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ABSTRACT
Carbon nitrides, a distinguished class of metal-free catalytic materials, have presented a good 
potential for chemical transformations and are expected to become prominent materials for 
organocatalysis. This is largely possible due to their low cost, exceptional thermal and chemical 
stability, non-toxicity, ease of functionalization, porosity development, etc. Especially, the 
carbon nitrides with increased porosity and nitrogen contents are more versatile than their 
bulk counterparts for catalysis. These N-rich carbon nitrides are discussed in the earlier parts of 
the review. Later, the review highlights the role of such carbon nitride materials for the various 
organic catalytic reactions including Knoevenagel condensation, oxidation, hydrogenation, 
esterification, transesterification, cycloaddition, and hydrolysis. The recently emerging con-
cepts in carbon nitride-based organocatalysis have been given special attention. In each of the 
sections, the structure–property relationship of the materials was discussed and related to their 
catalysis action. Relevant comparisons with other catalytic materials are also discussed to 
realize their real potential value. The perspective, challenges, and future directions are also 
discussed. The overall objective of this review is to provide up-to-date information on new 
developments in carbon nitride-based organic catalysis reactions that could see them rising as 
prominent catalytic materials in the future.
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1. Introduction

Global warming due to the increase in the consumption 
of fossil energy is one of the biggest issues to be 
addressed by chemical scientists and engineers. The 
technologies for the minimalization of energy con-
sumption for various domains, such as chemical, fuel, 
and polymer industries, transportation, biology, medi-
cine, pharmaceuticals, agriculture, etc. must be quickly 
established. Particularly, the decrease in energy con-
sumption of chemical processes is an urgent issue for 
catalytic technologies. Nanotechnology is the most 
important research area for the development of new 
catalytic technologies [1–4].

One of the targets is a catalyst technology of che-
mical processes based on microporous and mesopor-
ous materials such as carbons [5], carbon nanotubes 
[6,7], graphene [8], carbon nitrides (CNs) and their 
engineered counterparts [9–12], metallosilicates and 
metallophosphates including zeolites [13], metal oxi-
des [14,15] for the catalysts and/or catalytic support to 
minimize consumption of energy for the reaction and 
separation of products. Particularly, carbon nitrides 
including nitrogen-doped carbons are metal-free 
solid bases to attain maximizing the merits of hetero-
geneous catalysis [16,17]. One of the major advantages 
of using them for catalysis is their excellent activity in 
mild conditions and the easy separation of the pro-
ducts from reaction mixtures [18]. In addition, their 
combined functionalities of carbon and nitrogen make 
them attractive as catalysts and/or catalyst supports for 
various organic transformations [19–23]. However, 
classical carbon nitrides have some drawbacks of low 
surface area due to the synthesis at high temperatures, 
which significantly limits their performances in the 
catalysis of organic reactions. Recently, the introduc-
tion of ordered or disordered mesoporous structures 
to carbon nitrides through nano-hard templating 
approach using ordered or non-ordered mesoporous 
materials and/or by the post-treatment of originally 
prepared materials expands the catalytic application 
possibilities of these unique materials [21,24–26]. 
Mesoporous carbon nitrides (MCNs) with ordered 
arrays are expected to improve their catalytic proper-
ties due to the increase of the reaction sites in the 
materials.

The catalysis of carbon nitrides including nitrogen- 
doped carbons works principally based on their aro-
maticity and amino moiety [27]. The π-electron pools 
of aromatic nuclei work for photo-redox catalysis 
through the excitation of illumination, and amino 
moieties, primary, secondary, and tertiary, work for 
base catalysis [28]. These properties are the unique 
features of carbon nitrides as they cooperatively work 
in photo-redox and base catalyses [29,30]. However, 
these properties are mainly controlled by the nature of 
the synthesis approaches used for their synthesis. The 

preparation of carbon nitrides generally involves the 
calcination of different CN precursors with or without 
hard or soft templates under non-aero conditions. The 
calcination temperature, nature of the precursors and 
their nitrogen contents, and polymerization strategies 
of the precursors decide the final physico-chemical 
properties of these carbon nitride materials [31]. 
Particularly, the nature of the basicity is determined 
by the number of primary and secondary amino moi-
eties that remained during the calcination process. 
Hence, choosing the appropriate calcination tempera-
ture is the key for the high catalyst performances of 
these materials.

Several reviews on the catalysis of carbon nitrides, 
especially in photocatalytic water splitting and in 
organic synthesis, have appeared in the literature that 
contributed to enhancing the research in the catalysis 
of carbon nitrides [19,32–36]. In this review, we dis-
cuss primarily the base and photo-redox catalyses of 
these materials in organic synthesis with a focus on 
Knoevenagel condensation, the cycloaddition of car-
bon dioxide (CO2) on epoxides, oxidation, hydroge-
nation, esterification, trans-esterification and 
hydrolysis as the typical catalysis examples. The use 
of carbon nitrides for tandem catalysis and the basic 
catalyst support combined with the other functional 
catalysts are also considered with and without illumi-
nation. The metal-free catalysis of the carbon nitrides 
involving hydrogenation and oxidation is also dis-
cussed. Further, we discuss the use of carbon nitride 
catalysis for application in organic synthesis and bio-
mimetic catalysis.

2. Types and the characteristics of carbon 
nitrides

2.1. C3N4

Carbon nitride materials gathered massive attraction 
owing to their excellent catalytic, electronic, and electrical 
properties. Based on their structures, carbon nitrides are 
classified into five different forms which include graphitic 
carbon nitride (g-C3N4), α-C3N4, β- C3N4, cubic C3N4 

and pseudocubic C3N4. The synthesis of these carbon 
nitrides except g-C3N4 requires high pressure and high 
temperature which limit the progression of bulk produc-
tion of these materials. However, g-C3N4, whose struc-
ture closely resembles graphene, can be prepared by using 
chemical or molecular precursors and require only mild 
synthesis conditions [37–40]. Interestingly, g-C3N4 pos-
sesses the properties of a medium-band gap semiconduc-
tor having a graphite-like structure with the CN 
framework attached with amine functionalities which 
mainly contributes to the catalysis of chemical reactions 
[41]. However, g-C3N4 has low electronic conductivity 
and less specific surface area; therefore, cannot be used in 
electro-chemical hydrolysis reactions (1.4–2.8 eV) but it 
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has been widely used in photocatalytic applications owing 
to its unique band structure. In addition, the electro and 
thermal catalytic application of these materials are also 
quite rare [42,43].

Various methods including physical vapor 
deposition, chemical vapor deposition, thermal 
polymerization-condensation, and hydrothermal 
or solvothermal methods are available for the 
synthesis of g-C3N4 [44]. Among these methods, 
thermal polymerization-condensation is the most 
used synthesis technique for preparing carbon 
nitrides and the widely used precursors are urea, 
melamine, dicyandiamide, cyanamide thiourea, 
and cyanuric acid [45,46]. Polyaddition and poly-
condensation are the processes involved in carbon 
nitride synthesis, which are temperature depen-
dent. Polyaddition is the polymerization process 
to convert precursors into melamine whereas 
polycondensation is the condensation of the mel-
amine by the loss of ammonia to form a g-C3N4 

polymer [42,44]. The carbon nitrides derived from 
the traditional thermal condensation method have 
a low surface area (>20 m2/g), highly conjugated 
stacking of nitrogen atoms in the heptazine struc-
ture, and nitrogen atoms with less basicity, less 
bridging nitrogen atoms and less defective sites 
at the edges for the graphitic structure. The struc-
ture of the g-C3N4 may contain the molecular 
units of s-heptazine (tri-s-triazine) and triazine 
[47]. Triazine is not as stable as the tri-s-triazine 
(s-heptazine) structure. For catalytic applications, 
g-C3N4 with tri-s-triazine units may be more ben-
eficial as it has more nitrogen atoms, providing 
more anchoring and active sites for catalytic reac-
tions. Owing to the stability and other benefits of 
the tri-s-triazine structure, synthesizing carbon 
nitrides with tri-s-triazine molecular units is 
given more attention [48,49].

In the development of carbon nitride materials, the 
synthesis method plays a critical role since it manip-
ulates the properties of materials including morphol-
ogy, structure, surface area, active sites, the density of 
the nitrogen atoms, stability, and size, which are all 
essential for improving the catalytic activity [50]. 
However, the key parameter required for the catalysis 
of carbon nitride is the specific surface area, which is 
directly linked to the number of active sites connected 
with the nitrogen atoms. Unfortunately, bulk carbon 
nitride material exhibits a low surface area, low stabi-
lity, less nitrogen content, and less accessible active 
sites which are not useful for catalytic applications. 
Therefore, researchers tried to modify the structure 
and framework of carbon nitrides to enhance the 
catalytic activity of these materials. Various 
approaches like optimizing precursor ratio, varying 
calcination process, templating and non-templating 
techniques, nano modification, doping strategy, and 

introduction of terminal amine groups/defect sites 
have been adopted to tune the properties of the carbon 
nitride materials [24,45,51,52]. Researchers have suc-
cessfully modified the properties of the C3N4 by 
employing one or two of these strategies and improved 
the catalytic activity of the CN materials. For example, 
Su and his co-workers [53] combined the hydrother-
mal and deprotonation approaches to synthesize 
MCN with high basicity. Deprotonated MCN was 
used as a base catalyst for the reactions between the 
different aldehydes and malonic derivatives, and these 
materials exhibited high catalytic activity.

The g-C3N4 was oxidized by Krishnan and his co- 
workers [54] with the help of oxidants such as potas-
sium permanganate (KMnO4), potassium dichromate 
(K2Cr2O7), and hydrogen peroxide (H2O2) and used 
as a catalyst for the hydrogen transfer reaction of 
carbonyl compounds. The oxygenated moieties were 
added to the CN surface, and when the base was 
added, the hydrogen donor and the carbonyl com-
pound attached to the modified carbon nitride helped 
to enhance the rate of catalysis reaction. Recently, 
Gentile et al. [55] also used the concept of protonation 
and deprotonation to increase the catalytic activity of 
carbon nitride materials. Herein, strong acids like 
sulphuric acid (H2SO4) and nitric acid (HNO3) were 
chosen for the oxidation treatment and alkali com-
pounds like sodium hydroxide, potassium carbonate, 
and potassium tert-butoxide (t-BuOK) were used for 
deprotonation to introduce the basic active sites for 
the reaction. The oxidation treatment with an acidic 
mixture introduced the acidic oxygenated functional 
groups on the surface of the CN materials. The intense 
oxidation process before the deprotonation enhanced 
the surface area and thus significantly improved the 
catalytic activity towards the Knoevenagel reaction.

Another interesting approach to modifying the sur-
face properties of the carbon nitride is to introduce 
porosity within the CN framework. This was realized 
by Vinu et al. [56], who reported a new family of CN 
materials with mesoporous structure (MCN series) by 
combining the simple polymerization of CN precursors, 
ethylenediamine – (EDA) and carbon tetrachloride 
(CTC). The same group also reported MCN with a 3D 
mesoporous structure and a body-centered cubic Ia3d 
framework using mesoporous silica, KIT-6, and cyana-
mide as a template and precursor, respectively. The 
structure of the synthesized materials was found to be 
heptazine units coordinated by the covalent bonding of 
CN atoms. The materials were active at room tempera-
ture and showed high conversion toward benzaldehyde 
and malononitrile. The increased activity was achieved 
due to the large surface are and pore volume, and strong 
basic sites from the amino groups of the MCN materials.

Another series of g-C3N4 with a 3D mesoporous 
structure was prepared by Vinu et al [26]. through 
a hard templating strategy with guanidine hydrochloride 
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as a novel precursor and KIT-6 silica template. The 
interaction between the silanol groups of the KIT-6 
template and the amino group of guanidine is facilitated 
through hydrogen bonding, which helps to get the repli-
cated structure of the KIT-6 in the final MCN material. 
MCN from this study was highly porous and had 
a specific surface area of 303 m2 g−1 and a pore volume 
of 0.71 cm3 g−1, which was achieved through tuning the 
pore diameter of the mesoporous silica such as KIT-6. 
The material synthesized in this study was far better than 
the previously reported MCN derived from cyanamide 
(208 m2 g−1), which explains the important role of the 
amino groups present in the guanidine hydrochloride 
which is used as a precursor in this study. These amino 
groups can be effectively utilized for the reduction and 
the formation of noble metal nanoparticles onto the 
surface of MCN and the metal functionalized MCN are 
found to be excellent catalysts for Suzuki coupling reac-
tion, revealing the importance of synthesis methods and 
functionalization of MCN for catalytic applications.

2.2. New family of carbon nitrides

2.2.1. C3N5, C3N6 and C3N7

It is believed that the properties of the materials can be 
further enhanced by tuning the porosity, structure, 
and nitrogen contents. Vinu and his co-workers also 
explored the synthesis of the carbon nitrides with high 
nitrogen contents and ordered porosity and discov-
ered a new series of MCNs with ordered structure and 
new stoichiometries (C3N5, C3N6, and C3N7) from 
various high nitrogen-containing cyclic or aromatic 
precursors. Single molecular precursors such as 
5-amino-1H-tetrazole, 3-amino-1,2,4-triazole, and 
aminoguanidine were used to prepare MCNs with 
different carbon and nitrogen configurations such as 
C3N5, C3N6, C3N7, and g-C3N4 through varying the 
calcination temperatures [57–60]. Interestingly, the 
MCN with C3N5 stoichiometry was unique and offer 
peculiar catalytic properties owing to its triazole 
moieties which offer strong basicity due to the strain 
exerted by the 5-membered aromatic ring. These new 
materials with 1-amino/imino-1,2,4-triazole moieties 
are highly basic compared with 2-amino/imino- 
1,3,5-triazine moieties of C3N4. The C3N5 stoichiome-
try with azo linkage synthesized via the thermal deam-
moniation of melem hydrazine shows a reduced band 
gap of 1.76 eV [39].

A recent study by Ruban and her co-workers [51] 
demonstrated the relation between the nitrogen spe-
cies, MCN structures, different calcination tempera-
tures, and the catalysis performance with the help of 
Knoevenagel condensation. The triazole moieties in 
the MCN structure primarily decide the basicity of 
the materials, which in turn helps to enhance the 
catalytic activity of the material for the Knoevenagel 
condensation reactions. Furthermore, it was found 

that MCN structure also controls the catalytic activity; 
the 3D structure is preferred over the 1D structure, 
owing to the high specific surface area and pore 
volume and many active sites which suppress pore 
blocking. In addition, MCN with a 3D structure 
helped to transfer the reactant molecules in the porous 
channels effectively and facilitated the accessibility of 
the other molecules involved in the reactions. In this 
study, the nitrogen content, and the textural para-
meters of MCN structures were finely tuned by using 
different mesoporous silica templates with varying 
pore diameters, morphology and structure, and calci-
nation temperature from 350 to 550°C.

The catalytic activity of novel nitrogen-rich carbon 
nitrides such as C3N5, C3N6, and C3N7 with 
a uniformly ordered mesoporous structure was tested 
for the reaction between benzaldehyde and malononi-
trile under different conditions such as pressure, tem-
perature, catalysts dosage. Weak bases like potassium 
fluoride, piperidine, or other ammonium salts ethyle-
nediamine amino acids, such as glycine, alanine, and 
proline, or triphenylphosphine, are the conventional 
catalysts for these reactions. These catalysts are homo-
genous and suffer many drawbacks such as being 
expensive, complicated product separation process, 
and recyclability. The newly synthesized N-rich 
MCN materials with large surface area, pore volume, 
and abundant basic sites are highly active and showed 
a high yield within a short period for Knoevenagel 
condensation. This study also confirmed that MCN 
with moieties of 1-amino/imino-1,2,4-triazole is more 
stable and basic than other moieties such as amino/ 
imino-1,3,5-triazine, revealing the importance of the 
nitrogen content and pore structure for the organic 
catalytic transformation.

2.2.2. PHI-based ionic carbon nitrides
Stability and crystallinity are the two major issues asso-
ciated with conventional polymeric carbon nitrides 
(PCNs). Therefore, researchers have developed a new 
type of carbon nitrides with poly heptazine imide (PHI) 
structure, which are highly stable and crystalline. PHIs 
are generally synthesized from nitrogen-rich com-
pounds through solid-state reactions with alkali metal 
chlorides or thermal condensation of CN precursors in 
eutectic salt melts [61,62]. Post-modification is another 
way to prepare PHI-based CNs by treating the con-
densed CNs with alkali metal salts. PHI-based carbon 
nitrides are reported to have excellent stability, high 
crystallinity, and electronic conductivity which are all 
often missed in conventional tri-s-triazine or hepta-
zine-based carbon nitrides [63]. The ionothermal 
approach is the best feasible method to prepare alkali- 
metal PHIs with the help of Na, K, and Cs-based salts 
[64]. K-PHI is the widely reported ionic carbon nitride 
which can be prepared through 1) a combination of 
mechanical and chemical treatment of the CN 
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precursor such as 5-amino tetrazole with KCl/LiCl 
eutectic mixture and polymerization at 550°C; 2) mix-
ing potassium thiocyanate, potassium malonate penta-
hydrate, and dicyanamide and calcined at 500°C; 3) 
mixing potassium thiocyanate and LiCl and condensa-
tion-polymerization at 550°C. Savateev et al. 2017 
adopted a thermal condensation method to synthesize 
highly crystalline K-PHI with 1,2,4-triazoles in eutectic 
metal salts and this new carbon nitride material is 
presented with staggered ions arranged as crystal 
packs in the channels and showed excellent perfor-
mance in the photocatalytic splitting of water with the 
hydrogen production of 14.7 μmol H2 per h [65]. 
Schlomberg et al. [66] adopted the ionothermal synth-
esis strategy and prepared a new type of highly crystal-
line potassium containing PHI (K-PHI) and its 
counterpart through the proton exchange (H-PHI). 
The out-of-plane structure present in K-PHI showed 
unidirectional layer offset, due to the presence of the 
hydrated potassium ions, whereas the H-PHI has 
a larger degree of faulty stackings because of the weaker 
structure (Figure 1). The improved structure in PHI 
due to the loss of in-plane coherence, optimizing the 
smaller and lateral platelet dimensions, and the pre-
sence of abundant terminal cyanamide groups, helped 
in enhancing the photocatalytic performance. Another 
interesting study [67] reported K-PHI as an efficient 
material for the oxidative coupling reaction with the 
help of light. Lithium chloride, potassium chloride, and 
amino tetrazole were mixed in a ball mill and calcined 
at a temperature of 550°C. The synthesized materials 
performed well as a photocatalyst for the conversion of 
benzyl amines due to the continuous push–pull 
mechanism of electrons in the K-PHI which mediated 
the two benzylamine molecules coupling. Very recently, 
Wu and his co-workers [68] fabricated a new composite 
material such as potassium doped on carbon nitride 

and silica support. The newly developed material 
showed a mesoporous structure with rod-shaped mor-
phology. The introduction of K atoms into the CN-SBA 
-15 structure improved the basicity of the materials and 
thus enhanced the Knoevenagel condensation reaction 
activity. In addition, the calcination temperature played 
an important role in the chemical bonding between the 
potassium and CN/SBA15. At 550°C heating, potas-
sium species were uniformly dispersed on CN/SBA15 
support with the help of nitrogen atoms, and the cova-
lent bonding between the potassium and nitrogen is 
responsible for the stabilization of K on the support. 
Therefore, the synthesis approach for the design of 
carbon nitride with different functionalities and the 
porous structure is crucial in developing them as cata-
lysts for different chemical reactions.

2.2.3. Microporous carbon nitrides
Microporous carbon nitrides are another type in the 
CN family that appeals to be promising in terms of their 
unique porous structure and CN framework within the 
nanochannels. Vinu et al. [69] realized this opportunity 
and reported the first microporous carbon nitride with 
a high specific surface area using MCM-22 as 
a template through a simple polymerization reaction 
between EDA and CTC. Later, Xu et al. [70] used the 
same strategy to prepare microporous carbon nitride 
and applied them for Knoevenagel condensation and 
further found that the microporous CN materials are 
better in performance due to their abundant active sites 
and nitrogen functional groups (Lewis’s base) in the CN 
framework. The pore dimension of the microporous 
carbon nitrides can also be controlled using the micro-
porous template with different structures (1 and 3D). 
For example, Stegmann et al. [71] prepared zeolite 
templated microporous carbon nitrides with 1D and 
3D structures using three different zeolites like zeolite 

Figure 1. Predicted theoretical structure of K-PHI and its counterpart H-PHI (metal free), reproduced with permission from [66].
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Y, ETS-10, and ZSM-5. CNs were found with heptazine 
structure and microporosity. Zeolite Y and ETS-10 
were found to be better templates for the formation of 
the carbon nitride structure as compared to ZSM-5 
since it is hard to deposit the CN precursors in the 
narrow pores of the ZSM-5 due to the sterical restric-
tions. Recently, Vinu et al. extended this strategy for the 
fabrication of microporous carbon nitride with C3N5 

stoichiometry and a lot of free NH2 groups using high 
nitrogen-containing precursor, aminoguanidine hydro-
chloride and ultra-stable zeolite Y as the template. The 
unique carbon nitride exhibits two tetrazines and one 
triazine rings in the unit cell in their CN framework and 
a high specific surface area of 130.4 m2 g−1. The avail-
ability of free NH2 groups together with the high sur-
face area and unique microporous structure makes it an 
excellent adsorbent for CO2 molecules and a basic cat-
alyst for organic transformations [72].

2.2.4. Other new carbon nitrides
Although C3N5, C3N6, and C3N7 are prevalent stoi-
chiometries of carbon nitrides of interest, various 
other forms have also been reported recently with 
promising results in catalytic applications. The C5N2 

with conjugated C=N linkage with a reduced band gap 
is suitable for H2O2 production [73]. The C3N2 con-
taining a five-membered ring synthesized from the 
zeolitic imidazole framework possesses a narrow opti-
cal band gap of 0.81 eV and is efficient for photoelec-
trochemical biosensing [74]. Low-cost C3N3 from 
cyanuric chloride can be synthesized on a copper sur-
face for photoelectrochemical water splitting [75]. 
Similarly, C2N [76], C3N [77], and C(CN)3 [78] have 
been synthesized from different precursors and uti-
lized for various catalytic and other applications.

3. Active centers of catalysis of carbon 
nitrides

Graphic carbon nitrides are prepared by thermal treat-
ments of various nitrogen precursors usually under 
non-aerial atmospheres as discussed in the previous 
section. For example, carbon nitride with C3N4 com-
positions exhibits a structure with triazine and/or tris- 
s-triazine nuclei connecting each other through tri- 
substituted nitrogen. There is another type of nitrogen 
with mono-, di-, and tri-substitution attached to tria-
zine and tri-s-triazine nuclei [3]. These properties 
make them multifunctional due to the different types 
of nitrogen in the materials. For example, C3N4 has 
two types of nitrogen moieties with aromatic and 
aliphatic characteristics. Aromatic moieties of tris- 
s-triazine (heptazine) nuclei are fundamental struc-
tures of carbon nitrides with semiconductor and 
Lewis basic character properties due to their hetero-
aromaticity. The other nitrogen moieties are mono-, 
di-, and tri-substituted with non-aromatic character. 

Tri-substituted nitrogen works as a connecter of tri- 
s-triazine nuclei; However, the former two types of 
nitrogen moieties are remained by incomplete forma-
tion of tri-s-triazine nuclei. The bonding energies of 
the bonds are estimated around 290 eV and 400 eV, 
respectively, [27]. The aliphatic nitrogen moieties have 
strong basic characteristics, particularly for di- and 
mono-substituted nitrogen in carbon nitride.

Triazine and tri-s-triazine moieties, principal 
constituents of g-C3N4 can also be activated by visi-
ble illumination to form electron-hole [79,80]. The 
electron-hole formed by visible illumination sepa-
rates free electrons and holes, and resulting elec-
trons and holes move to the surface and work 
towards redox reactions. These holes can work for 
the oxidation of organic chemicals under visible 
illumination. Particularly, radical anion •O2- will 
work as an oxidant in photocatalyzed oxidative 
reactions. Some radical precursors assist hydrogen 
atom transfer abstract (HAT) from -C-H- with the 
cooperation of •O2- to form •CH-, and accelerate the 
total chemical reactions [81,82]. Typical HAT com-
pounds involve N-hydroxyphtaloimide (NHPI), 
N-hydroxytetrachlorophthaloimide (Cl4NOPI), 
hydroxyl perfluorobenziodoxole (PFBI-OH), and 
4-benoylpyridine (4-BzPY). They work effectively 
with hydrogen atom transfer chemicals in photoca-
talyzed organic reactions. Some of them work as 
HAT for the acceleration of hydrogen atom abstrac-
tion in the combination of peroxides, such as hydro-
gen peroxide and t-butyl hydrogen peroxide to 
accelerate oxidative catalysis under thermocataly-
sis [83].

4. Prominent catalysis using carbon nitride

4.1. Knoevenagel condensation

Knoevenagel condensation of carbonyls with active 
methylene compounds occurs normally by the base 
catalysis. It is a typical model reaction to know the 
catalytic properties of the newly found catalyst. In this 
section, the catalysis of carbon nitrides with different 
structures and nitrogen contents in the Knoevenagel 
condensation is discussed [84–87].

4.1.1. Metal-free carbon nitride for Knoevenagel 
condensation
The presence of nitrogen functionalities in the carbon 
nitrides offers basic catalytic properties which make 
them available for Knoevenagel condensation. As dis-
cussed previously, these functionalities can be con-
trolled with the simple adjustment of the nature of the 
CN precursors and the calcination temperatures. For 
example, Vinu and his co-workers have synthesized 
MCN-11 from 5-amino tetrazole using KIT-6 as tem-
plates at 350–550°C under an Ar atmosphere [51,58]. 
They applied this catalyst for the Knoevenagel 
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condensation of benzaldehydes with malononitrile. The 
catalytic activities decrease gradually with the increas-
ing calcination temperature as shown in Figure 2(a). 
The samples prepared at 350 and 400°C have excellent 
catalytic performances with high yield and selectivity 
for benzylidene malononitrile. The differences in the 
catalysis are possibly due to the change of structures 
from C3N5 to C3N4 by the increase in the temperatures. 
It should be noted that the MCN samples synthesized at 
350 and 400°C have a C3N5 structure with 1-amino- 
1,2,4-triazole moieties, and the samples synthesized at 
450, 500, and 550°C have g-C3N4 structure with the 
condensed 2-amino-1,3,4-triazine moieties. For all 
these catalysts, the high basicity originated from the 
remaining -NH2 and/or >NH groups formed during 
the calcination.

In another report, Elamanthi and his co-workers 
succeeded in controlling the pore diameter of the 
MCN and further demonstrated the influence of 
pore diameter on the catalytic activity [88]. 
Figure 2(b) shows the influence of pore sizes of hex-
agonal MCN (HMCN) in the condensation of 
p-hydroxybenzaldehyde and malonic acid to p-hydro-
xycinnamic acid. Catalytic activities were increased 

until 5.9 nm; however, kept almost constant for the 
MCN with wider pore sizes. The low activities for 
narrow pore SBA-15 are due to steric hindrances for 
the diffusion of the reactants in the small pores. 
Talapaneni and his co-workers prepared 3D mesopor-
ous C3N4, with different pore diameters using cyana-
mide as CN precursor and KIT-6 with different pore 
diameters as a hard template. It was found that the 
activity of the materials is significantly enhanced 
owing to their 3D porous structure and large pore 
diameter [24]. In another report, Zhang and his co- 
workers applied MCN-1 for Knoevenagel condensa-
tion and demonstrated that the calcination tempera-
ture plays a key role in controlling the catalytic activity 
in the Knoevenagel condensation [89]. Among MCN- 
1 prepared at different temperatures, MCN-1 prepared 
at 400°C showed the highest catalytic activity, giving 
benzaldehyde and acetone conversions of 99% and 
92%, respectively, in the reactions of benzaldehyde or 
acetone and malononitrile. The high activity is due to 
the presence of the tri-coordinated nitrogen and/or 
amino groups in the MCN-1 prepared at 400°C 
(Figure 2(c)). Similarly, Liu and his co-workers also 
demonstrated the influence of the calcination 

Figure 2. (a) Influence of materials synthesis temperature on the yield of benzylidene malononitrile, reproduced with permission 
from [51], (b) Effect of pore diameter of different HMCN catalysts on the yield of phydroxycinnamic acid. Reaction conditions: 
p-hydroxybenzaldehyde (4.00 mmole), malonic acid (8.10 mmole), HMCN catalysts (200 mg), toluene (10 ml), reaction time 60  
min, and azeotropic method (105°(C), reproduced with permission from [88], (c) Plots for the benzaldehyde and acetone 
conversions obtained in the Knoevenagel condensations of benzaldehyde or acetone and malononitrile against the surface 
concentrations of tricoordinated nitrogen and/or amino groups, reproduced with permission from [89], and (d) Catalytic 
performance for Knoevenagel condensations of xMgCN-U catalysts with different Mg loading amount, reproduced with permis-
sion from [90].
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temperature of mesoporous C3N4 on the catalytic 
activity in the Knoevenagel condensation [91]. 
Again, the catalyst prepared at 400°C showed the high-
est activity which is linked to the high percentage of 
bridged nitrogen species on the catalysts. These sites 
act as a basic site required for the basic catalysis 
(Table 1).

Su and his co-workers deprotonated mpg-C3N4, 
derived from cyanamide with 12 nm SiO2 particles 
through a simple treatment with basic aqueous solu-
tions (K2CO3, KOH, t-BuOK) and applied for the 
Knoevenagel condensation [53]. The deprotonation 
significantly increases the basicity of the catalyst and 
also improves the catalytic performance. The catalyst 
worked well with various aldehydes and active methy-
lene and could be reused and was highly stable without 
any loss of intrinsic catalyst activity. Xu and his co- 
workers also reported the NaOH detemplation of 
MCN (CND-NaOH) fabricated using formaldehyde 
and urea as a precursor and microcellular silica foam 
(MCF) as a template [92]. The deprotonation occurred 
simultaneously with the detemplation of the silica 
template by NaOH solution (CND-NaOH). NaOH 
detemplation allowed the mesoporous structures to 
be retained when compared to detemplated material 
obtained with HF (CND-HF) (Table 2). CND-NaOH 
gave excellent catalytic performances with high 

selectivity for benzylidene malononitrile with high 
conversion of benzaldehyde.

Xu and his co-workers also prepared MCN (CN- 
MCF) from CTC and EDA using mesocellular silica 
foam (MCF) at 600°C under an Ar atmosphere and 
demonstrated its performance in the Knoevenagel 
condensation [93]. The catalytic performances were 
significantly enhanced by the introduction of the 
large mesoporous structure by MCF and further, the 
CN-MCF showed great catalytic stability and versati-
lity (Table 3). Similarly, different MCN with C3N4 

stoichiometry were prepared with MCF, SBA-15, and 
FDU-12 as the templates and showed good activity 
with high selectivity for Knoevenagel condensation 
of benzaldehyde and acetone [94,95] (Table 4). The 
same research group reported the preparation of 
microporous carbon nitride (CN-Mic) using MCM- 
22 as a template and CTC and EDA as CN precursors 
[70]. The resulting CN-Mic has a pore diameter of 0.3  
nm and was applied for Knoevenagel condensation 
after washing with NH4HF2. The catalytic activity of 
CN-Mic was much higher than that of CN-MCF. The 
material, possibly, has a new type of Lewis base char-
acters due to g-CN compositions in the microporous 
framework (Table 5). In another report, Ansari and his 
co-workers prepared MCN from melamine using 
mesoporous silica, INC-2 as templates [52]. The mix-
ture was calcined finally calcined at 550°C and the 
silica template was removed by 3% HF solution. The 
resulting MCN was applied for the Knoevenagel con-
densation of ethyl cyanoacetate with benzaldehydes 
under microwave irradiation. The yield of catalyst 
performance falls in the range of 75%–95% within 
a short time of 12 min. The catalyst can be readily 
recovered and reused for up to 5 runs without loss in 
catalytic activities.

Table 1. Catalytic activity in Knoevenagel condensation [90].
Materials Conversion (%) Selectivity (%) Yield (%)

–a 7.3 ± 1.0 7.2 ± 1.1 0.5
SBA-15 8.1 ± 1.2 13.1 ± 1.2 1.1
CN-400 8.8 ± 1.3 26.1 ± 1.4 2.3
CN/SBA15–350 63.7 ± 2.1 95.0 ± 2.0 60.5
CN/SBA15–400 88.6 ± 2.4 95.1 ± 2.3 84.3
CN/SBA15–450 55.5 ± 1.9 91.6 ± 2.2 50.8
CN/SBA15–500 54.6 ± 1.8 94.7 ± 2.2 51.7

Reaction condition: 0.1 g of catalyst, 10 mmol of benzaldehyde, 10 mmol 
of malononitrile, 5 ml of acetonitrile, 900°C, and 4 h, awithout catalyst.

Table 4. Catalytic performances of CND/SBA-15 materials in 
Knoevenagel condensation [182].

Entry Catalyst Conversion (%) Selectivity (%) Yield (%)

1 SBA-15 3.6 96.5 3.3
2 0.4CND/SBA-15 11.2 94.1 10.5
3 0.6CND/SBA-15 33.7 95.2 32.1
4 0.8CND/SBA-15 48.0 95.7 45.9
5 1.0CND/SBA-15 62.8 94.9 59.6
6 1.2CND/SBA-15 58.6 94.2 55.2

aReaction conditions: 10 mmol of benzaldehyde, 10 mmol of malononi-
trile, 0.5 mL of n-decane, 5 mL of CH3CN, T = 90°C, t = 5 h, and Wcatal. =  
50 mg.

Table 2. Catalytic performance of the CND catalysts in 
Knoevenagel condensation reactions [91].

Entry Catalyst Conversion (%) Selectivity (%) Yield (%)

1a — 4.0 80.7 3.2
2b CND-HF 53.5 96.4 51.6
3b CND-0.5 M 93.7 98.2 92.0
4c CND-0.5 M 80.4 93.2 74.9
5b CND-0.75 M 90.9 97.1 88.3
6b CND-2.0 M 84.5 96.7 81.7
7d CND-0.5 M 96.1 91.6 88.0
8e CND-0.5 M 93.8 80.4 75.4
9f CND-0.5 M 93.2 93.5 87.1
10g CND-0.5 M 37.9 97.8 37.1
11h CND-0.5 M 73.6 93.7 69.0
12c CND-KOH-0.5 M 96.2 92.3 88.8

aWithout any catalyst. bUnless specified, the reaction conditions were as 
follows: 10 mmol of benzaldehyde, 10 mmol of malononitrile, 0.4 mL of 
n-decane, and 5 mL of acetonitrile as solvent. Wcatal. = 100 mg. T = 70°C, 
t = 4 h. In the Knoevenagel condensation reactions of benzaldehyde, the 
byproducts were solely the corresponding acids originating from self- 
oxidation of benzaldehyde. c20 mmol of benzaldehyde and 20 mmol of 
malononitrile. d10 mmol of pentanal and 10 mmol of malononitrile. e10  
mmol of p-anisaldehyde and 10 mmol of malononitrile. f10 mmol of 
furaldehyde and 10 mmol of malononitrile. g10 mmol of benzaldehyde 
and 10 mmol of ethyl cyanoacetate under 5 mL of acetonitrile. h10 mmol 
of benzaldehyde and 10 mmol of ethyl cyanoacetate under 5 mL of 
n-butanol.

Table 3. Catalytic activity of CN-MCF samples for Knoevenagel 
condensation reactions [92].

Entry Catalyst Conv. (%) Sel.(%) Yield (%)

1a CN-MCF-0.2 81.4 92.7 75.5
2a CN-MCF-0.4 84.1 93.6 78.7
3a CN-MCF-0.6 78.1 92.6 72.3
4a CN-MCF-0.8 76.5 93.5 71.5
5b CN-MCF-0.4 96.9 94.7 91.8
6a CN-bulk-0.4 16.5 92.3 15.3

a5 mmol of benzaldehyde and 5 mmol of malononitrile, b3 mmol of ben-
zaldehyde and 3 mmol of malononitrile.
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Bahuguna and his co-workers further extended the 
unique basic properties of the MCN and fabricated 
a nanocomposite of the potassium-functionalized gra-
phitic carbon nitride (KGCN) and reduced graphene 
oxide (RGO) [96]. Nanocomposites, KGCN-RGO, were 
applied for Knoevenagel condensation of benzalde-
hydes with malononitrile or ethyl cyanoacetate in etha-
nol (Table 6). Among the catalysts prepared, K20GCN- 
RGO gave the best results for the synthesis of corre-
sponding arylidene derivatives at room temperature 
(Table 7). KGCN not only works as a base catalyst for 
condensation, but also helps the adsorption of reactant 
molecules to their surface for condensation catalysis. 
For example, the nanocomposite K20GCN-RGO was 
applied for the tandem synthesis of aryl substituted 
chromenes by the multi-step base catalysis wherein 
the benzylidenemalononitrile, Knoevenagel product, 
from the aldehyde and malononitrile sequentially con-
densed with dimedone, resulting in high yield forma-
tion of the 4H-chromene They also synthesized indole- 
substituted 4H-chromens by the Knoevenagel reaction 

of salicylaldehydes and active methylene compounds, 
following the condensation of indoles over polyaniline 
modified carbon nitride (NPGCN), where aniline mod-
ification of the nitride can prevent from the formation 
of undesired bis-indole formation [97]. The one-pot 
tandem reactions involving Knoevenagel condensation 
have also been examined by the combination of oxida-
tion and hydrogenation by using modified carbon 
nitrides as the catalysts [98,99].

In another interesting work, a unique approach to 
oxidation and deprotonation was introduced to 
enhance the basic properties of carbon nitride. For 
example, Gentile and his co-workers synthesized gra-
phitic carbon nitride (g-CN) that was first strongly 
oxidized by an acid mixture (H2SO4/HNO3) [55]. 
The oxidized carbon nitride (CNO) shows a large 
number of surface acidic moieties and can easily be 
deprotonated by washing with strong bases (NaOH, 
K2CO3, t-BuOK) to introduce the basic sites. The 
resulting carbon nitride, CNO-M, was applied for the 
Knoevenagel condensation of benzaldehyde and mal-
ononitrile. Oxidized C3N4 enhanced catalytic perfor-
mances by the treatment of bases although no 
enhancement occurred for unoxidized C3N4. Among 
the bases used, the treatment with NaOH was found to 
be the best as it was able to deprotonate even less 
acidic hydrogen. In this case, the prepared catalyst 
showed excellent performance in the condensation of 
malononitrile with various benzaldehydes over CNO- 
NaOH and yielded corresponding arylidene malono-
nitriles over 99% at 90°C for 2 h.

Not only the porous carbon nitride but even the 
catalytic properties of the bulk carbon nitrides can also 
be tuned with the simple modification of the synthesis 
procedure. For example, Zhang and his co-workers 

Table 5. Various Knoevenagel condensations catalyzed by the CN-Mic catalysta [70].

Entry Aldehyde Nitride Time (h) Conv. (%) Sel. (%) 

1b 4 87.1 95.1 

2c 4 53.6 96.1 

3b 3 92.4 96.3 

4b 6 82.1 97.4 

5b 6 84.5 98.2 

6b 4 90.3 96.3 

7b 4 41.6 97.1 

8c 4 87.8 97.2 

aReaction condition: 10 mmol of aldehyde, 10 mmol of methylene group-containing nitrile, 0.5 mL of n-decane as internal standard,  
100 mg of CN-Mic. Catalytic tests were performed at 90°C, b5 mL of CH3CN as solvent, and c5 mL of n-butanol as solvent.

Table 6. Optimization for the Knoevenagel condensation of 
benzaldehyde and malononitrile [95].

Entry Catalyst
Catalyst 
(wt%)

Time 
(min)

Yield 
(%)

1 - - 60 trace
2 GCN 10 60 45
3 RGO 10 60 30
4 K10-GCN 10 25 90
5 K20-GCN 10 12 97
6 KGCN-RGO 2 30 51
5 KGCN-RGO 5 30 69
8 KGCN-RGO 10 10 98
9 KGCN-RGO 20 10 97
10 KGCN-RGO 30 20 90

Reaction conditions: benzaldehyde, 1 mmol; malononitrile, 1 mmol, sol-
vent, ethanol at room temperature.
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prepared g-C3N4 by thermal condensation of urea 
with the addition of a small amount of dicyandiamide 
(DCDA) followed by the treatment with KOH for 
deprotonation to increase the basicity of the catalysts 
[100]. This method provides a much higher high pro-
duct yield compared to the direct thermal decomposi-
tion of urea alone. It was demonstrated that the 
addition of the small amount of DCDA significantly 
enhanced the catalytic activity of g-C3N4 in the 
Knoevenagel condensation of benzaldehyde with mal-
ononitrile, acetone, and malononitriles and benzalde-
hyde with ethyl cyanoacetate (Table 8). It was found 
that although four types of nitrogen species, primary 
amine (-NH2), secondary amine, (>NH), tertiary amine 
(>N-), and pyridinic nitrogen (C=N-C), were present in 
the g-C3N4, the addition of DCDA increased the 
amount of -NH2 which is key for enhancing the cata-
lytic activity. The catalytic activity of these four types of 

nitrogen species decreases in the order: of -NH2 > >NH 
> >N- > C=N-C in the base catalysis of g-C3N4. The 

Table 7. Substrate scope for the synthesis of Arylidene derivatives of malononitrile and ethyl cyanoacetate.  
Reaction conditions: Aldehyde, 1 mmol; active methylene, 1 mmol; KGCN-RGO 5 wt%; ethanol, 3 ml at room 
temperature [95].

Table 8. Knoevenagel condensation of benzaldehyde and 
malononitrile over g-C3N4 [99].

Entry Catalyst X (%)a S (%)b TONbulk
c TONsurf

c

1 None 9.8 89.5 – –
2 DCDA 14.8 91.1 – –
3 DCN 17.4 97.4 0.20 37.00
4 DUCN-4 26.9 98.5 0.31 31.62
5 DUCN-2 33.1 98.9 0.37 30.60
6 DUCN-1 98.2 99.2 – –
7 DUCN-0.5 98.9 99.3 – –
8 DUCN-0.25 99.0 99.6 – –
9 UCN 99.2 99.7 – –
10 UREA 92.4 99.3 – –
11 DUCN-4-KOH 75.5 99.1 – –

aX: the conversion of benzaldehyde or acetone, bS: the selectivity to 
benzylidene malononitrile (I), isopropylidenemalononitrile (II), or ethyl 
α-cyanocinnamate (III). Reaction conditions: 40°C, 1 mmol benzaldehyde 
or acetone, 3 mmol malononitrile or ethyl cyanoacetate, 20 mg catalyst, 
2 h for reactions (I) and (II) and 6 h for reaction (III), and cTONbulk and 
TONsurf are calculated on the basis of the content of nitrogen species in 
the catalyst and on the surface of the catalyst, respectively.
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catalytic activity of different types of nitrogen species is 
determined not only by the structure of the nitrogen 
species but also by the stability of the organic substrates. 
The -NH2 and >NH groups have similar catalytic cap-
abilities, but they offer a much higher base catalytic 
activity than that of C=N-C.

Sharma and his co-workers integrated the phase 
transfer catalyst of 18Crown ether6 with g-C3N4, derived 
from urea, for the Knoevenagel condensation at room 
temperature [101,102]. Particularly, g-C3N4 enhanced 
the condensation with up to 99% within ~ 30 min in 
the presence of 18Crown ether6. The coexistence of g-C3 

N4 is essential for catalysis (Table 9).
Knoevenagel condensation of aldehydes with active 

methylene compounds can also occur over acidic mod-
ified C3N4. Choudhary and his co-worker examined the 
sulfonation of g-C3N4, derived by the calcination of 
DCDA at 550°C, by using ClSO3H as a sulfonating 
agent [103]. The resulting S-g-C3N4 was applied for 
the Knoevenagel condensation of benzaldehydes with 
malononitrile to corresponding benzylidene malononi-
triles in high yields for 30 min at 50°C. They also tried 
tandem condensation based on acid-base bifunctional 
natures of S-g-C3N4 and obtained naphthopyrone deri-
vatives in high TON. Sadjadi and his co-workers also 
introduced acidic and ionic-liquid functions in graphi-
tic carbon nitride which was prepared by the calcination 
of Zinnia grandiflora petals and urea, followed by the 
polymerization of 2-acrylamido-2-methyl-1-propane-
sulfonic acid, acrylic acid and the as-prepared 1-vinyl- 
3-butylimidazolium chloride [104]. The resulting 

carbon nitrides have high catalytic activities for the 
Knoevenagel condensation of a series of benzaldehyde 
with malononitrile. The high catalytic activities come 
from the benefits of acidic and ionic liquid functions. 
The catalysts were also applied for the one-pot, three- 
component Biginelli reaction under a very mild reac-
tion condition in an aqueous solvent for the synthesis of 
dihydropyrimidinones. The presence of both acidic and 
ionic liquid functions helped to achieve 100% yield 
dihydropyrimidinones and also worked well with the 
various substrates having different electronic 
properties.

To increase the basicity of the CN catalysts, 
a doping strategy has been adopted. For example, 
Deng introduced Mg within the g-C3N4 through sim-
ple mixing of urea and MgCl2 under an air atmosphere 
and investigated them for Knoevenagel condensation 
of benzaldehyde with malononitrile [90]. Mg-doping 
improved catalytic performance as shown in 
Figure 2(d). The 5MgCN-U catalyst with 5% Mg dop-
ing wt. exhibited the highest conversion of 97% at 
70°C with good recycling stability for four cycles: 
88% benzaldehyde conversion and nearly 100% ben-
zylidene malononitrile selectivity. These results show 
Mg-doping improved the basic property of g-C3N4 for 
the acceleration of the base catalysis.

Wei and his co-workers reported the preparation of 
boron-doped g-C3N4 materials (CNBF) by thermal 
copolymerization of dicyandiamide and imidazole 
ionic liquid, BmimBF4 [105]. CNBF enhanced cataly-
tic activity in Knoevenagel condensation of an 

Table 9. Screening of g-C3N4 catalyst using PTC for Knoevenagel condensation with different 
substratesa [100].

Entry Substrate 1 Substrate 2 Product Time 
(min) 

Yield 
(%) 

1 30 99 

2 30 99 

3 30 99 

4 30 99 

5 30 85 

6 30 88 

7 30 80 

8 30 85 

aReaction conditions: substrate 1 (1 mmol) and substrate 2 (1 mmol), at room temperature (25°C), 18Crown 
ether 6 (PTC) (0.1 mmol), solvent toluene (5 mL) and g-C3N4 basic catalyst (30 mg).
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aldehyde with malononitrile as shown in Figure 3(a) 
[106]. The catalytic activity of CNBF increased with 
the amounts of boron doping: CNBF-0.1 < CNBF-0.3 
< CBNF-0.7, which is the same order as the basic site 
concentration observed from CO2-TPD. The MAS 
NMR showed that the boron was evenly doped in 
tri-s-triazine rings of g-C3N4. Boron doping causes 
reduced electron conjugation in the tri-s-triazine 
rings which leads to enhanced basicity at nitrogen 
sites (Table 10).

4.1.2. Mechanism of Knoevenagel condensation
Base catalysis in organic chemistry is highly dependent 
on the electronic properties of reactants [107]. There 
are many works on the Knoevenagel catalysis of ben-
zaldehydes with malononitrile over carbon nitride- 
related materials as discussed in the previous section. 
Many of these papers are written from their aspects and 
the catalytic activity of the carbon nitride catalysts is 
also influenced by the substituents of benzaldehyde and 
active methylene compounds and the common reaction 
conditions, such as temperature, period, catalyst 
amount, solvent, etc. Figure 3(b) shows some results 
chosen from our papers to know the influences of 
substituents on the Knoevenagel catalysis of 

benzaldehydes with malononitrile by using MCN-11 
calcined at 400°C [51]. The yields of condensate and 
benzylidene malononitriles have increased by the elec-
tron-withdrawing substituents: MeO-, Me- < -H < -Cl, 
< -NO2. Figure 3(c) shows the condensation of benzal-
dehyde with dimethyl malonate, cyanoacetate, and mal-
ononitrile over the MCN-11. The electron-withdrawing 
properties of methylene moieties accelerate the catalysis 
in the order: malononitrile > ethyl cyanoacetate> 
diethyl malonate. Generally, the yields were influenced 
by the substituents: electron-withdrawing groups 
enhance the Knoevenagel condensation. These features 
of the catalysis show that the activation of both reac-
tants, aldehyde and active methylene, are important 
parameters and that the condensation over carbon 
nitride, C3N4, occurred by the typical-based catalyzed 
condensation of the nucleophile [108].

These properties of the condensation can summarize 
as follows: lower density of electron of benzene ring 
favors the interaction with tri-s-triazine moieties of car-
bon nitrides, and lower densities of methylene moieties: 
negatively charged methylene moieties attack the positive 
aldehyde moieties for the condensation. These results 
reveal that the carbon nitride works as a proton absorber 
and interacts with the positively charged aldehyde car-
bon. The mechanism for the condensation is shown in 
Figure 4 [70]. Usually, the Knoevenagel condensations 
are applied for the condensation of aldehyde and active 
methylene compounds, such as malononitrile, ethyl cya-
noacetate, and dimethylmalonate as discussed above 
[109]. However, it is possible to apply for toluene with 
strong electron-withdrawing groups and benzyl cyanide 
with appropriate substituents. For example, nitrotoluene 
with benzyl cyanides gave their condensation product, 
p-substituted stilbene with high efficiency over g-C3N4 in 
the presence of 18-crown-6 as the phase transfer reagents. 
The results exemplify that an effective combination of the 
accepting substrates and active methylene compounds 
can condensate by the carbon nitrides with appropriate 
reaction conditions [110].

Figure 3. (a) Conversion of benzaldehyde over BCN, h-BN and C3N4. Reaction conditions: 2.5 mmol of benzaldehyde, 2.5 mmol of 
malononitrile, 15 ml of toluene, 100 mg catalyst, 80°C oil bath under N2 as the protection atmosphere, reproduced with permission 
from [106], (b) Reactivity for p-substituted benzaldehydes with malononitrile, reproduced with permission from [51], (c) Influences 
of active methylene compounds on the yield of benzylidene malononitrile, reproduced with permission from [51].

Table 10. Catalytic performances of b-doped g-C3N4
a [105].

Entry Catalyst
Conversion 

BAb (%)

Selectivity 
BMNc 

(%)

SABET of 
catalyst 
(m2/g)

Catalytic 
activity  
μmolBA/ 

m2
catalyst.h

1 - 0.2 -
2 g-C3N4 5.6 98.8 8.6 27.1
3 g-C3N4 (U) 25.2 99.8 77.6 13.5
4 mpg-C3N4 34.3 99.9 85.7 16.7
5 CNBF-0.1 19.7 99.1 13.3 61.7
6 CNBF-0.3 38.0 99.3 21.3 74.5
7 CNBF-0.5 78.6 99.8 42.9 76.3
8 CNBF-0.7 63.6 99.8 25.3 104.9

SABET- Surface area measured by the Brunauer–Emmett–Teller method, 
aThe catalyst was prepared using cyanamide as a precursor and nano-
sized silica particles as hard templates. Reaction performed at 70°C for 
2 h using CH3CN (10 ml) as the solvent, 1 mmol benzaldehyde, 2 mmol 
malononitrile, bbenzaldehyde, cbenzylidene malononitrile, and SBET is 
surface area of materials.
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4.2. Oxidation by g-CNs and their modified forms

Through the oxidative pathway, various fine and phar-
maceutical compounds can be synthesized using metal 
or metal oxide substituted porous zeolite or zeolite- 
based catalysts and expensive oxidants including 
dichromates. However, these catalysts suffer from ser-
ious stability issues owing to the release of metals from 
the catalysts. g-C3N4 can replace these less stable cat-
alysts as they are metal-free and have the ability to 
activate oxidizing agents such as oxygen into corre-
sponding radical molecular O2 species. The visible- 
light-induced photocatalytic reaction mechanism is 
depicted clearly in Figure 5(a) Oxidation processes 
employing the family of g-CNs as catalysts can be 
categorized into two types: (1) metal-free g-CNs and 
(2) anchored metal complexes or impregnated hetero 

atoms on the surface of the g-CN framework. Various 
oxidation of alkanes, alkenes, and aromatics con-
ducted over graphitic carbon nitrides (g-CNs) and 
their mesoporous counterparts, metal oxide hetero-
junction of g-CNs either in photocatalytic or conven-
tional liquid/gaseous phase pathways.

4.2.1. Metal free g-CNs in oxidation
Metal-free catalytic processes must avoid contamina-
tion by either substrates or products, particularly in the 
field of pharmaceutical and agricultural purposes. Here, 
we summarize the important research in the oxidation 
of organic compounds by g-CNs. Catalytic processes by 
metal-free g-CNs can be carried out by thermal or 
photocatalysis methodologies [111]. Thermal oxidation 
usually employs O2 or H2O2 as an oxidant in the 

Figure 5. (a) Visible light-induced photocatalytic reaction mechanism of g-C3N4, and (b) reaction mechanism for the oxidation of 
α-isophorone to keto-isophorone, reproduced with permission from [83].

Figure 4. Mechanism of Knoevenagel condensation of benzaldehyde and malononitrile, reproduced with permission from [70].
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absence of light. Thermal, chemical, and mechanical 
etching of the g-CNs generate new active sites com-
pared to their parent forms and were found to be useful 
in the oxidation by photoredox processes such as the 
conversion of benzyl alcohol to benzaldehyde [112]. 
The catalytic activities of the g-CNs were also found to 
be enhanced by in-situ synthesis of hetero junctions 
from the g-CNs and other carbon allotropes such as 
carbon nano tubes [113]. α-isophorone was trans-
formed to keto-isophorone with molecular O2 employ-
ing N-hydroxyphthalimide (NHPI) anchored to metal- 
free g-CN. According to the authors, the reaction 
mechanism involved the formation of a superoxide 
radical anion resulting from the abstraction of electrons 
from the g-CN, the capture of atomic hydrogen with 
a simultaneous formation of a peroxy radical anion 
(Figure 5(b)) [83]. Nitrogen-rich MCNs were success-
fully employed for the CO2 activation in the epoxida-
tion of cyclic alkenes and the simultaneous formation of 
phenol from benzene using molecular oxygen 
(Figure 6) [114]. A high-temperature oxidative thermal 
etching of metal-free g-CN forming the corresponding 
nano-sheets was used in the selective epoxidation of 
styrene. The time length of the etching process had 
a remarkable impact on the exfoliation process, lamellar 
thickness, morphology, and chemical state of nitrogen 
in the parent g-CN [115].

Selective partial oxidation of ethanol to acetaldehyde 
was achieved in the gaseous phase using metal-free 
g-CNs. It was observed that the greater presence of 
-C-N=C- active sites favored selective aldehyde forma-
tion [116]. A structural transition of g-CN to nonstoi-
chiometric carbon nitride during the reaction and the 
formation of newer tertiary nitrogen active site concen-
tration leads to the formation of side products thus 
decreasing the selectivity of the desired product. This 
clear change in the product selectivity and yield indi-
cates the influence of the -C-N=C- active site in deter-
mining the formation of aldehyde [117]. Oxidation of 
activated aliphatic C – H bonds of aryl hydrocarbon 

(such as toluene) was successfully achieved in the liquid 
phase by the boron-doped metal-free g-CN. Compared 
to traditional metal catalysts, the metal-free, boron- 
doped g-CNs displayed greater selectivity towards the 
benzaldehyde product. Besides being stable, these cata-
lytic materials exhibited remarkable activity for 
C-H bond activation with environmentally benign oxi-
dant O2 [118]. In a similar attempt, mesoporous g-CN 
was successfully used as a catalyst in the presence of O2 

as an oxidizing agent in a high-pressure semi-liquid 
phase reaction to transform the C-H bond of the methyl 
group in toluene to benzaldehyde. During the catalysis, 
the free radical anions of oxygen were effectively 
arrested by the g-CN surface, causing a boost in the 
selectivity of the product aldehydes [119].

Boron and Fluorine-enriched mesoporous metal- 
free g-CNs were also employed as catalysts for the 
oxidation of cyclohexane in the liquid phase to cyclo-
hexanone. An ionic-liquid mediated methodology was 
adopted for the synthesis of g-CN catalysts and 
claimed that the procedure can be extended for the 
incorporation of heteroatoms into the g-CN morphol-
ogy to conveniently tune the surface properties 
according to the requirement [120]. Metal-free PCN 
was also used for the gram-scale synthesis of tert- 
benzylic alcohols in a photocatalytic oxidation reac-
tion [121]. In another report, Geng et al. have success-
fully developed a metal-free g-CN catalyst for the 
synthesis of biologically valued isochromannones, 
phthalides, isoquinolinones, isoindolinones and 
xanthones from readily accessible alkyl aromatic pre-
cursors in good yields mediated by visible light. These 
g-CN catalysts were highly competitive and yielded 
comparative amounts as that of homogeneous metal 
catalysts. The reaction mechanism involves a single 
electron transfer (SET) with the substrate to afford 
the benzylic radical. This reaction triggers the forma-
tion of nitrogen radical cation, followed by base- 
promoted deprotonation to generate benzylic radical 
subsequently by the formation of peroxide radical 

Figure 6. Oxidation of benzene to phenol over mesoporous g-CN, reproduced with permission from [114].
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•OOH from superoxide anions. Finally, the intermedi-
ates formed transformed into the products with the 
simultaneous formation of water as the side product 
(Figure 7) [122]. In another innovative approach, 
Mazzanti et al. have successfully prepared g-CN thin 
films for the visible light-mediated conversion of ben-
zyl alcohols to corresponding benzaldehydes [123]. In 
this case, the oxidation of benzyl alcohols mediated by 
the g-CN thin films involves singlet oxygen, which is 
sensitized via energy transfer (EnT) from triplet 
excited states.

Aerobic oxidative coupling of resveratrol and its ana-
logs by mesoporous g-CN was also accomplished. The 
metal-free reaction environment, visible-illumination, 
and the use of molecular O2, make this photocatalytic 
aerobic oxidative coupling reaction an environmentally 
benign process. The reaction mechanism involves: the 
generation of superoxide radical anion (O2-.), hydrogen 
abstraction/proton transfer from the substrate, and 
simultaneous formation of hydrogen peroxide. 
Parallelly, holes generated in the valence band of the 
catalyst, assist the formation of the quinone methide 
radical and benzyl radical which further undergo cou-
pling and tautomerization to yield δ-viniferin [124].

4.2.2. Modified carbon nitrides in oxidation
Modification of g-CN materials through deformation 
[125], hydrolysis [126], doping [127], and conjugation 
[128] was widely employed to enhance their catalytic 
performance. Incorporation of heteroatom into the 
g-CNs, coupling of metal oxide and carbon nitride 
forming heterojunction, and metal complex anchoring 
onto the mesoporous g-CNs surface impart additional 
functionality to the parent g-CN. These formed hybrid 
materials find important catalytic applications in che-
mical transformations [113,129,130]. For example, Ru 
nanoparticles were deposited on graphitic CN and 
N-doped MCN, and they were studied in the oxidation 
of betulin to betulone. It was observed that Ru sup-
ported on a hard-templated carbon nitride exhibited 
higher catalytic activity compared to Ru/N-carbon 

nitride composites, and the high catalytic activity in 
the former case was attributed to the higher concentra-
tion of weak basic sites [131]. Thomas et al. found 
a linear correlation between the population of weakly 
basic nitrogen atoms on the g-CN surface and the 
quantity of Pd incorporation, which again exhibited an 
excellent correlation in the oxidation activity of benzyl 
alcohol and selectivity towards the formation of benzal-
dehyde. These nitrogen-enriched g-CNs displayed com-
parable activity with polymeric C-N materials [132]. 
Zou et al. have successfully demonstrated non-noble 
metal oxide V2O5 deposited onto the g-CN in the reac-
tion of styrene to benzaldehyde. The aldehyde formation 
was linked to the hydroxy radical-mediated mechanism 
when hydrogen peroxide was employed as an oxidant 
(Figure 8(a)). The reaction was carried out in a thermo 
photocatalytic system. Several analogues of styrene were 
also tested for oxidation to yield corresponding alde-
hydes in high yields [133].

Carbon nitride can also have the ability to accelerate 
the oxidation of organic chemicals through the photo- 
redox process under the irradiation of sunlight. Gand his 
co-workers examined aerobic oxygenation of the 
benzylic methylene for the generation of synthetically 
and biologically valued isochromannones, phthalides, 
isoquinolinones, isoindolinones, and xanthones using 
g-CN as a catalyst under sun illumination. g-CN can 
oxidize tertiary C-H bond to tertiary alcohols by O2 

using PCN, a carbon nitride from Urea and formalin, 
under blue LED irradiation in the presence of 
N-hydroxytetrachlorophthalimide (Cl4NHPI) [122,136], 
and activated O2-· radical transferred to Cl4PINO, result-
ing in the oxygenation of the tertiary C-H to alcohols, 
where Cl4PINO works for HAT reagent in photocataly-
sis. The oxidative cleavage of vicinal diols was examined 
by CN620, prepared from DCDA in a micellar medium 
under air, which gave ketone or aldehyde in good to high 
yields. PCN can also be used for the oxidative cleavage of 
C=C in aryl olefins to corresponding carbonyls in the 
presence of N-hydoxysuccinimide (NHSI) under visible 
illumination [137]. Fenofibrate, a pharmaceutical drug 

Figure 7. Plausible reaction mechanism for the synthesis of isochromannones, phthalides, isoquinolinones, isoindolinones and 
xanthones from readily accessible alkyl aromatic precursors, reproduced with permission from [122].

Sci. Technol. Adv. Mater. 24 (2023) 15                                                                                                                                               S. M. RUBAN et al.



for the treatment of abnormal lipid levels, was also 
synthesized from the corresponding olefin without 
metal contamination. Cyanamide-functionalized carbon 
nitride (MCNCNx) was also employed for the oxidation 
of sulfinates to vinyl sulfone and the resultant catalyst 
showed excellent activity with a high yield to vinyl sul-
fones [138].

Wang and his co-workers carried out the in situ 
formation of azo-methine ylides from aldehyde and 
N-methyl alanine and applied for the oxidation of β-IP 
to KIP and its precursor, 4-hydroxy-3,5,5-trimethyl- 
2-cyclohexen-2-one (HIP) with oxygen under visible 
illumination [130]. The oxidation was enhanced by the 
functionalization of g-CN with ylides with ferrocene 
moiety and in the addition of NHPI under photo- 
redox catalysis, resulting in KIP 88% conversion with 
93% selectivity at a mild temperature of 25°C. 
Photoinduced catalysis of g-CN with NHDI also 
worked well for the allylic oxidation of cholesteryl 
acetate to 7-keto-cholesteryl acetate. The oxidation of 
allylic C-H bonds enhanced by redox properties of 
g-CN coupled with nitrosyl radical from NHPI using 
O2 as oxidant.

Cu-incorporated g-CN was successfully employed 
for the simultaneous oxidation and amidation in one 
reaction step in the liquid phase with excellent activity, 
reusability, and a simple workup method [139]. The 
reaction proceeds through a free radical mechanism in 
the presence of a Cu/g-CN catalyst and tert-butyl 
hydroperoxide as an oxidizing agent. In similar research 
work, Gafuri et al. have studied the oxidative amidation 
tandem reaction employing the Cu(II)‑β‑cyclodextrin 
immobilized on g-CN nanosheets as a highly effective 
catalyst. The oxidative amidation was accomplished in 
a single step. The reaction proceeds through a free 
radical mechanism with hemiaminal intermediate in 
the presence of activated tert-butyl peroxy radical 
[140]. Epoxidation of trans-stilbene to trans-stilbene 
oxide was also effectively catalyzed by bimetallic clusters 

(Fe, Pd, and Ir) supported on the mesoporous g-CN 
catalysts in the liquid phase. These catalysts showed 
superior conversion of the substrate and selective for-
mation of the epoxide which was attributed to the 
formation of active oxygen species [141]. Han and 
colleagues have also reported the oxidation of toluene 
to benzaldehyde catalyzed by Cu and B doped g-CNs by 
tert-butyl hydroperoxide (TBHP) oxidizing agent [142]. 
The presence of the redox cycle created by these metal 
ions facilitates free-radical oxidation which helps in 
achieving excellent catalytic performance.

Benzyl alcohol was converted to benzaldehyde 
employing thiophene-anchored g-CN in a photocata-
lytic reaction under visible light. The reason for the 
selective oxidation of the substrate was an effective 
modification of π-conjugated system of the substrate, 
causing a change in the intrinsic properties of the 
semiconductor. The formation of singlet oxygen (1 

O2) observed by electron spin resonance (ESR) analy-
sis further confirms the oxidation capability of the 
functionalized CN [143]. Zheng et al. have reported 
the conversion of α-hydroxy ketones to 1,2-diketones 
catalyzed by mesoporous g-CN by irradiation of visi-
ble light [117]. The prepared catalyst promoted the 
activated O2 to generate the superoxide radical anion 
(•O2-) which reacted with the substrate to form an 
intermediate alkoxide anion.

A photocatalytic oxidation reaction was carried out 
using cobalt ion-impregnated mesoporous g-CN pre-
pared via a simple sonication technique. Ghafuri et al 
performed one-pot photo-oxidation of alcohol and 
Knoevenagel condensation using a mesoporous g-C3 

N4 catalyst. The reaction mechanism involves the 
excitation of electrons from the valence band to the 
conduction band with simultaneous production of 
holes which facilitate the oxidation of Co+2 to Co+3 

species. The generation of photo electrons during this 
process helps in the formation of oxygen anionic radi-
cals. The existence of O2

−. species and the presence of 

Figure 8. (a) Oxidation employing non-noble metal oxide incorporated on g-CN surface, reproduced with permission from [133], 
(b) Comparisons of benzyl alcohol conversion and benzaldehyde selectivity over various photocatalysts for visible-light-induced 
photocatalytic aerobic oxidation to benzaldehyde, reproduced with permission from [134], and (c) Oxidation of methyl arenes and 
their analogues, reproduced with permission from [135].
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the basic sites on the ordered mesoporous graphitic 
CN further facilitates the deprotonation of benzyl 
alcohol to produce anion, which reacts with the holes 
(h+) to produce the carbon radical. In the end, the 
recombination of the radical with the superoxide radi-
cal lead to the formation of aromatic aldehydes. Due to 
the presence of the amine groups on the surface 
of g-CN, deprotonation of malononitrile occurs. 
Subsequently, the catalyst activates the C=O bond of 
aldehyde followed by the nucleophilic addition of car-
banion and the dehydration to afford benzylidenema-
lononitrile [98].

Igor Krivtsov et al. studied the effect of phenyl 
substituents on the partial oxidation of benzyl alcohols 
employing thermally etched and H2O2-treated poly-
meric graphitic carbon nitrides (g-CN). Based on the 
results obtained (Table 11), authors have concluded 
that electron donating (ED) substituents in para- and 
ortho-position to the CH2OH-group promote the 
reactivity of the substrate without compromising the 
selectivity towards benzaldehyde formation, com-
pared to the unsubstituted substrate. Similar results 
were noticed in the case of meta-substituted benzyl 
alcohol with electron (EW) group. On the other hand, 

Table 11. Initial reaction rate of methoxy-substituted alcohols to aldehydes,  
conversion of the reaction after 4 h of irradiation and selectivity at 20% of  
conversion in the presence of the TE and TEO photocatalysts [142].
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the presence of ED-group in meta-position or EW- 
group in para position reduced the reactivity as well as 
the selectivity towards the product. Theoretical 
(Quantum mechanical) studies implied that the reac-
tivity correlates with the positive charge on the 
benzylic carbon in the benzyl alcohol cation inter-
mediate, while the selectivity, most probably, was 
impacted by a negative charge on the phenyl ring. The 
H2O2 treatment of the catalyst enhanced the product 
selectivity [144]. Along similar lines, Zhang et al. 
synthesized the carbon-nanodot doped g-CNs and 
tested them in the aerobic oxidation of BA, and sub-
stituted BA in the photocatalytic pathway. Studies are 
conducted employing EW and ED functional groups 
substituted on the benzyl alcohol. The reaction 
mechanism was not established. Authors have also 
carried out E-factor parametric analysis (Table 12) at 
the laboratory scale to establish the feasibility of com-
mercialization of these catalytic materials [145]. In 
another interesting report, Garcia et al. also employed 
g-CN photocatalysts derived from the polycondensa-
tion of melamine, cyanuric, and barbituric acids for 
the selective oxidation of aromatic alcohols [146]. The 
hydrazone-linked heptazine-based PCNs were tested 
in the aerobic oxidation of benzyl alcohol to benzal-
dehyde in a photocatalytic pathway under mild reac-
tion conditions and the results are presented in 
Figure 8(b). It was seen that hydrazone linkages in 
the PCNs played a vital role in the photocatalytic 
reaction, making MelonHP which is 17 times more 
active than parent g-CN. This synergistic effect 
between hydrazone linkages and heptazine units was 
further established by the much lower photocatalytic 
activity of an analogous heptazine-based porous poly-
mer without the hydrazone moiety (MelonP) [134].

Bellardita et al have studied the phosphorous- 
doped g-CNs in the photocatalytic oxidation of BA. 
Photocatalytic oxidation under UV and visible illumi-
nation of BA, 4-methoxy BA and piperonyl alcohol 
exhibited improved selectivity towards the benzalde-
hyde. The presence of cyanuric acid during the synth-
esis of g-CN did not significantly alter the oxidizing 
ability, nevertheless increased the conversion of the 
alcohol and the selectivity of the aldehyde product 
and was attributed to the higher specific surface area 
of the modified sample compared to the parent 
g-CN [147].

Verma et al. developed VO@g-CN catalysts for the 
oxidation of methyl arenes and their analogues 
photochemical pathway employing H2O2 as an oxi-
dant. Schematics of the types of oxidations achieved 
are presented in Figure 8(c) [135]. Huang et al. fab-
ricated a ship-in-the-bottle type nano photocatalyst 
thiophen-incorporated covalent triazine framework 
(CTF) for the selective oxidation of alcohols to the 
corresponding aldehydes and ketones, with molecu-
lar oxygen. Interestingly, the activity of the CTF was 
comparable to that of metal oxide catalysts [148]. 
Shvalagin et al. synthesized molten potassium and 
lithium salts treated g-CNs by post-synthetic treat-
ment. These materials were employed as photocata-
lysts in BA oxidation to benzaldehyde in the presence 
of Air/O2 at room temperature. The modified cata-
lysts improved the product yield by sixfolds [149]. On 
the other hand, Wu et al. synthesized Co3O4- 
impregnated g-CN catalysts and successfully used 
them in the aerobic oxidation of BA to benzaldehyde 
in the liquid phase at 80°C. The enhanced activity is 
a result of a synergistic effect between Co3O4 and 
g-CN [150]. Pahari and Puravankara synthesized 
a hybrid catalyst consisting of layered phosphorene 
and layered carbon nitride for the selective conver-
sion of toluene and benzyl alcohol to benzaldehyde, 
photocatalytically in the presence of O2. The superior 
catalytic activity is ascribed to the synergistic electro-
nic coupling at the interfacial layers of the phosphor-
ene and carbon nitrides. It was demonstrated that the 
active oxidation species are photogenerated electron- 
hole pairs and superoxide anion radicals [151]. 
Zhang et al. successfully synthesized non-metal P/S 
doped g-CN hierarchical mesoporous spheres. These 
S-doped g-CN meso spheres successfully acted as 
a catalyst in the H2 production coupled with benzyl 
alcohol oxidation to benzaldehyde in the presence of 
TEOA sacrificial agent in a photocatalytic pathway. 
Sulfur doping created a synergistic effect and an 
electronic structure modulation of hybrid material 
resulting in more trapping centers and broader visi-
ble light absorption [152].

Gu and co-workers studied the impact of g-CN 
morphology and their specific surface area on the 
photocatalytic oxidation of BA to benzaldehyde. 
Bulk, lamellar, and coralloid g-CNs were synthesized 
employing chemical and annelation procedures. It was 
found that coralloid-derived g-CN formed a higher 
specific surface area (123.7 m2g−1) g-CN compared to 
the bulk (5.4 m2g−1) and lamellar g-CNs (2.8 m2g−1) 
resulting in a higher photocatalytic efficiency. The 
improved efficiency of coralloid g-CN was the effec-
tive capture of electrons and acceleration of carrier 
separation, due to the presence of a higher number 
of nitrogen vacancies. Improved catalytic activity was 
also due to the formation of superoxide radicals (·O2

−) 
and holes (h+) in the oxidation process and the higher 

Table 12. Estimation of the waste generated in the photo 
biocatalytic oxidation of carveol to carvone [143].

Contributor E-factor contribution [kg kg-1]

Reaction
Water 38.8
CD-C3N4 0.26
CO2 from a light source 12.800
DSP
CH2Cl2 102.8
MgSO4 1.9
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surface area of the coralloid g-CN that is responsible 
for the improved active collision of the substrate. The 
results of different catalysts prepared in this study and 
benzyl alcohol oxidation reaction results are summar-
ized in Figure 9(a,b) [153].

In another interesting report, Lima et al. employed 
chemical, thermal and mechanical procedures to intro-
duce the defects in the structure of parent g-CN. 
These materials were tested in the benzyl alcohol aerobic 
oxidation employing an LED light source in 
a photocatalytic pathway in aqueous media. Thermal 
treatments have reduced the band gap energy while 
mechanical treatments widened the same. Specific sur-
face area (SSA) was also significantly increased in the 
case of the thermally treated samples, whereas very little 
increase in SSA was observed in the case of mechanically 
and chemically treated g-CNs (Figure 9(c,d). The ben-
zaldehyde yield was 3–4 times higher using a thermally 
treated catalyst, compared to bulk g-CN. Mechanically 
and chemically treated g-CNs have exhibited a fall in the 
yield of benzaldehyde due to a very low increase in the 
band gap [112].

The same group also studied the reduced graphene 
oxide(r-GO)/carbon nitride (CN) hybrid photocatalyst 
for the BA oxidation to benzaldehyde. Employing UV 
light as the energy source in photocatalysis all the 
photons were absorbed by the CN phase. In thermally 
treated g-C3N4 catalysts (CNT) due to the exfoliation, 

the behavior of the photocatalyst was very similar and 
most of the photo-generated holes (h+) were efficiently 
used in the oxidation reaction. The reduced graphene 
oxide (0.1 wt% r-GO) plays the role of electron sink, 
promoting effective charge separation between the 
photogenerated e–/h+ pairs (Figure 10(a)). As the load-
ing of rGO increased the surface electric charge of the 
CNT surface rises, promoting the electronic transition 
between excited CN and rGO (Figure 10(b)), however 
with further increase in the rGO loading photocatalytic 
performance fell as photons absorption faced competi-
tion from CNT. In the visible light range, absorption by 
CNT was low. The CNT phase gets activated by a small 
part of the visible spectrum and rGO played the role of 
electron quencher preventing the electron-hole recom-
bination (Figure 10(c)). The conversion of BA and 
product selectivity was considerably low due to the 
overlap between LED emission and photocatalyst 
absorption being smaller. On the other hand, the 
remaining visible irradiation (450–700 nm) can photo- 
excite the rGO phase, and as the energy levels of the 
CNT conduction band and rGO excited state are simi-
lar, the thermodynamic barrier to e– transfer was neg-
ligible and the photogenerated e–/h+ pairs were 
stabilized by back electron donation (from rGO to 
CNT conduction band), thus creating reactive holes 
on the rGO surface which was available for the selective 
oxidation of BA [154]. Fernandes et al. synthesized 

Figure 9. Photocatalytic oxidation of benzyl alcohol over (a) various forms of CN, and (b) various coralloid CNs annealed at 
different temperatures, reproduced with permission from [153], and (c & d) Yield of BAL production using bulk g-C3N4, and post- 
treated photocatalysts by chemical, mechanical and thermal methods as a function of SABET and band gap, reproduced with 
permission from [112].
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defect-induced 3-dimensional g-CN employing DCDA 
precursor, silica template via hard-templating route 
resulting in high specific surface area materials. These 
catalysts were successfully used in the photocatalytic 
conversion of p-anisyl alcohol to p-anisaldehyde in 
deoxygenated aqueous solutions under UV-LED irra-
diation [155]. In a similar work, Long et al. used g-CN 
catalysts for the selective photooxidation of aromatic 
alcohols in aqueous media. It was demonstrated that 
the unique electronic structure of carbon nitrides 
avoids the direct formation of hydroxyl radicals that 
typically cause the total oxidation of organics [156]. In 
another report, Ding et al. demonstrated the synthesis 
of defect-induced g-CNs, employing nitric acid-pre- 
treated melamine as a precursor. The prepared material 
showed excellent photocatalytic aerobic oxidation 
activity for the conversion of BA to benzaldehyde 
owing to the greater SSA and the presence of nitrogen 
vacancies that resulted in the enhancement of optical 
absorption of visible light causing the separation effi-
ciency of photogenerated electron-hole pairs [157].

Zhang et al. studied the effect of solvent in the 
photocatalytic oxidation of glycerol employing oxy- 
functionalized g-CNs. It was noticed that the nature 
of the solvent employed has a pronounced impact on 
the oxidation reaction pathway and the type of the 
product formed. Figure 11 indicates the reaction path-
ways over the catalyst surface in acetonitrile and water 
solvents. Active radical capture experiments and EPR 
investigation established that singlet oxygen and 
superoxide radicals were the main reactive species in 

the reaction mechanism. Moreover, it was found that 
the oxidative esterification reaction can occur to gen-
erate new ester compounds in the glycerol acetonitrile 
solution [158].

4.3. Hydrogenation by g-CNs and their 
metal-modified forms

Porous g-CNs are excellent supports for the hydrogena-
tion reaction. Pd, Au, Pt, Ni supported on g-CNs and 
mesoporous g-CNs were extensively studied for the 
hydrogenation reaction [159,160]. For example, the 
selective hydrogenation of phenol and its derivatives 
over a Pd/g-CN catalyst in aqueous media was carried 
out by Wang et al. The catalysts showed very high 
conversion of phenol and selectivity towards hexanone. 
This was attributed to the structure of the catalytic 
semiconductor-metal heterojunction, resulting in stable 
and uniform dispersion of Pd. The resulting morphol-
ogy, crystal structure, and electronic configuration of 
the catalyst surface facilitated the adsorption of the 
substrate in an energetically favorable mode, offering 
the highest conversion and product selectivity [161]. 
Dodangeh et al. also carried out the hydrogenation of 
acetylene over Ni-supported mesoporous g-CN catalyst. 
Careful manipulation of the feed composition ratio 
(mole ration H2/C2) and optimization of reaction tem-
perature yielded greater conversion of acetylene and 
higher selectivity of ethylene when compared to the 
commercial catalyst [159]. The selective hydrogenation 
of nitroarenes to their corresponding aryl amines has 

Figure 10. Proposed mechanism for selective oxidation of BA by 0.10 rGO/CNT using a) UV and b) visible irradiation, and c) 
schematic view of the oxidation of BA to BAL in the catalyst surface of CNT and 0.1% rGO/CNT catalyst, reproduced with 
permission from [154].
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been achieved by mesoporous g-CN (Ni–W2C/g-CN) 
in the presence of Lewis acid tungsten carbide. Greater 
than 92% yield and 100% selectivity were achieved for 
phenylamine. It was demonstrated that Ni-W2 

C component acts as a catalyst for the generation of 
active hydrogen, whereas g-CN plays the role of the 
base, weakening the N-O bond [162].

Pd, Pt, Ag, and Au supported on g-CN catalysts 
were also employed in the styrene hydrogenation to 
ethyl benzene at room temperature. Excellent con-
version of styrene (99%) and more than 99% selec-
tivity were observed using Pd/g-CN. The highly 
reusable nature of the catalyst was attributed to 
Mott– Schottky effect between the metal nanoparti-
cles and the carbon nitride support [163]. In another 
interesting report, Coulson et al. demonstrated the 
synthesis of inorganic Ir complex ([(h5-C5Me5)IrCl 
(g-CN-k2N,N’)]Cl) anchored to the g-CN, which is 
highly active in the hydrogenation of terminal 
alkenes. The remarkable selectivity of the catalyst 
for the desired product is due to the restricted steric 
environment of the outer coordination sphere at the 
edge sites of g-CN [164]. Pd supported on to the 
ordered mesoporous graphitic carbon nitrides 
(ompg-C3N4) was also tested for the chemoselective 
hydrogenation of quinoline. It was learned that Pd 
(0) nanoparticles were stabilized by the active amino 
groups present on the support surface coupled with 
the synergistic effect. Mass transfer limitations were 
minimized by the ordered cylindrical mesoporous 
structure providing the higher selectivity of the 
hydrogenated product [165].

4.4. Esterification and transesterification

Direct esterification from an acid and an alcohol, 
transesterification from an ester and alcohol, and the 
ester exchange reaction between two esters are all 
essential economic processes in producing renewable 
chemicals [166]. Both these reactions have been 

studied by acid and base catalysis, involving homoge-
neous and heterogeneous counterparts. Esterification 
and transesterification are industrially performed 
using homogenous strong base catalysts like NaOH 
or KOH [166]. On an industrial scale, however, this 
results in time-consuming and costly purification 
operations and the inability to replenish the catalyst. 
As a result, the search for an appropriate and efficient 
heterogeneous catalyst continues. While various het-
erogeneous catalyst alternatives have been offered, 
these catalysts frequently contain metals to make 
them catalytically efficient, which makes their synth-
esis expensive and the catalyst susceptible to metal 
leaching [167]. Carbon nanotubes (CNTs), graphene, 
carbon quantum dots, graphitic carbon nitride (g-C3 

N4), and other carbon-based materials have received 
attention in recent years due to their exciting proper-
ties [168]. Among these catalysts, g-C3N4 has demon-
strated a varied variety of possible applications, 
particularly in the semiconducting application, 
namely, in photochemical esterification reactions. 
The structural characteristics underline that g-C3N4 

possesses both basic and semiconducting capabilities 
[129]. The triazine moiety governs the semiconduct-
ing nature (electronic property), whereas the surface 
uncondensed amine groups and the edge-positioned 
C-N-C motif rule the multifunctional property 
(Brønsted and Lewis basicity). Surprisingly, the cata-
lytic activity can be controlled by tuning the edge 
terminations with a less ordered structure, increasing 
the surface area, and incorporating suitable acidic 
properties via functionalization or intrinsic surface 
modification with heteroatoms such as B, O, F, P, S, 
and so on [167,169,170].

Verma and his colleagues demonstrated direct 
esterification of alcohols by C-H activation utilizing 
several transition metal-impregnated g-C3N4 materi-
als [171]. It was observed that even after a 24-h reac-
tion, the reaction with Fe3O4@g-C3N4 produced no 
ester but just benzaldehyde. The copper (Cu@g-C3N4) 

Figure 11. Possible photocatalytic reaction routes for glycerol oxidation over OCNN-2 in water and acetonitrile, reproduced with 
permission from [158].
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and silver (Ag@g-C3N4) impregnated g-C3N4 materi-
als do not affect the reaction. Pd@gC3N4 gave a 35% 
yield of methyl benzoate since the reaction did not 
complete; the remaining benzyl alcohol was trans-
formed into aldehyde and the corresponding acid. 
Further, vanadium-based g-C3N4 catalysts gave better 
results under photochemical circumstances owing to 
their semiconductor behavior (Table 13) [172]. The 
VO@g-C3N4 was prepared by calcining urea at 500°C 
for 3 h and then dispersing it in a methanolic solution 
of vanadyl acetylacetonate [VO(acac)2] under sonica-
tion. It was demonstrated that 98% methyl benzoate 
yield was obtained by oxidative esterification via 
photocatalytic C-H activation of benzyl alcohol with 
methanol utilizing H2O2 as an oxidant and VO@g-C3 

N4 in methanolic medium and under visible illumina-
tion. Only a trace quantity of oxidative esterification 
product was produced during the control reaction 

using pure V2O5, demonstrating that g-C3N4 is not 
only hydrogenizing the V2O5 but also functioning as 
a promoter under photochemical conditions. The g-C3 

N4 operates as a basic surface to speed up 
C-H activation and esterification. The built-in photo-
active chromophore would absorb energy and help to 
cross the activation energy barrier, allowing esterifica-
tion to occur [173].

In another study, the highest activity in the photo-
catalyst screening was demonstrated by the g-C3N4 

derivative prepared by co-condensation of urea and 
oxamide followed by post-calcination in a molten salt 
(CN-OA-m) [174], presumably due to its enhanced 
optical absorption in the visible region compared to 
most other known CN materials. Pieber et al. inves-
tigated the use of g-C3N4 materials in semi- 
heterogeneous catalytic systems for dual nickel/ 
photocatalysis (Figure 12(a)) [175]. Under the 

Table 13. Oxidative esterification of alcohols over various transition metal-based g-C3N4 catalysts [173].

Entry Catalyst Time Yield a,b

1c Fe3O4@g-C3N4 24 h -
2c Cu@g-C3N4 24 h -
3c Ag@g-C3N4 24 h -
4c Pd@g-C3N4 12 h 35%
5 V2O5@g-C3N4 12 h 64%
6 V(II)@g-C3N4 12 h 37%
7 VO@g-C3N4 3 h 98%
8c,d VO@g-C3N4 12 h

aReaction condition: 1 mmol of benzyl alcohol; methanol 2 mL; 1.5 mmol H2O2; Catalyst 25 mg; 40-watt domestic bulb; bisolated yield; cBenzaldehyde 
formation was observed; dReaction performed under dark.

Figure 12. (a) Semi-heterogeneous dual nickel/photo catalysis using carbon nitrides for esterification of carboxylic acids with aryl 
halides, reproduced with permission from [175], and (b) CN-OA-m in the dual nickel/photocatalytic esterification of methyl 
4-iodobenzoate with Boc-Pro-OH, reproduced with permission from [175].
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influence of white-LED (RGB) irradiation, carbon 
nitride materials can catalyze the esterification of 
N-(tert-butoxycarbonyl)-proline (BocPro-OH) and 
methyl 4-iodobenzoate. A comprehensive analysis 
of all other reaction parameters revealed that 
a cocktail of CN-OA-m (3.33 mg mL−1), NiCl2 

glyme, 4,4-di-tert-butyl-2,2-dipyridyl (dtbbpy), and 
N-tert-butylisopropylamine (BIPA) in dimethyl sulf-
oxide (DMSO) is particularly suitable, delivering the 
desired ester 1 in 96% yield after 14 h of irradiation 
(Figure 12(b)). The catalyst gave excellent yields for 
a broad range of aryl iodides and carboxylic 
acids [175].

For a conventional esterification reaction, Samanta 
and Srivastava prepared a series of g-C3N4 (CN) cata-
lysts using urea(U), thiourea(T), and a mixture of urea- 
thiourea(UTU) [176]. Functional carbon nitride was 
prepared by the reaction of g-C3N4 with aqueous H2 

SO4. Characterizations revealed that bi-functional, 
acidic (-SO3H), and basic (–NH2) sites were introduced 
after the aqueous H2SO4 treatment. The esterification of 
oleic acid with methanol using the most active catalyst 
S-CN(UTU)-60 gave a methyl oleate yield of more than 
90% in 4.5 h. Similarly, S-CN(UTU)-60 gave 98% dia-
lkyl carbonate yield from the transesterification of cyclic 
carbonate with methanol. The high yield of di-alkyl 
carbonate in the case of S-CN(UTU)-60 correlates 
well with the CO2 TPD studies showing high basicity 
in the CN framework. Mesostructured graphitic carbon 
nitride (CN-MCF) demonstrated 16.2% propylene car-
bonate (PC) conversion and 83.4% dimethyl carbonate 
(DMC) selectivity in a typical transesterification opera-
tion at 160°C [177]. The catalytic activity was derived 
from its high surface area and a large number of 
N-containing species, which were considered as the 
catalytic active sites in the transesterification, according 
to N2 adsorption-desorption and XPS characterization. 
In another study carried out for biodiesel production, 
bulk carbon nitride (b-CNMs) catalysts were created by 
pyrolyzing melamine and then post-modified with ther-
mal (t-CNMs) or acid (a-CNMs) treatments. The nano-
fibers (f-CNMs) were made by pyrolyzing melamine 
with a molten salt technique, which resulted in the 
formation of basic oxygen-rich functional groups on 
the surface of the f-CNMs [178]. Transesterification of 
canola oil to biodiesel was then performed, yielding 
96% conversion using a 1 wt% catalyst loading, a low 
oil-to-methanol ratio of 1:24, and reaction temperatures 
and times of 150°C and 3 h, respectively.

Deprotonated mesoporous g-C3N4 was achieved by 
a simple method of treatment of g-C3N4 material with 
a basic aqueous solution of t-BuOK. The prepared 
mpg-C3N4-tBu is an active base catalyst in transesterifi-
cation processes. Using mpg-C3N4-tBu at 110°C, several 
primary, allylic, cyclic, and aliphatic alcohols were sub-
jected to reactions with ethyl acetoacetate. 
Transesterification of allylic alcohols is difficult since 

the product readily undergoes decarboxylative rearran-
gement. But in the present condition, unsaturated allylic 
alcohol such as cinnamyl alcohol underwent transester-
ification, affording ester in high yield with >85% conver-
sion and 99% selectivity [53].

Vinu and colleagues used a new precursor with 
a high nitrogen content, aminoguanidine hydrochlor-
ide (NH2NHCNHNH2.HCl), through a hard- 
templating approach with the mesoporous silica 
SBA-15 being used as a template to create a highly 
ordered mesoporous C3N6 with an extremely high 
nitrogen content and tunable pore diameters for the 
first time [60]. The nitrogen content in the CN nanos-
tructures was higher (1.6–1.8), than usual (0.2, lower 
than theoretical values), and was tunable via a simple 
adjustment of the pore diameter of the templates. Such 
materials with a high N/C ratio showed high activity 
for the metal-free Friedel–Crafts acylation and trans-
esterification reactions. The same group also proved 
the basic catalytic performance of MCN for the trans-
esterification of ethyl acetoacetate with various alco-
hols such as 1-butanol, 1-octanol, cyclohexanol, 
benzyl alcohol, and furfuryl alcohol under heteroge-
neous reaction conditions without the use of any sol-
vents at a reaction temperature of 110°C for 6 h. The 
basic sites in MCN-1, which are formed by free NH2 

groups on the MCN-1 walls and uncondensed term-
inal NH2 from ethylenediamine, are the source of its 
catalytic activity, which promotes the transesterifica-
tion of ethylacetoacetate as they offer strong Lewis 
basic sites. The catalytic results demonstrated that 
MCN-1 was an excellent catalyst in transesterifying 
long and short-chain primary alcohols, as well as cyc-
lic and aromatic alcohols, to generate high yields of 
their corresponding β-keto esters. More notably, when 
1-butanol was added, the catalyst was extremely active 
with 69% conversion and 100% butyl acetoacetate 
selectivity [179]. They also reported for the first time 
the use of mesoporous ultrasmall silica nanoparticles 
as a template to create well-ordered mesoporous C3N4 

nanoparticles with a size smaller than 150 nm (MCN- 
3) and a high nitrogen content (C4N2). MCN-3 has 
twice the nitrogen content of MCN-1 and MCN-2, 
which were made from SBA-15 and SBA-16, respec-
tively. MCN-3, a highly ordered, mesoporous, metal- 
free basic catalyst, was catalytically employed in the 
transesterification of β-keto esters; MCN-3 showed 
improved performance in the transesterification of β- 
keto esters with good conversion and 100% product 
selectivity Figure 13 [180]. Similar work was reported 
by Li et al. by preparing SBA-15-supported g-C3N4 

catalysts, by the dissolution of DCDA into SBA-15, 
followed by calcination which resulted in CND/SBA- 
15. This was used to study the transesterification reac-
tion of EC with methanol in a high-pressure autoclave 
at 0.6 MPa CO2 at 160°C for 6 h. The CND/SBA-15 
material showed a high EC conversion of 81%, 
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affording a maximum dimethyl carbonate yield of up 
to 80%. The chemical compositions of CND/SBA-15 
were mainly basic N-containing species in the form of 
amines [181]. Another important contribution to the 
transesterification catalysis was a series of mesoporous 
g-C3N4 materials prepared by DCDA as a precursor by 
a nanocasting method through a new detemplation. In 
this, the silica template was removed by an alkaline 
solution of NaOH, and the material was denoted as 
CND-NaOH (g-C3N4 detemplated by NaOH). The 
mesoporous CND material exhibited excellent activity 
in the transesterification of EC and CH3OH. After the 
catalytic test of 6 h at 160°C, the conversion of EC and 
selectivity to DMC were 91.3% and 99.3%, respec-
tively [92].

By sequential calcination and sulfonation of g-C3 

N4, Verma et al. reported sulfonated graphitic carbon 
nitride, (S-g-C3N4), a polar and strongly acidic catalyst 
with exceptional reactivity and selectivity in biodiesel 
synthesis and esterification reactions at room tem-
perature. The acid strength is expected to be higher 
due to the anticipated positive charge developed on 
the nitrogenous framework after the attachment of - 
SO3H. During the esterification of oleic acid, 
a complete conversion to methyl oleate happened in 
4 h [182]. The group investigated a wide range of fatty 
acids and their analogs for esterification and biodiesel 

production. All the long-chain fatty acids were con-
verted into corresponding methyl esters, irrespective 
of the unsaturation in fatty acids. Further, studies with 
ethyl benzoate and ethyl cinnamate using methanol 
solvent showed the equilibrium shift to corresponding 
methyl ester in very high yields (>98%). A larger con-
centration of methanol, which is utilized as a reaction 
medium in transesterification, may be the cause of the 
reaction’s rightward solidification.

Esterification/transesterification has been cata-
lyzed by g-C3N4 using either a typical thermally 
induced approach or a light-assisted pathway 
[183]. Furthermore, a multi-functional activity can 
be incorporated in the g-C3N4 materials using 
selective precursors, surface functionalization, or 
doping strategies to achieve the required function-
ality for conventional catalysts and to achieve high 
visible light absorption capacity with optimum 
band-edge potentials and excitons lifetime to trig-
ger the desired esterification/transesterification 
reactions. Thus, there is plenty of room for future 
g-C3N4 manipulation, such as changes in architec-
ture/morphology and nanostructure (1D/2D/3D) 
engineering, textural, electrical & optical, and sur-
face properties, to make it an effective heteroge-
neous catalytic material. Given the economic and 
environmental benefits of biodiesel or other 

Figure 13. (a & b) Transmission and (c) scanning electron microscopy images and (d) electron energy loss spectrum of MCN-3; (e) 
Basic catalytic performance of MCN-3 in the transesterification of b-keto esters of different alcohols. Reaction conditions: β-Keto 
ester/alcohol molar ratio 1.2:1, catalyst MCN-3 (10 wt% of total reaction mixture), solvent toluene, reaction temperature 110°C, 
reproduced with permission from [180].
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essential esters, it is expected that the use of g-C3 

N4 will provide a new sustainable approach for 
base-catalyzed organic processes [184].

4.5. Cycloaddition of CO2 to epoxides

CO2 is a cheap, non-toxic, and readily available carbon 
source, and utilization of CO2 as a carbon feedstock for 
conversion into valuable chemicals is a practical route to 
reduce global warming. However, CO2 is both thermo-
dynamically and kinetically inert, and, due to this high 
stability, its transformation into valuable chemicals is 
complex [185]. The difficulty of CO2 activation is the 
critical limiting factor for its valorization, and very few 
processes have been commercialized involving large 
quantities of CO2, including methanol, salicylic acid, 
urea, and cyclic carbonates. Cycloaddition reactions 
using CO2 is a 100% atom economical process, which 
involves CO2 insertion into a 3-membered epoxide ring 
to yield a 5-membered ring, a cyclic carbonate. To favour 
this transformation, g-C3N4 is considered the favourable 
catalyst as it can offer both high CO2 adsorption and 
basicity with many active centers (Figure 14) [3].

For example, mesoporous g-C3N4 synthesized 
using melamine was used for the conversion of pro-
pylene oxide to propylene carbonate using CO2. The 
catalyst exhibited 34% propylene oxide conversion and 
90% propylene carbonate selectivity with a TOF of 3.4  
h−1 under moderate conditions in DMF solvent. 
Further, g-C3N4 supported on SBA-15 was utilized 
for propylene carbonate synthesis under solvent-free 
conditions with doped metal ions acting as Lewis’s 
acids sites. Zn2+ exhibits the highest cooperativity 
among the metal salts used for doping, with conver-
sion and selectivity of 98.3% and >99%, respectively 
(Table 14) [186]. In this reaction, the activated CO2 is 
transferred to the epoxide via a transfer mechanism 
from the g-C3N4 nanosphere inside the silica meso-
pore channel, facilitating cyclic carbonate synthesis 

through Zn2+ activated epoxide species. In another 
report, Su et al. demonstrated the synthesis of porous 
and amino-rich g-C3N4 without using a rigid template 
using urea as the precursor to generate defective and 
edge-enriched g-C3N4 and applied it for the produc-
tion of a range of cyclic carbonates without a co- 
catalyst under 100% dry conditions [187]. Edge defects 
are thought to include primary amines (–NH2) and 
secondary amine groups (–C–NH–C), allowing them 
to activate CO2. In this case, the epoxide is triggered by 
the –OH groups on the faulty C3N4 edge. The activity 
of the g-C3N4 can be controlled with the adjustment of 
the carbonization temperature. It was demonstrated 
that the catalyst prepared at a lower carbonization 
temperature offered much higher activity that the 
materials prepared at a higher carbonization tempera-
ture. The high activity is attributed to the lower crys-
tallinity and polymerization degree, which resulted in 
more edge defects, with the incompletely coordinated 
nitrogen atoms serving as the main active sites in the 
cycloaddition reaction.

According to Zhao et al., boron-doped carbon 
nitride (B-CN) is very active and selective for cycload-
dition processes. Even under solvent-free circum-
stances, B-CN supported on mesoporous silica SBA- 
15 (i.e. B0.1CN/SBA-15) exhibits over 95% conversion 
and selectivity for cycloaddition of CO2 and styrene 
oxide (SO) to generate styrene carbonate (SC). This is 
mostly owing to the acid-base duality caused by 
B doping, which allows CO2 and epoxide to co- 
activate. A mechanism based on acid-base duality is 
postulated, in which CO2 activates the basic >NH sites 
and SO activates the acidic -B(OH)2 sites via hydrogen 
bonding. The SC is formed by the reaction of co- 
activated CO2 and SO. Density Functional Theory 
simulations were performed to support the mechanism, 
which reveals that the co-adsorption of CO2 and SO on 
B-CN is energetically advantageous and follows the 
Langmuir-Hinshelwood mechanism (Figure 15) [188].

Figure 14. Multiple functional groups in the g-C3N4 skeleton, reproduced with permission from [3].
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In another study, n-bromobutane grafted mesopor-
ous g-C3N4 demonstrates higher catalytic activity with 
88% conversion and 98% selectivity for solvent-free 
propylene carbonate production. The in-situ depleted 
electrophile, Br- activates the epoxide ring, while the 
defect-rich edge positioned –NH2 polarizes the CO2 

molecule, resulting in the bi-functional nature. Butane 
has been examined in conjugation with halides, and it 
has been discovered that bromide has the best activity 
due to its superior leaving group ability. The higher 
catalytic activity is due to the mesoporous nature (15  
nm), high surface area (241 m2g−1), and coexistence of 
terminal –NH2 groups in g-C3N4 and X groups, which 
is even better than the externally induced n-bromobu-
tane to carbon nitride during the process [189]. Many 
techniques for increasing g-C3N4 activity have been 
investigated, including increasing surface area, 

improving defect sites [187], and immobilizing the 
functional group [189,190]. The activity of the catalyst 
for the cycloaddition reaction can be enhanced by the 
synergetic interaction between acid and basic sites 
[191]. Therefore, acid-base bifunctional g-C3N4 with 
high efficiency for CO2 cycloaddition to epoxides is 
desirable. It should be noted that the bifunctional g-C3 

N4 must be inexpensive, stable, and simple to handle, as 
well as devoid of metals and solvents during prepara-
tion and application. Under metal-free conditions, dop-
ing phosphorus (P) is an excellent technique to produce 
acid sites in g-C3N4 [192]. Zhang et al. [192] and Ma 
et al. [193] both reported that acid sites could be intro-
duced to g-C3N4 by replacing C with P at the bay and 
corner positions, but they employed a costly ionic liquid 
as a P source, and the amount of P doping was minimal. 
Furthermore, it is unclear how the doping was carried 

Table 14. Cycloaddition of CO2 using various metal-doped g-C3N4 [187].
Samples Doped ions (wt%) Epoxides Conversion (%) Selectivity (%)

SBA-15 - Styrene oxide 0 0
g-C3N4/SBA-15 - Styrene oxide 28.8 >99
SBA-15 Zn2+ (0.8) Styrene oxide 7.4 79
g-C3N4/SBA-15 Zn2+ (0.8) Styrene oxide 94.5 >99
g-C3N4/SBA-15b Zn2+ (0.8) Styrene oxide 51.7 92
Porous g-C3N4

c Zn2+ (0.8) Styrene oxide 40.2 94
g-C3N4 Zn2+ (0.8) Styrene oxide 14.1 90
g-C3N4/SBA-15 Cd2+ (0.81) Styrene oxide 36.7 >99
g-C3N4/SBA-15 Fe3+ (0.82) Styrene oxide 91.2 >99
g-C3N4/SBA-15 Zn2+ (0.8) Propylene oxide 97.1 >99
g-C3N4/SBA-15 Zn2+ (0.8) Ethylene oxide 98.3 >99

aReaction conditions: epoxides: 3 ml, reaction temperature: 150°C, CO2 pressure: 3.5MPa, reaction time: 1.5 h, catalyst amount: 0.1 g; 
bThe sample was prepared by the incipient wet impregnation of the precursors; cSBA-15 was used the hard template and the silica 
structures were removed by HF aqueous solution.

Figure 15. DFT optimized model for CO2 and so adsorption/co-adsorption on CN and BCN, reproduced with permission from [188].
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out. Hexachlorotriphosphazene (HCCP) has a structure 
comparable to melamine’s tri-s-triazine. Furthermore, 
during copolymerization, the P-Cl bond is active and 
readily interacts with the -NH2 of melamine. The inte-
gration of P atoms into the tri-s-triazine network of g- 
C3N4 is expected to be greatly aided by the usage of 
HCCP. Direct thermolysis of melamine and hexachlor-
otriphosphazene yielded a series of P-g-C3N4 with dif-
ferent phosphorous loading, incorporating acid sites 
into the g-C3N4 framework. In this case, Bu4NBr served 
as the nucleophilic anion source to accommodate the 
basic sites. In the presence of a P-C3N4 catalyst and Bu4 

NBr as a co-catalyst, the cycloaddition of CO2 toward 
PO is higher than when P-C3N4 or Bu4NBr are used 
alone. Propylene carbonate yield and selectivity are 
99.8% and 99.9%, respectively, as compared to Bu4 

NBr & P-C3N4 alone. The high activity Bu4NBr/P-C3 

N4 is attributed to the synergetic effect of acid sites and 
halide anions for the ring-opening of epoxide and the 
basic sites for adsorption and activation of CO2 [194].

The cycloaddition of CO2 with epichlorohydrin for 
the synthesis of the corresponding carbonate has been 
achieved solvent-free by Huang et al. using protonated 
acidic functionality containing carbon nitride treated 
with H2SO4 [195]. As a result of protonation, the sur-
face chemistry and electronic properties of urea-derived 
carbon nitride have been altered, which has resulted in 
the incorporation of hydroxyl and amine groups into 
the bulk carbon nitride resulting in a 17-fold increase in 
catalytic activity. Surface hydroxyl groups (–OH) and 
amine groups (–NH2) are responsible for this improved 
reactivity. Similarly, Samanta et al. synthesized carbon 
nitride CN-(UTU) derived from urea and thiourea, 
which has better catalytic performance than urea/ 
thiourea under cyclic carbonate synthesis from epi-
chlorohydrin without co-catalysts [196]. Furthermore, 
chemical exfoliation of the resultant materials with H2 

SO4 improves the catalytic activity, resulting in the 
simultaneous incorporation of –SO3H and –NH2 

groups into the g-C3N4 framework. (Figure 16)
In another interesting report, Biswas and 

Mahalingan presented the synergistic impact of com-
bining g-C3N4 with tetrabutylammonium bromide 
(TBAB) to convert epoxides to cyclic carbonates for 
the first time at 1 atm pressure under solvent-free 

conditions [197]. Epichlorohydrin, styrene oxide, phe-
nyl glycidyl ether, and allyl glycidyl ether were all con-
verted to cyclic carbonates using 50 mg of g-C3N4 and 
1.8 mol% of TBAB relative to an epoxide (13.7 mmol) at 
1 bar of CO2 at 105°C for 20 hours. However, very 
modest conversions were found for other epoxides 
such as 1,2-epoxy hexane, 1,2-epoxy octane, and 
1,2-epoxy-9-decene, and no ring-opening of the inter-
nal epoxide cyclohexene oxide occurred. The authors 
have reported only conversions rather than separate 
yields of the cyclic carbonate products. Catalyst recy-
cling studies revealed no loss of activity after 7 cycles. 
Tests performed with these reagents separately showed 
conversion rates below 40%. It is therefore proposed 
that both g-C3N4 and TBAB work cooperatively. By 
interacting with the epoxide ring through hydrogen 
bond formation, the g-C3N4 amino groups increase 
the electrophilicity of the epoxide carbon. By doing so, 
the carbon atom becomes more susceptible to nucleo-
philic attack by the bromide anion of TBAB, ring open-
ing the epoxide and thereby initiating its conversion 
into cyclic carbonate (Figure 17).

The key hurdles that these catalysts currently face 
are achieving acceptable conversions for the more 
difficult branched and substituted epoxides, rather 
than merely simple, sterically unimpeded terminal 
epoxides, and obtaining respectable conversions and 
yields under gentler reaction conditions. Some of these 
catalytic systems must also be improved in terms of 
sustainability, such as eliminating the requirement for 
hazardous and unsustainable solvents. The future of 
these catalysts, on the other hand, seems bright, and 
they will remain an essential subject of study for 
boosting green and sustainable CO2 consumption.

4.6. Hydrolysis

4.6.1. Hydrolysis of ammonia borane (AB)
Hydrolysis of ammonia borane (AB) is a chemical 
reaction of high interest as one of the end products 
is hydrogen which is regarded as the potential fuel 
for the future [198]. The chemical reaction NH3BH3 

+2 H2O → NH4BO2+3 H2 generally requires 
a catalyst to proceed and most often heterogeneous 
catalysts with high efficiency and durability are 

Figure 16. Synthesis of cyclic carbonates assisted by a bi-functional g-C3N4 catalyst, reproduced with permission from [196].

Sci. Technol. Adv. Mater. 24 (2023) 27                                                                                                                                               S. M. RUBAN et al.



required. Metal-based nanoparticles are deemed to 
be highly effective for the hydrolysis of AB; however, 
their agglomeration is a primary drawback. This 
drawback could be addressed by dispersing such 
metal nanoparticles on porous supports such as car-
bon nitride. For example, exfoliated mesoporous g- 
C3N4 synthesized from guanidine hydrochloride via 
carbonization at 550°C could be used as porous 
support for platinum nanoparticles (Pt NPs) gener-
ated from chloroplatinic acid hexahydrate (H2PtCl6. 
6 H2O) (Figure 18(a)) [199]. The heterojunction cre-
ated by Pt NPs and mesoporous g-C3N4 results in 
better separation and increased lifetime of the charge 
carriers which contributed to a 2.25 times higher 
photocatalytic activity for hydrolysis of AB under 

white light (Figure 18(b)). It was also revealed that 
the loading of Pt has a significant effect on the 
hydrolysis reaction (Figure 18(c)). The mechanism 
revealed a formation of the midgap interface 
(Schottky barrier) between conduction and valence 
bands which reduced the recombination of charge 
carriers thereby extending their lifetime and enhan-
cing the hydrolysis of AB (Figure 18(d)). Another 
instance reports monometallic metal (Pd) based 
MCN as a highly active catalyst for the hydrolysis 
of AB [201]. A co-reduction approach was used to 
disperse Pd nanoparticles (Pd NPs) on the surface of 
MCN and the catalyst showed a high turnover fre-
quency of 122 mol H2 mol metal−1 min−1 at room 
temperature for hydrolysis of AB in an aqueous 

Figure 17. Proposed mechanism for the g-C3N4 and TBAB catalyzed conversion of epoxides and CO2 into cyclic carbonates, 
reproduced with permission from [197].
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solution. It was also shown that the catalytic activity 
can be elevated to 246.8 H2 mol metal−1 min−1 by 
using an alloy of Pd with Nickel (Ni). The porous 
structure of carbon nitride provided a good platform 
for a higher mass transfer and the interfacial inter-
actions between metal nanoparticles and MCN led to 
improved catalytic efficiency.

Nickel alone could also be supported by carbon 
nitride for the hydrolysis of AB. For example, Ni 
nanoparticles of two different particle sizes (3.2 and 
7.4 nm) were deposited on carbon nitride via a self- 
assembled route and used for hydrolysis of AB in both 
light and dark environments [200]. In both environ-
ments, the Ni/g-C3N4 with a smaller particle size of Ni 

Figure 18. (a) Synthesis of platinum nanoparticles (Pt NPs) supported on mesoporous graphitic carbon nitride (mpg-CN), (b) Time 
vs molH2/mol NH3BH3 plots for mpg-CN/Pt with 2.95% Pt loading, (c) Effect of different loading of Pt on the hydrolysis of ammonia 
borane, and (d) Mechanism of photocatalytic hydrolysis of AB using mpg-CN/Pt, reproduced with permission from [199], (e) 
Hydrolysis of AB in aqueous solution under white illumination using nickel-loaded graphitic carbon nitride (Ni-gC3N4) with 
different loadings of Ni, and (f) hydrolysis of AB using Ni/g-CN with Ni particle size of 3.2 nm under dark environment, reproduced 
with permission from [200].
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(3.2 nm) delivers efficient hydrolysis of AB with the 
evolution of H2 (Figure 18(e,f)).

Another feasible approach to designing efficient 
carbon nitride-based catalysts for the hydrolysis of 
AB is to modify it with quantum dots. For instance, 
g-C3N4 prepared via thermal polymerization of mel-
amine was treated with ruthenium chloride (RuCl3) 
and sodium hypophosphite (NaH2PO2) in an in-situ 
phosphorization approach to form ruthenium phos-
phide/carbon nitride (RuP/CN) as a photocatalyst 
for hydrolysis of AB under visible illumination 
[202]. The catalysis data suggested that the light 
mode is faster and more effective than the dark 
environment for hydrolysis (Figure 19(a,b)). The 
higher temperature gave a better performance for 
both light and dark environments (Figure 19(c,d)).

Similar instances of the modification of carbon 
nitride with different metals and non-metal species 
for improved hydrolysis of ammonia borane have 
been reported [203,204]. Overall, the carbon nitride- 
based materials are promising for the hydrolysis of 
AB, and further research on increasing their light 
absorption ability in the visible region with reduced 
recombination of charge carriers and their prolonged 
time can be carried out to reveal the full potential of 
these materials.

4.6.2. Hydrolysis of carbonyl sulfide (COS)
The hydrolysis of COS is an important base-catalyzed 
chemical reaction that finds use in several industries 
and can be represented as COS + H2O → H2S + CO2 

[205]. COS, being a source of organic sulfur in the 
blast furnace gas, can deactivate the industrial catalysts 
and also cause equipment corrosion [206]. Hydrolysis 
of COS is a preferred method to eliminate COS from 
the blast gas stream due to its advantages in terms of 
good efficiency and mild reaction conditions [207]. 
Similarly, various types of solid catalysts can also be 
employed for the hydrolysis of COS; however, their 
drawbacks in terms of reduced active sites, selectivity, 
and separation create the need for a continuous search 
for new and advanced materials that could defy these 
limitations. For example, a standard alumina Claus 
catalyst cannot perform 100% conversion of the COS 
using hydrolysis [208]. Carbon-based materials with 
a high surface area and compatible pore size are also 
good for the hydrolysis of COS [209]. For these rea-
sons, carbon nitride is chosen as it is considered 
a fascinating material with intrinsic basic properties 
arising mainly from the presence of nitrogen in the 
ring. Nitrogen, being more electronegative than car-
bon, withdraws the bonded electrons that impart 
a negative character to carbon nitride. The nitrogen 

Figure 19. Hydrolysis of ammonia borane using RuP/CN at different concentrations of AB using (a) dark, and (b) light environ-
ments, and effect of temperature on the hydrolysis in (c) dark, and (d) and light environments, reproduced with permission from 
[202].
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in the secondary amine groups can also be deproto-
nated to make it act as a Lewis base. Furthermore, the 
modifications of carbon nitride with other species 
including metal and non-metal make it an exciting 
material for base-catalyzed hydrolysis reactions 
including that of COS.

Metals, generally from group I and group II, can be 
combined with carbon nitride for enhancing their 
basicity for base-catalyzed hydrolysis. For example, 
lithium (Li+), sodium (Na+), potassium (K+), rubi-
dium (Rb+), and cesium (Cs+) in their chloride form 
could be carbonized directly with PCN at 600°C for 
effective integration of alkali metals into the carbon 
nitride framework [210]. Out of all modified materials, 
it was observed that potassium imparts maximum 
basicity to carbon nitride and hence it was the most 
effective material (K+-MPCN) for the base-catalyzed 
hydrolysis of COS to H2S. The COS conversion effi-
ciency of K+-MPCN reaches >90% and it showed good 
long-term stability for over 600 min as compared to all 
other materials (Figure 20(a,b)). The recyclability stu-
dies suggested no loss in the COS hydrolysis efficiency 
of the catalyst over 3 cycles and the washing of the 
catalysts with water had very little impact on the 
leaching of K from the catalyst.

Potassium has also been reported as the most pro-
mising cation that can increase the efficiency of other 
types of catalysts such as γ-alumina [211]. Overall, the 
research on the hydrolysis of COS using carbon nitride 
is still in the initial stages. However, carbon nitrides in 
their mesoporous form with high surface area, large 
pore volume, and tunable pore size along with high 
basicity arising from nitrogen atoms are expected to be 
attractive for the hydrolysis of COS.

5. Conclusions and prospects

Carbon nitrides have emerged as front-running materi-
als for several applications including organocatalysis 
owing to their exquisite features such as good thermal, 
chemical, and water stability, ease of porosity creation, 
high basicity due to nitrogen, tunable surface 

functionalization, and modification with other species. 
Relentless efforts have been put into addressing their 
application for the field of organic catalysis which has 
led to noteworthy publications. Our group contributed 
to the field by the discovery of a new family of MCNs 
that contain high nitrogen content with the formulae C3 

N5, C3N6, and C3N7. These materials have since been 
explored for different applications.

In this review, we reviewed the carbon nitrides 
(g-C3N4), the N-rich carbon nitrides (C3N5, C3N6, and 
C3N7), PHI-based ionic CNs, and microporous CNs, 
extensively for their structure and properties and dis-
cussed how these materials are well suited for organo-
catalysis. Carbon nitrides work very well for non- 
metallic base catalysis and their soft basic character is 
ideally suited for typical base catalyses such as 
Knoevenagel condensation, and cycloaddition of CO2 

to epoxide with high selectivities. Carbon nitrides are 
also found to be excellent candidates for oxidation- 
type of organic reactions as these possess the ability to 
activate the oxidizing agents into radical oxygen spe-
cies. For such reactions, carbon nitrides can either be 
used in the bare or metal functionalized form. The 
activities of these unique materials in organic catalysis 
can be enhanced with the suitable modification of 
their framework structure through deprotonation or 
acid functionalization with sulfonic acids or oxidation. 
Similarly, selective hydrogenation, esterification, and 
transesterification reactions can be achieved by 
anchoring the metal species onto the surface of carbon 
nitrides. In such cases, carbon nitrides offer ample 
opportunity for high and uniform dispersion of the 
metal particles without agglomeration, which leads to 
high catalytic activity. Carbon nitride is also a suitable 
porous platform for dispersing metal nanoparticles to 
enhance the efficiency of the hydrolysis of ammonia 
borane and carbonyl sulfide.

Overall, carbon nitride-based catalysts are low-cost, 
highly efficient, and eco-friendly which makes them 
suitable for organocatalysis, and more advanced 
research will bring out further incentives in the mate-
rials with enhanced efficiency.

Figure 20. (a) COS conversion efficiency of the various metallated catalysts prepared using alkali metals and polymeric carbon nitride, 
and (b) long term and cyclic ability of potassium metallated polymeric carbon nitride, reproduced with permission from [210].
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Going forward, we believe that although the design 
and development of carbon nitrides is a hot topic in 
materials science with significant progress achieved so 
far, future research can still be improved by bringing 
innovations in their synthesis, sophistication in char-
acterization, and deep insights into the mechanism of 
catalysis for various organic reactions.

(1) Delving into the techniques such as advanced 
time-resolved spectroscopic techniques is cru-
cial for a better understanding of the mechan-
istic details of CNs catalytic action through in- 
situ approach.

(2) Materials development can focus on creating 
new materials with high N-contents and defects 
together for improving the properties for 
enhanced catalytic efficiency. Such vacancy 
defects and nitrogen content modulation have 
to be controlled for achieving the desired cata-
lytic performance.

(3) Multifunctional hybridization or modifica-
tion of high nitrogen containing carbon 
nitrides with other species such as heteroa-
toms can bring out better catalytic actions 
for organic reactions.
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