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Recently, graphitic carbon nitride (g-C3N,) has attracted considerable attention due to its attractive features
including excellent electrochemical performance, suitable band gap, nontoxicity, and high mechanical and
thermal stability. Such unique advantages endow it with promising applications in batteries, photocatalysts,

photodegradation, and so on. In particular, it has been applied to catalyze the thermal decomposition of
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Accepted 15th January 2021 ammonium perchlorate (AP) and has shown excellent performance. In this review, the structure,
preparation methods and exfoliation strategies of g-CsN,4 are comprehensively introduced. Furthermore,

DOI: 10.1035/d0ra03079d the enhanced catalytic mechanism for the thermal decomposition of AP is discussed in detail, and
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1 Introduction

In the past decades, the research upsurge of “metal-free catal-
ysis” has rapidly set off in domestic and foreign research
fields.*® Graphitic carbon nitride (g-C3N,), as one of the oldest
polymer derivatives, has attracted broad attention for a long
time due to its earth-abundance, good chemical inertness and
biocompatibility.®"® As an ancient and new metal-free catalyst,
carbon nitride can be traced back to the foundation of catalytic
chemistry and organic chemistry, as one of the oldest artificial
polymers ever synthesized. They were firstly prepared by Ber-
zelius in 1830, and a few years later, due to their yellowish color,
were named “melon” by Liebig (Fig. 1)."* However, the molec-
ular structure of early carbon nitride compounds has always
puzzled researchers due to the coexistence of multiple phases in
the synthesis process. It was not until the 1980s that the
structure was clearly illustrated via theoretical calculations. In
1922, Frankili formally came up with the concept of carbon
nitride.” In 1996, Teter and Yamaki employed the first-
principles pseudopotential method to calculate the structure
of carbon nitride with different diameters.™ There are currently
five different crystal structures of C3N,: -C3N,4, -C3Ny, cubic
phase C3;N,, pseudocubic phase C3N, and graphitic phase C3;N,.
Further research confirmed that g-C;N, is energetically favored
and is the most stable structure in the carbon nitride family.
Since Wang and co-workers published an article in the
Nature materials in 2009 and showed that g-C;N, could be used
as a promising photocatalyst,'* arduous efforts have been made
for the preparation of g-C;N,. However, the selection of
synthetic strategies, precursors and conditions are always
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a future research direction is also proposed.

ignored. So far, electrodeposition technology,”” sol-
vothermal,'"” solid state reaction'® and thermal decomposi-
tion™>* have been used to prepare g-C;N,, among which
thermal decomposition is the most widely. Actually, different
composition strategies have their advantages and drawbacks,
which need to be carefully evaluated based on the actual needs
of the product. In addition, various precursors are used to
synthesize g-C;N,, and the properties of the obtained products
are quite different.

Motivated by its graphite layered structure with weak van der
Waals force between layers, it is quite prospective to delami-
nating bulk g-C3;N, into a few layers or monolayers.>**' Such
nanosheets not only retain the original properties of the bulk g-
C;3N,, but also have a larger specific surface area, which
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Fig. 1 Carbon and nitrogen containing materials: (a) melamine, (b)
melam, (c) melem, (d) melon obtained from the thermolysis of mer-
cury(n) thiocyanate as presented by Liebig.*
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increases the number of catalytic sites. Hence, a large amount
of efforts have been put into the preparation of nanosheets,
which could immensely widen the applications of the products.
Although the strategies of exfoliating nanosheets have devel-
oped rapidly, the efficiency (both time and material) and envi-
ronmental friendliness still need to be significantly improved.

Plentiful remarkable reviews are available that place
emphasis on the applications in the photocatalytic field.
Nevertheless, only a small fraction of studies have underlined g-
C;N, as a catalyst for the thermal decomposition of AP.**?%”
Studies have shown that g-C;N, could not only reduce the
decomposition temperature of AP, but also increase the heat
released by decomposition. This review is focused on the up-to-
date developments in the preparation, exfoliation, and also the
novel application in catalysis of AP decomposition and
discusses current challenges and key issues that need to be
addressed in future research.

2 Preparation and structure of g-
C3Ny

There are two possible structures of g-C3;N,, which take s-
triazine ring (CsN3) and tri-s-triazine ring (C¢N-) as the basic
structural units to form an infinite network structure (Fig. 2a
and b).*® Density Functional Theory (DFT) simulation results
show that g-C;N, based on tri-s-triazine ring is much more
favorable in terms of energy under ordinary ambient condi-
tions.* In order to obtain the possibility of the tri-s-triazine
structure, Kroke performed total energy calculations of various
structures using density functional theory. They reproduced all
the relative energies of diamond-like and g-C3N, structures
previously suggested, and found that a tri-s-triazine based
layered structure g-C3;N, is energetically more favorable, by
30 k] mol™" in comparison to triazine based g-C;N,, and thus
should exist. Zhu et al. used DFT calculations to calculate the
theoretical bond lengths in the g-C;N,. There are three non-
equivalent N atoms and two non-equivalent C atoms labeled as
N1, N2, N3, C1 and C2, respectively (Fig. 3). And the bond
lengths of N1-C1, C1-N2, N2-C2 and C2-N3 are 1.39 A, 1.33 A,
1.34 A and 1.47 A, separately.” DFT calculations was performed
by David M. et al. to simulate the optimized structure of g-C;N,.
And the C-N bond lengths were depicted in Fig. 4. The calcu-
lated bond lengths of C-N were 1.33 A,1.39A, and 1.48 A.** Brito

@ ®)

Fig.2 The two structures proposed of g-C3N4 (a) g;-C3N4 based on s-
triazine and (b) g,-C3N4 based on tri-s-triazine. 38
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Fig. 3 Optimized structure of monolayer g-C3Ny4. The blue and gray
balls represent N and C atoms, respectively.*°

has performed Monte Carlo and ab initio calculations to
propose and investigate the morphology, relative energetic
stability, and electronic properties of g-C;N, structures. Their
results indicate that the increase of concentration of nitrogen
leads to the coalescence of vacancies and therefore the increase
in the size of nanopores. The smallest nanopore in their
structures is based on a single vacancy surrounded by three
pyridinic nitrogens. This type of nanopore is observed in the g-
C;N, structure based on condensed s-triazines. Therefore, the
pores of the tri-s-triazine structure of g-C;N, are larger than that
of triazine based g-C3N,.** As an emergent material, g-C3N,
possesses a two-dimensional layered structure similar to
graphite. The atoms in the layers are arranged in a honeycomb
pattern with strong covalent bonds and the layers are connected
by weak van der Waals force. The basic structural unit of g-C3N,
is the tri-s-triazine ring, which is connected by terminal N atoms
to form an infinitely extending plane.*>** Generally, it is a chal-
lenge to obtain a perfect crystalline two-dimensional layered
structure. Incomplete polycondensed triazine ring structure will

Fig. 4 Unit cell of the tri-s-triazine-based structure of g-CsNy4 after
optimization. C—N bond lengths are expressed in A. Blue spheres
represent the nitrogen atoms and grey spheres represent carbon
atoms; each atom is labeled accordingly.**

© 2021 The Author(s). Published by the Royal Society of Chemistry
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result in a large number of -NH, and -NH- groups at the edge of
rings. Usually, g-C;N, are mixtures of samples with different
degrees of polymerization, and therefore the analysis and
description of its specific structure are still very difficult.

Up to date, the pristine g-C;N, has not been found in nature.
Therefore, the current research and application of g-C;N, are
completely dependent on experimental synthesis. Various
methods were tried to prepare g-C;N, previously, such as elec-
trochemical deposition, solvothermal, solid state reaction and
thermal decomposition. In this paper, the effect of synthesis
strategies, condition parameters and precursors on the perfor-
mance of g-C;N, will be illustrated in detail.

Usually, for solvothermal, carbon-nitrogen organic small
molecules such as melamine or melamine chloride as precur-
sors react in a high-boiling organic solvent used as heat-
conducting medium at certain temperatures. Bai et al
prepared deformable hollow g-C3;N, nanospheres (Fig. 5a-d) by
the solvothermal method with silica spheres as template.'® The
unique hollow nanospheres deformed easily other than
breaking under external pressure. Hu et al. also successfully
fabricated g-C3N, using acetonitrile as a solvent by solvothermal
method." By increasing the solvothermal temperature and the
filling fraction of the autoclave, the mixed pseudocubic/beta
phase could be converted into a graphitic phase. The
morphology of the product prepared by this method is uniform
and controllable, so it can be used to prepare g-C3;N, with
particular morphology. However, this approach is limited by
many conditions. In addition to temperature, the viscosity,
density and polarity of the solvent also play crucial roles in the
properties of the product. What's more, the organic solvent
used in the preparation process of this method has serious
problems of environmental pollution, and the yield (<5%) is
limited by the solubility of the raw materials.

The solid-state reaction does not involve solvent but react
directly, with high selectivity, high yield, simple process and so

50nm,

Fig. 5 FE-SEM images of the product (deformable hollow g-CsNg4
nanospheres): (a) the images of the pie shape; (b) extruded hollow
spheres; (c) the TEM and SAED images of the sample; (d) another
magnification TEM image.*®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Schematic illustration of the main routes of the synthesis of g-
CsN4 by different precursors.*¢

on. Zhang et al. chose melamine to react with melamine chlo-
ride and successfully produce carbon nitride with high crystal-
linity." Unfortunately, the product contains a small amount of
heteroatomic chlorine. Only when under the condition of high
temperature and pressure, the solid-state reaction can show an
efficient reaction rate. In addition, the materials are often mixed
in a powder state, which may result in an insufficient contact
between the reactants during the reaction.

Electrodeposition technology requires a specific precursor
solution as the electrolyte, which reacts under the action of
direct current, and a thin film of g-C3N, is grown on the elec-
trode substrate. In Zhang's study, g-C;N, thin films were
deposited at room temperature on Si substrates by electrode-
position in saturated acetonitrile solution of cyanuric chloride

Intensity (a.u)

10 20 30 40 50 60 70
26 (degree)

Fig. 7 Typical TEM images of g-CsN4. (a) UCN, (b) TCN, (c) DCN. (d)
Experimental XRD patterns of the polymeric carbon nitride, which
reveal a graphitic structure with an inter-planar stacking distance of
aromatic units of 0.326 nm.*®
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Table 1 Microstructure of g-CsN4 synthesized from different precursors*®
SA“ pv? PD* C/N molar H, evolution rate® H, evolution rate’ Band gap
[m?>g "] [m*g™] [nm] ration? [nmol h™] [nmol h™1] [eV]
UCN 69.6 0.321 18.2 0.72 0.25 47.2 2.73
TCN 11.3 0.085 26.2 0.78 0.066 15.1 2.60
DCN 12.3 0.086 24.4 0.79 0.083 20.9 2.66

“ BET surface area. ” Pore volume: BJH desorption cumulative volume of pores. ¢ Pore diameter: average pore diameter determined by BJH method.
4 Element analysis from XPS survey. ¢ Hydrogen production from pure water. Hydrogen production from solution with TEA as sacrificial donor.

and melamine.” The crystal structure of g-C;N, is different
from that of the amorphous sample after thermal poly-
condensation. This technology is not only easy to control, but
also can effectively reduce the C-N bonding reaction energy
barrier and lower the temperature of the reaction. Recently, it
has been applied to the preparation of g-C;N, thin films.

Chemical Vapor Deposition (CVD) technology is mainly used
to prepare thin film materials. By introducing highly reactive
nitrogen, carbon atoms or ions into the reaction system, carbon
nitride films are deposited on the substrate. Zhao et al
successfully fabricated g-C;N, with mesoporous structure by
facile vapor deposition method with nanometer silica as
a template.* This research provided a simple method for
controlling the typical structure of g-C3;N, and improving its
photocatalytic performance.

Generally, thermal polycondensation is the most commonly
used technique to prepare g-C;N,. In this method, the precursor
is polycondensed to form carbon nitride through thermal
induction. Recently, high temperature polycondensation
organic precursor method has been widely used due to its
simple operation and suitable for large-scale production.'®
Scientific studies have shown that most cyanamides could be
used as precursors to synthesize carbon nitride. As observed in
Fig. 6, it is clear that g-C;N, could be simply prepared from
several N-rich precursors such as cyanamide, dicyandiamide,
melamine, thiourea and urea.*® Yan et al. synthesized g-C;N, by
directly heating low-cost melamine.”” Zhang et al. used urea to
replace melamine as a precursor to prepare g-C;N,.** Although
carbon nitride can be obtained from different kinds of precur-
sors, the physical and chemical properties of its products are
not the same. Taking this into consideration, Zhang and his
coworkers compared the properties of g-C;N, prepared from
three different precursors. For instance, the product obtained
from urea contains a porous fold structure with a large specific

Microwave
N7
Irradiation

Fig. 8 Schematic of microwave procedure.*®
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surface area, while melamine-derived g-C3;N, presented
a multilayered structure with a small specific surface area. As
exhibited in the schematic illustration of Table 1, compared
with the other two precursors, the urea-derived g-C;N, has
a larger specific surface area and pore volume.

It is interesting to analyze the structure of these three
samples. The TEM image in Fig. 7a shows a two-dimensional
structure composed of small sheets with folds and irregular
shapes. Meanwhile, large plate-like non-porous structures were
found in TCN and DCN samples (Fig. 7b and c). Additionally,
the XRD pattern of Fig. 7d shows a weaker peak intensity of UCN
than that of TCN and DCN, suggesting that the crystallization of
urea-derived g-C;N, will be affected by urea. This further proves
that products made from urea are fluffy and porous. Conse-
quently, urea can be used as a precursor to fabricate a product
with pores, which possesses a large specific surface area.

Apart from the methods mentioned above, Yuan et al. re-
ported a rapid synthetic strategy (within several minutes) to
prepare crystalline g-C;N,.*° In their research, microwave was
introduced into the system for synthesizing g-C3;N,. As shown in
Fig. 8, CuO is employed as the microwave absorbing material,
which converts microwave energy into thermal energy, and raise
the temperature to 1285 K in a short time (less than 7 min). The
morphology of the products obtained by this method is velvet-
like sheets, and the specific surface area (77 m”> g~ ') is slightly

Dicyandiamide]l Melamine

Fig. 9 Fabrication strategies of g-C3sN4 and N-rich precursors.>®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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larger than those from bulk thermal treatment (65.9 m?> g™ %).
This innovative technology supplied an efficient and short
duration route to prepare g-C3;Nj.

In addition to the traditional synthesis methods, people
began to explore more novel methods for the synthesis of g-C3N,.
In Fig. 9, apart from the methods mentioned above, molecular
self-assembly, ionothermal synthesis and ionic liquid strategy
were also included.*® Ionothermal synthesis is a method to
synthesize the target product in a low volatile ion reaction envi-
ronment with ionic liquid as the reaction medium. As a method
of liquid phase method, ionothermal method could be regarded
as an improvement of hydrothermal/solvothermal synthesis by
changing the type of solvent. Compared with traditional solvents,
it has the superiority of low vapor pressure, good stability, and
high ionic conductivity. Gao et al. used a eutectic salt LiCl-H,O-
KCl-NaCl (1 : 1 : 1 weight ratio) with a low melting point (355 °C)
as a solvent and mixed it with melamine in a ratio of 15 : 1.°* It
improves the transport of photogenerated electrons and holes,
and reduces the electron-hole recombination rate.

3 Exfoliation of g-CsN4

2-C3Ny, as an attractive earth-abundant material, has a serious
of merits such as metal-free, high stability, good biocompati-
bility, eco-friendly and nontoxicity. However, bulk g-C;N,
suffers from low specific surface area (<10 m* g~ ') and rapid
recombination of photo-generated electron-hole pairs which
result in inferior catalytic effect, which greatly limit its appli-
cation. Hitherto, plentiful efforts have been undertaken to
prepare more efficient g-C3N,. There are numerous strategies to
modify bulk g-C;N,. Up to now, two-dimensional graphitic
carbon nitride nanosheets (CNNS) have become a hot topic due
to their high specific surface area of 200-300 m> g, fast
photogenic carrier migration rate, and abundant active sites.
Compared with bulk materials, graphitic carbon nitride nano-
sheet possess greater advantages in the fields of energy storage,
sensors, electronics and catalysis.>*

Therefore, more and more scientists are focusing on the
preparation of ultra-thin, high specific surface (theoretical up to
2500 m*> g '), and strong catalytic activity of carbon nitride
nanosheets. Generally speaking, two-dimensional materials can
be obtained by peeling the corresponding layered materials, which
not only has the intrinsic properties of layered materials, but also
produces many new physical and chemical properties.

Analogous to the development of two-dimensional graphene
from the layered graphite, the bulk g-C3N, can be delaminated into
single or a few layers of nanosheets due to the weak van der Waals
force between the layers. Hitherto, several distinct strategies have
been developed for the fabrication of two-dimensional g-C;N,

nanosheets (CNNs). Such as thermal oxidation etching,
ultrasonication-assisted liquid exfoliation and chemical
exfoliation.

3.1 Thermal oxidation etching

For the first time, Niu et al successfully obtained g-C;N,
nanosheets with a sickness of 2 nm by a simple top-down

© 2021 The Author(s). Published by the Royal Society of Chemistry
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strategy, namely, thermal oxidation etching method.”® As
shown in Fig. 10, the product has more pores and the volume
significantly increased after thermal oxidation etching. It is
noteworthy that the N-rich precursor in the crucible should be
in full contact with air. Following the similar technique, Qian
et al. successfully fabricated different thermal treated g-C3N,
samples with diverse duration (4 h, 5 h and 6 h).>* The holding
time of heat treatment plays a vital role in the delamination of
bulk g-C;N,. With the extension of heat treatment time, the
morphology of bulk samples became fluffier. Furthermore, the
specific surface area increased significantly. However, this
method still has the following shortcomings: firstly, in the
process of thermal oxidation, a large number of NH;, CO, and
other harmful gases will be generated. Secondly, the yield of the
product is very low (~6%). Thirdly, the morphology and size of
the nanosheets are greatly affected by the experimental
temperature.

3.2 Ultrasonication-assisted liquid exfoliation

Ultrasonication-assisted liquid phase exfoliation is to gradually
infiltrate the solvent molecules into the layers of materials with
the help of ultrasound, expand the layer spacing, weaken the
van der Waals forces between layers, so as to achieve the
purpose of exfoliation. Different solvents have different exfoli-
ation effects.

In Yang's work, isopropanol (IPA) was used as a solvent.*
After 10 h of ultrasound, the resulting g-C;N, nanosheets
possess high specific surface area (384 m> g~'), and the thick-
ness reduced to 2 nm. Similar research has also been utilized by
Wang et al. for an innovative atomic single layer g-C;N, with
a thickness of 0.5 nm.*® Briefly, they first fabricated bulk g-C5N,
by thermal condensation, followed by thermal oxidation
etching to prepare a few layers of nanosheets, and finally used
isopropanol as a solvent to obtain a single-layer product by
ultrasound. In addition, Zhao et al. reported a single layer of g-
C;3;N, with thickness of 0.4-0.5 nm.” Unlike Wang's method,

Bulk g-C;5N, g-C;N, nanosheets

S,
%&%am
o %

l??
A
Thermal oxudatuon

é

o
=1 ana
Y

Bulk g-C;5N, g-C;N, nanosheets

Fig. 10 Schematic of the structures of the bulk g-CsN4 and the g-
C3N4 nanosheets.>®
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Zhao used methanol as the solvent and ultrasonic for 4 h.
Interestingly, they obtained the samples by a “bulk-nanosheet-
single layer” strategy. In another type of exfoliation way, Miao
et al. prepared 2D nanosheets by two processes: they first
treated the sample with acid and then stripped it in the liquid
phase (Fig. 11).*® The initial acid treatment reduced the thick-
ness of graphitic carbon nitride and shortened the time for
subsequent ultrasound. Li et al. fabricated single layer g-C;N,
nanosheets by directly delaminating its bulk counterpart
materials.” Unlike traditional organic solvents, they employed
the alkaline potassium hydroxide (KOH) as the solvent. After
being treated with potassium hydroxide (KOH), the interaction
of OH- with terminal -NH, or bridge -NH- group had acceler-
ated the delamination of the lamellar structure. Importantly,
the original crystal and chemical structure of g-C3;N, was well
maintained.

Sparked by what was mentioned above, Li and coworkers
investigated the effect of potassium hydroxide concentration on
the properties of the nanosheet.”® As the amount of KOH
increased from 0.1 M to 1 M, the catalytic promoted. Never-
theless, excessive concentration caused structural damage.
Owing to the merits mentioned above, based on alkalization
treatment, Yu et al. introduced K" doping.®* Before treated with
KOH, they mixed the precursor melamine with potassium
chloride evenly, which is the main factor to improve the
performance. Potassium ion (K') has certain intercalation,
which urges it to enter the layered structure. It improves the
electron transport capacity, breaks the edge structure of the
alkalized materials, destroys the electron balance, and reduces
the recombination rate of photogenic carriers and holes.
However, overlarge concentration made the effect down.
Considering the difficulty of removing organic solvents and
environmental issues, Zhang et al. highlighted an available
pathway to prepare g-C3;N, nanosheets.®” Ultrathin g-C;N,
nanosheets were prepared from bulk materials by green liquid
exfoliation in water for the first time. In detail, melamine was
heated directly at 600 °C for 2 h to get the yellow bulk g-C3N,.
Subsequently, the bulk powder was ultrasound for 16 h. The as-
prepared samples showed a height of 2.5 nm approximately.
Fascinatingly, the nanosheets obtained remained stable in both
acid and alkaline. Furthermore, the brand-new materials
manifested extraordinary performance, which induces their
extremely high PL quantum yield up to 19.6%. Zhang et al.
recently reported an attractive result of CdS/g-C3N, nano-
sheets.®®* Dimethyl sulfoxide (DMSO) could be utilized as
a solvent. Besides, they introduced cadmium ions (Cd) into the
solvent. As could be seen in Fig. 12, layered substances can be
separated by the synergistic effect of ion insertion and the

Fig. 11

Illustration of the exfoliation procedure.*®
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ultrasonic of the solvent. Compared with solvent exfoliation
alone, the synergistic effect is more favorable to obtain ultrathin
nanosheets, which was sonicated for 1 h and then was trans-
ferred into autoclave maintained for 12 h.

In summary, the Ultrasonication-assisted liquid exfoliation
is simple to operate and easy to control. Nevertheless, such
technique still involves low exfoliation efficiency, lengthy
duration (6-20 h) and uneven thickness. Most importantly,
when a powder sample is required, the solvent needs to be
removed and this strategy cannot be employed for large-scale
production of industrial materials.

3.3 Chemical exfoliation

Although significant progress has been made in obtaining g-
C;N, nanosheets through ultrasonic solution exfoliation and
thermal oxidation etching strategy, the issues of low efficiency
still exist. Therefore, it is necessary to seek a novel method to
prepare single layer or few layered g-C;N, nanosheet materials
whether from the scientific or practical perspectives.** Chemical
exfoliation is another widely used method for exfoliating
layered compounds through redox chemical modification,
insertion, and ion exchange. Compared with liquid phase
exfoliation, chemical exfoliation could shorten the exfoliation
time, and improve the efficiency, which has practical applica-
tion value.

Very recently, Xu and coworkers successfully reported g-C3N,
nanosheets with single atomic layer structure by a simple
chemical exfoliation method.®** Motivated by graphene, they
introduced concentrated sulfuric acid (H,SO,). A single layer of
g-C3N, nanosheet was obtained by intercalation of g-C;N, with
concentrated sulfuric acid (H,SO,). On account of the sonica-
tion and the heat release when concentrated sulfuric acid dis-
solved in water, bulk g-C;N, was exfoliated into single layered
nanosheet. At the same time, the effect of different concentra-
tions of sulfuric acid on the exfoliation effect was investigated,
and the results showed that only concentrated sulfuric acid
(98 wt%) can obtain single layer g-C;N, nanosheet. Compared
with thermal oxidation etching and liquid exfoliation for the
preparation of g-C;N, nanosheets, the chemical exfoliation is
more economical and endows the nanosheets thinner. Most
recently, Tong and coworkers present their recent discovery that
¢-C3N, could be rapidly decomposed and stripped off by care-
fully dropping water into concentrated sulfuric acid.® A feasible
principle was illustrated in Fig. 13. Compared with individual
concentrated sulfuric acid, the addition of water greatly

V.
/ﬁ
& 7 oo DMSO
. /
Ultrasonic G 7 453K 12h ILL//
Bulk g-C:N,

Cd»  cds

Fig. 12 Mechanism for the formation of the ultrasonic CdS/g-C3Ny4
nanosheets.®*
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increases the heat release of concentrated sulfuric acid and the
final yield up to 70%. Furthermore, the reaction time was
reduced significantly to less than 30 min and the as-prepared g-
C;N, nanosheets possess uniformly distributed size.

In addition to concentrated sulfuric acid, concentrated
hydrochloric acid (HCI) and nitric acid (HNO;) can also be used
to exfoliate the bulk g-C3;N,. Protonation of bulk g-C;N, with
concentrated hydrochloric acid not only increases specific
surface area but also improves its dispersion. Zhang et al. re-
ported that bulk g-C;N; could be reversibly protonated by
strong acid without disorganizing its unique chemical struc-
ture.*”” Herein, they mixed the bulk g-C;N, with hydrochloric
acid (HCl, 37%), the BET surface area of as-prepared g-C3N,-
H'-Cl™ increased from 8 to 30 m” g~ ". Intriguingly, the process
is invertible and controllable. When heated at different
temperatures (350 °C, 450 °C, 550 °C), HCI in the g-C3N,~-H'-
Cl™ could be removed. On this basis, the adjustable surface
charge provides a method for the preparation of hetero-
structures with different charge objects in different pH systems
through electrostatic self-assembly.

In summary, products prepared by thermal oxidation
methods usually have a large specific surface area and the
operation steps are relatively simple. However, the yield of
nanosheets is low, which is not suitable for mass production.
The ultrasonication-assisted liquid exfoliation is simple to
operate and easy to control but is time-consuming, the organic
solvent employed in the exfoliation process is usually more
expensive or harmful to the environment and needs to be
removed during subsequent use. While chemical exfoliation
significantly improves the yield of nanosheets, shortens the
exfoliation time, reduces costs, and is suitable for large-scale
preparation of g-C;N, nanosheets. Each of the above methods
has its advantages and disadvantages. In practice, we should
choose the appropriate method according to the actual
requirements. At present, most methods cannot meet the
requirements of controllable number of layers, homogeneous,
and good crystallinity of ultra-thin nanosheets at the same time,
and there is still a certain gap with large-scale production.
Large-scale exfoliation method, and preparing high-
concentration ultra-thin g-C;N; nanosheets stable suspen-
sions, is still the focus of future research.

Defects %2: H,S0, Exothermic H,0
effect
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Fig. 13 Schematic illustration of the exfoliation process of g-C3Ny4.5¢
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4 Application in thermal
decomposition of AP

As the most stable allotrope in the carbon nitride family, the
graphite-like carbon nitride is expected to be an ideal material
to replace carbon materials due to its graphite-like lamellar
structure and specific element composition. Due to its unique
nanostructure-dependent and p-conjugated systems inherent in
aromatic skeletons, the synthesized materials have been widely
used in many potential applications such as photocatalysis,
oxygen reduction reaction, hydrogen or oxygen evolution reac-
tion, etc. However, its application as a combustion catalyst in AP
and propellants has rarely been reported.

Combustion catalyst has a wide range of applications in the
field of aerospace solid propellants, which is utilized to adjust
the ballistic performance and improve the burning rate.
Numerous catalysts have been found to be effective for catalytic
propellants. Widely applied are transition metal oxide
(TMO),**”” composite metal oxide,”® ferrocene and its deriva-
tives,”®* carbon materials (such as CNTs and graphene),*
MOFs materials,**®> Continuous research on new and efficient
burning rate catalysts, widening the propellant burning rate
range and lowering the pressure index has always been a diffi-
cult problem for researchers to solve.

Peng et al. found for the first time that g-C;N, is a neoteric
metal-free and environmentally friendly catalyst for AP thermal
decomposition.*” The HTD temperature was decreased from
454.4 °C to 384.4 °C, and the exothermic heat was increased
from 574.2] g7 " t0 1362.6 J g (Fig. 14). A possible mechanism
was illustrated in Fig. 15. g-C3N, is easy to meet the requirement
of heat excitation. Under photoexcitation or thermal excitation,
the conduction-band electrons (e~) and valence band holes (h")
could be produced on the surface of g-C;N,. Then, the gener-
ated electrons (e”) can react with HCIO, molecules to reduce
them to superoxide radical anions ‘O, . Subsequently, the O,

2042 ; 3orb 384.4TC
Pure AP 45440 —AF f
150 — 20 |— AP+g-C3N4(10%),
- &
E‘]O B
= 3389°C Z 10t
é sl = 10
g0 Z 0
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10} 455°C -10f
200 250 300 350 400 450 200 300 400 500
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Fig. 14 DSC curves of pure AP (a), AP mixed with 10 wt% as prepared
g-C3Ny at a heating rate of 10 °C min™! (b), AP mixed with g-CsN,
(1 wt%, 3 wt%, 5 wt%, 10 wt%) at a heating rate of 10 °C min~* (c), the
catalytic effect comparison of no catalyst and g-CzN4 (d).
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Fig. 15 Schematic of the thermal decomposition process of AP with
g'C3N4.32

and h' could react with NH,", promoting the process of proton
transfer. The unique surface structure of g-C;N,, composed of
triazine with planar amino connections, facilitates the adsorp-
tion and diffusion of perchloric acid through Lewis acid-base
interactions. Therefore, the Lewis acid-base interaction
between g-C;N, and HCIO, may reduce the activation energy of
AP, resulting in the accelerated thermal decomposition of AP.

This material does have a catalytic effect on the decompo-
sition of AP. Nevertheless, bulk g-C;N, usually possesses a faint
catalytic effect. Tan and coworkers combined the g-C;N, with
CeO, by utilizing a simple and convenient mixing-calcination
technology.*® CeO, itself is an effective combustion catalyst,
which can combine with carbon nitride to produce a synergistic
effect, resulting in a stronger catalytic effect and the thermal
decomposition process of AP with g-C3N,/CeO,
composites was illustrated in Fig. 16. Specifically, the HTD
temperature was decreased from 425.1 °C to 375.1 °C (Fig. 17).
Peng et al. successfully prepared SnO,/g-C;N, hybrids. SnO,, as
an excellent semiconductor, possesses a synergistic effect on g-
C3N,.

Tan et al. synthesized g-C;N,/CuO nanocomposite through
facial precipitation. In addition, they explored the effect of the
ratio of copper oxide (5%, 10%, 20%, 30%, 50%) to carbon
nitride on the catalytic effect.*® With the increase of copper
oxide content, the catalytic effect is getting better. It is because

nano-

[NHLCI04(4P)
¥ hear | NHy(g)  ———
T
( Nlﬁjffhr $
N L 2 -
S| o isionouol

CIOs+HC

reaction oxidation

O ® e —>
> ( SR,
" [ catcined at 300 T \E— = -
‘ €&

W) // N
Ultrasonic dispersion
CeOs T2 20N °

g
Lewis base functions

Fig. 16 Schematic illustration of the thermal decomposition process
of AP with g-C3N4/CeO, nanocomposites.*
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(HTD) and exothermic heat in (a).

copper oxide itself has a stronger catalytic effect than g-C;N,.
Especially, when 2 wt% g-C5N,/20% CuO was added as a cata-
lyst, the HTD of AP shows a maxim reduction of 105 °C (Fig. 18).
However, overlarge CuO content (more than 30%) will lead to
the agglomeration of CuO nanosheets, which caused the
reduced catalytic effect.

Previous research has demonstrated that high specific
surface area facilitates better catalytic performance. Beyond
that, higher specific surface area is beneficial to the dispersion
of nanoparticles. Thus, plentiful efforts have been made to
improve the surface area of g-C;N,. Concretely, Xu et al. intro-
duced silica as a template, increasing the specific surface area
from 3.2 m® g~ to 49.8 m* g~ . Compared with bulk g-C;N,,
mesoporous g-C3;N, exhibited a promising catalytic effect
(Fig. 19), which was assigned to its unique mesoporous struc-
ture and large specific surface area. Once combined with CuO,
they exhibited better catalytic performance.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and (b) heat release during the decomposition of AP with and without
catalysts.

A novel microwave assisted method for preparing m-g-C;N,/
CuO with high porosity and specific surface area using mela-
mine as the precursor of m-g-C;N, was introduced by Zhang
et al. for the first time.*” Microwave treated endows the bulk g-
C;N, with larger specific surface area and porous network
structure. The high decomposition temperature (HTD) of AP
was reduced by 136 °C and the heat release reach up to 2116.3 J
g~ ' (Fig. 20), which is much higher than pure AP.

5 Other applications

The optical properties of g-C;N, could be demonstrated by
ultraviolet/visible absorption and photoluminescence experi-
ments. In fact, g-C3N, exhibits a typical absorption pattern for
organic semiconductors, with a strong band gap adsorption at
around 420 nm. When the number of layers decreases, the
boundary of the valence band and conduction band will shift to
the opposite direction, resulting in quantum confinement effect
and blue shift of the intrinsic absorption band, which is
consistent with the wide and strong photoluminescence
phenomenon, indicating that g-C;N, nanosheet will show
stronger light absorption and response when the thickness of
the nanosheet decreases. Some structural characteristics of
carbon nitride make it a potential electrode material for use in
supercapacitors. Bulk nitride has a small specific surface area
and poor conductivity. However, after modification or com-
pounding with other materials, its electrochemical perfor-
mance has been significantly improved. In addition, g-C;N, also
possesses good mechanical and thermal stability.

5.1 Photocatalyst

2-C;N, has been widely used in the field of photocatalysis
because of its unique energy band structure, which can catalyze
aquatic hydrogen, decompose organic pollutants and even
bacteria under visible light. g-C;N, nanosheets with superior
photocatalytic activity were prepared with the aid of iso-
propanol by Sun et al.*® The catalytic decomposition of water to
produce hydrogen at a rate as high as 1501umol g~ * h™* by g-
C;3;N, nanosheets, and the catalytic activity did not decrease
significantly for a long time. Dong et al. prepared g-C;N, with
high surface areas (96.6 m> g~ ') by directly heating urea in air
for the first time.*” The large specific surface area, layered

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 22 Schematic illustration of the synthesis of N-doped carbon
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structure and appropriate energy band structure contribute to
the high efficiency of visible light catalytic activity.

5.2 Sensor

Due to the large amount of -NH, on the surface, g-C;N, has
been used as sensors for metal ion monitoring, acid gas
detection and biological imaging in recent years. Guo et al. the
electrochemical luminescence characteristics of g-C;N, after
protonation and exfoliation in detail, and applied it to electro-
luminescence detection of trace amounts of Cu®>" in solution,
expanding the application of g-C;N, in electrochemical detec-
tion.*® Zhan et al. introduced a simple and economical pathway
to prepare g-C3N, quantum dots and g-C;N, nanosheets
(Fig. 21). The materials synthesized by this method had good
biocompatibility and were promising candidate materials for
biological species in biomedical applications.*

5.3 Nitrogen source

Yu et al. synthesized N-doped carbon nanosheets with high
areas (1077 m> g~ ') and high N contents (11.6%) using g-C;N,
as both template and nitrogen source (Fig. 22).°° This approach
described in this study is simple and is expected to lay the
foundation for the future development of metal-free electro-
catalysts for ORR and other applications. Recently, Wang et al.
synthesized a metal-free multilayer porous N-doped carbon
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electrocatalyst in the presence of g-C;N, as nitrogen source
(Fig. 23), which demonstrated excellent ORR performance.’*

5.4 Energy storage material

2-C;N, has great potential in energy storage materials due to its
good chemical stability and high specific surface area. From
Panigrahi's DFT simulations, g-C;N, sheet had been investi-
gated as H, storage materials.*

6 Conclusion and perspectives

In summary, this review comprehensively introduced the
structure, properties, preparation, exfoliation of g-C;N, and its
application in catalyzing AP. Bulk g-C;N, could be obtained by
method of electrochemical deposition, solvothermal, solid state
reaction and thermal decomposition, among of them, thermal
decomposition is the most common way to prepare g-C;N,. Due
to their low specific surface area and high electron recombi-
nation rate, multilayer carbon nitride are hardly used in the
catalytic field. However, g-C;N, nanosheets have attracted great
interest because of their unique electronic structure and excel-
lent chemical stability, as well as their large specific surface area
and faster electron-hole separation rate.

Two-dimensional g-C;N,; nanosheets can be obtained via
thermal oxidation etching, liquid phase exfoliation, or chemical
exfoliation. Generally, nanosheets prepared by thermal oxida-
tion method usually own a larger specific surface area and the
operation steps are relatively simple except that the yield is low.
Comparably, the method of liquid exfoliation is also simple to
operate and easy to control. Nevertheless, one of the disad-
vantages is time-consuming for its process. In addition, the
method of chemical exfoliation shows significantly improved
yield and high efficiency but a large amount of strong acid
involved during the process might raise strong environmental
concerns. Therefore, it is necessary to pursue a low-energy,
high-yield and environmentally-friendly method for large-scale
preparation of g-C;N, nanosheets.

The applications of g-C;N, are mainly focused on photo-
catalytic, electric-catalytic and heterogeneous catalysis but its
catalytic effect on AP has rarely been explored. From the very
recent literature, g-C;N, can indeed catalyze the thermal
decomposition of AP and increase the exothermic heat
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effectively. Additionally, simple elements endow the materials
with merits such as metal-free and environmentally-friendly.

In spite of the considerable achievements have been made in
g-C3Ny, the investigations of its large-scale synthesis and cata-
Iytic applications are still in their infancy and require the joint
efforts of scientists around the world.
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