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Photocatalysis is attracting increased attention in solving the energy crisis and environmental pollution.
Graphitic carbon nitride (g-C3sN4), a non-metal photocatalyst, has been regarded as an ideal
photocatalyst to solve these problems because of its chemical stability and unique optical properties.
However, traditional g-CsN,4 exhibits moderate photocatalytic activity due to its low specific surface area
and fast recombination rate of photogenerated electrons. Among the many modified g-CsN4 materials,
porous carbon nitride (PCN) can solve the shortcomings of traditional g-CsN, because of PCN's
increased number of surface-active sites, specific surface area, light harvesting, diffusion and adsorption/
activation. However, a frontier, comprehensive summary of the development of PCN is less reported.

Received 22nd January 2020, Thus, a review on recent developments in PCN research is urgently needed to further promote its

Accepted 3rd February 2020 advancement. In this review, the synthesis methods, structures and properties and photocatalytic
applications of PCN photocatalysts are described in detail. The current challenges and future

development of PCN/PCN-based photocatalysts are discussed. This review may present an up-to-date
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1. Introduction

g-C;3N; is a typical non-metallic polymer semiconductor attracting
increased research attention because of its many advantages,
such as chemical stability, non-toxicity, and non-pollution.*™
Moreover, g-C3N, has a favourable band gap of 2.7 eV, which
enables its visible light absorption. On these bases, g-C;N, is
considered as an ideal photocatalyst."®** However, g-C;N,
prepared by the conventional thermal polymerization of
N-containing precursors exhibits very low photocatalytic activity
because it has a stacked bulk structure. This stacked bulk
structure can reduce the specific surface area, and speed up
the recombination of photogenerated charge carriers."”™®
These drawbacks greatly hinder the application of g-C3N, in
the field of photocatalysis. Therefore, the functional modifica-
tion of conventional g-C;N, is an urgent issue in current
research on g-C3N,.
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view of the PCN development to provide an in-depth understanding of PCN-based photocatalysts.

Many modification strategies, such as heteroatom
doping’®?* and heterojunction formation,>*>® for g-C;N, have
been proposed to enhance the photocatalytic activity of g-C3N,.
However, these methods can only improve the disadvantages of
g-C3N, in one aspect. The improvement of the photocatalytic
activity of g-C3N, by these methods is still limited. Fortunately,
the nanostructure design of g-C;N, has rapidly developed in
recent years, especially the advancement of porous carbon
nitride (PCN). The PCN design can enhance the photocatalytic
activity of carbon nitride in many aspects.>" For example, the
presence of a porous structure can increase the specific surface
area of g-C3N, and the number of surface-active sites, which
can solve the low specific surface area of g-C3N,. Furthermore,
PCN has a narrower bandwidth than conventional g-C;N,,
thereby broadening the visible-light absorption range.**?*?
The functional groups, such as the amino group and the
hydrogen bond, of electron donors (recombination sites of
photogenerated electrons) in the carbon nitride structure are
reduced because of the formation of a porous structure. This
situation promotes the separation of photogenerated carriers
and solves the fast photogenerated carrier recombination of
g-C3N4.34_36

The ability of the PCN design strategy to enhance the
photocatalytic activity of g-C3N, is undeniable, and PCN has
rapidly developed in recent years. Although several reviews
about mesoporous g-C3N, (mpg-C3N,) have been reported,>”>°
the emerging modification methods and photocatalytic appli-
cations, such as supramolecular assembly and photocatalytic
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Fig. 1 A brief description of the overall content of this review on porous
g-CsN,4 photocatalysts.

reduction of CO,, are undisclosed because of the rapid develop-
ment of PCN. A review on the recent development of PCN is
urgently needed to further promote its advancement. Hence, we
summarized the development of carbon nitride in photo-
catalysis in recent years. Fig. 1 briefly describes the core content
of this review, including the synthesis methods, structures and
properties, and photocatalytic applications of PCN photo-
catalysts. First, the methods to prepare PCN are classified into
the following two approaches: bottom-up approaches, such as
template methods and supramolecular assembly; and top-
down approaches, such as chemical exfoliation and thermal
oxidation. Second, the morphological structure and functional
modification of PCN are also separately discussed. The photo-
catalytic mechanisms of PCN with different morphologies and
their corresponding photocatalytic functional properties are
also described. Third, the applications of unitary PCN and
PCN-based photocatalysts in photocatalytic hydrogen production,
CO, reduction, and pollutant degradation are summarized.
Finally, the current challenges and future development of PCN/
PCN-based photocatalysts are discussed.

2. Synthesis strategies and
modification approaches
2.1 Synthesis strategies

Synthesis methods play a key role in controlling the nano-
structures of photocatalysts, including the regulation of the
sizes, structures, and morphologies of photocatalysts.’*™**
Researchers have developed a number of methods for preparing
PCN in recent years. Fig. 2 shows that these methods can be
divided into two categories according to the type of precursor. The
first one is the bottom-up method, which uses a N-containing
compound as a precursor to synthesize PCN under the action
of a template or intermolecular force. The second one is the
top-down method. This method generally uses bulk g-C;N, as
a precursor to synthesize PCN via chemical exfoliation or
thermal oxidation. The two methods have advantages and
disadvantages. Nevertheless, both methods can prepare the
required functional PCN. In this section, we will introduce
the application of these two methods in PCN preparation.
The typical synthetic methods of PCN photocatalysts and their
properties are listed in Table 1.
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Fig. 2 Schematic illustration of the preparation methods for porous
g-C3N4. The preparation methods can be divided into bottom-up methods,
including supramolecular assembly and template methods; and top-down
approaches, including chemical exfoliation and thermal oxidation.

2.1.1 Bottom-up approaches. The bottom-up approach is
an important method for preparing PCN because it allows for
the direct acquisition of PCN from N-containing precursors.
The benefit of directly obtaining PCN is avoidance of further
damage to the planar atomic structure of g-C3N,. This situation
leads to unnecessary defects and increases the recombination
of photogenerated electrons.*>*® The bottom-up approach is
primarily divided into two categories. The first one is the
templating method, which uses physical methods to strongly
formulate PCN. The other one is the supramolecular self-
assembly method, which uses the intermolecular force to
ensure that the product has a pore structure.

2.1.1.1 Templating methods. In the early stage of PCN devel-
opment, template-assisted synthesis is an easy and effective
method for PCN preparation. To date, the template-assisted
method still has great advantages in controlling its size, porous
structure, and morphology. In general, the architectures of the
as-prepared samples are directly related to the template struc-
ture. An ideal template should have the following charac-
teristics. (i) Excellent architectures, such as uniform porous
structures and nanosheet or nanotube structures, are required.
(ii) No side reaction should take place between the template
and the sample. (iii) The template should be easily removable
by green approaches (if necessary). The template-assisted
method can be divided into hard and soft template approaches
depending on the template selected.

Fig. 3 shows a simple schematic of the preparation
processes of these two approaches.

Hard template methods. The first preparation of PCN using
the template method dates back to 2006; Groenewolt and
coworkers*” successfully prepared PCN with uniform specifica-
tions by using porous silica and cyanamide as the hard
template and precursor. To date, several studies have focused
on PCN preparation by the hard template method. The intrinsic
principle for synthesizing PCN by using the hard template
method is achieved via nanocoating. In other words, the
precursor is coated to fill the hard template. Accordingly,
the morphology, size, and porous structure of PCN can be
accurately controlled under the action of the hard template.
The planar atomic structure and crystallinity would not be
destroyed because of the chemical inertness of the hard

This journal is © The Royal Society of Chemistry 2020
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Table 1 Typical synthetic methods, morphologies and additional features of mpg-CsN,4 synthesized by various strategies
Morphology Surface Bandgap
Synthetic method Precursor of PCN area (m* g™ ") (eV) Additional features Ref.
Hard template Dicyandiamide and Mesoporous sheets 298.3 2.66 The introduction of 46
methods colloidal silica cyano and hydroxyl
groups
Dicyandiamide and Highly ordered 71.48 2.80 K-I co-doping 144
SBA-15 silica nanorod arrays
Soft template Thiourea and NH,Cl Mesoporous sheets 126.7 2.67 S-Doping 51
methods Dicyandiamide and Nanoporous sheets 299 — Comparison of different 52
Triton X-100 soft templates
Supramolecular Melamine and Porous few-layer 164.2 2.75 N vacancy 37
assembly cyanuric acid sheets
Melamine Nanoporous sheets 55 2.58 O-Doping 125
Melamine and Flower-like structure 235.85 2.65 P-Doping 192
cyanuric acid
Chemical exfoliation Dicyandiamide and Porous sheets 55.4 2.74 Protonated 70
phosphoric acid
Thermal oxidation Dicyandiamide Porous sheets 306 2.97 The thermal oxidation 75
process is explained
in detail
Chemical and Melamine & HNO;, Porous ultrathin 109.30 2.95 O-Doping 79

thermal oxidation H,S0, sheets
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Fig. 3 Schematic illustration of porous g-CsN4 prepared by template
methods. The template methods can be divided into two categories: hard
template and soft template methods.

template. The hard template method for preparing PCN is
divided into three steps: (i) hard template preparation or
selection; (ii) targeted material coating over the hard template;
and (iii) hard template elimination. However, none of these
three steps can achieve satisfactory progress in practical appli-
cation. First, the surface properties, such as conductivity and
surface functional groups, of the hard template may resist the
compatibility between the template and the targeted material.
Consequently, the coating process is broken. Second, the
material coating is a self-assembly process, so an evenly coated
targeted material on the hard template is unguaranteed. This
situation will lead to the deviation of the material morphology.
Finally, the removal of the hard template is generally carried
out by using a strong base or acid, such as NaOH, HF, and
NH,HF, solution,*®*>° which is harmful to the environment.
The selection of the hard template is based on the surface
properties of the targeted material. No functional groups are
present on the hard template surface that can react with the
precursor or product. Otherwise, the product properties will be
affected. The hard template method is divided into two types
according to the reaction principle. The first one is the
precursor-coating method, which is the same method on the

This journal is © The Royal Society of Chemistry 2020

hard template, to generate a pore structure similar to the
template. The other one is the hard template-coating method,
which primarily covers the precursor with hard template
particles. The generated porous products are correlated with
the nanoparticle size.

The precursor-coating method can also be divided into two
methods according to whether or not to remove the template.
The first one involves removal of the hard template; such hard
templates include porous silica (SBA-15, KIT-6, and colloidal
silica), Ni-foams, and porous anodic aluminum oxide mem-
branes (AAOM).>"® For example, Zhang et al.’* successfully
synthesized PCN with in situ structural defects by using
colloidal silica (SiO,) and dicyandiamide (DCDA) as the hard
template and precursor, respectively, in which homogeneous
solutions of the colloidal silica and DCDA were crucial for the
PCN synthesis. Fig. 4a shows that in a typical preparation
process of the hard template method a water bath method
was applied to prepare white interconnected complex compo-
sites by isothermal aging self-assembly. In this process, DCDA
was uniformly coated in the colloidal silica to form the compo-
sites. Thereafter, the composites were heated under a N, atmo-
sphere to synthesize PCN/SiO, composites. Finally, PCN was
obtained after SiO, was removed by using NH,HF, solution.
The characterization results (Fig. 4b-f) showed that the
specific surface area (Spgr) of the as-prepared PCN can be up
to 298.30 m* g~ '. The corresponding pore sizes were primarily
approximately 12 nm, which is consistent with the pore dia-
meters of the colloidal silica particles. This porous architecture
has two advantages in improving the photocatalytic activity of
PCN. (i) It increased the specific surface area of the as-prepared
PCN, resulting in an increased number of active sites and
light-harvesting capacity. (ii) This interconnected network
structure is beneficial to the acceleration of the transport of
photogenerated charge carriers. The porous silica (SBA-15,
KIT-6, and colloidal silica) templates can accurately control
the architecture of the as-prepared sample. Therefore, the use

Nanoscale Horiz., 2020, 5, 765-786 | 767
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Fig. 4 (a) Schematic diagram of the preparation process for mesoporous
g-C3N4 (DMCN) samples; (b) N, adsorption/desorption isotherms and the
corresponding pore size distribution curves of different catalysts; SEM
images of (c) bulk g-CsN4 and (d) DMCN-3.5 (where 3.5 represents the
mass ratio of colloidal SiO, to dicyandiamide (DCDA)); and TEM images
of (e) bulk g-C3N4 and (f) DMCN-3.5. Reproduced from ref. 54 with
permission from Royal Society of Chemistry.

of a silicon template to prepare a porous material with a
specific size and structure is satisfactory.

Another approach of the precursor-coating method is to
retain the hard template. Specifically, another porous photo-
catalytic material is used as the self-template. This method can
still efficiently prepare PCN, and the self-template can also
form a heterogeneous junction with PCN. Accordingly, the
photocatalytic activity of the prepared samples is improved.
For instance, Wei et al.”® successfully prepared PCN by using
porous anatase TiO, microspheres. Typically, amorphous TiO,
microspheres were obtained by treating titanium isopropoxide.
Then, porous anatase TiO, microspheres were prepared by
treating amorphous TiO, via a solvothermal method. Thereafter,
cyanamide was coated onto the hollow microspheres by a
nanocoating procedure. Finally, a porous TiO,/PCN micro-
sphere composite material was obtained by calcining the
complex precursor. The porous TiO,/PCN microspheres exhi-
bited uniformity and homogeneity with a pore distribution of
7.1 nm and a surface area of 210.9 m”> g~ . Similarly, Hao et al.>®
synthesized a macro/porous g-C;N,/TiO, composite material.
The preparation process is basically similar to the above-
mentioned literature except that the porous anatase TiO,
microspheres and cyanamide are replaced by amorphous
macro/porous TiO, powders and melamine, respectively. The
specific surface area of the macro/porous g-C;N,/TiO, compo-
site can be tuned from 39.2 m”> g¢~" to 70.2 m> g~ ' by changing
the ratio of the amorphous macro/porous TiO, to melamine.
The PCN materials prepared by the aforementioned methods
are generally composite materials, which require no removers.
This approach is simpler and more environmentally friendly
than the other hard template methods. However, this method is
limited because of the high requirements for the self-template.
First, the material must be a porous structure. Second, the
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material must have certain thermal stability, and the porous
structure must be maintained at least before the precursor is
smeared. Few articles have been reported because of the high
requirements for templates.

Another hard template approach is the template-coating
method. The basic principle of the precursor-coating method
is to coat the template with the precursor. The template is then
removed to obtain a PCN structure similar to the template
structure. The basic principle of the template-coating method is
to coat the precursor with the template, then the template is
removed to obtain PCN of similar size to the template particles.
For example, Wang et al.’” successfully synthesized PCN by
using industrial calcium carbonate (CaCOj3) nanoparticles and
DCDA as the hard template and precursor, respectively. Fig. 5a
shows that the CaCO; nanoparticles are first coated on the
precursor and then calcined in a N, atmosphere. After the
CaCO; particles are removed by HCI aqueous solution, PCN is
obtained by continued calcination. This method is ‘“‘greener”
than the traditional silicon template method because of the
absence of toxic reagents, and the CaCO; nanoparticles can be
easily removed by diluting the HCI solution. Moreover, CaCO;
is comparatively low-cost and readily available than silicon
template materials.

The hard template method has great potential in controlling
the morphology, size, and porous structure of PCN. However,
the use of toxic removers and the complexity of synthesis routes
limit the development of hard templates. Therefore, further
study of hard templates that can be easily removed or even not
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Fig. 5 (a) Scheme for preparation of porous 2D graphite-phase polymeric
carbon nitride (pGPPCN) using CaCOzs particles as the template; (b) SEM
image of pGPPCN-m-n (340 nm) with m/n = 2/1 (where 340 nm repre-
sents the average size of CaCOs particles; m/n represents the mass ratio of
dicyandiamide (DCDA) to CaCOs particles); and (c) the corresponding
nitrogen adsorption—desorption isotherms of the as-prepared samples.
Reproduced from ref. 57 with permission from Royal Society of Chemistry.
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removed is one of the key points in the preparation of PCN by
the hard template method.

Soft template methods. During the rapid development of
hard templates, the soft template method has also attracted
wide attention because of its simple preparation process and
no template removal. To date, the aforementioned method
has established many species, including amphiphilic block
polymers, surfactants, and bubbles.”® However, the amphi-
philic block polymer method is rarely used because of its operation
complexity. The soft template methods are still primarily divided
into the surfactant and bubble methods. These two methods are
relatively simple to operate, and the soft template will self-remove
during the reaction process. Therefore, the rational design and
preparation of PCN can be achieved by using different soft
templates and precursors.

The intrinsic principle of the bubble method for synthesizing
PCN is attributed to the bubble template generation. Specifically,
the soft template releases gases during the calcination of the
precursor. These released gases can optimize the reaction heat
transfer at high temperatures and act as a template to promote
the formation of porous structures. Soft templates, such as
DCDA, urea, thiourea, and NH,Cl, used to bubble templates are
generally relatively cheap. For instance, Zhou et al.>® prepared
different PCN by using thiourea and NH,CI as the precursor
and soft template, respectively. Fig. 6a shows that different
ratios of thiourea and NH,Cl were mixed and ground to form
solid mixtures. These mixtures were then calcined in a muffle
furnace. During calcining, ammonia and hydrogen chloride
were obtained by thermal decomposition of ammonium chloride.
When released, these gases leave a porous structure in g-C3Ny,
thus promoting the formation of PCN. The surface area of the
as-prepared PCN can reach 126.7 m® g™, which is ten times
that of bulk g-C;N, (BCN) (12.1 m> g~'). However, the gases
released (NH3, HCI) by the bubble template are ultimately
harmful to the environment, even though this method involves
a simple operation and low cost. Therefore, the development of
green and pollution-free bubble soft templates is the focus of
the following work.

(a) NI,
HCL
CHN,S * [ e N ¢
) - ».4 Bubble off
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= op Paddd L)

grind Air550°C,3h - e,
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NH,C1

Fig. 6 (a) Formation of porous sulfur-doped g-C3sN,4 (PCNS) and (b and c)
TEM images of PCNS. Reprinted with permission from ref. 59. Copyright
(2019) American Chemical Society.
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The surfactant method is another approach that uses a soft
template to prepare PCN. This method requires the template
to be applied as a surface agent to the precursor. Wang et al.*°
first explored the application of various surfactants in PCN
preparation. Although the as-prepared samples had large
specific surface areas, porous structures were found in only a
few samples, such as in cases of Triton X-100 and ionic liquids.
Consequently, a suitable surfactant has become a top priority of
the surface agent method. The method requires that the surface
agent has certain thermal and chemical stability and can be
decomposed during the formation process of carbon nitride.
Fan et al.®' then discussed the effect of different temperatures
on surfactants. In a typical preparation process, Triton X-100-
modified-melamine sulphate (MST) was first prepared by
treatment in an oil bath. And then, different PCN samples were
obtained by calcining the MST at different temperatures. The
experimental results show that the specific surface area of
the samples increased with the increase of calcination
temperature. However, the photocatalytic activity of the
samples did not improve with the increase of specific surface
area. The reason for this phenomenon is that the band gap is
also one of the important factors affecting their photocatalytic
activity. Therefore, balancing the specific surface area and band
gap is one of the important methods to improve the PCN
photocatalytic activity.

The soft template method has fewer synthesis procedures
than the hard template method. The former has several advan-
tages, such as simple equipment, easy operation, and low cost.
Exploration of new templates is important for the further
application of the soft template method for the preparation
of PCN. Nevertheless, the soft template method cannot always
strictly control the size and morphology of the porous products,
resulting in limitations of the catalytic performance of the final
PCN products. The chemical instability of the soft template
may also cause side reactions with the precursor, which may
affect the product’s photocatalytic activity. Therefore, developing a
green synthesis route to obtain PCN with high performances by
soft template methods still remains a challenge.

2.1.1.2 Supramolecular assembly. The use of toxic removers
and the presence of side reactions have greatly limited the
utilization of template methods, even though they have
received extensive attention in the past few decades. In recent
years, molecular self-assembly has been proposed as an alter-
native template method for preparing PCN to solve these
problems. The molecular self-assembly method can easily
control the carbon nitride morphology through hydrogen
bonds compared with the template method. Fig. 7 shows that
hydrogen bonds play a central role in molecular self-assembly
because of their specificity and reversibility.>** During calcining,
hydrogen bonds are released, resulting in high degrees of freedom
and well-defined porous structures.®

A common supramolecular aggregate is a cyanuric acid-
melamine (CM) complex. The presence of three hydrogen
bonds in the CM complex enables it to adapt to a variety of
forms, resulting in different structures in various solvents. For

Nanoscale Horiz., 2020, 5, 765-786 | 769
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Fig. 7 Schematic illustration of the preparation of porous g-CszN4 (PCN)
by supramolecular assembly. In the preparation process, two molecules
first formed supramolecular precursors by molecular assembly, then the
supramolecular precursors were calcined to form PCN.

example, Shalom et al.®® synthesized PCN with different morpho-

logies by changing the condensation time using a supramolecular
assembly approach. The experimental results showed that the
sample size and aperture are gradually decreased with the
increase of calcination time. This occurrence is attributed to
the specific growth of the CM complex with a pancake-like
structure under the action of ethanol solvent and hydrogen
bonds. The different treatments of supramolecular aggregates
will affect the morphology, structure, and pore size of PCN. For
instance, Xiao et al.*®> successfully prepared porous few-layer
carbon nitride by treating the supramolecular precursor under
the action of glycerol and ethanol. Fig. 8a shows that the
CM complex is first manufactured in deionized water, and
the obtained CM complex has mass functional groups, such
as -OH and -NH,, and a large interlamellar distance.
This unique feature enabled small ethanol and glycerol mole-
cules to intercalate into the CM layers. After calcining, PCN
with fewer layers can be obtained. The obtained sample
showed a porous nanosheet structure with a thickness
of approximately 1 nm (Fig. 8b-f). The XRD and NMR
analysis demonstrated the successful synthesis of g-C3N,
(Fig. 8g and h). The XPS results proved the existence of
nitrogen defects in porous few-layer carbon nitride (Fig. 8i).
The surface area of the as-prepared porous few-layer carbon

¢
3

L2

Melamine

Tiydrolysis ‘ Self-assembly

Fig. 8 (a) Schematic representation of few-layer C3Ny; (b) SEM image of
the few-layer C3sNg4; (c) TEM image of the few-layer CsNy4; (d) magnified
TEM image of the few-layer CsNy; (e and f) AFM image and the corres-
ponding height profiles along the white lines in e of the few-layer C3Ny;
(g) XRD patterns, (h) solid-state >*C MAS NMR spectra, (i) N 1s XPS spectra,
and (j) N2 sorption isotherms of bulk C3N4, microtube C3N4 and few-layer
C3N4. Reprinted with permission from ref. 45. Copyright (2019) American
Chemical Society.

770 | Nanoscale Horiz., 2020, 5, 765-786

View Article Online

Nanoscale Horizons

nitride was calculated to 164.2 m> g~ ', which is a 14-fold
increase relative to BCN (Fig. 8j).

To date, supramolecular self-assembly methods have
become one of the potential options for preparing micro-
nanostructures because of the strong direction and saturation
of intermolecular hydrogen bonds.®®*” Molecular self-assembly
is generally favourable in water solvents to form stable, regular,
and large-sized supramolecular precursors containing hydro-
gen bonds. However, supramolecular precursors, such as the
CM complex, can only self-assemble in organic solvents at room
temperature.®>°® Although solvents can affect the dynamic and
equilibrium geometry behaviour of the monomers, they cannot
offer a homogeneous chemical environment to promote
molecular self-assembly.®>*® Although water solvents can be
replaced by dimethylsulfoxide and chloroform as they dissolve
melamine and cyanuric acid at room temperature, their appli-
cation is limited by their toxicity.”®””* Therefore, developing a
green and easy synthesis route to obtain PCN with high
performances via supramolecular assembly approaches still
remains a challenge.

2.1.2 Top-down approaches. The top-down approaches are
methods of obtaining PCN from BCN through one or more
steps of treatment. In general, BCN is easy to prepare, even if
the C-N covalent bonds in the in-plane are strong, and the van
der Waals force between layers in the frameworks of BCN is
weak. Therefore, regulating the BCN morphology and structure
is rational. Fig. 9 shows that the top-down approaches primarily
include thermal oxidation, chemical exfoliation, ultrasound
separation, and other methods to convert BCN into PCN by
one or several of the methods. In this section, we will introduce
the application of these methods in PCN preparation.

2.1.2.1 Chemical exfoliation. Many exfoliating agents,
including strong acids, ammonia, and other highly oxidizing
substances (e.g.,, H,O, and K,Cr,0O,), can be used in the
chemical exfoliation of BCN.”*”* The morphology and porosity
of PCN can be controlled by changing the type of etchant and
the reaction conditions because of the different reaction
mechanisms. For example, hydrophilic functional groups, such
as -OH, -C—0, and -COOH, will be embedded in the carbon
nitride interlayers under K,Cr,0,-H,SO, solution treatment.”®
Subsequently, these O-containing functional groups are
decomposed or converted into quinone groups, resulting in

(

- = Chemical Thermal Chemical e
‘ = exfoliation oxidation = exfoliation \.
<
Bulk g-C;N, ( N
! Thermal Ultrasound P Chcmical'\:_
r oxidation separation exfoliation

Porous g-C;N, Top-down Methods Porous g-C;N,

Fig. 9 Schematic illustration of preparation of porous g-CszN,4 by top-
down approaches. The top-down approaches are mainly achieved
through chemical exfoliation, ultrasound separation and thermal oxidation.
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Fig. 10 (a) Illustration of the preparation process of protonated porous
carbon nitride nanosheets (P-PCNNS); (b and c) SEM images of P-PCNNS;
and (d) TEM and HRTEM images of P-PCNNS. Copyright (2015) Wiley. Used
with permission from ref. 78.

the formation of porous structures.”®”” Shi et al.”® developed a
chemical exfoliation method to fabricate PCN nanosheets
under the action of phosphoric acid (H3PO,4). As shown in
Fig. 10, BCN was first protonated by mixing it with the H;PO,
solution and heating. Then, the H3;PO, molecules were
embedded in the carbon nitride layers, thereby attaching to
the strand of N atoms because of Brgnsted acid/base inter-
action. A porous structure of the PCN sheets was obtained after
slow oxidation, which possessed abundant catalytically active
sites, thus improving their photocatalytic efficiency.

The exfoliation agents of chemical exfoliation methods, to
date, are K,Cr,0, + H,SO,,”>”° HNO; + H,S0,4,°° and KMnO, +
H,S80,.%° These agents are structurally PCN damaged and environ-
mentally hazardous. Some simple and strong acids, such as HCI,
HNO;, and H,SO;, are insufficient to etch BCN into g-C3N,
nanosheets.’®* Therefore, PCN preparation by the chemical
etching method needs to be further improved.

2.1.2.2 Thermal oxidation. Researchers have long wanted to
use Hummers’ method for preparing g-C;N, nanosheets
because of the similar structures of g-C;N, and graphene.
However, the hydrogen bonds in carbon nitride frameworks
have limited this approach because Hummers’ method cannot
directly break the hydrogen bond from bulk g-C;N, frameworks
to prepare g-C3N, nanosheets. Nonetheless, Niu et al.® found
that thermal oxidation could break the hydrogen bonds in
carbon nitride frameworks, resulting in the formation of
2-C;N, nanosheets. The obtained sample has a large specific
surface area (306 m”® g~ ') and a thin sheet structure (ca. 2 nm).
Nonetheless, a large number of interface defects are also
formed along with the sheet structure,® resulting in an
undesirable photocatalytic activity. The g-C;N, obtained by this
method has no porous structure. Consequently, the prepara-
tion of PCN by thermal oxidation requires other treatments,
such as atmosphere-assisted®® and chemical exfoliation.®**”
For example, She et al.®” successfully prepared PCN by thermal
oxidation and chemical exfoliation. Fig. 11 shows that the BCN
was first synthesized by directly heating melamine. The BCN
was then oxidized to carbon nitride nanosheets by thermal
oxidation and a porous structure was obtained via chemical
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Fig. 11 (a) Schematic illustration of preparing 2D porous ultrathin
oxygen-doped g-C3N4 nanosheets (PUOCNS); and typical TEM images
of (b) bulk g-CsN4 and (c) PUOCNSs. Reprinted from ref. 87, Copyright
(2015), with permission from Elsevier.

exfoliation. The experimental results showed that the photo-
catalytic performance of PCN was 71 times higher than that of
BCN, which was attributed to its large BET specific surface and
increased bandgap.

The preparation of PCN by thermal oxidation and chemical
corrosion can destroy the structure of PCN, and the synthesis
process can also harm the environment. Moreover, this top-
down approach always requires high-quality bulk g-C;N, to act
as a precursor, and is complex and time-consuming. The
disadvantages of the bottom-up method are obvious compared
with the top-down one. Preparation of PCN by supramolecular
self-assembly methods is convenient and easy. If the solvent
problem in the supramolecular self-assembly method is solved,
then it will become a potential method in the preparation of
micro-nanostructured materials.

2.2 Modification approaches

PCN has been widely used as an ideal photocatalyst because it
has a large number of active sites and large specific surface
area. With the development of PCN, the photocatalytic perfor-
mance of porous carbon-based photocatalytic materials is
gradually improving. In this section, we focus on the PCN
morphology and the influence of its basic modification on its
photocatalytic activity.

2.2.1 Morphological structures. Morphological and struc-
tural modulation have always been some of the effective
methods to improve the photocatalytic activity of g-C;N,.%87
In this section, the related photocatalytic properties of PCN with
different nanostructures are described. The formation mechan-
isms of the different nanostructures are also briefly summarized.
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Analysing the influences of the different morphologies on PCN
can help explore other potential PCN nanostructures.

2.2.1.1 Nanotube structures. Tubular nanostructures with
a porous morphology can effectively transfer photoinduced
carriers along the 1D path, thus improving photocatalytic
efficiency.”»°®> Many studies on 1D g-C;N, nanotube materials
have been recently reported.’®®” However, in these reports,
either the preparation method is complex, or the obtained
carbon nitride photocatalytic activity is moderate. This
situation limits the application of g-C;N, nanotube materials.
Nevertheless, Wu et al.°® developed a novel method to prepare
P-doped g-C;N, tubes. Fig. 12a shows that DCDA and phytic
acid are chosen as the precursor and morphological regulator
of PCN, respectively. Different proportions of phytic acid have
been used to investigate the synthesis mechanism. When the
proportion of phytic acid is small, g-C;N, exhibits a hollow
nanotube structure composed of a large number of nanosheets.
When the proportion of hydrochloric acid increases, the
nanosheets turn into a flower-like structure. Phytic acid plays
a key role in morphological regulation.

2.2.1.2 Nanosheet structures. 2D sheet materials have great
potential in the field of photocatalysis because of their promising
electronic features and unique physical properties. Graphene,
a typical 2D sheet material, plays an important role in the field
of photocatalysis because of its mechanical robustness, superior
charge carrier mobility, and high thermal/chemical stability.
Traditional g-C3N, presents a stacked bulk structure with a
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Fig. 12 (a) Schematic illustration for the formation of 3D porous P-doped
carbon nitride tubes (PCNT); (b) schematic illustration of the band posi-
tions for bulk g-C3Ng4, carbon nitride tube (TCN) and PCNT-3 (where
3 represents the volume of phytic acid (PA) solution) samples, respectively;
and (c) Hy production rates of bulk g-C3zN4, TCN and samples with different
PA ratios. Reprinted from ref. 98, Copyright (2018), with permission from
Elsevier.
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specific surface area of 10 m* g™, which affects the photoelectron
transfer and thus reduces the photocatalytic activity of g-C;N,.”% %
The preparation of 2D carbon nitride sheets is one of the effective
methods to modify carbon nitride.

At present, the main methods of preparing carbon nitride
sheets are thermal oxidation,"" chemical etching,'®* sonication
exfoliation'® and supramolecular self-assembly.*> Among
these methods, supramolecular self-assembly has attracted
great attention because of its simple operation. The traditional
melamine-cyanurate acid (MCA) complex is prepared by mixing
melamine and cyanuric acid as precursors in solvent. However,
the use of solvent limits the mass preparation of the MCA
complex. Liu et al'®® developed a novel supramolecular
precursor to prepare mpg-C;N, nanosheets. The novel supra-
molecular precursor is prepared by hydrothermal treatment of
DCDA to form the MCA complex. The MCA complex prepared
by this method has a similar structure to the conventional one
self-assembled from melamine and cyanuric acid. However,
the properties of PCN prepared by these methods are quite
different. Fig. 13 shows that HCN (PCN prepared by a novel
supramolecular precursor) has a narrower bandwidth and
higher photocatalytic activity than MCN (PCN prepared using
the conventional supramolecular precursor). The experimental
results show that this phenomenon is due to the enhanced
HCN n-conjugated system. Accordingly, the transfer of photo-
genic carriers is promoted, and the photocatalytic activity is
improved.

2.2.1.3 Nanosphere structures. 3D PCN with nanosphere
structures can reduce the migration path of carriers from the
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Fig. 13 (a) Schematic illustration for the preparation of 3D holey g-CzN4
nanosheets by annealing the precursor obtained by the hydrothermal
pre-treatment of dicyandiamide (DCDA); (b) UV-vis diffuse reflectance
spectra of bulk g-CsN4 (BCN), holey g-CsN4 nanosheets (HCN) and
g-C3N4 nanosheets obtained by the melamine—cyanurate complex
(MCN); and (c) photocatalytic hydrogen revolution rate (HER) plots of
BCN, HCN and MCN. Reprinted from ref. 106, Copyright (2018), with
permission from Elsevier.
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interior to the surface in all directions and improve the photo-
catalytic activity of carbon nitride.'®” % Zhao et al.’*® success-
fully synthesized hollow mpg-C;N, nanospheres through a
one-step soft-template method. The obtained samples pos-
sessed a large amount of porous structures with a high surface
area. Consequently, the light absorption in the visible range
increased, and the separation rate of photoinduced carriers
accelerated. Si et al.™** developed a hard template method to
prepare crystalline nanoporous g-C3N, microspheres (Np-CNMs).
Fig. 14 shows that HM-SiO, and cyanamide are used as the hard
template and precursor of Np-CNMs, respectively. A series of
Np-CNM samples was synthesized by adjusting the N, atmo-
spheric pressure. In comparison with BCN, the DRS curve of
Np-CNMs has a new absorption band at 550 nm, which may
correspond to n-m* electron transitions in the conjugated
aromatic system. The appearance of this new absorption band
improves the absorption range of Np-CNMs in the visible-light
region. The photocatalytic activity of Np-CNMs is 40 times that of
BCN owing to these favourable characteristics.

The mechanisms of improving the photocatalytic activity of
PCN are different for different morphologies and structures.
For example, the mechanism of the PCN with a nanorod
structure that improves the photocatalytic activity of carbon
nitride is to broaden the absorption area of the visible-light
region.”® By contrast, the mechanism of the PCN with a
nanosheet structure is to narrow the bandwidth for improving
its ability to absorb light.'°® The PCN microsphere structure
introduced an n-n* electron transition system to promote the
transfer of photogenic carriers.'®" In practical application, we
can choose the type of pore shape of carbon nitride according
to the actual situation.

2.2.2 Functional modification. In general, the photo-
catalytic activity of the modified photocatalyst is better than
that of the primitive photocatalyst. For example, the introduc-
tion of defects on the surface of a photocatalyst can increase
the number of active sites on the photocatalyst; doping some
elements can broaden the absorption edge of the photocatalyst;
and forming heterogeneous junctions can accelerate the
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Fig. 14 (a) Illustration of the synthesis of crystalline nanoporous g-CsN4
microspheres (Np-CNMs); (b and c¢) UV-vis spectra and bandgaps of bulk
g-C3N4 and Np-CNMs; and (d) photocatalytic H, production rates under
visible-light irradiation (4 > 420 nm) of Np-CNMs and bulk g-CzNy,
respectively. Reproduced from ref. 111 with permission from Royal Society
of Chemistry.
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migration of photogenerated electrons. In this section, we will
introduce the functional modification of PCN, including the
introduction of structural defects and element doping and the
formation of different heterojunctions.

3.2.1 Defects. The rapid recombination of photocarriers is
one of the important factors in restricting the photocatalytic
activity of BCN. The introduction of structural defects is an
effective method to prevent photocarriers from recombining on
the photocatalyst surface."’>™""® For example, Ruan et al''®
synthesized defect-rich mesoporous g-C;N, (mpg-C;N,) by
using a melamine-urea complex as the precursor. The obtained
samples have abundant surface N defects and a porous
structure, which can trap photogenerated electrons and promote
the separation of photogenerated carriers. The role of urea is
demonstrated by regulating the ratio of urea to melamine. The
experimental results show that the surface defects and porous
structure increase with the proportion of urea. This finding
indicates that urea plays a key role in this process, which may
be related to the release of additional ammonia gas during urea
calcination.

2.2.2.1 Element doping. Element doping is confirmed to be
an indispensable method for simultaneously achieving effec-
tive photogenerated charge carrier separation and a widened
light-harvesting range.""”~"*® Suitable foreign atoms introduced
into the carbon nitride framework can adjust the band gap of
g-C3N, through the hybridization of atomic orbitals. Element
doping will also promote the separation of photogenic elec-
trons because of the influence of electronic polarization."”*°
To date, many heteroatoms, including non-metal elements
(such as S, O, B, P and halogens)’*'"*"%™° and metal
elements (Fe, Cu, Co and Mn),"*” " have been successfully
incorporated into PCN frameworks, and the corresponding
photocatalytic activity is enhanced. Herein, we will introduce
the synthesis methods and the principles for enhancing the
photocatalytic activity of nonmetal- and metal-doped PCN
photocatalysts.

B Doping. The B-C functional group can be used as a Lewis
acid site to increase the number of active sites in the photo-
catalytic process because B has similar size and chemical
characteristics to C. The photocatalytic activity of carbon
nitride can be effectively improved by introducing B into the
g-C3N, framework. For example, Wang et al.'*' successfully
synthesized B-doped g-C;N, with a hollow tube structure by
using MCA as a supramolecular precursor. The B-doped g-C;N,
has a narrow band gap, which broadens the light absorption
range of carbon nitride. The hollow tubular structure can
reflect the incident light many times. Accordingly, the absorp-
tion ability of carbon nitride is improved. These characteristics
play key roles in improving the photocatalytic activity of
B-doped carbon nitride.

O Doping. Doping with non-metal atoms will change the
partial electronic structure of carbon nitride. This process is
carried out to improve the visible-light absorption ability and
promote the effective separation of photogenic carriers. Doping
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Fig. 15 (a) lllustration of the fabrication of O-doped porous g-CzN,4 from
a hydrogen bond-induced supramolecular precursor assembled under
hydrothermal treatment; (b) UV-vis absorption spectra of bulk g-CsN4
and GCN; (c) TEM image of GCN-4 (where 4 indicates that the Teflon-
lined stainless-steel autoclave is sealed and heated at 200 °C under
continuous magnetic stirring of 100 rpm for 4 h); and (d) overall and
normalized HER rates of bulk g-CsN, and GCN, and wavelength-
dependent AQY of GCN-4 (inset). Reprinted from ref. 135, Copyright
(2017), with permission from Elsevier.

with O atoms can play a key role in these areas.'?”'**7'1¢

In general, O-doped g-C;N, is prepared in a hydrogen peroxide
or an O, atmosphere. However, Zhang et al."*® prepared porous
and O-doped g-C;N, by hydrothermal and thermal treatment.
Fig. 15a shows that under the hydrothermal conditions, mela-
mine spontaneously forms the MCA complex and introduces
C—0 functional groups to lay a foundation for preparation of
O-doped g-C3;N,. The experimental results show that the
O-doped g-C3N, has a narrower band gap (Fig. 15d) and higher
photocatalytic activity (Fig. 15c) than those of g-C3;N,. These
characteristics are attributed to the change in the local electronic
structure of the carbon nitride because of the doping with
O atoms.

S Doping. S-Doping is also an efficient strategy to narrow
the energy gap and increase the visible-light response of PCN.
Zhou et al.>® prepared S-doped g-C;N, with a porous network
by using thiourea and NH,CI as the precursor and bubble
template, respectively. In a typical process, the different ratios
of thiourea and NH,Cl were mixed and ground to form solid
mixtures. These mixtures were then calcined in a muffle
furnace. During the process of calcination, ammonia and
hydrogen chloride obtained by thermal decomposition of
ammonium chloride affect the thermal polymerization of
thiourea, thus promoting the formation of a porous structure.
Considering the doping with heterogeneous atoms, the Fermi
level of g-C3N, is lowered, thereby promoting the photogenic
electron transfer. Moreover, g-C;N, has substantial active sites
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and large specific surface area because of the existence of the
porous structure. Therefore, the obtained well-modified
S-doped g-C3;N, displaying excellent photocatalytic perfor-
mance benefited from these characteristics.

P Doping. For non-metal element doped g-C3;N, the
reported of phosphorus doped g-C3;N, is much less than that
of the other elements. This phenomenon is attributed to the
obscured phosphorus doping mechanism for improving the
photocatalytic activity. In addition, phosphorus precursors can
only partially meet the practical application requirements.
Deng et al."*’ successfully prepared phosphorus-doped g-C;N,
ultrathin nanosheets with a porous structure (PCN-S) by a
thermal exfoliation method. The experimental results show
that PCN-S has a large surface area and abundant in-plane
pores on its surface, which broaden its light absorption region
to the whole visible light range. Different phosphorus doping
ratios will obtain PCN-S with different pore sizes, and the pore
structure played a key role in improving its photocatalytic
activity. The PCN-S photocatalyst has potential for the treatment
of Cr(v)/2,4-DCP or other organic pollutants in wastewater
because of these characteristics.

Metal doping. The recombination rate of photogenerated
carriers on the surface of g-C;N,, a non-metal photocatalyst, is
much higher than those of metal-based photocatalysts. On this
basis, metal-doped g-C;N, has become a major research topic,
and it can provide a new strategy to design and prepare novel
visible-light-driven photocatalysts. To date, various metal
elements have been doped into g-C;N,."*®'*° Metal-ion doping
is a favourable way to change the energy band structure of
g-C3N,, which can broaden the energy band structure and
enhance the separation of photogenerated charge carriers.”®
For example, Wang et al.’*® synthesized a porous Mn-doped
g-C3N, photocatalyst through the calcination-refluxing method.
Density functional theory manifests that the modification of the
carboxyl group and Mn doping affect the molecular orbital
distribution in the g-C;N, frameworks. This situation accelerates
the photoelectron migration and prevents the recombination
of the photogenerated carriers. Le et al.'*” developed a series of
Cu-doped mesoporous g-C3N, (mpg-C3;N,) photocatalysts by
using melamine and cupric chloride as precursors through a
hard-templating method. Similarly, Cu doping affects the optical
properties of g-C3N,, narrows its band gap, enhances its light
absorption capacity, and improves its photocatalytic activity.

Dual element-doping. The photocatalytic activity of PCN can
be improved by doping it with non-metal and metal elements
because they can adjust the band gap structure and facilitate
the separation of photogenerated electrons."”*™>* However,
doping with a single element cannot overcome the disadvan-
tages of g-C3N,. The enhancement in photocatalytic activity of
dual element-doped PCN has been recently proposed.'3*13471%6
For example, Guo et al.™* successfully prepared mpg-C;N,
co-doped with K and I through a hard template by using DCDA
and KI as the precursors. The experimental results show that K
and I play different roles in the g-C;N, framework. The I ions
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primarily cause the absorption edge of g-C;N, to red shift,
whereas the K ones primarily promote the transfer of photo-
genic electrons and thus inhibit the recombination of the
photogenerated carriers. Wu et al.’>® prepared Co and Mo
element co-doped mpg-C;N, (Co/Mo-MCN) via a template-free
approach by using CoCl, and MoS, as the precursors. Relative
to pristine g-C;N, and mono-metal-doped g-C3;N, (Co-MCN and
Mo-MCN), the as-prepared Co/Mo-MCN exhibited a signifi-
cantly high photocatalytic activity because of the synergy
between Co and Mo.

Element doping is primarily aimed at the bandwidth struc-
ture of photocatalysts and surface photoelectron transfer. This
process can narrow the bandwidth and facilitate the transfer
of the photogenic electrons. This issue is important in the
modified g-C;N, strategy. However, the doping mechanism and
site of some elements, such as P, and certain metal elements
are obscured, which need further study.

2.2.2.2 Hybridization. Primary PCN can improve the photo-
catalytic activity primarily in the morphological, structural, and
elemental compositions. Different morphologies have a great
influence on the photocatalytic activity. The photocatalytic
activity is significantly increased by element doping; for
instance, doping with O element will break the symmetry
of g-C3N,, thus promoting the separation of photogenerated
electron-hole pairs. Some structural defects also act as capture
sites to obtain photogenerated electrons, thus accelerating the
separation of the photogenerated electron-hole pairs. If the
modified PCN can be combined with other materials, then
the photocatalytic activity can be enhanced. In this section, we
primarily introduce the effect of hybridization on PCN-based
photocatalysts.

Hybridization is one of the important means to promote the
separation of photogenerated charge carriers.">” % In many
reports, PCN hybridization strategies are divided into two types:
the first one is the hybridization between PCN and a co-catalyst;
the other one is the hybridization between PCN and a photo-
catalyst. The two hybrid methods promote photogenic carrier
separation in slightly different ways. Fig. 16 shows the mecha-
nism of improving the photocatalytic activity over a PCN/
co-catalyst composite photocatalyst. Under light, the PCN is
excited to produce photogenerated electrons and holes. The
co-catalyst can accelerate the transfer of the photogenerated
electrons because of its superior conductivity or its ability to
store electrons for achieving the separation of the photogene-
rated electron and hole pairs. The hybridization of PCN and a
photocatalyst can also be divided into three types: n—n hetero-
junction, p-n heterojunction, and Z-type heterojunction. The
mechanisms of improving the photocatalytic activity over the
former two heterojunctions are similar. Fig. 17 shows that
under light the two types of photocatalysts are stimulated to
produce photogenerated electrons which will be transferred
from the photocatalyst with a low conduction band (CB) potential
to another photocatalyst, while the photogenerated holes will
be transferred from the photocatalyst with a positive valence
band (VB) potential to another photocatalyst. Consequently, the
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Fig. 17 Diagrams of photocatalytic mechanisms over (a) a p—n hetero-
junction, (b) an n—n heterojunction and (c) a Z-scheme heterojunction.
The common point of the three heterojunctions is that the staggered
energy band structures of the two photocatalysts can promote the
migration of photogenerated carriers. The difference between the three
heterojunctions is that the photogenerated carrier migration paths are
different.

photogenerated electrons and hole pairs are separated.
In contrast to n—n and p-n heterojunctions, the photogenerated
electrons in the CB with a higher potential migrate to the VB
with a lower potential, thus achieving the separation of the
photogenerated electrons and holes.

p-n heterogeneous junctions. The electron concentration in
the g-C3;N, structure is greater than the hole concentration
because g-C;N, is an n-type photocatalyst. When n-type carbon
nitride and a p-type photocatalyst (the hole concentration
in the structure is greater than the electron concentration)
recombine, a p-n junction will be formed, thereby greatly
promoting the separation of photogenic electron-hole
pairs.’”®'”* Jiang et al.'”* successfully fabricated a p-n hetero-
junction between n-type Pg-C;N, and p-type BiOI by an in situ
growth method. Fig. 18 shows that the introduction of p-type
BiOI broadens the visible-light absorption range of PCN. The
visible-light absorption range gradually increases with the
increase of carbon nitride concentration. The formation of a
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Fig. 18 (a) SEM image of the as-prepared 12.5% BiOl/porous g-CsN4
(p-g-C3Ny4) samples (where 12.5% represents the BiOl content); (b) UV-
vis DRS, the corresponding colours of p-g-CzNy, BiOl, and BiOl/p-g-CsNy;
(c) photocatalytic degradation of MB as a function of irradiation time over
p-g-C3zNy4, BiOl, and BiOIl/p-g-C3zN4 samples under visible light irradiation;
and (d) diagrams of the energy bands of BiOl and p-g-CzN4 before contact
and the formation of a p—n junction and the proposed charge separation
process of BiOl/p-g-CsN4 heterostructures under visible-light irradiation.
Reproduced from ref. 171 with permission from Royal Society of
Chemistry.

heterojunction can accelerate the photogenerated electron
transfer from carbon nitride to BiOI and promotes the separa-
tion of photogenerated charge carriers. The photocatalytic
activity of the PCN/BiOI composite photocatalyst was almost
5.3 and 4.2 times higher than that of BiOI and PCN, respectively,
owing to these properties.

n-n heterogeneous junctions. Considering the actual situation,
only a few p-type photocatalysts can form an interlacing p—n
heterojunction with PCN. The main PCN-based heterojunction is
an n-n heterojunction.'”>™”* Liang et al.'”® developed a novel n-n
heterojunction between mesoporous g-C;N, and binary metal
sulphide (mpg-C3;N,/SnCoS,) through an in situ hydrothermal
method. As shown in Fig. 19, the experimental results indicated
that the SnCoS, nanoparticles supported mpg-C;N, with an
ordered mesoporous structure, providing additional reaction
active sites and large contact areas for the adsorption and
degradation of pollutants. The photocatalytic activity is
demonstrated by the degradation of rhodamine B (RhB) and
methylene blue (MB). The enhanced photocatalytic degradation
of RhB and MB should be attributed to the formation of an
n-n type heterojunction between mpg-C;N, and SnCoS,. The
incorporation of SnCoS, into mpg-C;N, can decrease the band
gap of mpg-C;N,, changing the CB and VB potentials, improve
the photogenerated interfacial charge transfer, and enhance
the separation of charge carriers under the photocatalytic
reaction.

Z-scheme heterogeneous junctions. When some hetero-
junction photocatalysts applied to degradation are insufficient
to generate the required oxidation intermediates because of
the VB potential, the migration path of the photogenerated
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Fig. 19 (a) Schematic illustration for the preparation of a mesoporous
carbon nitride (mpg-CsN4)/SnCoS, heterojunction; (b) UV-vis diffuse
reflectance spectra of g-C3N4, mpg-CsNy4, SnCoS4, mpg-C3N4/SnCoS,,
mpg-C3N4/CoS, and mpg-C3zN,4/SnS,; (c) schematic of photocatalytic
degradation over mpg-CsN4/SnCoS, under visible light irradiation; and
photocatalytic degradation efficiencies of (d) MB and (e) RhB over the
as-prepared samples under visible-light irradiation. Reprinted from
ref. 176, Copyright (2017), with permission from Elsevier.

electrons will change, that is, migration from the CB to the VB,
thus forming Z-type heterojunctions.”””*%2 As shown in Fig. 20,
Huo et al."® designed a novel 2D/2D porous g-C3N, (Pg-C3N,)/
SnS, composite photocatalyst by an in situ growth method. The
combination of 2D Pg-C;N, and 2D SnS, nanosheets can form a
large-scale contact interface, resulting in effective separation
of interfacial charge carriers and shortening of the charge
transmission path. The experimental results showed that the
optimized Pg-C;N,/SnS, composite exhibits enhanced photo-
catalytic degradation performance, which is 18 and 8 times
higher than that of Pg-C;N, and SnS,, respectively. On the basis
of radical-trapping experiments and band structure analysis,
the heterojunction between SnS, and Pg-C;N, was confirmed to
be a Z-scheme heterojunction. The formation of a Z-scheme
heterojunction is beneficial to promote the separation of the
photogenerated carriers and enhance the redox capacity of the
Pg-C3N,/SnS, composite photocatalyst.

3. Applications

The energy crisis and environmental pollution left by the rapid
economic development have been paid great attention by many
researchers.'*>"®*'%” The two major problems that need to be
solved are determining new energy resources and dealing with

This journal is © The Royal Society of Chemistry 2020
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Fig. 20 (a) Schematic illustration of the fabrication process for porous
graphitic CsN4 (Pg-C3N4)/SnS, composites; (b) photocatalytic degradation
of MB over the as-prepared samples; (c) UV-vis DRS spectra of Pg-C3zNg4,
SnS; and Pg-C3N./SnS, composites; and (d and e) schematic diagrams of
the interfacial photo-induced electron—hole pair transfer mechanisms
over Pg-CsN4/SnS, composites. Reprinted from ref. 183, Copyright
(2019), with permission from Elsevier.

environmental pollution. Reports revealed that photocatalysts
have great potential in solving these two problems. Such
potential includes the use of photocatalysis to produce
hydrogen for solving the energy crisis, degrade organic matter,
or solve environmental pollution. Among the many photo-
catalysts, non-metallic g-C;N, has absolute advantages in many
aspects, except for poor photocatalytic activity. These advan-
tages include an appropriate band gap for enabling g-C;N,
to utilize visible light, and chemical stability for preventing
carbon nitride from photocorrosion. Therefore, improving the
photocatalytic activity of g-C3;N, has become a big challenge at
present.

For bulk g-C3;N, (BCN), there are three main reasons for
the low photocatalytic activity of BCN. First, in the BCN frame-
works, the carbon and nitrogen atoms are very hard to separate
because of their chemical bonding, which lead to the genera-
tion of a delocalized m-conjugated structure and consequently
decreases the photocatalytic activity.'*®'®® Second, hydrogen
bonds and amino functional groups in BCN structures act as
the recombination sites of photogenerated carriers to promote
the recombination of photogenerated electron-hole pairs, thus
resulting in fewer photogenerated carriers involved in photo-
catalytic reactions and decreased photocatalytic activity. Third,
the stacked bulk structure extends the transfer path of the
photogenerated electrons, so that the photogenerated electrons
cannot reach the surface of the photocatalyst to participate in
the photocatalytic reaction. Due to these shortcomings, many
modification strategies of BCN are proposed to improve
its photocatalytic activity. Furthermore, porous g-C;N, (PCN)
preparation stands out among the many strategies and is a
more popular one at present. Different preparation methods
can produce PCN with different morphologies and structures.
As shown in Fig. 21, the bandgap of BCN differs from those of
different PCN. Moreover, the energy band positions of PCN
and BCN cover the potentials needed for photocatalytic CO,
reduction, photocatalytic water splitting, and photocatalytic
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Fig. 21 The bandgap of BCN differs from those of different PCN. BCN and
PCN have great potential for photocatalytic CO, reduction, photocatalytic
water splitting, and photocatalytic pollutant degradation.

pollutant degradation. These results revealed that BCN and
PCN have great potential for photocatalytic CO, reduction,
photocatalytic water splitting and photocatalytic pollutant
degradation. In this section, we summarize the applications
of PCN in photocatalytic CO, reduction, photocatalytic water
splitting, photocatalytic pollutant degradation, and other
aspects in recent years (Table 2).

3.1 Application in photocatalytic hydrogen evolution

Traditional energy resources, such as oil, coal, and other
reserves, failed to meet the rapid economic development. Solar
energy is a new energy source that can be indefinitely used.
Solar energy has been widely used in photocatalytic hydrogen
production because of the zero pollution and high energy
density of hydrogen.'*°*** Almost half of the solar energy is
visible light, so a g-C;N, photocatalyst, which can utilize visible
light, is a popular photocatalyst at present.

However, traditional BCN shows weak photocatalytic activity
because of its intrinsic structural defects, high exciton binding
energy, few active sites, and small surface area. Photocatalysts
with a porous structure and large surface area have a large
number of transfer channels of photogenerated electrons and
reactive sites, which can increase the density of surface elec-
trons and lengthen the lifetime of charge carriers; this condi-
tion promotes the diffusion of photogenerated carriers and
enhances their photocatalytic activity.'®>™°® For example,
Bai et al.** successfully fabricated PCN by an easy hydrothermal
method by using urea and melamine as precursors. Fig. 22 shows
that a mixture of urea and melamine is hydrothermally treated to
obtain a sheet intermediate. The sheet intermediate is then
calcined and extracted to release gas for forming a pore structure.
The PCN (BCN-U) obtained by this method exhibited porous
sheet structures, which significantly expanded the specific
surface area and restrained the charge recombination of the
modified g-C;N,. The photocatalytic performance results show
that the photocatalytic activity of BCN-U is 5.7-fold higher than
that of BCN, benefitting from these characteristics. This finding
indicates that the photocatalytic activity can be significantly
improved by the introduction of porous structures on the
¢-C3N, sheet and proves the superiority of the pore structure in
the field of photocatalytic hydrogen production.
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Fig. 22 (a) Diagram for the fabrication of porous g-CszN4 nanosheets
(BCN-U); (b) UV-vis DRS spectra of bulk g-CsN4 (BCN) and BCN-U;
(c) photocatalytic activities of BCN and BCN-U; and (d) band structures
and charge separation of BCN and BCN-U. Reprinted from ref. 200,
Copyright (2018), with permission from Elsevier.

In addition to increasing the specific surface area and active
sites of the samples, the PCN sheets also improve the photo-
catalytic activity to shorten the photogenerated electron trans-
port path. At this point, PCN nanotubes are different from the
others. The PCN nanotubes improve the photocatalytic activity
to ensure that the incident light will be reflected many times,
thereby increasing the reflection path of light, and promote
the absorption of light by the photocatalytic materials. For
example, Wang et al>°" developed an easy vapor-deposition
method to prepare MCN by using melamine and modified
halloysite as the precursor and template, respectively. In com-
parison with BCN, the encouraging improvement of the photo-
catalytic hydrogen evolution of MCN can be attributed to the
augmentation of specific surface area and the acceleration of
charge carrier transfer and separation.

Most previous studies used a hard template method to
prepare PCN with a 3D structure. The structure of the resulting
samples heavily depends on the hard template structure. For
example, Si et al.'™ reported that a novel Np-CNM was prepared
by using porous silicon as a hard template. However, the hard
template method requires removal of certain agents, including
HF, NaOH solution, and NH,HF,. This task is harmful to
the environment. Nowadays, a new method of using a supra-
molecular assembly method to prepare PCN with a 3D structure
is becoming increasingly popular. For example, Zhao et al.**°
successfully synthesized hollow MCNs by a one-step soft tem-
plating method. The morphology of the hollow MCNs was
controlled by changing the concentration of ionic liquid. The
experimental results showed that the as-prepared samples had
abundant mesopores with a large specific surface area. This
manifestation is attributed to the decomposition of the ionic
liquid and the release of volatile domains. The concentration of
the solvent and ionic liquid played a key role in the morphology
of the as-prepared samples. At low ionic liquid concentration,
the as-prepared samples exhibited a hollow mpg-C;N, spherical
structure. By contrast, at high ionic liquid concentration, the
CM complex was rearranged to form a flower-like structure. The
experimental results showed that the photocatalytic hydrogen
evolution reaction rate of the as-prepared hollow mpg-C;N,
sphere samples was almost 30-fold higher than that of tradi-
tional BCN. This manifestation may be caused by their large
specific surface area and ultrathin nanosheet structure, which

This journal is © The Royal Society of Chemistry 2020
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are beneficial for promoting light absorption and effective
charge separation. Such occurrence may lead to increased
photocatalytic H, evolution rates.

In general, the introduction of surface defects is an effective
method to prevent photogenerated carriers from recombining
on a photocatalyst surface. Nowadays, surface defects are
primarily reflected in structural and N defects.”**% Urea,
melamine, DCDA, and other nitrogenous compounds are the
common precursors for the preparation of conventional g-C;N,.
Even the g-C;N, prepared by urea, melamine, DCDA, and other
nitrogenous compounds exhibited low photocatalytic activity.
However, the modified carbon nitride with high activity can
still be prepared by pre-treating urea and melamine. For
example, Ruan et al.''® prepared porous defect-rich g-C;N, by
using urea and melamine as the precursor system. A mixture of
urea and melamine treated with ethanol can cause structural
defects in the product. In this study the structural defects were
adjusted by modifying the ratio of urea to melamine. The
results showed that the photocatalytic activity of carbon nitride
reached a maximum of 3.1 mmol g ' h™" with a quantum
efficiency of 28% at 420 nm when the ratio of urea to melamine
was adjusted to 1:2. The increased photocatalytic H, evolution
can be attributed to the larger surface area and more active
sites compared with those of BCN.

In addition to morphological modification, element doping
also plays a key role in improving the photocatalytic activity of
hydrogen production of PCN. The introduction of additional
atoms can broaden its visible absorption range and modify its
electron structure.”®® For instance, Yang et al.>”” successfully
synthesized flower-like P-doped mesoporous g-C3;N, (mpg-
C3N,) by a simple supramolecular assembly method. Fig. 23a
shows that the CM complex, a supramolecular precursor, was
mixed with phosphoric acid. The product was calcined to

Absorbance (..

o0

Flower-Like Phosphorus-Doped g-CN,

Fig. 23 (a) The formation process of phosphorus-doped flower-like
g-C3N4 (PCN); (b) UV-vis DRS spectra of carbon nitride samples; (c) SEM
image of PCN1.5 (where 1.5 represents the amount of phosphoric acid);
and (d) a possible mechanism for the photocatalytic hydrogen evolution
reaction with P-doped carbon nitride. Reproduced from ref. 207 with
permission from Royal Society of Chemistry.
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obtain P-doped mpg-C;N,. The obtained P-doped mpg-C3;N,
exhibited a relatively regular flower structure. The prominent
photocatalytic hydrogen evolution performance reached
256.4 mmol h™', which is almost 24-fold higher than that of
BCN; this finding is attributed to its broadened visible absorp-
tion range and modified electron structure (Fig. 23b-d).

When two catalysts are combined, the CB and VB of one
catalyst are more negative than those of the other catalyst.
The two photocatalysts will form a type II heterojunction. For
example, Liu et al’°® developed a hard template approach
bonded with a hydrothermal method to synthesize mpg-C;N,
nanosheets combined with CdLa,S, nanocomposites. The
obtained CdLa,S,/mpg-C;N, composites showed significantly
enhanced visible-light photocatalytic H, production activity
compared with unitary CdLa,S, and mpg-C;N,. Fig. 24d shows
the possible mechanism of the enhanced photocatalytic H,
production activity. Under visible-light illumination, a type II
heterojunction was formed by the interlacing band structures
of CdLa,S, and mpg-C;N,. The presence of a type II hetero-
junction greatly promotes the transfer of photogenerated
electrons and increases the concentration of such electrons
involved in the reaction, thus improving the photocatalytic
activity.

3.2 Application in the photocatalytic reduction of carbon
dioxide

With the development of economy and the intensification of
human activities, CO, in the atmosphere is increasing. The use
of CO, to convert solar energy into usable chemical energy has
also been proposed. PCN also has great potential in photo-
catalytic CO, reduction because of its suitable band position; the
redox potential values of CO,/CO and CO,/CH, are —0.53 and
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Fig. 24 (a) UV-vis diffuse reflectance spectra of CdLa,S4/mesoporous
graphitic carbon nitride (mpg-CsN,4) composites; (b) band gaps estimated
by the Kubelka—Munk function for the as-prepared samples; (c) plots of
the photocatalytic H, evolution amount vs. irradiation time for the
as-synthesized samples; and (d) proposed photocatalytic H, production
and charge transfer mechanisms of CdLa,S4/mpg-CsN4 composites.
Reprinted from ref. 208, Copyright (2016), with permission from Elsevier.
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Fig. 25 (a) SEM and (b) TEM images of the as-synthesized porous g-CzN4
nanosheet (PCNNS) samples; (c) TEM image of a PCNNS/5 wt% Sb doped
SnO, nanoparticle (SSOP) composite; (d) UV-vis diffuse reflectance
spectra of the as-prepared pure PCNNS, PCNNS/SSOP composites with
different SSOP contents (1, 3, 5, 7 and 9 wt%) and pure SSOP samples; and
(e) schematic energy level diagrams of the pure PCNNS and pure SSOP
samples, and the electron transfer dynamics involved in photocatalytic
CO, reduction. Reprinted from ref. 139, Copyright (2017), with permission
from Elsevier.

—0.24 V vs. NHE, pH 7, respectively."***°°"* For example,
Yang et al."*° developed a novel heterojunction (porous g-C5N
nanosheets (PCNNS)/Sb-doped SnO, nanoparticles (SSOP)) con-
structed from PCNNS and SSOP. A feasible mechanism for the
CO, photocatalytic reduction over the PCNNS/SSOP composite
photocatalyst was proposed on the basis of the experimental
results (Fig. 25). Under visible-light irradiation, PCNNS were
excited to produce photogenerated electrons from the VB to its
corresponding CB. Those photogenerated electrons in the CB of
PCNNS could then transfer to the CB and the defect levels of
SSOP because of their staggered band positions. This occur-
rence resulted in the effective separation of the photogenerated
charges. The photogenerated electrons in the CB can reduce
CO, to CO and CH, because of the CB location (—0.53 V vs.
NHE, pH 7) of SSOP. The optimized PCNNS/SSOP composite
photocatalyst exhibited an optimal CO,-reduction rate for CO
evolution, which is 21.38 and 12.83 times higher than those of
BCN and SSOP, respectively. The CO,-reduction rate for CH,
evolution of the optimized PCNNS/SSOP composite photo-
catalyst is 3.75-fold higher than that of SSOP.

Recently, the CO, increase has caused global warming to
some extent. “Negative carbon economy” has attracted increas-
ing attention because of the effects of global warming.*'*>'¢
Reducing the amount of CO, in the atmosphere is becoming
highly urgent. Huo et al.>'® designed novel Z-scheme hetero-
structures between Pg-C;N, nanosheets and Sn,S;-DETA nano-
rods for photocatalytic CO, reduction (PCR). The experimental
results exhibited that the Z-scheme heterostructure composite
photocatalysts exhibited a higher PCR performance than pure
Pg-C3;N, and Sn,S;-DETA. Fig. 26 shows that the optimized
Pg-C3N,/Sn,S;-DETA composite photocatalysts displayed high
CH, and CH;OH production rates of 4.84 and 1.35 umol h ' g,

This journal is © The Royal Society of Chemistry 2020
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Fig. 26 (a) Schematic illustration of the preparation process for porous
g-C3Ny4 (Pg-C3N4)/Sn,S3-DETA; (b) UV-vis DRS spectra of the as-prepared
samples; (c) comparison of the photocatalytic CO, reduction (PCR) rates
of different photocatalysts under visible light irradiation; and (d) schematic
representation of a Pg-C3N,4/Sn,S3-DETA system. Reprinted from ref. 210,
Copyright (2018), with permission from Elsevier.

respectively. The superior PCR performance should be ascribed
to the formation of Z-scheme heterostructures between the
Pg-C3N, nanosheets and Sn,S;-DETA nanorods. This approach
is useful for efficient separation of photogenerated electron-hole
pairs. The porous structure of carbon nitride also provided many
surface-active sites for photocatalytic reactions.

The products of CO, photocatalytic reduction will change
with the change in PCN-based composite photocatalysts. The
reduction products, such as CO, NH,, and CH3;OH, can be
obtained because of the different band positions of PCN-based
composite photocatalysts. Although the PCN-based composite
photocatalysts have different reduction products of CO,, they
all exhibit excellent photocatalytic CO, reduction activity. The
problem caused by CO, should be dealt with. In the future, CO,
may also become a new form of energy to solve the energy
shortage problem.

3.3 Application in the photocatalytic degradation of
pollutants

Photocatalytic degradation, an environment-friendly and effi-
ciently advanced oxidation process, has attracted extensive
attention.'®>*'7~?° with the development of economy, environ-
mental pollution has seriously damaged the ecological environ-
ment and threatened the health and safety of human beings.
A green and efficient photocatalyst should be designed
to degrade pollutants. For example, Li et al.>*’ successfully
prepared hierarchical Pg-C3N, foam (FCN) by using low-cost
polyurethane sponge as a soft template. In comparison with
traditional soft templates, the polyurethane sponge had no
carbon residue nor reacted with precursors. Fig. 27 shows that
the porous structure consisted of interconnected micron-
(1-2 pm) and nano-scale (20-80 nm) pores. This feature is
beneficial to increase the number of surface active sites and
promote photogenic electron transfer. The experimental results
show that the optimized FCN exhibited higher photocatalytic
activity for phenol degradation (4 times) than traditional g-C3N,
because of the presence of a porous structure.

PCN can potentially solve environmental pollution and
the energy crisis because of its excellent optical properties,

This journal is © The Royal Society of Chemistry 2020
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Fig. 27 (a) Schematic for the preparation of porous g-CszN4 foam (FCN)
materials; (b and c) SEM images of FCN-5 (where 5 represents the heating
rate of polyurethane sponge (PU)); (d) UV-vis absorption spectra of the
as-prepared samples; (e) photodegradation of phenol over pristine g-CzNy4
(PCN) and FCN materials; and (f) AQY for FCN-5 under irradiation with
different monochromatic lights. Reprinted from ref. 227, Copyright (2018),
with permission from Elsevier.

chemical stability, and environmental friendliness. Therefore,
paying attention to the research and development of PCN can
lay a foundation for the early solution to these two problems.

4. Conclusion and outlook

In summary, PCN has always been a top research topic in recent
years and will be a major one in the future because of its unique
optical and chemical properties. Fig. 28 features the main
development of PCN in recent years. In this review, we have
first introduced two distinct methods to prepare PCN. The first
one is a bottom-up approach that involves template and
supramolecular self-assembly methods. The other one is a
top-down approach, which includes chemical exfoliation and
thermal oxidation. The preparation process and formation
mechanism are described in detail. Thereafter, the funda-
mental properties of different morphologies and the functional
modification of PCN are also summarized. The functional
modification of PCN is emphasized, including heteroatom
doping, introduction of surface defects, and heterojunction
formation. Finally, the application of PCN-based photocatalysts
is introduced in the field of photocatalysis, such as photocatalytic
hydrogen production, photocatalytic pollutant degradation, and
photocatalytic CO, reduction.

Despite the advances in PCN in recent years, some challenges
still remain. In terms of preparation methods, the template

Morphologies of PCN Heteroatoms doped

@.'.. O (@)

D
ene. Cod rface active sites (o
P SIPE X "
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Porous g-C;N, (PCN)

Fig. 28 A brief summary of the main development of PCN in recent years.
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method can be used to prepare relatively regular PCN. However,
the application of the template method in preparing PCN is
restricted by the use of a toxic remover in the hard template
method and the release of harmful gas in the soft template
method. Although supramolecular self-assembly can avoid toxic
removers and harmful gases, the preparation of supramolecular
precursors requires the use of organic reagents, which also
inhibits the formation of hydrogen bonds in supramolecular
precursors. Therefore, stable and easy to remove hard templates,
green soft templates, and supramolecular precursors that can be
synthesized in water solvents at room temperature should be
determined in the future.

The morphological change can also improve the photocata-
lytic performance of PCN. For example, the PCN with a sheet
structure can shorten the transmission path of photogenerated
charge carriers. The PCN with a rod structure can effectively
transfer photoinduced carriers along the 1D path. The PCN
with a hollow sphere structure can reflect incident light many
times to improve the light utilization rate. However, the change
in morphology can only play an auxiliary role in the photo-
catalytic activity of PCN. Specifically, the increase of the photo-
catalytic activity of carbon nitride is obscured. Therefore,
the morphological change can have a synergistic effect when
combined with heteroatom doping or heterojunction formation
to improve the PCN photocatalytic activity in the future.

In the functional modification of PCN, the introduction of
surface defects and heteroatom doping can affect the electronic
structure of PCN. However, surface defects are primarily
reflected in the increase of surface active sites. In heteroatom
doping, the effects of distinct doping atoms are different. Some
defects affect the highest occupied molecular orbital (HOMO)
of carbon nitride, such as S atoms.'** By contrast, other defects
affect the lowest unoccupied molecular orbital (LUMO) of
carbon nitride, such as P atoms.>?® Other defects affect the
HOMO and LUMO of carbon nitride, such as O atoms.?™*
Doping with metal elements is primarily reflected in the
promotion of photogenerated electron transfer. This occurrence
is similar to that in heterojunction formation. Heterojunctions
enhance the photocatalytic activity to promote the separation of
photogenerated carriers. Accordingly, the concentration of photo-
generated electrons participating in the reaction is increased.
Therefore, two-element or even three-element doping can be
developed in the future to solve the shortcomings of carbon
nitride in various aspects. Combining modified unitary PCN
with other photocatalysts or co-catalysts will be a good means
to form heterojunctions, which will further improve the photo-
catalytic activity. Theoretical calculation has great potential in
explaining electronic band structures. However, few reports
on the theoretical calculation of PCN are available. This situa-
tion may lead to the unclear principle of many modification
methods for improving the photocatalytic activity. Therefore,
future work can be inclined to explain the principle of modified
carbon nitride.

Overall, this review summarizes the development of PCN,
i.e., synthesis, morphology, modification, and application, in
recent years. We believe that PCN can serve as a reference for
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the development of g-C;N, and lay a foundation for the design
of ideal photocatalysts in the future.
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