
Graphitic Carbon Nitride-Based Heterojunction Photoactive
Nanocomposites: Applications and Mechanism Insight
Danlian Huang,*,†,‡ Xuelei Yan,†,‡ Ming Yan,*,†,‡ Guangming Zeng,†,‡ Chengyun Zhou,†,‡ Jia Wan,†,‡

Min Cheng,†,‡ and Wenjing Xue†,‡

†College of Environmental Science and Engineering, Hunan University, Changsha, Hunan 410082, China
‡Key Laboratory of Environmental Biology and Pollution Control, Hunan University, Ministry of Education, Changsha, Hunan
410082, China

ABSTRACT: The design of heterojunction with superior performance of light
absorption and appropriate conduction band and valence band potentials is a promising
approach for the applications in efficient environmental remediation and the solar
energy storage. In recent years, many studies have been devoted to the applications of
graphitic carbon nitride (g-C3N4)-based heterojunction photoactive nanomaterials
under visible light irradiation due to its excellent physical, optical, and electrical
properties, which inspired us to compile this review. Although many reviews
demonstrated about the syntheses and applications of g-C3N4 composites, a targeted
review on the systematic application and photocatalytic mechanisms of g-C3N4-based
heterojunction, in which components are in intimate linkage with each other rather
than a physical mixture, is still absent. In this review, the applications of g-C3N4-based
heterojunction photoactive nanomaterials in environmental remediation and solar
energy storage, such as photocatalytic treatment of persistent organic pollutants, heavy-
metal-ion redox, oxidative decomposition of pathogens, water splitting for H2 evolution,
and CO2 reduction, are systematically discussed. In addition, some emerging applications, such as solar cells and biosensors, are
also introduced. Meanwhile, a comprehensive assessment on the basis of first-principles calculations and the thermodynamics and
kinetics of surface catalytic reaction for the electronic structure and photocatalytic properties of g-C3N4-based heterojunction are
valued by this review. In the end, a brief summary and perspectives in designing practical heterojunction photoactive
nanomaterials also showed the bright future of g-C3N4-based heterojunction. Altogether, this review systematically complements
the information that previous reviews have frequently ignored and points out the future development trends of g-C3N4-based
heterojunction, which expected to provide important references and right directions for the development and practical
applications of g-C3N4-based heterojunction photoactive nanomaterials.
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1. INTRODUCTION

In the last few decades, environmental problems, such as
organic pollutants, heavy-metal pollution, pathogenic micro-
organisms, and energy shortage, have posed severe threats to
the sustainable development of humans.1 To solve more and
more serious problems, semiconductor-based photocatalysis
offers a “green” and sustainable technology for environmental
remediation and energy storage by the utilization of solar light
energy.2 Since the 1970s, domestic and foreign scholars have
done a lot of research works on many aspects of semiconductor
photocatalysis and have made certain achievements in many
fields. Especially, in 1972, Fujishima and Honda found that
titanium dioxide (TiO2) is an excellent photocatalyst.3 Then,
Carey et al. found the photodegradation ability of TiO2 toward
organic pollutants in aqueous solution, which opened the gate
of TiO2 photocatalysis in the field of the environment.4

Currently, TiO2 has become the best-studied photocatalyst with
excellent ultraviolet (UV) light activity.5,6 Unfortunately,
because of the wide band gap (3.2 eV), the light response
region of TiO2 is relatively narrow, which greatly limits the

solar energy utilization efficiency of TiO2 because the energy
distribution of solar energy is less than 5% for UV light.7 To
tackle this problem, visible light-driven photocatalysts have
drawn the attention of researchers in recent years.8 Graphitic
carbon nitride (g-C3N4) has been focused by various scientific
researchers thanks to its graphene-like structure, mild band gap
(2.7 eV), good visible light (VL) absorption, excellent thermal
and chemical stabilities, and nonmetal and photocatalytic
properties.9

As early as 1834, C3N4 named as “melon” was reported to be
one of the oldest synthetic polymers.10 In 1940, Redemann and
Lucas found that “melon” has a stable graphite structure.11 It
was not until 2009 that g-C3N4 was reported as a photocatalyst
by Wang et al.12 Over the past few years, as a two-dimensional-
conjugated polymeric photocatalyst, g-C3N4 has made great
progress in various applications of environment remediation
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and energy storage. Above all, g-C3N4 is easily synthesized by
thermal polymerization of abundant nitrogen-rich precursors,
such as urea,13 melamine,14 dicyandiamide,15 cyanamide,16

thiourea,17 and ammonium thiocyanate,18 which provides a
great possibility for practical applications of g-C3N4. Mean-
while, the results of thermogravimetric analysis showed that the
thermal stability of g-C3N4 is excellent up to ca. 600 °C in air.19

Beyond that, g-C3N4 exhibits an outstanding chemical
stability.20 However, several obstacles and shortcomings of
pure g-C3N4, such as low electrical conductivity, high
recombination ratio of photoinduced carriers, and the absence
of light absorption above 460 nm, have been discovered by in-
depth research.21,22

To date, many modification methods were applied to
promote the photocatalytic activity of pure g-C3N4. For
example, increasing the surface area of g-C3N4 can increase
the number of active facets, improving the photocatalytic
efficiency. By controlling the growth process of g-C3N4
nanoparticles, nanostructured g-C3N4 with large specific surface
area can be prepared, which can improve the photocatalytic
efficiency significantly.23,24 Foreign elements, such as boron and
nitrogen, can be introduced into the structural framework of
graphite, leading to tunable electric properties from highly
conductive (graphene) to semiconducting (BCN and
C3N4).

25,26 To narrow the band gap, Yan et al. introduced
boron into g-C3N4, thereby improving the utilization efficiency
of solar energy.27 Although g-C3N4 prepared by the above
method shows excellent photocatalytic properties, it still has a
series of limitations. For instance, a high ratio of active surface
area can be achieved by controlling the exposed facets of the
semiconductor, whereas the well-crystallized nanoparticles are
generally larger than granular nanoparticles and the amount of
active surface of per unit mass did not increase.28

Actually, among various modification routes, g-C3N4
integrated with other substances, such as noble metals and
other semiconductors, to form heterojunction is regarded as a
reliable and effective way to enhance its properties, which could
obtain unique nanostructures to increase the separation rate of
photogenerated carriers and to utilize a wider spectrum of
sunlight. In general, the heterojunctions should have appro-
priate band positions of the two substances for the energy-level
offsets, which leads to the accumulation of space charge at the
interfaces of the two components for facilitating the separation
of photogenerated carriers. Because of their excellent physical,
optical, and electrical properties, extensive g-C3N4-based

heterojunction (GBH) nanocomposites have been applied to
solve multifarious environmental pollution and energy shortage
under visible light irradiation. Many interesting findings about
GBH photoactive nanomaterials have been reported exten-
sively. As shown in Figure 1, more than 2500 papers about g-
C3N4 have been published since 2009, of which more than 500
papers report on GBH and show an increasing trend every year.
So far, some exciting reviews on g-C3N4-based composite

photocatalysts about their synthesis techniques, characteristic
features, and promising applications have been reported.29,30

Nevertheless, according to current information, there are few
review articles that have systematic exposition of the latest
applications of GBH, as well as the critical roles of the
heterojunction in promoting the photocatalytic performance.
Therefore, a comprehensive and critical review about the
mechanisms and the latest applications of GBH photoactive
nanomaterials is necessary to provide important references and
right directions for further advances of GBH from the
viewpoint of practical application. In addition, some emerging
applications, such as solar cells and biosensors, have been
neglected frequently by previous reviews, which are important
sections of GBH systems in solar energy conversion and sensor
development.
In this review, the latest reports on the applications of the

GBH, such as photocatalytic treatment of persistent organic
pollutants (POPs), heavy-metal-ion redox and pathogen
oxidative decomposition, water splitting for H2 evolution, and
CO2 reduction will be systematically discussed. Furthermore,
some emerging applications, such as solar cells and biosensors,
are also introduced. In addition to the description of
multifunctional applications of GBH, the potential mechanisms
of GBH based on charge transfer, first-principles calculations,
and the thermodynamics and kinetics of surface catalytic
reaction will also be emphasized and elaborated.
Altogether, this review systematically complements the

information that previous reviews have frequently ignored
and points out the future development trends of GBH, which
promote the design of GBH for target-specific applications. It is
predictable that a lot of undiscovered potentiality is still present
on GBH photoactive nanocomposites for researchers to
explore.

Figure 1. Year-by-year publications on (a) g-C3N4 an (b) GBHs (data from the Web of Science).
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2. APPLICATIONS OF G-C3N4-BASED
HETEROJUNCTION IN ENVIRONMENT
REMEDIATION

2.1. Photocatalytic Mechanisms of g-C3N4-Based
Heterojunction. 2.1.1. Photoinduced Charge-Transfer
Mechanisms of g-C3N4-Based Heterojunction. Different
from metals, the energy band of semiconductors is
discontinuous and a band gap exists between the valence
band (VB) and the conduction band (CB). When a
semiconductor located at the ground state, its chemical stability
is outstanding. As shown in Figure 2a, when g-C3N4 is
irradiated with photons, whose energy is no less than the band
gap energy of g-C3N4, the electrons get excited and then jump
to the CB, producing corresponding holes on the VB. Then, the
photoinduced electron−hole pairs can be segregated and
moved to the semiconductor surface under the control of an
electric field, resulting in highly active electrons and holes on
the surface of the semiconductor. The electrons in the CB with
a chemical potential of +0.5 to −1.5 V (vs normal hydrogen
electrode (NHE)) and holes in the VB with a chemical
potential of +1.0 to +3.5 V (vs NHE) reveal excellent reduction
and oxidation abilities, respectively.31 Therefore, electrons and
holes can be used as a reductant and oxidant to react with
electron acceptors and donors attached to the surface of the
semiconductor, respectively. However, the photogenerated
electrons and holes may also be directly combined in the
interior or surface of photocatalyst and disperse the input
energy in terms of heat or emitted light, resulting in a decrease
of the utilization rate of photoinduced carriers for desired
photoreactions.

For the sake of improving the photocatalytic ability, the
separation process of electron−hole pairs should be effective
and photoinduced carriers should be rapidly transferred across
the surface/interface to inhibit the recombination. The
universally applicable method is the formation of hetero-
junction by coupling with other substances. When g-C3N4
makes contact with other semiconductors, band bending occurs
at the interface and leads to the formation of in-built electric
field (IEF). Therefore, the separation rate of photogenerated
electron−hole pairs is greatly increased in well-designed GBH
in the presence of an IEF.
According to the charge-transfer mechanisms, the frequently

reported GBHs in the existing research can be mainly divided
into two categories: type II heterojunction system and Z-
scheme heterojunction system. The type II heterojunction
system is a widely used type at present. As shown in Figure 2b,
the band edge potentials of type II heterojunction are staggered
between semiconductor A and semiconductor B. Under
sunlight irradiation, photogenerated electrons move from the
CB of semiconductor A to the CB of semiconductor B and
holes transfer to the VB of semiconductor A from the VB of
semiconductor B, which make the photogenerated electrons
and holes enriched in two semiconductors, respectively.
Moreover, the rates of oxidation and reduction reactions
increased due to the space separation where the reactions take
place. In addition, it not only increases the number of electrons
and holes in the reduction and oxidation reactions, but also
forms space separation of the photogenerated carriers,
inhibiting the recombination of electron−hole pairs.
However, because the photogenerated electrons and holes

shift to the less negative CB and the less positive VB,
respectively, the redox abilities of electrons and holes in type II

Figure 2. (a) Photocatalytic mechanism of pure g-C3N4; schematic illustration of the transfer of photoinduced carriers for various types of
heterojunction nanocomposites; (b) type II heterojunction; (c) Z-scheme heterojunction; and (d) Schottky junction.
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heterojunction system are weakened. To solve the aforemen-
tioned problems, a novel heterojunction charge-transfer scheme
is proposed, which is named as Z-scheme heterojunction.32 The
photogenerated electrons on the CB of semiconductor B can be
combined with the photogenerated holes on the VB of
semiconductor A due to the transmission of interface phase
in Z-scheme heterojunction system (Figure 2c). Although the
number of photogenerated carriers involved in the reaction is
reduced, the photogenerated electrons and holes can be
enriched with more negative CB potential and more positive
VB potential, indicating higher redox ability. In recent years,
some studies have been reported about switching of type II
heterojunction to direct Z-scheme heterojunction via modulat-
ing the interfacial band bending, which offers a good thinking
about the construction of high-performance Z-scheme
heterojunction system.33

In addition, the Schottky junctions formed by g-C3N4 and
metals are also important components of GBH systems. Under
sunlight irradiation, g-C3N4 could be excited and resulting
electrons migrate from the higher Fermi levels of g-C3N4 to
metal until the two levels match (Figure 2d). Metal particles
can improve charge separation at the interface of the metal−
semiconductor heterojunction, which in turn contributes to an
enhancement in the catalytic properties.34 Moreover, g-C3N4
not only acts as a support, but can also confine the aggregation
of the metal particles, further promoting the selectivity and
activity.35 The Schottky barrier and space charge region were
formed at the interface between metal and g-C3N4 because of
the different Fermi levels and work functions of metal and g-
C3N4 when they were in close contact. The Schottky junctions
with rectifying characteristics and lower interface voltage can
modulate the generation and flow of photogenerated electrons
and separate electron−hole pairs more effectively.36 Meanwhile,
the surface plasmon resonance of metal nanoparticles is a key
factor to increase the photocatalytic performance of GBH.
Obviously, there will be a good prospect in the future of GBH
in redox reactions according to these mechanisms.
2.1.2. Origin of Excellent Photocatalytic Properties in g-

C3N4-Based Heterojunction on the Basis of Theoretical
Calculation. Recently, with the extensive study of the
applications of GBH, more attention has been paid to the
research on the microelectronic structure and photocatalytic
reaction mechanism of GBH on the basis of first-principles
calculations, which provided an important reference value for
the practical applications of GBH.
In the research conducted by Liang et al.,37 the first-

principles calculation was used to studied the photocatalytic
performances and electronic structure of layered g-C6N6/g-
C3N4 heterojunction. The calculation results of density of states
(DOS) and band structure demonstrated that the g-C6N6/g-
C3N4 heterojunction possessed an indirect band gap. Moreover,
the valence band maximum (VBM) of the g-C6N6/g-C3N4
heterojunction became more delocalized, which indicated that
the mobility of photogenerated holes can be significantly
improved. In addition, the g-C6N6/g-C3N4 heterojunction had
a narrower band gap than pure g-C3N4, which means a wider
range of absorbance. Liu found that the band edge positions of
g-C3N4 and CdS changed after g-C3N4 and CdS contact closely
according to the hybrid density functional theory (DFT)
approach.38 DOS, charge density difference, and Bader charge
analysis showed that the internal electric field could further
diminish the electron−hole pair recombination. Meanwhile, the
VBM and CBM of g-C3N4/CdS (110) heterojunction are

located at Γ point and M point, respectively, which indicated an
indirect gap (2.02 eV). Using the first-principles calculations,
Zhang et al. found that the ZrS2/g-C3N4 heterojunction had
suitable CBM and VBM positions with efficient charge
separation and excellent light absorption under visible light.39

The charge redistribution is mainly created at the interface
region of the hybrid ZrS2/g-C3N4 heterostructure. The internal
polarized field plays an important role on photocatalytic
performance enhancement. According to DFT calculation, Gao
et al. found that type II van der Waals heterojunction was
formed between g-C3N4 and trigonal/hexagonal-shaped carbon
nanodots (C-dots), which led to the significant narrowing of
the band gap.40 In addition, the band alignment calculation
results based on the hybrid functional method showed that C-
dots could function as a photosensitizer in C-dots/g-C3N4
system for promoting photocatalytic activity.
In summary, the first-principles calculations based on DFT of

GBH showed that the formation of heterojunction led to a
significant reduction of band gap as well as enhancement of
photoinduced electron−hole pairs separation and visible light
response, resulting in excellent properties in GBH. Meanwhile,
these studies demonstrated that the GBH would be a promising
tool in multifunction applications.

2.1.3. Thermodynamics and Kinetics of Surface Catalytic
Reactions Based on g-C3N4-Based Heterojunction.
2.1.3.1. Thermodynamics. In various GBH photocatalytic
systems, problems such as high recombination rate and low
utilization of solar energy have been solved. However,
appropriate CB and VB positions were also essential for an
excellent GBH photocatalytic system. From the thermody-
namic viewpoint, surface catalytic reactions could be driven by
the electrons and holes when the oxidation−reduction potential
is located between the CB and VB potentials. For example, to
realize overall water splitting, the VB potential of semi-
conductor must be more positive than that of O2 generation
and its CB potential must be more negative than that of H2
generation. In several types of GBH summarized in this article,
Z-scheme heterojunctions showed stronger redox ability due to
their special charge-transfer mechanism. Theoretically, the
wider band gap of heterojunction systems indicated the
stronger ability of driving redox reaction. But in another
aspect, the wider band gap also means a narrower optical
absorption region. Therefore, the obvious contradiction
between the redox abilities and absorption capacity of visible
light should be carefully optimized and balanced in the
development of well-designed GBH photocatalytic systems.

2.1.3.2. Kinetics. In general, the photocatalytic reactivity
depends on the thermodynamic and kinetic equilibrium of the
following three processes: light absorption, generation and
separation of the photogenerated carriers, and surface catalytic
reaction.41 Obviously, the reduction of efficiency at each stage
will affect the overall photocatalytic efficiency. In GBH systems,
the light absorption ability and photogenerated carrier
generation and separation have been greatly enhanced by the
effect of IEF and appropriate CB and VB positions, which
functioned as an effective approach to accelerate the surface
reaction kinetics. In addition, specific surface area of photo-
catalyst is an important factor for the kinetics of surface
catalytic reactions. The low specific surface area means not only
less active sites but also more mass-transport barriers of the
adsorbed species, both of which may reduce the efficiency of
the photocatalyst.42,43 Meanwhile, low specific surface area will
also cause accumulation of photogenerated electrons and holes
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Table 1. Degradation of POPs by g-C3N4-Based Heterojunctions

photocatalysts type of heterojunctions applications ref (year)

TiO2/g-C3N4 type II degradation of methyl orange (MO) and phenol 49 (2015)
AgVO3/g-C3N4 type II degradation of fuchsin and bisphenol A (BPA) 50 (2015)
AgI/g-C3N4 type II degradation of MO and 4-chlorophenol (4-CP) 51 (2013)
Bi2O2CO3/g-C3N4 type II degradation of rhodamine B (RhB) and phenol 52 (2014)
Bi5Nb3O15/g-C3N4 type II degradation of MO and 4-chlorophenol 53 (2013)
CuTCPP/g-C3N4 type II degradation of phenol 54 (2015)
SnS2/g-C3N4 type II degradation of RhB, methyl orange, and 4-nitrophenol 55 (2015)
Sb-doped SnO2/ g-C3N4 type II CO2 reduction and gaseous isopropyl alcohol (IPA) oxidation 56 (2018)
g-C3N4/BiOI type II degradation of 4-CP BPA 56 (2014)
V2O5/g-C3N4 Z-scheme degradation of RhB and tetracycline 57 (2016)
Bi20TiO32/g-C3N4 Z-scheme degradation of RhB and 4-chlorophenol 58 (2015)
g-C3N4/BiOI Z-scheme degradation of microcystin-LR 59 (2017)
Co3O4/g-C3N4 Z-scheme degradation of tetracycline hydrochloride 60 (2018)
g-C3N4/carbon nanotube (CNT)/Bi2WO6 Z-scheme degradation of tetracycline hydrochloride 61 (2018)
g-C3N4/MnO2 Z-scheme degradation of dye and phenol 62 (2018)
g-C3N4/Bi4O7 Z-scheme degradation MB, phenol, RhB, and BPA 63 (2017)
g-C3N4/OD-ZnO Z-scheme degradation of 4-chlorophenol and H2 evolution 64 (2017)
Ag3PO4/g-C3N4 Z-scheme degradation of sulfamethoxazole 65 (2017)

Figure 3. Transmission electron microscopy (TEM) images of (a) pure g-C3N4 and (b) Ag/g-C3N4(54%) composites. (c) Photodegradation of
DCF with different photocatalysts under visible light. (d) Plot of In(C0/C) vs irradiation time for DCF representing the fit using a pseudo-first-order
reaction rate. (e) Formation of Schottky barrier for the contact of Ag and g-C3N4. Adapted with permission from ref 67. Copyright 2016 Elsevier.
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on the surface of photocatalysts, accelerating the photo-
corrosion process of the photocatalysts themselves.44 There-
fore, construction of hierarchical structure of GBH is a
workable approach to increase the efficiency of photocatalysis,
which can significantly accelerate the surface reaction kinetics.
2.2. Photocatalytic Treatment of Persistent Organic

Pollutants by g-C3N4-Based Heterojunction Photocata-
lyst. With the development of industrialization, poisonous and
harmful pollutants are continuously discharged into the

environment. These pollutants not only cause various environ-
mental problems, but also pose a serious threat to human
health.45 Among the various contaminants, persistent organic
pollutants (POPs), such as polycyclic aromatic hydrocarbons,
polychlorinated biphenyls, and pentachlorophenol, have led to
severe environmental pollution.46 With persistence, bioaccu-
mulation, mobility, and high toxicity, typical POPs can exist in
the environment for a long time and migrate everywhere.47

Therefore, POPs have become the research hot spot in the field

Figure 4. Photocatalytic degradation of (a) MB, (b) MO, (c) BPA, and (d) 4-CP in the presence of BiOI, with 15 wt % g-C3N4/BiOI under visible
light irradiation. (e) Transient photocurrent response for pure BiOI and 15 wt % g-C3N4/BiOI composite. (f) Schematic of the separation and
transfer of photogenerated charges in g-C3N4/BiOI combined with the possible reaction mechanism of photocatalytic procedure. Adapted with
permission from ref 81. Copyright 2014 Royal Society of Chemistry.

ACS Applied Materials & Interfaces Review

DOI: 10.1021/acsami.8b03620
ACS Appl. Mater. Interfaces 2018, 10, 21035−21055

21040

http://dx.doi.org/10.1021/acsami.8b03620


of environmental, chemical, and environmental toxicology.48

Hence, photodegradation of POPs over semiconductor solids
has attracted extensive research attention recently. A more
comprehensive list of POPS treatment by GBH is summarized
in Table 1. The photocatalytic treatment of POPs over GBH
reported in the literature could be divided into two types:
photocatalytic oxidation and photocatalytic reduction.
2.2.1. Oxidative Degradation of POPs by g-C3N4-Based

Heterojunction Photocatalyst. Many studies have been carried
out to explore the photodegradation of organic dyes in aqueous
solution over GBH photocatalyst in the last few years, which
show an obvious increase of the photocatalytic ability. For
instance, rhodamine B (RhB) can be degraded by g-C3N4/
Bi2MoO6 heterojunctions.66 Methyl orange (MO) can be
degraded by Co3O4/g-C3N4 heterojunctions.67,68 In recent
years, POPs have gradually become the focus of research, such
as the degradation of 4-chlorophenol (4-CP) over the g-C3N4/
ZnO heterojunction photocatalyst64 and the degradation of 2,4-
dibromophenol by Z-scheme Bi2MoO6/CNTs/g-C3N4 hetero-
junction photocatalyst.69 At the same time, molecular
imprinting technology can be applied to the photocatalyst to
remove target POPs.70

To date, many types of metal/g-C3N4 nanocomposite
system, such as Ag/g-C3N4 and Cu/g-C3N4, have been
designed.71,72 In addition, some bimetallic/g-C3N4 systems,
for example, AuPd/g-C3N4 and PtCo/g-C3N4 also been
designed for improving photocatalytic properties of g-
C3N4.

73,74 These metal/g-C3N4 nanocomposites show intensive
photocatalytic activity, in which the Schottky junction plays a
decisive role in diminishing the recombination of photoinduced
electron−hole pairs. In addition, as an excellent semiconductor,
g-C3N4 could combine with other metals to form Schottky
junctions for treatment of POPs. For example, the Ag/g-C3N4
heterostructure is used for the photocatalytic degradation of
diclofenac (DCF).
In the study conducted by Zhang et al., Ag/g-C3N4

heterostructured photocatalysts were synthesized via photo-
deposition in ambient condition.71 Under experimental
conditions, the results of DCF degradation by the as-prepared
samples showed that the photocatalytic performance of
optimum Ag/g-C3N4 (54%) was 3.1 times higher than pure
g-C3N4 (Figure 3d,e). Nevertheless, the photocatalytic activity
was limited by excess loading of Ag. This may be due to the fact
that at low loading, Ag can act as the sink for electrons to
diminish the recombination of photoinduced carriers. But at a
high loading, Ag acts as a new center of electron−hole pair
recombination and covers g-C3N4.

71

The corresponding scavengers are used to quench the
specific reactive species for trapping experiments of radicals
(isopropyl alcohol (10 mM) for •OH, benzoquinone (0.5 μM)
for •O2

−, sodium azide (0.5 μM) for 1O2, and ethyl-
enediaminetetraacetic acid (EDTA) disodium (5 μM) for
holes).75,76 After addition of EDTA disodium, the degradation
of DCF was inhibited obviously, which indicated that holes play
a major role and other reactive species have no obvious effect in
the degradation of DCF in the Ag/g-C3N4 photocatalytic
system. Because of the Schottky junctions, the electron−hole
pairs could be effectively separated in the metal−semiconductor
interface. From the thermodynamic viewpoint, the CB of g-
C3N4 (−1.3 V vs NHE) is more negative than Ag+/Ag (0.80 V
vs NHE). Therefore, the photogenerated electrons on the CB
of the g-C3N4 can reduce Ag+ to metallic Ag again in situ and
transfer the electron to oxygen via electron-transfer routes.23,77

Except for Schottky junction, POPs can undergo photo-
degradation by other GBH types effectively.78,79 For example,
the efficiency of photodegradation of acid orange-II by g-C3N4/
Bi4Ti3O12 heterojunction has been significantly improved due
to the formation of heterojunction structure. In addition, the
results are also confirmed by the study of Yin et al.80 In the
study conducted by Di et al., the g-C3N4/BiOI heterojunction
was synthesized via one-pot EG-assisted solvothermal process
for photodegradation of 4-CP and bisphenol A (BPA).81 The
photodegradation activity of MB and MO demonstrated that
the photodegradation efficiency of g-C3N4/BiOI heterojunction
was far higher than pure BiOI (Figure 4a,b). The optimal g-
C3N4/BiOI composite has an enhancement of about 30% for
the BPA degradation compared to the pure BiOI (Figure 4c).
In addition, the results of photodegradation of 4-CP indicated
that the photocatalytic activity of the optimal g-C3N4/BiOI
composite was much higher than that of pure BiOI (Figure 4d).
The photocurrent intensity of the optimal g-C3N4/BiOI was
nearly 3.5 times higher than that of single BiOI, which indicated
that the formation of heterojunction could inhibit recombina-
tion of photoinduced carriers and promote transfer of
interfacial charge (Figure 4e). The mechanism of g-C3N4/
BiOI heterojunction is shown in Figure 4f. Because the CB of g-
C3N4 is more negative than that of BiOI and the VB of BiOI is
more positive than that of g-C3N4, photogenerated electrons
are migrated from the CB of g-C3N4 to the CB of BiOI.
Synchronously, the holes on the VB of BiOI migrate to those of
g-C3N4. Thus, the photoinduced electrons and holes could
separate effectively and the lifetime of photogenerated carriers
could be prolonged.

2.2.2. Photocatalytic Reduction of Persistent Organic
Pollutants by g-C3N4-Based Heterojunction Photocatalyst.
Development of efficient photocatalysts with excellent photo-
induced oxidation and reduction properties is of great
significance to environment remediation and energy storage.
In addition to photooxidation, it is found that photocatalytic
reduction, another important function of semiconductor-based
photocatalysts, suggests a great promising in the research of
environmental remediation. In recent years, photocatalytic
reduction has attracted the attention of many researchers. Many
compounds have been photocatalytically reduced, such as
polybromodiphenyl ethers, perchlorinated compounds, and
nitro compounds.82−86 Because of the electron, donor can
scavenge VB holes, thus diminishing the recombination of
photoinduced carriers within the particle and freeing more
reductive equivalents in these studies. We can find that the
photocatalytic reduction efficiency will be increased due to the
addition of electron donor in the reaction system.
In the study conducted by Dai et al., the CdS/g-C3N4

heterojunction was prepared by a hydrothermal method for
nitrobenzene photoreduction.87 Yang et al. found an accessible
method for preparing heterostructured MIL-125/Ag/g-C3N4
nanocomposites for the reduction of nitrobenzene under visible
light illumination.88 All of these studies show that the
photoreduction efficiency of GBH photocatalyst was better
than that of pure g-C3N4.
A simple self-assembly photochemical reduction method was

developed by Zhang et al. to prepare highly photocatalytic TiO2
nanowire/g-C3N4 nanosheet/graphene heterostructure (TiO2
NWs/g-C3N4/G) for the selective reduction of nitrobenzene.89

The scanning electron microscopy (SEM) and TEM images
show that the three materials are combined well with good
morphology (Figure 5a,b). Under experimental conditions, the
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TiO2/g-C3N4/G composite exhibits the highest photocatalytic
reduction efficiency of 97%, which is much higher than that of
TiO2/G, g-C3N4/G, pure TiO2, and g-C3N4 (Figure 5c,d). The
photoelectrochemical (PEC) performances of TiO2/g-C3N4/G
composites showed the highest photocurrent of 1.1 μA cm2,
which means more photogenerated electrons are excited and
transferred (Figure 5e). The above results show that the
heterojunction formation between TiO2 nanowire, g-C3N4
nanosheet, and graphene led to the improvement of photo-
catalytic activity.
2.3. Heavy-Metal-Ion Redox by g-C3N4-Based Hetero-

junction Photocatalyst. Due to the fact that they cannot be
biodegraded but can accumulate in biological tissues and causes
serious danger to organism, heavy-metal ions are more harmful
than organic pollutants.90−93 In the process of industrial
production, hexavalent chromium (Cr(VI)) discharged into
natural water can cause a serious environmental pollution.94−97

Cr(VI) is known to be a mutagenic, carcinogenic, and toxic
substance, which is harmful to biological systems and human
body.98 At present, many treatment methods have been
explored to repair heavy-metal pollution, such as physical
methods, chemical methods, biological methods, synergistic
combination of nanomaterials and microbes, and so on.99−101

Notably, photocatalytic reduction is considered as an environ-
ment-friendly technology for efficient elimination of Cr(VI)
contaminants by utilizing sunlight and attracts more and more
attention with the advantages of mild reaction conditions and
absence of secondary pollution among many treatment
methods.100,101 Arsenic (As) and its compounds are common
pollutants in the environment, which may cause various adverse
effects in the human body, such as gastrointestinal,
cardiovascular, respiratory, genotoxic, and dermal changes, as
well as mutagenic and carcinogenic effects.102,103 In contrast to
Cr, the toxicity of As in the reduced state (As(III)) is higher
than that in the oxidized state (As(V)). Therefore, the

oxidation of As(III) to As(V) is beneficial for reducing and
finally removing toxicity.104 In sum, the well-designed GBH is a
good candidate for heavy-metal pollution remediation.
Charlton et al. used a thermal transformation methodology

to fabricate a visible light response heterostructure of g-C3N4/
TiO2.

105 After 100 min of visible light irradiation, the Cr(VI)
photoreduction efficiencies of pure TiO2 and optimized
composite were 20 and 72%, respectively. The synergistic
heterojunction formation between g-C3N4 nanosheets with
doped TiO2 was the primary reason for the enhancement of
photoreduction of Cr(VI). Xin et al. synthesized a hetero-
junction of Ag−Sr0.25H1.5Ta2O6·H2O/g-C3N4, which showed
excellent visible light photocatalytic activity for Cr(VI)
reduction and MO degradation.106 The high-resolution TEM
(HRTEM) and TEM images showed that g-C3N4 served as the
support to bind Sr0.25H1.5Ta2O6·H2O nanoparticles in hetero-
junction system (Figure 6). Under experimental conditions, the
rate constant of Cr (VI) photoreduction by the optimized
composite (0.57 ± 0.07 h−1) was 2 times and 500 times higher
compared to pure g-C3N4 and Sr0.25H1.5Ta2O6·H2O, respec-
tively. Due to the formation of heterojunction and using Ag as
an electron mediator, the recombination efficiency of electron−
hole pair has been greatly diminished. In addition, the
photogenerated electrons can readily move to the CB of
Sr0.25H1.5Ta2O6·H2O from g-C3N4 because the CB of g-C3N4 is
more negative than that of Sr0.25H1.5Ta2O6·H2O. Then, the
photogenerated electrons could react with Cr2O7

2− or O2
leading to the photoreduction of Cr(VI) or formation of
O2

•− active species. Moreover, both holes in the VB of g-C3N4
and the O2

•− active species could lead to the degradation of
methyl orange.
Through a facile one-pot synthesis, α-Fe2O3/g-C3N4

heterojunction composites were prepared by Sun et al., which
showed excellent performance under visible light on synchro-
nous photocatalytic oxidation and adsorption of As(III) in

Figure 5. (a) SEM and (b) TEM images of TiO2/g-C3N4/G. (c) Photoreduction curves of the NB aqueous solutions containing different
photocatalysts. (d) Conversion, yield, and selectivity of photocatalytic reduction ((a) TiO2 NWs; (b) g-C3N4; (c) TiO2/G; (d) g-C3N4/G; (e)
TiO2/g-C3N4/G). (e) Photocurrent response of the photoanodes of TiO2 NWs, g-C3N4, TiO2/G, g-C3N4/G, and TiO2/g-C3N4/G samples.
Adapted with permission from ref 90. Copyright 2017 Elsevier.
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aqueous solution.107 Under both high-resolution transmission
electron microscope and transmission electron microscope,
12% Fe-CN presents three lattice fringes: one with d = 0.32 nm
matches the (002) crystal interplanar of g-C3N4 and the others
with d = 0.25 and 0.27 nm match the (110) and (104) planes of
α-Fe2O3, which indicated that the heterojunction structure
successfully formed between g-C3N4 and α-Fe2O3 (Figure
7a,b).108 In addition, the photocatalysis rate constant over the
optimized sample is 0.0047 min−1, which is about 5.9 and 11.8
times higher than that of pure g-C3N4 and α-Fe2O3,
respectively. According to the above results, the heterojunction
structure between g-C3N4 and α-Fe2O3 is the primary reason
for the enhancement of As removal.
2.4. Oxidative Decomposition of Pathogens by GBH

Photocatalyst. In recent decades, pathogens in drinking water
sources have been prevalently found, creating a serious problem
for human health and ecosystem balance.109,110 Pathogens such
as a variety of helminthes, fungi, bacteria, protozoa, rickettsiae,
viruses, and prions can cause many kinds of waterborne
infectious agents. Therefore, disinfection of water has become
an urgent problem in environmental protection. Many methods
were applied to control waterborne pathogens in water bodies,
including multiple-barrier approaches and effective photon-

based chemical inactivation.1 Among the many treatments
mentioned above, photocatalytic inactivation of pathogens has
received increasing attention in recent years as an environ-
mentally friendly and efficient method.111 Several studies have
paid attention to disinfection by GBH because of its excellent
visible light response performance and higher electron−hole
pair separation efficiency. Xia et al. reported the application of a
Z-scheme g-C3N4/m-Bi2O4 heterojunction for inactivation of
Escherichia coli K-12.112 Under illumination of visible light, the
6 log10 cfu mL−1 of E. coli K-12 could be completely inactivated
within 1.5 h by the optimized g-C3N4/m-Bi2O4 heterojunction,
which was 1.9 times and 5 times higher than pure Bi2O4 and g-
C3N4, respectively.
Wang et al. wrapped reduced graphene oxide (RGO) and g-

C3N4 (CN) sheets on crystals of cyclooctasulfur (α-S8) by
different orders to form two distinctive structures of metal-free
heterojunction photocatalysts.113 Interestingly, CN/RGO/α-S8
showed relatively better photocatalytic performance in aerobic
conditions and RGO/CN/α-S8 was more dynamic in anaerobic

Figure 6. TEM (a) and HRTEM (b) images of pure Sr0.25H1.5Ta2O6·
H2O nanoparticles; TEM images of Sr0.25H1.5Ta2O6·H2O/g-C3N4
heterojunction (c) and Ag−Sr0.25H1.5Ta2O6·H2O/g-C3N4 (d). High-
magnification TEM (e) and HRTEM (f) images of Ag−
Sr0.25H1.5Ta2O6·H2O/g-C3N4. Adapted with permission from ref 105.
Copyright 2016 Elsevier.

Figure 7. (a) TEM and (b) HRTEM images of 12% Fe-CN. Reprinted
with permission from ref 106. Copyright 2017 Elsevier.
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condition under visible light irradiation. The SEM images
clearly show that both samples are two-layered structures
(Figure 8). As shown in Figure 8g, the UV−vis diffuse
reflectance spectroscopy (DRS) results of the as-prepared
sample demonstrated that RGO/CN/α-S8 and CN/RGO/α-S8
show a more significant red shift compared to bare α-S8, CN/α-
S8, and RGO/α-S8. Because the CN sheets were wrapped at the
outer layer of α-S8, CN/RGO/α-S8 obtained a more red shift
than RGO/CN/α-S8. Under aerobic condition, the bacterial
inactivation efficiency of CN/RGO/α-S8 was about 1.7 times, 3

times, 3.3 times, and 7 times higher than that of RGO/CN/α-
S8, CN/α-S8, RGO/α-S8, and α-S8, respectively (Figure 8i).
The photocatalytic inactivation efficiency of both CN/RGO/α-
S8 and RGO/CN/α-S8 decreased significantly under the
anaerobic condition, which owing to the photoinduced
electron−hole pairs would recombine more easily without O2

(Figure 8j). Interestingly, the CN/RGO/α-S8 showed a slightly
higher inactivation efficiency compared to RGO/CN/α-S8,
probably due to the electrons which play a crucial role in the
inactivation of bacterial cells in anaerobic condition. Moreover,

Figure 8. SEM images of (a) RGOS8, (b) CNRGOS8, (c) cross section of CNRGOS8 microspheres, (d) CNS8, (e) RGOCNS8, and (f) cross
section of RGOCNS8 microspheres. UV−vis DRS (g) and FTIR (h) spectra of the RGO and CN sheets co-wrapped with α-sulfur. Photocatalytic
inactivation efficiency against E. coli K-12 (2 × 106 cfu mL−1, 50 mL) in the presence of the as-prepared samples in (i) aerobic condition and (j)
anaerobic condition under VL irradiation. No inactivation occurs in the dark and light controls. Reprinted with permission from ref 112. Copyright
2013 American Chemical Society.
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the RGO sheets in the outer layer could inject electron into
bacterial cells because of the high mobility of photogenerated
electrons on graphene.114 The increased electron capture by
bacterial cells could in turn increase electron−hole pair
separation of RGO/CN/α-S8, which results in the increase of
photocatalytic activity.

3. APPLICATIONS OF G-C3N4-BASED
HETEROJUNCTION IN ENERGY STORAGE

3.1. H2 Evolution Reaction. As is known to all, solar
energy is the most abundant energy in the world as a clean
energy. For a long time, preparation of hydrogen (H2) by
semiconductor-based photocatalysts from water splitting is
considered a promising method for solar energy storage.115 H2
is a promising renewable energy with virtues of no carbon
emission, high energy density, and production of a useful
byproduct (water) from combustion.116 However, at present,
H2 is mainly produced by the conversion of fossil fuels by steam
reforming, which is seriously restricted due to its low efficiency
and high cost.117 It is well known that nature abundantly stores
H2 in the form of water. Consequently, Wang et al. applied g-
C3N4 in photocatalytic H2 evolution from water splitting under
visible light irradiation in the presence of a sacrificial donor for
the first time in 2009.12 Nevertheless, the H2 yield of pure g-
C3N4 was relatively low and observed to fluctuate and d showed
discrepancy from one batch to other (0.1−4 μmol h−1).
To tackle this problem, many researchers formed hetero-

junction between g-C3N4 and other nanomaterials to improve
efficiency for H2 evolution. The H2 yields of different GBHs are
summarized in Table 2. Lately, Hong et al. have prepared
Ta2O5/g-C3N4 heterojunctions by a simple one-step heating
method.118 The obtained heterojunctions showed obvious
improvement of H2 production compared to pure g-C3N4.
Under experimental conditions, the photocatalytic H2 yield of
the optimized Ta2O5/g-C3N4 heterojunction (36.4 μmol h−1

g−1) was about 4.2 times higher than that of pure g-C3N4 (8.7
μmol h−1 g−1). In addition, H2 evolution reaction of the
optimized Ta2O5/g-C3N4 heterojunction sample was sustained
for over 20 h without obvious deactivation, indicating its
excellent photochemical stability. Moreover, electrochemical

impedance spectroscopy (EIS) spectra and photoluminescence

(PL) emission spectra of the samples show that the

enhancement of photocatalytic activity is mainly due to the

interfacial charge separation in the heterojunction between g-

C3N4 and Ta2O5 (Figure 9a,b).

Table 2. H2 Yields of Different g-C3N4-Based Heterojunctions

photocatalysts types of heterojunction H2 evolution rate (μmol h−1 g−1) ref (year)

g-C3N4/SiC type II 182 119 (2017)
Bi2MoO6/g-C3N4 type II 563.4 120 (2017)
CoTiO3/g-C3N4 Z-scheme 858 121 (2016)
g-C3N4/WS2 type II 101 122 (2015)
MoS2/g-C3N4 type II 231 123 (2014)
Ta2O5/g-C3N4 type II 36.4 118 (2017)
Cu2O/g-C3N4 type II 33.2 124 (2018)
NGQDs-ZnNb2O6/g-C3N4 type II 223.2 125 (2017)
RGO/g-C3N4 type II 55.8 126 (2018)
Cd0.5Zn0.5S@UIO-66@g-C3N4 type II 1281.1 127 (2017)
MoS2/g-C3N4 type II 1420 128 (2018)
g-C3N4/Ni/NiS type II 515 129 (2017)
red phosphor/g-C3N4 type II 1000 130 (2013)
g-C3N4/OD-ZnO Z-scheme 322 64 (2017)
CdS/g-C3N4 type II 4152 131 (2013)
g-C3N4/NiS type II 447.7 132 (2014)
g-C3N4/WO3 Z-scheme 28.4 133 (2015)
CaIn2S4/g-C3N4 type I 102 134 (2015)
g-C3N4/CoO type II 651.3 135 (2017)

Figure 9. (a) EIS spectra and (b) PL emission spectra of as-prepared
samples. Reprinted with permission from ref 118. Copyright 2016
Elsevier.
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Yan and co-workers investigated a novel photocatalyst that
employed nitrogen-doped graphene quantum dots (NGQDs)
ZnNb2O6/g-C3N4 (NGQDs-Zn/CN) heterostructures.125 As
shown in Figure 10a,b, the TEM and HRTEM images of 5%
NGQDs-Zn/7CN (Zn/CN mole ratio, 1/7; amount of
NGQDs, 5%) sample showed that ZnNb2O6 and g-C3N4

were close enough and mixed with each other and NGQDs
were attached to the surface of g-C3N4. H2 production activity
of the as-prepared samples was carried out in 20% methyl
alcohol solution with 1% Pt as a co-catalyst. Under
experimental conditions, the 5% NGQDs-Zn/7CN hetero-
junctions showed the highest photocatalytic efficiency (340.9
μmol h−1 g−1), which was about 3.2 times and 1.5 times higher
compared to pure g-C3N4 (103.7 μmol h−1 g−1) and Zn/CN
(223.2 μmol h−1 g−1). In addition, repeated experiments of 5%
NGQDs-Zn/7CN heterojunctions indicated that it has good
stability during the photocatalytic reaction. In Figure 10c, the
photocurrent with all of the samples showed that the 5%

NGQDs-Zn/7CN has the highest photocurrent response,
which indicated that the formation of heterojunction was
conducive to interfacial charge transfer and photoinduced
electron−hole pair separation. The EIS spectra of all of the
samples in Figure 10d also show that the 5% NGQDs-Zn/7CN
sample exhibited the best smallest arc radius. It is well known
that the smaller radius of the Nyquist circle means faster
interfacial charge transfer and more effective separation of
electrons and holes. In addition, the 5% NGQDs-Zn/7CN
showed the lowest PL emission intensity and the longest
calculated average lifetime of 5.23 ns (Figure 10e,f). These
results demonstrated that the recombination of photoinduced
carriers was suppressed and more charge carriers participated in
photocatalytic water splitting in the 5% NGQDs-Zn/7CN
heterojunction system.

3.2. CO2 Reduction by g-C3N4-Based Heterojunction
Photocatalyst. The carbon cycle plays a key role in the
stability of global ecological balance.136 But along with the fast

Figure 10. (a) TEM and (b) HRTEM images of 5% NGQDs-Zn/7CN. (c) Transient photocurrent response and (d) EIS spectra for pure ZnNb2O6,
g-C3N4, Zn/7CN, and 5% NGQDs-Zn/7CN samples. (e) PL spectra and (f) fluorescence decay curves of g-C3N4, Zn/7CN, and 5% NGQDs-Zn/
7CN. Reprinted with permission from ref 120. Copyright 2017 Elsevier.
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development of industry, the extensive use of fossil fuels emits
more CO2, which not only affects the carbon cycle and leads to
greenhouse effect, but also creates an energy crisis.137 In recent
years, the rapid development of the photocatalytic technology
has become one of the best ways to solve these problems

through converting CO2 into chemical fuels, for instance, CO,
methane, and methanol, which has aroused much research
attention.138−140 Because of the good stability of CO2, the
photoreduction of CO2 over photocatalyst under ambient
pressure, room temperature, and visible light irradiation

Table 3. Hydrocarbon Yield of CO2 Reduction by Different g-C3N4-Based Heterojunctions

photocatalysts
type of

heterojunctions hydrocarbon yields ref (year)

MnO2/g-C3N4 Z-scheme 68 μmol h−1 g−1 (CO) 138 (2017)
g-C3N4/SnS2 Z-scheme 2.3 μmol h−1 g−1 (CH3OH), 0.64 μmol h−1 g−1 (CH4) 143 (2017)
g-C3N4/NiAl-LDH type II 8.2 μmol h−1 g−1 (CO) 144 (2018)
red phosphor/g-C3N4 type II 295 μmol h−1 g−1 (CH4) 130 (2013)
α-Fe2O3/g-C3N4 Z-scheme 27.2 μmol h−1 g−1 (CO) 145 (2018)
g-C3N4/N-TiO2 type II 12.2 μmol h−1 g−1 (CO) 146 (2014)
g-C3N4/Bi2WO6 Z-scheme 5.19 μmol h−1 g−1 (CO) 147 (2015)
BiOI/g-C3N4 Z-scheme 3.44 μmol h−1 g−1 (CO), 0.16 μmol h−1 g−1 (CH4), 0.37 μmol h−1 g−1 (H2), 1.89 μmol h−1 g−1 (O2) 148 (2016)
g-C3N4/Bi4O5I2 Z-scheme 45.6 μmol h−1 g−1 (CO), 6 μmol h−1 g−1 (CH4), 10 μmol h−1 g−1 (H2), 2 μmol h−1 g−1 (O2) 142 (2016)
SnO2/g-C3N4 Z-scheme 18 μmol h−1 g−1 (CO), 3 μmol h−1 g−1 (CH3OH), 2 μmol h−1 g−1 (CH4) 149 (2015)
WO3/g-C3N4 Z-scheme 19.4 μmol h−1 g−1 (CH3OH) 150 (2014)
ZnO/g-C3N4 Z-scheme 0.6 μmol h−1 g−1 (CH3OH) 151 (2015)
Co4/g-C3N4 type II 89.6 μmol h−1 g−1 (CO), 5.8 μmol h−1 g−1 (H2) 152 (2017)

Figure 11. (A) Time-dependent CO generation over synthesized g-C3N4, MnO2, and MnO2/g-C3N4 catalysts. (B) PL spectra (excitation
wavelength: 380 nm) of g-C3N4, MnO2, and MnO2/g-C3N4 samples. (C) TEM and (D) HRTEM images of MnO2-100CN. Reprinted with
permission from ref 138. Copyright 2017 Elsevier.
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continues to present a great challenge, which results in the need
of a better photocatalyst to solve this problem.141 The
hydrocarbon yield of CO2 reduction by different GBHs is
summarized in Table 3. Bai and co-workers prepared a novel Z-
scheme g-C3N4/Bi4O5I2 heterojunction for increase photo-
reduction activity of CO2.

142 Di et al. synthesized a Z-scheme g-
C3N4/SnS2 heterojunction by a simple one-step hydrothermal
method.143 According to X-ray photoelectron spectroscopy and
DFT calculations, the interfacial IEF formed when the electrons
move from g-C3N4 to SnS2. Therefore, the IEF-induced direct
Z-scheme charge-transfer mechanism occurred in the g-C3N4/
SnS2 heterojunction system, which illustrates the enhanced
photocatalytic activity as well as the improved CO2 reduction
efficiency.
Recently, a hierarchical Z-scheme α-Fe2O3/g-C3N4 photo-

catalyst for reduction of CO2 to CO has been synthesized by
Jiang and co-workers.145 Under experimental conditions, the
CO evolution rate of the optimized composite (27.2 μmol h−1

g−1) without co-catalyst and sacrifice reagent was 2.2 times
higher than that of pure g-C3N4 (10.3 μmol h−1 g−1).
Furthermore, only 7% attenuation was observed after four
consecutive runs with each run of 4 h under irradiation. The
separation of photoinduced electron−hole pairs was facilitated,
and the reduction ability of the photoinduced electrons was
promoted after the formation of Z-scheme heterojunction
between α-Fe2O3 and g-C3N4.
Wang et al. synthesized a novel MnO2/g-C3N4 hetero-

junction by an in situ redox reaction between potassium
permanganate (KMnO4) and manganese sulfate (MnSO4)
adsorbed on the surface of g-C3N4, which exhibited good
performance in the photoreduction of CO2.

138 Under TEM and
HRTEM, the MnO2/g-C3N4 composites showed that two
components are in intimate linkage with each other (Figure
11C,D). The N2 adsorption/desorption measurements showed
that the specific surface area of MnO2/g-C3N4 heterojunction
composites was higher compared to pure g-C3N4 and MnO2,
which is beneficial to expose active sites and improve the CO2
adsorption capacity. According to PL analysis of all samples,
pure g-C3N4 exhibited the highest intensity and MnO2/g-C3N4

composites showed obvious decrease after improving the load
of MnO2, which indicated that the formation of heterojunction
was beneficial for the separation of photoinduced carriers
(Figure 11B). Under experimental conditions, the amount of
CO produced from optimal MnO2/g-C3N4 was 20.4 μmol g−1

after 6 h, which was 4 times higher than that from pure g-C3N4
(3.4 μmol g−1) (Figure 11A). And the optimal sample showed a
high structure stability after recycling photocatalytic tests.
Under illumination condition, the holes on the VB of MnO2 are
caught by H2O molecule to generate protons and O2.
Moreover, the electrons on the CB of g-C3N4 react with CO2
adsorbed on the surface of photocatalyst to produce CO and
H2O with the participation of photons.

4. OTHER EMERGING APPLICATIONS OF
G-C3N4-BASED HETEROJUNCTION
4.1. Biosensor. In the last few years, photoelectrochemcial

(PEC) sensors have received much attention for their low
background current, low cost, fast response, and high detection
sensitivity. In numerous studies, GBH nanomaterials show
great potential as a photoactive material with excellent PEC
biosensing property due to their high visible light absorption
efficiency and separation rate of photoinduced carriers. Liu and
co-workers developed a label-free photoelectrochemical (PEC)
aptasensor for adenosine detection based on CdS/polypyrrole/
g-C3N4 nanocomposites.153 The CdS/g-C3N4 heterojunction
could improve photo-to-current conversion efficiency by
preventing photogenerated charge recombination of g-C3N4
and self-photocorrosion processes of CdS effectively. Moreover,
the minimum adenosine detection was 0.1 nmol L−1, which
indicated that the aptasensor shows better adenosine detection
performance than many reported methods, for example,
chemiluminescence, fluorescence, and electrochemistry.154−156

PEC sensors in which GBH acts as a photosensitive material
can also be used for the detection of some difficult-to-detect
substances. Several studies have shown a close association
between the level of dynamic N6-methyladenosine (m6A) and
certain diseases, especially cancer, which indicated the
importance of dynamic m6A level in biology.157 Although the

Figure 12. Schematic representation of the PEC biosensor construction process and detection strategy. Reprinted with permission from ref 158.
Copyright 2017 Elsevier.
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importance of m6A has been proved, the quantitative detection
of m6A has been greatly restricted due to the reactionlessness of
the methyl group, low content of mRNA, and interference of
potential RNA structures around the methylation site.
Consequently, it is important to develop an effective and
rapid method for m6A detection. Under the circumstances,
Wang et al. used g-C3N4/CdS quantum dots (g-C3N4/CdS)
heterojunction to construct a novel PEC immunosensor for
m6A detection based on the inhibition of Cu2+ to the
photoactivity of g-C3N4/CdS heterojunction.158 The PEC
biosensor construction process and detection strategy are
shown in Figure 12. Electrodes are treated by different
methods, and the photocurrent response was recorded to
verify the detection feasibility of the PEC assay. The
photocurrent response became much stronger than individual
g-C3N4/ITO and CdS/ITO when CdS QDs are attached on
the g-C3N4/ITO electrode. This indicated that CdS QDs as
photosensitive material can be greatly promoted by the
photocurrent response of g-C3N4. In addition, further studies
show that absence of methylated RNA could lead to the
absence of Cu2+, which could assemble Phos-tag-biotin and
avidin-CuO on CdS/g-C3N4/ITO electrode surface. Under
optimal conditions, the lowest detection limit of novel PEC
immunosensor was 3.53 pM, which presented a wide linear
range (0.01−10 nM) and good detection selectivity of m6A-
methylated RNA.
4.2. Solar Cells. With the continuous development of

society, the demand for energy has been increasing. In recent
years, the overuse of fossil fuel has resulted in the depletion of
oil reserves present on the earth.159 Environmental contami-
nation and greenhouse effect caused by the combustion of fossil
dyes have also become a major problem that human beings

need to face. These problems drive scientists to find a clean,
renewable energy instead of fossil fuels. Because of its
abundance and continuous energy supply, solar energy has
attracted wide attention of researchers.160 In recent years, many
solar devices have been developed, including solar cells due to
their decisive advantages of lightweight, flexibility, and low
module cost over conventional silicon-based solar modules.161

As a key part of solar cells, photoanodes can harvest light
efficiently and improve the utilization efficiency of solar energy.
As a narrow band gap semiconductor, g-C3N4 has strong visible
light-absorbing ability to improve the solar cell performance. Xu
and co-workers used g-C3N4/TiO2 composites to fabricate dye-
sensitized solar cells (DSSCs), which showed approximately
28% enhancement of power conversion efficiency at optimal
loading amount of g-C3N4.

162 Ansari et al. used g-C3N4
nanotube/ZnO nanorod composites as photoanode materials
and CdS quantum dots as sensitizing materials to fabricate
quantum dots-sensitized solar cell, which shows 32% energy
conversion efficiency compared to the g-C3N4 nanoflakes-based
device.163 It is indicated that the photovoltaic properties of
photoanode materials could be improved by changing the
physical properties of the materials. And composite materials
showed superior performance to single materials. As an
excellent semiconductor nanomaterial, GBHs are also used
for the fabrication of solar cells, particularly DSSCs because of
their unique features.
In the study conducted by Yuan and co-workers, high-

performance DSSCs were reported based on rationally
designed g-C3N4-modified TiO2 nanosheets as photoanodes
and Co9S8 nanotube arrays as counter electrodes (CEs).164

Because of the strong interaction between TiO2 and g-C3N4,
the FTIR spectra of samples showed that the Ti−O−Ti

Figure 13. (a) FTIR spectra of TiO2, g-C3N4, and TiO2/g-C3N4 powder. (b) PL spectra of TiO2, g-C3N4, and TiO2/g-C3N4 (inset is the enlarged
image of the circled part of the PL spectra). (c) Schematic diagram of g-C3N4 as blocking layer and Co9S8 as counter electrode to increase the power
conversion efficiency of DSSCs. Reprinted with permission from ref 164. Copyright 2017 Elsevier.
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stretching vibration of TiO2/g-C3N4 spectrum exhibits a large
red shift compared to pure TiO2 (Figure 13a). The results of
PL spectroscopy analyses in Figure 13b show that the PL
emission intensity of TiO2/g-C3N4 nanocomposites signifi-
cantly decreases compared to pure g-C3N4, indicating that the
separation rate of photoinduced carriers increased due to the
formation of heterojunction. The photovoltaic parameters of
DSSCs based on the different photoanodes and counter
electrodes (CEs) showed that DSSCs based on TiO2/g-C3N4
electrodes exhibit the best conversion efficiency (8.07%), which
is attributed to the g-C3N4 layer acting as a barrier layer to
restrain the recombination of charge at the TiO2/electrolyte
interface. The conversion efficiency of DSSCs based on TiO2/
g-C3N4 electrodes is 1.3 times higher than that of DSSCs based
on TiO2 photoanodes (6.19%). Moreover, the open-circuit
potential (Voc), short-circuit current density (Jsc), and
conversion efficiency (η) all increased compared to those of
the DSSCs based on TiO2 photoanode after loading g-C3N4
layer on TiO2 nanosheet surface.
The mechanism of improving the performance of solar cells

is shown in Figure 13c. Because the CB position of TiO2 is
more positive than g-C3N4, electrons in the CB of TiO2 cannot
move to g-C3N4. Therefore, the electron concentration in the
photoanodes has been increased, which could enhance the
performance of DSSC. In addition, due to the strong
interaction and heterostructure between TiO2 and g-C3N4,
the performance of DSSCs improved remarkably.
All of the studies covered in this review showed that

multifunction applications of GBH photoactive nanocompo-
sites will help us move into a truly sustainable era.

5. CONCLUSIONS AND PROSPECT
In the past several years, many studies have proven that a good
design of GBH nanocomposite can overcome many problems
of single-phase semiconductor among the various photoactive
applications. Therefore, it is the right time to provide a
comprehensive and state-of-the-art review on the applications
and mechanism of GBH. In this review, the photocatalytic
mechanisms of GBH on the basis of first-principles calculations
and thermodynamics and kinetics of surface catalytic reaction
are discussed. In addition, a concise appraisal of the latest
research results of GBHs is presented, such as photocatalytic
treatment of persistent organic pollutants, heavy-metal-ion
redox, oxidative decomposition of pathogens, water splitting for
H2 evolution, CO2 reduction, solar cells, and biosensors. All of
these applications exhibited good performances. However,
although researchers have made progress in these areas,
practical large-scale application and commercialization of
GBH photoactive nanocomposites are still subject to many
limitations.
First, it is still a great challenge to develop a facile, efficient,

and economic method for preparing materials to achieve mass
production of materials for practical applications. Second, due
to the importance of the interface properties of the
heterojunction nanocomposite, the rational design of the
heterojunction nanocomposites is indispensable by an excellent
preparation method. Third, light corrosion and/or photo-
degradation of photoactive nanocomposite have received
considerable attention for the most of photoreaction system.
Photoactive nanomaterials with good performance but short
lifetime are not good choices for large-scale applications. Last
but not least, agglomeration of nanomaterials is a serious
problem in the process of practical application because of

various reasons. Under laboratory conditions, we often use
magnetic stirring to solve this problem. However, this problem
needs a better solution in large-scale practical applications.
For these reasons, further substantial progress is required in

engineering highly efficient, low cost, and environmentally
friendly GBH photoactive nanomaterials. We concluded that
several aspects will benefit future research: (1) The synthesis of
heterojunction photoactive nanomaterials with specific mor-
phology is a direction worth studying, which will further
enhance the various aspects of the nanomaterial properties. (2)
Use the theoretical calculations and modeling methods to
predict the performance and charge-transport process of
heterojunction nanocomposites, which facilitate our more
targeted design of specific applications of heterojunction
nanocomposites and predict whether the material can solve
our problem successfully. Not only these methods can save
research resources, but also deeper understanding of the
mechanisms can be achieved to help us design heterojunction
nanocomposites more reasonably. (3) Most of the existing
works focus on how to improve the efficiency of GBH
photoactive nanocomposite, but the influence of nanomaterials
on environment and biology is often neglected. Therefore, we
believe that researchers should pay more attention to the
environmental effect of photoactive nanomaterials so as to
avoid the secondary pollution of large-scale applications of
GBH photoactive nanomaterials in subsequent studies. Mean-
while, the recycling and reuse of materials also need to be
concerned, in particular the interaction between GBH photo-
active nanomaterials and reactive oxygen species. Although
some studies have shown that g-C3N4 has excellent stability in
the presence of organic pollutants under illumination and
slightly decomposes when attacked by abundant hydroxyl
radical directly, further research is required to explore the
photocorrosion of the GBH.165 In conclusion, the research on
GBH photoactive nanocomposite is at its infancy and more
interesting properties need to be explored. We hope this review
will give researchers a little incentive to develop more suitable
heterojunction photoactive nanomaterials that can be applied in
a large scale to achieve environmental protection and produce
clean energy. In conclusion, we believe that true sustainability
can be achieved in the near future by the joint efforts of all
scientists.

■ AUTHOR INFORMATION

Corresponding Authors
*E-mail: huangdanlian@hnu.edu.cn. Tel: +86-731-88823701
(D.H.).
*E-mail: ym8188@hnu.edu.cn. Tel: +86-153-88908900 (M.Y.).

ORCID
Danlian Huang: 0000-0003-4955-5755
Guangming Zeng: 0000-0002-4230-7647
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This study was supported by the Program for the National
Natural Science Foundation of China (51579098, 51779090,
51709101, 51278176, 51408206, and 51521006), the National
Program for Support of Top−notch Young Professionals of
China (2014), Hunan Provincial Science and Technology Plan
Project (No. 2016RS3026), and the Program for Changjiang

ACS Applied Materials & Interfaces Review

DOI: 10.1021/acsami.8b03620
ACS Appl. Mater. Interfaces 2018, 10, 21035−21055

21050

mailto:huangdanlian@hnu.edu.cn
mailto:ym8188@hnu.edu.cn
http://orcid.org/0000-0003-4955-5755
http://orcid.org/0000-0002-4230-7647
http://dx.doi.org/10.1021/acsami.8b03620


Scholars and Innovative Research Team in University (IRT-
13R17).

■ REFERENCES
(1) Shannon, M. A.; Bohn, P. W.; Elimelech, M.; Georgiadis, J. G.;
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