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Graphitic carbon nitride (g-C3Ny), a layered conjugated organic polymer with suitable bandgap values of
~2.7 eV, has been a welcomed nanostructure for photocatalytic applications in energy conversion and
environmental purification. Some drawbacks of the pure g-CsN4 restrict the enhancement of photocatalytic
performances, such as the limited solar-light harvesting ability, low surface area and rapid recombination
rate of photoexcited electron—hole pairs. Interface engineering is considered as an effective strategy for
addressing these issues by combining the superiorities of multi-components, as well as forming various
kinds of interfaces. Broadly speaking, this enables the boosting of the light-response range, accelerate the
transfer and separation of charge carriers, and inhibit the recombination of photoinduced electron—hole
pairs. Unlike previous reviews, we herein summarize the interfaces-related topics of g-CsN4-based compo-
site photocatalysts, including the methods to controllably devise and fabricate interfaces, the techniques to
identify interfaces as well as the types and functions of the as-determined interface. Also, the relevant pro-
blems and ongoing challenges to design and understand interfaces of g-CzN4-based composite photocata-
lysts are put forward and highlighted. It is anticipated that this review could open a fresh pathway to further
achievements of g-C3N,4-based photocatalysts through better understanding and exploitation of interfaces.
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problem worldwide and has been the focus of intensive atten-
tion. With the capacity for directly converting solar energy to

1. Introduction
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The sharp contradiction between the ever-increasing demand
for fossil fuels and their limited natural reserves, as well as-
induced environmental pollution, has been a nerve-wracking
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chemical energy fuels and eliminating gas/organic pollutants
without secondary pollution, semiconductor photocatalysis
technology has attracted considerable scientific and industrial
interest." Through vigorous development for almost half a
century, it has been applied to photocatalytic water
splitting,”® photocatalytic carbon dioxide reduction, ™’

photodegradation of organic pollutants'®"® and bacterial
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disinfection.">'* TiO, represents the pioneering attempt to
implement semiconductors as photocatalysts for water split-
ting, which was done by Fujishima and co-workers in 1972,
but it is only active under ultraviolet light irradiation. Four
years later, Carey et al.'® employed nanoscale TiO, dispersed
in solution to degrade mixed organic pollutants with the
assistance of ultraviolet light. In 1979, Inoue et al'’ syn-
thesized a series of nanostructures including WO3;, TiO,, ZnO,
CdS, GaP, and SiC for the photocatalytic reduction of carbon
dioxide. Since then, various kinds of nanostructures have been
demonstrated as high-performance photocatalysts but the
trouble is that most of them are only active under ultraviolet
light irradiation, showing broaden bandgaps (>3 eV). Hence, it
is still a challenge to devise and create novel photocatalysts
with natural abundance, high activity and stability."®

It has been determined that the practical photocatalytic
reaction involves three parts, namely, photon adsorption, the
generation of electron-hole pairs, and surface catalytic reac-
tion, which lead the way to the selection of optimal
photocatalysts.'®*° Graphitic carbon nitride is known as a
metal-free layered semiconductor, possessing numerous excel-
lent electronics, optics, thermodynamics, and physicochemical
properties, which make g-C;N,-related nanostructures a prom-
ising class of candidates for energy and catalysis
applications."®*"** With a narrow bandgap of around 2.7 eV,*®
2-C3N, could adsorb and make use of more energy from solar
light. The broadened light-adsorption ability enables it to be
promising in photocatalysis. Although g-C;N, was discovered
long ago, it was firstly reported by Wang et al.>* for photo-
catalytic H, evolution in 2009. After that, scientific researchers
turned their focus from inorganics to organics, especially for
g-C;N,-related species. Researchers came to realize some draw-
backs and shortcomings of pristine g-C3N, based on experi-
mental results, such as the low electrical conductivity and high
recombination rate of photogenerated charge carriers."*>> A
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lot of strategies have been explored and improved upon for
overcoming these disadvantages, including structural engin-
eering,*® surface modification,””*® elemental doping,**~*
defect engineering,’*** interface engineering,**>® and so on.
Based on the above-mentioned critical factors dominating
photocatalytic reactions, all these methods have been estab-
lished in structural and composite modifications of g-C;N, to
maximize the benefits of photocatalysis.

It should be noted that interface engineering has been
acknowledged as a powerful strategy for constructing nano-
materials for high-performance electrochemical energy appli-
cations, such as electrocatalysis and batteries, for the sake of
as-induced efficient interfacial electron transfer.***° Herein,
coupling g-C3N, with other nanostructures to form interfaces
could easily be put into practice because of its strippable layer
structure and modifiable surface groups.*" After the generation
of interfaces by introducing additional phases, the advantages,
including boosted visible-light adsorption ability,”**** acceler-
ated charge carrier transfer and separation,** ™’ inhibited
recombination of photoexcited electron-hole pairs,>***° and
favorable stability, could be fulfilled in as-obtained g-C;N,-
based nanocomposite photocatalysts. Over the past five years,
data statistics have shown evidence that the publication
numbers of g-C;N, photocatalysts have progressively increased
each year. Researchers have indicated that interfaces have a
similar tendency, indicating that investigations of the interface
of g-C3;Ny,-based composite photocatalysts are meaningful, and
continue to be a hot spot. For example, Shaojun Guo and co-
workers®® developed amorphous FeCoPO, nanowires-g-C3N,
heterostructures with Fe-N bonds, and demonstrated that the
strong interfacial interactions are responsible for efficient elec-
tron transfer between the two phases, thus resulting in
enhanced photocatalytic H, generation activity. By using a
combined method of surface modification, electrostatic assem-
bly and ion-exchange strategies, Xiaofei Yang et al.”>' obtained
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the Ag;PO,-g-C3N, heterojunction, and attributed the much-
enhanced photocatalytic water oxidation performance to the
interfacial interactions-induced high-efficiency photoexcited
electron-hole separation and charge carrier transfer.
Importantly, they highlighted the positive role of interfaces in
outstanding catalytic properties in g-C3;N,-based photocata-
lysts. A well-designed W;3049-g-C3N, heterojunction displayed
improved light-harvesting ability, collectively boosting the cata-
lytic performance even though W;30,s is photocatalytically
inert.>> All of the above statements make us believe that inter-
face engineering is an extremely hopeful way to produce high-
performance photocatalysts and it deserves our massive invest-
ments in future research.

There are abundant reviews on the design and synthesis
principles, characterization techniques, various properties,
functionalization strategies, classifications, versatile appli-
cations, theoretical calculations, etc., of g-C;N,-related
photocatalysts.>?%?>>37%2 There is no doubt that the reviews
contribute a lot to g-C3N,-based photocatalysts for application
in energy conversion and environmental repair. However, few
of them have concentrated on the interfaces formed by g-C3N,
and other phases, even though interface engineering has
proved its indelible merits to developing g-C;N,-based photo-
catalysts that can satisfy more rigorous energy and environ-
mental issues in the future. After looking through previous
reports, we found that some problems exist among the huge
accomplishments (Fig. 1) that urgently need to be addressed.
These problems involve the synthesis, characterization and
charge carrier behaviors of g-C3;N,-based composite catalysts
with intimate interface contact. Herein, we present a compre-
hensive and updated review of the interfaces of g-C;N,-based
composite photocatalysts, and we are confident that they have
the potential to promote their future development. In this
review, we summarize the recent progress on the synthetic
strategies, characterization techniques and practical functions
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Fig.1 Annual number of publications observed on searching the
themes "g-CzN,4 photocatalyst” and “g-C3N4 photocatalyst + interfaces”
over the past five years. (Data from Web of Science, date of search:
August 10th, 2020.)
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of formed interfaces of g-C3N,-based composite photocatalysts.
The ongoing challenges and key issues that we face need to be
addressed for g-C3N,-based composite photocatalysts prepared
by interface engineering and will be discussed.

2. Approaches to constructing
interfaces of g-CsN4-based composite
photocatalysts

In the current research, the construction of g-C;N,-based com-
posite systems is recommended and highlighted as a practical
and effective strategy for developing high-performance photo-
catalysts for the sake of some meritorious advantages. In
general, these advantages can be summarized as altering or
modifying the optical properties and electronic structures of
g-C3N,, resulting in enhanced catalytic performance. The
engineering of composite catalysts is usually accompanied by
the formation of interfaces. These interfaces have been inten-
sively investigated and it has been proposed that they are
closely related to the optical properties, electronic structures
and photo-generated carriers transfer states of the composite
photocatalysts; i.e., the interfaces play significant roles in the
performances of the as-developed composite photocatalysts.
However, the formation and existence of interfaces intimately
depend on the original synthetic approaches. Therefore, it is
necessary to classify and analyze the various preparation
methods of g-C3;N,-based composite photocatalysts. To better
demonstrate the design of photocatalyst systems involved in
interface engineering, we classify herein the primary prepa-
ration methods according to the environments where the inter-
faces are generated.

2.1. Solid-based strategies

To date, almost all the known methods for fabricate g-C;N, are
related to the direct thermal condensation of nitrogen-contain-
ing organic precursors (Fig. 2a) under a given solid condition,
with one or mixtures of the following: melamine,**™® cyan-
amide,®® dicyandiamide,**”* urea””’® and thiourea,*®””""®
where the reactive temperature ranges from 450 °C to 650 °C.*!
During the thermal polymerization process, parts of the
carbon and nitrogen elements are retained in the matrixes and
exist as carbon nitride, while other parts are emitted in the
form of ammonia, carbon oxides, hydrone, and so on.
Presently the as-obtained g-C3N, materials cannot be regarded
as “ideal” two-dimensional graphitic network structures, even
though they generally display commendable performances in
photocatalytic applications. These kinds of “flawed” g-C3N,
nanomaterials have low crystallinity and various surface
physicochemical structures and components.’>”® Accordingly,
they are much easier to modify and they enhance catalytic pro-
perties by forming interface contacts with other types of photo-
catalysts. In view of the original solid-state synthetic route of
pure g-C3N,, solid-based strategies including mechanical
mixing/grinding/ball-milling and calcination (Fig. 2b) are

This journal is © the Partner Organisations 2020
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Fig. 2 (a) Graphical illustration of the general preparation conditions for g-CsN4 from various organic precursors, where the blue, grey, white, red
and yellow balls represent N, C, H, O, S atoms, respectively. Reproduced from ref. 41 with permission from the American Chemical Society,
Copyright 2016. (b) Synthetic strategies for g-C3N4 composite photocatalysts with interface contacts based on solid-state conditions.

reasonably suggested as feasible and effective methods for
creating g-C3N, composites with interface contacts.

2.1.1. Mechanical mixing/grinding/ball-milling.
Mechanical mixing/grinding/ball-milling have been demon-
strated as ecological and economical methods for developing
novel materials in a variety of fields such as organic chemistry,
supramolecular chemistry, organometallics, polymers, in-
organic chemistry and nanoparticles.®" These technologies are
not only economical and simple to handle, but they are also
capable of uniformly dispersing nanoparticles into organic
matrixes, where the physical/chemical interactions (including
electrostatic adherence, electronic coupling and chemical
bonding) can be generated in the composite systems.®?
Therefore, they have been commonly employed in the syn-
thesis of heterostructured g-C;N,-based composite photocata-
lysts. Recently, a facile self-assembly strategy involving the
physical mixing of phosphorene and g-C;N, (denoted as P-g-
CN) in an ethanol solution was successfully used to engineer a
new-style, metal-free two-dimensional/two-dimensional phos-
phorene/g-C;N, van der Waals heterojunction.®® In Fig. 3a, the
TEM image of the P-g-CN heterojunction reveals that the two-
dimensional sheet-like g-C3N, is stuck on the top surface of
phosphorene. Combined with the corresponding X-ray photo-
electron spectroscopy (XPS), X-ray absorption near edge struc-
ture (XANES) analysis, and density functional theory (DFT) cal-

100 nm
———

Fig. 3 (a) TEM image of the as-fabricated P—g-CN heterojunction. (b)
Side-view differential charge density map of phosphorene and g-C3Na.
Reproduced from ref. 80 with permission from Wiley-VCH, Copyright
2018.

This journal is © the Partner Organisations 2020

culations, the net electron accumulation and depletion states
around the interfaces of phosphorene and g-C;N, (Fig. 3b)
demonstrate that the interface electronic coupling between the
van der Waals forces connecting the two phases is responsible
for the excellent photocatalytic H, evolution performance. In
addition to phosphorene,®® black phosphorus,®® fullerene®*
and metal-organic frames (MOFs),*> some inorganic nano-
structures containing bismuth-based compounds,®®*¢-%°
oxides,’*°* metal phosphides,*”*
mium-doped SrTiO; °” were also introduced for the construc-
tion of g-C3N,-based composite photocatalysts by mechanical
mixing methods.

Nearly all of the as-developed g-C;N,-based composite
photocatalysts exhibited enhanced catalytic activity as com-
pared to pure g-C3;N,. More significantly, these strategies are
highly promising because they can easily be put into practice
on a commercial scale, which is beneficial for dealing with the
ever-increasing global energy and environmental issues.
However, the problem is that the interfaces produced by these
mechanical methods are usually in a state of low interacting
forces and are relatively vulnerable; as a result, they show
inferior durability in photocatalytic stability tests. As shown in
Fig. 4, various g-C3;N,-based composite photocatalysts that are
obtained from mechanical methods, unfortunately, show an
obvious activity loss (generally more than 20% after four
cycles). The authors suggest that this phenomenon arises from
the gradual fall-off of the second modifying component from
g-C3N,, which further triggers the recession of photocatalytic
activity.*”°*%>% Based on these facts, we have reasons to
believe that the interface contacts with simple physical inter-
actions among multi-phases of g-C;N,-based composites, just
like most of the cases, may not meet the requirement of long-
time operation, even if they play vital roles in improving the
catalytic activity of composite photocatalysts. As such, simple
mechanical methods have their advantages in creating inter-
face linking over g-C;N,-based composite catalysts. The
current urgent issue that needs to be solved is finding a way to
strengthen the interactions at the interfaces to ensure accepta-
ble durability in long-term photocatalytic applications.

metal
metal carbides,’® and chro-
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Fig. 4 (a) Stability measurements of the photodegradation of MB by the ZnO—g-C3N, composite catalyst. Reproduced from ref. 90 with permission

from the Royal Society of Chemistry, Copyright 2014. Cycling stability tests of photocatalytic H, generation over Ni;,Ps—g-CsN, (b),%® Co,P-g-C3sN,
(c),*” CusP-g-C3N4 (d),®® NizC—g-C3sN, (e),°® and P—g-C3N, (f)®° composite catalysts. Reproduced from ref. 93 with permission from the Royal
Society of Chemistry, Copyright 2017; reproduced from ref. 47 and 95 with permission from the American Chemical Society, Copyright 2017 and
2018, respectively; reproduced from ref. 96 with permission from the Royal Society of Chemistry, Copyright 2018; reproduced from ref. 83 with per-

mission from Wiley-VCH, Copyright 2019.

2.1.2. Calcination/reaction at elevated temperatures.
Unlike mechanical energy to drive interface formation, heat
treatment/calcination methods are sufficient to supply energy
to produce and strengthen interfacial bonding. Moreover,
diverse types of interfaces with various nanostructures could
be generated by controlling the reactive conditions, such as
the reaction temperature, the heating rate, the calcination
preservation period, the reactive atmosphere, and so on. For
example, oxygen-containing inorganic compound-g-C;N, com-
posites are commonly processed in air, which could easily be
prepared by mixing precursors/g-C;N, with other reagents
used for preparing a second phase combined with a heat-treat-
ment process. In particular, Quan Gu et al.®® successfully
developed a NiO-modified g-C3N, composite (NiO-g-C3N,) by
annealing a prefabricated Ni(OH),-decorated g-C3N, inter-
mediate hybrid at a series of reaction temperature settings
(from 100 °C to 500 °C, at 100 °C intervals, Fig. 5a) for three
hours in air, where amorphous or crystalline NiO attached to
2-C3N, could be controlled by the temperature settings above
or below 300 °C. In contrast, phosphide-g-C;N,, carbon-based
species-g-C3;N, and sulfide-g-C;N, composites tend to be pro-
duced in a N,/argon/vacuum atmosphere. A universal strategy
for obtaining transition metal phosphide (TMP)-g-C3N, com-
posite photocatalysts was highlighted by Gengiang Zhang’s
group.”” Prior to calcination under the conditions of 300 °C,
2 h (heating rate of 2 °C min™") and Ar gas, the precursor
materials related to the metal-glycolate-coated g-C;N, are pre-
pared in a liquid environment, then the TMP-g-C;N, compo-

4758 | Inorg. Chem. Front,, 2020, 7, 4754-4793

sites are obtained. In Fig. 5c¢, to synthesize interconnected
carbon nanofibers-g-C;N,-composite,’ the freeze-dried hydro-
thermally-treated dicyandiamide (HTD) blended with pyrrole
was subjected to heating at 600 °C for 4 h (heating rate of 1 °C
min~") in Ar flow. MoS, is known for its two-dimensional layer
structure and extensive applications in physics, chemistry,
energy and environmental science. A characteristic MoS,-g-
C3;N; van der Waals layer heterojunction”® was formed by
annealing the mixture of dicyandiamide, molybdate and
sulfate at 550 °C for 2 h, saturated with Ar atmosphere
(heating rate of 2 °C min™"). Metal carbides are relatively stub-
born and generally require high-temperature conditions to
oxidize, even when exposed in air. As a consequence, metal
carbide-g-C;N, composite photocatalysts can be harvested in
either air or protective atmospheres (N,, Ar and vacuum).
Taking the Ti;C,-g-C3N, composite catalyst as an example,
X-ray photoelectron spectroscopy (XPS) revealed that the as-
obtained TizCy-g-C3N,-N, and TizC,—-g-C3N,-air samples
possess similar elemental components and relative concen-
trations.'®® That means that both N, and air atmospheres are
suitable for the fabrication of metal carbide-g-C;N, compo-
sites at relatively low reaction temperatures.

In a real fabrication process, more beneficial possibilities
related to interfaces could be offered by involving solid-liquid-
gas phase reactions triggered by heat treatment. Generally
speaking, there are two routes for synthesizing g-C;N, compo-
site photocatalysts with interface contacts, which could be
illustrated as precursor-oriented and g-C;N,-oriented methods,

This journal is © the Partner Organisations 2020
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Fig. 5 (a) lllustration of NiO—-g-C3N, composite catalyst synthesis. Reproduced from ref. 98 with permission from Elsevier, Copyright 2018. (b)
Synthetic route to transition metal phosphide (TMP)-g-CzN, composite catalysts. Reproduced from ref. 75 with permission from the Royal Society
of Chemistry, Copyright 2019. (c) The fabrication method for carbon nanofibers—g-CsN4. Reproduced from ref. 99 with permission from Wiley-VCH,
Copyright 2016. (d) Schematic illustration of the fabrication of MoS,—-g-CsN4 heterojunction catalysts. Reproduced from ref. 70 with permission
from Elsevier, Copyright 2016. (e) Relative elemental concentrations of C, N, O, F and Ti in g-C3Ny4, the g-C3N4 and TizC, mixture, TizC,—g-C3N4—N>

and TizC,—g-C3sN4—N; samples; the inset shows the corresponding synthetic routes of two TizC,—g-C3N4 samples.

respectively. Herein, the precursor-oriented method means
directly using the precursors to synthesize g-C;N, to fabricate
2-C3Ny-based composites, while the g-C;N,-oriented method
signifies that the g-C;N,-based composites are obtained from
prefabricated g-C;N, instead of its precursors. Table 1 sum-
marizes typical g-C;N -based composite photocatalysts based
on the two methods mentioned above in synthetic processes.
From these incomplete data, it is hard and unconvincing to
point out the precise proportions for preparation methods,
which are based on heat treatments, employed to synthesize
2-C3Ny-based composite photocatalysts. Nevertheless, we do
find that the strategy involving the liquid-phase mixing of reac-
tants is dominant for both the precursor-oriented and g-C;N,-
oriented methods. This might result from a better and more
homogeneous contact among various reactants achieved in
liquid, far surpassing blending them in the solid-state.

2.2. Liquid-based methods

To more rationally exploit and design liquid-based methods to
prepare g-C;Ny-based composite photocatalysts, the facts con-
cerning the physicochemical properties of g-C3N, have to be
figured out in advance. Similar to graphene, g-C;N, also has a
typical stacked two-dimensional layer structure (Fig. 6a). It has
been demonstrated that g-C;N, possesses two kinds of conden-
sation states, s-triazine units (Fig. 6b) and tri-s-triazine/hepta-
zine subunits (Fig. 6c, the tri-ring of C¢N-).>! The latter form
of g-C3N, is interconnected with planar tertiary amino groups,
therefore giving rise to more periodic vacancies throughout
the lattice. The detailed lattice constants and crystal structures
were experimentally probed by the XRD technique. In the
measured XRD pattern (Fig. 6d),””** the peak located at 13.0°
was assigned to the (100) lattice plane, which reflects a dis-

This journal is © the Partner Organisations 2020
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tance of 0.681 nm for the in-plane structural packing motif
caused by two-dimensional layer structure blending. The peak
at 27.4° was indexed to the (002) plane, indicating a two-
dimensional sheet-like structure with a layer stacked distance
of 0.326 nm. Incomplete polycondensation would reserve a
small fraction of hydrogen and nitrogen atoms participating in
surface functionalities, including of surface defects, basic
surface functional groups, electron-rich properties and
H-bonding motifs (Fig. 6€).>" These surface functional groups
of g-C3N,; (such as -NH,, -NH-, =N- and C-N groups) are
facile for capturing metallic ions and organic molecules
through electrostatic interactions and chemical adsorption,
which means that the surface of g-C;N, can be modified by
introducing oxygen-containing functional groups and form
chemical bonds with other atoms, thus providing a favorable
dispersion in aqueous solution.""> Commonly reported in pre-
vious work, the functional chemical groups and bonding, such
as -C¢N,, C=N-C, N—(C)3, N—=C-N,, C-NH-C, N-H bonding,
have been proved by Fourier transform infrared (FT-IR) spec-
troscopy and X-ray photoelectron spectroscopy (XPS)
measurements.

Many surface functional groups contribute to the varied
possibilities of superficial charge of g-C;N, when dispersed in
different solutions with different pH values. The surface
charges of g-C3;N, could be detected by the isoelectric point
(IEP) and the zeta potential techniques. In the experimental
test, the zeta potential values (Fig. 7) of g-C3N, dispersed solu-
tion with diverse pH values showed a big difference.'™ The
IPEs of g-C3N, derived from urea (UCN), melamine (MCN) and
thiourea (TCN) were investigated to be 5.1, 5.0 and 4.4, respect-
ively. Consequently, the dispersed solutions (pH = 7) with
UCN, MCN and TCN display the zeta potential values of
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Fig. 6 (a) lllustrations of the two-dimensional layer structure of g-CsNy, (b) s-triazine, and (c) tri-s-triazine as the main building blocks of g-C3Nj.
Reproduced from ref. 21 with permission from Elsevier, Copyright 2017. (d) XRD pattern of g-C3N,4. Reproduced from ref. 24 with permission from
Nature Publishing Group, Copyright 2009. (e) Multiple surface physicochemical properties of g-C3N,4.2°
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Fig. 7 Measured zeta potential values of g-C3N4 suspensions prepared
from urea (UCN), melamine (MCN) and thiourea (TCN) with varied pH
values. Reproduced from ref. 113 with permission from Elsevier,
Copyright 2015.

—30.7 mV, —17.0 mV and —19.9 mV. The researchers could
effectively control the surface charges by simply regulating the
pH values of g-C3N, dispersion, which lays a solid foundation
for exactly constructing g-C;N,-based composite photocatalysts
with interface contacts in liquid.

This journal is © the Partner Organisations 2020

2.2.1. Liquid-phase reduction/co-precipitation/self-assem-
bly. Distinguished from solid-based strategies, g-C;N,-based
composite photocatalysts prepared by liquid-based methods
use prefabricated g-C;N, firsthand. To date, generally, nano-
structures coupled with g-C3;N, in liquid can be divided into
roughly three categories, namely, nonmetals, noble metals,
other metals and metallic-based compounds. Recently, inte-
grating black phosphorus species (BP) with g-C3N, in liquid
has been a hot research focus due to the significantly
upgraded performances of the as-developed BP-g-C;N, compo-
sites for photocatalytic H, evolution and molecular oxygen
activation.""*™"'” For these BP-g-C3N, composites, the authors
propose and demonstrate that the interactions between BP
and g-C;N, are P-N/P-C bonds or van der Waals forces,"**"**
which could be formed in the liquid synthesis process.
Dongling Ma et al.''® successfully developed a two-dimen-
sional-two-dimensional =~ (2D-2D) BP
nanosheet hybrid photocatalyst by mixing the two components
in isopropyl alcohol under the protection of N, gas. Such 2D-
2D allocation linked to P-N bonds enabled the largest inter-
facial contact between BP and g-C3;N, sheets along with the
highly efficient and stable photocatalytic activity induced by
effective charge transfer and separation through the chemical
bonds. Moreover, Shengzhong Liu et al.'*" adopted a liquid-
phase high-vacuum stirring method to load BP quantum dots

nanosheets-g-C3;N,
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(BPQDs) onto g-C3;N, nanosheets for photocatalytic H, gene-
ration. They confirmed that the van der Waals forces exist at
the interfaces of BPQDs and g-C3;N,, which are responsible for
the accelerated photo-induced carrier migration, further
leading to enhanced catalytic performances.

According to the above-mentioned fact, the surface of
2-C3N, is negatively charged in its suspension with a pH value
greater than that of IEPs. Noble metallic cations are capable of
being attached to g-C3;N, through chemical adsorption. Thus,
some noble metal-based species-g-C;N, composites have been
constructed via in situ chemical reduction,'****® photo-
induced reduction'*®'*” and co-precipitation strategies.'*$7'3!
Lacking the required conditions in thermodynamics and kine-
tics, these noble metallic-based species generated from liquid
reduction/co-precipitation methods are inclined to randomly
exist as nanoparticle-like, with sizes ranging from several
nanometers to dozens of nanometers. In a typical synthesis
route (Fig. 8),"** the first step is dispersing the as-prepared
2-C3N, in deionized water/organic solution, followed by chemi-
cally adsorbing noble metallic cations onto the surface of
2-C3N,. Finally, chemical reduction reagents, reducing light
sources, or co-precipitated anions are applied to the reaction
mixture, bringing about the targeted noble metals-g-C;N,
composite photocatalysts.

A photo-induced reduction strategy was also applied to load
transition metallic Co and Ni onto g-C;N, through Co-N, and
Ni-N, bonds, making for much improved photocatalytic H,
evolution properties."*®'* As for sulfides-g-C;N, composites,
carbides—-g-C;N, composites, phosphides-g-C;N, composites
and some non-precious metals and their oxides-g-C3N, com-
posites, they are commonly fabricated by a liquid self-assembly
process from pre-prepared non-precious metallic compounds
and g-C;N,, as shown in Fig. 9a and b. In this way, the inter-
face interactions of these g-C;N,-based composites are rela-
tively weak. On the other hand, in situ liquid-phase co-precipi-
tation and liquid-phase self-assembly methods are preferred
for synthesizing hydroxide-g-C;N, composites (Fig. 9c),
bismuth salts-g-C3N, composites (Fig. 9d), and metal-organic
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frames-g-C3N, composites (Fig. 9¢). Benefiting from the adjus-
table surface charges and chemical groups of g-C;N, suspen-
sions with different pH values in liquid, the interface engineer-
ing of g-C;Ny-based composite photocatalysts could be
efficiently implemented.

Sonication-assisted techniques (SAT) have been frequently
applied for the liquid exfoliation of two-dimensional layer
materials because they release numerous high-frequency
vibrations as well as a huge amount of energy over the liquid
system. Continuous sonication can destroy the van der Waals
forces of interlayer stacking, resulting in a more uniform
stepped-up dissolution or dispersion rate and guaranteeing a
substantive contact among multiple components of reactants
in comparison to simple electromagnetic stirring. SAT has
been used to obtain single-/few-layer g-C;N, nanosheets in
liquid. As early as 2013, Pulickel M. Ajayan et al.'*° applied
sonication treatment to the mixture of g-C3N, bulk, isopropyl
alcohol, n-methyl pyrrolidone, water, ethanol, or acetone for
10 h (Fig. 10a), eventually obtaining light-yellow exfoliated
¢-C3N,; nanosheets with a uniform thickness of about 2 nm.
Objectively speaking, it is not amazing to find the utilization
of SAT in most reports associated with manufacturing g-C3N,-
based composites in liquid phases. Taking the metal sulfide-
g-C3N, composite shown in Fig. 10b as an example,'"! the
CdS/Cu;S, nanocomposite was fabricated in advance during
an ion-exchange process between CdS and Cu®'. It was then
added to a dispersion made up of g-C;N, and methanol, with
ultrasound treatment for 24 h and the targeted CdS/Cu;,S,/
g-C3N, composite photocatalyst was acquired. Protonated by
HCI solution, a transformation of the g-C3;N, surface from
negatively charged (—15.4 mV) to positive charged (14.0 mV)
was accomplished.** In the meantime, ultrasonically delami-
nated graphene oxide (GO) nanosheets were found to be nega-
tively charged with a zeta potential of —43.6 mV. Positively-
charged g-C3;N, and negatively-charged GO realized spon-
taneous self-assembly in liquid through electrostatic adher-
ence and n-n stacking interactions with the assistance of soni-
cation. Recently, CsPbBr; perovskite quantum dots (QDs) inter-

In-situ

coationg £

Fig. 8 Typical illustration of the synthesis of noble metals—g-CsN4 composite photocatalysts. Reproduced from ref. 132 with permission from

Wiley-VCH, Copyright 2019.
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Fig. 9 Typical illustration of the preparation of non-precious metals and their oxides—g-C3N4 composite (a) and phosphides—g-C3N4 composite (b)
photocatalysts. (a) and (b) were reproduced from ref. 133 and 134 with permission from Elsevier, Copyright 2018. (c) A typical process for obtaining
hydroxide—g-C3N4 composites. Reproduced from ref. 135 with permission from the American Chemical Society, Copyright 2015. (d) A representative
synthesis diagram of bismuth salts—g-C3N4 composites. Reproduced from ref. 136 with permission from Elsevier, Copyright 2018. (e) Schematic
illustration of the fabrication of MIL-101(Fe)-g-CzN4 composites. Reproduced from ref. 137 with permission from the Royal Society of Chemistry,
Copyright 2018.
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Fig. 10 (a) Graphical illustration of the synthesis of g-C3N4 nanosheets from bulk g-C3N, in liquid. Reproduced from ref. 140 with permission from
Wiley-VCH, Copyright 2013. (b) Illustration of the synthesis of the CdS/Cu,S4/g-CsN4 composite photocatalyst. Reproduced from ref. 141 with per-
mission from the American Chemical Society, Copyright 2018. (c) Graphical diagram of the synthesis of the reduced graphene oxide (RGO)/g-C3N4
composite photocatalyst. Reproduced from ref. 142 with permission from Elsevier, Copyright 2018.

linked to g-C3;N, with N-Br chemical bonds were engineered the surface of g-C3N, is rich in NH, groups makes it highly
by ultrasonication treatment and stirring of the mixture from possible to form stable chemical bonds between CsPbBr; QDs
CsPbBr; QDs and g-C;N,; powder in hexane.'*® The fact that and g-C3N,.
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2.2.2. Hydro/solvothermal synthesis. Imitating the high
temperature and pressure conditions of natural mineral for-
mation, the hydro/solvothermal method has been developed
into one of the most effective and practical experimental tech-
niques for controllably synthesizing multi-dimensional nano-
structures with well-developed regular structures and exposed
lattice planes. It simultaneously tailors the contacting interface
types among multiple components of prepared nano-
composites. Analogous to liquid-phase reduction/co-precipi-
tation/self-assembly, the reactants, depicted in Table 2, are
subjected to stirring, ultrasonic treatment, or both before pro-
ceeding to reactions to build interfaces, to homogeneously dis-
perse g-C3;N, and other reactants and achieve subsequent
reactions.

To maximize the availability of surface area for g-C3;N,, bulk
2-C3N, is exfoliated into g-C3;N, nanosheets for further use. In
liquid, the ions and groups can be easily attached to the sur-
faces of g-C3N, through chemical adsorption and the electro-
static adherence effect. Protonation of the original g-C3;N,
causes a transformation of the surface charges from negative
to positive, thus making it possible to couple with a nano-
structure dominated by negative surface charges instead of
just positive surface charges."> Whether for facile liquid
reduction/co-precipitation/self-assembly or hydro/solvothermal
synthesis, the ions and groups that are fastened to the surface
of g-C;N, are just the prerequisites for forming interfaces and
forming growth and nucleation sites. However, the difference

View Article Online
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is that the latter supplies suitable conditions for the nano-
structures linked with g-C3;N, to be fully grown. In other
words, they form different morphologies, expose various
crystal faces and have controllable crystallinity, which are all
considerably crucial for determining the photocatalytic activity
of the as-obtained g-C;N,-based composites.'>® Tin disulfide
spontaneously grows into a typical two-dimensional CdI,-type
layered structure if no limitation is introduced to the crystal
nucleation process in the liquid system.”® In a practical experi-
ment, g-C3N, decorated with zero-dimensional SnS, nano-
dots,®*”® two-dimensional SnS, nano-sheets'®>'®” and three-
dimensional SnS, nano-flowers'®®'%® have been fabricated by
considering the selection of reactants, the choice of reaction
solvents and the design of reaction routes. In one of our pre-
vious reports,”® we firstly dispersed SnCl;-5H,0 and g-C3N,
into 25 mL anhydrous ethanol with sonication assistance,
then added thioacetamide as a sulfur-source to the mixture
after achieving the surface adsorption of Sn*" ions on the
surface of g-C3;N,. Finally, the whole mixture was subjected to
a solvothermal reaction at low temperature (100 °C) for 10 h,
obtaining the ultrafine SnS, dot/g-C;N, sheet composite
photocatalyst. Herein, two-dimensional g-C;N, nanosheets not
only offer abundant sites for the growth of SnS,, but also
provide a spatial confinement effect to stop it from developing
freely as a layered structure. From a paper reported by Bin
Dong et al.,'®® ultrathin hexagonal SnS, nanosheets were syn-
thesized in advance and then mixed with exfoliated g-C3N,

Table 2 A summary of the synthetic conditions for various g-C3N4-based composites by using the hydro/solvothermal method

Precursor
for preparing Treatment methods Synthetic methods Reactive
Samples 2-C3N, of reactants (reaction solvents) conditions Ref.
Metal oxides/ MnO,-g-C;3N, Melamine Ultrasonic treatment + stirring ~ Hydrothermal 160 °C, 6 h 112
hydroxides-g-C3N, Fe,03-g-C3N, — Ultrasonic treatment + stirring ~ Hydrothermal 150°C,4 h 144
TiO,-g-C3N, Urea Ultrasonic treatment Solvothermal 180 °C,5h 145
(triiodobenzoic acid)
NiO-g-C3N, Melamine Ultrasonic treatment + stirring ~ Hydrothermal 125°C,10h 146
Fe;0,-g-C3N, Melamine Ultrasonic treatment Solvothermal (ethanediol) 200°C,12h 147
Wi5049-g-C3N, Melamine Ultrasonic treatment Solvothermal (ethanol) 180 °C, 12 h 52
NiAl-LDH-g-C3N, Melamine Ultrasonic treatment Hydrothermal 120°C,24h 148
Metal CdS-g-C3N, Melamine Ultrasonic treatment + stirring  Solvothermal 180°C,12h 149
sulfides-g-C3N, (ethanol, water)
SnS-g-C3N, Cyanamide Ultrasonic treatment Solvothermal 200°C,10h 150
(ethylene glycol)
MoS,-g-C3N, Urea Ultrasonic treatment + stirring ~ Hydrothermal 210°C,24h 151
Co,S-g-C3N, Urea Stirring Solvothermal (ethanol) 120°C, 5 h 152
Zn, gCd ,S-g-C3N, Urea Ultrasonic treatment + stirring ~ Hydrothermal 160 °C, 5 h 153
ZnIn,S,-g-C3N, Melamine Ultrasonic treatment Hydrothermal 160°C,1 h 154
Salt-g-C;N, K'Ca,Nb3044 -g-CsN, Urea Ultrasonic treatment Hydrothermal 140 °C, 12 h 155
LaCO;0H-g-C3N, Melamine Ultrasonic treatment Hydrothermal 160 °C, 12 h 156
Bi,M006-g-C3N, Dicyandiamide Ultrasonic treatment + stirring ~ Solvothermal (ethanol) 160 °C, 5 h 157
(DCDA)
BiOCl-g-C3N, Urea Stirring Hydrothermal 160 °C, 6 h 158
ZnV,04-g-C3Ny Melamine Stirring Solvothermal 200 °C,24 h 159
(N,N-dimethyl formamide)
Bi,0,C0O3-g-C3N, Melamine Stirring Hydrothermal 150°C,24h 160
Organic Carbon spheres-g-C;N,  Melamine Ultrasonic treatment Hydrothermal 150 °C,12h 161
species—g-C3N, Graphdiyne-g-C3;N, Urea Ultrasonic treatment Hydrothermal 50°C, 10 h 162
Graphene quantum Melamine Stirring Hydrothermal 150°C, 4 h 163
dots-g-C3N,
PCN-222(Zr-MOF)-g-C;N, Urea Ultrasonic treatment Solvothermal 120°C,48h 164
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nanosheets in liquid. The mixture was hydrothermally treated
at 140 °C for 6 h to strengthen the interface interaction and
obtain a SnS, nanosheets-g-C3;N, nanosheets 2D-2D compo-
site. When the reaction temperature increased to 160 °C, the
SnS, nanostructures presented a flower-like morphology com-
posed of numerous thin SnS, nanosheets, which came from a
self-assembly process. In this experiment,'®® SnCl, and thio-
acetamide serve as the Sn-source and sulfur-source, respect-
ively. In detail, SnCl, was dissolved in acetic acid and then
transferred into 55 mL of ethanol with 1.5 g thioacetamide,
followed by mixing 20 mL of ethanol containing 400 mg of
uniformly dispersed g-C3;N, sheets. The whole reactive precur-
sor mixture was sealed in a Teflon-lined autoclave and main-
tained at 160 °C for 10 h. SnS, nanostructures with different
microstructures will have differentiated peculiarities of inter-
face contact (point-contact, line-contact or face-contact) with
the g-C3N,, in addition to the distinctions of light-harvesting
ability and surface-exposed active sites caused by the micro-
structure differentiation, which all have a great influence on
the photocatalytic activity of SnS,-g-C;N, composites. Other
nanostructures conform to this rule as well when forming
nanocomposites with g-C;N,. The corresponding types and
functions of interface contacts will be discussed and analyzed
in section 4: “Types and functions of interfaces”.

In summary, both solid-state and liquid-phase based strat-
egies have been developed to construct g-C;N,-based compo-
site photocatalysts with diverse interface contacts. Mechanical
mixing/grinding/ball-milling methods are easy to operate and
are promising for large-scale applications, finite interface
contact, irregular spatial distribution and relatively weak inter-
actions among g-C3N, and other counterparts in composite
systems. The undesired stability is commonly seen from
2-C3Ny-based composite photocatalysts prepared by this
method, reflecting the feeble interactions at the interfaces of
various components. Combined with mechanical mixing and
heat treatment, the as-obtained g-C;N,-based composite
photocatalysts have a stronger interface interaction as com-
pared with mechanical mixing/grinding/ball-milling methods
owing to the additional powerful thermal energy; however, the
distribution of other components might not be as homo-
geneous as those composites fabricated in liquid. Whatever
the synthetic methods are in liquid, the liquid phase
reduction/co-precipitation/self-assembly or hydro/solvo-
thermal, g-C3N,, instead of its precursors, is directly adopted
to construct g-C;Ny-based composites. Based on the deep
realization about the surface physicochemical properties of
g-C3N,, it is attainable to modify surface groups and alter
surface charges by using facile chemical routes to facilitate the
uniform dispersion of g-C;N, and establish sites to form inter-
face linking.

Chemical bonds and electrostatic adherence are usual inter-
actions at the interfaces of g-C;N,-based composite photocata-
lysts, which could have a great effect on the interface charge
transfer and separation, leading to different catalytic activities
for composite photocatalysts with the same components and
different interface contacts prepared by diverse methods. A

This journal is © the Partner Organisations 2020

View Article Online

Review

facile heat treatment method was utilized to engineer SnS,-g-
C;N, composite photocatalysts.'’® By using prefabricated SnS,
nanostructures with different morphologies, the area and type
of interfacial contact of synthesized SnS,-g-C;N, composites
can be regulated. A more straightforward contact could be rea-
lized for distributing SnS, nanoparticles on g-C;N, nanosheets
than SnS, nanosheets and nanoflowers, and could contribute
to a more efficient charge transfer and separation. In another
research effort,’”" Liming Huang et al. successfully fabricated
TiO,-g-C3N, 2D-2D composites by using three different
methods, co-calcination, solvothermal reaction and charge-
induced aggregation. It was demonstrated that the TiO,-g-
C;3;N, photocatalyst synthesized by solvothermal reaction pos-
sessed the highest H, evolution rate of 587 pmol g~* h™,
which was ascribed to a more boosted migration and separ-
ation of photoinduced carriers for the formation of covalent
Ti-O-N bonds than electrostatic interactions at the interfaces.
For loading CdS on g-C;N,, Zaicheng Sun et al.'”?> employed
two methods of photodeposition and chemical-deposition
(hydrothermal reaction) to manufacture two different kinds of
CdS-g-C3N, composite photocatalysts (denoted as p-CSCN and
¢-CSCN, respectively.). They found that the energy level dia-
grams and charge transfer routes of the as-obtained p-CSCN
and c-CSCN catalysts varied. Different charge transfer mecha-
nisms of p-CSCN (type II) and c-CSCN (Z-scheme) catalysts
were suggested. It was proposed that the original photodeposi-
tion reaction caused a preferred electron flow direction from
¢-C3N, to CdS at the interfaces. Enlightened by the above
reports, synthetic methods devoted to endowing a better,
stronger and more effective contact at the interface are highly
preferred and regarded as promising fields to explore.

3. Techniques for identifying the
interfaces

Although the construction of relative composites photocata-
lysts has broadened the applications of g-C;N, in a variety of
scientific fields and has vastly pushed them into an unpre-
cedented stage for photocatalysis, the present recognitions
about the interfaces existing in g-C;N,-based composites are
still limited. The majority of researchers have claimed the
crucial role of formed interfaces, to differentiate from the
simple physical mixing, in giving rise to upgraded photo-
catalytic activity and stability. Nevertheless, they were not able
to elaborate on one of the most essential factors, namely the
interfaces, which are determined by the methods for the
spatial contact of the various components. The precise inter-
actions at the interfaces matter a lot, being closely related to
the light adsorption range, and the transfer and separation
states of photo-generated carriers, which, in turn, determine
the photocatalytic performances of composites catalysts. In
this section, we give an overview of the current progress on
characterization techniques for identifying the interfaces of
g-C3N, -based materials and the theoretical calculations based
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on the interfaces revealed by these techniques. Their advan-
tages and disadvantages are also discussed in detail.

3.1. Characterization of the phase compositions at the
interfaces and their spatial distributions

Known as a powerful tool, the X-ray diffraction (XRD) tech-
nique has been extensively using to identify phase com-
ponents of composite materials. As mentioned above, two
characteristic peaks at about 13° and 27.4° were detected by
XRD, which were indexed to the inter-planar structural
packing and interlayer-stacking structure of g-C;N,, respect-
ively.>* For g-C;N,-based composites, the distributed location
and possible interactions between g-C;N, and other com-
ponents in the composite system can be inferred from the vari-
ations in peak intensity and peak location associated with
g-C3N, preliminarily.'***>'7>""”7 On the whole, Fig. 11a
shows that these characteristic peaks are always present in
pure g-C3;N, or its composites, indicative of a relatively good
structure reservation of g-C;N,. Compared with pure g-C;Ny,
the (002) diffraction peak of g-C3N, in the carbon quantum
dots-g-C3N, composite (CCN) shifts to a lower angle of 27.07°
from the original angle (27.35°),"”® which implies that the
interactions formed somehow between the two phases, as well
as the increased interlayer distance, were possibly caused by
the implantation of carbon quantum dots into the interlayers
of g-C3N,. However, the (002) peak of g-C3N, moved to
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increased diffraction angle values with the introduction and
gradual enhancement of Ag (Fig. 11b), resulting in a decreased
interlayer distance. It was proposed by the authors from this
phenomenon that Ag nanoparticles exist on both the surfaces
and interlayers of g-C3N,, adjusting the interlayer distance.
Here, we consider that it is possible for the squeeze effect of
loaded Ag nanoparticles at the surfaces to push g-C;N, layers
approaching each other. In research from Yanli Zhao’s group
(Fig. 11c),"’* the as-developed TiO, nanotubes-perforated
2-C3N, composite (named PGCN/TNTs) showed an almost dis-
appeared (100) peak of g-C;N,, which was attributed to a
decreased ordering degree of the in-plane structure of g-C3N,.
Specifically, the in-plane holes could be formed from the inter-
action of alkaline ions with the in-plane trigonal nitrogen
atoms. All these changes are related to the peak position and
intensity of g-C;N, and also appear on the Cgp-g-C3N, compo-
site.** As shown in Fig. 11d, the diffraction peak intensities of
both the (100) and (002) planes for Cgp-g-C3N, have been
decreased in comparison to those of pure g-C;N,. The wea-
kened effect of the former peak is more obvious, proving that
the in-plane lattice structure of g-C3;N,; in Cgo—g-C3N, has
changed after the combination of Cgp. As suggested by
Honggang Fu et al.,”> importing Au nanoparticles into the in-
plane structures of g-C3;N, may change the intensity of the
(100) plane, which could be suitable for other metal-based
species. Hence, the XRD technique could be used to analyze

(b) o

|
9S6CCN 2740 |

|
27.26 !

|

]
2748 |

Intensity (a.u.)

6CCN |

|
I

20 2 30
2 Theta (Degree)

K (a) pristine g-C,N,

N rinirt (b) g-CN,/C, -4 W%
A i /N (@) GCN/C 20 Wt%
ie11)

LL(zzz) o (® Co

T T T T
10 20 30 40 50 60

2 Theta / degree

(d)

L

Intensity / a.u.
s

AR

Fig. 11 XRD patterns (a) and enlarged views (b) of pure g-C3N,4, carbon quantum dots—g-C3N4 (CCN) and Ag—carbon quantum dots—g-CzN4
(S6CCN) composites. Reproduced from ref. 173 with permission from Elsevier, Copyright 2017. (c) XRD patterns of pure g-CsN4 and TiO, nano-
tubes—g-C3N4 composites. Reproduced from ref. 174 with permission from Wiley-VCH, Copyright 2018. (d) XRD patterns of pure g-CzN4, Cgo and
Ce0—9-C3N4 composites. Reproduced from ref. 84 with permission from the Royal Society of Chemistry, Copyright 2017.
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the structural variations at the interfaces of g-C;N, and reflect
a roughly spatial distribution state of various components in
composites.

The detailed structural allocation of various components in
2-C3Ny-based composites can be further probed visually by
scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) techniques. As an effective technique
to investigate the morphologies and microstructures of
materials, SEM is capable of disclosing the macroscopic and
tri-dimensional structures of the as-synthesized materials. To
reveal more exact structural features at the interfaces requires
more sophisticated instruments that could even observe the
atomic configuration patterns at the interfaces, such as spheri-
cal aberration-corrected transmission electron microscopy.

Taking the intrinsic 2D structure of g-C3N, into consider-
ation, the interfaces made up of g-C;N, and other components
can generally be divided into three parts: 0D-2D determined
point-contact, 1D-2D determined line-contact and 2D-2D
determined face-contact (shown in Fig. 12a)."®® Their typical
views are exhibited in Fig. 12b, ¢ and d, respectively, with the
C030,4-g-C3N, composite,” W,30,0-g-C5N, composite’”® and
graphene-g-C;N, composite’”® as the corresponding represen-
tatives. Different interface contact types may display differen-
tial interface charge behaviors because of discriminating
contact areas and structures. As for 2D-2D contacting compo-
site photocatalysts, two main kinds of interfaces could be
formed (Fig. 12e), namely, the intraplane interface and the
interplane interface.*® It is easy to understand that the contact
areas of the intraplane and the interplane interfaces also have
a big difference. Heping Zeng et al.'®*® employed high-resolu-
tion TEM measurements to visualize the lattice atoms at the
interface of the carbon ring and g-C;N,, which could be
deemed as the intra-plane interface. Benefiting from acceler-
ated photogenerated -carrier separation, the as-fabricated
carbon ring-g-C;N, composite catalyst gives a much boosted
photocatalytic H, evolution activity. Recently, a metal-free
black phosphorus nanosheets/g-C3N, nanosheets composite
photocatalyst was developed.'™® The typical 2D-2D configur-
ation with an inter-planar interface was sufficiently demon-
strated by a legible TEM image and its corresponding
STEM-EDX mapping with mixing elements, which also showed
excellent photocatalytic H, evolution performance. Through
SEM and TEM measurements, we are capable of recognizing
the morphologies and microstructures of various components
in composite photocatalysts, further laying a solid base for
classifying the specific interface contact types.

By browsing the previous reports, we found that almost all
the works provided high-resolution TEM images to uncover the
spatial distribution state of different components, but only a
few could offer atomic-scale resolution information about the
interfaces, which we believe is very significant for figuring out
the relationship between interfacial features and catalytic per-
formances. It should be noted that the contact types of inter-
faces and chemical bonds at the interfaces are responsible for
interface charge behaviors and photocatalytic mechanisms,
subsequently resulting in the final catalytic performances.

This journal is © the Partner Organisations 2020
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Fig. 12 (a) Graphical illustration of point-contact, line-contact and
face-contact interfaces. Reproduced from ref. 165 with permission from
Elsevier, Copyright 2015. Typical TEM images of (b) Coz04—g-CsNy4
composite (point-contact), (c) W;18049—g-C3sN4 composite (line-
contact), and (d) graphene-g-CszN; composite (face-contact). (b)
Reproduced from ref. 74 with permission from Wiley-VCH, Copyright
2018. (c) Reproduced from ref. 178 with permission from Elsevier,
Copyright 2019; (d) reproduced from ref. 179 with permission from the
Royal Society of Chemistry, Copyright 2015. (e) Schematic diagram of
the intraplane and interplane interface models for 2D-2D composites.
Reproduced from ref. 39 with permission from the American Chemical
Society, Copyright 2018. (f) High-resolution (HR) TEM image of the
carbon ring-g-CsN4 composite. Reproduced from ref. 180 with per-
mission from the American Chemical Society, Copyright 2018. TEM
image (g) and STEM-EDX mapping (h) of the black phosphorus—g-CsN4
composite. Reproduced from ref. 119 with permission from Wiley-VCH,
Copyright 2018.

Here, we selected two recently published reports to illustrate
the importance of revealing the interface contact at the atomic
scale. Recently, the authors (Fig. 13a and b) successfully syn-
thesized the a-Fe,0;-g-C3;N, composite and used it as a photo-
catalyst for CO, reduction.'** Compared with the descriptions
where the interface is marked with black dotted lines and the
two phases containing g-C;N, and o-Fe,O; are separated on
the two sides of the interface, we found that adopting spheri-
cal aberration-corrected transmission electron microscopy
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Fig. 13 TEM (a) and HRTEM (b) images of the a-Fe,O3—g-C3N4 composite. Reproduced from ref. 144 with permission from Wiley-VCH, Copyright
2018. Spherical aberration-corrected STEM images of the WOs—g-C3N,4 composite: in-plane (c) and interlayer (d) structure of g-CzN4; an ideal struc-
tural interface model of the WO3s—g-CzN4 composite (e). Reproduced from ref. 103 with permission from Elsevier, Copyright 2017.

allows us to see the interfacial atomic structures and is a
better choice that pays more attention to the contact interface,
like the face-contact for the 2D-2D configuration, which will
supply more information for comprehending the interface
carrier behaviors under light irradiation. A direct Z-scheme
WO;3-g-C3N, composite photocatalyst was constructed by
Weilai Yu et al.'® Based on the distinct characterization on
the well-defined interface of g-C;N, and WO3;, the authors were
able to rationally design interface models of the WO;-g-C3;N,
composite photocatalyst. Combined with other characteriz-
ations and photocatalytic properties, the design and under-
standing of g-C;N,-based composite photocatalysts with inter-
face contact could be provided some new and deep insights.

3.2. Characterization of chemical structures and interactions
of the interfaces

Although the interface contact types and spatial distribution
states of various components in g-C;N4-based composite
photocatalysts have been ascertained, an in-depth understand-
ing of the interface behaviors is needed and requires other
detection techniques to reveal the types of interaction forces at
the interfaces since the behaviors of photogenerated charge
transfer and separation are closely connected with them.
These details will be discussed later.

Fourier transform infrared spectroscopy (FTIR) is a crucial
technique for probing surface chemical groups and atomic
structures, and is commonly wused for g-C3;N,-based
materials.'® For pure g-C;N,, the peaks in the range of 3000 to

4768 | Inorg. Chem. Front., 2020, 7, 4754-4793

3500 cm™" are generally assigned to N-H stretching vibrations
and O-H stretching vibrations associated with adsorbed
water.””'**> A set of peaks between 1200 and 1650 cm™" (area
A) belong to the typical stretching vibrations of CN
heterocycles,'®>'®' while the characteristic peak at about
810 cm ™" (area B) is ascribed to the stretching vibration of the
s-triazine ring units in g-C3N,.'*>'®* All of the above peaks are
peculiar to g-C3Ny, as exhibited in Fig. 14a. After forming com-
posites by introducing other components, we generally antici-
pate observing specific vibration peaks from various constitu-
ents if they do not overlap with each other. As seen in Fig. 14a,
an extra peak for the MnO,-g-C;N; composite at 493 cm ™"
corresponds to the stretching vibration of the Mn-O bond, as
compared to pure g-C3N,, which could indicate the successful
synthesis of the MnO,~-g-C;N, composite."®" The deficiency is
that the interface interactions could not be determined from
just the combined spectra. The characteristic peaks of CN het-
erocycles and the s-triazine ring units in g-C3N,-based compo-
sites will shift to higher or lower wavenumbers than those of
pure g-C3N,, suggesting possible interface interactions and
contact positions between the involved members, just as the
Co304-g-C3N, composite displayed in Fig. 14b.”

Despite all this, we still had no idea what the interactions
were exactly. It is preferable to encounter a situation where
some new vibration peaks are seen in the FTIR spectra. These
kinds of interactions have much more concreteness and credi-
bility. Besides the vibration peaks from pure graphene oxide
(GO) and g-C;N,, the new peak at around 1075 cm™" for the
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Fig. 14 (a) Fourier transform infrared (FTIR) spectra of MnO,, g-C3N4 and the g-C3N4/MnO, composite. Reproduced from ref. 181 with permission
from the American Chemical Society, Copyright 2017. (b) FTIR spectra of g-C3N4 nanosheets (denoted as CNNS) and Coz04—g-C3N4 nanosheets
(denoted as Coz0,4/CNNS-x) composites. Reproduced from ref. 74 with permission from Wiley-VCH, Copyright 2018. (c) FTIR spectra of (A) GO, (B)
g-C3Ng4, (C-F) graphene—g-C3N, composites. Reproduced from ref. 179 with permission from the Royal Society of Chemistry, Copyright 2015. (d)
FTIR spectra of Cgo, g-C3N4 and Cgo—g-C3N4 composites. Reproduced from ref. 84 with permission from the Royal Society of Chemistry, Copyright

2017.

graphene-g-C;N, composite marks the C-O-C bonds linking
the two components."”® Similarly, a new vibrational peak at
548 em™ " in the FTIR spectra of Cgo-g-C5N, composites indi-
cate the formation of some kind of chemical bond at the inter-
face of Cgo and g-C5N,.2* With the help of the FTIR spectra, we
can determine the possible positions where the interactions
exist; CN heterocycles or s-triazine ring units. Of course, the
newly-formed chemical bonds could be thought of as interface
interactions, which could provide convincing evidence for con-
firming the precise interface interactions. However, we are not
always able to obtain such information, so further concrete evi-
dence is needed.

High-resolution X-ray photoelectron spectroscopy (XPS) is a
powerful tool for investigating the interactions and surface
chemical structures at the interface of composites.”*''® For
pristine g-C;N,, the C 1s high-resolution XPS generally shows
two peaks at 284.6 + 0.3 eV and 288.0 + 0.4 eV, correlating to
sp> C-C bonds and sp-hybridized aromatic N-C=N bonds,
respectively.’®°®"3* With respect to the high-resolution XPS of
N 1s, three peaks at 398.5 + 0.3 eV, 399.6 + 0.3 eV and 400.7 +
0.3 eV could be observed, corresponding to C-N=C bonds in
triazine rings, N-(C); groups and surface C-N-H amino
groups, respectively.'®>'#1%* In view of the g-C;N, species pre-
pared by various methods, the surface chemical states related
to C 1s and N 1s might exhibit a difference, which is easy to
understand. After coupling with other components, the
elemental de-convoluted peaks of composite photocatalysts

This journal is © the Partner Organisations 2020

shift to another binding energy position as compared with the
monomer, which implies possible electron migration through
the interface interactions. In a report about black phosphorus
quantum dots (BPQDs)-g-C3N, composite photocatalysts,">®
the P 2p;/, and P 2p,,, doublets gave a negative shift of about
0.5 eV relative to those of BPQDs, while a tiny positive shift
(~0.1 eV) for N-C=N groups (N 1s) of BPQDs-g-C3N, was
observed in comparison to that of pure g-C3;N,. This demon-
strated the existing electron transfer from g-C;N, to BPQDs
upon interface couplings. Similarly, Xuefeng Yu et al.®® devel-
oped a black phosphorus nanosheets-g-C;N, (BP/CN) compo-
site and found that the divided peaks in N 1s for BP/CN exhibi-
ted a more negative binding energy as compared to those of
pure g-C3N,. Furthermore, in the high-resolution XPS of P 2p,
a new peak for BP/CN emerged at 133.4 eV, which was indexed
to P-N bonding integrating black phosphorus and g-C;N, at
the interfaces. In order to confirm that the peak shift is caused
by the formation of an interface, Tetsuro Majima et al.'®*
pared the peak shift states of C 1s and N 1s by setting three
relevant samples, pure g-C;N,, the mixture of g-C;N, and MoS,
(Mix-6.4%), and the MoS,-g-C3N, composite (MC-3.2%). They
found that the high-resolution of C 1s and N 1s in MC-3.2%
displayed a lower shifted binding energy of ~0.6 eV as com-
pared to pure g-C3;N,, while the Mix-6.4% sample showed no
shift, which further confirmed the electron effect at the inter-
face by constructing hetero-interfaces instead of physical

com-

mixing. Using calculation methods to better elucidate the

Inorg. Chem. Front., 2020, 7, 4754-4793 | 4769


https://doi.org/10.1039/d0qi01026j

Published on 13 Oktober 2020. Downloaded on 01.11.2025 16:46:21.

Review

interface effect for photocatalysis, we aimed to determine the
exact interactions and chemical bonds. Bin Dong et al.'®
employed the XPS technique to analyze the possible existing
chemical interactions at the interface of the as-obtained 2D-
2D SnS,-g-C3N, composite. C-S and Sn-N bonds were ascer-
tained by comparing the high-resolution XPS of C 1s, S 2p, N
1s and Sn 3d in g-C3;Ny4, SnS, and the SnS,-g-C3N, composite.
Based on these results, they built the possible interface
bonding configuration model of SnS, and g-C;N,, which we
believe is significant for interface charge behaviors. For the
CoP-g-C;N, composite fabricated by Rong Xu et al.,'® the for-
mation of Co-N bonds at the interface of CoP and g-C;N, was
proven and highlighted (Fig. 15). Undoubtedly, the identifi-
cation of interface interactions helps with understanding the
photocatalytic mechanism and rationally designing g-C;N,-
based composite photocatalysts. Nevertheless, the practical
peak deconvolution process is random, making the XPS tech-
nique not convincing enough with sufficient proof. Some
options combine various techniques, but we still require more
precise characterization techniques.

Synchrotron radiation-based X-ray absorption spectroscopy
(XAS), including X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS), has
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Fig. 15 (a) High-resolution X-ray photoelectron spectroscopy (XPS) of
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been widely applied to disclose the density of states, atomic
coordination structure and environment of nanomaterials in
various subjects and fields, especially for nanoscale materials
for catalytic applications. To date, there have been quite a few
reports related to g-C;N,-based composite photocatalysts that
made use of this technique to provide further evidence of
atomic structure information (Fig. 16).

For the previously reported hybrid black phosphorus
quantum dots (BPQDs)-g-C3N, composite (BPQDs/g-C3N,) and
the phosphorene/g-C;N, (1.8 PCN) composite,®>*° the XANES
N K-edge for the composites all shifted to a much higher
photon energy position, while the P K-edge underwent a nega-
tive shift to a lower photon energy position, as compared with
that of pristine g-C;N,, demonstrating the electron migration
from g-C;N, to phosphorus-species through the interface inter-
actions. Rong Xu et al'® validated the formation of Co-N
bonds at the interface of the CoP-g-C3N, composite by using
the Co K-edge XANES and EXAFS spectra. The Co absorption
edge in the XANES spectrum of CoP/g-C3N, exhibited an
obvious positive shift to a higher energy position relative to
that of CoP. In the fitted curves for the first peak of the corres-
ponding EXAFS spectrum, the coordination number and bond
distance for Co-P were 1.2 and 0.241 nm, while those of Co-N
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P 2p and C 1s for black phosphorus quantum dots (BPQDs), g-C3N4 and

BPQDs—g-C3N4 composites. Reproduced from ref. 120 with permission from Elsevier, Copyright 2018. (b) High-resolution XPS of N 1s and P 2p for
black phosphorus (BP) nanosheets, g-C3sN,4 (CN) and the BP—g-C3N4 (BPCN) composite. Reproduced from ref. 83 with permission from Wiley-VCH,
Copyright 2018. (c) High-resolution XPS of C 1s and N 1s for pure g-C3N,4, the mixture of g-CsN4 and MoS, (Mix-6.4%) and the MoS,—g-C3N4
(MC-3.2%) composite. Reproduced from ref. 182 with permission from Wiley-VCH, Copyright 2018. (d) High-resolution XPS of C 1s, N 1s, Sn 3d and
S 2p for g-C3N4, SnS; and the SnS,—g-C3N4 composite, along with the schematic diagram of possible chemical bonds at the interfaces. Reproduced
from ref. 165 with permission from Elsevier, Copyright 2015. (e) High-resolution XPS of N 1s and Co 2p for g-C3sN4 and the CoP—g-C3N4 composite.
Reproduced from ref. 183 with permission from Wiley-VCH, Copyright 2016.
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(@) Synchrotron radiation-based X-ray absorption near edge structure (XANES) of the P K-edge and C K-edge for different samples.

Reproduced from ref. 120 with permission from Elsevier, Copyright 2018. (b) XANES P K-edge and C K-edge of g-C3N4 (0.0 PCN) and phosphor-
ene—g-CzN,4 composite (1.8 PCN). Reproduced from ref. 80 with permission from Wiley-VCH, Copyright 2018. (c) XANES Co K-edge spectra and the
corresponding Fourier transform (FT) of the extended X-ray absorption fine structure (EXAFS) spectra of various samples. Reproduced from ref. 183

with permission from Wiley-VCH, Copyright 2018.

were 4.2 and 0.206 nm, indicative of the presence of Co-N
bonds at the interfaces. Therefore, synchrotron radiation-
based techniques do assist a lot with the identification of the
atomic chemical environment and have been widely and exten-
sively applied in transition metallic-based single-atom cata-
lysts. We believe that they will contribute significantly to recog-
nizing the chemical structures at the interfaces of g-C3N,-
based composites as well, suggesting that combining them
with other techniques would be wise.

To better investigate the roles of interfaces, the elementary
requirement is to gain an in-depth understanding of their
modes of contact and the existing interactions (such as chemi-
cal bonds) of the g-C3N,-based composite photocatalysts. The
XRD technique could determine the phase composition and
roughly outline the spatial distribution of various components,

This journal is © the Partner Organisations 2020

while the in-plane and interlayer structure variations of g-C;N,
substances could also be speculated. The morphology, micro-
structure and spatial distribution, particularly atomic arrange-
ment and configuration at the interfaces, can be determined
by using SEM and TEM-related techniques visibly and objec-
tively. There are always some kinds of interactions working at
the interfaces of these g-C;N,-based composites, or there will
be no differences between the as-synthesized composites and
simple mixtures. If chemical interactions exist, we should
figure out what exactly they are and which chemical bonds the
diverse components interconnect with. At this point, a com-
bined utilization of various techniques including but not
limited to FTIR spectra, XPS and synchrotron radiation-based
XAS would contribute a lot to the affirmation of chemical
bonds at the interfaces. However, in most cases, the authors
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still cannot verify the type of chemical bonds instead of the
charge migration direction demonstrated by the corresponding
peak shifts and the peak intensity variations. We anticipate
that more new and accurate techniques could be put into prac-
tice for identifying the interface interactions of g-C;N,-based
photocatalysts.

4. Types and functions of the
interfaces

In the development of methods to build interfaces or finding
more precise and advanced characterization techniques to
understand interfaces, the ultimate purpose lies in gaining in-
depth insight into the role of interfaces allowing the customi-
zation for fabricating g-C;N,-based composite photocatalysts
with varied and robust interface contacts, leading to satisfac-
tory catalytic activity and stability to meet the requirement of
large-scale commercial applications. In this section, we make
basic classifications based on the interfaces formed from com-
bined phases with g-C;N, in a specific composite photocatalyst
system. The contact area and type of existing interfaces main-
tain a close relationship with the phase components in g-C;N,-
based composites and their modes of contact. Here, we
discuss two divisions of interfaces, namely, two-phase inter-
faces and multi-phase interfaces. The functions of various
interfaces in g-C3;N,-based composites for photocatalysis are
discussed and analyzed in detail.

4.1. Two-phase interfaces

Other nanostructures are usually integrated with g-C3;N, to
produce two-phase interfaces that can maximize the advan-
tages of the components involved in the composites. It is also
relatively easy to determine the underlying roles of these inter-
faces but it is limited to realizing the real media used for accel-
erating the charge transfer and separation between two com-
ponents. In the macroscopic view, the as-demonstrated func-
tions of interfaces, such as boosting the light-harvesting capa-
bility, suppressing the recombination of photo-generated elec-
tron/hole pairs, and facilitating the migration and transfer of
charge carriers, are attributed to the contacts and are respon-
sible for the much enhanced photocatalytic performances.
Unfortunately, in most cases, we still have no idea about these
processes and how they are conducted, the kinds of chemical
bonds at the interfaces, or the involved atoms from each com-
ponent because they are actually microcosmic. To achieve the
above-mentioned advantages, we need to determine the prere-
quisites such as the kinds of chemical bonds that exist at the
interfaces and how they combine to form the interfaces. We
believe that these issues should be most urgently solved and
they have the potential to lead the way for future development
related to high-performance g-C;N,-based composite photoca-
talysts. Therefore, we provide herein a comprehensive analysis
of the as-developed g-C;N,-based composites with two-phase
interfaces and propose possible interactions between g-C3;N,
and another phase.
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4.1.1. Noble-metallic species—g-C;N, interfaces. Among the
noble-metallic species—g-C3N, composites, which are generally
Au-g-C3N,,"818%  Ag—o-C3N,, "% Ag-based compounds-g-
C3N,, 28130 pt-g-C3N, '¥718% and Pd-g-C;N, '*7'°° composites,
the exact interface interactions are only mentioned in a
limited number of reports. However, we find that three syn-
thetic methods, namely, chemical reduction,"* photo-
reduction,’”® and in situ co-precipitation,”** are usually
adopted to obtain the noble-metallic species-g-C;N, compo-
sites. All of the methods involve the chemical adsorption of
noble-metallic ions onto g-C3;N, substances prior to the for-
mation of noble metal nanoparticles or their compounds. On
this basis, we speculate that the real interfacial interactions of
such g-C3N,-based composites are highly possible electron
interactions.'®® Another proposed interaction at the interfaces
is electrostatic adherence.'®’ For example, Huiyu Liu el al.'®’
employed an in situ reduction method to prepare the Pd-g-
C3N, composite with electronic interactions (Fig. 17a-c) by
loading uniformly monodispersed Pd nanosheets with an
average edge length of ~25 nm. The intimate electronic inter-
actions between g-C;N; and Pd were confirmed by the Pd°
peak shift of ~0.3 eV. In contrast, the same kind of composite
with electrostatic adherence interactions showed morphologi-
cal incompatibility and interfaces with poor contact. Similarly,
in situ chemical reduction and photo-reduction methods for
other noble-metallic species-g-C;N, composites likely possess
strong electronic interactions. Most of the g-C;N,-supported
noble-metallic species are nanoparticle-like, with a 0D struc-
ture (0D-2D interface). Still, the nanocrystal size, shape and
loading amount of noble metallic species are completely
different, which results in varied charge behaviors because of
different interface contacts and light-harvesting abilities,
further giving rise to distinguished photocatalytic perform-
ances. Jiaguo Yu et al.'®*> successfully loaded Pt nanocrystals
with different shapes onto g-C;N, nanosheets (Fig. 17d-g)
through electrostatic adherence interactions by controlling the
pH of the dispersion solution to regulate the surface potential
of Pt and g-C;N,. Among the as-developed Pt-g-C3;N, compo-
sites (cubic Pt/g-C3N,, octahedral Pt/g-CsN, and spherical Pt/
2-C3N,), spherical Pt/g-C;N, showed the optimal photocatalytic
H, evolution activity, in which we propose that varied interface
contacts also influence their properties. Organic functional
groups are highly likely attached to the periphery of the noble
metal cluster during the synthetic period, which could serve as
a bridge to link with surface functional groups of g-C3N,. In
this way the photogenerated charges can achieve migration
and transfer from one to the other, resulting in improved cata-
Iytic performance.

In addition to the interfaces triggering the effective
migration and separation of photoinduced charges, the
surface plasmon resonance (SPR) effect, influenced by noble
metallic particle size, shape, surrounding environment,
dielectric properties, and interparticle interactions, also plays
an important role in broadening light absorption, adjusting,
and altering the electron behaviors at the interfaces.’” As a
rule, noble-metallic particles have a much higher work func-
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Fig. 17 TEM images of (a) a Pd nanosheets—g-CzN, composite prepared by the in situ growth strategy, (b) Pd nanosheets + g-C3N, fabricated by
electrostatic interactions, and (c) Pd 3d high-resolution XPS of Pd nanosheets and the Pd nanosheets—g-CzN4 composite. Reproduced from ref. 189
with permission from Wiley-VCH, Copyright 2018. (d) and (e) Zeta potentials of g-CzN4 and the Pt suspension with different pH values. (f) The syn-
thetic route and TEM images of various Pt—g-CzN, composites. (g) Photocatalytic H, evolution activity of various samples. Reproduced from ref.
192 with permission from the Royal Society of Chemistry, Copyright 2016. (h) The charge-transfer mechanism of the as-fabricated Au—g-CsN4 com-
posite system: before contact, after contact and after contact with visible light irradiation. Reproduced from ref. 122 with permission from Elsevier,

Copyright 2017.

tion (&) than that of g-C;N,. Once forming interfacial
contact, the Fermi level of the noble-metallic particles and
2-C3N, will shift to achieve an equilibrium. Therefore, the
photogenerated electrons from the conduction band (CB) of
2-C3N, transfer to the noble-metallic nanoparticles through
the well-defined interfaces; i.e., strong electronic interactions
exist at the interfaces. In this way, the coupling of noble-
metallic nanoparticles could increasingly accumulate elec-
trons and then use them to participate in photocatalytic reac-
tions. Just like the reported Au-g-C;N, composite system
(Fig. 17h),"**> Au nanoparticles were distributed on g-C;N, as
indicated above to achieve the goal of facilitating the separ-
ation of photoexcited electron-hole pairs from g-C;N, and
boosting the availability of charges.

This journal is © the Partner Organisations 2020

4.1.2. Oxides/chalcogenides-g-C;N, interfaces. To date,
various kinds of oxides/chalcogenides-g-C;N, interfaces have
been realized by integrating g-C;N, with other phases, includ-
ing but not limited to TiO,,'*""7**** Sn0,,'** Mn0,,"®" CeO,,”
Nio,98 COxOy,74’104 Bi203,195 ony’sz,los FexOy,los CuBi204,196
MoS,,” 8% NiS,'”” $nS,,”® CoS,,"** ZnCds,** Cu,WS, **” and
ZnIn,S,."”* Among these oxides/chalcogenides-g-C5N, compo-
sites, it is proposed that all the interfaces possess the domi-
nant ability to regulate photogenerated charge behavior. Still,
only a few reports indicate the existence and confirm the type
of chemical interaction. We highlight the significance of these
works even though they seem not to be so precise and convin-
cing to us at the present stage because of the restriction of
characterization techniques. However, efforts were made to
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provide an objective revelation about photoinduced charge
behaviors at the interfaces. For example, C-O, O-N and C-S/
Sn-N bonds have been demonstrated in as-synthesized NiO-g-
C3N,,%®  TiO,-g-C3N,,""' WO;-g-C3N, ' and  SnS,-g-C;N,
composites,”®'® of which the authors emphasize the crucial
role of these bonds in effective carrier migration and separ-
ation along with the acceptable stability of the corresponding
composite catalysts.

4.1.3. Carbides/nitrides/borides/phosphides-g-C;N, inter-
faces. Classified as co-catalysts, NiyC,”® Ti,C),*>!**""®
Ni3N,199’Z°0 NixBy,Zm NiXPy,49’202 CoxPx,183’203 CuxP,gs M0P’111
FeP,"® NiCoP,*** and so on, have been loaded onto g-C3;N,
nanosheets to generate the corresponding composites. It is
worth mentioning that Rong Xu et al.'®® confirmed the pres-
ence of Co-N bonds at the interfaces between g-C;N, and CoP
by using XPS and XANES measurements. They believe that
these Co-N bonds could contribute many dual active sites to
create synergistic effects, and also broaden the visible light
harvesting range, match the band positions and improve the
separation efficiency of charge carriers. All of these are appro-
priate for the NiB-g-C3N, composite,*** in which the existence
of Ni-N bonds has been proved. In another CoP-g-C3;N,
system,”” the authors recommended the formation of P-N
bonds that are interconnected with the two components, facili-
tating the migration and transfer of charge carriers. Currently,
we are not able to decide which proposal is right because
different synthetic routes could lead to diverse interfacial
atomic contacts or chemical bonds. We anticipate that more
advanced electron microscope and spectroscopy techniques
could be adopted to uncover the interfacial atomic arrange-
ment and bonding mode to better construct theoretical calcu-
lation models and understand the roles and interfaces.

4.1.4. Perovskites/halides-g-C;N, interfaces. Perovskites,
due to their specific physicochemical properties, have been
extensively applied in the fields of electronics and energy
science. Perovskite oxides,*®°%%72%%2% peroyskite halides'** and
perovskite oxyhalides®® are three common species in the perovs-
kite family, which are also applied in engineering g-C;N,-based
composites, showing enhanced photocatalytic activity with inter-
facial effects similar to those mentioned above. Analogous to
polymetallic oxides/sulfides, the surfaces of perovskites are com-
posed of multiple exposed atoms, which means it is extremely
hard to tailor and customize perovskites—g-C;N, composites
with specific interface interactions (chemical bonds). Taking the
CsPbBr; perovskite as an example, Rong Xu et al.'** determined
that the generated N-Br bonds are beneficial for accelerating
charge separation and prolonging the lifetime of the charge car-
riers in the as-obtained CsPbBr;—g-C;N, composite catalyst.
Since the interactions at the interfaces in perovskite-g-C;N, and
halides-g-C;N, composites are absent or not clear,>” 2% it is
difficult to ascertain the interfacial bonding, which could be a
challenge for subsequent investigations.

4.1.5. Salt compounds-g-C;N, interfaces. Distinguished
from perovskites and halides, we have defined other salt-based
compounds-g-C3N, composites as interfacial nanostructures.
As a special class that exists stably in nature among salt-based
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compounds, Bi-salts, possessing the superiorities of natural
abundance, suitable band structures, nontoxicity, specific
crystal structures, high thermal and chemical stability,®”*>%*¢°
have been combined with g-C;N, to incubate a high-efficiency
photocatalytic system, caused by the interfaces-induced
effective transfer and separation of photogenerated charge-
carriers.®®?'° For these research efforts, the chemical inter-
actions at the interfaces remain a mystery. This problematic
situation also exists for other salt-based species. As shown in
Fig. 18a and b, Zhurui Shen et al."*" used an in situ adsorption
and ultrasound-assisted crystallization method to fabricate a
AgVO; quantum dots-g-C3N, composite for the photodegrada-
tion of organic dye, demonstrating the significantly improved
photoexcited charge separation and interfacial charge transfer
on the interfaces. In light of its original synthesis route, we
guess that the interfacial interactions between AgVO; and
g-C;N, are most likely via the Ag (§")-N (87) bond, which actu-
ally makes a big difference in helpful photogenerated charge
behaviors and will be verified in the future. In a well-designed
ZnV,0,-g-C;N, composite system, Muhammad Tahir et al.'>
introduced a special protonated layer onto the surface of
¢-C3N, for comparing the photocatalytic behaviors of the
ZnV,0,-protonated g-C3;N,; and common ZnV,0,-g-C;N, com-
posites. As depicted in Fig. 18d and e, this protonated layer
could act as an agent to trap photoexcited electrons, thus pro-
moting the migration and separation of photogenerated
charge carriers. It is reasonable to believe that a built-in inter-
facial electric field is formed through electrostatic interactions.
Previous reports have indicated that crystal facet engineering
enables the regulation of photoinduced carrier behaviors on
different crystal facets. For BiVO,, the excited electrons and
holes tend to accumulate at the [010] and [110] facets under
visible light irradiation. Inspired by this recognition, Guoqiang
Tan et al® developed a [010] BiVO,-g-C;N, composite
(Fig. 18f) through the electrostatic adsorption of negatively
charged BivVO, [010] facets and surficial protonated g-C;N,.
Similarly, a built-in electric field (Fig. 18g) could drive photo-
generated electrons to migrate along the interfacial contact.
These achievements are convincing, and we would like to
know more details about the interfaces, both visibly and invis-
ibly. If these are atomic contacts and chemical bonds existing
at the interfaces, they surely give priority to the influence on
charge-carriers rather than electrostatic interactions.

4.1.6. Black phosphorus relatives/organics-related species-
g-C3N, interfaces. So far, black phosphorus relatives, carbon-
based species and metal-organic frameworks have been
deemed as three of the most popular nanostructures for coup-
ling with g-C3N,. Unlike inorganic nanocrystals, they have
huge potential to form covalent chemical bonds with the
surface atoms of g-C3N,, which makes these kinds of interfaces
much easier to design and fabricate.

Due to their earth-abundance, tunable and suitable thick-
ness-dependent bandgap (0.3-2.0 eV), broad solar light-har-
vesting ability and high charge carrier mobility, there has been
tremendous interest in loading black phosphorus relatives
with varied dimensions and layers on g-C;N,.'*>*'7'! Three
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(a) Formation mechanism of the AgVOz—g-C3N4 composite, zeta potential values of g-C3zN,4 and the corresponding HRTEM images of the

AgVOs—-g-C3N,4 composite. (b) The proposed catalytic mechanism of the AgVO3s—g-CzN4 composite. Reproduced from ref. 131 with permission from
Wiley-VCH, Copyright 2017. (c) Possible mechanism of the photo-reduction of CO, over as-obtained ZnV,0¢, ZnV,0¢—g-C3N4 and ZnV,0s—pCN
composites. (d) Graphical illustration of the charge transfer of contact interfaces for ZnV,0¢—g-C3N,; and ZnV,O0g—pCN composites. (e)
Photocatalytic mechanism of the ZnV,0¢—pCN composite catalyst. Reproduced from ref. 159 with permission from Elsevier, Copyright 2018. (f)
Synthetic route for the [010] facets of the BiVO4—g-CsN4 composite photocatalyst. (g) Possible photocatalytic mechanism over [010] BiVO,—g-C3N4
under visible light irradiation. Reproduced from ref. 37 with permission from Elsevier, Copyright 2018.

sorts of interfacial interactions, corresponding to van der
Waals forces,?® C-P bonds'?*?*!' and N-P bonds,?!4118:212
are proposed based on phosphorene-g-C;N,, black phos-
phorus quantum dots (BPQDs)-g-C3N, and black phosphorus
nanosheets-g-C;N, composites, respectively. As shown in
Fig. 19a, Shizhang Qiao et al.® fabricated a few-layered phos-
phorene-g-C;N, heterojunction by exfoliating bulk black phos-
phorus into two-dimensional phosphorene and then mixing it
with two-dimensional g-C;N, nanosheets via a grinding
process. Thanks to the van der Waals interactions at the inter-
faces, the high separation and transfer capacity of photogene-
rated electron-hole pairs for g-C;N, to phosphorene and the
prohibited charge-carrier recombination could be achieved in
the phosphorene-g-C;N, heterojunction when used as a
photocatalyst for H, evolution, showing a H,-production rate
of 571 pmol h™ g™, A facile sonication approach was applied
by Gang Liu et al."*° to synthesize the 0D-2D BPQDs-g-C3N,
hybrids, displaying much-enhanced photocatalytic activity of
up to 271 pmol h™" ¢7'. It was recommended that the inter-
facial contact through C-P bonds, revealed by FTIR, XPS and
XANES spectra and leading to effective transfer and separation
of charge-carriers, are the main reasons for this. Dongling Ma
et al.'*® reported a 2D/2D black phosphorus-g-C;N, hetero-
structure, in which they came up with another possible inter-
facial interaction, N-P bonds. They made this speculation
depending on the high-resolution XPS spectra of N 1s and P
2p. In a photocatalytic H, evolution experiment, photo-excited
electrons and holes of g-C3N, were provided a chance to trans-
fer to black phosphorus on the interfaces, promoting their
efficient utilization. This was realized by N-P bonds serving as
trap sites to capture electrons, as seen in Fig. 19c.

This journal is © the Partner Organisations 2020

Carbon-based materials, intrinsically possessing good elec-
trical conductivity and surface modifiability, have been exten-
sively used as electron transfer media, acceptors and storage
centers,”” achieving the goals of accelerating the separation of
photo-excited charge carriers on g-C3N, and prolonging their
lifetime. A range of carbon-species-g-C;N, composites, includ-
ing carbon spheres-g-C;N,,'®" graphene/graphene oxides
(GO)/reduced graphene oxides (rGO)-g-C5N,,"**'**'”® carbon
nanofibers-g-C;N,,° carbon nanotubes,'? fullerene-g-C;N,,**
carbon quantum dots-g-C;N4 '°”*'* and so on, have been
created to give the excellent output of photocatalytic perform-
ances. Probing into the interfaces of these composites has
illustrated the existing interactions, such as electrostatic inter-
actions (van der Waals forces and hydrogen bonds) and
covalent bonds. For example, Siang-Piao Chai et al."*?> changed
the surface potential from negative to positive for g-C;N, with
a protonation modification, and then adopted an electrostatic
and n-r stacking interaction between negatively charged GO
and positively charged g-C;N, to achieve the self-assembly
process, followed by a surface reduction process to obtain the
final rGO-g-C3N, composite. As observed in Fig. 20b, the
photo-excited electrons at the conduction band of g-C;N,
migrate to rGO through interfaces under visible light
irradiation; i.e., better charge transfer and separation of g-C3N,
can be realized by producing distinct and useful interfacial
interactions. Through a LiOH assisted ball-milling process of
¢-C5N, and Cg, Shangfeng Yang et al.®* engineered a Cgo-g-
C;3N, composite with covalent N-Cg, bonds existing at the
interfaces, which was confirmed by N 1s high-resolution
spectra of pure g-C3N, and the Cg—g-C3N, composite.
Compared with pure g-C;N,, a new peak at 399.5 eV for the N
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1s spectrum of the Cgo—g-C3N, composite (Fig. 20c) was
assigned to N-Cg, bonds connecting Cg, and g-C;N,. In a
photocatalytic H, evolution experiment, the authors added
eosin Y (EY) to the Cgp—-g-C3N, reaction system as a photosensi-
tizer. When exposed to visible light, the excited electrons of EY
would transfer to the conduction band of g-C3N, and then
reach Cgo through the formed N-Cg, bonds (Fig. 20d). The
resulting effective charge transfer and separation reasonably
endowed the Cgo—g-C3N, composite with a good photocatalytic
activity of 266 pmol h™" g™'. Besides, some other chemical
bonds interconnected g-C;N, with carbon-based species, such
as C-N-C,”° C-0-C,"7**" were also demonstrated, resulting in
similar charge carrier behaviors for much improved catalytic
properties.

In comparison to pristine g-C3N,, metal-organic frame-
works-g-C3N,  composites produced broadened light
adsorption ranges, effective photogenerated charge carrier
charge and separation, giving rise to better catalytic
performances.’?”'%*21>21¢ However, based on the surface com-
plexity and modification of metal-organic frameworks as well
as g-C3Ny, it is hard to determine the interfacial interactions
between the two phases. To date, we have not found any clear
proposal about the interfacial interactions of metal-organic
frameworks-g-C3N, composites. Whether there are electro-
static interactions or chemical bonds, we hope it will be
figured out with the advancement of characterization
techniques.

4.2. Multi-phase interfaces

When some drawbacks related to the band structures and
charge carrier behaviors in constructing two-phase interfaces
can be further optimized and fixed, researchers will find a way
to implement it by introducing other phases for building
multi-phase interfaces. The most complicated interface system
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Fig. 20 (a) Zeta potential values of GO, g-C3N,4 and protonated g-C3N4 (pCN); (b) photocatalytic mechanism of charge-carrier transfer and separ-
ation over rGO-pCN composite. Reproduced from ref. 142 with permission from Elsevier, Copyright 2015. (c) N 1s high-resolution spectra of pristine
g-C3N4 and the Cgo—g-C3N,4 composite. (d) The proposed catalytic mechanism for the Cgo—g-C3N4 composite photocatalyst. Reproduced from ref.

84 with permission from the Royal Society of Chemistry, Copyright 2017.
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involving with g-C;N,-based composites contains four kinds of
phase components. By making use of permutation and combi-
nation theory, we can understand the multiple possibilities of
the ultimately formed interfaces. In this case, it is an extremely
tough job to controllably synthesize the four-phase g-C;N,
composites with specific and well-defined interface systems.
We are for the idea that the photocatalytic performances of
2-C3N,-based composites are completely different, even if they

View Article Online

Review

have the same components but diverse combined interface
patterns, as the differences in the interfacial combination
would bring about divergent photo-excited charge carrier beha-
viors. Therefore, herein, we mainly concentrate on the gener-
ated interfaces of g-C;N,-based composites from three phases.

For three-phase interfaces, the possible interfacial combi-
nations are listed in Fig. 21. As shown in Fig. 21a, taking any
given phase as a bridge to link with the other two components,

Type B A Type v

AB

Fig. 21 Graphical illustration of possible interfacial combinations for three-phase g-C3N4-based composites. (a) A given phase as a bridge to inter-
connect two other components, here /g means the interface formed by A and B. (b) A representative picture where the two given phases of A and B
are in contact, and the final phase C is attached to A and B, respectively. (c) A representative picture where the two given phases of A and B are in
contact, and the final phase C is simultaneously attached to A and B.

2
wt

Z
G0
Z1
£2
25
4

Fig. 22 (a) SEM image of the Ag@g-C3zN,@BiVO, ternary composite, and illustration photocatalytic mechanism of the charge-carrier transfer and
separation over the Ag@g-C3N,@BiVO, ternary composite under visible light irradiation. Reproduced from ref. 217 with permission from Elsevier,
Copyright 2016. (b) TEM image of the WO3—-g-C3N4—Bi>O3z nanocomposite and possible catalytic mechanisms for the WOz—-g-C3N4—Bi>Os compo-
site photocatalyst. Reproduced from ref. 65 with permission from Elsevier, Copyright 2018. (c) TEM image of the O—-g-CsN4/graphene oxide/
N-carbon nanotube (O—g-C3N4/GO/N-CNT) composite photocatalyst and electron transfer mechanism for the photo-degradation of organic pollu-
tants over the O—g-C3N4/GO/N—-CNT composite. Reproduced from ref. 218 with permission from the American Chemical Society, Copyright 2018.
(d) TEM image of the Au-TiO,—g-CsN, composite and a scheme showing charge carrier pathways under vis/UV light irradiation. Reproduced from
ref. 63 with permission from Wiley-VCH, Copyright 2018.

This journal is © the Partner Organisations 2020 Inorg. Chem. Front., 2020, 7, 4754-4793 | 4777


https://doi.org/10.1039/d0qi01026j

View Article Online

Inorganic Chemistry Frontiers

Review

durpuoq

S TIAV 193113 [eondo
dure-ox M 00¢
dIN :SISATeIR20D

Aq uonensuOwWap
B (IIM PIIRIDOSSY

oTwIoje
[e1oRJINU]

uononpoid usdorpAH

SUONTPUO0d [eyuawIIadXy

oyads

90eJI93UT Y3NOIY) I19jSULI) pue durpuoq
102 ON uoneredas ad1eyd Sunsoog N-IN-9 Tm uowd yp9F  VOIL Juade [BIOIJ1IOBS YNED-3-4IN
wu 0gy < ¥
duref-ox M 00¢
NEIN :SISATeIe20D
uoneredas sired paygnuapl
66T ON 9[0Y-Uu01309[d June[oes ArespioN 3 _yjowrd $'g0¢  VOIL U3k [RIOLIOES YNED-S-NFIN
wu 0y < ¥
duref-ax M 0S¢
DEIN :SISA[eIed0D
uoneredas paynuapl YNED-3-soprydsoyd
96 ON Ia11red-931eyd unowoid AedpPIoN 8 _yjowrd 9°¢0¢  VOUL :3UI3e [BIOYLIDES YNED-8-DFIN /S9pI110q/SapInIu/SapIqIe)
wu 0¥ <Y
dure-ox M 00¢
ZSOIN :SISATEIBD0D
s931s 2an3oe Jurpiaoxd paynuapl
4 ON ‘uoneredas a8reyo 3unsoog A[1e270 30N Tm yowrd g2 TP8T  VOAL Juode [BIOIIIOBS YN€D-8-CSOIN
wu 0y < ¥
dwrel-ax m 00€
OIN :SIs4[e3ed0D)
I9jsuen
a3reyo Juraoadwir ‘uono9pe durpuoq
86 ON  -9[0 jo uoneredas JuanyA IN-O-D 3 _yrowrd g'g9  VOUL ua3e [BPLIOES YNED-8-OIN
JYSI[ TR[OS paje[NWIS
dwrel-ax m 00€
1d :SISATe3e20D
20BJI03UT 93 Y3noI1yy durpuoq NED
€0T S9x 19jsuen) a31eyd JUIDLYH M-O-N (8 _yowr 0z1¢  VOUL 3Ud3e [RIOYLIDES NED-3-fOM  -3-Sopruadooreyd/sapIxQ
wu 0¥ <Y
dwre-ax m 0s€
1d :SISATeIR20D
s931s 2an3oe Jurpiaoxd paynuapl
761 ON ‘uoneredas a8reyo 3unsoog A[1e270 30N Tm yowrggs  VOUL Juode [BIOIIIOBS YN€D-8-1d
wu 0y < ¥
dwrel-ax m 00€
3y :s3s4[ered0D
1099 ¥dS paynuapl
STT ON ‘uoneredas adreyo 3unsoog A[1ea10 30N Tm Y owr 16¥PE VOUIL Juade [BIOIJ1IOBS YNED-3-3v
Lud
MUW T°17 WYS1] 18]0S
dure-3H M 05T
ny :s3sA[e3e00)
1930wo1d oruowserd poynuapI (VOAL) oururejoueylarn NED S90BJIaIUL
97¢C ON e ‘uoneredas adreyd Sunsoog A[1ea]d 30N -8 _yowr yzg Juade [BIOIjIIOES YNED-3-ny  -3-samoads orfejow-o[qoN  aseyd-om],
‘Jod (ou/sak) suonernores S90BJI9IUI JO SUONOUNJ YL, 21MPNIS ajer  uopdnpoid uaSoipAy Jo aweu ANisodwod  UOREIISSE[D [BIOBJIAIUL

sysAjeyeoojoyd paseqd-rNED-b 1ed1dA} swos jo saouewloyiad onAjeyesojoyd pue ‘suopouny ‘sadAy jeioeyiaiul jo Alewwins ¢ a)qel

‘TZ:9%:9T G¢0¢ TT'TO UO pspeojumoq "0¢0¢ SaoP0 €T Uo paysiiand

This journal is © the Partner Organisations 2020

4778 | Inorg. Chem. Front.,, 2020, 7, 4754-4793


https://doi.org/10.1039/d0qi01026j

View Article Online

Review

Inorganic Chemistry Frontiers

uoneiedas pue 10jsuen
‘uonerouad suomnoapojoyd

payIuapI

duref-ax M 00€
pauonuaw
JoU :SISATEIRD0D

LT ON Aouarnge-ysiy dunsoog Aresp IoN 8 _yowr €6°979  VOHUL Ua3e [ePPIOES NED-3-sadD/3V sooeyI)ul aseyd-nnA
wu 0zh <Y
dure-ax m 00€
pauonuaw
10U :SISATeIRd0)
I9jSUBI} UOI}II[d SUneI[Ioe] durpuoq
66 ON ‘uoneredas adreyo Sunsoog D-N-D Tm .~y owr 68891  VOIAL Juade [BIOI1IOBS YNED-3-D
wu 0zh <Y
duwrel-ax m 00¢
1d :s154[€3820D
S90BJIIUL [oueylow
02T ON Je uoneredos adreyo juaroyyy  3urpuoq D-d 8 _yowr /g Juade [BIOI1IOBS YNED-3-d
wu 0y < ¥
duref-ax
d :S3sA1e3800D YNED-3-samads
[oueyaW pare[a1 soruedio/saaneal
STT ON Iojsuel) a31eyd Juarod  3urpuoq N-d -8 _yrowr /T¥ Juade [eIOIJIIOES YNE¢D-3-d snioydsoyd yoerg
wu 0gy <Y
duref-ox M 00¢
1d :s154[3800D
sared
S9[0Y-U013D3[d JO AOUdIdLId poynuapt
LST ON uonyeredas a3 Surroxduy AedopPIoN 8 _ylowrd '€9s  VOUL :3udde [BYLDRS 'NED-3-°00N%d  "NED-S-spunodwod jjes
wu 0zh <Y
durel-ax m 00€
1d :s154[€3800D
I9jsuen) pue uoneredas paynuapr proe YNED
99 ON s1a111ed 931eyd Juraoiduwy AledopPIoN 8 _yjowr 2287  91OP[ :JUdSe [BIOYLIDES -3-1D80qN"1gd
wu 0y < ¥
duref-ax m 00€
1d :SIsATe3e20D
uoneredas poynuapI
8¢ SOX UOID[3 JUITOLII-A[YSTH A[1e9[0 J0N (=8 _yowr 8996  VOUL :}ua3e [BOYLIOES YN¢D-3-£OLIIS
wu 00y < ¥
duref-ox M 00¢
1d :s154[e3820D
uoneredas paynuapt N®D NED
69 ON s1a1LIed 981eyd Junsooqg AlrespioN 3 _yjowrd goz8  VOIL HuaSe [elOYLDES  -3-°FORLINCRD -3-sopI[ey/saIn[sao1ad
wu 0zh <Y
dwre-ax M 00¢
doD :s1sA[e3ed0D
SIS
aanoe 3urpiaoid ‘uoneredss durpuoq
€81 ON sIa11IRd 93TRYD SUnsoog N-0D-d Tm yowr $g6T  VOIL Juade [BIOI1IOBS "NE€D-3-doD
‘Jod (ou/sak) suonernores S90BJIIUI JO SUONOUNJ YL, 2IM3dNIS orer  uoponpoid uaSoIpAy Jo oweu Aisodwod  UOPEIJISSE[D [BIOBJIAIUT
Aq uonensuowap orwoze uononpoid usadoIpAH suonipuod [eyuswradxy ony1oads

B IIM PIIRIDOSSY

[e1oRJIIU]

‘TZ:9%:9T G¢0¢ TT'TO UO pspeojumoq "0¢0¢ SaoP0 €T Uo paysiiand

(‘puoD) ¢ @qel

Inorg. Chem. Front., 2020, 7, 4754-4793 | 4779

This journal is © the Partner Organisations 2020


https://doi.org/10.1039/d0qi01026j

Published on 13 Oktober 2020. Downloaded on 01.11.2025 16:46:21.

View Article Online

Review Inorganic Chemistry Frontiers
E’ E 5 & § there are three kinds of interfaces. If any given two phases are

bonded, the third phase attaches to the two phases respectively,
generating another three types of interface combination. Fig. 21b
is just one case of the three. However, if the third phase is con-
nected with the two phases simultaneously, a new kind of inter-
face is created. As we understand it, the photo-excited charge car-
riers would behave completely differently for the diverse inter-
facial combinations of the three-phase g-C;N,-based composites.
This calls for us to exactly figure out the interfacial contact types,
to give a convincing photocatalytic mechanism combined with
structural characterizations and performance tests.

Qi Yang et al*' employed a photo-reduction method to
fabricate a ternary Ag@g-C;N,@BiVO, composite. In a typical
synthetic process, the prefabricated BiVO,-g-C;N, composite
was mixed with AgNO; solution. Under visible light
irradiation, the excited electrons of g-C3N, would move to the
conduction band of BiVO, so that the majority of Ag" ions are
reduced as Ag nanoparticles on the surface of BiVO,, as
shown in Fig. 22a. The Ag" ions would have a chance to grow
as a bridge for linking g-C3N, and BiVO,, but it is limited.

Associated with a
demonstration by
calculations (yes/no)

No
No
No
No

Improving electron-hole pairs

Boosting charge transfer and
Promoting charge separation
separation

Promoting spatial separation
separation

The functions of interfaces
of carriers

— > > > > This means an orthodox “Type «” interfacial combination may
S o =2 =g S =3
o5 S< 8¢ S< 8¢ not be formed. On the other hand, the surface plasmon reso-
g E 2 g £ ; g 55’ £ ; g nance (SPR) effects of Ag nanoparticles should also play a role
£33 z= z2 z= z= in photocatalytic reactions, similar to the as-reported Ag-
g B carbon quantum dots-g-C3N, systems.'”*'”® As displayed in
3 T = 7 T,_: Fig. 22b, a three-phase “Type «” interfacial combination was
s} ~ <= . . . L
8 T Lo . oo achieved as both WO; and Bi,0; are distributed on g-C3N,.°°
5 2 E %° 2 As a result, the excited electrons of WO; and Bi,O; migrated
§° g z £ g to the valence band of g-C3;N,, giving rise to dual Z-scheme
’%% 2 $ e g charge transfer and better catalytic performance for tetra-
. - - ~ " “ cycline hydrochloride degradation. Fig. 22c indicates a three-
g g & s S phase “Type y” interfacial combination made up of oxygen-
§ g § 3 2 modified g-C;N, (O-g-C3N,), graphene oxide (GO) and nitro-
g3 % o A % s Q% o E % @A gen-doped carbon nanotubes (N-CNT), which was designed
F o . ; £ . z £ & iﬁ . i £ - and developed for facilitating the transfer and separation of
=) —_ ST 2 - 8T T 2 — — . . e .
g %ﬁ EE ELFS 229%T gEcs B4s photogenerated charge carriers and inhibiting the recombina-
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'é} SE£Q g 2SE % 'g ZE S % 2 3E % 2q tion of electron-hole pairs, so the pollutants could be effec-
ES|NgS58NE S28e38M8 g3 tively eliminated.”’® A ternary Au-TiO,-g-C;N, composite
© system (Fig. 22d) was fabricated by Valérie Keller et al.,®
= A 4
5 S LZS’ é which corresponded to the “Type B” interfacial combination.
o ] & %0 & It was found that Au nanoparticles were simultaneously de-
;5’ é 52 jf § @ posited on g-C;N, and TiO,, while TiO, nanoparticles were
§§ 2¢ z = %) fixed in g-C;N, substances as well. The authors claimed that
@' o O & O < z

the deposited Au nanoparticles acted as co-catalysts and shut-
tles to collect electrons. Even the transferred electrons from
¢-C3N, to TiO, by the photo-excitation of g-C3N, enabled
migration to Au nanoparticles, leading to a much improved
effective charge utilization.

Fortunately and exhilaratingly, two-phase and multi-phase
interface engineering have been used to create g-C;N,-based
composites with much enhanced photocatalytic performances
(Table 3). Borrowing from the advantages of other nano-
structures or compensating for individual weaknesses, g-C3N,-
based composites, in a broad sense, are capable of achieving a
series of benefits, such as boosted light-harvesting ability, the
improved migration and separation of photogenerated charge

Interfacial classification

Table 3 (Contd.)
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carriers and the depressed recombination of photo-excited
electron-hole pairs.>'*>*! We should be aware of that the
interfaces are essentially the triggers to give these beneficial
shots. In this regard, the establishment of the photogenerated
charge mechanism over g-C;N,-based composites should be
derived from a combined analysis of the structural and compo-
site characterization, photoelectrochemical spectral character-
ization and catalytic performance measurements. Of these, we
believe that the structural and composite characterizations are
the most fundamental and significant issues. It is meaningless
to illustrate the charge behaviors depending only on the
corresponding photoelectrochemistry and catalytic perform-
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ance measurements against the contained components’
spatial distribution states and interfacial contact types. This
should receive more attention in future research. Other pro-
blems include the fact that we still have no idea how the
charges transfer from one catalyst to another through the
interfaces, the transport medium needs to be determined,
along with predictions of carrier migration based on some
acknowledged rules. We herein appeal to researchers to con-
centrate on the microscopic determination of interfacial
chemical interactions, such as specific chemical bonds and
the types of electrostatic interactions, instead of just stating
the indistinct interface contact, and believe it will help a lot in
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Fig. 23 (a) Three-dimensional charge density difference model and calculated electrostatic potentials of the as-developed MoP (0 0 1)-g-C3N4 (0
0 1) composite. Reproduced from ref. 111 with permission from Elsevier, Copyright 2018. (b) Interfacial atomic illustration of the as-synthesized
WO3-g-C3N4 composite, crystal structures and calculated electronic band structures of pure g-CsN4 and WOs. Reproduced from ref. 103 with per-
mission from Elsevier, Copyright 2017. (c) DFT-calculated band structures of pure g-CzN,4 and the CoP—g-C3N, composite, density of states (DoS)
and constructed heterointerface model of the CoP-g-C3sN4 composite. Reproduced from ref. 75 with permission from the American Chemical

Society, Copyright 2019.
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the development of high-performance g-C;N,-based composite
catalysts.

4.3. Theoretical analysis of the interfaces

The combination of theory with practice allows a better under-
standing of scientific issues. Herein, theoretical calculations
related to the interfacial carrier behaviors of g-C;N,-based
composite photocatalysts play a significant role in the design
of material interfaces and the comprehension of photocatalytic
mechanisms. This mainly focuses on the calculations by
density functional theory (DFT) and not the band structure cal-
culations by using as-measured UV-vis diffuse reflectance
spectra.

After consulting many literature reports, we have found that
there are only a small fraction of reports that contain theore-
tical calculations for g-C3N,-based composite photocatalysts as
compared with the database, taking P-g-C;N,,'*' MoP-g-
C3N4, ' CoP-g-C3Ny,”> C0S,—g-C3Ny, "> WS,-g-C3N,,>** InSe-
2-C3N4, > WO,-g-C3N,, ' Ti0,-g-C3N,, "% MnO,-g-C3N,, ™
SITiO;-g-C3N,,*® BiPO,-g-C5N,,>** Bi,WOg-g-C3N,,>**
Bi, Ti;01,-2-C5N,,%” and so on, as research objects. We divided
the research into three levels. The first involves separately cal-
culating the two involved components to reveal the Fermi level
and charge/electron behaviors, without disclosing the inter-
facial space and chemical structures. For example, Zhou
et al'' employed the MoP-g-C;N, heterojunction as a
research object (Fig. 23a). By supposing the interface region is
MoP (001) and g-C3;N, (001), DFT calculation results showed
that the Fermi levels of g-C3N, and MoP were 4.73 eV and 6.04
eV, respectively. Hence, the electron will be transferred from
2-C3N, to MoP. The problem is the experimental evidence to
prove that the contact between MoP (001) and g-C3N, (001) is
not sufficient, which may make the calculation not convincing.
Still, we have no idea about the electron transfer details, on an
atomic scale. The second level involves demonstrating the
interfacial space and chemical structures of g-C;N,-based
photocatalysts, still calculating the two components separately.
Yu et al.'® confirmed the N-O-W bonding at the interfaces of
WO;-2-C3;N, by means of multiple characterization techniques
(Fig. 23Db). The authors proposed that the interfacial electrons
were transferred from WO; to g-C3N,, according to monopha-
sic electronic band structure calculations. The third level
involves implementing DFT calculations in terms of an exact
model with experimental evidence, then analyzing carrier
behaviors over the determined interfacial structure. As seen in
Fig. 23c, it was determined that P-N bonding existed at the
interfaces of CoP and g-C;N,.”> Then, the authors established
a hetero-interface model between CoP and g-C;N,. By using
DFT calculations, they demonstrated that the charges would
redistribute at the interface region, and the electrons would
transfer from the N sites of g-C;N; to the P sites of CoP
through N-P bonding. We believe such results are more con-
vincing; that is, theoretical calculations are much closer to
experimental facts.

Theoretical calculations can make predictions to guide
experimental directions but in most cases, they should be
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based on experimental details. From our perspective, the cal-
culations based on wrong or unreasonable models are mean-
ingless, which means the prerequisites for researchers to con-
struct a calculating model include figuring out the phase com-
bination, the special contact model, and the chemical struc-
ture pattern on the atomic scale at the interfaces, as men-
tioned in section 3: “Techniques to identify the interfaces”.
Only in this way can the interface engineering design of
g-C3N,-based composite photocatalysts be boosted to a new
and prosperous stage. Herein, we highlight the positive role of
theoretical calculations in understanding interfacial charge/
electron transfer. Also, we advocate that the calculation model
should be precisely constructed in line with the as-demon-
strated pinpointing phase components and interfacial chemi-
cal structures. In this regard, researchers should pay close
attention to the physicochemical characterization, to illustrate
the material interface as clearly as possible.

5. Conclusions and perspectives

Over the past five years, the progress devoted to developing
g-C3N, -based hybrid nanostructures has laid a solid base for
knowledge on photocatalytic applications. To date, the consen-
sus that interface engineering is one of the most promising
strategies for synthesizing g-C;N,-based nanocomposites has
been made, considering the designability and effectiveness. It
has been demonstrated that interfaces can be naturally gener-
ated along with the process of coupling g-C;N, with other
phases, which equips the as-obtained nanocomposites with
several significant advantages as follows: (1) boosted light-har-
vesting ability;®'%>"'® (2) accelerated charge carrier transfer
and separation through interfaces;**''>'*' (3) depressed
recombination rate of photoinduced electron-hole pairs, as
well as prolonged carrier lifetime;*” (4) the satisfactory dura-
bility"* induced by the intimate interface contact. It can be
concluded, based on numerous published research results,
that all the benefits are can be achieved depending on or
keeping a close relationship with the formed interfaces.
Considering previous works, we have to admit that the empha-
sis is always placed on the role of interfaces in enhancing the
photocatalytic performances but at a macroscopic and unclear
level. In general, integrating g-C;N, with other bandgap
matched phases would drive the movement of photogenerated
carriers. To gain in-depth insight into the precise roles and
functions of interfaces, more attempts need to be made.
Firstly, the current mainstream synthetic methods for
g-C3N,-based nanocomposites with interface contact are com-
posed of solid- and liquid-based strategies, on account of the
differences in reactive media and conditions. Solid-state-syn-
thesis methods are deficient in the designability and controll-
ability of the interfaces, even though they generally guarantee
the formation of interfaces and show better photocatalytic
activities than the pure phase. In contrast, the synthesis of
high-performance g-C;N,-based nanocomposites with devisa-
ble and controllable interfaces in liquids is more controllable,
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taking advantage of its strippability and surficial modifiability.
Hence, different phases can be intimately attached to g-C3N,
through electrostatic interactions, possibly producing chemical
bonds in the reaction processes. Given the fact that the inter-
faces are favorable in most cases, methods such as chemical
vapor deposition, which can controllably engineer more inter-
faces with specific and detectable chemical structures, are
much more promising and desirable and should receive inten-
sive attention in the future.

Secondly, many reports talk about interfaces but the corres-
ponding structural and composite characterizations are not
specific enough to convince us and to support the photo-
catalytic mechanism. We already have some knowledge about
the interfaces during the design period but far is required. We
cannot be satisfied with just knowing the spatial distribution
states at the hetero-interfaces of nanostructures and imagining
the interfacial atomic arrangement patterns. The chemical
structures and interactions at the interfaces should be
expounded much more precisely. We should not be limited to
traditional characterization techniques, such as SEM, TEM,
XRD, FTIR, Raman and XPS; more advanced techniques
related to the identification of interfacial interactions should
be employed, such as spherical aberration-corrected TEM and
synchrotron radiation-based X-ray absorption spectroscopy
(XAS), to name a few.

Thirdly, a comprehensive understanding and significant
achievements with respect to the roles of interfaces in g-C3N,-
based composite photocatalysts have been acquired to date. By
coupling other band structures and well-matched nano-
structures with g-C3;N,, effective carrier transfer and migration
can be realized via the intimate interfacial contact, which can
be further confirmed by the corresponding spectroscopy
measurements, band position calculations and active species
trapping experiments. However, all of these are understood on
a macroscopic level. We are still blind to why and how the car-
riers could behave in that positive manner. To push research
on g-C3;Ny-based composite photocatalysts into a completely
new and higher stage, we appeal to researchers to put more
focus on the roles and functions of interfaces on the atomic/
molecular scale in the future. Based on the determined inter-
facial chemical structures and DFT theoretical calculations
modeled by precise hetero-interface crystal structures, we can
predict and understand the photo-induced electron transfer
from the atomic sites of one phase to the atomic sites of
another phase, instead just knowing it occurs from one com-
ponent to another component.

Methods for fabricating interfaces and techniques for iden-
tifying interfaces are conducive to knowing what they actually
are. The proposed photocatalytic mechanisms for the g-C3N,-
based composites stem from the precise interfacial structure
identification, performance testing and practical theoretical
calculations. Only in this way can we cause the charge carrier
behavior to coincide with the true condition. Unfortunately,
the overwhelming majority of current reports on g-C;N,-based
composite photocatalysts do not show us the atomic pattern
and chemical structure at interfaces, let alone implement DFT

This journal is © the Partner Organisations 2020
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calculations to reveal the roles and functions of interfaces.
Benefiting from the rapid development of experimental
science, researchers have accumulated more and more experi-
ence and understanding of material interface chemistry;
however, there is currently little research on determining the
roles and functions of interface structures on the atomic scale.
Therefore, we propose that future research on the interface
engineering of g-C;N,-based catalysts should address three
sections, namely, methods for forming specific interfaces,
advanced techniques for precisely characterizing the interface,
and deep understanding of the roles and functions of the
interface chemical structure, preferably combined with pin-
pointing theoretical calculations.
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