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ARTICLE INFO ABSTRACT

Keywords: Core shell structure, which consists of an inner layer “guest” nanomaterial (nonaparticle or nanosheet) en-
Core-shell capsulated inside another protective shell, is the most promising system for protecting the core from the sur-
Carbon nitride rounding environment, integrating different functional materials and providing a platform to maximize interface
Cata}lyﬁs connectivity among the multiple components, which might enhance catalytic performance and materialization
Ez‘e’ig/nmem stability. Graphitic carbon nitride (g-C3Ny4), as an intriguing earth-abundant metal-free catalyst with a unique

two-dimensional structure, excellent chemical stability, abundant “coordination nest” housing active sites, and
tunable electronic structure, is a promising material for the controlled construction of core shell heterojunctions
with the largest interface. At present, the applications of g-C3N,4 based core shell structured nanomaterials (g-
C3N,4 CSNs) focus on degradation of contaminants, hydrogen production, reduction of carbon dioxide, fuel cells,
as well as water disinfection. This review covers state-of-the-art achievements in g-C3N4 CSNs. The depiction
comprises four sections based on g-C3N4, CSNs: the advantages of core shell structure and g-C3N4 CSNs; the
design for the construction of g-C3N4 CSNs from both architectures and functions; a comprehensive overview of
major advances in the synthesis of g-C3N4 CSNs; the discussion of their applications in photocatalysis, photo-
electrocatalysis, and electrocatalysis. Moreover, recent strides in developing synthesis and catalytic applications
of g-C3N4 CSNs, as well as an outlook section of offering some insights on the future directions and prospects of
g-C3N,4 CSNs, will be highlighted with the aim of overcoming the present limitations by exploiting more creative
prepared methodologies and exploring other practical applications.

1. Introduction environment-good process that converts light energy into chemical

energy, is often thought of as a promising approach in hydrogen evo-

With the expansion of urbanization and industrialization, the de-
mand of energy is rapidly increased for satisfying human life and the
emissions of various environmental pollutants threaten the survival of
living things [1-6]. Ameliorating energy issues and global environ-
mental pollution could be implemented by exploring leading-edge sci-
ence and technology on catalysis to improve energy utilization and
develop environmentally friendly energy sources [7-9]. Catalytic
technique is an effective way to solve the problems of energy conver-
sion and environmental remediation [10-13]. Nowadays, diverse cat-
alysis, such as photocatalysis, electrocatalysis, and phtotoelec-
trocatalysis, is critical for many aspects of our life, such as environment,
energy, biology, and chemistry [14-16]. Firstly, photocatalysis, as an

lution, degradation of pollutants, and CO, reduction [17-20]. Secondly,
photoelectrocatalysis, as another way to use solar energy, plays an in-
creasingly important role in degradation of pollutants and water split-
ting. Thirdly, electrocatalysis, can promote the performance and the
deliverable weight energy and power of fuel cells.

The optimization in catalytic performance depends on component
and structure of catalysis. Herein, developing a catalyst with suitable
components is a crucial step. Despite metal materials as catalysis pos-
sess natural advantages, such as high efficiency, excellent selectivity,
and easy recycling [21-23], the expense, scarce or bioaccumulation of
metals makes them impossible to use on a large scale [24,25]. There-
fore, exploring a metal-free catalytic material is essential for achieving
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Fig. 1. Representation of the number of publications containing the keyword “carbon nitride” published from 2009 to June 2019. The data are obtained from “Web

of Science”.

dramatic breakthroughs and conquering harsh challenges in catalysis.
Among various catalytic materials, carbon nitride is undoubtedly a hot
research material as evidenced from the increasing number of papers on
indexed journals concerning the keywords “carbon nitride” over the last
decade (Fig. 1). Metal-free graphitic carbon nitride (g-C3N4) has re-
ceived in-depth research and the most extensive attention due to its
excellent characteristics, such as versatile chemical and physical per-
formance, high temperature resistance, excellent chemical stability, and
unique structure [15,26-30]. More importantly, it has a coordination
nest surrounded by a m-it bond to provide active sites and can be easily
peeled off into ultra-thin layers to provide more attachment sites. As
early as the 1830s, Berzelius and Liebig synthesized a substance called
“melon”, which was later used as the precursor of g-C3N, [31,32].
Graphitic carbon nitride (g-C3N,4) is widely used in various fields, such
as purification of polluted water [33,34], evolution of hydrogen [2,20],
energy storage [35-37], humidity and gas sensors [38,39], solar cells
[40], and fuel cells [12,41]. Obviously, the incorporation of g-C3N, has
greatly advanced the progress in new energy development and en-
vironmental protection. However, its practical applications are limited
due to inherent drawbacks, such as fast recombination of photo-
generated electron-hole pairs, low surface area, difficult to separation
from water, low quantum efficiency, and insufficient light absorption.
To improve these shortcomings, several strategies have been developed,
such as regulating morphology [23], doping other elements or mole-
cular precursor into g-C3N4 to enhance visible-light absorption by
changing the band structure [34,42], constructing the heterojunction
with other semiconductors to promote photogenerated electron-hole
pairs separation [43,44], and adding photosensitizers on g-C3N4 to in-
crease quantum efficiency [45,46]. Among these strategies, con-
structing the heterojunction and changing structure of g-C3N4 can ob-
tain a large area of effective contact surface and suitable transfer path
for charge and substance. Building the core shell heterostructures based
on g-C3Ny is determined to be the foremost measure for improving
catalytic performance and preventing core from corrosion by the sy-
nergetic heterointerfaces and the protection of g-C3N4 shell, respec-
tively.

The core shell structure has attracted a great deal of attention as it
shows a comprehensive effect by integrating individual components. It
represents novel physical and chemical traits, such as multi-function-
ality, stability, ease of conditioning and good dispersion, which is not
available in a single component [47-55]. Interestingly, tight connection
interfaces of the core shell structure connected by adjacent components
can trigger outstanding composite performance and unexpected traits.
Based on these composite characteristics, the core shell structure can
expand the applications of g-C3N4 from photocatalysis to

photoelectrocatalysis and electrocatalysis, even drug delivery and op-
tics, energy storage and conversion, separation, and adsorption. Fur-
thermore, the g-C3N4 based core shell structure can exponentially en-
hance the catalytic activity in the fields of photocatalysis and
photoelectrocatalysis. For example, the tetracycline degradation rate of
the uniform and compact TiO,@g-C3N4 quantum photocatalyst could
reach 2.3 times that of bulk g-C3N, [56]. Taking photoelectrocatalysis
as an example, the excellent photocurrent density of carbon quantum
dots (CQDs) sensitized Ti:Fe,O3@g-C3N,4 nanosheets [57], exhibited a
double effect compared to pristine Ti:Fe,Os;. For electrocatalysts,
amorphous carbon black@polymeric g-C3Ny4 also greatly promoted the
development of electrodes, which was superior to the state-of-art
commercial PtRu-C electrode [58]. The gratifying results are due to the
complementary role of g-C3N4 and other materials. On the one hand,
the g-C3N4 can act as the shell to protect the core from solution dis-
solution and photo corrosion. As a result, those unstable materials can
show more function. On the other hand, g-C3N, can obtain other
properties (conductivity and magnetic, etc.) via embedding or com-
bining new substances. Especially, the core shell structure can form the
tight interface serving to construct a heterojunction. In parallel to the
increasing reviews on the preparation of g-C3N,4 based core shell na-
nomaterials (g-C3N4 CSNs), a review for its in-depth summary is a
critical step to provide researchers for further investigation.
Previously, lots of articles have reviewed the g-C3N,4 based materials
with different aspects, such as polymeric [34,59], mesoporous [60,61],
nanocomposites [62], doping [63], and nanosheets [64,65]. This re-
view provides a comprehensive understanding of g-C3N4 CSNs. The
core shell structure in this review refers to a stable hybrid formed by
wrapping between different materials. Apart from a few examples of g-
C3N,4 as cores, most of them are used as the shell because of its soft
polymers. In the first part, the advantages of core shell structure and g-
C3N4 CSNs are elaborated. In the second part, design is described in
terms of architectures and functions. In the third part, the synthesis
methods have been introduced in the following categories, including
hydro/solvothermal methods, ultrasonication-assisted chemisorption
method, self-assembly strategies, and heat treatment. Among them,
heat treatment is further divided into calcination, sol-gel assisted, CVD
method, and pyrolysis process. In addition, the morphological and
physicochemical features are outlined and the effects of reaction
parameters are discussed. In the fourth part, the applications of core
shell g-C3N,4 based structure are mainly focused on photocatalytic hy-
drogen evolution, degradation of pollutants, photoanode, and electro-
catalyst. Furthermore, we have deeply analyzed the reasons for the
increased catalytic performance of core shell structured g-C3N,. More-
over, the research trends and prospects of core shell structured g-CsN4
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catalysts are also summarized.
2. Advantages
2.1. Advantages of core-shell structure

Core shell structure composed of an inner 3D nanomaterial wrapped
in the other material, has become the focus of complex structure of
heterogeneous materials. This structure has been widely used in the
frontier of significant fields, such as catalysis [66-69], optics [70,71],
pharmaceutical [72], biomedical [73], electronics [74] and materials
chemistry [75-77]. Herein, the main advantages of core shell structure
are discussed for the photocatalytic system. For 3D photocatalytic na-
nomaterials, such as octahedron, cone, rod, cube, sphere, their intuitive
improvement is the construction of core shell structure for surface
modification. For example, the inner layer “guest” nanoparticle en-
hances visible light absorption by encapsulated inside photosensitizer
or retards the recombination of electron hole pairs by coating with a
semiconductor of suitable bandgap or increases reactive sites by loading
charge receptor. In addition, surface modification can adjust porosity of
core by controlling the loading amount or structure of shell. For ex-
ample, by encapsulated inside porous shell, the core can obtain the
optimal state between charge separation and mass transfer. The core
shell structure is also conducive to dispersion of some photocatalysts in
liquid, thus resulting in larger available active areas for the system. The
aggregation-prone colloidal nanoparticles can combine organic shell by
chemical bonding to prevent aggregation [78]. This is because of the
changes in surface properties by the loading of strong hydrophilic re-
pulsion.

In addition, for unstable substances in the external environment,
such as sensitive to oxidation and corrosion, the core shell structure can
improve the internal stability by isolating the direct connection be-
tween the core and the external environment. Fortunately, the na-
noscale thickness of shell is powerless to prevent the light reaction of
core. Moreover, the core shell structure can obtain full utilization of the
surface of materials, thus leading to the maximization of internal charge
transfer. Finally, when the core shell structure possesses hollow core or
mesoporous core, they have ability to enhance the utilization rate of
light because of multiple reflection of light. In conclusion, core shell
structure shows novel physical and chemical properties, such as unique
magnetic and optical properties, higher surface area, increased stabi-
lity, and multifunctional chemical properties. These advantages of core
shell structure will facilitate the development in catalysis and material
chemistry.

2.2. Advantages of g-C3N4 CSNs

The g-C3N, based core shell structured nanomaterials (g-C3N4 CSNs)
include two types: one is consisting of the inner core of g-C3N4 and the
shell (other materials); another is composed of internal core (other
materials) and the shell of g-C3N,4. However, most experimental papers
show the latter structure of g-C3N4 CSNs, which results from the unique
physicochemical properties of g-CsN4. Here, the advantages of g-C3N4
CSNs are summarized for a better understanding of the purpose of in-
troducing g-C3N4 into core shell structure. The g-C3N, CSNs are en-
vironmentally friendly and low-cost due to metal-free g-C3N, that is a
material composed of earth-abundant carbon and nitrogen elements. In
addition, it possesses the advantages of simple preparation. In gen-
erally, g-C3N, CSNs are synthesized by assembly of prepared g-C3Ny4
and other material or calcination of the mixture of g-C3N4 precursors
and other prepared materials. Because g-C3Ny, is the soft polymer and
intriguing 2D covalent organic frameworks, g-C3N4 CSNs can combine
with various forms of core (introduced in detail in the next section) and
be applied to most of the functional materials, such as noble metal and
magnetic materials. Considering the suitable bandgap ("2.7 eV) of g-
C3Ny, g-C3N, CSNs show excellent visible light absorption and are
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conducive for the introduction of other semiconductor materials.
Moreover, the stable g-C3N, endows core shell with the chemical and
thermal stability. The g-C3N4, CSNs can immobile more metal active
sites in “coordination nest” of g-C3Ny. Finally, g-C3N4 CSNs possess
tunable thickness by stripping g-CsN4 or controlling the amount of its
precursors.

In conclusion, g-C3N4 CSNs have the advantages of green economy,
simple preparation, abundant active sites, easy thickness adjustment,
wide applicability and good performance. Herein, these materials are
suitable for applying in the catalytic fields, such as photocatalysis,
photoelectrocatalysis, and electrocatalysis.

3. Design of g-C3N4 CSNs

In this section, the design concept of recent g-C3N, CSNs have been
summarized from the two aspects of architectures and functions. The
architectures are mainly divided into two categories: spherical and non-
spherical; functions are divided into two categories: photocatalysis and
electrocatalysis. In addition, we comprehensively introduce the internal
mechanism and determining factors of the obtained structure from two
aspects, because the framework of g-C3N, CSNs is dependent on the
structure of g-C3N, or other materials.

3.1. Architectures

The g-C3N4 CSNs with differing compositions, dimensionalities and
architectures have been constructed, and will be described below
(Fig. 2).

3.1.1. Spherical g-C3N4 CSNs

Spherical g-C3N4 CSNs are constructed via layer-by-layer coverage
of g-C3N, shells or thermal polymerization of g-C3N,4 in a hollow shell.
Typical examples include g-C3N4 nanosheets coating on other nano-
particles with tens to hundreds of nanometers in diameter, and multi-
layer of shells growing on a spherical hard template to prepare a hollow
structure. For example, SiO, and C nanospheres were used as hard
templates for preparation of TiO,@g-C3N4 hollow spheres and C-TiO,@
g-C3Ny4 hollow spheres, respectively [79,80]. Moreover, microporous
materials with large surface areas are interesting for applications in
catalysis [81]. Another intriguing example is that carbon nitride en-
capsulating mesoporous nanospheres, which include the outer package
of mesoporous core with hundreds of nanometers [82], and the full
package of reunion mesoporous microspheres [83]. This may depend on
using g-C3N4 nanosheets or precursors to cover. In addition to being
shell, g-C3N4 can also serve as core, such as melamine calcining in
Fe** /polyphenol to form g-C5N, core [84].

3.1.2. Non-Spherical g-C3N, CSNs

Non-spherical g-C3N, CSNs are constructed by the covering of g-
C3N4 on other types of nanocores, such as nanorods [85-87], nanowires
[88], and nanooctahedra [89], nanocone [90]. The core of the nanorods
can be subdivided into a cylindrical shape and a prismatic shape, and
the ends of the nanorods may be enclosed or exposed. Moreover, an-
other construction idea is to fill the prepared g-C3Ny4 shell with core
materials. For example, core-shell LaPO,/g-C3N, nanowires [86] was
prepared by hydrothermal methods of La®* and PO,>~ ions in the
tubular g-C3Ny.

Two-dimensional structures make up another representative type of
non-spherical g-C3N4 CSNs. For example, the“Pt-free” hierarchical
electrocatalyst was prepared by rough, microporous and cratered g-
C3N,4 covering on graphene sheets [91].

3.1.3. Internal mechanism for the formation of the structure

Increasing numbers of papers are developing g-CsN, CSNs with
unique structures for various applications. By the knowledge that we
receive, the different structure of g-C3N, CSNs can be manipulated by
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Fig. 2. Schematic illustration of various architectures of g-C3N4 CSNs. a. Spherical g-C3N4 CSNs include g-C3N, as shell nanoparticles, g-C3Ny4 as core nanoparticles,
hollow nanoparticles, mesoporous core nanoparticles, and full package mesoporous microspheres particles. b. Non-Spherical g-C3N4 CSNs include core shell nanorod,
core shell nanorod/wire, core shell nanooctahedra, core shell nanocone, and 2D/2D core shell nanosheet.

attaching to other materials by g-C3Ny4, copolymerizing carbon nitride
precursors inside other materials, and incorporating other materials
into the framework of g-C3N,. Owing to g-C3N, with deformable ul-
trathin 2D structure, it can facilely load on cores of any structure, such
as spherical and rod-shaped. More importantly, this loading does
scarcely change the core of structure, thus retaining the excellent
properties of the original materials. In the second case, spherical g-C3N4
CSNs can be obtained by calcining the g-C3N,4 precursor encapsulated in
a polymeric organic material. Owing to the uniform fluid pressure, the
polymeric organic material forms stable spherical structure. For ex-
ample, the as-prepared polyphenol coating on melamine was calcined
to spherical g-C3N,@C nanocomposites [84]. In the third case, the
structure of g-C3N4 CSNs depends on g-C3N, instead of other materials.
By the special treatment of g-C3N,4 precursors, g-C3N,4 can obtained the
hollow 3D structure, which is used for framework of g-C3N4 CSNs. As
the tubular g-C3N4 synthesized by chemical treatment was filled with
LaPO, [86].

3.2. Functions

The g-C3N4 CSNs could be applied for photocatalytic and electro-
catalytic fields. Therefore, the function designs of g-CsN, CSNs for
photocatalytic applications, which divide into four parts (enhance-
ment/broadening of light absorption, maximization of interface area,
enhancement of charge transfer and separation, improvement of sta-
bility and good reuse, and mass transfer enhancement), are highlighted.
For electrocatalytic applications, g-C3N, CSNs have additional contents
due to its different requirements, which will be described separately.

3.2.1. Enhancement/broadening of light absorption

It is widely recognized that g-C3N4 with the band gap of 2.7 eV can
only use light with a wavelength of less than 460 nm. However, the
solar energy mainly concentrated in visible light (420 nm"760 nm) and
infrared (IR) light (> 760 nm), which account for 44% and 52% of total
energy, respectively. Accordingly, obtaining high light absorption is
critical to improve photocatalytic performance. By building the core
shell structure, the hybrids can possess outstanding light harvesting. In
this part, we will discuss reasons of enhancing light absorption from
two perspectives: one is extra light harvesting; another is the expansion
of the light absorption range.

During the construction of core shell structure, some strategies can
be carried out for extra light harvesting, such as constructing hollow
core shell structure, dye coating. Multiple reflections of light are caused

by hollow structure that enhance the utilization efficiency of solar en-
ergy. For the second point, the dye, such as triazine-based oligomer
(TBO), can effectively obtain visible light by self-sensitization, which
will produce new electrons onto the g-C3Ny.

It is a huge challenge that expanding light absorption range from
ultraviolet light to IR light. On the basis of the factor that narrow band
gap is the root cause of increase light absorption range, some ap-
proaches for obtaining the narrow band gap can be summed up, such as
preparing materials with element doping or defects, matching narrow
bandgap semiconductors. These proposals can be achieved by building
a core shell structure. Element doping can fill the interstitial positions
or substitute atomic sites in the original substance, leading to changes
in the band structure. The C, N co-doped core shell structure showed
high range of visible light response due to the narrow band gap. In
addition, oxides can obtain oxygen vacancies to shorten the band gap,
such as obtaining oxygen defects-mediated TiO and ZnO by an electron
beam treatment and a solution conversion method, respectively. Among
them, the incorporation of ZnO with oxygen defects into the g-C3Ny4
CSNs achieved the expansion of light absorption in the visible light
range. However, the binary core-shell structure is still difficult to
achieve full-spectrum light absorption. Fortunately, the full-spectrum
light absorption succeeded by adding other moiety in the binary core-
shell heterojunction. For example, the introduction of C moiety in g-
C3N4@a-Fe,03 core shell nanomaterials can increase the absorption
edge to 800 nm, which may be due to the reduction of work function
leading to a band bending of CB toward less negative. In the core shell
structure, the introduction of new components can be at the interface.
For instance, Feng et al. [92] not only coupled g-C3N4 with Ag>CrO,4 to
form Z-scheme heterojunction, but also added nitrogen-doped GQDs
(N-GQDs) between the cores and the shells. N-GQDs can use infrared
light and converts it into visible light because of the up-conversion
effect, resulting in full-spectrum absorption. In general, the combina-
tion of multiple components is prerequisite for full-spectrum absorp-
tion. The core shell structure is a good choice for tightly bonding
multiple substances.

3.2.2. Maximization of interface area

Since the large number of charge separation is carried out at in-
terface between solids, when charge is effectively transferred between
interfaces, the total interface area of composites is one of the most
important factors affecting photocatalytic performance. However, the
nanomaterials are used for synthesizing the composite structure by the
common designs, such as 0D/2D, 1D/2D, 2D/2D connection, which



D. He, et al.

display very low contact area because the surface area of the nano-
materials is not fully utilized. Through the published literatures, other
materials (e.g. OD, 1D, 2D) adhere only to the surface of 2D nanoma-
terials, which undoubtedly results in the majority of the surface area
not forming contact surfaces [93-95]. However, Feng at al [92]. max-
imized the surface area of spherical Ag>CrO, by wrapping it in small
pieces of carbon nitride. Compared to the growth of Ag,CrO4 on the
surface of 2D g-C3Ny, the full 3D contact can maximize the contact area.
Given the small area of point-to-point (0D/2D, 1D/2D) and face-to-face
(2D/2D) by random loading of other materials [96-98], Shen et al. [99]
coupled g-C3Ny shell on the surface of SiO, core the to obtain the large
contact area. Among these combined forms, the heterointerface be-
tween TiO, and g-C3Ny4, which are respectively regarded as the most
promising metal hydrophilic photocatalyst and metal free organic
polymer semiconductor photocatalyst, is difficult to achieve the optimal
charge kinetics and electron-hole pairs separation efficiency. For-
tunately, because their matched band gap, plenty of studies attempted
to construct heterostructures between them, TiO,@g-C3N4 composites
with compact and large interface area were successfully synthesized by
facile methods, such as chemically modified solution method, in-situ
synthesis. Herein, coupling the g-C3N4 ultrathin nanosheets as shells
with cores by the 3D contact can obtain the largest interface area,
which serves as a good method to change the structure of composites.
The maximization of interface area can increase the active surface area,
facilitate separation and transfer of charge carriers. It facilitates the
plasmonic energy transfer processes that maximizing the metal-support
interaction between the semiconductor shell and the metal core under
three-dimensional contact conditions.

3.2.3. Enhancement of charge transfer and separation

It is well known that the most significant disadvantage of bulk g-
C3Ny is facile recombination of photogenerated electrons and holes.
Fortunately, the core shell structure can form a large area of hetero-
junction derived from the match of energy and lattice by matching g-
C3N,4 with other substances. The g-C3N,4 as an n-type semiconductor can
form p-n junction by coupling with p-type semiconductor. This will
form the inner electric field resulting in photogenerated holes moving
n-type to p-type and electrons moving p-type to n-type. Numerous
studies demonstrated that the core shell structure can construct type II
heterojunction by p-n junction, like CuFe;0,@C3N,4 [100]. Compared
with type II heterojunction, the Z-scheme heterojunction not only
promotes charge separation but also obtains high redox potential. As a
result, some measures can obtain g-C3N, CSNs with Z-scheme hetero-
junction as follows: (I) The semiconductors with hole-retaining reduce
the conduction band by introducing oxygen vacancies [85]; (II) The
substances with superior electron mobility connect both sides of the
interface, such as C and CNT [84,101]. In addition, sensitizer, reservoir
of charge as a party to the core shell structure or adding cocatalysts,
which helps to enhance the separation efficiency of charge carriers.

It is worth pointing out that two main factors, namely, the tightness
and thickness of shells, can affect photocatalytic performance and se-
paration of photogenerated electrons and holes. This is because the
former can enhance surface heterojunction and reduce charge transfer
resistance. The latter can reduce pathway of charge transfer leading to
fewer recombination and improve quantum confinement effect.

3.2.4. Improvement of stability and good reuse

The further applications of excellent semiconductor materials and
noble metals are restricted due to photocorrosion and dissolution. Take
for an example, CdS possesses a perfect electronic structure and energy
band gap (72.4eV) for water splitting and capturing visible light.
Nevertheless, its catalytic performance is limited due to the problem of
photocorrosion that sulfur ions are oxidized to S by photogenerated
holes. By constructing the core shell structure coupling g-C3N4 na-
nosheets with CdS, the corrosive holes from CdS will transfer to g-C3N,4
resulting in the inhibition of phtotocorrosion [102]. Other than that,
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Ag-based semiconductors, like Agl and AgzPO,, can be reduced into Ag
under illumination and dissolve in water. This is not conducive to apply
them in treating wastewater and splitting water. In addition to avoiding
photocorrosion, the coating of stable g-C3Ny4 shells can handle two
difficulties, namely, avoiding direct contact between the Ag-based
semiconductors and water, and forming large interface area to enhance
the structural stability. It should point that g-C3N4 CSNs possess high
mechanical stability due to the high stability of g-C3N, and effects of
force between cores and shells, such as Van der Waals forces, electro-
static force. Under these circumstances, some readily dispersible sub-
stances can well bind and concentrate, such as Ag, C as cores. Plenty of
cyclic experiments [103] demonstrated its surface chemical property
and crystal structure have not changed after using it multiple times.

As well, the valid separation of catalysts can implement by con-
structing core shell structure. On the one hand, under the package of
shells, the weight and dimension of composites are increased. For in-
stance, the AgFeO,/g-C3N, catalyst can spontaneously precipitate to
achieve the purpose of collection. On the other hand, the introduction
of magnetic cores, such as CuFe,O4 [104] and Fe;O3 [84], can be
conducive to separate by magnetic force.

3.2.5. Mass transfer enhancement

Mass transfer is a material transfer process that occurs in a system
due to uneven material concentrations [105]. On the basis of different
location of the reactants, mass transfer can be divided into external
mass transfer and internal mass transfer [106]. External mass transfer is
related to the number of catalyst surface sites and the flow rate of
medium [107,108]. For g-C3N4 CSNs, one method to enhance external
mass transfer is through the coating of the core with porous g-C3Nj.
This is because porous g-C3N, feathers a large surface area and an open
crystalline pore wall. For example, the coating of TiO, and ZnO with
mesoporous g-C3N, presents the improved effect of mass transfer
[83,109].

For the g-C3N4 CSNs, the internal mass transfer is related to an in-
trinsic property of components, the thickness of the catalyst film, and
coating methods used [110,111]. The internal mass-transfer resistance
of a core shell photocatalytic system is affected by the diffusion of re-
actant molecule within voided film shell. By the adjustment of shell
thickness, a synergistic effect of the core and the shell, or the con-
struction of nanointerspace channels, internal mass transfer can con-
sequently be increased. For example, coating of CuFe,O, nanoparticles
with g-C3N4 has improved the mass transfer reaction of active sub-
stances due to the synergistic effect of the core and the shell [104]. And
coating of ZnO nanoparticles with g-C3N4 has improved the mass
transfer reaction of active substances due to the nanointerspace chan-
nels [112].

3.2.6. Function designs of g-C3N, CSNs for electrocatalysis

The new generation of CN-based electrocatalysts (ECs), which are
characterized by core shell structure, can be designed from the inside
out to improve electrocatalytic performance. Using carbonaceous ma-
terials (e.g. Fe3C, graphene, and Vulcan XC-72 carbon black) as core
can ensure that minimizing ohmic drops achieves easy electron transfer
between active points and external circuits because of their outstanding
electrical conductivity [58,113,114]. More interesting, the core can be
served as supplemental source of active sites. For example, Jin et al.
[115] used the cobalt oxide as the core of ECs to continuously provide
cobalt ions as active sites. Hence, the ECs will possess the high stability,
even if the surface active sites could be unstable after multiple opera-
tions.

Under the protection of the g-C3N, shell, the unstable carbonaceous
materials (E. g. Vulcan XC-72R) can slow down corrosion after long-
time operation in varying potential and acidic electrolyte because of
mechanical and chemical stability of g-C3N,4 in oxidative and acidic
environments. In addition, because g-C3N,4 has lots of Lewis base and
acid sites, it can increase anchoring and precipitation sites for metal
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The comparison of construction methods and the potential applications of g-C3N4 CSNs.

Construction methods Advantages

Disadvantages Applications

Hydro/solvothermal methods Solution processable; Large scale; Good
crystallization

Solution processable; Tunable thickness;
Controllable interface formation;

Large scale; Suitable for heat-resistant

materials

Ultrasonication-assisted self-assembly
strategies
Calcination

Sol-gel assisted calcination
scale; stable interface

Tunable thickness; Immobilization
Large scale

CVD method
Pyrolysis process

Solution processable; Tunable thickness; Large

Difficult to control interfacial
growth process
Only g-C3Ny shell

Photocatalysis; Photoelectrocatalysis;
Electrocatalysis
Photocatalysis; Photoelectrocatalysis

Photocatalysis; Photoelectrocatalysis;
Electrocatalysis
Photocatalysis; Electrocatalysis

Energy-intensive
Energy-intensive

Photocatalysis; Photoelectrocatalysis
Electrocatalysis

Require special instruments
Energy-intensive; Complex
processes

active nanoparticles (NPs). The core shell structure based on the g-C3N,4
shell not only improve the interaction between support materials and
metal active NPs, but can also increase the triple-phase boundary for
acting on electrochemical reactions by avoiding NPs “buried” in the
support materials. For example, to overcome the shortcoming of Pt
nanoparticles (NPs) buried inside the pores, Li et al. [58] skillfully used
carbon nitride to “catch” the Pt NPs. On account of C- and N- based
ligands in g-C3Ny, the co-catalyst and active metal, which can enhance
ECs performance and reduce overpotential respectively, can be fixed in
“coordination nests” [91].

4. Construction methods

The key to the preparation of g-C3N4 CSNs is the thickness of the g-
C3Ny shell and the tightness of the core-shell connection. The former is
closely related to the mass ratio of g-C3Ny4. The latter mainly depends on
the connection force in the synthesis method. The developed synthesis
methods are divided into the following categories: (I) hydro/sol-
vothermal methods, (II) ultrasonication-assisted self-assembly strate-
gies, (III) heat treatment (including calcination, sol-gel assisted calci-
nation, CVD method, and pyrolysis process), summarized in Table 1. In
addition, to visually show correspondence between above methods and
structure, Table 2 summaries different g-CsN, core shell structure sui-
table for each method.

4.1. Hydro/solvothermal methods

Hydro/solvothermal methods are facile and popular solution ap-
proaches for synthesis of composite materials and multifunctional ma-
terials, such as sulfides, yolk-shell structure, and magnetic iron(III)-
based framework composites.

4.1.1. Hydrothermal method

Hydrothermal method is the most common method for preparing
nanomaterials by treating the solution of water as a solvent in a sealed
pressure vessel for several hours. The powder is dissolved first and then
crystallized. The resulting powder by this method has complete grain
development, small particle size, and uniform distribution. Li et al. [86]
fabricated a series of core shell structured LaPO,@g-C3N4 nano-
composites via a simple hydrothermal growth. The LaPO,/g-C3N4
(Fig. 3(a)) exhibited the tubular-like g-C3N4 (tCN) is well filled with
LaPO, to form a sandwiched tubular composite and retained the mor-
phology of LaPO,. Besides, the composite sample forms a tight hetero-
interface with two (002) lattice planes of tCN and one (100) lattice
planes of LaPO4 on each side (Fig. 3(b)). More importantly, surface
energy is reduced during the formation of the tubular g-C3N, shell. As
shown in Fig. 3(c), the melamine is deprotonated by nitric acid to ob-
tain a precipitate. Then, for elevating crystallinity and reduce tubular g-
C3Ny surface and structural defects, the washed precipitate is calcined
twice (first 450 °C, second 550 °C). Finally, the resultant tCN was dis-
persed in solution containing La** and PO,*”. During hydrothermal

growth, La®>* and PO,>~ enter into the g-C3N,4 shells by electrostatic
interaction to form the LaPO, core. Subsequently, Gu and co-workers
[116] used a one-pot hydrothermal method for synthesis of SSCN@
MoS, by using (NH4)>MoS, and 1,3,5-triazine as the precursor. (002)
facet of MoS, rises with increasing the mass ratio of MoS,. The char-
acteristics indicated the successful preparation of the thin layer coating
onto the SSCN microspheres. The research found triazine-based oli-
gomer (TBO) dyes as photosensitizer could promote visible-light ab-
sorption and MoS, as coating provided active sites. Despite main core
shell structured nanomaterials focusing on binary composite, there are
also super binary composite such as ternary and quaternary. In general,
the strategy for synthesis of super binary composite involves the choose
of connector. Metal-organic frameworks (MOFs) exhibits the features of
both wide variable composition and high internal surface area and
possess structural features to easily combine with other components,
thus resulting in wide photocatalytic applications. For example, Kha-
sevani [123] synthesized the Ags;PO,/BiPO,@MIL-88B(Fe)@g-CsN,4
(AB@MIL-88B(Fe)@g-CN) core shell structured nanocomposite by hy-
drothermal method, which introduce MOFs into photocatalysis. In this
process, AgsP0O,/BiPO, (denoted as AB) nanoparticles precipitated on
the outmost layer of as-prepared core shell MIL-88B(Fe)@g-C3Ny,
owning to their unique ability to absorb light. Besides, MIL-88B(Fe)@g-
C3N,4 plays a major role in providing active sites and accelerating
charge transfer due to its large surface area and good conductivity,
respectively. Moreover, the quaternary composite exhibited 85% re-
moval of AB92 because of the heterojunction formed by individual
components. Meanwhile, they have prepared ternary novel BiOI@MIL-
88A(Fe)@g-C3N4 nanocomposite by the same method [124]. More in-
teresting, the composite exhibited higher photocatalytic activity for
AB92 (88% removal of AB92) than the previous quaternary composite.
It can be inferred that BiOI as a sensitizer possesses stronger light ab-
sorption than AB.

4.1.2. Solvothermal method

The solvent of solvothermal method is organic solvent, which is
different from the hydrothermal method. It can be noted that products
of the solvothermal process often possess uniform facets and high-
quality crystallinity. For example, Yan et al. [125] successfully re-
formed CdS@g-C3N,4 core/shell nanorods by loading with nickel hy-
droxide. It is noteworthy that Ni(OH), is a cocatalyst on the surface of
CdS@g-C3N4. The samples were obtained by heating the slurry, which
is prepared by stirring of CdS/g-C3N, and Ni(NO3)»'6H-0 in the mixed
solution of oleylamine and ethanol, in 50 mL Teflon-lined autoclave.
The ultrathin g-C3Ny shells can contribute to preventing CdS corrosion
and accept holes from CdS. The uniform facets of a Ni(OH),-CdS/g-
C3N,4 sample was confirmed by HRTEM image, which showed exposed
(002) lattice planes of g-C3Ny4 shell and CdS core, whose lattice spacing
are 0.325 nm and 0.336 nm, respectively. In addition, the mass ratio of
Ni(OH), in the sample has the best value, and when it is more or less, it
is not conducive to light absorption. Another case also used ethylene
glycol as the solvent of solvothermal method. You et al. [126]
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Table 2
The suitable preparation method for g-C3N4-based core-shell structures.

Composites SEM/TEM images Methods C sources/N sources Conditions Ref.

Core-shell g-C3N,/MCNTs/BiOI
nanocomposites

Solvothermal Cyanamide 150°C for 12h [101]

SSCN*@MoS, microspheres Hydrothermal Cyanuric chloride and cyanuric 160°C for 10h [116]

acid with a molar ratio of 1.8

Core-shell LaPO,/g-C3N, nanowires

Hydrothermal Melamine 160 °C for 20 h [86]

core-shell TiO,@g-C3N4 hollow
microspheres

Ultrasonication-assisted self- Melamine Evaporated by 80 °C water bath [117]
assembly strategies

g-C3N4/OD-ZnO" Ultrasonication-assisted self- Urea Evaporation of the water by [85]
assembly strategies stirring at room temperature for 48
h
Cu,0@g-C3N,4 octahedra Ultrasonication-assisted self- Melamine Evaporation of the water by [89]
assembly strategies stirring at room temperature for 48
h
Eu doped g-C3N,@BiVO, Calcination Melamine 300°C for 1h [118]
Mesoporous TiO,@g-C3N, hollow Calcination Cyanamide 550 °C under flowing N, for 1h [80]
core@shell with a ramp rate of 2.5°C min !
8-C3N4@a-Fe;03/C i PSET  Calcination Melamine 550 °C for 4 h with the heating rate  [84]

@I of 5°Cmin!

NaYF4: Yb, Er/g-C3N4 Calcination Melamine and cyanuric acid 550 °C in N, atmosphere for 3h [119]

TiO,@g-C3N4 core-shell nanorod
arrays

Calcination Cyanamide 500 °C for 2h [120]

(continued on next page)
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Table 2 (continued)
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Composites SEM/TEM images Methods C sources/N sources Conditions Ref.
Mesoporous TiO,/g-C3Ny4 Calcination Myanamide 550 °C in nitrogen for 4 h [83]
microspheres
8-C3N4@TiO,, Sol-gel assisted calcination Dicyandiamide 550°C for 4h [121]
TiO5/C3N,4 core-shell nanowire CVD Melamine 550 °C for 4 h with a temperature [122]
arrays rise rate at 5°Cmin !
CQD sensitized Ti:Fe,03@GCNN*® CVD Dicyandiamide 550 °C for 3 h with a heating rate of  [87]
2°Cmin~"
Fe,Fe-CN; 900/CAd Pyrolysis process Sucrose/K Fe(CN)g3H,0 Step 1: 150 °C, 7 hours; Step 2: [113]
300 °C, 2 hours; Step III: 900 °C,
2hours
PtRu/C@g-C3N4 NS°® Pyrolysis process CO(NHy), 600 °C in nitrogen for 2h at a [58]

PtRu

Mean il
2

heating rate of 10 °C min !

3SSCN: self-sensitized carbon nitride; "0D-ZnO: oxygen-defective ZnO; “GCNN: graphitic carbon nitride nanosheets; 9A: the “activation process”; °NS: nanosheet.
Reproduced with permission from: ref. [101]. Copyright 2018, The Royal Society of Chemistry; Reproduced with permission from: ref. [116]. Copyright 2017,
Elsevier; Reproduced with permission from: ref. [86]. Copyright 2017, Elsevier; Copyright 2017, Elsevier; Reproduced with permission from: ref. [117]. Copyright
2018, Elsevier; Reproduced with permission from: ref. [85]. Copyright 2017, Elsevier; Reproduced with permission from: ref. [89]. Copyright 2015, Elsevier;
Reproduced with permission from: ref. [118]. Copyright 2018, Elsevier; Reproduced with permission from: ref. [80]. Copyright 2018, Elsevier; Reproduced with
permission from: ref. [84]. Copyright 2018, American Chemical Society; Reproduced with permission from: ref. [119]. Copyright 2017, Elsevier; Reproduced with
permission from: ref. [120]. Copyright 2017, Elsevier; Reproduced with permission from: ref. [83]. Copyright 2017, American Chemical Society; Reproduced with
permission from: ref. [121]. Copyright 2018, Elsevier; Reproduced with permission from: ref. [122]. Copyright 2018, Springer; Reproduced with permission from:
ref. [87]. Copyright 2018, The Royal Society of Chemistry; Reproduced with permission from: ref. [113]. Copyright 2016, Elsevier; Reproduced with permission

from: ref. [58]. Copyright 2014, The Royal Society of Chemistry.

demonstrated g-C3N, filling in multi-walled carbon nanotubes
(MCNTs), then BiOI grew on the outside of MCNTs. In this case, cya-
namide is first ultrasonicated and stirred in ethyl alcohol solution in-
cluding MCNTs, which is critical for filling MCNTs with g-C3Ny4. After
drying and heating of the mixture, MCNTSs can be occupied g-C3Ny4 to
form core shell g-C3N4/MCNTs (CM). Subsequently, BiOI can be gen-
erated and deposited on CM in the EG solution including bismuth ni-
trate, potassium iodide, and CM. A series of characterization images
confirm that the structure of CM and BiOI kept intact, and the BiOI
nanoparticles were uniformly attached on the surface of CM. Similarly,
the BiOI also exhibited the uniform facet of (110) and (102) through the
solvothermal strategy.

4.2. Ultrasonication-assisted self-assembly strategies

In brief, self-assembly can convert disordered molecular units into
ordered composite structure. The self-assembly is a facile and broad
method for preparation of catalysts, especially photocatalysts. The
method has attracted much attention for applying g-C3N4 nanosheets
coating to other different cores. Generally, the self-assembly was rea-
lized by using water or methanol as solvent. The synthetic process of

ultrasonication-assisted self-assembly can be divided into two steps,
defined as a two-step self-assembly: (I) The g-C3N4 was exfoliated into
nanosheets by ultrasonicating as-prepared g-C3N,4 aqueous solution; (II)
The g-C3N,4 nanosheets can combine with many different types of cores
under different conditions, such as chemisorption, electrostatic force,
and van der Waals force.

Among them, the chemisorption, as the most effective and stable
method, has been used for the synthesis of core shell structured g-C3N4
composites. Generally, this method usually involves the mixture of g-
C3N,4 with the active ingredient accompanying stirring, evaporation of
the solvent, and drying of residue. Among, the mechanism may be that
an irreversible chemical bond between cores and shells is formed when
the solution evaporates. Several papers have recently been reported.
For example, Chen et al. [109] obtained ZnO@mpg-C3N, via ultra-
sonication-assisted chemisorption method using the methanol as sol-
vent. Later, Liu et al. [127] developed a highly conductive AgI core,
which was obtained by a facile and general chemical reaction pre-
cipitation. With evaporation of aqueous solution, the g-C3N4 nanosheets
regrouped into compact and stable layer because of obtaining lowest
surface energy. Later, they used Ag;PO, as the core to prepare the new
hybrid core shell nanocomposite by the similar method [128]. The



D. He, et al.

La%, PO

Hydrothermal
growth

A

Applied Catalysis B: Environmental 258 (2019) 117957

nia gt 0.€
9'C3N4(09.2):. 7
+0.326 n 7%

Thermolysis

Thermolysis
550 °C

Fig. 3. The TEM image of core shell LaPO,/tCN-200 (a); high-magnification TEM image (b) of core shell LaPO4/tCN hybrid. (c) Synthetic process schematic of

LaPO,4/tCN. Reproduced with permission from ref [86]. Copyright 2017 Elsevier.
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Fig. 4. (a) Schematic diagram of the preparation process for AgsPO,@g-C3N, core shell nanocomposites. (b) The high-magnification TEM image of AgsPO4@g-C3N4.
(c) Concentration changes of MB in different system. Reproduced with permission from ref [128]. Copyright 2016 Elsevier.

preparation process as shown in Fig. 4(a), the bulk g-C3N,4 can be ob-
tained by heating melamine to 550 °C for 4 h. After ultrasonication, g-
C3N, was exfoliated into nanosheets. The Ags;PO,@g-CsN, hybrid
structure was formed by stirring mixed solution of AgzPO,4 and g-C3Ny4
nanosheets for 24 h. As illustrated in Fig. 4(b), the results are made up
of gauze-like g-C3N, nano-sheets completely covered on spherical

Ag3POy, cores. Although Ags;PO, could be corroded by light and slightly
dissolute in water, the core shell nanostructure can solve these pro-
blems. Moreover, AgsPO,4 photocatalysts possess up to 90% quantum
yield of oxygen generated from water decomposition. Therefore, the
Ag;PO,@g-C3N4 sample exhibited the higher photocatalytic activity
compared with Agl@g-C3N,4.The former can degrade 97% of MB after
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junction; (d) 4-chlorophenol degradation of different samples under visible light irradiation (A > 420 nm). Reproduced with permission from ref [85]. Copyright

2017 Elsevier.

30 min of irradiation (Fig. 4(c)), but the latter can only degrade 96.5%
MB after irradiation of visible light for 120 min.

Recently, Wang et al. [85] successfully fabricated Z-scheme het-
erojunction g-C3N,/oxygen-defective ZnO (OD-ZnO) by a chemisorp-
tion method. OD-ZnO nanorods were built through a modified solution
conversion method. As shown in Fig. 5(a), the original rod-shaped OD-
ZnO was wrapped with fiber-shaped g-C3N4 nanosheets. To further
demonstrate the successful synthesis of the composites, EDS mapping
analysis (Fig. 5(b)) was used to test elemental composition (cores
contains oxygen and zinc; shells contains nitrogen) and FT-IR analysis
confirmed that stable chemical bonds between the core and the shell. It
was noted that oxygen defects were very significant to enhance pho-
tocatalytic activities. Compared with defect-free ZnO, oxygen-defects
can capture the excited electrons from g-C3N, at a more positive energy
level. For the Z-scheme heterojunction (Fig. 5(c)), electrons of oxygen
defects could combine with holes in valence band (VB) of g-C3Ny.
Therefore, the composite enhanced redox and visible-light absorbed
abilities and inhibited recombination in electrons and holes. As a result,
compared to g-C3N; and OD-ZnO, the CN-10/0D-ZnO composites
showed extremely high photocatalytic efficiency with about 95% de-
gradation ratio in an hour (Fig. 5(d)).

In addition, Zhang et al. [103] fabricated core/shell nanowires
structure by using CdS nanowires as substrate. CdS nanowires were
obtained by a feasible solvothermal method. In the case, it was noted
that the g-C3N4 nanosheets will undergo curl and reorganization pro-
cess during the loading of g-C3N, nanosheets on CdS nanowires.
Therefore, in the methanol solution, g-C3N,4 can physically wrap around
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CdS nanowires. During the methanol volatilization, g-C3N4 nanosheets
will smoothly coat on CdS nanowires by chemisorption process.
Moreover, introducing barbituric acid into dicyandiamide precursor,
which was used to synthesize g-C3N,4, can improve its photocatalytic
activities. In addition, the samples can improve light absorption per-
formance, but reduce the BET specific surface area with added g-C3N4
content increasing. Liu et al. [129] reported CdS nanoparticles as
templates to synthesize CdS@g-C3N, core@Shell nanoparticles (NPs).
In detail, in mixture of Cd(NOs), and thiourea, CdS NPs were obtained
by gradually adding NaOH(aq). Then, the mixture of CdS NPs and the
as-prepared g-C3N4 nanosheets forms the product by stirring (Fig. 6(a)).
Furthermore, they use water as medium to exfoliate the bulk g-C3N4
because of water possessing high polarity and suitable surface energy.
By comparing the above two cases, morphology (from nanowires to
nanoparticles) and evaporation substance (from methanol to water)
were changed, thus leading the change of heterojunction from type II to
Z-scheme. This means that different interface formation methods lead
to the change in charge transfer direction. Afterwards, Yao et al. [104]
fabricated magnetic core-shell CuFe,O4@C3N, through increasing re-
flux to promote the self-assembly process. The CuFe;O, NPs were
synthesized by a hydrothermal method. However, compared to pure g-
C3Ny, the g-C3N4 in the core shell composite has lower thermal stability,
which may be attributed to the CuFe,O,4 NPs influencing cross-linked
rings of g-C3N,4 nanosheets.

Different from the above methods, Dang et al. [130] developed the
electrostatic force to prepared core shell structure. The synthesis pro-
cedure is illustrated in Fig. 6(b). First, the g-C3N4 was immersed in HCI
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Fig. 6. (a) Synthetic schematic for CdS and CdS@g-C3N4; Reproduced with permission from ref [129]. Copyright 2017 Elsevier. (b) Synthetic schematic for a-S@
C3N4. Reproduced with permission from ref [130]. Copyright 2015 The Royal Society of Chemistry.

(0.5mol L™ 1) for 1 h to make its surface positive. Next, the mixture was
slowly added to the a-S solution with the negative outer surface charge.
Accompanied by stirring, the products were obtained by electrostatic
interaction between a-S and ultra-thin g-C3N,4 nanosheets. From the
SEM images, the loose combination between g-C3N, shells and the a-S
may be attributed to the weak electrostatic force. Afterwards, van der
Waals force was also used as a driving force to self-assemble into g-C3N,4
CSNs. Pan et al. [131] grown C3N,4/BiPO,4 nanorods via the two-step
self-assembly process. In the second step, the BiPO4 nanorods were
added into the methanol solution containing ultrathin g-C3N4 na-
nosheets, and then the g-C3N,4 nanosheets spontaneously assembles on
the outer surface of the BiPO4 nanorods by van der Waals forces. Be-
cause the lattice match between the BiPO4 and CsN,, which are de-
monstrated by XRD and TEM, the core shell composite with strong
interaction was obtained. Interestingly, the smooth carbon nitride
coating showed increasing coverage, improved crystallinity and light
absorption intensity with increasing g- C3N,4 content.

4.3. Heat treatment

Heat treatment is the most popular and extensive method for using
g-C3N, precursors to construct core shell structure due to the synthesis
of g- C3N4 and the rupture of g-C3N4 nanosheets occurring at high
temperatures. The heat treatment can be divided into calcination, sol-
gel assisted, chemical vapor deposition (CVD), and pyrolysis process.
Whether in photocatalysis or photocatalysis and electrocatalysis, it is
widely used.
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4.3.1. Calcination

In general, the precursors were heated at around 500 °C for several
hours through a condensation pathways for forming g-C3Njy.
Calcination is a necessary process by precursors to prepare g-C3Ny.
Correspondingly, the calcination methods can be widely applied for
constructing core shell structured g-C3N4 with urea, cyanamide (CA),
dicyanamide or melamine as the precursor. It was noting that template
selection is vital to construct core shell structure of different shape. In
the section, content includes spherical core template and non-spherical
core template.

3.3.1.1 Spherical core templates. While the ball as the core, the
cover layer is easy to adhere and can be uniformly attached. Bo et al.
[132] fabricated SiO,/g-C3N4 nanomaterials by calcining CA molecules
on the SiO; spherical substrate, which were synthesized by the mixture
of tetraethyl orthosilicate (TEOS) solution and aqueous ammonia so-
lution. As illustrated in Fig. 7(a), when TEOS ethanol and water solu-
tion was stirred, TEOS was hydrolyzed, followed by forming SiO, na-
nospheres of around 200-300 nm diameter. Meanwhile, it can be
observed that the growth of hydroxyl group on the outer surface of SiO,
nanospheres. After the CA solution was added into the above liquid,
— OH group could combine with CA, leading to CA tightly enwrapping
SiO, nanospheres. In the final step, the calcination of mixture can make
CA convert to g-C3N,4 and let g-C3N4 and SiO, core more tightly com-
bined. Previously, the g-C3N4 based composites were prepared by the
first synthesis of pure g-C3N,4. The strategies may result in loose com-
bination between core and shell. Le et al. [133] explored a novel and
facile method to prepare ZnO@g-C3N,4 by two-step calcination. In this
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method, the urea precursor can in situ grow on as-fabricated ZnO sur-
face by calcination. Shen and co-workers [99] reported the preparation
of high photocatalytic active material via in situ grow procedure with
urea as precursor under 550 °C for 2h. The preparation of SnO, mi-
crospheres is the primary requirement for the construction of sub-
sequent SnO,@g-C3N,4 core shell composites. In this process, the SnCly
and D-glucose anhydrous were mixed in the aqueous solution of
ethanol. The above solution firstly generated precipitation by hydro-
thermal, followed by post-annealing at 550 °C. Compared with ZnO
particles with 30-50 nm diameter in the previous example, the samples
possess a larger core with 1.5 um particle size. Moreover, it is beneficial
to inhibit photogenerated electrons and holes recombination. As a re-
sult, photocatalytic activities were significantly enhanced.

More interesting, Zou and co-workers [79] successfully fabricated C-
doped TiO,@g-C3N4 nanocomposites using urea as precursor. In the
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work, the synthetic process (Fig. 7(b)) involves first preparing C-doped
TiO, hollow spheres by using carbon nanospheres as a template and
subsequent making urea in-situ grow on the C-TiO, surface through a
heat-treatment. Different from sealed core shell structure, the resultant
with hollow core shell structure possesses higher visible light absorp-
tion due to quantum being used efficiently through multiple reflection.
Besides, the special structure has many characteristics, such as easy
diffusion, high light utilization, and quite low density. From the XRD
curves, it can be found that the calcination can enhance the crystallinity
of the finished product. Apart from carbon nanospheres as template,
SiO, nanoparticles were also applied for constructing hollow core shell
structure. Guo et al. [80] firstly engineered TiO,@g-C3N4 hollow core@
shell composites by in-situ growth and calcination. As illustrated in
Fig. 7(c), tetrabutyl titanate molecules and cyanamide are the precursor
of TiO, and g-C3N,4, respectively. On the other hand, SiO, templates
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were removed by NH4HF, solution.

Different from TiO, hollow spheres, Wei et al. [83] used the me-
soporous anatase TiO, microspheres (TO) as cores to form composites.
The TO coated by cyanamide was calcined to obtain the mesoporous
TiO,/g-C3N,4 microspheres (Fig. 7(d)). The mesoporous structure can
reduce band gap energy and be beneficial to mass transfer because of a
large number of pores. Therefore, this special structure is suitable for
photocatalytic degradation of pollutants.

In addition to enabling grow outside the core, g-C3N,4 can be in-
tegrated into other materials. For example, Wu et al. [84] synthesized g-
C3N4@a-Fe,03/C core@shell photocatalysts by calcination. The gen-
eral steps are shown in Fig. 7(e). At the beginning, melamine is covered
by polyphenol to form preliminary core shell structure. After the in-
troduction of iron ions, the mixtures carry out polymerization and
oxidation reaction by calcination, so the final product was obtained.
The a-Fe,03 and C moiety of the unique shell can be regarded as hole
oxidation sites and electron transfer site, respectively.

3.3.1.2. Non-spherical core templates. The shapes of such templates
include nanorod arrays [88,120,134], hexagonal prism [119], na-
nosheets [56], and flower-like [118]. Some excellent semiconductors
are more difficult to synthesize spheres, so it is a good choice to build
non-spherical core-shell composites. In addition, when the core-shell
structure is used as an electrode, the nanorod shape is more suitable
than the spherical shape because the electron transfer path is shorter
and the resistance is smaller. At present, employing nanorod arrays as
the template in calcination is an extensive and promising route to ob-
tain g-C3N4 based core shell structure. In this work, FTO-coated glass
substrates generally act as a carrier in arranging nanorod arrays. Hao
and co-works [120] successfully synthesized TiO,@g-C3N4 nanorod
arrays using heptazine as precursor via saturated aqueous solution as
heat transfer medium. As showed in Fig. 8(a), the samples were gra-
dually formed from the inside to the outside by a three-step thermal
deposition process. From the previous studies, when used as the sole

n-Si wafer

a

2

Hydrothermal
—
X 150 °C for 12 h

D+ Aﬂ'—{g
“’@c/cp‘
; v
Cyanuric Acid »

D

Melamine

FTOTTiO,

Juissawuy

Si NWs/g-C,N,

calcination
—
500 °C for 2h

C

-0

)9,

"
>3

}_*;.. (
S

I o
o

i

The unit of CM

+= =

i ‘ .
ﬁzmﬂ ’ '

NaYF,Yb,Er with EDTA

’-.

NaYF,:Yb,Er

13

E

!

Annealing for

% 3h
il =

Applied Catalysis B: Environmental 258 (2019) 117957

precursor to prepare carbon nitride, melamine is easily sublimed at
higher temperatures. Therefore, the central step, namely, a big and
stable heptazine synthesized by the condensation of melamine in the
polar solution with HNOs, played a crucial role in preventing sub-
limation during the reaction and making the ultrathin g-C3N,4 shells
tightly wrapped around the TiO, cores of rutile and single crystalline. In
the field of photoelectrochemical, Chen et al. [88] designed siliconna-
nowire (SiNW)/g-C3Ny4 core shell nanoarrays by heating a cyanamide
solution impregnated with SINW nanoarrays (Fig. 8(b)). The novel
method of metal-catalyzed electroless etching (MCEE) was applied for
preparing SiNW nanoarrays. Briefly, the as-prepared clean n-Si wafers
was washed by water and acetone, followed by using H,SO, and H,0,
to remove organics. Then, the Si was etched by a HF-AgNO3 solution,
leading to part Ag crystal remaining on Si nanoarrays. In order to obtain
pure Si nanoarrays, they used the oxidant solution to treat it. The size of
SiNW nanoarrays was derived by the etching time. SINW nanoarrays
become rough but its dimension has not been affected. The intimate
interfacial contact was confirmed by the TEM and HRTEM images. The
as-fabricated resultant exhibited higher PEC performance compared to
SiNW nanoarrays and FTO/g-CsN, due to the formation of hetero-
junction between the SiNW and g-C3Nj.

Recently, Yang et al. [119] firstly applied Lanthanide-doped up-
conversion nanoparticles (UPNS) to construct the core shell structured
g-C3N, nanocomposites with hexagonal prism by a facile two-step
method. The UPNS can improve solar energy utilization due to more
visible light absorption and its upconversion capabilities. In this case,
NaYF,/CM was synthesized by using melamine, EDTA, NaYF,:Yb,Er,
and cyanuric acid as precursor through a molecular self-assembly pro-
cess (Fig. 8(c)). The NaYF,/CM was calcined at 550 °C under N, at-
mosphere. Moreover, the solvents will also influence the morphology of
CM supramolecular, such as the rod-like and needle-like CM adducts
which are fabricated by using water and chloroform as solvents, re-

spectively.

SiNWs

Fig. 8. (a) Synthetic schematic for TiO,@g-
C3N, nanorod arrays. Reproduced with per-
mission from ref [120]. Copyright 2017 Else-
vier. (b) Synthetic schematic for SINW/g-C3N,4
core shell nanoarrays. Reproduced with per-
mission from ref [88]. Copyright 2017 Elsevier.
(c) Possible synthetic schematic for NaYF,/CM.
Reproduced with permission from ref [119].
Copyright 2017 Elsevier.
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BiVO, is a popular semiconductor and known for its unique flower
shape. By using the pre-prepared Eu doped g-C3N, nanosheets as shell
and flower-like BiVO, as core, Wang et al. [118] demonstrated the
synthesis of Eu-CN@BiVO, core-hell structured composites, in which g-
C3N, can reduce the valence band from 1.58 to 1.43 eV and improve the
conduction band from -1.26 to -1.11 eV by doping. These modifies can
increase the light absorption edge of g-C3N4 from 430 to 509 nm.
Moreover, the Eu doped g-C3N4 nanosheets can significantly increase
the specific surface area of BiVO, core. The results indicate that the
photocatalytic activity of samples obviously enhanced due to conver-
sion between Eu(III) and Eu(Il) achieving more 0%~ generating.

4.3.2. Sol-gel assisted calcination

Recently, the sol-gel method combined with calcination method can
obtain a strongly connected core shell structure. Ma and co-workers
[135] reported the sol-gel process for the synthesis of carbon@g-C3N4
core shell structure. They realized that the bulk g-C3N4 cannot be
covered on C cores. Hence, by using nitric acid (HNOs) treatment, the g-
C3N, surface chargeability would change, and protons can be prone to
embed in the g-C3N,4 solid with the layered structure, followed by se-
lectively located on the skeleton N atoms by the similar basic interac-
tion. The preparation process of carbon@g-C3N, core shell structure
was illustrated in Fig. 9(a). In detail, the g-C3N, sol was prepared by
protonation of bulk g-C3N, with HNO; because the strong oxidant can
lead to the depolymerization of g-C3Ny4. After removing HNOs, the g-
C3N, colloids can carry out repolymerization by constructing hydrogen
carbon. Afterwards, carbon spheres and g-C3N,4 gel was mixed, followed
by drying and calcining to get Carbon@g-C3Ny. It is noted that the gel
was fabricated by spontaneous self-assembly process due to electro-
static force from negatively charged carbon and positively charged g-
C3Ny. The as-prepared structure improves the surface area of monomer
component. It indicates that the sol-gel method can contribute to syn-
thesizing core shell structure. Similarly, Wang et al. [121] explored a
novel combination method to obtain g-C3N4@TiO, core shell nanos-
tructure with adjustable ultrathin g-C3N, shell. Fig. 9(b) roughly illu-
strated the different stages during fabrication of g-C3N,@TiO, photo-
catalysts. During the heating process, the precursors undergo the
surface area and phase alternation, and adjustable polymerization
connected by a new bond. Moreover, the thickness of the g-C3N4 layer
can be facilely tuned from 1.0 nm to 3.0 nm by adjusting the annealing
temperature from 550 °C to 400 °C. As a result, the as-fabricated sample
under 550 °C was provided with the thinnest thickness, the strongest
light absorption and the better photocatalytic performance. The report
successfully revealed the structure-activity relationship between the
core shell structure with different shell thickness and the corresponding
catalytic activity.

Mohamed and co-workers [136] also developed the sol-gel assisted
heat treatment to synthesize g-C3N,@C, N co-doped TiO, with anatase/
rutile mixed phase. It should be pointed out that the condition for the
formation of core shell structure is that the annealing temperature
reaches or exceeds 550 °C, which is good for the breakage of 2D g-C3N4
nanosheets into short-range order (Fig. 9(c)). According to the XPS, it
can be found that urea as g-C3N,4 precursor can make the TiO, core
doped by C and N element. Although high temperature can get well-
formed core shell structure, it can also destroy the porous structure of
the g-C3Ny, thus reducing the overall porosity. This is a common trouble
associated with the sol-gel assisted heat treatment.

4.3.3. CVD method

Chemical vapor deposition (CVD) is an efficient and highly posi-
tioned method to enable the vapor precursors depositing on the tem-
plate of relative high temperature. This method is widely used to con-
struct core shell structure in the fields of photocatalysis and
photoelectrocatalysis. Correspondingly, Park et al. [137] first demon-
strated that the coating of g-C3N4 nanosheets on ZnO nanorod arrays by
CVD. In the first step, neat ZnO nanorod arrays were synthesized on
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FTO-coated glass by seed-mediated growth. In the two step, melamine
occur polymerization under the air atmosphere at 520 °C, thus forming
the g-C3N4 layer coating on ZnO nanorods. However, with the g-C3N4
content increasing, it tends to gather on the top of ZnO nanorods. In
case of excessive aggregation, photo-generated electrons and holes are
easy to combine. CVD not only allows the synthesis of photocatalysts,
but also bears great potential for core shell structured photo-electrodes.
Yi et al. [57] fabricated Ti-doped Fe,O;@g-CsN, nanosheets (Ti:-
Fe,O3@GCNN) supported carbon quantum dots (CQDs) as photoanodes
for water splitting. The synthesis procedure is illustrated in Fig. 10(a).
In the first step, Ti:Fe;O3 was obtained on FTO via a calcination and a
hydrothermal method. Next, vapor containing dicyandiamide ag-
gregated on the Ti-doped Fe,O3 surface by CVD. Finally, CQDs coated
on the as-prepared Ti:Fe;O3@GCNN. The FESEM (Fig. 10(b)) show the
size of the core in a few hundred nanometers and the growth direction
of Fe,0s. Fig. 10(c) exhibited the loading of ultra-small CQDs and thin
layers of the GCNNs does not affect the framework of the photoelec-
trode. It is worth mentioning that Ti-dopant can impede the re-
combination of charge due to the anodic-shifted flat band potential. The
g-C3N4 nanosheets and CQDs can facilitate charge separation, perfect
the kinetics, increase the donor density, and improve photocurrent
density due to their high conductivity and low resistance between
electrode and electrolyte. Similarly, Wang and co-workers [122] de-
signed TiO,/g-C3N, core-shell nanowire arrays without CQDs with TiO,
seed as a precursor by the hydrothermal and CVD method.

4.3.4. Pyrolysis process

Pyrolysis process of hybrid inorganic-organic mixed precursors is a
typical and popular method to obtain the electrocatalysts (ECs) for
improving oxygen reduction reaction (ORR) in the fuel cells. Because of
core shell structure ECs with the best performance, their preparation is
also becoming popular. Given the carbon nitride materials with rich N-
ligands and C-ligands constituting coordination nest, it is a suitable
material as the shell in ECs, which can embed active metals and co-
catalysts. The ECs fabricated by the following three steps. First, various
related reagents are dissolved and homogenized by sonication in a
uniform solvent. Afterwards, the hybrid inorganic-organic mixed pre-
cursors form “pristine” ECs by pyrolysis process. In the final step, “ac-
tivated” ECs was obtained by activation process. In general, the pyr-
olysis process composed of three steps, in which the temperature
increases step by step. The detail as follows: (I) 120-200 °C for 12-24 h
or less to remove completely all the residues of solvents; (II) 300-400 °C
for 2 h to remove hetero atom (e.g. H and O) from materials and form a
hybrid carbon-rich precursor; (3) 500-900 °C for 2h, temperature
regulation in this section is constant, but sometimes is gradient, which
depend on the material [138,139].

At the beginning, Vezzii and co-workers [113] successfully prepared
the ECs with Fe-carbon nitride (CN) as shell and carbon nanoparticles
as core by typical pyrolysis process. They used different ratios of K Fe
(CN)e'3H,0 and FeCl; as Fe source to mix with sucrose and XC-72R
nanoparticles and then homogenized by sonication, followed by drying
and pyrolysis process for obtaining the “pristine” CN-based ECs. Then,
the “activated” CN-based EC was obtained by an activation process.
Compared with the “pristine” ECs, the “activated” ECs possesses thin
shell and high porosity. It should be noted that using different ratios of
K4Fe(CN)e'3H,0 and FeCl; to introduce Fe species will influence the Fe
and N mass ratio of the “pristine” and “actived” ECs. In general, the
product with high N-ligands can have good hydrophilicity. Especially,
high N,-Fe coordination species in the product can facilitate oxygen
absorption. CN has an excellent structure to expose Fe species on the
outer surface, which provide generous active sites for ORR.

To further enhance the ORR performance, the ECs with alloy ap-
pear. Negro et al. [114] reported the preparation of Fe-Sn carbon ni-
tride (CN) as a shell coating on graphene nanoplatelets (GNPs) for the
oxygen reduction reaction (ORR) in the cathode of Pt-free anion-ex-
change membrane fuel cells. Among, the activation process involves
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treating with HF for 2h and subsequently carrying out 900 °C for 2h
(Fig. 11(A)). From the ICPAES results and elemental analysis, we can
initially determine that the graphitization degree of CN increased after
activation, because hetero atom mass ratio reduced and unstable metal-
based nanoparticles without entering coordination nest was removed
by high temperature. This can also be observed through HRTEM images
(Fig. 11(B)). In few cases, the CN shell still exist the onion-like features,
which can block the destruction of underneath NPs (< 100 nm). With
respect to conventional Pt/C reference, the thermal stability of Pt-free
ECs was improved, but their performance still was insufficient. In
general, the platinum-group metal (PGM) based alloys ECs with CN as
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the shell was synthesized by two different precursors. The first pre-
cursor with hybrid inorganic-organic polymer networks composes of
metal coordination macromolecular polymeric organics, such as poly-
acrylonitrile (PAN). The other precursor with zeolitic inorganic-organic
polymer electrolyte (Z-IOPE) is consisted of multiple metal centers
connected by small molecular organics, such as sucrose. Negro and co-
workers [140] reported a novel PACoNi-CN,Tf/G ECs by a traditional
pyrolysis. The core shell structured ECs are consisted of the carbon
nanoparticles (NPs) core and the shell of carbon nitride (CN) embed-
ding Pd as active sites and Co and Ni as co-catalysts. They synthesized
four samples under two different pyrolysis temperatures (600 °C, 900
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°C) and two different precursor binder (PAN, sucrose). Compared with non-renewable energy, there is an urgent need to develop sustainable
PAN as binder, the sample from the sucrose will possess higher N energy, such as solar energy. By simulating the natural photosynthetic
content, which are the key points for constructing metal-N ligands. system, hydrogen, as a clean energy source, can be successfully ob-
Correspondingly, as the temperature rises from 600 to 900 °C, the Pd- tained by artificial photocatalytic decomposition of water. The g-C3Ny,
based active sites of the CN shell will increase. Therefore, it is crucial as the promising photocatalysis, of practical applications is hindered
for the performance of ECs that the increase of N content in CN shell due to poor photocatalytic hydrogen evolution. In order to solve low
due to Pd mainly binding to N species. visible light absorption and easy recombination of photogenerated

electron hole pairs, the construction of core shell structured g-C3N4
based photocatalysts has caused great attention. The g-C3N4-based core
shell structure photocatalysts for hydrogen evolution were generally
summarized in Table 3.

Bai et al. [141] evaluated the effect of noble metal Ag as core. The
optimum Ag@CsN, photocatalysts demonstrated excellent photo-
catalytic performance for hydrogen production, which was

5. Applications
5.1. Photocatalytic applications

5.1.1. Photocatalytic hydrogen evolution
With the rapid development of society and excessive exploitation of
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Table 3
A summary of g-C3Ny-based core shell structure photocatalysts for hydrogen evolution.

Applied Catalysis B: Environmental 258 (2019) 117957

Materials/(g-C3N4 wt%)

Sacrificial agents Light sources Photoactivity Ref.
(umol g_1 h™hH

Hollow-CdS@g-C3N4 /(5%) Na,S and Na,SO3 300 W Xe lamp A > 400 nm 4390 [102]
Mesoporous TiO,@g-C3N, hollow core@shell CH3;0H 300 W Xe lamp equipped with AM 1.5 filter 197.5 [80]
C-doped TiO,@g-C3N, core-shell Hollow nanospheres CH;0OH 300 W Xe lamp A > 420 nm 35.6 [79]
CdS@g-C3N4/(3%) Na,S and Na,SO3 350 W Xe lamp A = 420 nm 10.89 mmol g~ ! [129]
g-C3N,4/0D-Zn0? TEOA® 300 W Xe lamp A > 420 nm - [85]
SSCN“@MOo8S,/(4%) TEOA® MAX-302 xenon lamp A > 420nm 91 [116]
CdS/g-C3N, Na,S and Na,SO3 300 W Xe lamp A > 420 nm 115180 [125]
Cu,0@g-C3N, octahedra/(5%) TEOA® 300 W Xe lamp A > 420 nm 265 [89]
Ag@C3N,4 TEOA® 300 W Xe lamp A > 420 nm 25 [141]
CdS/g-C3N4 Nanowires/(2%) Na,S and Na,SO3 350 W Xe lamp A = 420 nm 4152 [103]
Zn gCdg »S@g-C3N4/(10%) Na,S and Na,SO3 300 W Xe lamp A. > 420nm 2351.18 [142]

20D-ZnO: oxygen-defective ZnO; PTEOA: Triethanolamine; “SSCN: self-sensitized carbon nitride.
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SSCN@MoS,. Reproduced with permission
from ref [116]. Copyright 2017 Elsevier.
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approximately 30-fold increase compared to pure g-C3N,4 (0.84 umol for
10h). This result is attributed to two factors: Ag core as electron cap-
ture agent can reduce recombination of charge carriers due to its low
Fermi level and the formation of hydrogen resolution sites. The pho-
tocatalysts with different exposed crystal face will have different pho-
tocatalytic activity. Li and co-workers [89] explored the effect on
photocatalytic hydrogen evolution of two Cu,O shapes (nanosphere and
octahedral). The authors claimed the H, evolution rate of Cu,O@g-
C3N,4 composites reachedup to 795 pmol/g at 3 h, which is much higher
than Cu,O and g-C3N4 moiety (Fig. 12(a)). In addition, the H, pro-
duction of Cu,0 octahedral is 198 umol after 3 h, which is about 2 times
higher than Cu,O nanosphere (105 umol) (Fig. 12(b)). Mechanism is
attributed to the factor that octahedral Cu,O with the exposed (111)
face has higher surface energy and more active sites than Cu,O nano-
sphere due to it containing surface Cu atoms with dangling bonds. Thus,
combining completely exposed highly active faces with g-C3N, is a
novel way to achieve high photocatalytic hydrogen production effi-
ciency.

Despite the great efforts have been made to improve hydrogen
production activity by the core shell heterostructure, the goal of being
low-cost and enabling large-scale production has not been achieved.
After further exploration, Yan et al. [125] demonstrated the perfor-
mance improvement by introducing co-catalyst. Interestingly, the
normal CdS/g-CsN, core shell nanowires become active toward H,
evolution by Ni(OH), modification. The optimal CdS@g-C3N, with Ni
(OH), as co-catalyst produce hydrogen up to 115.18 umolh™! mg™,
which is about 26 times as much high as CdS/g-C3N,4 without Ni(OH),
(Fig. 12(c)). In this case, the Ni(OH), can in situ precipitate on the CdS
core, which can form intimate interface between CdS/g-C3N4 nanowires
and Ni(OH)s. As a result, it can enhance charge transfer capability. The
significantly improved performance is probably ascribed to the two
main factors: enhancing photogenerated electrons and holes transfer
between the core and the shell, and inhibiting the recombination of
charge carriers. Interestingly, they found the Ni(OH), as electron do-
nors is not a main reason to the improved photoactivity but it can
provide abundant reaction sites.

Recently, Gu and co-workers [116] proposed a new thought for
enhancing photocatalytic hydrogen evolution. They modified the g-
C3N, core@MoS, shell structure to obtain the new self-sensitized
carbon nitride (SSCN) core by using triazine-based oligomer (TBO) dyes
as sensitizer. After the SSCN-P@MoS, sample was treated by base Pir-
anha solution to remove TBO, its H, production rate decreased from
0.91 umolh™! to 0.24umolh~! (Fig. 12(d)). Of course, it is worth
emphasizing that the comprehensive effect between MoS, coating and
self-sensitization by TBO plays a major role in improving activity.
Different from the effect of co-catalysts, the TBO dyes can enhance
visible light absorption so that g-C3N, obtains more electrons. When
SSCN@MoS, is excited by visible light, the excited electrons of the
carbon nitride core and surface TBO dyes jump to the nearby coated
MoS, for H* reduction. At the same time, TEOA in the solution could
recover TBO dyes and consume the photogenerated holes. (Fig. 12(e)).

In addition, the H, production rate can be increased by constructing
the typical type-II heterojunction, which enable the improvement of
separation of photogenerated charge carriers, such as C-doped TiO,@g-
C3N,4 core-shell hollow nanospheres [79] and hollow CAS@C3N,4
spheres [102]. Among them, it should be point out that the hollow
structure can improve photo quantum utilization because of multiple
reflections of light and the reduction of redox potential. Besides typical
type-II heterojunction, Z-scheme heterojunction by combining g-C3N,4
shells with various core can also be used to improve photocatalytic
activity, such as metal sulfide (CdS) [129], metal oxide (ZnO), or even
oxygen defects-mediated metal oxide (OD-ZnO) [85]. In this system, the
oxidation and reduction reactions are carried out in the semiconductor
with more positive valence band and the semiconductor with more
negative conduction band, respectively. Therefore, the core shell het-
erojunction with high redox potential can facilitate transfer and
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separation of charge carriers, enabling the improvement of photo-
catalytic hydrogen evolution.

5.1.2. Photocatalytic degradation of pollutants

The atmospheric environment and water resources are polluted via
rapid advancement of industrialization and urbanization, which are
damaged for the natural environment and biological survival
[143-147]. Thus, more effort needs to be paid to address pollutants in
the air and water by developing different redox mechanisms
[148-152]. Starting from the perspective of green and high efficiency,
the utilization of photocatalysts is undoubtedly the promising way to
mineralize pollutants [153,154]. Notably, photocatalysts with uniform
component such as g-C3N, have been certified to be unsatisfactory for
degradation of dyes [155,156]. This is attributed to their low photo
utilization and easy recombination of charge carriers, which hindered
practical applications. For the problem, the exploration of high activity
photocatalysts by constructing composites of different morphology such
as nanowires [157], nanorods [158] and nanospheres [141] has been
applied to improve the removal rate of pollutants. Given that the g-C3N4
nanosheets are soft polymer, it can form core shell structure by asso-
ciating with other semiconductors or multifunctional substances. Ob-
viously, the structure was applied for photocatalytic degradation of
pollutants, which can get unexpected result due to adjustable core
shape, their synthetic effect of the core and the shell and electronic
structure adjustment. Herein, g-C3N4-based core shell structure photo-
catalysts for pollutant degradation were generally summarized in
Table 4.

The methylene blue (MB) dye, which is widely accepted as the ex-
tensive material to verify the photodegradation effect, was used for
evaluating the photoactivity of C3N4/BiPO4 (CNBP), as reported by Pan
and co-workers [131]. Under the UV light, the optimal CNBP in dif-
ferent thickness g-C3N4 shells can remove 90% of MB dye in 5min,
which is apparently superior to single component references (C3N4 and
the uncoated BiPO,). Especially for C3Ny, it exhibited a negligible effect
of degradation. The samples can be well reused due to stable protection
of shells, which was proved by the experiments of cycles. Under visible
light, the CNBP showed the different activity order, compared with that
under UV light. The reason is that the main substance for excitation
photocatalytic reaction is C3N, instead of the uncoated BiPO,. To the
further verification of the degradation activity by pseudo-first-order
kinetics, the highest rate constant k of CNBP reached up to 0.31h™?,
which is 5 times higher than C3N,4 (Fig. 13(a)). This is mainly attributed
to the superiorities of core shell structures, including the reduction of
electrons and holes recombination due to heterojunction interfaces and
inhibition of polymerization of C3N4 nanosheets. The former can get
more reactive oxygen species and holes and the latter can increase the
surface area. Another reason for reducing recombination is energy level
and lattice match in the core shell structure. Furthermore, the core shell
structure can achieve transfer of charge carriers on individual BiPO4
particle, resulting from charged surface domains generating strong di-
polar fields, as certificated in additional examples (e.g. TiO5/Ag and
BiFeO3/SrTiO3).

The MB dye can also be degraded by the novel photocatalysts of
ZnO@ mesoporous g-C3N4 (mpg-C3Ny4), as shown by Chen et al. [109],
who demonstrated the mpg-C3N, possesses unique features, such as
large surface area, open crystalline wall and porous surface. These
features can be beneficial to the absorption of reactants, light har-
vesting and the electrons transfer. Whether under visible light or ul-
traviolet light, the composites have an optimal photodegradation ac-
tivity. With the increase of the loading amount of mpg-C3N,, the
activity of products presented an upward trend and then falling
(Fig. 13(b)). The phenomenon may be attribute to the factor: despite
the mpg-C3N, can facilitate charge separation and transfer, it also can
prevent the light absorption of ZnO core. Moreover, further analysis by
HPLC chromatograms found the degradation process of both unloaded
ZnO and ZnO@mpg-C3N, is the same. Both of them degraded MB to
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Table 4
A summary of g-C3Ny-based core shell structure photocatalysts for pollutant degradation.
Materials/(g-C3N4 wt%) Pollutant Light source Activity Photoactivity Ref.
content/ enhancement
(mgL™")
Pollutant: RhB?
BiOI@MIL-88A(Fe)@g-C3N4 10 300 W Xe lamp A > 420 nm DEP of 75% in 180 min - [124]
TiO,@g-C3N, hollow microspheres/ 1.0 x 107> M 300 W Xe lamp A > 420 nm DE" of 93.3% in100 min > 3 times of TiO, hollow microspheres [117]
(15%)
Rutile TiO,@g-C3N4 10 100 W Xe lamp A > 420 nm DEP of 95.68% in180 min > 1.8 times of g-C3Ny; [120]
> 2 times of TiO,
WO;@g-C3N4/(1%) 10 A high-pressure xenon DE® of 90% in 140 min = 2.25 times of g-C3N,4 nanosheets; = 4.5  [159]
short arc lamp times of WO3
A > 420 nm
ZnO@g-C3N,4 nanoparticles 5 A > 400 nm K¢ = 0.0831 min ! > 5 times of g-C3Ny; [133]
> 3.4 times of ZnO
Si0,/g-C3N, core—shell nanospheres 10 300 W Xe lamp DEP of 94.3% in150 min ~3.5 times of g-C3N, [132]
A = 420 nm
Fe,03/8-C3Ny 10 300 W Xe lamp DE of 96.7% in 240 min  ~1.4 times of g-C3Ny [160]
A = 420nm
Bi,WOe@g-C3N4/(3%) 10 250 W halide lamp A > 420 nm DE® of 90.8% in 30 min ~1.97 times of Bi,WOg¢ [161]
a-S@C3N4/(35%) 5 300 W Xe lamp A > 400 nm DEP of 93.4% in 40 min =~ 3 times of a-S [130]
Pollutant: TCY
Eu-CN°@BiVO, 20 300 W Xe lamp A > 420 nm DE® of 92.1% in 30 min > 1.4 times of BiVO, [118]
B-Bi,O3@g-C3N4/(5%) 10 250 W Xe lamp A > 420 nm DE® of 80.2% in 50 min > 5.2 times of g-C3Ny; [162]
> 1.4 times of (3-Bi,O3
Compact and uniform TiO,@g-C3N, 20 Xenon lamp DRf of 2.2 mg/min > 2.3 times of g-C3Ny; [56]
with full spectrum > 2 times of TiO,
Pollutant: CR®
Mesoporous TiO,@g-C3N,4 hollow 30 500 W Xe lamp equipped with a AM  DE® of 97% in 120 min > 5.1 times of HT"; [80]
core@shell 1.5 cut-off filter > 1.5 times of g-C3N4
Pollutant: MO!
8-C3N4/C, N co-doped anatase/rutile 10 300 W Xe lamp A > 420 nm DEP of 95% in 3.5h > 8.6 times of TiOy; [136]
TiO, > 4.4 times of g-C3N4
SnO,@g-C3N4 microspheres 1.0 X 107° mol/L. 500 W Xe lamp A. > 400 nm K¢ = 0.013 min~* > 1.6 times of g-C3N4 [99]
Pollutant: MB’
8-C3N4/MCNTs/BiOI 10 300 W Xe lamp A > 420 nm K= 0.364h"! > 1.3 times of BiOI; [101]
> 1.2 times of g-C3Ny4
8-C3N,4/a-TiOy/c-TiOy 10 uyM 100 W tungsten lamp DE® of 82.2% in 60 min > 9.1 times of g-C3N4/c-TiOy; [163]
A > 380 nm > 16.4 times of TiO,
AgsPO4@g-C3N4/(7%) 10 250W halide lamp DE® of 97% in 30 min > 1.4 times of Ag3PO, [128]
A > 420nm
Zn0/g-C3N4 nanorods 1.0 x107°M 100 W halogen DEP of 98% in 60 min > 6.5 times of ZnO; [137]
lamp > 2.5 times of g-C3N4
420nm < A < 900 nm
Agl@g-C3N, 10 250W halide lamp DEP of 96.5% in 120 min > 1.3 times of Agl; [127]
A > 420 nm > 3.1 times of g-C3N4
C3N,4/TiOy 0.03 mM 500 W Xe lamp A > 420 nm - = 1.3 times of TiOy; [164]
=3.0 times of g-C3N4
Ag@C3Ny 0.01 mM 500 W Xe lamp A > 420 nm - = 1.3 times of TiOo; [164]
~1.8 times of g-C3N4
ZnO@mpg-C3N/ 0.01 mM 500 W Xe lamp A > 420 nm K¢ = 0.135min"* > 1.9 times of ZnO [109]
C3N,4/BiP04/(4%) 1.0 x 107° 11 W low-pressure lamp at 254 nm - =~4.5 times of P25 (TiOy); [131]
mol L™! ~3.5 times of BiPO,
Pollutant: phenol
8-C3N,@TiO, 10 500 W Xe lamp A > 420 nm - > 7.2 times of g-C3Ny4 [121]
Mesoporous TiO5/g-C3N, 10 500 W Hg (Xe) globe K°=6.8x10 3min ' > 8.5 times of g-C3N, [83]
Microspheres A < 420nm
Pollutant: AB92'
AgsP0,/BiPO,@MIL-88B(Fe)@g- 10 300 W Xe lamp A > 420 nm DEP of 85% in 60 min > 5.6 times of MIL-88B(Fe); [123]
C3Ny =3.4 times of g-C3N4
Pollutant: 4-CP™
g-C3N4/0D-ZnO" nanorods 1.0 x 10™* 300 W Xe lamp A > 420 nm DEP of 95% in 60 min > 1.4 times of OD-ZnO" [85]
mol L1 > 2.7 times of g-C3N,
Pollutant: ARG
AgFe0,/g-C3N4/(20%) 20 300W Dy lamp A > 400 nm DE" of 94% in 180 min > 11.7 times of AgFeO,; [165]

> 8.5 times of g-C3Ny4

2RhB: Rhodamine B; "DE: degradation efficiencies; °K: rate constant; arC: tetracycline; “Eu-CN: Eu doped g-C3Ny; DR: degradation rate; 8CR: congo red; PHT: TiO,
hollow nanospheres; ‘MO: methyl orange; jMB: Methyl blue; *mpg-C5N,4: mesoporous CsNy4; '"AB92: Acid Blue 92; ™4-CP: 4-chlorophenol; "OD-ZnO: oxygen-defective

ZnO.

intermediate products first, followed by mineralizing into CO, and H,O
[166,167]. In addition, compared with ZnO, the composites showed
stronger absorption capacity in view of these facts that mpg-C3;N,4 can
form the s-;t stacking with MB and expand BET surface area of ZnO
[168].
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Noble metal (Ag) can also be applied for enhancing the photo-
catalytic degradation of MB. Ag@C3N, core shell nanocomposites was
synthesized by Bai and co-workers [141], which exhibited higher
photocatalytic ability than pure g-C3N4. Moreover, the increased pho-
tocatalytic performance of as-prepared samples can be further



D. He, et al.

Applied Catalysis B: Environmental 258 (2019) 117957

Fig. 13. (a) Rate constants of samples (C3N4/

10%

BiPO, with different content of C3N, and C3N,)
degradation MB under vis light irradiation
(A > 420nm). Reproduced with permission
from ref [131]. Copyright 2012 Wiley Online
Library. (b) Rate constants of samples (ZnO@g-
C3N,4 with different content of C3N4 and ZnO@
mpg-C3N,) degradation MB under vis light ir-
radiation (A > 420nm). Reproduced with
permission from ref [109]. Copyright 2014
Elsevier. Rate constants of samples degradation
MB (c) and MO and phenol (d) under vis light

mpg-C N, wt%

k (h-Y)
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irradiation (A > 420nm). Reproduced with
permission from ref [141]. Copyright 2014
Elsevier. (e) Degradation mechanism diagram
for AgFe0,/20%g-C3N, heterojunction. Re-
produced with permission from ref [165].
Copyright 2017 Elsevier.
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demonstrated by other pollutants, such as methyl orange (MO) and
phenol (Fig. 13(c), (d)). The authors attributed this phenomenon to the
main reasons: (I) The introduction of Ag nanoparticles can produce
more holes as the main oxidative species, which can be certified by the
trapping experiments; (II) Owing to maximized connection between g-
C3N,4 nanosheets and Ag core, Ag nanoparticles can speed up the charge
transfer rate confirmed by electrochemical impedance spectroscopy

/ h* h* h*

g-C;N,

(EIS); (III) Ag core as a reservoir of electrons can promote the separa-
tion of photogenerated carriers; (IV) the improvement of intensity of
light absorption is due to the localized surface plasmon resonance
(LSPR) of noble metal Ag. More importantly, Ag cores can avoid dis-
solution and corrosion under the protection of g-C3Ny4 shells. For this
reason, the core shell structure can introduce more materials to syn-
thesize photocatalysts. Apart from noble metal, magnetic Fenton-like
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catalysts have been applied for decolorization of pollutants [169,170].
For instance, Yao et al. [104] reported the novel as-fabricated Cu-
Fe,04@C3N4 catalysts, which combined Fenton-like function and pho-
tocatalysis to degrade Orange II. Compared to g-C3N,4 with quite low
removal rate of Orange II, under the visible light irradiation, the pre-
sence of vintage sample (CuFe,O04@C3N,4 (2:1)) can degrade around
98% of Orange II within 3.5 h. Accordingly, the heterointerfaces of core
shell structure can excellently enhance the photocatalytic performance
[171]. The orange of dye disappears, which can be ascribed to the
destruction of chromophoric structure by the analysis of UV-vis spec-
tral. Actually, the certain factors play a main role in influencing the
photocatalytic activity in wastewater, as follows: (I) The initial con-
centration of dye can decrease the utilization of light and removal ef-
ficiency; (II) With the proper increase of reaction temperature, the re-
actant can get more energy. More importantly, it can obtain more
hydroxyl radicals by the improvement of the decomposition of H,O, in
Fenton-like system [172]; (III) The introduction of different anions can
change the pH values in solution and increase the removal rate of dye
because of the production of novel radicals in the photo Fenton-like
system [173,174]. The introduction of NaCl or NaHCOj3 can favor the
faster and better removal of Orange II in the composite system of H,O,
and CuFe,0,@C3N,4. What’s more, for wastewater treatment, the hybrid
possessed unique advantages that its magnetic properties are easy to
recycle as well as its Fenton-like effect are facilitate to degrade organic
compounds [175,176]. H,O, can be reduced to hydroxyl radicals by the
catalysis of Cu® or Fell, which occurred on the surface of CuFe,O,
crystal, and then Cull or Felll may react with H,O5 to produce "O,H.
The specific reaction formulas are explained (Egs. (1) — (4)):

=Fell + H,0, —= Felll + 'OH + OH~ (€))
=Felll + H,0, == Fell + 'O,H + H* 2
=Cu® + Hy0, — = Cull + 'OH + OH™ 3)
=Cull + H,0, —= Cu® + 'O,H + OH* 4

Besides the regulation of chemical properties, adjustment of phy-
sical properties is also an excellent measure for achieving the applica-
tion of high activity photocatalysts. Wang and co-workers [56] an-
nounced that TiO,@g-C3N4(TCN) quantum heterojunction was able to
remove tetracycline. Because (TiO,) cores with exposed (001) facets
and quantum-thick g-C3N, shells can be combined tightly and evenly,
the degradation rate of 100 mg of TCN can reach up to 2.2mg per
minute, which is 1.36 times higher than that of the random mixture of
TiO5 and g-C3N4 (TCNmix) and 130% higher than that of g-C3N.
Hence, the physical properties of g-C3N4 CSNs, such as exposed facets,
shell thickness, and the connection of interface, have served as vital
factors to degrade pollutants.

Apart from the application in water, several g-C3N, CSNs can si-
multaneously treat organic pollutants in water and air. Tang et al. [165]
found that Ag-based materials with delafossite structure (AgFeO,) as
core can display promising photocatalytic ability for the degradation of
acid red G (ARG) (94%) and gaseous formaldehyde (about 87% within
9h). Generally, it is well known that the key elements for high effi-
ciency photocatalysis are made up of separation efficiency of charge
carriers [177], photo absorption property [178] and specific surface
area [179]. Nevertheless, it is found that the absorption amount of
AgFe0,/g-C3N, composites for ARG has rarely changed with the weight
ratio of g-C3N,4 shells from 10% to 40%. Hence, they excluded the
specific surface area as the main factor for enhancing photocatalytic
performance. By further analysis of photoluminescence (PL) spectra,
the samples exhibited excellent charge separation as compared to pure
g-C3N4 and AgFeO,. The composites with a Z-scheme heterojunction
system was confirmed, which is based that the g-C3N, shells possess a
more negative CB and more positive VB as compared to AgFeO, cores,
and the photo-excited electrons on the CB of AgFeO, cores are lack of
reducing ability to obtain superoxide by reducing O, in air. Detailed
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energy band structure image is shown in Fig. 13(e).

In conclusion, the g-C3N,4 based core shell structure can enhance
photocatalytic activity by matching multifunctional cores (like noble
metal, photosensitizer, electronic capture substances, special exposed
surface, oxygen defects, magnetic and Fenton-like materials), introdu-
cing cocatalysts and photosensitive dyes, and constructing hollow
structures, Z-scheme heterojunctions, and mesoporous structures. No
matter what measures to synthesize g-C3N, CSNs, their purposes are to
make up for the drawbacks of g-C3N4, including low specific surface
area for material adsorption, facile recombination of photo-excited
electrons and holes, and limited light absorption. The discrepancies in
added materials and preparation process exhibited different photo-
catalytic activities, which emphasizes the influence of varying para-
meters, such as initial concentration of pollutants, PH, temperature,
dosing amount, reaction time, and the presence of other ions. The
comprehensive effects of core shell structure related to g-C3N,4 greatly
attracted the attention of researchers in the field of photocatalysis as a
result of its easy combination and protection. The further exploration in
this direction is worthy of our more efforts.

5.1.3. Other photocatalytic applications

The developments of g-C3N4 CSNs have led to new trends of their
use in other photocatalysis fields, such as CO, reduction and nicotina-
mide adenine dinucleotide (NADH) regeneration. The utilization of
hydrocarbon fuels mainly causes increased levels of atmospheric CO,
[180]. The increased CO, concentration is responsible for the rise of
global temperature. This rise could result in melting of the ice caps, the
conversion of arable land to desert, and the subsequent a rise in sea
level and loss of habitat [181-183]. Therefore, the reduction of CO, to
fuel by photocatalysts can provide a feasible solution to maintain the
sustainability of oil reserves and ameliorate associated climate change.
However, the photocatalytic materials offer limited visible absorption
and the short lifetime of charge separation. Therefore, researchers have
been seeking suitable photosensitizer to attach known photocatalysts
and matched semiconductor to extend charge life. Graphitic carbon
nitride, as a narrow bandgap semiconductor, can provide better sensi-
tivity and form heterojunctions with other semiconductors to extend
charge life. Therefore, g-C3N, CSNs are extraordinarily applied for
performing CO, reduction. As an example, Li et al. [86] synthesized
core shell LaPO,/g-CsN, nanowires for photoreduction of CO,. This
kind of nanocomposites can largely overcome the drawbacks of the
corresponding individual LaPQO,, which include poor sensitivity and
wide bandgap, and show effective separation/transfer because of the
synergetic catalytic effect between the components. The test results of
the product show that CO and O, were found. Therefore, the process of
CO,, reduction is explained (Egs. (5) and (6)):

CO,+2H* +2e~— CO+H,0 5)

©

The CO yield over the optimum sample reaches 14.4 umolg~'h™!
in the first hour, which is around 8.07 and 10.36 times that of tubular g-
C3N4 and LaPO4.

NADH, as one of the largest classes of enzymes (oxidoreductases),
has increasingly gained attention due to its essential practical applica-
tions in many energy-relevant catalytic hydrogenation reactions span-
ning from hydrogen production, oxygen reduction to alcohol derace-
mization [184]. Given the physical instability, stoichiometric usage,
necessity and expensiveness of NADH, effective and facile preparation
processes are required for practical applications [185,186]. Currently,
g-C3N4 CSNs have succeed in achieve NADH regeneration. For instance,
Wu et al. [84] prepared g-C3N4@a-Fe;03/C core@shell photocatalysts
for highly efficient regeneration of NADH. In this system, [Cp*Rh(bpy)
H,01?%, a rhodium complex, was used as a mediator to transfer hy-
drogen and electrons to NAD* (Fig. 14(a)). TEOA was utilized as a
sacrificial to remove holes. NADH, as one essential hydride donor, was

2H,0 +4h*— 0,+ 4H*
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Fig. 14. (a) Schematic diagram of the coupling system with photocatalytic
NADH regeneration and enzymatic reduction of formaldehyde. (b)Time-re-
solved NADH regeneration yields of g-CsN,4, g-CsN,@C and g-CsN,@a-Fe;03/
C. Reproduced with permission from ref [84]. Copyright 2018 American Che-
mical Society.

used for reduction of formaldehyde to methanol. In the photocatalytic
NADH regeneration known at the time, g-C3N,@a-Fe;03/C reached the
highest an initial reaction rate (r) of 7.7 mmol h ! g (based on the first
6 min) (Fig. 14(b)).

5.2. Photoelectrocatalytic applications

At present, photoelectrocatalysis (PEC) system is an advanced
system to achieve redox function by utilizing solar energy. The typical
system is an electrical circuit, which is composed of external circuit,
working electrode, counter electrode, and electrolyte [187]. What is
more, in a three-electrode PEC system, this needs to add a reference
electrode for offering a steady potential reference to measure the vol-
tage of other electrodes [188]. Generally speaking, the composition of
counter electrode is very common, such as carbon materials and noble
metal. Consequently, it is the key of photoelectrochemistry that de-
veloping new semiconductors applies to the working electrode. Com-
monly, semiconductor-based photoanode for achieving efficient PEC
application is closely related to these essential demands: stability in
solution, suitable band gap and margin for both ample light absorption
and the powerful ability of reduction and oxidation, long charge life
and low recombination of carriers to make carriers reach the semi-
conductor-electrolyte interface as much as possible [87,189]. For-
tunately, the current trend in the investigation of g-C3N, CSNs could
meet the demands of PEC development described above. In this part, we
will summarize the progress of g-CsN4 CSNs as the working electrode
for PEC applications (including PEC water splitting and water pur-
ification).

For the PEC water splitting, Yi and co-workers [87] synthesized the
Ti-doped Fe;O3;@g-C3N4 core shell heterojunction loaded by carbon
quantum dots (denoted as Ti:Fe,O3@GCNN-CQDs). In comparison to
lately reported promising photoanodes, the as-fabricated sample
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Fig. 15. (a) Schematic diagram of reaction mechanism and band structure for
Ti:Fe;03@GCNN core-shell heterostructure. Reproduced with permission from
ref [87]. Copyright 2018 The Royal Society of Chemistry. (b) Schematic dia-
gram of reaction mechanism and band structure for 15% g-C3N,@ZnO com-
posites. Reproduced with permission from ref [199]. Copyright 2017 Elsevier.

exhibited up to 3.38 mA cm ~ 2 of photocurrent density at 1.23 V versus
a Vrug, which is 2 times as high as that of Ti:Fe,O3. This indicates that
the as-prepared compound facilitates charge separation and transport
as well as are comparable to the reported excellent activity of hematite.
Subsequently, they analyzed the role of each component and integrated
effect. First of all, the role of Ti doping is reflected in regulating band-
bending for facilitating charge carriers separation because of the
anodic-shifted flat band potential [190]. As a result, the photocurrent
density significantly improved. Afterwards, CQDs and GCNNs can speed
up charge separation, leading to photocurrent density increase. Mean-
while, although their separate loading can increase donor density of
Ti:Fe,O0j3 slightly, the coupling of them can show a dramatic improve-
ment of donor density and decrease the charge transfer resistance.
These further prove that the CQDs and GCNNs possess favorable charge
separation and transfer behavior, resulting in suppressing the re-
combination of bulk/surface [191]. Finally, the loading of CQDs not
only completes the kinetics of Ti:Fe,O3@GCNN core shell structure for
water oxidation but can also be used as the sensitizer for oxidation of
hydrogen peroxide, which is a transition product in PEC water oxida-
tion. As illustrated in Fig. 15(a), the energy structure of well-designed
core shell structure showed photo-excited holes transfer from Ti:Fe,O5
cores to GCNNs shells then to CQDs and photo-generated electrons
reach the counter electrode in the opposite direction. Thus, the im-
provement of PEC water splitting and efficient charge separation are
mainly because the delicate and integrated core shell structure, which is
taking g-C3N4 as an intermediary.

To further enhance the performance of photoanode, several quality
materials have been investigated. Starting from the utilization of TiO,
as the electrode to decompose water [192], TiO, as an outstanding
candidate of photoanode gets an in-depth study. In spite of its
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Fig. 16. Stability evaluation of the hybrid for ORR. TEM (a) and HRTEM (b) images of NCo-GS-0.5 after one day of accelerated degradation test (ADT); (c) Schematic
diagram of degradation mechanism for NCo-GS-0.5; (d) Comparative experiment on the influence of methanol for NCo-GS-0.5 hybrid and 20% Pt-C. Reproduced
with permission from ref [115]. Copyright 2013 The Royal Society of Chemistry.

nontoxicity [193,194] and excellently photoelectrochemical properties
[195], it can only be excited under UV light but not in the visible light
due to its wide band gap (3.2 eV). Besides, g-C3N, has suitable band gap
(2.7 eV) for capturing visible light, but it is provided with a typical
drawback that easy compound of charge carriers. Consequently, Fan
et al. [196] thought of using TiO, and g-C3N,4 to build a core shell
heterojunction for solving their shortcoming. By the work, they found
the TiO,@g-C3Ny4 core shell photoanode yields the photocurrent density
of 80.9 pA cm ™2 at 0.6 V (vs SCE) under visible light, which is 21 times
higher than that of g-C3N4. This composite has several highlights that
rod-shaped TiO, cores provide short-range electronic transmission path
and a large surface area, avoid g-C3N, stacking into large particles, and
uniformly load carbon nitride, as well as the space between nanorods
and bulk effect with high orientation are suppressed because of the core
shell structure.

For degradation of pollutants, the comprehensive utilization of both
electrolysis (EC) and photocatalysis (PC) have a better effect than the
use of individuals [197]. Sometimes, the PEC process for removing
pollutants could be superior to the separate addition of EC and PC
processes [198]. Similarly, the composite core shell materials based on
g-C3Ny as the working electrode will become a new direction for water
purification. For instance, Wang and co-workers [199] fabricated g-
C3N4@ZnO core shell photoanodes. In this work, they added the ex-
ternal potential bias to greatly enhance the electronic transfer and in-
hibit the recombination of charge carriers. Hence, it can effectively
degrade phenol, which can be demonstrated by comparing pseudo-first
order kinetic between different processes. Taking the 15% g-C3N4@ZnO
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with optimum performance as an example, its k value is 1.216h~!
during the PEC degradation of phenol under visible light, which is
around 7 times and 3 times as high as that of EC and PC degradation,
respectively. This indicated that the g-C3N, shell with the appropriate
thickness and the applied bias, which will provide an effective driving
force, are helpful for the separation of electron-hole pairs generated by
photoelectricity. However, the loading of g-C3N, shell decreased PC and
PEC activity of pure ZnO under UV light due to the factor that g-C3N4
hindered the UV light absorption of ZnO core. Further, the author found
the PEC performance of samples was affected by the thickness of g-C3N4
and the optimum thickness is 1.91 nm. For the phenomenon, they
summarize the following two points. First, when continuously in-
creasing g-C3N, amount, interfacial transfer and the separation of
photo-excited electrons and holes were enhanced by the synergistic
influence from polarization field offered by ZnO and increasing visible-
light absorption by the g-C3N,. Second, when the load exceeds a certain
limit, the formed over-density samples will increase the distance of
charge transfer and obstruct the movement of electrons from ZnO cores
to counter electrode. The specific degradation mechanism is shown in
Fig. 15(b). Under visible light irradiation, the g-C3N,4 shell is excited,
followed by a m-rt* transition occurs, causing the excited state electrons
to migrate from the highest occupied molecular orbital (HOMO,
1.57 eV) to the lowest unoccupied molecular orbital (LUMO, 1.12eV).
Since the VB potential of g-C3N4 (1.40 eV) is lower than that of H,O
/‘OH and OH " /-OH (2.27 eV and 1.99 eV) CB potential, ‘OH cannot be
formed by hole oxidation. At the same time, LUMO of g-C3N, is less
than the CB edge of zinc oxide (-0.5eV). The excited electrons on the
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LUMO of g-C3N4 can be transferred from the working electrode to the
counter electrode in sequence. In a word, the improvement of phenol
degradation performance under visible light is mainly because of
electro-oxidation assisted photocatalysis and special core-shell nanos-
tructures.

5.3. Electrocatalytic applications

The g-C3N,4 based core shell structure can be used in the field of fuel
cells, which can directly convert the chemical energy of fuel into
electrical energy. In the process, the fuel has undergone an oxidation
reaction and produced electrons, which will transfer from the anode to
the cathode. On the other hand, oxygen reduction reaction (ORR) has
taken place in the cathode. Whereas, the latter reaction is slower than
the former, reducing overall efficiency, so electrocatalysts are needed to
increase cell efficiency. Traditional platinum electrocatalysts are indeed
superior to other electrocatalysts, but it is rare and expensive. Although
the electrocatalytic performance of carbon nitride itself is not strong, it
can be combined with other substances to obtain good and low-cost
electrocatalysts. In particular, this core-shell structure has received
extensive attention [91,200-202]. For instance, Jin et al. [115] in-
corporated the stable and highly active electrocatalyst based on g-
C3N4@CoO nanoparticles supported on graphene into fuel cells
(Fig. 16(a), (b)). By the contrast experiments, the cathodic peak po-
tential was enhanced from -0.27 V to -0.21 V compared with graphene-
supported CoO without g-C3N, and the kinetic-limiting current density
(J) reached 16.78 mA cm™2 which was close to that of 20% Pt-C
(17.22mA cm™?) in the identical situation. In the range of potential
from -0.25V to -0.6 V, parameter n, the electron transfer number, is
close to 4, meaning that O is directly oxidized to -OH. In addition, the
gap, between the composite and 20% Pt-C, of half-wave potential
(AEy,) has been reduced to only 25 mA. The above facts indicate that
the composite has excellent catalytic activity, which exceeds many
other catalysts of the same type. Further experiments and analysis re-
vealed that the active sites are mainly cobalt-doped g-C3N,4 shell. The
process, a one-electron and quasi-reversible reduction, determines the
ORR reaction rate, which may involve both charge transfer and the
reaction intermediate migration. For transition metal-based electro-
catalysts, this is usually considered the intermediate 0,%~ intermediate
formation by a two-electron reduction and the movement of Oy/OH™
are the main step to suppress the ORR rate in alkaline solution, which is
likely to apply to the hybrid. From the author's research, this resulting
hybrid shows the following advantages: (I) forming a large number of
active sites, which can be attributed to the factor that pyridine nitrogen
in g-C3Ny4 shells coordinate with cobalt ions to form Co-Ny species
(Fig. 16(c)); (1I1) obtaining higher stability in alkaline solution compared
to 20% Pt-C, which may originate from broken active sites that can be
supplemented by a slow release of CoO cores; (III) exhibiting remark-
able poison resistance (Fig. 16(d)). In addition to the cathodic catalyst,
it can be used for the anodic catalyst. The platinum and ruthenium
bimetallic catalyst (PtRu) has always been a representative of high ef-
ficiency anodic electrocatalysts. However, high price and scarcity lim-
ited their promotion. Consequently, developing a carrier to evenly
disperse PtRu nanoparticles is a critical step. Li and his colleagues [58]
replaced the C support with a novel C@g-C3N, nanosheet (C@g-C3N4
NS) support to obtain anodic catalyst in direct methanol fuel cells
(DMFCs). Through methanol electro-oxidation test, they were surprised
to find that the samples (PtRu/C@g-CsN4 NS) increased the catalytic
activity by a factor of 2.1 relative to PtRu/C. This is mainly because g-
C3N,4 nanosheets with Lewis acid and base sites can prevent PtRu par-
ticles aggregation resulting in uniform PtRu NPs particles distribution.
The PtRu/C@g-C3N4 NS catalyst possesses stability and outstanding
mechanical resistance in oxidative and acidic surrounding, and the
construction of core shell structure enhanced electron conductivity of
the support. Furthermore, the stability of PtRu /C@g-C3N4 NS catalyst
is improved by 14% and its poison tolerance is stronger, compared with
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the as-prepared PtRu/C, which was confirmed by the accelerated po-
tential cycling tests (APCTs) and comes from the metal-support inter-
action (SMSI) between C@g-C3N,4 NS support and PtRu NPs.

With the replacement of fuel cells (FCs), new FCs are slowly
emerging, such as alkaline FCs [203,204], proton exchange membrane
FCs [205], microbial FCs [206], and molten carbonate FCs [207], etc.
However, they still face the same problem of low ORR kinetics. To
achieve a wider application of FCs, we must explore new stable, low-
cost, and efficient Pt-free ECs to replace expensive Pt-based electrodes.
Later, different from the support decorated above, the core shell g-C3N,4
nanoshells can directly serve as ECs at fuel cells, compared with con-
ventional and noble Pt-C, which can combine multiple metal atoms,
thus enhancing the practicality. Recently, Negro and co-workers [114]
incorporated new core shell Pt-free g-C3N, based ECs into anion-ex-
change membrane fuel cells (AEMFCs) for ORR. The innovative ECs are
composed of CN embedded with iron-tin alloy as shells and graphene
nanoplatelet (GNP) as cores. Even in the absence of PGM, the as-pre-
pared samples exhibited a low overpotential, which was an increase of
about 70 mV compared to Pt/C ECs. The CN shells could combine with
metals to form coordination bonds, thus improving the stability of the
metal. Besides, the core shell ECs showed a rare microporosity, which
can contribute transport of products and reactants and reduce the
concentration overpotentials. It possesses high resistance to methanol
poisoning and works well in a gas-diffusion circumstance. Nevertheless,
it still faces a mass and charge transfer problem because of a non-
optimized porosity [208]. At present, there are several improvement
measures, including regulating synthetic ratio between N species and
active metal atoms and increasing the surface amount of metal clusters
embedded in CN [113].

6. Conclusions and perspectives

In conclusion, g-C3N, CSNs have made considerable progress in
construction and applications. In the future, the development of g-C3N,4
CSNs will grow exponentially and achieve in other fields. Herein, the
latest research progress on the g-C3N4 CSNs have been summarized. The
advantages of core shell structure and g-C3N4 CSNs are emphasized for
showing their unique features. The design of g-C3N, CSNs are in-
troduced for providing guideline to synthesize g-C3N4 CSNs in the fu-
ture. The construction methods for g-C3N4 CSNs broadly categorized
into three groups including hydro/solvothermal methods, ultrasonica-
tion-assisted self-assembly strategies, and heat treatment. The g-C3N4
CSNs have diffuse applications in catalysis including photocatalytic
hydrogen evolution and degradation of pollutants, photoanodes, and
electrocatalysts. In this part, the current difficulties in each application,
and how structural construction of g-C3N4 CSNs breaks through them,
are summarized.

Despite great progress having been achieved in g-C3N4 CSNs, this
field is also faced with many challenges. First, a large-scale, general,
and simple construction method eagerly needs to be developed for
adapting to various cores with different surface properties, morphology,
and composition. Second, the specific growth mechanism of g-C3N4
shells under different construction methods and core materials is one of
the challenges. Third, the construction method needs further explora-
tion to effectively establish controllable synthesis of g-C3N, shells with
desired thickness, tightness, surface chemistry, porosity and more,
which are hoped to meet actual demands of the catalytic field. Finally,
g-C3N,4 nanosheets, as the traditional layered 2D materials, consist of a
covalently bonded lattice and are feasible to be stripped through the
top-down exfoliation method due to the weak van der Waals force be-
tween neighboring layers. However, the existent preparation methods,
such as wet-chemical method and ultrasonic method, have not ideal for
the construction of ultrathin structure with atomic thickness. Therefore,
the facile and efficient construction of high-quality g-C3N4 nanosheets
with atomic thickness is still lacking in the catalytic field.

To really apply it to reality, the design of the g-C3N4 CSNs in the
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future should move toward trend of stableness, cheapness, possessing
adjustable morphology and functional materials (cocatalysts, photo-
sensitizer, and metal atoms), and simple synthesis method.

The construction of g-C3N4 CSNs has empowered g-C3N4 with novel
chemical, electrical, optical, and mechanical properties. These pro-
gresses have in turn made a breakthrough in catalytic field. However,
from the construction perspective, there are still some considerations
that should be proposed. Despite the facile and easy-to-operate hydro/
solvothermal methods has been developed, it has few adjustable para-
meters so that the formation of products tends to be randomly com-
bined. Due to the simplicity, effectiveness, and extensiveness of hydro/
solvothermal methods, it has indeed been tried to synthesize a variety
of g-C3N4 CSNs. In this process, in order to avoid blindly trying, the
specific combination mechanism and formation principle are urgently
needed to be confirmed. Self-assembly strategies rely on solution eva-
poration, van der Waals forces, electrostatic forces or reflux. This syn-
thetic method suffers from several inherent deficiencies, which range
from the lack of core-shell combination robustness without high tem-
perature treatment to unsatisfactory efficiency and yield from multistep
synthetic process. Herein, exploring a method with both energy savings
and a tight interface has provoked interest of researchers. For the heat
treatment, calcination is limited in the use of materials due to the high
temperature. Therefore, the method is also mainly directed to high
temperature resistant oxides. Moreover, the annealing temperature is a
key factor for the synthesis of g-C3N4 CSNs. However, lacking in-depth
research in inherent mechanisms about the construction of core-shell
structures with precursors of different states (gaseous, liquid, and solid)
is not conducive to deep understanding of experimental results.
Therefore, developing high-end experimental measurements and rig-
orous theoretical calculations for revealing the mask of g-C3N4 CSNs at
charge carriers’ properties and molecular level is imperative. Other
than that, individual examples apply other methods, such as pulsed
laser deposition, a facile ball milling method, and gas-phase and wet-
chemical synthesis techniques. Indeed, the development of this new
idea is worth encouraging. However, it could find that the methods of
producing high-quality g-C3N4 CSNs is still very rare by searching the
literature, and even if the emergence of new methods, they have sig-
nificant limitations.

From the structure and performance point of view, the following
suggestions are worth looking forward to. Synthetic shape of g-C3N4
CSNs is mainly limited with spherical structure because of the natural
advantages of core symmetrical adhesion. The increasing demands on
other catalytic fields make various shape of g-C3N, CSNs become more
practical. For instance, rod-shaped g-CsN, CSNs electrodes are more
suitable for charge transport than spheres. In general, the shell coating
of aspheric core is not uniform, but these also endows g-C3N4 CSNs with
new properties that allow them to a wider range of applications and are
of academic interest. The stability and activity of g-C3N, CSNs are ne-
gatively correlated to some extent because shell porosity determines the
accessibility of corrosive materials and light sources. The synthesis of g-
C3N, precursor directly affects the sealing degree of the g-C3N, shell. In
order to conveniently adjust the porosity of the shell, developing shell
etching methods is promising.

From the application perspective, most of the retrieved papers in-
dicate that there are wide applications in the field of catalysis and rare
scope in biomedical applications, inhibition of bacteria and degradation
of nitrogen oxides. At present, these fields are worth exploring. For
example, the combination of MOF and g-C3N, photosensitizers con-
structs core-shell structures for chemical and photodynamic therapy
[209]. In view of MOF materials with the wide range of applications in
bioimaging, separation, sensors, and gas storage, it is expected that
there are new applications of g-C3N4 CSNs towards these areas. For the
field of sensors, N-doped CsTi,NbO,@g-CsN, core-shell hetero-
structures have been synthesized for nitrite detection [210], which
means that there are many untapped applications for g-C3N4 CSNs. It is
hoped that g-C3N4 CSNs play some small part in energy conversion and
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storage devices, such as lithium batteries, and supercapacitors, by in-
troducing high-quality nanomaterials.

Above all, the architecture-function-construction-application re-
lationship is urgently needed to provide comprehensive system and
detailed theory for the facile preparation and designs of g-C3N4 CSNs.
The properties of single component are constant during the synthesis
process, which means that the increase in catalytic activity depends
mainly on the interface. It can be considered that the interface and
connecting surface are the most important embodiment of properties.
The formation of interface can construct different heterojunctions, such
as type-II and Z-scheme, which can enlarge light absorption section and
charge separation, obtain new electronic structure by forming a
Schottky junction, and form new functional complexes. Furthermore,
regulating morphological characteristics and elemental composition of
the g-C3Nj, shells is a practical method to obtain high catalytic activity,
such as synthesizing ultra-thin or mesoporous g-C3N, nanosheets,
doping metal atoms, and increasing N content. More efforts require us
to pay to extend the g-C3N, CSNs from the experimental phase to the
real life. With advances in making good use of the filling and en-
capsulation of g-C3N,4, we believe that the g-C3N, CSNs will be more
widely used in energy and environment in the future.
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