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in metal-free heteroatom-doped
carbon heterogonous catalysts
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The development of cost-effective, efficient, and novel catalytic systems is always an important topic for

heterogeneous catalysis from academia and industrial points of view. Heteroatom-doped carbon

materials have gained more and more attention as effective heterogeneous catalysts to replace metal-

based catalysts, because of their excellent physicochemical properties, outstanding structure

characteristics, environmental compatibility, low cost, inexhaustible resources, and low energy

consumption. Doping of heteroatoms can tailor the properties of carbons for different utilizations of

interest. In comparison to pure carbon catalysts, these catalysts demonstrate superior catalytic activity in

many organic reactions. This review highlights the most recent progress in synthetic strategies to

fabricate metal-free heteroatom-doped carbon catalysts including single and multiple heteroatom-

doped carbons and the catalytic applications of these fascinating materials in various organic

transformations such as oxidation, hydrogenation, hydrochlorination, dehydrogenation, etc.
1. Introduction and scope of the
review

Heterogeneous catalytic systems not soluble in reaction
mixtures have the benets of better handling properties and
easy separation, from an industrial point of view.1,2

With the rapidly growing demand for effective organic
reactions, developing novel heterogeneous catalysts is highly
needed according to the concept of “Green Sustainable Chem-
istry”. It has been estimated that almost all large-scale
production of organic and inorganic chemicals (commercially
produced chemical products), energy conversion, pollution
mitigation processes, environmental protection, and crude oil
renery utilize heterogeneous catalysts3–6 and it is no exagger-
ation to say that heterogeneous catalysts play a key role in
creating a more sustainable and cleaner world.7

Metals, especially transition metals, have been extensively
applied as homogeneous and heterogeneous catalysts in a series of
important organic transformations in the forms of nanoparticles
(NPs), clusters, coordination metal complexes, or free ions.8–12

Notwithstanding their high efficiency, these catalysts have
negative environmental impacts and suffer from the high price,
susceptibility to gas poisoning, poor durability, and low selec-
tivity.13–15 Thus, metal-free catalysts are essential for environ-
mental remediation as well as large-scale commercial
applications.16 The replacement of metal heterogeneous cata-
lysts with metal-free catalysts can remarkably address the
environmental pollution issues arising from the leaching of
nd Chemistry, Alzahra University, Vanak,

ir; mmh1331@yahoo.com

the Royal Society of Chemistry
metal nanoparticles during usage in the petroleum and phar-
maceutical industries.17

In this regard, inexpensive, readily available, environmentally
friendly, and stable carbon-based materials (including ordered
mesoporous carbon (OMCs), carbon nanotubes (CNTs), graphene
oxide (GO), activated carbon (ACs), etc.) have drawn increasing
attention in the eld of heterogeneous catalysis (Fig. 1).18–29

However, pristine carbon materials are inert because uniform
charge distribution which is the common property of all carbon
materials blocks the electron transfer and decreases the interac-
tion between the carbon materials and the reactants.30–32

Introducing heteroatoms like nitrogen, phosphorus, boron, and
sulfur into sp2-hybridized carbon frameworks can cause the charge
delocalization and change of the electronic structure intometal-like,
which helps to obtain signicant catalytic performance in a similar
way of metal-based catalyst or can be applied as a superior alter-
native to the metal catalyst in industrial processes.33–40

In addition, plentiful defects generated by the differences in
coordination ability, bond length, and atomic radius of carbon
atoms and heteroatoms can serve as actives sites, which are
benecial for in situ charge transfer to the reactants, thus acti-
vating the substrates to promote catalytic reactions.41–48

In 1926, Rideal andWright for the rst time reported that the
presence of N atoms in carbon framework has a promotional
effect on the catalytic performance of charcoal in the oxidation
of oxalic acid.49 Even though results were promising,
heteroatom-doped carbon catalysts did not attract as much
attention as they would attract nowadays.

Recently, these materials have emerged as one of the hot
topics in the eld of metal-free catalysis for the synthesis of
organic compounds. In the past few years, several reviews have
RSC Adv., 2021, 11, 23725–23778 | 23725
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Fig. 1 Number of publications obtained from a Scopus search using “carbon-based materials and heterogeneous catalysis” as keywords.
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been published toward the applications of carbon-based mate-
rials especially N-doped carbons in heterogeneous catal-
ysis.7,8,23,50–52 However, a comprehensive review that covers the
application of various metal-free heteroatom-doped carbon
catalysts (including single-element B-, N-, S-, and P-doped, dual-
elements doped, and triple-elements doped carbon catalysts) in
the eld of organic transformations is highly desirable.

We are interested in novel heterogeneous catalysis, trying to
design, prepare, and use them in our contemplated reactions in
our laboratory, which delightfully have been mostly
successful.53–68

Following, the same interest we have collected and reviewed
the most recent activities on the applications of different
organic transformations being performed effectively under
heterogeneous catalysis.69–75

In this review, we will mainly focus on the latest develop-
ments (2015 onwards) of heteroatom-doped carbon materials
(single-element B-, N-, S-, and P-doped, dual-elements doped,
and triple-elements doped carbons) as promising metal-free
heterogeneous catalysts, including the catalysts preparation
methods with an emphasis on their application in various
organic transformations (oxidation, hydrogenation, hydro-
chlorination, dehydrogenation, coupling, etc.).
1.1 Heteroatom-doped carbon materials

Heteroatom-doped carbon materials, especially graphene,
carbon nanotubes, and new generations of heteroatom-doped
porous carbons with various structures and morphologies are
widely examined as metal-free catalysts.

1.1.1 Heteroatom-doped graphene. Graphene, a monolayer
of carbon atoms arranged in a honeycomb lattice (six-
membered rings), with a uniform sp2-hybridized congura-
tion, has emerged as a new nanocarbon during the previous two
decades.22 Different strategies have been developed to synthe-
size high-quality graphene, like chemical vapor deposition
(CVD), epitaxial growth, and micromechanical exfoliation.26

Superb electronic, physicochemical, optical, mechanical, and
thermal properties make it a highly interesting candidate for
23726 | RSC Adv., 2021, 11, 23725–23778
extensive applications in various elds including super-
capacitors,76 biosensors,77 lithium-ion batteries,78 and solar
cells.79 Also, investigations have displayed that graphene can be
utilized as a metal-free catalyst in a variety of reactions such as
oxidative dehydrogenation (ODH) of alkanes, oxygen-reduction
reaction (ORR), environmental remediation, and chemical
synthesis, opening up a novel material for sustainable and
green catalysis.80–83 However, the zero band gap, poor process-
ibility, and difficulties in obtaining high throughput fabrication
of pure graphene considerably restrict catalytic activity as well
as its broader usages.84–86 Doping different heteroatoms (B, N,
O, P and S) into the graphene lattice modies its electro-
chemical and electronic properties through varying the elec-
tronic density within the graphene plane, breaks its inertness,
creates new active sites and thus signicantly enhances catalytic
efficiency.22,82,87–92

1.1.2 Heteroatom-doped CNTs. The discovery of carbon
nanotubes (CNTs), two-dimensional graphene sheets rolled up
into nanoscale tubes, by Iijima in 1991 led to a new revolution
in carbon chemistry.93 CNTs subdivided into single- (SWCNTs)
and multi-wall carbon nanotubes (MWCNTs) have received
a great deal of attention owing to their excellent properties, such
as high electrical and thermal conductivity, large surface area,
and high tensile strength,38,94–97 indicating versatile applications
in several areas including electrical energy storage98 and solar
energy applications99 (in the areas of nanoscience and nano-
technology). However, the catalytic utilizations of CNTs in
organic reactions are limited to be as support for metal NPs or
oxides100,101 by their inert character because of their relatively
seamless graphitic structure.102

The incorporation of heteroatoms into the backbone of
carbon nanotubes or pores into the walls changes their physi-
cochemical and electronic properties, resulting in an increased
ability to catalyze some chemical transformations.103

1.1.3 Heteroatom-doped porous carbon. Porous carbons,
a huge family of non-oxide porous materials,104 demonstrate
broad applications in water purication,105 fuel cells,106 gas
separation,107 chromatography columns,108 catalyst supports,109

and batteries.110 The widespread use of these materials is
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Summary of methods to synthesize heteroatom-doped carbon materials.
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related to their unique characteristics, including the low
density, good thermal and mechanical stability, high corrosion
resistance, surface hydrophobicity, easy handling (easy avail-
ability), and low cost of manufacture.104,111–113

More importantly, the rich pore structure of porous carbon
materials distinguishes them from traditional carbons in their
tunable channels and pore size, and large specic surface
area.114,115

Based on their pore sizes, porous carbon materials can be
classied into three groups: micropores < 2 nm, 2 nm < meso-
pores < 50 nm, and macropores > 50 nm, according to the
recommendation of the International Union of Pure and
Applied Chemistry (IUPAC).116,117

For a long time, activated carbons synthesized by chemical
or physical activation and pyrolysis of starting materials like
wood, coal, and fruit shells, have been the most frequently
Fig. 2 (a) Bonding configurations of nitrogen atoms in carbon network
Chemical Society and (b) XPS spectra of N atoms in different configuratio
Chemical Society.

© 2021 The Author(s). Published by the Royal Society of Chemistry
applied form of porous carbons.7,118,119 However, because of
uncertain structures of different precursors, the pore size and
surface chemistry have been uncontrollable. In recent years, the
designed synthesis of porous carbons through self-assembly of
precursors controlled hydrothermal treatment, and carboniza-
tion has gained remarkable attention owing to the exact control
and simple modication of the nal materials.120

In 1999, Ryoo and co-workers121 reported the rst example to
fabricate highly ordered carbon molecular sieves by utilizing
sucrose and MCM-48 as carbon source and template and
opened a route to apply porous carbons in many elds.

Porous carbon can also be doped with heteroatoms, similar
to graphene, and CNTs. The introduction of foreign atoms is an
effective way of modifying the surface properties of porous
carbons, at the same time providing materials with appealing
features for many more tasks.122
s. Reprinted with permission from ref. 125. Copyright 2017 American
ns. Reprinted with permission from ref. 152. Copyright 2014 American
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Scheme 2 Reduction of nitro compounds using NC-950.

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

0/
29

/2
02

5 
11

:4
2:

46
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
1.2 Synthetic strategies for heteroatom-doped carbon
materials

Two strategies are frequently applied to prepare heteroatom-
doped carbons:123–126 (1) post-synthetic modication of pre-
synthesized carbon materials with heteroatom-containing
agents (such as NH3, urea, melamine, H2S, phosphoric acid,
Table 1 N-Formylation of different amines via PhSiH3 and CO2 catalyze

23728 | RSC Adv., 2021, 11, 23725–23778
sulfur, sodium thiosulfate, polyrhodanine, cysteine, etc.)
chemically or thermally, (2) in situ doping (summarized in
Scheme 1). In the in situ doping method, both the synthesis of
carbon materials and the doping of heteroatom happen at the
same time. One of the most utilized in situ doping methods to
prepare heteroatom-doped carbons including CNTs, graphene,
or microporous carbon materials is the chemical vapor
d by NGU/K-900

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Synthesis of N-doped CNTs. Reprinted with permission from ref. 189. Copyright 2020 American Chemical Society.

Scheme 3 Reduction of different nitroarenes over NCNTs-800.
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deposition (CVD) due to it is appropriate to obtain well-
distributed heteroatoms into the carbon framework. Also,
direct carbonization of heteroatom-containing species or
amixture of carbon- and heteroatom-containing precursors that
has been widely applied to attain heteroatom-doped porous
carbons can be classied into three groups: hard-template
method, so-template method, and template-free (self-
template) method.

The hard-template synthesis strategy includes multiple
stages: (a) preparation of rigid template (e.g., SBA-15 meso-
porous silica), (b) inltration of template pores with precursors
containing carbon (and heteroatom), (c) carbonization of the
precursors and (d) removal of the template.

The hard-template method has important advantages and
leads to the synthesis of heteroatom-doped mesoporous
carbons with different morphologies and high specic surface
areas, but this method is time-consuming, complicated, and
inappropriate for mass production.127–129
Fig. 4 Preparation of N-CNTs and catalytic application in nitrobenzene h
Elsevier.

© 2021 The Author(s). Published by the Royal Society of Chemistry
In addition, the chemicals that are utilized to remove the
templates, are hazardous and corrosive (such as basic (NaOH)
or acidic (HF) solutions).111

So-templating is an attractive alternative method that
provides many benets in terms of time, processing, and large-
scale production.130 This method commonly involves the
organic–organic co-assembly between organic precursors and
amphiphilic molecules like block copolymers and surfactants,
and carbonization treatment. The thermally unstable templates
are removed during carbonization and generate abundant
mesopores in resulting heteroatom-doped carbon structures.131

Notwithstanding the above-mentioned advantages, the so
template method also shows limitations. Most of the so
templates (block copolymers and surfactants) are relatively
high-cost, and their recovery is difficult.127

Thus, the development of new template-free methods is
highly desired. These methods generally include the direct
transformation of molecular precursors into heteroatom-doped
porous carbon materials without adding any external template.
ydrogenation. Reprinted with permission from ref. 190. Copyright 2020

RSC Adv., 2021, 11, 23725–23778 | 23729
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Fig. 5 Preparation of NCNTs. Reprinted with permission from ref. 16. Copyright 2019 Elsevier.
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In comparison with template methods, template-free
synthesis protocols are facile and benign, although the
morphology cannot be controlled as elaborately as that of
template-synthesized porous carbon and it is difficult to obtain
highly porous carbons.132

There exist many heteroatom-containing sources such as
biomass, ionic liquids (ILs), polymers, metal–organic frame-
work (MOF), and so on. Besides, among various heteroatom-
containing sources, NH3,36,133–135 elemental sulfur/thio-
phene,136,137 triphenylphosphine,138,139 and diborane,140,141 are
the most common candidates for N-, S-, P- and B-doping carbon
materials, respectively.

Recently, the chemical blowing strategy, which yields
micropores during the carbonization process through gas
evolution by decomposing ammonium chloride (NH4Cl) into
HCl and NH3, was introduced as a new method to generate
highly microporous heteroatom-doped carbons. The possible
combination of this approach with thermally decomposable
templates, like calcium carbonate (CaCO3) or magnesium
acetate (Mg(OAc)2), could increase the chemical blowing effect
and further introduce auxiliary mesopores.142

The dissociation temperature of heteroatom-containing
species is one of the most important factors in selecting them
as a precursor for in situ doping. It is desired that the dissoci-
ation temperature of these compounds be close to the growth
Scheme 4 Chemoselective reduction of different nitroarenes with m-N

23730 | RSC Adv., 2021, 11, 23725–23778
temperature of the carbon.143 The pyrolysis temperature
strongly inuences the generation of C–C and C–heteroatom
bonds. Generally, a high temperature is favorable for C–C
bonds. It is accepted that the post-treatment procedure leads to
heteroatom doping only on the surface of carbon materials
whereas the direct carbonation method results in the uniform
introduction of the heteroatom into the entire carbon
framework.18,144

Therefore, the selection of the method will signicantly
inuence the conductivity, acidic or basic properties, oxidation
stability, and ultimately the performance of the material in
a given utilization.145
2. Recent progress on heteroatom-
doped carbon materials as
heterogeneous catalysts
2.1 Single heteroatom-doped carbons

2.1.1 N-doped. Among diverse heteroatoms, N has been the
most widely examined for the preparation of heteroatom-doped
carbons (as a dopant for C) probably due to the following
reasons:18,48,146,147 (1) the atomic radius of nitrogen is similar to
that of carbon with only one more electron in its valence shell,
hence the doping of nitrogen into carbon framework can
CNTs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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prevent remarkable lattice mismatch, (2) nitrogen can incor-
porate into the carbon framework in various locations, there-
fore leading to multiple possible congurations, (3) N-doped
carbon materials have a low health risk and are available and
abundant.

Commonly, there are four types of doped nitrogen atoms in
a carbon matrix,148,149 including graphitic N, pyridinic N, pyr-
rolic N, and pyridinic N-oxide (Fig. 2a) that can be identied
using X-ray photoelectron spectroscopy (XPS). The N1s peaks at
B.E. of 398.3–399.8, 400.1–400.5, 401.0–401.4, and 404.0–
405.6 eV are related to nitrogen atoms in the species of pyr-
idinic, pyrrolic, graphitic, and different N-oxide species,
respectively, (Fig. 2b).150–152

Graphitic nitrogens, which are also known as quaternary
nitrogens, replace carbon atoms situated in the graphitic planes
and bond to three C atoms. These N species use four electrons
to generate bonds of s and p, and a remaining electron to
occupy the higher-energy p* state, resulting in the electron-
donor property of graphitic nitrogen.153,154

Pyridinic nitrogen refers to nitrogen atoms located at the
defects or graphitic edges. For the pyridinic N, 2 electrons are
applied to generate s-bonds with C atoms, the other 2 electrons
to generate a lone pair, and the h electron is in the N p-
state.146,155

Pyrrolic nitrogens are incorporated into ve-member
heterocyclic rings and bond to two carbon atoms. These
species are thermally unstable, therefore their concentration in
carbon materials is low aer high-temperature pyrolysis.156,157

Pyridinic N-oxides refer to nitrogen atoms bonded to one
oxygen atom and two carbon atoms.158,159 According to experi-
mental and theoretical investigations, N species of graphitic,
pyridinic, and pyrrolic reveal efficient interactions with reac-
tants, and hence, they are responsible for N-doped carbon
catalysts.125,160–163

For example, the has been determined as the active site for
the cathodic oxygen reduction reaction in acidic
conditions.164,165

In another case, the graphitic nitrogen was found to be
essential for the reduction of nitroaromatics16 and oxidation of
benzylic alcohols.166 Also, it has been displayed that the pyrrolic
nitrogen promoted the adsorption of the reactants in the acet-
ylene hydrochlorination reaction.167

Normally, the presence of nitrogen atoms in the carbon
skeleton affords basic property, which boosts the interaction
between carbon surface and acidic molecules.168–172

More importantly, N doping can greatly inuence the charge
distribution and spin density of carbon atoms because of the
different electronegativity of carbon (2.55) and nitrogen (3.04),
leading to the formation of defects in the carbon framework.
This in turn can alter the electronic structure of carbon
compounds.123,148,173,174

2.1.2 Other heteroatoms-doped carbon materials.While N-
doped carbon materials have experienced many advances over
the past decades and provided fascinating concepts, other
heteroatoms such as sulfur, phosphorous, and boron have also
received worldwide attention in recent years.
© 2021 The Author(s). Published by the Royal Society of Chemistry
2.1.3 S-doped. S-doped carbon materials were used in
a broad range of potential applications, such as sorption,175

heterogeneous catalysis,175 rechargeable batteries,176 electro-
chemical capacitors,177 storage,178 and energy conversion.179 The
atomic radius of sulfur (S) (105 pm) is much larger compared to
C (77 pm), but its electronegativity (2.58) is close to that of C
(2.55). Therefore, in comparison with N, P, or B doping, the
change of charge distribution is much less for S doping. As
result, the improvement of S-doped carbon materials perfor-
mance is usually ascribed to the modications in spin
density.180,181

2.1.4 P-doped. Phosphorus (P), an element of the V group
of the periodic table, possesses the same number of valence
electrons as N and indicates almost analogous chemical and
electronic features.

But it has a bigger atomic radius and lower electronegativity
(2.19) than nitrogen and carbon atoms. Thus, P doping can
produce defect sites and effectively modify the chemical reac-
tivity and electronic properties of carbon materials (pristine
carbons). These surface modications result in an improvement
in the performance of catalysts.18,156,182

2.1.5 B-doped. Boron (B) is the le neighbor of carbon in
the periodic table with basically incomparable and unique
properties, which make it a suitable selection for the incorpo-
ration into carbon compounds. B substitution in the graphitic
framework not only improves the thermal stability of the carbon
structures but also alters the (optical) electrical and electronic
peculiarities, originating from the high electron-withdrawing
ability of boron (electronegativity: 2.04).18,183–185

2.2 Dual- and tri-heteroatom doped carbons

Co-doping by two or three heteroatoms with different electro-
negativities can display a unique electron distribution and
further enhances the catalytic activity of the carbon materials.
This intrinsic feature of carbocatalyst can be related to the
synergistic effect of incorporated elements.186

2.3 Catalytic applications

In recent years, the utilization of metal-free heteroatom-doped
carbon catalysts in chemical reactions has shown rapid
growth. The main purpose of this review is to highlight the
current researches in the eld of organic transformations
catalyzed by heteroatom-doped carbons reported in the
literature.

Different applications of these catalysts in the organic reac-
tions are summarized in this section.

2.3.1 Reduction reactions. Zhang and co-workers187

prepared nitrogen-doped carbons (NC-T) through the thermal
treatment of the chitosan and melamine as the crude materials.
The application of these catalysts was investigated in the
reduction of nitro compounds. With increasing pyrolysis
temperature, the activity of NC-T increased due to the enhanced
ratio of N species of graphitic, which are active sites for reaction.

NC-950 was found to be highly effective for the selective
hydrogenation of nitro compounds in hexane at 90 �C using
hydrazine hydrate (N2H4$H2O) as the reductant, affording
RSC Adv., 2021, 11, 23725–23778 | 23731
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Fig. 6 Preparation of NHG. Reprinted with permission from ref. 191. Copyright 2019 Elsevier.

Scheme 5 Hydrogenation of nitrobenzenes over NHG.
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respective amines in yields ranging from 87.5 to 100% (Scheme
2). The catalytic activity of NC-950 was compatible or even
superior to those of the reported metal catalysts.

The use of nitrogen-doped graphene nanosheets, NG, as
metal-free catalysts in the N-formylation of amines was
described by Chen et al.188 NG catalysts were synthesized
through direct calcination and activation of a mixture of urea,
Fig. 7 Preparation of N-GQDs and N-RGO mesh. Reprinted with permi

23732 | RSC Adv., 2021, 11, 23725–23778
graphene nanosheets, and potassium carbonate, followed by
leaching with HCl solution and washing with deionized H2O to
eliminate residual K. A broad range of amines (aliphatic,
aromatic and heterocyclic amines) were effectively transformed
into the desired products in the attendance of NGU/K-900 (calci-
nation at 900 �C) and CO2/PhSiH3 under mild conditions (Table
1). Also, the catalyst displayed outstanding reusability during 12
cycles with almost unchanged catalytic efficiency.

Very recently, another strategy for the preparation of a series
of N-doped carbon nanotubes (NCNTs) was reported by Li
et al.189 (Fig. 3). The resulting materials were synthesized using
the pyrolysis of in situ polymerized pyrrole on the surface of
CNTs under a N2 ow at different temperatures.

To improve the catalytic performance, the outside diameter
of CNTs, carbonization temperature, and the concentration of
ssion from ref. 194. Copyright 2018 John Wiley and Sons.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Preparation of N-C for the reduction of 4-nitrophenol.
Reprinted with permission from ref. 195. Copyright 2018 John Wiley
and Sons.

Scheme 6 Hydrogenation of p-nitrophenol using SG.
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pyrrole were examined. The characterization data exhibited that
the optimal NCNTs-800 had a unique structure with similar
contents of graphitic and pyrrolic N.

The catalytic efficiency of NCNTs-800 was assessed for the
selective reduction of various nitroaromatics, affording excel-
lent selectivity even in the attendance of a fragile iodo group
(Scheme 3). In addition, the catalyst was used in seven succes-
sive runs with a negligible decrease in activity.

In 2019, Hao and co-workers190 introduced a series of N-
doped carbon nanotubes (CNTs) with diverse nitrogen
amounts and species and defects as metal-free catalysts for the
hydrogenation of nitrobenzene (Fig. 4). These catalysts were
obtained via an in situ preparation and post nitridation treat-
ment. The potential active centers of N-doped CNTs were
examined in terms of DFT calculations of H adsorption on CNTs
and N species as well as catalytic activity in the reduction of
nitrobenzene. N-doped carbon nanotubes synthesized by post
nitridation showed good performance, achieving about 60%
conversion of nitrobenzene and around 90% selectivity for
aniline. Also, the catalyst afforded stable product yield during
six runs. Pyrrolic N species in the N-doped CNTs were found to
Scheme 7 Reduction of nitrobenzenes catalyzed by P-CNT.

© 2021 The Author(s). Published by the Royal Society of Chemistry
be active sites for hydrogen activation using chemisorption and
dissociation of molecules of hydrogen during the reaction.

Other metal-free N-CNTs were prepared with a pyrolysis
process using protoporphyrin IX or melanin as the dopant by Li
et al.16 (Fig. 5). Multiwalled carbon nanotubes with diverse
diameters were used as the catalyst, and their efficiency was
compared with carbon black and graphene. The amount of
graphitic N was efficiently controlled by changing the heating
rate during the carbonization process. The characterization
data showed that the N heteroatoms remarkably destroyed the
carbon skeleton of CNTs, resulting in a reduction in the crys-
tallinity. The synthesized N-CNTs were assessed for the reduc-
tion of 4-nitrophenol to 4-aminophenol under 120 �C and 2MPa
H2 and N-CNTs with outer diameters of #20 nm fabricated
using melanin at 800 �C indicated remarkable enhanced cata-
lytic performance. The applicability and chemoselectivity of the
optimal catalyst were further explored for a wide variety of
substituted nitroarenes including electron-withdrawing and
electron-donating and groups and products were afforded in
high yield and selectivity (Scheme 4). The authors found a good
correlation between the graphitic N amount of N-CNTs and
catalytic performance. Moreover, recycling tests displayed that
the catalyst was highly stable without the loss of its catalytic
activity aer six times.

Xi and co-workers191 described a simple one-pot hydro-
thermal synthesis procedure for the preparation of an effective
nitrogen-doped holey graphene (NHG), in which graphene
oxide was served as a starting material, NH3 as a nitrogen
source, and hydrogen peroxide as etching agent (Fig. 6). During
the formation of this carbocatalyst, several reactions could
happen. GO nanosheets were self-assembled, reduced, chemi-
cally etched, and simultaneously doped with N.

This carbocatalyst with high N loading, unique hierarchical
porous structure, large specic surface area, and good hydro-
philicity exhibited an excellent catalytic activity for the reduc-
tion of ve organic dyes (MB, RhB, CR, MO, and 4-NP) in the
presence of NaBH4 as a reductant in aqueous solution at
ambient temperature. The authors also extended the applica-
tion of the NHG to the hydrogenation of different substituted
nitrobenzenes to study its applicability. These reactions were
performed using NaBH4 in H2O/EtOH mixture at ambient
temperature and provided the corresponding anilines in superb
yields (Scheme 5). In 4-NP reduction, the catalyst delivered
a TOF higher than those of the many noble-metal-based cata-
lysts, commercial Pd/C, and other previously reported
carbocatalysts.

Yuan et al.192 reported sol–gel routes to synthesize two N-
doped porous carbon materials (NC-1 and NC-2) using
sucrose and citric acid as carbon precursors and in situ-formed
RSC Adv., 2021, 11, 23725–23778 | 23733
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Fig. 9 Preparation of PV-carbon catalyst. Reprinted with permission from ref. 198. Copyright 2017 John Wiley and Sons.
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aluminophosphate framework as a template (1 and 2 are the P/
Al ratios in the starting CA/AlPO composite). These materials
acted as highly effective metal-free catalysts for the hydroge-
nation of nitrobenzene in an aqueous solution using sulde
and showed much superior catalytic efficiency in comparison
with graphite oxide or carbon black catalysts reported in the
literature. In addition, NC-2 displayed better removal perfor-
mance compared with NC-1 material. Also, Both NC-1 and NC-2
were reused for more than ve cycles. The presence of
numerous nitrogen- and oxygen-containing functional groups
on the surface of the N-doped carbon improved their catalytic
activity. Furthermore, other features of these catalysts such as
tunable surface polarity, enhanced electron transfer ability, and
Scheme 8 Reduction of nitroarene compounds catalyzed by PV-900.

23734 | RSC Adv., 2021, 11, 23725–23778
large surface area, were key parameters in increasing their
catalytic performance.

In 2017, a well-dened 3-D N-doped graphene foam (3D-
NGF) was reported by Liu et al.193 For the preparation of 3D-
NGF, the achieved graphene oxide was spread in H2O by soni-
cation and frozen with liquid N. In the following, the resultant
material was processed in a vacuum freeze-drying apparatus for
2 days to prepare GO foam. Finally, the GO form was treated
with the mixture gas of 50% NH3 and 50% Ar owing at 750 �C
for 2 h. The 3D-NGF demonstrated high catalytic activity and
excellent durability toward the reduction of p-nitrophenol to p-
aminophenol because of the 3D foam-like structure as well as
the synergistic effect between the nitrogen-doping, leading to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Hydrogenation of nitroarenes using B-OLC-2 and B-CNTs-2

Substrate Product Catalyst Con. (%) Sel. (%)

B-OLC-2 >99 96.5
B-CNTs-2 >99 97.3

B-OLC-2 >99 94.5
B-CNTs-2 >99 96.3

B-OLC-2 >99 93.0
B-CNTs-2 >99 94.9

B-OLC-2 >99 96.2
B-CNTs-2 >99 97.1

B-OLC-2 >99 96.8
B-CNTs-2 >99 97.4

B-OLC-2 >99 95.4
B-CNTs-2 >99 93.9

B-OLC-2 >99 93.2
B-CNTs-2 >99 92.9

B-OLC-2 >99 8902
B-CNTs-2 >99 90.3

B-OLC-2 >99 94.2
B-CNTs-2 >99 93.1

B-OLC-2 >99 89.2
B-CNTs-2 >99 90.3

B-OLC-2 >99 91.9
B-CNTs-2 >99 90.2

B-OLC-2 >99 88.4
B-CNTs-2 >99 90.9

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 23725–23778 | 23735
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Table 2 (Contd. )

Substrate Product Catalyst Con. (%) Sel. (%)

B-OLC-2 >99 92.2
B-CNTs-2 >99 91.2

B-OLC-2 >99 96.9
B-CNTs-2 >99 97.1

B-OLC-2 >99 96.7
B-CNTs-2 >99 97.1

B-OLC-2 >99 90.2
B-CNTs-2 >99 90.6

B-OLC-2 >99 96.1
B-CNTs-2 >99 95.3

B-OLC-2 >99 97.2
B-CNTs-2 >99 97.0

B-OLC-2 >99 97.9
B-CNTs-2 >99 98.0
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change in electronic property. Also, the 3D structure can effi-
ciently inhibit the agglomeration of the graphene, and thus
provides an effective interface for the hydrogenation to take
place.

Dai and colleagues194 developed a hydrothermal strategy for
the fabrication of N-doped reduced graphene oxide meshes
from pristine GO sheets in the presence of NH4OH as a nitrogen
source at elevated temperature (Fig. 7). The N-RGO meshes
functioned as an active catalyst to reduce 4-nitrophenol.

These N-RGO meshes demonstrated new catalytic behaviors
of dramatically increased catalytic efficiency, adjustable catalytic
kinetics and reusability, and strikingly reduced activation energy.
Such catalytic features were attributed to the synergetic effects
between graphitic N atoms and structural defects resulting from
the selective etching of nanopores. Also, the N-RGO meshes were
capable to conduct reactions in continuous ow.

In 2017, Wang and Chen195 used the N-doped carbon (N-C)
catalytic system derived from ZIF-8 as a precursor and
23736 | RSC Adv., 2021, 11, 23725–23778
sacricial agent for the reduction of 4-nitrophenol to 4-amino-
phenol (Fig. 8). Compared to some of the previously metal
catalysts, N-C showed good performance, high durability, recy-
clability, and minimal pollution. The N-C catalysts synthesized
through carbonization at various temperatures possessed
diverse catalytic performance as well as different N amounts.
Among them, N-C800 with the highest pyridine nitrogen
amount displayed superior catalytic performance.

In 2017, Wang and co-workers196 developed a new protocol to
prepare sulfurized graphene (SG) nanomaterials through a ball-
milling approach. The activity of SG with a uniform dispersion
of S and ake-like morphology was tested in the hydrogenation
of p-nitrophenol to p-aminophenol in the attendance of sodium
borohydride as the reductant (Scheme 6). The catalytic mecha-
nism of SG was examined by density functional theory (DFT).
The effects of the kinetic parameters including reaction
temperatures, catalyst amounts, initial reducer concentrations,
and various initial p-NP concentrations were investigated.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Preparation of S,N co-doped hollow carbon nanotubes. Reprinted with permission from ref. 200 Copyright 2016 John Wiley and Sons.

Fig. 11 Preparation of PDNSC-X catalyst. Reprinted with permission from ref. 201. Copyright 2020 Royal Society of Chemistry.

Scheme 9 Hydrogenation of nitrobenzenes using PDNSC-800.
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Moreover, the thermodynamic factors such as activation
entropy and enthalpy were calculated.

The use of phosphorus-doped carbon nanotubes (P-CNT) as
a catalyst in the reduction of nitrobenzene to aniline using H2 as
a reducer was described by Chen and co-workers197 in 2019.

Furthermore, diversely functionalized nitroarenes with
broad industrial interests were successfully converted into
relevant products with superb yields and selectivities (Scheme
7). P-CNT was synthesized by pyrolysis a mixture of CNT,
Ph4PCl, and K2CO3 at 900 �C under N2 atmosphere for 2.0 h.
Besides, recycling tests of the P-CNT displayed that the catalyst
was highly durable andmaintained its activity and selectivity for
up to eight runs. In addition to reduction, catalytic transfer
hydrogenation of aniline was performed with P-CNT by
applying various hydrogen sources such as formic acid/triethyl
© 2021 The Author(s). Published by the Royal Society of Chemistry
amine (HCOOH/Et3N), carbon monoxide/water (CO/H2O), and
hydrazine hydrate (N2H4$H2O).

In another study, polymerization and carbonization of phytic
acid were described by Zou and co-workers198 to fabricate
carbon catalyst with an adjustable concentration of P-dopant
and lattice defect (Fig. 9). The as-prepared catalyst (PV-900)
exhibited excellent performance, outstanding selectivity, and
durability in the reduction of nitroarene compounds (Scheme
8), much higher than nickel, metal-oxide, and carbon-based
catalysts which were recently reported. DFT calculations indi-
cated that the combination of lattice defect and P-dopant in
carbon can change the band structure as a metal-like and cause
remarkable electron delocalization, and thus easily activate
both nitro group and H2. Additionally, the reduction efficiency
was linearly dependent on the defect concentration and P-
doping.
RSC Adv., 2021, 11, 23725–23778 | 23737
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Su et al.199 synthesized two kinds of boron-doped carbon
materials (carbon nanotubes (B-CNTs) and onion-like carbon
(B-OLC)) through high-temperature carbonization of acid-
treated CNTs or nanodiamond and boron acid as B precursor.
The catalytic performances of the catalysts were surveyed in the
hydrogenation of nitroarenes (Table 2) and compared with
pristine CNTs and OLC samples. The results showed that
substitutional boron species BC3 played an important role in
increasing the catalytic activity and efficient application of
hydrazine hydrate.
Fig. 12 Preparation of BNG. Reprinted from ref. 202. Royal Society of C

Scheme 10 Hydrogenation of nitroarenes catalyzed by BNG-800.

23738 | RSC Adv., 2021, 11, 23725–23778
Song and colleagues200 developed a “solid dual-ions-
transformation reaction” strategy to prepare environmentally
friendly S,N co-doped hollow carbon nanotubes (Fig. 10). The
procedure used for the fabrication of S,N co-doped hollow
carbon nanotubes involved three steps: the preparation of CdS
nanowires as both source of sulfur and hard template; in situ
self-polymerization of dopamine on the surface of CdS (PDA
acted as the sources of N and C as well as the reductant); and
carbonization. Sulfur and nitrogen amount in the nal mate-
rials could be simply adjusted by altering the carbonization
hemistry.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Preparation of B-NPC. Reprinted with permission from ref. 203. Copyright 2019 Elsevier.

Scheme 11 Reduction of p-NP catalyzed by B-NPC-1200.
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temperature. The catalytic activity of S,N co-doped carbon
nanotubes was evaluated in the hydrogenation of 4-amino-
phenol at ambient temperature using NaBH4.

In 2020, a convenient two-steps method to fabricate polymer-
derived N,S co-doped carbons (PDNSC-X) was offered by Long
Fig. 14 Preparation of NPG. Reprinted with permission from ref. 204. C

© 2021 The Author(s). Published by the Royal Society of Chemistry
et al.201 The starting material was prepared from polymerization
of trithiocyanuric acid, glyoxal, and melamine. Then, the
pyrolysis of synthesized polymer containing numerous S and N
active species as a precursor at four different temperatures (600,
700, 800, and 900 �C) under N2 atmosphere afforded PDNSC-X
materials (Fig. 11). PDNSC-800 displayed outstanding catalytic
performance and high selectivity toward the hydrogenation of
a broad variety of functionalized nitrobenzenes (Scheme 9) as
well as the selective oxidation of ethylbenzene duo to the
abundant N- and S-containing active sites, a hierarchically
porous structure, synergistic effects of a high surface area, and
defect formation. In addition, the PDNSC-800 catalyst exhibited
high durability and reusability in both reactions even aer eight
runs. Also, this study claried the relationship between the
opyright 2018 Elsevier.

RSC Adv., 2021, 11, 23725–23778 | 23739
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Scheme 12 Hydrogenation of nitroarenes catalyzed by NPG. Scheme 13 Reduction of p-NP in the presence of NPC.
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different doped atoms in N,S co-doped catalysts and superb
selectivity in non-metallic catalytic synthesis.

In 2018, Li et al.202 employed ball-milling and thermal
methods for the preparation of B and N co-doped graphene-like
carbon (BNG) materials (Fig. 12). To prepare BNG catalysts,
initially, the edge-selectively functionalized graphene nano-
platelets (EFGnPs) were synthesized using ball milling of the
pure graphite, and then the obtained EFGnPs and boric acid
were pyrolyzed in various temperatures. The catalytic perfor-
mance of these materials was tested in the reduction of 4-
chloronitrobenzene to 4-chloroaniline and among them, BNG-
800 was the best catalyst (was much more active than other
catalysts). Authors found that the type of B species possessed
a great inuence on the reaction and the BNG bearing the most
B/N showed the best catalytic efficiency, demonstrating that the
doped B/N in BNG was one of the important active centers in
promoting this reaction.

The scope of the reaction was explored for a broad range of
functionalized nitroarenes; high levels of yield were observed
for the corresponding anilines under the optimized reaction
conditions (Scheme 10).

Also, the BNG-800 could be easily and effectively reused for
six successive cycles without the formation of dehalogenation
products for halogen-substituted nitroarenes.

In 2019, Chung and co-workers203 reported the synthesis of
three-dimensional boron and nitrogen heteroatom-doped
porous carbons (3DBNPCs) through carbonization of the
mixture of nitrogen-doped porous carbons (NPC) (derived from
Fig. 15 Preparation of NPC. Reprinted with permission from ref. 186. C

23740 | RSC Adv., 2021, 11, 23725–23778
ZIF-8) and boric acid at different temperatures (Fig. 13). As
fabricated B-NPC-1200 exhibited superior catalytic prowess in
the hydrogenation of p-NP (Scheme 11) with a high reaction rate
constant and low activation energy. The doping of boron atoms
into nitrogen-doped 3D porous carbon considerably improved
the electrical conductivity and the catalytic activity of B-NPC-
1200. Also, the synergistic effects between oxygen, boron, and
nitrogen atoms could create the strongly active sites that were
responsible for the lowering of the activation energy in the
structure of the catalyst.

The B-NPC-1200 was further applied for the reduction of
various nitro aromatics. Besides, the catalyst could be reused in
ve successive cycles without an obvious decrease in its activity.
The authors suggested that the content and type of boron
precursor can inuence the structure of catalyst including
properties and morphologies.

In 2018, Xi and coworkers204 described an effective and facile
route to prepare N,P-dual-doped graphene (NPG) carbocatalyst.
opyright 2020 Elsevier.

Scheme 14 Hydrogenation of nitroarenes catalyzed by ONPC.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Preparation of N@CBC-FE catalysts. Reprinted with permission from ref. 206. Copyright 2021 Elsevier.
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The synthesis process consisted of oxidation of graphite
powders, microwave exfoliation of graphite oxide, and nally,
annealing of microwave-exfoliated graphite (MEG) and hexa-
chlorocyclotriphosphazene (HCCP) mixture under an inert
atmosphere at 700 �C (Fig. 14). HCCP functioned as both P
and N sources. NPG showed excellent efficiency, selectivity,
durability, and good reusability toward hydrogenation of 4-NP
in aqueous media.

The catalytic performance was higher compared with other
carbocatalysts based on graphene and even similar to that of
commercial Pd/C (5%) and many previously reported noble
metal-based catalysts.

Furthermore, the application of NPG catalyst could be
extended to the hydrogenation of other substituted nitroarenes
(Scheme 12).
Fig. 17 Preparation of NC. Reprinted with permission from ref. 207. Co

© 2021 The Author(s). Published by the Royal Society of Chemistry
Recently, Pu and co-workers186 reported the synthesis of
a metal-free catalyst containing nitrogen and phosphorus co-
doped carbon (NPC) material (Fig. 15). The abundant and
benign a-cellulose crystallite served as a carbon source, while
ammonium phosphate supplied the nitrogen and phosphorus
components. The sample was fabricated through the mixing of
precursors, freeze-drying followed by pyrolyzing under nitrogen
at 800 �C. The catalytic efficiency of the heterogeneous
cellulose-derived N/P-doped carbon material with ake-like
morphology was assessed for the reduction of p-NP (Scheme
13), affording high TOF of 2 � 10�5 with an apparent kinetic
rate constant of 0.0394 min�1, activation energy of
21.55 kJ mol�1, and excellent yield because of the synergistic
effect of phosphorus and nitrogen dopants.

Structural engineering of carbon-based materials is an
innovative method to adjust their chemical and physical
pyright 2021 Elsevier.
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Fig. 18 Preparation of ZIF-8/SAC composite. Reprinted with permission from ref. 209. Copyright 2018 Springer Nature.
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features, which are directly attributed to their catalytic
behaviors.

An environmentally benign and inexpensive procedure was
disclosed to obtain oxygen and nitrogen co-doped porous
carbon (ONPC) using coal tar- and residual oil-derived asphal-
tene as starting material, by Shen and colleagues205 in 2018.
Firstly, the synthesized asphaltene as parent carbon was
oxidized by HNO3 to dope O groups and next activated using
Fig. 19 Preparation of NP-C600. Reprinted with permission from ref. 2

23742 | RSC Adv., 2021, 11, 23725–23778
potassium hydroxide combined with urea to introduce N
species. The resulting ONPC was able to catalyze the hydroge-
nation of nitroarenes to corresponding anilines in the presence
of hydrazine hydrate (Scheme 14). This catalyst indicated
a signicantly better catalytic activity relative to carbon black,
activated carbon (AC), and un-doped porous carbon (PC), owing
to co-doping of two different atoms (O and N), developed pore
structure, and huge surface area. Experimental studies using
13. Copyright 2019 Elsevier.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 20 Preparation of S and N co-doped mesoporous carbon. Reprinted with permission from ref. 215. Copyright 2018 Elsevier.
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model catalysts conrmed that C]O groups were more favor-
able oxygen active species for the reduction of nitrobenzene.
When N atoms were introduced into PC, the generated nitrogen
species synergistically cooperated with oxygen groups, resulting
in high catalytic activity.

2.3.2 Hydrochlorination reactions. Pérez-Ramı́rez and co-
workers167 presented an innovative method to synthesize N-
doped carbons derived from polyaniline with adjustable elec-
trical conductivity at dened nitrogen distribution and content
and porous properties. Using these model catalysts in hydro-
chlorination of acetylene, authors provided insights into the
reaction mechanism and the active sites and revealed key
Fig. 21 Preparation of nitrogen-doped nanocarbon (NDN) materials.
Chemical Society.

© 2021 The Author(s). Published by the Royal Society of Chemistry
catalytic descriptors in this reaction: (1) high electrical
conductivity presumably inuences the surface diffusion of
adsorbed species, and (2) the adsorption of the substrates
increases with increasing content of N species of pyrrolic. To
achieve maximum catalytic efficiency, the interplay between
these two properties must be attentively controlled because
enhancing the electrical conductivity results in a decreased
nitrogen content.

In a very recent study, Zhang et al.206 developed N-doped
activated carbon-based catalysts for acetylene hydro-
chlorination through a melamine/formaldehyde/polyvinyl
alcohol (PVA) coating pyrolysis approach (Fig. 16) and
Reprinted with permission from ref. 217. Copyright 2019 American
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investigated the effects of the synthesis parameters, such as the
calcination temperature of the precursors, mass ratio of AC to
melamine, the content of PVA, and the molar ratio of formal-
dehyde to melamine. The results of various analyses demon-
strated that N species of graphitic-N and pyridinic-N and defect
sites were the main reasons for high catalytic efficiency with
a conversion of acetylene up to 75% and gas hourly space
velocity of 50 h�1 under 220 �C in 120 h. Also, the numerous
mesopores of catalyst retarded the process of deactivation and
accelerated the reactants transfer.

Recently, a simple method for the preparation of a series of
carbon materials with rich C defects and high nitrogen content
was developed by Zhu and colleagues207 (Fig. 17). These mate-
rials were synthesized through polymerization of diaminopyr-
idine by ammonium persulfate and followed by pyrolysis in
different temperatures and were employed as a catalyst for
hydrochlorination of acetylene. NC-800 displayed outstanding
activity and durability with acetylene conversion of 98%, C2H2

GHSV ¼ 30 h�1 under 220 �C. The exceptional catalytic perfor-
mance of NC-800 was related to strong C2H2 and HCl adsorp-
tion, a high defect amount, a large specic surface area and
a good level of active pyridine and pyrrole N contents.

Li and co-workers208 fabricated a series of nitrogen-doped
carbon materials derived from ZIF-8 by adding melamine to
tune the N content. The catalytic application of these samples
was investigated in acetylene hydrochlorination and the opti-
mized Z4M1 with the appropriate pore structure and the largest
specic surface areas exhibited the highest acetylene conver-
sion under 180 �C and, C2H2 GHSV of 50 h�1, indicating
a promising non-metallic catalyst for this reaction. According to
Table 3 Oxidation of phenols to relevant p-benzoquinones using NBND

23744 | RSC Adv., 2021, 11, 23725–23778
TG analysis, the authors suggested that coke deposition was
a reason for the deactivation of the catalysts, and the coke
deposition gently enhanced with the increasing content of N.

Li and co-workers209 utilized MOF-derived N-doped carbon
composites as efficient catalysts in the acetylene hydro-
chlorination and the optimal 17% ZIF-8/SAC afforded VCM in
good yield and high selectivity. These catalysts were prepared
through in situ preparation of ZIF-8 in the pores of spherical
activated carbon (SAC) (with different contents), followed by
calcination at 950 �C to tune the morphology and catalytic
performance (Fig. 18). Bamboo-shaped CNTs with a mean
diameter of 40–80 nm appeared on the modied SAC surface
could modify the porosity of composites, preventing the
generation of coke deposition and well-dispersed nanoparticles
with a mean size around 10.50 nm could simply form more
active centers and efficiency increase the catalytic performance.

Also, results of TGA and TPD conrmed that the optimal
17% ZIF-8/SAC could increase the adsorption of the reactants as
well as prevent the product adsorption, thereby leading to the
reduction in the amount of coking deposition.

In 2017, Wang et al. utilized the ZIF-8-derived N-doped
carbon catalyst calcined at 1000 �C for the acetylene hydro-
chlorination reaction.210 Catalyst showed excellent activity and
outstanding durability (92% acetylene conversion was observed
with a slight decrease during the 200 h test under atmospheric
pressure at 220 �C). Theoretical calculations and experimental
studies indicated that neighboring C atoms of pyridinic N
atoms were active centers and the main reason for the deacti-
vation of catalyst was coke deposition covering pyridinic N.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Oxidation of alcohols to relevant aldehydes using NBND
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Recently, Qi' group211 proposed several sulfur-doped spher-
ical activated carbon (SAC) materials with selecting phenyl
disulde as the S source. The performance evaluation of these
catalysts was performed in the acetylene hydrochlorination
reaction and 9% S/B-SAC displayed preferable catalytic effi-
ciency, in comparison to the blank carrier under 180 �C and
GHSV (C2H2) of 90 h�1.

The characterization data indicated that the presence of S
dopants increased the capability of reactants' adsorption and
prevented the generation of coke deposition. In addition, the
DFT study demonstrated that the incorporation of S atoms
altered charge density created more active centers on a carrier,
and accelerated the electron transfer between reactants and
carrier surface.

In 2015, Zhu and colleagues212 designed a metal-free catalyst
for the hydrochlorination of acetylene.

Boron and nitrogen dual doped on graphene oxide (B, N-G)
catalyst was obtained by calcination of pre-made B-G interme-
diate under 20% NH3/Ar at 900 �C. This catalyst displayed
acetylene conversion considerably superior compared to N- or
B-doped graphene and a little lower than that of Hg and Au
catalysts.
© 2021 The Author(s). Published by the Royal Society of Chemistry
TPD experiments and DFT calculations indicated that the
synthetic effect of N and B codoping could facilitate the
adsorption of HCl, which is the rate-determining step in this
reaction.

In 2019, Zhao and his research team213 described the use
of N,P-codoped carbon-based materials toward hydro-
chlorination of acetylene. For the preparation of these catalysts,
modied ionic liquids (ILs) such as 1-ethyl-3-
methylimidazolium dicyanamide [EMim]+N(CN)2

�] and 1-
ethylsulfonate-3-methylimidazolium dihydrogen phosphate
[ESO3HMim+H2PO4

�] were employed as nitrogen and phos-
phorus sources, respectively (Fig. 19).

The utilization of task-specic ILs can facilitate the uniform
introduction of heteroatoms over the entire carbon-based
samples.

The outstanding and catalytically benecial chemical and
physical properties can be created in the fabricated carbon-
based materials because of the formation of defects as well as
uneven charge distribution caused by the presence of various
heteroatoms.

The catalytic efficiency of these new N,P-codoped carbon-
based catalysts was higher compared to the HgCl2 catalysts
and comparable to that of Au-based catalysts.
RSC Adv., 2021, 11, 23725–23778 | 23745
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Table 5 Oxidation of alkanes using M-G-1.5-800

Substrate Product Conv./% Yield/%

93.8 91.2

97.6 >99

>99 >99

98.7 >99

89.5 60.0

85.4 82.6

73.9 51.8

51.4 48.7

23746 | RSC Adv., 2021, 11, 23725–23778 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 (Contd. )

Substrate Product Conv./% Yield/%

— 26.3

12.3 9.8
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DFT calculations and experimental results conrmed that P
atoms bonded with N in the pyridine structure were responsible
for the preferable catalytic activity of the NP-C600 catalyst.

In 2017, Zhu et al.214 used (NH4)2S2O8 (APS) and p-phenyl-
diamine (pPD) as the sulfur and nitrogen sources to construct
several S and N dual-doped carbonmaterials with various molar
ratios of the pPD/APS to catalyze acetylene hydrochlorination.
The authors concluded that the pyrrolic nitrogen amount in the
catalysts changes with the addition of various S amounts,
leading to differences in the catalytic performance. The co-
doping of S with N in the catalysts provided the synergistic
effect for acetylene hydrochlorination. Also, TPD experiments
and DFT calculations revealed that the doping of the S and N-
doped carbon catalysts enhanced the adsorption ability of C2H2.

In 2017, a hard templating approach was utilized by the
research group of Li215 for the preparation of a sulfur and
Fig. 22 Synthesis of N-doped carbons. Reprinted with permission from

© 2021 The Author(s). Published by the Royal Society of Chemistry
nitrogen dual-doped mesoporous carbon using sucrose as the
precursor of carbon and thiourea as precursors of sulfur and
nitrogen in the presence of SBA-15 as the template (Fig. 20).
Acetylene hydrochlorination reaction was selected to survey the
catalytic efficiency of the resulting material. The authors found
that doping of sulfur could effectively improve the pyridinic N
content and hence showed increased acetylene conversion
relative to the nitrogen-doped carbon catalyst. Based on the
C2H2 TPD results and high-resolution XPS data, carbon atoms
bonded to pyridinic nitrogen were active centers of catalyst for
the reaction.

In addition, high nitrogen level, mesoporous structure, and
large specic surface area derived from SBA-15 resulted in
superb catalytic durability and preferable catalytic activity of the
co-doped catalyst processed in NH3.
ref. 222. Copyright 2016 Royal Society of Chemistry.
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Scheme 15 Oxidative coupling of amines.

Scheme 16 Oxidation of cyclohexane using carbon materials.

Scheme 17 Aerobic toluene oxidation using carbon materials.
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2.3.3 Oxidation reactions. In 2019, Yu and his research
team216 fabricated N-doped carbon nanotubes by wrapping
CNTs with a N-doped carbon layer using pyridine as N sources
through the chemical vapor deposition (CVD) technique.
NCNTs were applied for the epoxidation of styrene by tert-butyl
hydroperoxide (TBHP) as an oxidant. When the nitrogen
Fig. 23 Preparation of (i) NH2-rGO(x) and (ii) N-G samples. Reprinted wit

23748 | RSC Adv., 2021, 11, 23725–23778
content was lower than 3.51%, a remarkable catalytic activity
was observed, while at higher nitrogen contents, activity
decreased. The authors justied this behavior with density
functional theory calculations.
h permission from ref. 223. Copyright 2017 Royal Society of Chemistry.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 24 Preparation of NCNF. Reprinted with permission from ref. 224. Copyright 2019 Royal Society of Chemistry.

Table 6 Oxidation of arylalkanes using NCNF as the catalyst

Substrate Product Con. (%) Sel. (%)

78 4 : 1

96 99

97 99

99 1 : 2.85

99 99

99 99

96 20

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 23725–23778 | 23749
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When NG and NP were quite close, a synergistic effect was
displayed between them, which was unbenecial for the cata-
lytic performance because of the very high energy barriers.

Lin and colleagues217 reported an effective and simple CVD-
like method to synthesize four N-doped nanocarbon (NDN)
catalysts (including nitrogen-doped onion-like carbon (NOLC),
nitrogen-doped oxidized bucky nanodiamond (NOBND),
nitrogen-doped CNTs (NCNTs), and nitrogen-doped bucky
nanodiamond (NBND)) with enriched pyridinic nitrogen
conguration and without any graphitic N species (Fig. 21).
Both the ammonia gas and pyrimidine vapor were employed as
the N precursors at a relatively low calcination temperature.
NBND showed high catalytic prowess towards the oxidation of
phenols (Table 3) and complicated alcohols (Table 4) with H2O2,
O2, or TBHP as oxidants. The authors also indicated the acti-
vation mechanisms and potential roles of N species using
aromatic molecules with single N species as probe catalysts.
They found that pyridinic nitrogen species played a key role in
catalytic reactions.

Wang et al.218 reported the preparation of a series of
nitrogen-doped graphene materials and their catalytic perfor-
mance as metal-free catalysts for oxidation of organic pollutants
(p-hydroxyl benzoic acid (PHBA), furfuryl alcohol (FFA), and
phenol) through activation of peroxymonosulfate (PMS). N-
doped graphenes were fabricated by pyrolyzing MIL-100 (Fe)
in the presence of three various nitrogen precursors (urea,
melamine, and dicyandiamide) and subsequent acid digestion
to eliminate Fe. The specic surface area of catalysts and N
doping were important factors affecting the activity of pollut-
ants removal. The mechanism was studied by both quenching
experiments (EtOH and NaN3 as the radical scavengers) and
electron paramagnetic resonance (EPR, 2,2,6,6-tetramethyl-4
piperidinol, and 5,5-dimethyl-1-pyrroline N-oxide as the trap-
ping agents). Also, furfuryl alcohol and benzoic acid were used
as probing reagents for singlet oxygen and hydroxyl/sulfate
radicals, respectively. Overcomes affirmed that singlet oxygen
was formed and inuenced the degradation of the pollutant on
Fig. 25 Preparation of NC-800. Reprinted with permission from ref. 22

23750 | RSC Adv., 2021, 11, 23725–23778
N-doped graphene instead of hydroxyl/sulfate radicals regard-
less of N precursors.

By employing fructose, glucose, and 5-hydroxymethylfurfural
(5-HMF) as inexpensive and widely available precursors, the
Wen group219 prepared the three kinds of N-doped graphene-
like carbon (NG) catalysts via a pyrolysis process. Among
them, when 5-HMF was utilized, a thin-layered structure with
a large lateral dimension was obtained. Also, the NG derived
from 5-HMF demonstrated better efficiency in epoxidation
reactions than those of the conventional carbon catalysts and
its performance was even comparable to that of a cobalt
catalyst.

EPR, TEM, and XPS analyses displayed that the increased
catalytic performance arose from the activation ability both for
O2 and alkene, which could be ascribed to the graphitic N
species and graphitic layered structure.

Sun and co-workers220 utilized a simple route for the prepa-
ration of nitrogen-doped reduced graphene oxide (N-rGO)
through simultaneous reduction and introduction of nitrogen
on GO using ammonium nitrate as N precursor at various
temperatures from 300 to 400 �C. The performances of these
metal-free N-rGO materials as green catalysts were studied in
the aqueous oxidation of phenol solutions by catalytic activa-
tion of peroxymonosulfate (PMS).

Characterization data showed that the chemical composi-
tions and crystal/micro-structures of samples are dependent on
the thermal annealing temperature. Authors concluded that the
improvement of phenol degradation using N-rGO at calcination
temperatures between 300 and 325 �C was due to the N
heteroatom, whereas these improved performances for N-rGO
at calcination temperatures between 350 and 400 �C were due
to both relatively high specic surface area and N heteroatoms.

Using melamine and biomass (such as lignin, glucose, and
cellulose) as the nitrogen and carbon sources, and the mixture
of KCl/ZnCl2 as the solvent and porogen, Liu group221 fabricated
a series of mesoporous nitrogen-doped carbons (NDCs) with
specic surface area up to 1800 m2 g�1 and N content up to
11.9% based on a “Salt Templating” synthesis method. The M-
5. Copyright 2019 Royal Society of Chemistry.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 7 The imines synthesis of different amines using NC-800

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 23725–23778 | 23751
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Scheme 18 Aerobic oxidation of alcohols using the nitrogen-doped
AC catalysts.
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G-1.5-800 (G¼ glucose, 1.5¼mass ratio of melamine to glucose,
and 800 ¼ calcination temperature) with nitrogen loading of
11.4% indicated high activity toward alkanes oxidation in the
presence of tert-butyl hydroperoxide (TBHP) as the oxidant in
the aqueous phase (Table 5). In addition, NDCs were applied as
ideal supports to stabilize noble metal nanoparticles (e.g., Rh,
Ru, Pt, and Pd).

A facile two-step synthetic method including pyrolysis-
etching of ZIF-67 was reported by Li and Wang222 for the prep-
aration of highly graphitized N-doped mesoporous carbon
Scheme 19 Synthesis of nitriles in the presence of meso-N/C-900.

Fig. 26 Preparation of foam-like carbon monoliths. Reprinted with perm

23752 | RSC Adv., 2021, 11, 23725–23778
materials (Fig. 22). High contents of sp2-bonded carbons, large
pore volumes, and specic surface areas, and abundant meso-
pores were realized aer chemical etching of the in situ gener-
ated Co nanoparticles. Also, the sizes of mesopores could be
controlled through the adjustment of pyrolysis temperature.
These N-doped carbons as metal-free catalysts exhibited effec-
tive catalytic activities and strong durability in several oxidation
reactions like the oxidative coupling of amines (Scheme 15),
aerobic oxidation of cyclohexane (Scheme 16) as well as toluene
(Scheme 17).

Characterization results suggested that the uniform distri-
bution of doped graphitic-type N and the available mesopores
created by etching were responsible for the outstanding effi-
ciency of these catalysts.

In 2017, Rizescu and co-workers223 reported two different
types of N-containing graphenes. One of the types was prepared
through simultaneous reduction of graphene oxide (GO) as
starting material and amination with ammonia at three various
concentrations. The second type was fabricated by pyrolysis of
chitosan at 900 �C under an inert atmosphere (Fig. 23). The
ission from ref. 229. Copyright 2020 Elsevier.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Oxidation of ethylbenzene and pyridine compounds using N-doped carbon foama

Substrate Product
Conversion
(%)

Selectivity
(%)

93 91

84 >99

64 >99

>99 >99

24 >99

a TBHP as oxidant, H2O as solvent at 80 �C.

Scheme 20 Aerobic oxidation of HMF using N-doped porous carbon-
700.
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performance of these two N-doped Gs was tested for the selec-
tive wet oxidation of glucose to succinic acid. These protocols
afforded good selectivities and excellent glucose conversions
under O2 pressure at 160 �C.
Fig. 27 Preparation of ALPC and ALBC. Reprinted with permission from

© 2021 The Author(s). Published by the Royal Society of Chemistry
Graphenic-type N atoms on graphene were responsible for
these performances. Notably, catalysts could be reused for four
runs without any decline in selectivity and conversion of the
process.

In 2019, Cao and his research team224 demonstrated the
preparation of the N-doped carbon nanobers (N-CNF) via one-
step carbonization of urea and bacterial cellulose as low-cost
raw materials (Fig. 24).

The obtained N-doped carbon nanobers indicated excellent
selectivity, activity, and good reusability for oxidation of ary-
lalkanes in aqueous solution in the presence of tert-butyl
ref. 231. Copyright 2020 Springer Nature.

RSC Adv., 2021, 11, 23725–23778 | 23753
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Table 9 Oxidation of different aromatic alkanes catalyzed by ALPCa

Substrate Product Con. (%) Sel. (%)

93 99

15 94

54 98

25 98

65 98

83 93

81 89

a ALPC as a catalyst, TBHP as an oxidant at 80 �C.
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hydroperoxide (TBHP) (Table 6), because of the great nitrogen
content, large specic surface area, as well as interconnected
nanobrous structure. Moreover, the catalytic performance of
N-CNF was well maintained even when O2 was used as an
oxidant.

A porous multifunctional and environmentally friendly N-
doped carbon catalyst for the oxidation of amines and trans-
fer hydrogenation of nitriles was developed by Li et al.225

(Fig. 25) and diverse substrates were efficiently transformed to
the relevant products under the mild conditions using 15 mg
NC-800 (Table 7) due to the outstanding surface area and
abundant active sites. In particular, this catalyst retained the
initial catalytic efficiency at least seven times, which is compa-
rable with metal catalysts. According to experimental and
Scheme 21 Oxidation of HMF catalyzed by PCNx.

23754 | RSC Adv., 2021, 11, 23725–23778
characterization data, the authors concluded that graphite-N
atoms are the main active site in NC-800.

Via treatment of activated carbon (AC) with hydrogen
peroxide and ammonia, several N-doped carbons were synthe-
sized by Arai et al.226 The nature and content of species of
nitrogen were investigated by XPS analysis to determine the
genesis of active species. Graphitic-N species were remarkable
to form active sites on the surface of activated carbon.

These catalysts were found to be efficient for the oxidation of
alcohols like 5-(hydroxymethyl)-2 furaldehyde, cinnamyl
alcohol, and benzyl alcohol (Scheme 18) and, in some cases,
even more, selective than those of conventional carbon-
supported Ru and Pt catalysts.

An attractive catalytic application of nitrogen- and oxygen-
doped activated carbon was also disclosed by the same
Scheme 22 Oxidation of HMF over NC-950.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 23 Oxidation of HMF catalyzed by NG.

Scheme 24 Oxidation of glycerol catalyzed by N-CNTs.
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research team.227 N-doped AC could catalyze the hydrogenation
of nitrobenzene using hydrazine but not phenylacetylene. Phe-
nylacetylene hydrogenation could take place when nitroben-
zene existed in the reaction mixture. The authors believed that
synergistic effects between nitrogen and/or oxygen species of
surface and nitrobenzene could accelerate the adsorption of
phenylacetylene and thus allowed its hydrogenation.

A hard templating method was applied by Gao et al.228 for the
preparation of nitrogen-doped nanocarbons with a mesoporous
structure and a large surface area using polypyridyl ligand 4,5-
diazauorene-9-one azine (DAA) as carbon and nitrogen
precursor in the presence of SiO2. The achieved meso-N/C-900
indicated good efficiency, selectivity, and reusability toward
the aerobic oxidative preparation of nitriles from various alco-
hols by aqueous ammonia (Scheme 19) due to the efficient
pyridinic/pyrrolic-N doping as well as the available mesopores.

In 2019, Wang and co-workers229 reported the fabrication of
an N-doped and nanober-based porous carbon foam through
a simple and effective self-foaming method, followed by the
carbonization process (Fig. 26). In this method, formaldehyde
and resorcinol were utilized as carbon sources and CO2-rich
ethanolamine (EAC) served as the polymerization catalyst, N
source, and foaming agent.

EAC played a critical role in initiating polymerization on the
interfaces of bubbles as well as in the release. The hierarchical
Scheme 25 Oxidation of 5-HMF using NC-700.

© 2021 The Author(s). Published by the Royal Society of Chemistry
porous structures provided accessible active sites with high
surface area sites while doping with nitrogen changed the
electronic properties of the carbon. The N-doped carbon foam
was able to catalyze the selective oxidation of C–H in ethyl-
benzene and benzyl pyridines under atmospheric pressure in
water in the presence of tert-butyl hydroperoxide (TBHP) as an
oxidant (Table 8). Also, the synthesized carbon foam exhibited
good catalytic activity in the scale-up test.

The use of N-doped porous carbons, as catalysts in the
selective aerobic oxidation of 5-hydroxymethylfurfural (HMF),
was described by Wang and co-workers230 in 2019. To prepare
these materials, chitosan as a natural N-containing macromol-
ecule was pyrolyzed in the presence of K2CO3 as an activator at
temperatures ranging from 600 to 900 �C. The N-doped porous
carbon at 700 �C exhibited the best catalytic efficiency, affording
2,5-diformylfuran (DFF) in excellent yield and selectivity under
2.0 MPa O2 at 120 �C, for 7.5 h (Scheme 20). Based on the XPS
data, graphitic N atoms on the catalyst's surface were essential
for the activation of O2 to generate radicals of oxygen that
simplied the oxidative dehydrogenation of HMF.

Sun and co-workers231 synthesized two nitrogen-doped
porous carbon materials through direct carbonization of the
petioles and blades of apricot leaves at 800 �C for 2 h under N2

ow without adding nitrogen precursors (denoted as ALPC and
ALBC) (Fig. 27). Characterization results indicated that as-
obtained compounds were similar in graphitization degree
and element composition, but differ signicantly in pore
volume and surface area. Such differences can arise from the
different contents of proteins, vascular bundles, and inorganic
salts in blades and petioles. The catalytic behavior of ALPC and
ALBC was evaluated in the oxidation of ethylbenzene and ALPC
Scheme 26 Oxidation of D-xylose in the presence of NC-800-5.

RSC Adv., 2021, 11, 23725–23778 | 23755
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Fig. 28 Preparation of NC catalysts. Reprinted ref. 237. Elsevier.

Fig. 30 Preparation of (S)G. Reprinted with permission from ref. 92.
Copyright 2015 Elsevier.
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showed higher catalytic activity owing to the high surface area,
and high mean pore size, as well as doped N species. Addi-
tionally, the catalytic performance of ALPC was also investigated
in the oxidation of different aromatic alkanes and products
obtained with high selectivities and diverse yields (Table 9).
Furthermore, the ALPC could be used for 5 cycles with a negli-
gible reduction in efficiency presumably owing to the loss of
catalyst during the recycling process. The authors noted that the
carbon catalysts derived from the blades and petioles of parasol
tree leaves and poplar leaves showed the same difference in
reaction. These results can provide guidance for preparing
carbon materials from leaves.

Verma et al.232 reported an effective, sustainable, and inex-
pensive chitosan-derived porous carbon nitride (PCNx) catalyst
Fig. 29 Preparation of nitrogen-doped foam-like carbon catalysts. Repr

Scheme 27 Oxidative coupling of amines catalyzed by SEC.

23756 | RSC Adv., 2021, 11, 23725–23778
originated from marine waste for selective oxidation of 5-
hydroxymethyl-furfural (HMF). The reaction was carried out at
70 �C under ambient air pressure and 2,5-furandicarboxylic acid
(FDCA) was attained in high yield (Scheme 21). The graphitic N
in the catalyst activated the oxygen and played amain role in the
hydrogenation. Additionally, the PCNx showed high reusability,
and no remarkable decrease of efficiency was observed during
the ve consecutive runs.

Chitosan as a renewable, abundant, and inexpensive
precursor was applied by Zhang and colleagues233 for the
manufacturing of nitrogen-doped carbon materials. Also, to
increase the nitrogen loading, urea as a commercially available,
nitrogen-enriched, and cheap co-precursor was added. The
catalytic performance of these materials was largely dependent
on the surface area and the type of N species. The NC-950
indicated the best catalytic efficiency for the nitric acid-
mediated oxidation of 5-hydroxymethylfurfural (HMF) into
2,5-diformylfuran (DFF) at 100 �C in the presence of f molecular
oxygen as the terminal oxidant (Scheme 22). The control tests
demonstrated that rstly, HNO3 accelerated reaction, and O2

was used as a secondary oxidant for recovery of HNO3. Addi-
tionally, the designed material retained its activity and selec-
tivity for six consecutive recycles.

In 2016, Sun and co-workers89 used a facile pyrolysis method
to fabricate high-quality N-doped graphene (NG) nanomaterials
using urea as a nitrogen precursor, glucose as a carbon
precursor, and ferric chloride as both a catalyst and a template.
A relatively high nitrogen doping level and a low oxygen content
inted with permission from ref. 238. Copyright 2021 Springer Nature.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 28 Aerobic oxidation of styrene catalyzed by (S)G.

Fig. 32 Preparation of MCel-PC4(800) and catalytic application in
oxidation of benzyl alcohol. Reprinted with permission from ref. 241.
Copyright 2018 Royal Society of Chemistry.

Scheme 29 Oxidation of benzylic alcohol catalyzed by SG.
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were obtained at a moderate temperature. The achieved NG
effectively catalyzed phenol oxidation by activation of perox-
ymonosulfate (PMS). Electron paramagnetic resonance (EPR)
spectrums showed that both $OH and SO4

�c were formed
during oxidation processes and played key roles in the oxidation
of phenol solutions.

Hou and his research team234 introduced several nitrogen-
doped graphenes with different types and amounts of
nitrogen through thermal treatment of GO under ammonia ow
and their applications were demonstrated in aerobic oxidation
of 5-hydroxymethyl-furfural (HMF) using 2,2,6,6-
tetramethylpiperidin-oxyl (TEMPO) as co-catalyst. An excellent
HMF conversion and very good selectivity of 2,5-diformylfuran
(DFF) were provided at 100 �C under air pressure for 6 h
(Scheme 23). Based on XPS results and other control tests, the
authors found that the graphitic N atoms activated molecular
oxygen. They also concluded that the synergistic effect of NG,
TEMPO, and molecular oxygen was the reason for the improved
catalytic activity. In addition, the apparent activation energy of
N-doped graphene for oxidation of HMF was much lower than
those of conventional metal catalysts supported on active
carbon (Au/C, Pd/C, Pt/C, and Ru/C).

In 2017, Villa et al.235 reported the rst metal-free catalyst for
the oxidation of glycerol to dihydroxyacetone (DHA) in the
Fig. 31 Preparation of SG. Reprinted with permission from ref. 240. Co

© 2021 The Author(s). Published by the Royal Society of Chemistry
presence of TBHP as an oxidant (Scheme 24). Two nitrogen-rich
carbon nanotubes were synthesized through catalytic CVD
technique at 700 and 800 �C by Fe–Mo–Al catalyst prepared
using hydrothermal method and imidazole as nitrogen/carbon
feedstocks. Pyridinic nitrogen groups doped in the carbon
framework were identied as active centers for the reaction that
are probably transformed into pyridine oxime groups generated
by edge oxidation of N-doped active carbon by TBHP. The
catalyst was found to be recyclable for eight successive runs and
provided an environmentally benign method for the trans-
formation of glycerol to DHA.

Quite recently, Xu et al.236 presented the synthesis of cheap
N-doped carbon (NC) materials through pyrolysis of a mixture
of bamboo sawdust, melamine, and K2CO3. The performance of
these materials was studied in the selective oxidation of crude 5-
hydroxymethyl-furfural (5-HMF) achieved from HFCS-90 into
furan-2,5-dicarboxylic acid (FDCA). According to the character-
ization data and activity tests, the rate of generation of product
was greatly dependent on the lattice defects in the carbon
framework, the graphitic N content, and the pyrolysis temper-
ature of the catalyst. The NC-700 catalyst afforded full HMF
conversion and 83% FDCA yield under the optimized reaction
conditions (2 MPa O2, 160 �C, and 6 h) (Scheme 25).
pyright 2019 Royal Society of Chemistry.
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Fig. 33 Preparation of PC-X catalyst. Reprinted with permission from ref. 242. Copyright 2019 Royal Society of Chemistry.

Scheme 30 Oxidation of benzyl alcohols over PC-700.
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Utilizing chitosan as both C and N sources and HNO3 as
a solvent, Liu et al.237 successfully fabricated N-doped defect-
rich carbon materials by carbonization at various tempera-
tures (700, 800, and 900 �C) (Fig. 28). The NC-800-5 (5: the ratio
of HNO3 to chitosan) was an effective heterogeneous catalyst for
the oxidation of D-xylose in alkaline aqueous media, under
Fig. 34 Preparation of PG. Reprinted with permission from ref. 243. Co

Scheme 31 Aerobic oxidative coupling of amines in the presence of PG

23758 | RSC Adv., 2021, 11, 23725–23778
1 MPa O2 pressure, at 100 �C, and D-xylonic acid could be fur-
nished in moderate yield (57.4%) for 30 min (Scheme 26). DFT
calculation revealed that graphitic N species act as active
centers and contribute to the interaction between D-xylose
molecular and hydroxyl ion, leading to the generation of
germinal diols ion. Subsequently, the cleavage of the C–H bond
pyright 2017 Elsevier.

.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 35 Preparation of PGc. Reprinted with permission from ref. 244. Copyright 2016 American Chemical Society.

Scheme 32 Aerobic oxidation of benzyl alcohols catalyzed by PGc.

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

0/
29

/2
02

5 
11

:4
2:

46
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
produces the carboxylic group. Additionally, the catalyst showed
good durability and reusability aer activation treatment.

Very recently, Sun and co-workers238 selected purslane stem
as a precursor to fabricate nitrogen-doped foam-like carbon
catalysts by a simple two-steps method of Soxhlet extraction and
pyrolysis (Fig. 29). For the preparation of these materials, rstly,
the dry samples were treated with water, ethyl acetate, and
ethanol by Soxhlet extraction, and then pyrolyzed under owing
nitrogen ow at 700 �C. The polarity of the solvents used in
Soxhlet extraction possess is different, hence they extracted
Scheme 33 Oxidative coupling of amines in the presence of B-C.

Fig. 36 Preparation of B-doped C. Reprinted with permission from ref.

© 2021 The Author(s). Published by the Royal Society of Chemistry
various components from the purslane stem, which possessed
considerable inuences on the structure and catalytic efficiency
of afforded carbon samples. The catalytic ability of these carbon
materials was tested in the oxidative coupling of benzylamine
and the carbon material derived from the purslane stem pre-
treated with ethanol (SEC) was found to be the most active
catalyst among others because of the many available N-
containing active sites, large pore size, and high surface area.
Furthermore, diverse amines were transformed into imines
using SEC as catalyst under mild conditions (Scheme 27). Also,
the SEC showed good durability and could be reused for at least
six cycles without a remarkable decrease in activity. In addition,
the catalysts synthesized from apricot leaf and celery stem
pretreated with ethanol in Soxhlet extraction displayed superior
catalytic performance compared with the samples pretreated
with water and ethyl acetate.

Dhakshinamoorthy and his research team92 synthesized S-
doped graphene [(S)G] from l-carrageenan as a natural poly-
saccharide containing sulfate groups through carbonization at
245. Copyright 2018 American Chemical Society.
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1000 �C, followed by exfoliation (Fig. 30). The utilization of
carrageenans with lower sulfate amounts and increasing
carbonization temperature to 1200 �C led to the failure of S
introduction. XPS results conrmed the attendance of two
kinds of S species, alike to sulde and sulfoxide. (S)G catalyzed
the aerobic oxidation of styrenes to their desired benzaldehydes
along with the formation of a small amount of styrene oxide
(Scheme 28). Unlike (S)G, reduced graphene oxide showed no
efficiency under identical reaction conditions. The catalyst was
used for two runs without a remarkable decrease in selectivity
and conversion.

Chemical activation of polythiophene with potassium
hydroxide at various carbonization temperatures was reported
by Zeng and co-workers239 for the synthesis of in situ S-doped
activated carbons with large specic surface areas and devel-
oped total pore volumes.

The ACS-800 demonstrated outstanding catalytic perfor-
mance for oxidation of 4-chlorophenol (4CP) in 1 h with an
apparent rate constant much superior compared to AC-800.

The authors pointed out that the removal of acidic func-
tional groups (like carboxyl groups and sulphone groups) and
the incorporation of S at an elevated temperature signicantly
increased the catalytic efficiency of ACS-800. Results showed
that carbonization temperature was effective on the textural
features, also could improve the surface chemistry of the
materials, thereby enhancing the catalytic performances of
carbons.

In comparison tests, ACS-800 indicated higher efficiency in
activation of persulfate than those of the conventional catalytic
systems (multi-walled carbon nanotube, reduced graphene
oxide, zero-valent iron (ZVI), Fe3O4, and Co3O4). In addition,
various peroxides and different aqueous organics were utilized
to further assess the catalytic performance of ACS-800. Over-
comes presented that ACS-800 activated different peroxides and
effectively degraded various types of organic pollutants.

In 2019, Wang and co-workers240 used sulfurized graphene
(SG) as an efficient catalyst for the oxidation of benzyl alcohol in
Fig. 37 Preparation of BxCN. Reprinted with permission from ref. 247.

23760 | RSC Adv., 2021, 11, 23725–23778
the presence of H2O2 in a liquid phase reaction system (Scheme
29). SG nanosheets were prepared from the mixture of
commercial graphite and sulfur powder through a modied
ball-milling strategy (Fig. 31). DFT calculations indicated that
the incorporation of the S atoms into the C framework can
facilitate excellent catalytic performance by promoting the
decomposition of hydrogen peroxide molecules into OH radi-
cals. Moreover, a high-gravity RPB reactor was utilized and the
benzyl alcohol conversion was enhanced. Both experimental
and CFD simulations displayed that the high gravity level can
afford faster surface renewal rate and more turbulent kinetic
energy, leading to more effective collision chances between the
catalyst and the reactants, nally resulting in better catalytic
activity.

In 2018, Chen and co-workers241 presented the catalytic
activities of a series of P-doped carbons (MCel-PCs) in selective
oxidation of benzyl alcohol at the atmospheric air as the inex-
pensive oxidant in the attendance of H2O as the green solvent
(Fig. 32). The catalysts were prepared through pyrolyzing
microcrystalline cellulose (MCel) activated by the H3PO4 at
800 �C for 2 h under owing nitrogen. The maximum benzal-
dehyde yield (99.7%) and turnover frequency value were
observed with MCel-PC-4(800) (4: weight ratio of MCel to
H3PO4), while the un-doped catalyst only gave a 9.4% yield.
According to the experiments and DFT calculations, it was
conrmed that the C3PO species were the most catalytic active
centers.

In 2019, Dong et al.242 reported the design of phosphorus-
doped carbon materials by applying easily accessible biomass
soluble starch and H3PO4 through a two-steps approach
including physical mixing and carbonization (Fig. 33). The ob-
tained PC-700 with a highly porous structure and extremely
high surface area efficiently behaved in the aerobic oxidation of
benzyl alcohol with a superior TOF value compared to other
heteroatom-doped carbons which were previously reported
(Scheme 30). Also, this catalyst was applicable for the oxidation
of different substrates, such as aliphatic, heterocyclic, alicyclic,
Copyright 2016 Royal Society of Chemistry.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 38 Preparation of oNCNT. Reprinted with permission from ref. 248. Copyright 2020 Elsevier.

Scheme 34 Oxidative coupling of benzylamine in the presence of oNCNT-3.
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and aromatic alcohols. The experimental results and charac-
terization data revealed that the P–O–C species and the defects
arising from P–O species doping on catalyst were the active
Fig. 39 Preparation of NPS-CNS. Reprinted with permission from ref. 2

© 2021 The Author(s). Published by the Royal Society of Chemistry
centers for reaction. Besides, the recycling tests indicated that
the PC-700 retained its initial catalytic activity for eight
consecutive recycles.
49. Copyright 2016 Royal Society of Chemistry.
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Table 10 Oxidation of aromatic alkanes using NPS-CNS-300-1000

Substrate Product Con. (%) Sel. (%)

96 99

84 5.22 : 1

92 99

>99 >99

84 1 : 3.4

>99 >99

>99 >99
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In 2017, the Wang group243 reported the synthesis of
phosphorus-doped nanomesh graphene (PG) through a thermal
annealing approach (Fig. 34). MgO was used as a template and
triphenylphosphine (TPP) served as both carbon and phos-
phorus source. The as-prepared PG with lamellar hexagonal
structure and large specic surface area was applied for aerobic
oxidative coupling of amines (Scheme 31) which are key inter-
mediates for the preparation of agricultural chemicals, phar-
maceuticals, and ne chemicals. The reactions were performed
under neat and mild conditions using O2 as the oxidant. The
DFT calculation revealed that phosphorus doping into the
23762 | RSC Adv., 2021, 11, 23725–23778
graphene matrix exhibited better catalytic performance
compared with nitrogen-doped graphene and graphene,
because of the longest elongation of O–O bonds and lowest
adsorption energy of benzylamine. Additionally, the PG could
be easily and effectively reused for six successive cycles.

In 2016, Szostak and his research team244 introduced P-dope
porous carbon materials by a very facile, rapid, and scalable
method (Fig. 35). In this study, phytic acid, an abundant
biomass molecule, was selected as starting material. These
materials successfully catalyzed aerobic oxidation of both
primary and secondary benzyl alcohols to the relevant
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 40 Preparation of NPS-HCS. Reprinted with permission from ref. 250. Copyright 2016 John Wiley and Sons.
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aldehydes or ketones (Scheme 32). Compared to the N-doped
carbon materials, the P-doped carbon materials with higher
work functions and lower activation energy showed superior
efficiency in catalytic aerobic oxidation. Also, the selectivity
trend for electron-decient and electron-rich substrates was
different from other heteroatom doped carbon catalysts.

An unexpected and unique catalytic mechanism was dis-
played, which was different from both N-doped graphene and
GO afforded using high-temperature nitrication. The
outstanding catalytic approach endowed the P-doped materials
with not only high catalytic activity but also reusability.

In another study in 2018, Liu and co-workers245 reported that
boron-doped mesoporous carbon (B-C) can be used as a high-
performance heterogeneous catalyst for the oxidative coupling
of amines and the relevant imines were furnished in good to
high yields and selectivity (Scheme 33). This heteroatom-doped
carbon was synthesized by mixing earth-abundant biomass cellu-
lose and H3BO3, followed by annealing in an inert atmosphere at
elevated temperature (Fig. 36). Characterization data, including X-
ray absorption near edge structure and X-ray photoelectron spec-
troscopy, displayed that B heteroatoms mainly existed in the form
of CBO2 and acted as catalytic active centers.

Also, the proposed catalytic mechanism according to DFT
calculation demonstrated that the synergistic effect of borane
and oxygen in CBO2 accelerated the adsorption and dehydro-
genation of benzylamine.

In 2018, the application of boron-doped graphene samples
(BGs) as catalysts for the gas-phase oxidation of benzyl alcohol
to benzaldehyde was reported by Li and co-workers.246 These
© 2021 The Author(s). Published by the Royal Society of Chemistry
materials with adjustable B amount of 0–2.90 at% were prepared
by tuning the mass ratio of GO/boric acid. XPS analysis demon-
strated that the graphitic sp2 boron species (BC3) could consider-
ably increase the content of active sites (C]O), as a result
enhancing the catalytic activities. The benzyl alcohol conversion
using BGs improved 2.35 times and the benzaldehyde selectivity
reached 99.2%, compared to the un-doped graphene (G).

Sun and co-workers87 presented a simple one-pot method for
the introduction of nitrogen and sulfur heteroatoms into gra-
phene sheets. Ammonium nitrate and diphenyl disulde served
as N and S sources. The S and N co-doped graphene (SNG)
sample was utilized as a metal-free catalyst for catalytic oxida-
tion of phenol by activation of peroxymonosulfate (PMS).

SNG exhibited a much higher apparent reaction rate
constant than those of GO, rGO, S-rGO, and N-rGO. Kinetic
studies demonstrated that reaction temperature, initial phenol
concentration, PMS dosage, and catalyst loading signicantly
inuenced the phenol removal efficiency.

According to both theoretical and experimental investiga-
tions, the synergistic effect of nitrogen and sulfur co-doping
improved the activation of PMS in comparison with the pure
and S- (or N-) sole-doped graphene.

Also, classical quenching tests and EPR spectra indicated
that both sulfate and hydroxyl radicals were formed and played
key roles in phenol catalytic oxidation.

Besides, the theoretical calculations displayed that incorpo-
ration of S into N-doped graphene could remarkably change the
electrostatic potential of graphene and surface charge distri-
bution. Based on experimental observations, S acted as an
RSC Adv., 2021, 11, 23725–23778 | 23763
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Table 11 Oxidation of aromatic alkanes in the presence of NPS-HCS

Substrate Product Con. (%) Sel. (%)

>99 99

>99 99

95 99

>99 99

90 1.0 : 3.3

>99 99

>99 99

57 1.0 : 1.3
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efficient co-dopant to further increase the catalytic performance
of N-doped graphene in phenol oxidative decomposition with
radicals, compared to B, P, and I.

Bordoloi et al.247 prepared nitrogen and boron co-doped
hierarchical porous carbon (BxCN) by means of a nanocasting
route by utilizing ethylene diamine and CCl4 as the precursor of
nitrogen and carbon, dimethylaminoborane as a new boron
precursor in the presence of SBA-15 as the hard template (Fig. 37).
23764 | RSC Adv., 2021, 11, 23725–23778
The newly synthesized material possessed high pore volume,
versatile pore diameter, and large specic surface area. The surface
area and pore diameter of BxCN could be adjusted by tuning the
concentration of the B source. XPS and solid-state MAS NMR
results suggested the generation of N-B-C species in the catalyst
structure. Moreover, DFT calculation showed the prevailing pres-
ence of monosubstituted isomer of b1 type in BxCN.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 41 Preparation of HN-CNT and H-CNT. Reprinted with permission from ref. 252. Copyright 2015 Royal Society of Chemistry.

Fig. 42 Preparation of N-doped carbon nanotubes. Reprinted with permission from ref. 254. Copyright 2015 John Wiley and Sons.

Fig. 43 Preparation of (N)G. Reprinted with permission from ref. 255. Copyright 2019 Elsevier.
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BxCN was highly effective, selective, and stable for oxidative
dehydrogenation of propane at low temperature, providing
propylene in 84.6% yield without the attendance of any metal.

Lowering the HOMO energy and enhance in its absolute
electronegativity are the main reasons for the improvement of
the oxidation capability of the BxCN material.

In a recent study, Luo et al.248 reported a functionalization
strategy to incorporate the oxygen atoms into the framework of
N-doped carbon nanotubes (fabricated via a chemical vapor
deposition technique) through the H2O-assisted ozone (O3/
H2O) treatment with NCNT (Fig. 38). These groups showed the
© 2021 The Author(s). Published by the Royal Society of Chemistry
specic catalytic property. The as-prepared oNCNT-3 catalyst
(treated at vapor generator temperature at 40 �C for 2 h) was
found to be effective and selective for oxidative coupling of
benzylamine to imine at ambient pressure under solvent-free
conditions (Scheme 34). The nitrogen atom adjacent to the
C]O group modied the reactivity of carbonyl towards the
activation of C–H as well as activated O2 molecule for bifunc-
tionality. The benzylamine productivity was highest compared
to other carbon-based catalysts which were reported.

An efficient and simple route to manufacture multi-
-heteroatoms (nitrogen, phosphorus, and sulfur) doped
RSC Adv., 2021, 11, 23725–23778 | 23765
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Scheme 35 Henry (1) and Michael (2a and 2b) reaction.
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ultrathin carbon nanosheets was offered by Cao and co-
workers249 in 2016 (Fig. 39). The synthesis procedure involved
three steps and started with the synthesis of g-C3N4 nanosheets
with the thermal decomposition of urea. g-C3N4 nanosheets
functioned as porogen, extra N doping source, and morphology
templates. Next, the g-C3N4@PZS nanosheets were formed by
coating highly cross-linked poly(-
cyclotriphosphazene-co-4,40-sulfonyldiphen-ol) (PZS) as C, N, P,
S sources on g-C3N4 nanosheets. Finally, the calcination of the
g-C3N4@PZS nanosheets under owing argon atmosphere at
desired temperature led to the decomposition of g-C3N4
Fig. 44 Preparation of N-CNTs-t. Reprinted with permission from ref. 1

23766 | RSC Adv., 2021, 11, 23725–23778
nanosheets, carbonization of PZS layer, and formation of
NPS-CNS. During this process, N, P, and S heteroatoms in the
PZS were homogenously incorporated into the carbon nano-
sheets. The catalytic ability of the resulting material was
assessed in selective oxidation of aromatic alkanes in aqueous
media (Table 10). Also, NPS-CNS was applied as an electro-
chemical catalyst for oxygen reduction reaction in alkaline
solution.

In a separate study, the same group reported250 the synthesis
of nitrogen, phosphorus, and sulfur co-doped hollow carbon
shells (NPS-HCS) (Fig. 40) and utilized the prepared material as
03. Copyright 2017 Royal Society of Chemistry.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 36 C–H arylation in the presence of N-CNTs-800.

Scheme 37 Isomerization of glucose catalyzed by MCN-2-DH.
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a non-metallic carbocatalyst in the selective oxidation of
aromatic alkanes in water (Table 11). In this study, the PZS
polymer as a shell was rst coated onto a ZIF-67 core. Subse-
quently, the resultant ZIF-67@PZS composite was pyrolyzed
under owing argon to generate the Co2P@NPS-HCS
composite. Ultimately, aer acid etching to remove Co2P
nanoparticles, N, P, and S co-doped hollow carbon shells were
prepared. The presence of ZIF-67 was essential for the prepa-
ration of NPS-HCS and led to the following benecial results: (1)
ZIF-67 acted as a structural template for PZS coating and
therefore helped to maintain the structural integrity of the
hollow carbon shells during the carbonization process; (2) the
MOF helped to form a mesoporous structure, enhancing the
surface area of catalyst through the release of gases aer the
Fig. 45 Preparation of N-doped biochar and catalytic application in
Copyright 2018 American Chemical Society.

© 2021 The Author(s). Published by the Royal Society of Chemistry
ZIF-67 decomposition; (3) the MOF increased the total content
of nitrogen atoms in the NPS-HCS; (4) the ZIF-67 improved the
wettability of the catalyst in H2O; (5) the Co species in the MOF
promoted the graphitization of the C, which was crucial for
excellent selectivity. This result was further conrmed by an
additional test which indicated that if the cores of the catalysts
comprise mixed metal MOFs (ZnCo-ZIFs) or only Zn (like ZIF-8),
the resultant carbons could not obtain the catalytic efficiency
similar to NPS-HCS because of limited graphitization.251

2.3.4 Dehydrogenation reactions. Zhao and co-workers252

presented an inexpensive and facile strategy for fabricating
a new N-doped carbon nanotube (HN-CNT) through the explo-
sive decomposition of hexamethylenetetramine (HTA) nitrate
(Fig. 41). The catalytic activity of HN-CNT in the direct dehy-
drogenation of ethylbenzene for preparation of styrene was
higher than that of the parent CNT and H-CNT (synthesized by
the pyrolysis of HTA. The characterization techniques displayed
that the HN-CNT catalyst had improved surface ketonic C]O
groups, 1.3% of surface nitrogen content, and enhanced
structural defects compared to the prepared H-CNT. Also, the
combination of the nitrogen adsorption–desorption
isomerization of glucose. Reprinted with permission from ref. 257.

RSC Adv., 2021, 11, 23725–23778 | 23767
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Fig. 46 Preparation of NC. Reprinted with permission from ref. 30. Copyright 2019 Elsevier.

Scheme 38 Knoevenagel condensation of aromatic aldehydes with NC-700.
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measurement results and the reaction results suggested that the
direct dehydrogenation reaction was mainly performed on the
HN-CNT external surface.

Tsubaki and colleagues253 used nitrogen-doped graphenes as
efficient catalysts in the dehydrogenation of ethanol and acet-
aldehyde was achieved as the sole product in all cases. These
materials with various N contents were prepared through a one-
pot hydrothermal method by using graphene oxide and urea as
precursor and N source, respectively. XPS results revealed that
three nitrogen atom types including graphitic, pyrrolic, and
Scheme 39 Knoevenagel condensation catalyzed by N-doped carbon c

23768 | RSC Adv., 2021, 11, 23725–23778
pyridinic were doped on the carbon sheet and their contents
were different. Besides, the authors found that both reaction
temperatures and N-doped contents signicantly inuenced the
catalytic performance of nitrogen-doped graphenes.

Zhao and co-workers254 employed scalable and facile physical
dry milling and pyrolysis methods to manufacture nitrogen-
doped carbon nanotubes (CNTs) (Fig. 42). For the preparation
of these samples, rst, CNT was ground with melamine in the
attendance of guanidine nitrate with various dosages, and next,
pyrolyzed in diverse temperatures under owing nitrogen.
atalysts.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 40 Synthesis of 1,5-benzodiazepine derivatives in the presence of S-doped graphene.
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Dehydrogenation of ethylbenzene was performed for the eval-
uation of the catalytic activity of the synthesized N-doped CNTs.
The authors stressed that the addition of guanidine nitrate
possessed a signicant inuence on the catalytic performance,
surface properties, and structure. The optimized N-doped CNTs
demonstrated higher activity toward the formation rates of
styrene than those of the commercially available K–Fe catalyst,
the established nanodiamond, and parent CNTs. The superi-
ority in the catalytic performance of N-doped CNTs was attrib-
uted to the smaller graphitic carbon crystallites, larger pore
volume, and surface area, the basic properties originated from
N-doping, and the defect- and C]O group-rich surface nature.

2.3.5 Coupling reactions. In 2019, the Garcia group255

synthesized defective N-doped graphene [(N)G] via chitosan
pyrolysis at 900 �C (Fig. 43). Chitosan contained nearly 3.7%
of N atoms which were distributed as graphitic, pyrrolic and,
pyridinic N species. The performance of [(N)G] as a basic cata-
lyst was tested in two classical CAC bond-forming reactions
including the Henry and the Michael additions (Scheme 35).
DFT calculations revealed that nitrogen atoms were more
resistant at the periphery of the graphene sheets and H
adsorption on these sites can describe their catalytic activity.
Based on these calculations the most active centers were pyr-
idinic nitrogen species at the zig-zag edges of the sheets.
Additionally, N atoms changed the reactivity of the carbon
atoms. H2O was selected as an appropriate solvent to obtain
excellent transformations in both reactions owing to the facile
protonation of the NPy. These protonated pyridinic nitrogen
centers activate the neighbor carbon sites, with a suitable effi-
ciency for the a-C–H bond breaking.

Another strategy for the preparation of hierarchically porous
N-doped carbon nanotubes was reported by Liu and co-
Fig. 47 Preparation of porous B,N-Cs. Reprinted with permission from

© 2021 The Author(s). Published by the Royal Society of Chemistry
workers.103 The resulting materials were prepared using
morphology-preserved carbonization of carbazole- and pyridine
bifunctionalized conjugated microporous polymers in various
temperatures (400, 600, and 800 �C) under owing nitrogen and
without adding any template (Fig. 44). The N-CNTs-800 func-
tioned as a superior catalyst for C–H arylation of benzene with
good durability and simple recyclability for ve cycles. This
catalyst was also applicable for aryl iodides containing electron-
releasing and electron-attracting groups, providing the prod-
ucts in good to high yields (Scheme 36). Besides, N-CNTs-800
displayed high catalytic activity for the hydrogenation of nitro-
benzene to aniline. Furthermore, the selective oxidation of
aromatic alkanes in aqueous media was successfully carried out
over N-CNTs-800. The origin of these superior catalytic activities
can be related to high BET surface area, the unique nanotubular
structures, and the N doping.

2.3.6 Isomerization reactions. In 2019, Cui and co-
workers256 fabricated a number of mesoporous N-doped carbon
materials by means of the carbonization of p-phenylenediamine
disulfate. Also, they investigated the inuences of desulfonation
with sodium hydroxide and reduction treatments and found
that the H2SO4/pPDA molar ratio illustrated a critical effect on
the N content and the porous structure. The obtained materials
were explored in the catalytic isomerization of glucose to fruc-
tose and among them MCN-2-DH revealed superb activity in
aqueous media, affording fructose in good yield and selectivity
(Scheme 37). Desulfonation with sodium hydroxide could
increase the basicity of the samples because of the removal of
sulfonic groups, whereas reduction could modify the nitrogen
atoms and enhance the strength of the basic sites, and thus
improving the catalytic performances in the reaction.
ref. 260. Copyright 2020 John Wiley and Sons.
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In 2019, Tsang and co-workers257 developed a solid base N-
doped biochar catalyst through two-step pyrolysis of spent
coffee grounds and melamine as C and N sources, which was
found to catalyze the isomerization of glucose to fructose
(Fig. 45). This catalyst displayed higher selectivity compared
with homogeneous base catalysts including amines and
aqueous hydroxides and comparable catalytic efficiency. XPS
results revealed the predominant formation of pyridinic N
species on the surface of the biochar, which were mainly
responsible for the strong basic properties in the catalyst. The
authors also assessed the inuence of co-solvent on base-
catalyzed conversion and found that application of acetone
enhances the overall basic properties using stabilizing proton-
ated H2O clusters by hydrogen bonding, thereby leading faster
glucose conversion and superior fructose selectivity in
comparison to H2O.

2.3.7 Knoevenagel condensation reactions. Dong and his
research team30 synthesized N-doped carbon materials via self-
templated pyrolysis of a triazinyl-containing two-dimensional
covalent organic framework (2D COF), which was prepared by
reaction of inexpensive and easily available piperazine and
cyanuric chloride (Fig. 46). The catalytic performance of NC-700
catalyst with high lattice defects and abundant N atoms was
remarkable in both Knoevenagel condensation of aromatic
aldehydes (Scheme 38) and reduction of nitroarenes in aqueous
media. Experimental and characterization results demon-
strated that graphitic N species and their related defects were
the main factors affecting catalyst activities.

In 2015, Arai and co-workers258 employed N-doped carbon
materials for the Knoevenagel condensation of ethyl cyanoace-
tate and benzaldehyde (Scheme 39). These catalysts were
Table 12 Cycloaddition of CO2 with epoxides catalyzed by GB-1-6-900

23770 | RSC Adv., 2021, 11, 23725–23778
prepared through the calcination of commercial poly-
acrylonitrile (PAN) and then ammoxidation for doping nitrogen
(ammoxidation of the calcined PAN). The calcined PAN showed
very low catalytic activity for the reaction, but it was signicantly
increased by the ammoxidation (but the ammoxidation
remarkably increased its catalytic activity) and the improvement
depended on the calcination temperature as well as ammox-
idation temperature. XPS tests displayed the presence of
pyridine-type and pyrrole-/pyridone-type nitrogen atoms and
the content of the pyridine N atoms were important factors to
determine the catalytic performance. The N-carbon catalysts
synthesized from PAN were much more effective compared to
reported solid-based catalysts such as metal oxide-based cata-
lysts, N-doped carbon nanotubes, and N carbon derived from
activated carbon.

2.3.8 Synthesis of 1,5-benzodiazepines. In 2019, Tavakol
et al.259 introduced S-doped graphene as a new, simple and
effective carbocatalyst for the preparation of seven-membered
heterocyclic 1,5-benzodiazepines of various chalcones with
1,2-phenylenediamine (Scheme 40). This catalyst was obtained
using acetylene as a C source and sulfur gas ow as a S source at
800 �C in chemical vapor deposition on copper foil. The benets
of this protocol were mild reaction conditions, high yield, and
easy workup. More importantly, the catalyst was very stable and
its efficiency was preserved up to ten cycles.

2.3.9 Cycloaddition reaction. In 2019, Lu and co-workers260

synthesized a series of boron and nitrogen co-doped porous
carbons (B,N-Cs) by combining with ball milling and pyrolysis
(Fig. 47). Firstly, the mixture of boric acid (H3BO3) as the boron
source, and glutamic acid (Glu), as the N-containing carbon
precursor, with a molar ratio of 1 : 1 was ball-milled. Then, the
/n-NBu4Br

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 13 The employed metal-free heteroatom-doped carbon catalysts in the various reactions

Catalyst Dopant Application Yield or conversion% Ref.

NC-950 N Reduction of nitro compounds C ¼ 87.5–100 187
NGU/K-900 N N-Formylation of amines Y ¼ 69 to >99 188
NCNTs-800 N Reduction of nitroarenes C ¼ 70.3–100 189
N-CNTs N Hydrogenation of nitrobenzene C ¼ 60 190
m-NCNTs N Reduction of nitroarenes C ¼ 63.7–100 16
NHG N Hydrogenation of nitrobenzenes Y ¼ 93.6–99.1 191
NC-2 N Hydrogenation of nitrobenzene — 192
3D-NGF N Reduction of p-nitrophenol — 193
N-RGO mesh N Reduction of 4-nitrophenol C ¼ 99.5 194
NC-800 N Reduction of 4-nitrophenol C ¼ 100 195
SG S Hydrogenation of p-nitrophenol C ¼ 100 196
P-CNT P Reduction of nitrobenzenes C ¼ 90 to >99 197
PV-900 P Reduction of nitroarene compounds C ¼ 72.1–99.2 198
B-OLC-2 B Hydrogenation of nitroarenes C > 99 199
B-CNTs-2
S,N-CNT S,N Hydrogenation of 4-aminophenol C ¼ 100 200
PDNSC-800 S,N Hydrogenation of nitrobenzenes C ¼ 92.7–99.9 201
BNG-800 B,N Hydrogenation of nitroarenes Y ¼ 85–99 202
B-NPC-1200 B,N Reduction of p-nitrophenol C ¼ 94 203
NPG P,N Hydrogenation of nitroarenes Y ¼ 83.9–98.5 204
NPC P,N Reduction of p-nitrophenol — 186
ONPC O,N Hydrogenation of nitroarenes C ¼ 5.5–100 205
NC N Hydrochlorination of acetylene Y ¼ 81 167
N@CBC-FE N Hydrochlorination of acetylene C ¼ 75 206
NC-800 N Hydrochlorination of acetylene C ¼ 98 207
Z4M1 N Hydrochlorination of acetylene C ¼ 60 208
ZIF-8/SAC N Hydrochlorination of acetylene C ¼ 81 209
NC N Hydrochlorination of acetylene C ¼ 92 210
S/B-SAC S Hydrochlorination of acetylene C ¼ 50 211
B,N-G B,N Hydrochlorination of acetylene C ¼ 95 212
NP-C600 P,N Hydrochlorination of acetylene C > 99.2% 213
S,N-carbon S,N Hydrochlorination of acetylene C ¼ 82.44 214
NSC S,N Hydrochlorination of acetylene C ¼ 90 215
N-CNTs N Epoxidation of styrene C ¼ 85 216
NBND N Oxidation of phenols C ¼ 93.5–99.5 217
NBND N Oxidation of alcohols C ¼ 32.4–94.2 217
NG N Oxidation of p-hydroxylbenzoic acid — 218
NG N Epoxidation of styrene C ¼ 7.9 219
N-rGO N Oxidation of phenol — 220
M-G-1.5-800 N Oxidation of alkanes Y ¼ 9.8 to >99 221
67-CN-600 N Oxidative coupling of amines to imines Y ¼ 78 to >99 222
67-CN-600 N Oxidation of cyclohexane C ¼ 48 222
67-CN-600 N Oxidation of toluene C ¼ 6 222
NH2-rGO N Oxidation of glucose to succinic acid C ¼ 100 223
NCNF N Oxidation of arylalkanes C ¼ 78–99 224
NC-800 N Oxidation of amines Y ¼ 20–99.9 225
N-AC N Oxidation of alcohols C ¼ 21–24 226
meso-N/C-900 N Synthesis of nitriles Y ¼ 0–93 228
N-doped carbon foam N Oxidation of ethylbenzene and pyridines C ¼ 24 to >99 229
NPC-700 N Aerobic oxidation of HMF C ¼ 95.3 230
ALPC N Oxidation of aromatic alkanes C ¼ 15–93 231
PCNx N Oxidation of HMF Y ¼ 83 232
NC-950 N Oxidation of HMF Y ¼ 95.1 233
NG N Oxidation of phenol — 89
NG N Oxidation of HMF Y > 99 234
N-CNTs N Oxidation of glycerol C ¼ 36.5 235
NC-700 N Oxidation of 5-HMF Y ¼ 83 236
NC-800-5 N Oxidation of D-xylose Y ¼ 57.4 237
SEC N Oxidative coupling of amines Y ¼ 21–98 238
(S)G S Aerobic oxidation of styrene C ¼ 13 92
ACS-800 S Oxidation of 4-chlorophenol — 239
SG S Oxidation of benzylic alcohol C ¼ 20.86 240
MCel-PC4(800) P Oxidation of benzyl alcohol Y ¼ 99.7 241

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 23725–23778 | 23771
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Table 13 (Contd. )

Catalyst Dopant Application Yield or conversion% Ref.

PC-700 P Oxidation of benzyl alcohols C < 1–99.8 242
PG P Aerobic oxidative coupling of amines C < 10–98 243
PGc P Aerobic oxidation of benzyl alcohols C < 2–98.9 244
B-C B Oxidative coupling of amines Y ¼ 68–89 245
BGs B Oxidation of benzyl alcohol C ¼ 21.5 246
SNG S,N Oxidation of phenol — 87
BxCN B,N Oxidative dehydrogenation of propane Y ¼ 84.6 247
oNCNT-3 O,N Oxidative coupling of benzylamine Y ¼ 66 248
NPS-CNS-300-1000 N,P,S Oxidation of aromatic alkanes C ¼ 84 to >99 249
NPS-HCS N,P,S Oxidation of aromatic alkanes C ¼ 57 to >99 250
HN-CNT N Dehydrogenation of ethylbenzene — 252
NG N Dehydrogenation of ethanol C ¼ 9.11 253
N-CNTs N Dehydrogenation of ethylbenzene — 254
(N)G N Henry & Michael addition Y ¼ 80.2 & C ¼ 41.2–100 255
N-CNTs-800 N C–H arylation Y ¼ 13–97 103
MCN-2-DH N Isomerization of glucose Y ¼ 31.6 256
N-doped biochar Isomerization of glucose C ¼ 22 257
NC-700 N Knoevenagel condensation C ¼ 98.6 to >99 30
NC N Knoevenagel condensation Y ¼ 99 258
S-doped graphene S Synthesis of 1,5-benzodiazepines Y ¼ 65–94 259
B,N-Cs N,B Cycloaddition reaction Y ¼ 51–98 260
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B,N-C materials with high contents of boron and nitrogen up to
7 atom% and 10 atom%, respectively were obtained by pyrolysis
of Glu/H3BO3 composites in various temperatures. By tuning the
molar ratio of H3BO3 to Glu, the surface chemical states of B and N
could be simply modulated. Also, with increasing H3BO3 amount,
the pore size of samples could be adjusted ranging from micro-
pores to mesopores. The catalytic activity of as-designed B,N-Cs
materials was greater than those of the physically mixed catalyst
of NC-900 and B4C and the pure N doped carbon catalyst (NC-900)
in the cycloaddition of CO2with epoxides (Table 12). The enhanced
catalytic performance was related to the positive cooperative effect
between N and B sites.

XPS data revealed that BN3 in these catalysts served as a critical
factor to facilitate the ring-opening process of epoxides.
3. Conclusions and future
perspectives

Metals and metal oxides have been broadly applied as catalysts
in different organic reactions. Heteroatom-doped carbon
materials have outstanding advantages such as earth abun-
dance, low-cost, high specic surface areas, pore volumes, large
amounts of surface defects, strong tolerance to acidic/alkaline
media, and structure tenability at the molecular and morpho-
logical levels and hence can be considered as ideal alternatives
to the metal catalysts. Unlike metal alloys that oen suffer from
separation problems, good operational durability can be ob-
tained for most of the heteroatom-doped carbons because of the
covalent chemical bonds between the carbon and heteroatom.

In addition, due to their wide accessibility, environmental
friendliness, and no heavy metal pollution, carbon catalysts are
good candidates for green and sustainable chemistry.
23772 | RSC Adv., 2021, 11, 23725–23778
In this review, we summarized recent advances in the
development of metal-free heteroatom-doped carbon materials
by focusing on their preparation and catalytic applications in
organic transformations (Table 13).

By utilizing suitable post-treatment or direct synthesis
strategies, heteroatoms (mainly N, B, P, and S) can incorporate
into the framework of carbon materials to substitute for carbon
atoms. The choice of synthetic conditions, including tempera-
ture, source of heteroatoms, and catalyst can modulate the
arrangement and distribution of heteroatoms, which further
alters the chemical and electronic properties of carbons. These
improved chemical and electronic properties lead to a superb
performance of heteroatom-doped carbons in the various
organic transformations compared to un-doped carbon
materials.

The future challenges and perspectives are as follows:
(1) New and suitable starting materials and synthetic strat-

egies are demanded to design and fabricate these carbocatalysts
with a large number of active sites and high density of hetero-
atoms which in turn can provide the materials with increased
catalytic performance.

(2) From industrial and commercial perspectives, it is also
necessary to develop simple and highly efficient methods for
the large-scale production of new carbon materials with a well-
dened structure at low cost.

(3) Though single heteroatom-doped carbon catalysts have
been receivedmuch attention, further studies on the design and
synthesis of dual-, tri-, and multi-heteroatom-doped carbons
and investigate their application in various organic reactions
would be of great interest.

(4) Despite the improvements achieved so far, it is still very
difficult to control the content of heteroatom, distributional
© 2021 The Author(s). Published by the Royal Society of Chemistry
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uniformity, bonding formats, and some other features. This is
especially valid for co-doping cases. All of these features directly
or indirectly determine the properties of the doped carbons in
catalytic reactions.

(5) The exact location of heteroatoms, the nature of their
active sites in carbon materials, and their doping mechanism
are still not clear. A combination of experimental studies, state-
of-the-art characterizations, and powerful computational
calculations are indeed highly required for the better under-
standing of the structure, mechanism, and kinetics of the
catalytic center.

(6) Although N-doped carbon materials have been examined
widely as catalysts in various organic transformations, it is
evident from this review that there are other dopants such as S,
P, and B beyond the N, with suitable physicochemical proper-
ties for the introduction into the carbon matrix. In addition, the
use of heteroatoms such as selenium, tellurium, etc., can be also
studied in the next investigations.
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