance for use in water reduction half-
reactions. When used in alkaline (1 M KOH) and acidic (0.5
M H,S0,) media, the MoC@NCS hybrid catalyst indicated an
extremely high hydrogen evolution activity, producing a
current density of 10 mA cm™ with low overpotentials of 89
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and 81 mV, respectively. Such proper electrochemical behavior
was even analogous to that of the Pt/C benchmark.
Furthermore, in the case of long-term period tests, the
MoC@NCS catalyst exhibited significant durability in both
alkaline and acidic electrolytes. Besides, its excellent catalytic
performance in the alkaline-medium oxygen evolution reaction
was attributed to the high concentration of N heteroatoms in
the structure and the hierarchically porous architecture of the
carbon matrix. For overall water splitting purposes, the
prepared NCS was coupled with MoC@NCS and used as
both the anode and cathode electrodes at 1.69 V. The double-
electrode alkaline electrolyzer demonstrated strong durability
and a 10 mA cm™> current density, with a slight current
deterioration over 24 h. Different factors, including the high
nitrogen content in the porous carbon matrix, the uniform
dispersion of molybdenum carbide nanoparticles, and the
ordered arrangement of the material’s structure with abundant
available active sites, were assumed to be the reasons for the
remarkable electrocatalytic HER efficiency.”

Utilizing g-C3;N, nanosheets, graphene, and few-layered
MoS,, a bottom-up method based on a solvothermal
coassembly approach was examined for the large-scale
preparation of 3D cross-linked ternary structures through a
straightforward self-assembly technique. The macropores
formed between the GO sheet galleries could host the g-
C;N, and MoS, nanosheet, and the 3D architectures were
fixed through freeze-drying, inhibiting the restacking of the
sheets. Owing to their unique structural properties, such as a
high specific surface area, a small charge-transfer resistance,
and extremely thin walls, the MoS,—CN/G hybrid catalysts
exhibited an excellent HER efficiency. Accordingly, the as-
prepared composites displayed appropriate long-term durabil-
ities and a small onset potential around 140 mV with a Tafel
slope of 79 mV dec™!, all of which led to composites highly
outperforming the functionalities of pristine catalysts of MoS,,
graphene, and g-C;N,. DFT calculations showed that the
conductive interconnected network of graphene provided rapid
electron and ion transportation that was coincident with the
accessibility of both the edge sites in the 2D MoS, as catalytic
active sites for the HER and the hydrogen binding sites in g-
C;N, nanosheets, which could speed up the process.”’> A new
multicomponent electrocatalyst containing g-C;N, and metal
phosphide (CusP) on 3D graphene was synthesized that
exhibited an excellent electrocatalytic activity and long-term
durability, as depicted in Figure 4b. This splendid electro-
catalytic performance was evaluated with respect to the current
density, which was 10 mA cm™, the overpotentials for the
hydrogen evolution reaction and the oxygen evolution
reaction, which were 67 and 255 mV, and the very small
Tafel slopes, which were 45 and 40 mV dec™’, respectively.
The corresponding onset potentials for the HER and the OER
were S mV and 1.28 V, respectively. It was proven that
decorating g-C;N, nanoflakes or hexagonal Cu;P nanoplatelets
on the graphene network greatly contributed to the rapid
electron transport against a low transfer resistance of around
8.5 ohms. Therefore, superior stabilities (25 h for HER and 15
h for OER) were obtained in the electrochemical reactions
with negligible current losses. It was reported that the
aforementioned behavior chiefly originated from the avail-
ability of more active sites, the intrinsic binary catalytic
properties of g-C3N,, the superior bifunctional catalytic feature
of the copper phosphide as a transition-metal-based material,
and the synergistic effect contributed by the highly conductive
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Figure 20. HER (a) polarization curve and (b) Tafel plot and OER (c) polarization curve and (d) Tafel plot of the Cu;P/g-C3N,/3D graphene
electrocatalyst compared to Pt/C and the other component rivals. Reproduced with permission from ref 83. Copyright 2020, Wiley-VCH.
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graphene matrix. The overall performance of the Cu,P/g-
C;N,/3D graphene nanohybrid was tested in terms of water
splitting in a 1 M KOH electrolyte. Based on the results, the

catalyst displayed a very small cell voltage equal to 1.54 V,
reaching a 10 mA cm™ current density and a minimum
stability of 35 h without potential loss. This was attributed to



the chemical inertness of the material nature as well as the low
level of agglomeration due to proper surface anchoring®’
(Figure 20).

Using a silica nanotemplate, a nanoconfinement synthesis
method was applied for the production of an ordered
mesoporous carbon nitride electrocatalyst (gMesoCN) pos-
sessing rich contents of C and N (48%) and a large surface
area (406 m* g™'). Uniform pore size channels with a 4.56 nm
diameter were obtained. A high OER electrocatalytic activity
and desirable kinetics, including a Tafel slope of 52.4 mV
dec™, were achieved in an alkaline medium. In particular, in
alkaline electrolytes, good durability after 24 h with the
maintenance of 98.4% of the current density was exhibited by
the gMesoCN hybrid, which was found to be a low-cost,
ecofriendly, and facile-production electrocatalyst. The stability
of the prepared gMesoCN was tested using chronoampero-
metric analysis. The results showed that the performance of
gMesoCN decreased by about 1.6% after 24 h. According to
mentioned results, the gMesoCN 1is a promising material for
electrocatalytic applications. The good stability of the catalyst
could be connected to the existence of the many nitrogen
atoms (48.08%) in a conjugated aromatic ring.zo4 FeCoSe,
spheres were dispersed on g-C;N, for the hydrothermal
fabrication of HER and OER catalysts (Figure 21) with
considerably low overpotentials. Improved -electrocatalytic
stabilities and activities were exhibited by the as-constructed
strong and inexpensive catalysts for H, production, which were
ascribed to the composite’s distinctive structure. Iron
incorporation gave rise to an enhanced turnover frequency
(TOF,,,). Various solutions, including phosphate-buffered
saline, artificial seawater, and acidic and alkaline electrolytes,
were examined for the HER using Fe,Coq4Se,/g-C;N, with
significantly low overpotentials, which demonstrated current
densities of —3.24, —7.84, —14.80, and —30.12 mA cm™ 2 at 0 V
(versus RHE), respectively. Such high current densities at low
potentials (e.g, —20 mA cm ™ at 83 mV in 0.5 M H,SO,), the
small Tafel slope, and the high proton conductivity explain the
natural catalysis properties of the prepared bifunctional
catalyst, which was also accompanied by a constant —1000
mA cm™? current density at only 317 mV. Additionally,
chronopotentiometric tests were conducted to evaluate the
catalyst’s stability, and a stable current density of —30 mA
cm™ was obtained even after 24 h at —02 V, which
demonstrated the high catalytic stability of the sample.”*’

The electronic and structural changes in g-C;N, were
investigated regarding the incorporation of manipulated
nanomaterials under prompt cooling techniques, including
room-temperature, ice, and liquid N, quenching . The
quenching approach was found to increase the absorbance
and band gap potential and decrease the particle scale. Various
structural and morphological analyses confirmed the presence
of a distortion in g-C;N, quenched in liquid nitrogen. Reactive
dye degradation was used to study the photocatalytic
properties of the as-engineered g-C;N, nanostructures, which
were analyzed using total organic carbon (TOC) measure-
ments and UV—vis spectroscopy analysis. The measured
degradation efliciencies were reported to be 4.2% for the
room-temperature operation, 14.7% for ice quenching, and
82.33% for the liquid nitrogen conditions, respectively; these
efficiencies were improved compared to those of samples
prepared by pyrolysis alone. Following the pseudo-first-order
model, the reaction rate for the nitrogen-quenched g-C;N, was
found to be nine-times higher than that for the one quenched

32

in ice. Moreover, the electrocatalytic efficiency of the
manipulated g-C;N, was evaluated with respect to the
hydrogen evolution reaction under acidic conditions. The
lowest overpotential together and a high H, evolution
efficiency were demonstrated by the liquid nitrogen-quenched
g-C;N, electrocatalyst.”*

Bismuth oxychlorides were integrated with TiO, and g-C;N,
to fabricate a water oxidation heterostructure through low-
temperature calcination. To investigate the material’s photo-
electrocatalytic properties, the electrocatalytic function toward
the oxygen evolution reaction was recorded in a 1 M KOH
solution. The produced amorphous BiOCl/TiO,-g-C;N,
nanocomposite exhibited an 81 mV dec™' Tafel slope and
could generate a 10 mA cm™ current density at a 376 mV
overpotential; however, under light illumination, the over-
potential declined to 366 mV without a loss of the current
density and the Tafel slope decreased to 70 mV dec™'. The
abundant cavities and active sites in the catalyst gave rise to a
stable and excellent water oxidation activity. Such an effective
performance was ascribed to the synergy created by the
heterostructure and the visible-light responses of the nano-
composite.””” A HER descriptor was developed for the precise
prediction of the electrocatalytic performance of heteroatom-
doped g-C;N,. This novel principal design qualifies the highly
active catalysts and leads to rational design improvements
based on the characteristics and bonding periphery properties
of the dopant, including electronegativity, electron numbers,
and affinity. A “volcano” relationship was developed to
describe the HER activity of the modified graphitic carbon
nitride, which could result in the determination of the most
appropriate dopants and structures. O, S, and Se were found to
be the most active dopants. Accordingly, doping close to the g-
C;N, edge was recognized as a potential approach for the
fabrication of high-efficiency catalysts containing metal-free g-
C;N,. Additionally, the source of the inherent catalytic
properties of doped g-C;N, was demonstrated for various
active sites.' ™ A low-temperature N, plasma treatment was
performed on g-C;N, to modify the electrocatalytic activity
toward the HER. Remarkable chemical and morphological
variations were induced on the g-C;N, surface, and nitrogen
atoms were incorporated on the surface by active species.
Consequently, the hydrophilicity of the surface and the HER
electrocatalytic performance improved, and great stability was
achieved within 2000 runs of HER, all of which confirmed that
plasma processing is a potential technique for the preparation
of carbonaceous layered nanostructures in HER applica-
tions.””® NiO nanoparticles were coupled with carbon nitride
through Ni—N bonds to produce a conductive interface. The
NiO/CN composite revealed an OER efficiency higher than
those of separate NiO and CN as well as NiO/C and RuO, in
alkaline and buffer saline systems. The NiO/CN-2:1 sample
exhibited a current density of 10 mA cm™ at an overpotential
of 261 mV in 1 M KOH and a current density of 1 mA cm™ at
an overpotential of 580 mV in 0.05 M PBS. The low Gibbs
energy of formed nickel—nitrogen links was beneficial for both
the adsorption of the OER intermediate and charge transfer
and mass transmission in OER. Moreover, the NiO/CN
composite was examined in a photovoltaic water electrolyzer
for high-energy conversion production. An efficiency around
5.35% was achieved, proving that conductive interface
construction is an effective strategy for OER catalyst
fabrication. The stability of these materials for the OER was
tested using chronopotentiometry (CP). The potential of
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Figure 22. Schematic illustrations of photogenerated electron—hole transportation on (a) Pt-g-C;N,—TiO, and (b) Pt-porous graphitic C;N,—
TiO, (the Pg-C;N, has a “defective” porous structure). (c) Photocatalytic hydrogen evolution (PHE) kinetics for Pt-g-C;N, and Pt-Pg-C;N, under
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NiO/CN-2:1 could be retained to the extent of approximately
1.49 V at 10 mA cm 2 for 16 h, indicating NiO/CN-2:1 had a
higher stability than commercial RuO, (8 h) and NiO/C (6
h). This was related to the synergetic effects of NiO and CN.
Accordingly, g-C3N, showed a good mechanical strength and
could be applied as support material for NiO nanocrystals,
avoiding their aggregation and loss from the glassy carbon
electrode.””’

6.5.2. C,N,-based materials as support. 2D supports,
including g-C;N,, were hydrothermally prepared and inves-
tigated in terms of their effect on the electrochemical activity of
CoS, nanoparticles in overall water splitting. Compared with
their unsupported counterparts, the supported nanohybrids,
namely CoS,/g-C;N,, presented more effective water reduc-
tion and oxidation and a better overall water splitting
performance in a 1 M KOH solution. The specific surface
area of the CoS,/g-C;N, nanocomposites was 20.976 m* g™,
and the HER onset potential value was 123 mV versus RHE.
The overpotential needed to deliver a current density equal to
10 mA cm™* was 322 mV, and a Tafel slope value of 156 mV
dec™! was also obtained for the composite. Concerning the
OER activity, an anodic overpotential of 417 mV and a Tafel
slope of 138 mV dec”' were measured for this nano-
composite.”'” A composite of NiSe,@g-C;N, that resembled
nanocoral was fabricated for highly efficient water oxidation
catalysis (OER) under alkaline conditions. Employing a g-
C;N, multilayered structure as support, the resultant NiSe,@g-
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C;N, composite revealed an amazing electrocatalytic activity at
a low overpotential value of about 290 mV at a 40 mA cm™>
current density and a small onset potential equal to 1.38 V.
Moreover, at a 2 V potential the composite generated a higher
current density than either of the components alone, exhibiting
a current density of 199 mA cm™> versus 142 and 112 mA
cm™? exhibited by NiSe, and g-C;N,, respectively. In addition,
the composite had a significant electrochemical stability of 10
h*'" To develop oxidation capabilities at the interface of
porous g-C;N,, defects were introduced into the structure, and
the investigation confirmed that the photocatalytic HER
improved under visible light. This edge-site-defected porous
g-C3N, was prepared by the confined formation of g-C;N, on a
kaolinite template. An enhanced electrocatalytic activity was
observed for the as-prepared g-C;N, due to the added
contribution of defect-born electrons on the basal plane
toward the oxidation process rather than the reduction process.
Such characteristics assisted the electron transfer, thus
quenching the generated holes during photocatalysis. Results
from the visible-light-irradiated HER demonstrated a rate of
1917 umol™" g~' h™! for the porous g-C;N,, which was almost
24X that of g-C;N, (Figure 22). Therefore, the engineered
defects could facilitate the oxidation of holes in photoinduced
water splitting, qualifying the 2D solar fuel generation
catalysis.

For a better understanding of the importance of carbon
nitride-based materials in water splitting devices, a comparison
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! and with a rotation rate of 1600 rpm. Reproduced with

table of C,N,-based electrocatalysts and other types of
electrocatalysts is presented in Table S3.

6.6. Multipurpose Applications. 6.6.1. CN,-Based
Materials as Electrocatalysts for Fuel Cells or Batteries. As
Fe- and N-enriched precursors, hybrid nanostructures of Fe-
and N-codoped CNT/Fe-based nanoparticles were prepared
with the aid of Zn powder through the direct carbonization of
Fe-doped g-C;N,. A sufficient level of N doping in CNTs was
guaranteed by the presence of zinc. During the formation of
the CNTs, Fe and N were doped concomitantly. Fe
nanoparticles acted as catalysts for CNT growth at high
temperatures during calcination. Due to the abundance of Fe
and N, the even and high doping of Fe and N was successfully
achieved in CNTs. In the as-synthesized Fe,N-CNT/FeNP
nanostructures, a number of different classes of active species
were involved in the ORR as follows: the homogeneously
dispersed coordinating moieties of Fe such as FeC,N, or FeN,
and the CFes; nanoparticles encapsulated in Fe,N/CNTs.
The FeN-CNT/FeNP nanohybrids exhibited an extreme
electrocatalytic performance toward the ORR. The results
indicated that the nanostructures produced at 800 °C with an
Fe source of 0.15 mmol exhibited the best ORR electro-
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catalytic behavior. It was reported that the nanostructures were
able to provide the benefits of both nanoparticles and CNTs.
The presence of nanoparticles with different loadings assisted
the dispersion of CNTs, while CNTs could increase the
stability of the Fe nanoparticles within the ORR. The abundant
multiply active components in the heavily Fe- and N-doped
nanohybrids led them to express an ORR catalytic activity
superior to that of commercial Pt/C, presenting a half-wave
potential of 0.82 V, an onset potential of 0.95 V, and a fantastic
resistance against methanol crossover.”"?

The impact of sulfur doping on the electrocatalytic activity
of CN supported by mesoporous carbon materials was studied
in terms of the ORR and the HER. When sulfur was added to
mesoporous carbon, a significant improvement in the ORR
performance of the SCN-MPC composite catalyst was realized
in terms of both its initial potential and its kinetic current
regarding the selectivity of the more effective four-electron
(4e”) pathway, outperforming the dopant-free mesoporous
carbon-supported CN (CN-MPC) with a high durability and a
high crossover tolerance. The SCN-MPC electrocatalyst had
an oxygen reduction peak potential at —0.22 V in an O,-
saturated electrolyte. Besides, the HER efliciency of the



composite catalyst was superior to those of plenty of other
metal-free electrocatalysts and was found to be comparable to
those of non-noble metal materials, which were highly active
toward the HER. A HER onset potential of 60 mV, a Tafel
slope of 51 mV dec™’, and a low overpotential of 145 mV to
reach a current density of 10 mA cm™> were demonstrated.
Regarding DFT calculations, the supreme performance of the
sulfur-doped composites originated from the high spin and
charge densities in the C;N, species as well as the modified
Gibbs free energy for the adsorption of intermediates.
Concerning the chronoamperometric measurements, the
SCN-MPC composite maintained 78% of its primary current
value over the SO h test, which was almost 70% higher than
that of Pt/C. Besides, the morphology of the SCNMPC
structure barely changed over the 50 h stability tests, which
confirmed its advanced durability.”"*

Melamine and cyanuric acid were used as the carbon nitride
precursors together with green and low-cost glucose as a
carbon source for the template-free fabrication of porous
hierarchical composite spheres of graphitic carbon nitride—
carbon. The 3D (g-C;N,/C) composites were able to
markedly catalyze the ORR such that the g-C;N,/C-2 sample
with 33.75 wt % nitrogen exhibited a 0.90 V onset potential
with a current density of 23.92 mA cm™. These properties
originated from the high content of nitrogen in the composites,
the high specific surface area, and the multisize macropores
and micropores, favoring numerous ORR active sites and
providing simple charge transfer in the promising as-obtained
metal-free hybrids. Mass transfer facilitated through the
micropores in addition to the intimate contact between g-
C;N, and carbon assisted the electron conductivity, favoring
the efficiency of the ORR in the end. The long-term durability
results were compared to those of g-C;N,. The obtained ORR
current in the case of the g-C;N,/C-2 composite presented a
lower decay rate than the g-C3N, sample. Besides, over 20 000
s, a continuous polarization current retention of 80%
eventually resulted in the g-C;N,/C-2. Moreover, an
evaluation of the composite’s morphology after the stability
test revealed that it remained almost unchanged and similar to
that of the pristine g-C;N,/C-2.>"

A straightforward and cost-effective method was adopted to
develop a highly nitrogen-doped (23.54%) porous carbon
(NOC-800) with oxygen functionalization (6.11%) using a
framework of zinc zeolitic imidazolate as the nitrogen source
and graphitic carbon nitride as the template. The designed
electrocatalyst was produced with a high degree of
graphitization, a large surface area, and a high total pore
volume. Electrochemical experiments showed that the as-
prepared NOC-800 material had abundant multifunctional
electrocatalytic features in alkaline media, owing to its oxygen-
based sections. Under an O,-saturated atmosphere, the NOC-
800 exhibited a redox peak at —0.325 V that was more positive
than those of other samples, indicating a higher catalytic
activity toward the ORR. In this regard, an onset potential of
—0.141 V versus Ag/AgCl and a half-wave potential of —0.249
V were obtained for the ORR, while an overpotential of 377
mV at 10 mA cm™ and overpotential of 448 mV at 50 mA
cm ™2 were eventually attained for the OER. Besides, favorable
stability was achieved for the NOC-800 sample in the ORR
and the OER. Since catalyst stability is an important issue for
large-scale commercial applications, the NOC-800 sample and
Pt/C catalysts were compared at a voltage of —0.6 V versus
Ag/AgCl for 10 h. The NOC-800 sample and Pt/C catalysts
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exhibited losses of 19% and 34%, respectively, which showed
that the NOC-800 sample was more stable than Pt/C catalyst.
The oxygen functional groups generated more inherent OER
active sites. Meanwhile, the high volume of nitrogen
contributed to the creation of more sites for the ORR.
Those were accompanied by enhanced electron transfer and
mass transport as a result of the high %raphitization degree in
the product and its high surface area.”’

To fabricate a porous Fe-g-C;N,/HPNCPs electrocatalyst,
dispersed atomic Fe was coordinated to g-C;N, and anchored
on a MOF-derived porous carbon polyhedral support that had
previously been doped with nitrogen, as presented in Figure
23. The hierarchical catalyst was synthesized through the
absorption of iron precursors on carbon particles, followed by a
thermal treatment under an argon atmosphere. Using a 0.1 M
KOH electrolyte, the optimum Fe-g-C;N,/HPNCP-0.8 sample
exhibited a supreme electrocatalytic performance toward the
ORR. Additionally, a very positive half-wave potential of 0.902
V was achieved, about 60 mV higher than that of the
commercial Pt/C catalyst, along with a high durability and
strong methanol tolerance. The synergy between the dispersed
Fe—N, sites and the hierarchical porous structure of the
electrocatalyst was realized to be responsible for the
considerable ORR activity and the increased availability of
the Fe—N, active sites, which enhanced the mass and charge
transfer.”"”

The galvanic exchange method was used to synthesize CoAg
alloy nanoparticles on carbon nitride as an electrocatalyst for
the ORR and CO, conversion. The lower reduction potential
of cobalt compared to that of Ag simplifies the replacement of
Co’ by Ag'. Primarily, Co nanoparticles were produced
through adsorption and reduction steps on the carbon nitride
surface to obtain Co/CN, and CoAg/CN nanoparticles were
produced via partial galvanic exchange on the solid surface.
Both Co/CN and CoAg/CN catalysts were examined for both
the ORR in a 1 M KOH solution and CO, conversion in a 0.5
M KHCO; solution. The oxygen reduction potential of this
catalyst was at 0.7 V, which was more positive than that of Co/
CN (0.47 V). The CoAg/CN catalyst exhibited both a better
ORR activity, with a 0.93 V onset potential, and a higher
electrocatalytic CO, conversion than Co/CN. A decline in the
cathodic current to lower than —0.9 V demonstrated the high
CO, conversion efficiency. The synergy between alloy-type
CoAg nanoparticles and the surface morphology alteration
resulted in such an improvement of the electrocatalytic
performance.”"®

Carbon nanotubes with a bamboo-like morphology coupled
with Co nanoparticles wrapped in carbon were fabricated as an
electrocatalyst using g-C3N, via a facile pyrolysis method at
high temperatures to transform bulk graphitic carbon nitride
into a high-surface-area BCNT/Co composite structure. In an
O,-saturated electrolyte, the oxygen reduction peak was
observed at 0.857 V, suggesting its ORR catalytic activity.
Regarding the ORR process, the as-prepared catalyst out-
performed commercial Pt/C in an alkaline medium, with the
BCNT/Co sample prepared at 800 °C exhibiting an onset
potential of 1.12 and a half-wave potential of 0.881 V. The
excellent ORR performance, high stability, and strong
methanol resistance of the catalyst resulted from the presence
of Co nanoparticles covered by carbon increasing the
conductivity, the bamboo-like carbon nanotubes, and the
Co—N, active sites and defects formed in the composite
structure, respectively.”'”
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Figure 24. (a) Design of the synthetic process for growing perfectly ordered C;N, on glass substrates. CV measurements of C;N,/FTO in (b) a 0.1
M phosphate buffer solution and (c) a 0.1 M KOH solution. CV measurements of C;N,/TiO, (d) a 0.1 M phosphate buffer solution and (e) a 0.1
M KOH solution. The scan rate was 25 mV s~'. Reproduced with permission from ref 228. Copyright 2014, Wiley-VCH.

6.6.2. C,N,-Based Materials as Supports for Fuel Cells or
Water Splitting. Uniformly dispersed bimetal AuPd nano-
clusters were coordinated to a g-C;N, support to develop a
AuPd NCs/g-C;N, electrocatalyst through a simple aqueous
method with no special additives. The nanocomposites
revealed a remarkable active surface area for electrochemical
activities such as the ORR and the HER. The attained
nanoscale catalyst demonstrated a higher positive onset
potential of 1.09 V and a half-wave potential at 0.98 V (versus
NHE) for the ORR in an acidic medium. Besides, an improved
current density of 1.86 mA cm™> was obtained. Moreover,
enhanced catalytic hydrogen evolution reaction activity was
observed for the nanocatalyst, which had a low Tafel slope of
47 mV dec™ and an onset potential of —29 mV. Compared to
commercial Pt/C and Pd/C catalysts, the as-prepared
nanocomposite exhibited a superior electrocatalytic effi-
ciency.220

Porous Au-aerogel-CN, and AuNPs-CN, composites were
synthesized by dispersing ultrafine gold nanoparticles and a
high-surface-area gold aerogel on a carbon nitride support. A
supreme ORR electrocatalytic activity was observed for the as-
prepared composites in both alkaline and acidic solutions.
When the glassy carbon electrode was decorated with Au-
aerogel-CN, and AuNPs-CN,, two strong peaks appeared at
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0.8 and 0.61 V, respectively, indicating the ORR capability of
composites. Onset potentials of 0.92 V in 0.5 M KOH and 0.43
V in 0.5 M H,SO, were attained for the Au-aerogel-CN,
composite, which followed the 4e™ reduction process. In an
alkaline solution, a more positive onset potential of about 30
mV was achieved for the Au-aerogel-CN, catalyst compared to
the commercial Pt/C, and both composites demonstrated a
great methanol tolerance and reasonable durability. Besides, in
an acidic solution, Au-aerogel-CN, exhibited a high catalytic
HER activity at a low onset potential (=30 mV), a 53 mV
dec™" Tafel slope, a high stability, and a 10 mA cm™ current
density at an overpotential of —185 mV (with 0.130 mg cm™
Au loading), all of which confirmed the high ORR and HER
efficiencies of Au-aerogel-CN, composites compared to those
of AuNPs-CN,.”*!

6.7. (,N,-Based Materials for Other Electrocatalytic
Oxidation or Reduction Reactions (ORR, CO,RR, and
NRR). 6.7.1. C,/N,-Based Materials As Electrocatalysts.
Recently, the electrochemical applications of N-doped
mesoporous carbons (NMCs) have attracted a lot of attention,
especially in electrochemical applications. In a study,
researchers used nitrogen-doped mesoporous carbon nano-
spheres as a template material.”** In fact, a colloidal two-step
amphiphile-templating technique was reported for the
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preparation of a nanosized Fe;C@mCN nanocomposite, as
presented in Figure 4e, which consisted of Fe;C encapsulated
in mesoporous N-doped carbon nanospheres. Along with fine
Fe;C nanocrystals, the produced Fe;C@mCN hybrids
presented an outstanding catalytic performance and excellent
durability toward the ORR, owing to their large surface area.
Colloidal amphiphilic-template-fabricated composites (CAMs)
contained cores of inorganic nanoparticles, which were bound
to the hydrophilic polyethylene glycol (PEG) hairs. The
nanosized Fe;C with a 14 nm diameter exhibited multiple vital
active sites for enhancing the ORR performance of the
produced Fe;C@mCN electrocatalysts, including the graphite
shell of the nanocrystals and the Fe-coordinated nitrogen sites.
Among the prepared samples, the Fe;C@mOCN-800 catalyst
(pyrolyzed at 800 °C) exhibited a superior durability
compared to the commercial Pt/C catalyst. A current retention
of 90% was preserved for the catalyst after 10 h, while this
value was only 43% in the case of Pt/C. Accordingly, due to its
high onset potential (0.9 V), high current density, and strong
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stability, the Fe;C@mCN-800 catalyst exhibited one of the
highest ORR activities among various Pt-free electrocatalysts.
It was concluded that mesoporous CN spheres could be also
be loaded with other nanosized metal compounds (oxides,
sulfides, and carbides) with the help of the method, and the
resultant potent electrocatalysts could be integrated with
relevant ORR devices.*

Fe/Ni@g-C;N, nanocomposites were developed through an
environmentally friendly treatment for application in trichloro-
ethylene (TCE) hydrodechlorination and successive ORRs. An
improved TCE hydrodechlorination rate (about eight-times
higher at —0.4 V) and efficiency were obtained by decorating
lamellar g-C;N, with bimetallic Fe/Ni due to the provision of a
large surface area and the small internal resistance for rapid
electron transfer. Additionally, an excellent ORR activity with
an electron transfer number 3.9 was observed, which arose
from the iron oxides produced on the Fe/Ni@g-C;N, surface
after dechlorination. A current density of 3.6 mA cm 2 and an
onset potential of 0.84 V were also achieved for Fe/Ni@g-



C;N,** Pd-g-C;N,/NCQD composites were prepared for
application as a macrocyclic electrocatalyst in the ORR in an
alkaline electrolyte by decorating palladium-doped g-C;N,
with N-doped carbon quantum dots. The formation of Pd—
N bonds and chemical linkages between Pd-g-C;N, and
NCQD was confirmed. Based on the electrochemical
investigations, the ORR activity of the as-prepared Pd-g-
C;N,/NCQD was demonstrated to occur via a four-electron
path. The Pd—N, reaction sites together with the accelerated
electron transfer at the Pd-g-C;N, and NCQD interface could
enhance the ORR kinetics. Compared to commercial Pt/C, the
nitrogen-rich Pd-g-C;N,/NCQD composite exhibited a
comparable catalytic performance and excellent methanol
resistance in addition to long-term activity, suggesting it was
an appropriate framework for DMFCs.”**

A Fe—N—C material was developed as the cathode catalyst
for DMEC electrocatalysis to cut the high costs of precious-
metal-based catalysts. Due to the additives with rich C and N
sources, plenty of Fe—N, and N—C sites were formed,
increasing the ORR efficiency in alkaline and acidic media. The
ORR efficiency experienced a very slight drop after 2000
cycles. Those active sites mentioned for ORR electrocatalysis
also exhibited outstanding performance regarding their stability
and durability in methanol, confirming their prospects for use
in DMFCs and PEMFC devices.””’

Researchers have used the hydrogen-bonded cyanuric acid
melamine (CM) supramolecular complex as a novel and
effective path for the preparation of ordered structures of
carbon nitride (C;N,).”****” Shalom et al. reported an
efficient, simple, and novel method of growing high ordered
C;N, on diverse substrates from surface-bound CM com-
plexes.””® In addition, they investigated the catalytic activity of
the synthesized materials for the HER and indicated that the
synthesized C3N, could be grown on various porous metal
oxide electrodes such as ZnO, TiO,, etc. For this purpose, they
examined the deposition of the ordered C;N, rods on glass and
fluorine-doped tin oxide (FTO) (Figure 24) and showed the
favorable electrochemical properties of C;N, on FTO and
TiO, using cyclic voltammetry techniques in different media,
including basic and neutral electrolytes.

A Cu,0/g-C3N, composite composed of cuprous oxide
enfolded by graphitic carbon nitride was produced as an
electrode for the HER. With the aid of CV, EIS, LSV, and
other analyses, this nanocomposite was shown to have a large
surface area and thus an improved electrocatalytic performance
toward the HER in alkaline media. A low onset potential and
an internal resistance of 25 mV and 3.42 Q, respectively, were
observed, and the Volmer—Heyrovsky HER mechanism was
confirmed. An overpotential of 148.7 mV was measured along
with an exchange current density of 12.8 mA cm™?, while the
Tafel slope was determined to be 55 mV dec™'.**’

A defect-engineered electrocatalyst of carbon nitride (DCN)
was fabricated and further loaded with low contents of Ru
nanoparticles. The as-prepared DCN catalyst exhibited a
remarkable catalytic performance toward the electrochemical
hydrogen evolution reaction. At a current density of 10 mA
cm™?, the Ru-DCN electrocatalyst exhibited an overpotential
of S1 mV and a Tafel slope of 59.5 mV dec”’, which was
smaller than that of Ru-CN. The enhanced properties
originated from the increased surface area and the abundant
defect sites.””” Mesoporous exfoliated nanocomposites of g-
C;N,/NiO were fabricated. The samples reformed from an
alcohol—water medium, and it was realized that the electro-
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chemical hydrogen evolution activity of the composite
increased with the amount of nickel oxide. Among the
different samples, g-C;N,/NiO (7.5%) demonstrated the
best HER results such that at 10 mA cm™ the overpotential
was 215 mV and the Tafel slope was 95 mV dec™'. The high
stability by the composite was also indicated during
voltammetry tests.”*" In another study, Qiao et al. investigated
the efficient and simple self-assembly of graphitic carbon
nitride nanosheets (NSs) and CNTs (g-C;N, NS-CNT)'*
(Figure 25). In the study, the g-C3N, NS was applied instead
of g-C;N, alone, which created a simple and robust assembly
of a 3D interconnected network with advantages that included
an improved porous structure, a high surface area, and a high
N content. The synthesized composite was employed as an
efficient electrocatalyst in the OER, and the lower Tafel slope
value for the g-C;N, NS-CNT (83 mV dec™') revealed its
more favorable kinetics relative to the nanosized IrO, catalyst
supported by CNTs (90 mV dec™") (Figure 25c). The stability
of the g-C;N, NS-CNT was evaluated using chronoampero-
metric tests, which showed a high stability through a slight
anodic current attenuation of 13.3% in 10 h.

To enhance the conductivity and electrocatalytic properties
of g-C3N, for various reactions such as the OER, the HER, and
the ORR, a combination of g-C;N, and graphene is a desirable
choice for the electrocatalytic performance, which is normally
superior to those of metal-based catalysts."*”***~**> Qu et al.
successfully demonstrated an efficient, modest, and one-step
hydrothermal technique for the synthesis of 3D interconnected
networks using the rational assembly of 1D g-C;N, nanorib-
bons with 2D graphene sheets (g-C;N, nanoribbon-G)***
(Figure 25d). The prepared g-C;N, nanoribbon-G exhibited a
much lower onset overpotential (7 = 80 mV) than other
carbon-based materials and even non-noble metals or oxides.
The results indicated that these graphene-modified g-C;N,
nanoribbons could be applied as high-performance HER
electrocatalysts, providing benefits such as high available
surface areas, multielectron transport channels, and a small
diffusion space for an exceptional transfer and separation of
charge.

In another study, Lee et al. developed a procedure for the
synthesis of efficient and metal-free electrocatalysts using g-
C5N, coupled with S- and Se-doped nanoporous graphene (g-
C;N,@S-Se-pGr).>*® The synthesized electrocatalyst showed a
performance for the HER higher than those of metal-based
electrocatalysts such as MoS, and Pt/C. Lee et al
demonstrated that the best catalytic activity could be achieved
when the least amount of catalyst was loaded. In addition, their
results showed the desirable stability and full tolerance in
acidic and alkaline media of the synthesized catalysts.

In another study in the same year, Amal et al. investigated
the fabrication of novel composites using covalently bonded g-
C;N,/multiwall carbon nanotube (g-C;N,/MWCNTs) hy-
brids.”*” For this purpose, they used a two-step method,
including coprecipitation and polycondensation. The synthe-
sized g-C;N,/MWCNT was applied as an efficient new
electrocatalyst for the electrocatalytic reduction of CO, to
CO. The experimental results showed that the prepared
composite had a high stability and selectivity as well as a
maximum Faraday efficiency of 60%. In addition, the
composites did not experience a decrease in catalytic activity
even over 50 h of reaction. The obtained improvement in the
catalytic activity could be due to several reasons, including the
formation of an active carbon—nitrogen bond and large specific



surface area and high conductivity of the composites. In 2016,
Liu and co-workers demonstrated an efficient and simple in
situ interfacial engineering technique for the synthesis of
molybdenum disulfide—graphitic carbon nitride (MoS,/g-
C;N,) van der Waals (vdW) ultrathin layers.”*® The prepared
MoS,/g-C;N, vdW layers displayed a high catalytic perform-
ance toward the HER. Moreover, the synthesized compound
had a higher catalytic activity than Pt catalysts. This activity
could be attributed to the interfacial connections between
MoS, and g-C;N, layers, particularly the electronic coupling
between Mo and N atoms, as a result of which the hydrogen
adsorption and reduction kinetics for the HER would be
improved.

Graphitic carbon nitrides have abundant nitrogen groups,
which provide more coordination sites for different metals. In
addition, they provide exact data for the characterization of the
active sites in catalytic reactions. Since g-C;N, alone may not
have sufficient electrocatalytic properties, many studies have
been conducted, revealing that a metal-g-C;N, complex (M-
C;N,) can perform well in electrocatalytic reactions. Qiao et al.
developed the synthesis of a novel series of metal—nitrogen—
carbon (M-N/C) complex materials, including M-C;N,
organometallic complexes.”” For this goal, they used g-C;N,
as a platform. Co—C;N, was applied as an electrocatalyst for
the ORR and OER in an alkaline environment. The results
confirmed a high catalytic performance related to the accurate
M-N, coordination in the g-C;N, matrix. In 2018, Huang and
colleagues successfully reported an efficient and one-pot
approach for the synthesis of porous B-doped g-C;N,
nanosheets.”*’ Accordingly, they used urea and H;BOj; as
precursors for thermal polymerization. The prepared B-doped
g-C;N, nanosheets had two functionalities, including photo-
catalytic and electrocatalytic performances. In other words, the
B-doped g-C;N, nanosheets could be applied for the
photodegradation of methylene blue (MB) under visible-light
irradiation as well as the ORR and the OER. The high catalytic
performance of the synthesized catalyst was assumed to be
related to the increased number of exposed active sites created
during the exfoliation of g-C;N, in the nanosheets, the
resulting porous structure, and the high conductivity due to B-
doping. Thus, the use of heteroatoms, such as boron, sulfur,
etc., in doping can increase the conductivity of g-C;N,, which
can in turn lead to an increase in the HER and ORR
electrocatalytic activity.”*'

Recently, the utilization of salt templates instead of
traditional compounds such as silica, sodium dodecyl sulfate,
and anodic alumina, has received a lot of attention, as salt
templates have several privileges, including simple movability,
the possibility of scalable manufacturing, and a safer
preparation procedure.’*” In 2019, Zhu and co-workers
demonstrated an efficient and novel method for the synthesis
of 3D porous g-C;N, using a facile NaCl-assisted ball-milling
approach.”*’ The synthesized porous material were shown to
have a bifunctional role in both the electrocatalytic OER and
photocatalytic hydrogen evolution. The 3D cubic NaCl
particles were applied as an easy-to-move template to modify
the production of 3D porous g-C;N, networks and to avoid g-
C;N, agglomeration during the calcination procedure.

A novel g-C;N,/Cu,0-FeO nanocomposite was reported as
an electrocatalyst for the reduction of CO, to CO. The highest
Faradaic efficiency of 84.4% was obtained at a low onset
overpotential equal to —0.24 V versus NHE. At —1.60 V versu
Ag/AgCl, a turnover frequency of 10 300 h™" was achieved for
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the conversion of CO, to CO along with a great selectivity of
96.3% regarding thermodynamic overpotential of —0.865 V
versu NHE. Such a significant CO, to CO reduction in a
neutral aqueous medium was ascribed to the close interactions
at the interface between g-C;N, and Cu,O-FeO as well as to
the larger active surface area.”** A great CO, electroreduction
was investigated for cobalt phthalocyanine (CoPc)/g-C;N,-
CNT composites, which exhibited the selective transformation
of CO, to CO with a turnover frequency of 4.9 + 0.2 s™' and a
Faradaic efficiency of 95 + 1.8%. Besides, no degradation was
observed at —0.8 V versus RHE after 24 h. As the polymeric
catalyst was fixed on g-C3;N,—CNTs to form an interconnected
network, the active surface area for electrocatalysis became
enlarged, leading to structural and operational strength.”** An
Mn—C;N,/CNT composite for the electrochemical CO,RR
was synthesized by embedding Mn with a Mn—Nj site into
graphitic carbon nitride on carbon nanotubes. In an aqueous
electrolyte, the prepared catalyst successfully exhibited a 98.8%
Faradaic efficiency and a 14 mA cm™ current density at an
overpotential of 0.44 V. However, in an ionic liquid electrolyte,
the current density was 29.7 mA cm™ at an overpotential of
0.62 V. The presence of Mn—Nj sites contributed to the
formation of COOH* intermediates with a reduced free
energy barrier and thus to the enhanced CO,RR perform-
ance.”*® Cu—C;N, was produced as a single-atom catalyst that
offeredasymmetrical active sites, including Cu, C, and N, to
reduce CO, and generate C, products. Multiple reaction
pathways for the conversion of CO, to ethylene were
investigated theoretically, among which 1.08 eV at the open
circuit was realized to be the most probable reaction route with
the help of the C and Cu active sites. When dealing with C/N
and Cu/N active sites, the carbon atoms are settling sites for
the initial reduced CO,, leaving Cu vacant to reduce the next
CO, molecule.**” The reduction of CO, to formic acid was
studied through the fabrication and use of Sn/CN-x electro-
catalysts. Due to the electron-rich Sn structure originating from
metal (Sn)—support (N atoms) interactions, features such as
CO, adsorption and activation and charge transfer were
enhanced. An excellent formic acid Faradaic efficiency (96% +
2%) at —0.9 V versus RHE was obtained for the composite,
which had a high stability (maintained above 92%) over 10 h
of reaction.”*® A ZnO/g-C;N, nanocomposite was synthesized
for the electrochemical reduction of CO, to formate in an
aqueous KHCO; solution at —0.504 V versus RHE. Faradaic
yields of 40.20, 53.60, and 80.99% were obtained by bulk
electrolysis at —0.504, —0.734, and —0.934 V versus RHE,
respectively.”*’

A Pd/g-C;N,@rGO hybrid was developed for methanol
electro-oxidation. The electrochemical results revealed that the
hybrid had a high current density of 0.131 mA cm ™2 and long-
term stability, suggesting its great electrocatalytic efficiency
toward methanol oxidation. Such features were attributed to
the favorable rGO conductivity and the complete exposure of
Pd nanoparticles to methanol molecules.”*” Atom-pair catalysts
(APCs) were produced using transition-metal-doped g-CN
monolayers for the nitrogen reduction reaction (NRR), and
the electrochemical mechanism was theoretically defined. In
the case of the Fe,@CN and Co,@CN catalysts, the limiting
potentials were —0.47 and —0.78 V, respectively. Co,@CN
was more efficient for N, fixation because it suppressed the
HER. Additionally, stable Fe,@CN with an improved
selectivity and an almost low overpotential was acceptable
for the NRR. A two-way charge transport mechanism was
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observed for each synthesized catalyst and N, which could
activate the inert N=N bonds.”*" A number of boron—carbon
nitride composites (BCN) with Lewis acid sites, which were
adjusted by tuning the nitrogen and boron contents, were
synthesized for nitrogen reduction electrocatalysis. The
composites exhibited significant NRR activity, with a —9.87%
Faradaic efficiency, a —41.9 ug h™' mg.,~' ammonia yield,
andh noticeable stability. Theoretical calculations revealed that
the BCN boron sites lowered the energy barrier for NRR rate-
determining steps and enabled nitrogen adsorption sponta-
neity.252

The NRR is an emerging field toward sustainable ammonia
(NH;) production that provides a promising opportunity to
replace the Haber—Bosch process. Despite some progress, this
research field is still in its infancy and remains largely
unexplored. There are lots of challenges to the use of NRR
catalysts, and it is still challenging to prevent low selectivities
and Faraday efficiencies from impeding the development of the
electrochemical NRR.>**7%%¢ According to the results obtained
in the literature,”*® the reported yields of NH; and the Faraday
efficiencies of g-C;N,-based catalysts are still far from
satisfactory and also uncompetitive with state-of-the-art NRR
catalysts due to poor N, activation, the limited density of active
sites, the high reaction energy barrier, and unsatisfactory HER
suppression.””” In addition, it can be clearly seen from the
recent reports that the activity for most NRR catalysts comes
from impurities. The metal impurities are present in the
reaction media in trace amounts. However, the impact of metal
impurities on the catalytic prowess is still unclear; therefore,
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further research is required to understand the overall
mechanism and to develop efficient electrocatalysts to improve
the selectivity and Faradaic efficiency.

In 2020, Feng et al. investigated a cost-effective method for
the synthesis of Ag-decorated sulfur-doped graphitic carbon
nitride—carbon nanotube nanocomposites (Ag-S-C;N,/
CNT)>* (Figure 26a). The synthesized nanocomposites
were applied as efficient electrocatalysts for the CO,RR. The
DFT results showed that the interfacial electron transfer from
Ag to S-C3N, contributes to the conductivity of the catalytic
system, while decorated Ag nanoparticles tune the *COOH
binding energy and lead to the high selectivity for CO
production (Figure 26b). The experimental results and DFT
calculations revealed that the efficient CO,RR performance
originated from the synergetic effect of Ag nanoparticles, sulfur
elements, the g-C;N, scaffold, and CNT supports, where the
enhanced intrinsic electrical properties and CO, reactivity have
promoted the electron transfer and stabilized the reaction
intermediates (Figure 26¢). In addition, it was reported that
the Ag-S-C;N,/CNT nanocomposite could be applied with an
industrial-scale current density in flow cell configurations,
revealing its high stability and selectivity (Figure 26d and e).

There are a number of studies on the high performance of
metal phosphides in the HER, where the phosphorus applied
exists as a hypophosphite, a phosphate, or a phosphite.
Phosphorus acts like nitrogen in g-C;N,, bringing about active
sites. The application of elemental red phosphorus (P) in
electrocatalytic reactions is limited due to its low conductivity;
however, hydrothermal treatments at shorter durations reduces



Table 1. Research Conducted on Fabrication and Electrocatalytic Reactions Using Various Carbon Nitride Composites

surface area

electrocatalyst reaction (m* ¢g™")

polymeric carbon nitride =~ NRR

(PCN)
2D C,N,@MoN hybrid ~ HER
exfoliated g-C;N, HER from a water—alcohol 136.7

solution

Pd-supported C@C;N, ORR, HOR 527
Pt-supported C@C;N, HER, HOR 527
MGCN HER
C/g-CiN, NRR
C;N,/(Co(OH),/ CO, reduction

Cu(OH),
CN/C600 NRR
nitrogen-deficient g-C;N,  HER 66.40

onset yield (ug

current density potential FE h™' mg™' . ref

11.59% 8.09 267

10 mA cm™ 268

269

854 mgps~!, 0.14 Amg  0.67V 270

Pd

—-69 A migp;l, 0.03 270
A mgp,~

10 mA cm™ 197 mV 271

272

8.94X higher than C;N, 273

16.8—62.1% 1.7-2.9 274

10 mA cm™ 275

its size and surface oxidation increases its conductivity, making
P an appropriate additive for improving the electrocatalytic
activity of nonmetallic g—C3N4.259_263 Prakash et al. reported
the synthesis of red P-embedded binary rGO-g-C;N, via a
hydrothermal treatment.”®* The prepared composite was
applied as an efficient electrocatalyst for the HER, the results
of which exhibited that a catalyst prepared using 30 wt % red P,
reduced graphene oxide (with a fixed weight percentage of 5%
in all composites), g-C;N, could have a high performance
toward the HER of water in an acidic environment.

6.7.2. C,N,-Based Materials as Support. Support materials
are very important in electrocatalyst fabrication as they can
increase the noble-metal activity by improving the surface area,
conductivity, and surface interactions. Carbon supports are
popular for various Pd-based catalytic applications. Among
these supports, graphitic carbon nitride has received significant
attention as a support due to its rich surface features and
consistent C—N bonds with a nonlocalized z-electron
structure.”%® Through the investigation of g-C;N, as a support
material for palladium, a Pd—Ni/g-C;N, nanocomposite was
synthesized and evaluated for its HER electrochemical activity.
The characterizations confirmed the structure-improving effect
of the support material. The HER performance was evaluated
in 0.5 M H,SO,, and the electrocatalyst revealed a superior
catalytic activity with a Tafel slope of 56 mV dec™’, a current
density of 10 mA cm ™, and a low overpotential of S5 mV. This
activity was associated with the high dispersion of nano-
palladium onto the support and the tight interaction between
g-C3N, and Pd—Ni. Further, according to stability measure-
ments there was a negligible current density loss over 12 h, a
slight change in the polarization curve was observed by 10 000
cycles.”® Gascon et al. reported the preparation of a novel
structure of silver nanoparticles supported by g-C;N, (Ag on g-
C3N,).>*® They applied the synthesized Ag on g-C;N, hybrid
as an effective catalyst for the electrocatalytic reduction of CO,
in the synthesis process of syngas (CO + H,). In addition, they
indicated that the prepared electrocatalyst had a high stability
and high selectivity in the presence of buffers like phosphate.
Finally, the synthesized catalyst could be recycled and reused
for several cycles without any significant loss of performance.

In the following, a number of studies focused on the
preparation and application of carbon nitride compounds in
different electrocatalytic reactions are listed in Table 1.

For a better understanding of the importance of the carbon
nitride-based materials in a number of oxidation and reduction
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reactions, a comparison table of C,N,-based electrocatalysts
and other types of electrocatalysts is presented in Table S4.

6.8. C,N,-Based Materials for Supercapacitors. The
structural features of carbon nitride turn it into a promising
electrode material for application in supercapacitors. The small
specific surface area of bulk nitrides and their weak
conductivity are usually solved through modification or by
mixing them with other compounds, which improves their
electrochemical activity for use as supercapacitors.””®

6.8.1. C,N,-Based Materials As Electrocatalysts. A g-C3N,/
PPy nanocomposite was prepared as a supercapacitor. At the
current density of 0.4 mA cm™2 its maximum areal capacity
was 289.6 mF cm ™2, which was higher than pristine PPy (194.8
mF cm™2). This heterostructure electrode exhibited a low
resistance and maximum life cycles of 99% approaching 10 000
cycles, which arose from the synergy between g-C;N, and PPy
with good adhesion on the surface.””® TGCN/PANI electro-
des composed of template-free prepared g-C;N, and optimized
polyaniline nanofibers were evaluated as efficient super-
capacitor materials. At a scan rate 0.02 V s™', the optimized
TGCN/PANI nanocomposites (TCPS0) developed a large
specific capacitance (298.31 F g™') and a high cycling stability,
losing very small capacitance levels after 5000 cycles. Besides,
low self-discharge and current leakage were observed, and the
sample electrode TCP50 demonstrated a high energy density
equal to 33.57 Wh kg™" at a 400 W kg™ power density. It was
concluded that PANI nanofibers on g-C;N, nanosheets could
provide good surface area, porosity, and charge transfer
features.””” Carbon self-doped g-C;N,/NiS composites were
prepared for electrochemical performance through thermal
oxidation, which improved the fluidity of charge through self-
doping and, after being thermally etched, accommodated NiS
particles. At a current density of 1 A g~', the produced
composite retained a high specific capacitance of 1162 F g7,
with an 82% capacitance retention for up to 8000 cycles.
Moreover, a high energy density of 27 Wh kg™' was obtained
for the TC-g-C3N,/NiS/AC device, with a 87.9 capacitance
retention after the same cycles.””® A new PPy/C;N, composite
was prepared through the incorporation of polypyrrole on
carbon nitride. As a supercapacitor, the material exhibited an
810 F g™' capacitance at 0.2 A g™', with 92% capacitance
retention after 6000 cycles at 6 A g '. Furthermore, a
capacitance of 610 F g_1 was obtained at 9 A g_l, which was
ascribed to the stabilized structure of the material due to Ppy
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N-—H bonds, the C;N, 7-system, and the planarization effect

Graphite carbon nitride-coated carbon cloth (CC@g-C;N,-
over polypyrrole chains.”””

900) electrodes were fabricated that exhibited an excellent
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specific capacitance of 499 F ¢! at 1 A and showed a high rate
capability equal to 292 F g~' at 20 A g™". Besides, after 10 000
cycles, a capacitance loss of 4.4% was observed. Additionally,
an energy density of 10.1 W h kg™" was obtained at 10000 W
kg™". All the superior electrochemical activity of this electrode
originated from its binder-free self-supported feature as well as
the strong C—C and g-C;N; coupling and rich nitrogen
doping.”*” A Co;0,/g-C;N, composite electrode that included
Co;0, dispersed on graphitic carbon nitride was synthesized
for electrochemical supercapacitance measurements. Com-
pared to pure Co;0,, the electrode revealed a higher specific
capacitance of 1071 F ¢! in a 6 M KOH solution and a 1 A
g~' current density. About 80% of the capacitance was
preserved after 4000 cycles. Further, the asymmetric Co;0,/
g-C3N,/AC device delivered an energy density of 20.4 Wh
kg™ at a power density of 0.8 kW kg™'.**" The carboxyl-
modified surfaces of g-C;N, and carbon nanofibers were
coupled with TiO, nanospheres, and g-C;N,—CNF/TiO,
composite electrodes were prepared. At 0.25 A g”' in a 4 M
KOH electrolyte, the electrodes showed a specific capacitance
of 817 F g' and good stability for 2000 cycles while
maintaining 89.2% of the capacitance. The great conductivity,
surface functionalization, accessibility, chemical interface, and
composition synergy were reported to be responsible for the
improvement of the supercapacitance.”®> g-C;N, nanosheets
were synthesized through chemical and thermal oxidations and
exhibited different electrochemical performances. At a current
density of 0.5 A g”', a specific capacitance of 170.1 F g™' was
obtained via thermal oxidation at 580 °C, which was higher
than those of both ordinary g-C;N, (127.7 F g™') and 12 M
sulfuric acid-treated g-C3N, (133.6 F g™'). In 2 M KOH, the
cyclic stability was accompanied by 95.9% capacity retention
after 1000 cycles.”® Nanocomposites of Fe;0,/O-function-
alized g-C;N, were fabricated by the electrophoretic—electro-
chemical method. Based on the electrochemical evaluations,
the Fe;0,@0-g-C;N,/Ni foam exhibited a 710 F g~' specific
capacitance at 0.5 A ¢!, and 94.6% of it was retained after
8000 cycles at a current load 5 A g™'. That reached 80.15% at 3
A g™!, which was explained the superior synergism by Fe,O,
nanoparticles and O-functionalized g-C;N, sheets.”** A
nanocomposite of g-C3;N,/BiVO, was synthesized as a
supercapacitor in aqueous electrolytes. Since rice pellet-formed
BiVO, decorated the g-C;N, nanosheets, the wettability was
enhanced, leading to better electrolyte ion permeability in the
electrodes and increasing the specific capacity. At a current
density of 2 A g™, the 6 wt % g-C;N,/BiVO, nanocomposite
exhibited a large specific capacity of 2171 C g~". At a maximum
cell potential of 2 V, the symmetric supercapacitor
configuration of the 6 wt % g-C;N,/BiVO, electrode delivered
power and energy densities of 16.2 kW kg™" and 61 W h kg™",
respectively. For over 20000 cycles, the nanocomposite
exhibited 130% stability at a current density of 20 A g~
together and a 98.8% Columbic efliciency. The capacitive and
noncapacitive charge storage processes in the composite were
found to deliver such superior properties.”*®

The g-C;N,/TiO, nanocomposites were prepared through
thermal spreading. Among various carbon nitride loadings, the
composite with 33 wt % g-C;N, showed a high specific
capacitance with a reasonable electrochemical behavior in the
charge—discharge cycling tests. Examining the composite in
terms of the supercapacitance, a higher specific capacitance of
almost 864.5 F ¢! was measured. For 2000 cycles at a current
density of 6 A g7!, the g-C;N,/TiO, nanocomposite
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demonstrated excellent retention.”®® An O-functionalized-g-
C;N,/Ni(OH),/nickel foam electrode was prepared. The
electrochemical charge storage of the fabricated composite
electrode was studied in a KOH, and the electrode’s specific
capacity was calculated to be 967 C g~" along with an excellent
stability of 94.4% for S000 cycles at 3 A g™'. The synthesized
O@g-C;N,/Ni(OH),/NF electrode showed smaller internal
and charge transfer resistance, verifying its larger rate of charge
transfer and higher conductivity compared to pristine Ni-
(OH),/NE.** A hybrid asymmetric S-doped g-C;N,/CoS,
material was prepared as a supercapacitor that was workable at
a 30 A ¢! current density. A high electrochemical stability
(89% for over 100 000 cycles) and a Coulombic efficiency of
99.6% were achieved. Additionally, a specific capacitance of
180 C g' at a 1 A g™' current density was obtained by the
electrode working with a negative bioderived carbon electrode
in a cell with 1.6 V potential, where high energy density and
power density values of 26.7 W h kg™ and 19.8 kW kg™},
respectively, were measured in the aqueous electrolyte.”*®
Fe;0,/g-C3N, was deposited on Ni foam, and Fe;O,/edge-
functionalized-g-C;N,/NF nanocomposite electrodes were
created to be investigated as binder-free supercapacitors.
Based on the results, the electrodes obtained a specific
capacitance of 197.2 mAh g™' at 0.5 A g7/, and cycle lives of
96.1% and 88.5% were obtained at 0.5 and 3 A g7,
respectively, for 4000 cycles, confirming the synergetic effect
in the structure.”® Mesoporous 3D Zn—Ni—Co—S$ nanowire-
like arrays were grown on Ni foam for use as electrode
supercapacitors and demonstrated a capacity of 418.2 mAh g™
at a current density 4.6 mA cm™>. Moreover, after 10000
cycles, the arrays demonstrated a cycle life around 89%. In an
asymmetric supercapacitor, the Zn—Ni—Co—S arrays were
used as the cathode while graphitic carbon nitride/graphene
was applied as the anode, and a cell capacity of 110.7 mAh g~'
was achieved at 5 mA cm™ with 54% capacity retention at 75
mA cm™2 After 10000 cycles, 93% cyclic behavior was also
observed in addition to an 88.6 Wh kg™" current density at a
419.4 W kg™ power density.””® A number of images of the g-
C;N,-based structures, adopted from the above reports, and
their cyclic voltammetry analysis graphs are depicted in Figure
27.

6.8.2. C,N,-Based Materials as Supports. A g-C;N,@
ZnCo,0, composite was synthesized to work as an electrode
in the energy storage field. The composite presented a
remarkable specific surface area and specific capacity (157
mAh g7') at a current density of 4 A g~'. In addition, the
hybrid composite electrode preserved its considerable capacity
retention (about 90%) for 2500 cycles. A specific capacity of
121 mAh g' was observed for the g-CiN,@ZnCo,0,/g-
C3;N,@ZnCo,0, symmetric device, which exhibited an energy
density of 39 W h kg™! and and a power density of 1478 W
kg™'. Moreover, a capacity retention of 71% and an energy
efficiency of 75% were obtained after 10 000 cycles. The above
properties were attributed to the increased surface area and
increased number of active sites that originated from the g-
C;N, support providing chemical stability toward electro-
chemical applications.””"

For a better understanding of the importance of the carbon
nitride-based materials in supercapacitors, a comparison table
of C,N,-based electrocatalysts and other types of electro-
catalysts is presented in Table SS.

6.9. Further Electrochemical Devices. TiO, nanotubes
were bonded on g-C;N,/rGO nanosheets to form a TiO,NT/
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g-C3N,/rGO composite as an anode for Na-ion batteries. At
0.1 A g', a high reversible capacity of 138.5 mAh g™' was
obtained after 244 cycles, with a high rate capability of 103.3
mAh g™' at 0.8 A g'. Such outstanding sodium storage was
due to the double coating of TiO, nanotubes by g-C;N,/rGO
nanosheets, which prevented the cycle from changing the
volume.””* 3D structures composed of Na,Ti;O, nanotubes
anchored to g-C3;N,/rGO composites were fabricated to
measure the electrochemical sodium storage performance.
More active sites for Na* transfer were offered through the
integration of g-C;N, and graphene. The Na,Ti;O, nanotube
shortened the Na* transport paths, leading the Na,Ti;O,NT/
g-C3N,/rGO electrodes to exhibit high rate capabilities and
cycling efficiencies. Additionally, their reversible capacity as an
anode in a sodium half-cell was 210.8 mAh g~' at 0.1 A g™
after 300 cycles. The preservation of up to 98% of the
Coulomb efficiency after the 50 cycles showed the good
stability of the electrode, with a 364 Wh kg™" energy density at
a 0.048 W kg™ power density.””> N-Doped graphene derived
from g-C;N, and synthesized by polyvinylpyrrolidone was
investigated as an anode in lithium and sodium ions batteries,
revealing specific capacities of 1236 and 300 mAh g7/,
respectively, at a current density of 0.05 A g~'. Moreover, a
great cycling stability and a satisfying rate capability were
achieved. The interplanar spacing played the main role in the
electrochemical performances of the lithium-ion batteries and
sodium-ion batteries.””* Phosphorus-doped g-C;N, (xP-g-
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C;N,) was prepared as a sulfur host in LIS batteries. The
0.1P-doped sample with improved conductivity exhibited a
specific surface area of 19.66 m* g™', and after 100 cycles this
composite presented a 1344 mAh g™ initial discharge specific
capacity and an 882 mAh g™’ reversible specific capacity.
Besides, its 0.34% capacity decay per cycle demonstrated its
outstanding cycling behavior due to the higher conductivitg/,
stronger physical adsorption, and polysulfide chemisorption.””®
Composite anodes of ZnS/g-C;N, were fabricated for lithium-
and sodium-ion batteries. The ZnS nanoparticles presented a
large capacity when embedded in g-C;N, nanosheets. A long-
term reversible capacity of about $96.9 mAh g~' was obtained
for the 0.7ZnS:0.3 g-C3N, composite at a current density of 1
A g_1 after 1150 cycles in the Li* system, and that near 432.6
mAh g~' was obtained after 750 cycles in the Na* half-cell
configuration. Due to capacitive charge storage, an increased
rate capability was seen for the 0.7ZnS:0.3 g-C3N, electrode.
The volume change during Li* or Na" ion shuttling was
attenuated in ZnS in the presence of g-C;N,, which led to the
great reversible capacity and primary Columbic efficiency of
the composite anodes.””® Porous sulfur host (Co/NC)
nanostructures fabricated for lithium—sulfur batteries were
studied and shown to enable fast electron or ion transport,
effective sulfur trapping, and electrolyte penetration. As
chemisorption sites and electrocatalytic sites for sulfur, the N
heteroatoms and Co nanocatalysts embedded in the g-C;N,
played significant roles. The redox conversion kinetics was



simplified by such Co—N active sites alleviating the
polysulfides. Thus, improved cycling performance was
observed for the LIS batteries. Therefore, a high primary
specific capacity of 1505 mAh g~' was exhibited by the S/Co@
NC cathode at 0.1 C in addition to an outstanding cycling
stability of up to 300 cycles at 1 C, leading to 91.7% capacity
retention and a capacity decay of 0.03% per cycle.””” Using
nitrogen-defective graphitic carbon nitride (NGCN), Li
deposition was adjusted for the performance of symmetrical
Li-NGCNIILi-NGCN cells. Accordingly, long-term cycling and
a high capacity of 822.1 mAh g~' were observed for Li-NGCN-
S/PC 2pouch cells, with a 67.4% capacity retention rate for 100
cycles™® (Figure 28).

Carbon nitride was prepared at different temperatures as an
improved anode material for use in lithium-ion batteries. Based
on the results, at a 0.1 C rate, the anode material exhibited a
remarkable specific capacity of 2221 mAh g~' at 600 °C (g-
C;N,-600 °C) in addition to an improved cycling stability and
rate capability.””” The g-C;N,/Mo,CT, hybrid was synthe-
sized for lithium storage. As expected, the rich exposed MXene
layers provided fast ion diffusion and abundant active sites for
Li storage. Hence, a high Coulumbic efficiency of 70.8% and
an excellent lithium storage of 525.8 mAh g~' were delivered
by the g-C3N,/Mo,CT, hybrid.** P-Doped mesoporous g-
C;N, (P-MCN) was synthesized as an anode for use in high-
energy and high-power Li-ion batteries. At a current density of
1 A g7', the P-MCN-1 anode sample delivereda 963 mAh g™!
reversible discharge capacity after 1000 cycles. Moreover, after
2500 cycles, excellent rate capabilities of 685, 539, and 274
mAh g~' were demonstrated by the electrode at current
densities of 5, 10, and 20 A g7/, respectively.301

In a subsequent study, hydrogenated thin films (or N-DLC
electrodes) of amorphous carbon-nitride (a-CN) were
deposited on FTO and glass by the dielectric barrier discharge
plasma method in a CH,/N, gas mixture. In a K;Fe(CN)4
electrolyte, the optimized nitrogen-rich electrodes exhibited
electrochemical reversibility with AEp = 125 mV and Jpa/Jpc
= 1.03 and a rapid charge transfer constant of 6.59 X 10™* cm
s7!, all of which were ascribed to the high N-doping level, the
high surface area, the multitude holes, and the high number of
nanopores with great electron transfer for the redox
reaction.”””

For a more comprehensive overview of energy systems based
on carbon nitride structures utilized as electrocatalysis
materials, some relevant studies are summarized in Table S6.

7. FUTURE SCOPE AND CHALLENGES

Currently, C,N -based materials are mainly being investigated
for clean energy production processes, including water
oxidation, water splitting, the ORR, the HER, and the
production of hydrogen as a carbon-neutral fuel, and the
conversion of CO, into useful compounds.’®™ "' The
appropriate features of carbon nitride together with the typical
modifications and functionalizations generate new prospects
for its future use in global clinical and sustainable energy fields.
Delivering synergistic effects by offering more active sites and
developed mass and charge transfer toward hydrogen and
oxygen evolution processes and oxygen reduction reactions,
the improved carbon nitride-based materials present higher
electrocatalytic activities and higher durabilities. Mesoporous
structures and improved specific surface areas are two key
factors that make the electrical conductivity and mass transfer
properties of C,N,-based nanostructures particularly appro-
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priate for their electrocatalytic performance, as they facilitate
the role of active sites for the transfer of reactant or product
molecules in addition to the diffusion mechanisms. These
features can be satisfied by the rational design of C,N,
structures in terms of fabrication strategies (namely choosing
appropriate precursors and methods) and surface modifica-
tions with a targeted approach based on the application field.
Besides, to obtain g-C;N,-based structures with efficient
functionalities, it is necessary to engineer their compositions
and structures, especially for environmental remediation
purposes where g-C;N,-based structures are employed in a
photocatalytic capacity.”'>*"* This can be accomplished
through the optimization of defect and heterojunction
formation and the use of organic protocols and modification
routes, e.g, the addition of organic compounds such as
carbonates and thiocyanates, which would benefit the final
electron transport, stability, and active site performance in both
purification and fuel resource compensation purposes. More-
over, since bifunctional electrocatalysts capable of two
concomitant reactions (HER and OER or ORR and OER)
are of growing interest, efficient composites of g-C;N, may be
required to be fabricated for use in new energy storage and
conversion devices. Thus, C,N, compounds with sufficient
stabilities together with significant activities are expected to cut
the prices and durations of relevant processes.

Nevertheless, there are still unclear points that require
further evaluations. On the basis of merged theoretical and
experimental analyses, details of charge transfer paths and
catalytic mechanisms in special carbon nitride structures may
be clarified. Any alterations induced in the crystalline structure
demand optimization to avoid the attenuation of the electronic
configuration. Considering all operative aspects related to the
environment and economics, feasible production and function-
ality at the highest yield are highly essential. Thus, further
endeavors should be devoted toward the efficient fabrication of
carbon nitride structures with engineered properties, which
may contribute to their possible utilization in advanced drug
storage and delivery, sensing, electronic devices, and environ-
mental applications. In a word, there are enormous
opportunities concerning the synthesis of g-C;N, and g-
C;N, -based materials and their application for photocatalytic
water splitting, fuel cells, metal—air batteries, etc. However, the
studies are preliminary, and the correlations between the
structure, catalytic prowess, kinetics, and shape selectivity are
still not very clear, which may require further research efforts.

Although the applications of g-C;N, have been extended for
metal—air batteries, some challenges need to be addressed in
future studies to develop metal—air batteries with perform-
ances better than the Li-ion batteries. In recent years, due to
the disadvantages of carbon supports such as corrosion in the
operating fuel cell environment and the loss of catalyst activity,
g-C;N, has emerged as an attractive material and catalyst
support in fuel cells. After reviewing the past research works on
this unique family of materials for the development of an
electrocatalyst toward fuel cells, we believe that a deeper
understanding of the catalyst—support interactions and the role
of the carbon nitride phases will be necessary to determine the
ORR and OER reaction kinetics. Indeed, combining g-C;N,
with novel conductive supports (e.g., graphene or mesoporous
carbon) may enhance the path toward ORR electrocatalysis to
promote fuel cell technology. Thus, an understanding of g-
C;N, and g-C;N,-based materials is vital for the new catalysts,



opening a new avenue for the development of fuel cell
technology and metal—air batteries.

One of the applications of C,N,-based materials is as
efficient electrocatalysts in the NRR. Although many studies
have reported the use of C,N,-based materials for the NRR,
either experimentally or theoretically, it is still in its infancy
stage, and some challenges need further study. Despite all the
aforementioned efforts to investigate the use of C,N, materials
in NRR processes, there is still a considerable gap between the
calculation-based and expected NRR vyields and Faradaic
efficiencies of these materials and those amounts obtained
through actual studies, which requires further profound
evaluations in future attempts in this field. This is due to
various issues such as a high reaction energy barrier, the finite
density of active sites, limited N, activation, etc., which would
be better to examine more in future works. In addition,
efficient methods for modifying the surface of CN should be
further explored in the future, one of the most important of
which is heteroatom doping to obtain C,N,-based catalysts
whose performance is expected for NRR reactions.

In recent years, due to the low efficiency and selectivity of
photocatalytic hydrogen production under solar energy,
graphitic carbon nitrides have been investigated as attractive
materials for solar hydrogen production. However, non-
defective g-C;N, as water splitting photocatalysts present
disadvantages, including a low charge carrier mobility and a
relatively large band gap, which limit the electron and hole
separation and transport and therefore limit the effective use of
visible light and the rate of hydrogen evolution. Thus, there is
an urgent need to develop modification methodologies by
creating defects within C,N,-based materials. Indeed, noble-
metal and nonmetal doping may resolve this issue and enhance
solar-energy conversions.

In photocatalytic applications of C,N,-based materials, the
development of a plausible mechanism using defective CN
photocatalysts is relatively unclear, which would be better
addressed in the future. Finally, one of the things that should
be addressed in the future is that the carbon nitride itself
contains nitrogen; therefore, we must be careful during its
analysis so that it does not contain nitrogen-containing
contaminants. Novel techniques need to be advanced to
controllably synthesize vacancy-defect-modified CN using
materials that are inexpensive, highly efficient, and stabile.

8. CONCLUSIONS

Lately, C,N,-based materials have gained increased attention
for their supreme properties such as non-toxicity, low-expense
preparation, abundance, facile processing, and high chemical,
thermal, and physical stabilities. For years, metal-based
electrocatalysts have been considered as suitable options for
use in electrochemical systems due to their high catalytic
performance in energy-related technologies such as fuel cells,
electrolyzers, etc. However, their drawbacks, including low
stability, poor selectivity, high expenses, and rare resources,
threaten both their survival and future chances to improve
energy systems. Instead, nonmetallic catalysts in energy
generation and storage technologies, including C,N,-based
nanomaterials, are free of such impediments and have revealed
considerable success in the field of sustainable energy
development. This review summarizes the most relevant
improvements of the carbon nitride functionality for electro-
chemical catalysis purposes. In this account, carbon nitride’s
energy applications in fuel cells, batteries, supercapacitors, and
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water splitting equipment have been reviewed. Various C,N,
structures, properties, modification routes, fabrication techni-
ques, and electrocatalytic applications were assessed in detail.
In brief, regarding synthesis and functionalization, much focus
is paid to the significance of precursors, processing paths,
including vapor deposition routes, pyrolysis, microwave-
assisted processes, electrodeposition, hydrothermal and sol-
vothermal synthesis, sol—gel, and polymerization, and
modification techniques, including inducing mesoporous
structures, controlling diverse morphologies, coupling with
noble or transition metals and bimetallic structures, doping
methods, etc.. Based on the consensus of the reviewed
electrochemical results, the efficiency of g-C;N,-derived
materials in the reported ORR, OER, HER, and other
electrochemical reactions could be attributed to their surface
and structure characteristics in terms of functional groups,
defects, pores, doping states, geometries, and morphologies.
Overall higher electrocatalytic activities and larger stabilities
were noticed for nitrogen-doped carbon-based materials used
as either electrode modifiers or electrocatalysts in cells, which
were attributed to their unique characteristics, such as the 2D
polymeric composition of N, C, and H atoms providing a high
surface area and surface effects; specific semiconductor photo-
and electroproperties; and simple and cost-effective synthesis
routes.
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