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Introduction
Nowadays, the growing global energy demand and increasing 
water pollution are the most serious problems presently faced 
worldwide due to the rampant unregulated development of 
industrialization, improvements in agricultural technologies, 
and depletion of non-renewable fossil fuels by the increase of 
the human population (Bustillo-Lecompte, 2015; Darkwah & 
Oswald, 2019; Gusain et al., 2019; Ong et al., 2016; Xu, Zhang, 
et al., 2018). Water is majorly polluted due to randomly dis-
charged industrial effluents and anthropogenic activities 
(Gusain et al., 2019; Thines et al., 2017; Zhang, Gu, et al., 
2019). Therefore, the availability of safe drinkable water free 
from hazardous materials, carcinogenic substances, and harm-
ful germs has become a serious global concern (Ahmed & 
Haider, 2018; Manikandan et al., 2021). Moreover, the waste-
water contains several types of pollutants such as organic (dyes, 
pesticides, pharmaceutical ingredients, fertilizers, organohal-
ides, phenols, surfactants, etc.), inorganic (heavy metal ions, 
metal oxides, metal complexes, salts, etc.), nutrients, and agri-
cultural runoff, pathogens, and so on (Gusain et al., 2019; 

Thines et al., 2017; Varma et al., 2020; Zhang, Gu, et al., 2019). 
However, organic pollutants are responsible for major contami-
nation of the environment due to their frequent discharge into 
the environment. Meanwhile, organic pollutants are prevalent 
in sewage effluents, groundwater, drinking water, and sludge, 
posing a serious hazard to people and aquatic creatures 
(Mahlambi et al., 2015). Therefore, organic pollutants can seri-
ously harm the environment and cause negative effects on 
human health (Byrne et al., 2018; Low, Jiang, et al., 2017). 
Some organic pollutants are classified as persistent organic pol-
lutants because they do not readily degrade in the environment 
and can persist for long periods (Mahlambi et al., 2015). 
Meanwhile, persistent organic pollutants were known as a kind 
of organic chemical contamination with high toxicity, which 
contaminates underground water a lot, and further leads to 
serious water scarcity (Xie et al., 2021). It is also suspected of 
causing cancer, congenital impairments, immune and repro-
ductive system dysfunction, and endangering the growth of 
newborns and children (Ahmed & Haider, 2018; Gusain et al., 
2019; Nadimi et al., 2019).
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Among major categories of organic pollutants, modern 
commercial dyes are characterized by strong structural and 
color stability due to their high degree of aromaticity and 
extensively conjugated chromophores. These dyes are widely 
utilized in a variety of industries, including printing, leather, 
cosmetics, plastics, food, and, most notably, textiles, and their 
unintentional release into the environment poses a risk to 
human health and ecological systems. Furthermore, these toxic 
and carcinogenic synthetic colors would prevent sunlight from 
entering water bodies, harming natural aquatic activities 
including photosynthesis and other biodegradation processes. 
These toxins will endanger human health and the environment 
if they are not effectively removed (Cheng et al., 2013).

Water is the most precious resource that should be conserved, 
treated, and recycled scientifically for sustainable use in every 
aspect of life (Sudhaik et al., 2018). Therefore, various conven-
tional approaches have been practiced for wastewater treatment 
such as coagulation, flocculation, filtration and membrane sepa-
ration, sedimentation, reverse osmosis, adsorption, disinfection 
and advanced oxidation, and biological methods (Ghafoor et al., 
2019; Kumar & Chowdhury, 2020; Miklos et al., 2018). 
However, the efficiency of these remedial techniques is limited 
for the purification of wastewater containing persistent organic 
pollutants (Iervolino et al., 2019; Sudhaik et al., 2018). Moreover, 
various conventional approaches are ineffective, time-consum-
ing, chemically intensive, and have reached a significant level of 
maturity (Dewil et al., 2017; Kumar, Khan, et al., 2018).

For the removal of diverse contaminants from industrial 
wastewater, efficient wastewater treatment techniques should 
be utilized (Varma et al., 2020). As a result, Advanced Oxidation 

Processes (AOPs) are a series of chemical treatment procedures 
that use oxidation to mineralize organic contaminants, water 
pathogens, and disinfection byproducts by the in-situ produc-
tion of highly reactive species (Babuponnusami & Muthukumar, 
2014; Malato et al., 2009). It works by producing highly reactive 
chemical species such as hydroxyl radicals (•OH) and superox-
ide anion radicals (•O2

−) that attack organic contaminants. The 
efficiency of AOPs is based on the generation of these highly 
reactive radicals, which are unselective and robust oxidizing spe-
cies (E° = 2.80 V) capable of degrading micropollutants with 
reaction rate constants typically around 106 to 109 mol L−1s−1, 
yielding CO2, H2O, and, eventually, inorganic ions as final 
products (Ribeiro et al., 2015; Saravanan et al., 2017).

The classification of AOPs is very difficult due to the mul-
tiple processes involved. However, it can be classified as homo-
geneous or heterogeneous processes depending on the phase of 
the catalyst used (Figure 1). Despite their use in wastewater 
treatment, these processes have several limitations, including 
the need for complex equipment, ozone’s short half-life, UV 
radiation absorption, partial mineralization of contaminants, 
and high costs of these processes (Sudhaik et al., 2018).

Furthermore, most AOPs require the use of additional chemi-
cals as oxidants and energy which aggravates the energy crisis 
(Zhang, Gu, et al., 2019). Except for semiconductor-based 
Photocatalysis, the remaining advanced oxidation process have 
practical limitations, such as H2O2 transport and storage, cost-
intensive oxidant synthesis, and sludge generation (Yao et al., 
2014). Among the possible AOPs techniques for wastewater 
treatment, semiconductor-based photocatalysis has been known 
as a green, simple, and cost-effective technique for the complete 

Figure 1. Various classifications of advanced oxidation process (Mousavi et al., 2018).
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degradation of organic contaminants in wastewater (Gusain et al., 
2020; Ismael et al., 2020). Moreover, It is by far one of the most 
superior and promising environmental purification technologies, 
not only because it uses the most plentiful solar energy and molec-
ular oxygen (as an oxidant species), but also because it degrades 
persistent hazardous contaminants to carbon dioxide, water, and 
inorganic minerals (Dong et al., 2017; Sun et al., 2018).

The best solution for energy production and the elimination 
of pollutants is to use solar energy, which is a powerful, afford-
able, and renewable energy source (Low, Jiang, et al., 2017). 
Therefore, the use of sunlight is both cost-effective and envi-
ronmentally friendly as well as minimizes chemicals to be used 
and toxic emissions in the environment for various applications 
(Raja & Jaffar Ali, 2021). Solar energy reaching the Earth’s 
surface is dominated by three regions of the electromagnetic 
spectrum namely UV (~5%), visible (~45%), and IR (~50%) 
(Kumar, Karthikeyan, et al., 2018). However, the challenge 
here is to identify suitable photocatalytic materials capable of 
capturing photons, particularly those in the visible light spec-
trum. The search for visible light-active photocatalysts is a hot 
topic nowadays (Zhu et al., 2014). Therefore, the formation of 
heterostructured composite is desirable to utilize the extended 
sunlight radiation for photocatalytic applications of environ-
mental remediation (Raja & Jaffar Ali, 2021). Moreover, con-
structing a heterostructured composite can greatly promote the 
separation of photo-generated charge carriers and the photo-
catalytic activity of the catalyst. The excellent photocatalytic 
performance of the g-C3N4/TiO2 heterojunction catalysts 
makes them promising candidates for environmental remedia-
tion (Zhou et al., 2017). Meanwhile, g-C3N4 can form the het-
erojunction with TiO2 to reduce the recombination of 
photogenerated electron-hole pairs and significantly enhance 
the photocatalytic activity of TiO2 under visible light due to the 
close interfacial connection and appropriate conduction and 
valence band levels (Li et al., 2016). Due to such merits, differ-
ent heterostructures of g-C3N4/TiO2 nanocomposite photo-
catalysts have been prepared for the photodegradation of dyes 
in wastewater. For instance, Li et al. synthesized g-C3N4/TiO2 
hybrid photocatalysts through a modified sol-gel technique. 
Compared with pure g-C3N4 and TiO2, the g-C3N4/TiO2 het-
erojunction photocatalysts exhibited enhanced visible-light 
photoactivity, which is around 3.5 times as high as that of the 
pure g-C3N4 and eight times as much as the pure TiO2. The 
appropriate band gap, the heterojunction between g-C3N4/
TiO2, and the substantially greater surface area are all factors 
that contribute to the high photocatalytic activity of the 
g-C3N4/TiO2 composite. In addition, the photocatalytic per-
formance of the g-C3N4/TiO2 hybrid photocatalysts was sta-
ble, indicating that it is a promising material for dye 
photodegradation in wastewater (Li et al., 2016). Hao et al. 
fabricated g-C3N4/TiO2 heterojunction composites via in situ 
hydrothermal synthesis followed by calcination method. 
Compared with pure g-C3N4 and TiO2, the g-C3N4/TiO2 
heterojunction composites exhibited higher photocatalytic 

performance for decomposition of Rhodamine B (RhB), which 
is around 3.5 times as high as that of the pure g-C3N4 and 18.5 
times as much as the pure TiO2. The high activity can be 
ascribed to the high specific surface area of the g-C3N4/TiO2 
composites and a synergistic heterojunction structure between 
TiO2 and g-C3N4 (Hao et al., 2017).

Many recent reports are not available on recent advances in 
g-C3N4/TiO2-based nanocomposite photocatalysts for waste-
water treatment. Therefore, these factors triggered the interest 
in this research in the near future. Herein this review will 
mainly focus on the recent developments and ways of boosting 
the photocatalytic activity of g-C3N4/TiO2-based nanocom-
posite photocatalysts for organic pollutant degradation. 
Meanwhile, this critical review provides academic insight into 
strategies for improving charge separation and transfer effi-
ciency, broadening visible light absorption, improving photoin-
duced charge carrier mobility, increasing surface area and active 
sites, and improving photocatalytic activity of g-C3N4/TiO2-
based heterostructured nanocomposites. It also pinpoints strat-
egies for boosting the photocatalytic performance of g-C3N4/
TiO2-based heterojunction composites for practical applica-
tion in environmental remediation. Finally, we will give a sum-
mary and outlook on constructing different types of g-C3N4/
TiO2-based heterostructure nanocomposite photocatalysts.

Basic Principles and Mechanism of Heterogeneous 
Photocatalysis
The accepted definition of photocatalysis, according to the 
glossary of terms and conditions used during photocatalysis, 
consists of a change in the rate of chemical reaction in the pres-
ence of an absorber of light by a photocatalyst in the presence 
of ultraviolet, visible, or infrared radiation and the photocata-
lyst is defined as a substance which, by absorption of ultravio-
let, visible or infrared radiation, can repeatedly produce a 
chemical transformation of reaction partners into intermediate 
chemical interactions and regenerate their chemical composi-
tion after each interaction cycle (Augugliaro et al., 2019).

Among the several known advanced oxidation technologies, 
semiconductor-based heterogeneous photocatalysis is the most 
effective method for degrading contaminants without produc-
ing harmful intermediates at ambient pressure and temperature 
(Basavarajappa et al., 2020). In a photocatalytic process, elec-
trons could be excited from the valence band (VB) to the con-
duction band (CB) of a photocatalyst, when exposed to light 
with energy that is greater than or equal to the bandgap energy 
of a photocatalyst (Sudhaik et al., 2018). Holes can directly 
oxidize pollutants or react with H2O/OH− to produce hydroxyl 
radicals (•OH/H2O) = 2.8 eV/NHE). Whereas the electrons 
capture dissolved oxygen (O2) to yield superoxide radical 
(O2/•O2

−) = −0.3 eV/NHE) (Shen et al., 2020). Moreover, the 
generation of •OH radicals are normally concerned with two 
routes, (i) H2O and OH− in the water environment can be 
readily oxidized by photogenerated h+ to form •OH radicals; 
(ii) O2 presented in the aqueous solution can be reduced by 
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photogenerated e− form •O2
− radicals, followed by reacting with 

h+ (forming •OOH radicals) and further decomposition to 
produce •OH radicals (Dong et al., 2015; Huang et al., 2019; 
Muhd Julkapli et al., 2014). Under appropriate conditions, 
photocatalysis generates reactive oxygen species (ROS) like; 
•OH, •O2

−, 1O2, H2O2, and holes (h+) which can facilitate the 
degradation of pollutants (Kumar, Raizada, et al., 2020).

Finally, Photo-generated electron-hole pairs migrate to the 
surface of the photocatalyst to participate in redox reactions to 
degrade pollutants (Sudhaik et al., 2018). Moreover, with the 
irradiation of UV or visible light with energy larger than or equal 
to the semiconductor’s energy bandgap, the electron-donating, 
and electron-accepting sites are formed inside the surface of the 
semiconducting catalyst (Shen et al., 2020). However, if the pho-
togenerated electrons and holes are not scavenged immediately 
after photoexcitation, they may recombine on the surface or in 
the bulk of the semiconductor, releasing the absorbed energy as 
heat or light (Huang et al., 2019; Muhd Julkapli et al., 2014).

In general, each photocatalytic reaction involves seven key 
steps which can be categorized into four main stages: light 
absorption through the semiconductor to generate pairs of elec-
tron-hole (stage 1); charge excitation (stage 2); charge separation 
and migration to the semiconductive surface or bulk recombina-
tion (stages 3, 4, and 5); and surface redox reactions (stages 6 and 
7). These four steps are mutually exclusive, and the thermody-
namics and kinetics of these processes determine the efficiency 
of the photocatalyst (Figure 2) (Wen et al., 2017).

Moreover, the overall photocatalyst efficiency has been sig-
nificantly affected by the combined effects of four-stage pro-
cesses such as (a) light absorption, (b) charge separation 
efficiency, (c) charge migration and transportation efficiency, 
and (d) charge usage efficiency. The overall efficiency of the 
various photocatalytic processes can be described as follows: 

 η η η η ηc abs cs cmt cu= × × ×  (1)

Where ηc is the solar energy conversion efficiency, ηabs is the 
light absorption efficiency, ηcs is the charge excitation/separa-
tion efficiency, ηcmt is the charge migration and transportation 

efficiency, and ηcu is the charge usage efficiency for photoca-
talysis reactions. Therefore, all of these typical four-step pro-
cesses must be fully considered and optimized to design highly 
efficient visible-light-driven photocatalysts for organic pollut-
ant degradation (Wen et al., 2015, 2017).

Structure and Photocatalytic Properties TiO2 
Photocatalysts
Among all semiconductor photocatalysts, TiO2 is receiving 
tremendous attention as a promising photocatalyst for envi-
ronmental remediation due to its intriguing photocatalytic 
properties such as higher redox potential, high reactivity, 
higher efficiency, robust chemical stability, non-toxicity, ease 
of preparation, and cost-effective (Peiris et al., 2021; Tsang 
et al., 2019). It exists commonly in three crystalline phases 
such as anatase, rutile, and brookite (Figure 3) ( Jianmin & 
Informatio, 2016; Pelaez et al., 2012). The dominant faces in 
the morphology of crystalline anatase are (011) and (001). 
The (001) face is highly reactive and it affects the catalytic 
activity, stability, and absorptive properties (Peiris et al., 
2021). Moreover, anatase and rutile are the most commonly 
used in photocatalytic applications, although anatase is con-
sidered to be more photoactive than rutile, because of its 
stronger reducing power and better hole-trapping ability 
(Gopalan et al., 2020; Tobaldi et al., 2013). Among these 
three polymorphs, rutile is the most stable whereas anatase 
and brookite are metastable phases (Singh & Dutta, 2018). 
Therefore, the brookite and anatase polymorphs will change 
into the thermodynamically stable rutile polymorph when 
calcined at high temperatures exceeding 600°C ( Jianmin & 
Informatio, 2016; Pelaez et al., 2012). Brookite is generally 
more reactive than anatase. However, preparing pure brook-
ite without rutile or anatase is rather difficult, and therefore 
it has not been widely investigated (Di Paola et al., 2013). 
Other than pure anatase TiO2 products, some commercial 
TiO2 products contain pure anatase or a mixture of 25% 
rutile and 75% anatase with a bandgap in the range of 3.15 
to 3.21 eV (Tsang et al., 2019). The overlapping of 2p orbit-
als of oxygen forms a valance band (VB) in these crystalline 
phases, whereas the 3d orbitals of Ti4+ are responsible for the 
formation of the lower half of the conduction band (CB) 
(Daghrir et al., 2013). Anatase crystal structure comes from 
corner-sharing of the octahedral which forms (001) planes 
resulting in the tetragonal structure; whereas the rutile crys-
tal structure comes from the edge-sharing of (001) planes of 
octahedral which gives a tetragonal structure (Pelaez et al., 
2012). In the case of brookite, both the edge and corner-
sharing provide an orthorhombic structure (Chen & Mao, 
2007). The Ti-Ti distances in anatase are longer than the 
Ti-O distance, which results in differences in their electronic 
band structures (Burdett et al., 1987). Rutile has a higher 
density than anatase, and these structural differences result 
in differences in photocatalytic activity (Gupta & Tripathi, 
2011; Nolan et al., 2010).

Figure 2. Schematic illustrations of major photocatalytic processes 

(Prasad et al., 2019).
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Strategies for improving TiO2 photoactivity

The modification of TiO2 to overcome the limitations in the 
use of pure TiO2 is one of the most widely studied topics in the 
field of photocatalysis. In recent years, some of the major 
approaches have been proposed to boost the photocatalytic 
activity of TiO2 such as elemental doping, constructing hetero-
junctions with other small bandgap semiconductors, noble 
metal deposition, and dye sensitization (Li et al., 2020).

Doping of metal and nonmetal elements. The most significant factor 
that hindered the practical application of TiO2 is the fast recom-
bination of photoinduced electron-hole pairs and poor photosen-
sitivity of TiO2 under visible light irradiation. In general, ordinary 
TiO2 has a wide intrinsic band gap (3.2 eV for anatase and 3.0 eV 
for rutile), allowing it to absorb only UV light, which accounts for 
just 5% of the sunlight (Li et al., 2020). Therefore, absorption of 
only ultraviolet radiation limits the use of all the energy of sunlight 
to activate photocatalytic processes (Salomatina et al., 2021). The 
visible light absorption of TiO2 can be enhanced through metal 
and non-metal doping of the photocatalyst (Nasirian et al., 2018). 
Moreover, Doping causes the production of vacancies such as 
interstitial or substitutional defects which alter the color, conduc-
tivity, reactivity, and optical and magnetic properties of doped 
oxides (Rahimi et al., 2016). Enhancing the photocatalytic activity 
of TiO2 by doping metals or non-metal ions has been presented in 
recent reviews (Basavarajappa et al., 2020; Tsang et al., 2019; 
Varma et al., 2020; Wen et al., 2015; Yadav & Jaiswar, 2017).

Constructing heterojunctions. The photocatalytic efficiency of 
TiO2 may be significantly improved by combining it with other 
small bandgap semiconductors to produce a heterojunction. 
This approach may not only enhance the separation of photo-
generated electron-hole pairs, but it can also extend the spectral 
response range to visible light and even the near-infrared region 

(Li et al., 2020). The main design considerations of heterostruc-
tures are focused on extending light absorption, increasing spe-
cific surface area, introducing cocatalyst to reduce the 
overpotential of catalytic reaction, and improving the separation 
of photogenerated electron-hole pairs. Therefore, the design of 
heterojunction nanocomposites has become a compelling and 
feasible approach to overcoming the limitations of pristine 
TiO2 in terms of photocatalytic activity (Fu et al., 2018; Low, 
Yu et al., 2017; Ong et al., 2016).

In particular, coupling TiO2 with graphitic carbon nitride 
(g-C3N4) represents an intriguing solution to enhance the pho-
tocatalytic activities of TiO2. Additionally, the delocalized con-
jugated structure of g-C3N4 gives rise to a slow charge 
recombination rate and promotes photoinduced charge carriers 
separation and transportation. In contrast, the formation of a 
charge-transfer complex at the interface between g-C3N4 and 
TiO2 results in a g-C3N4/TiO2 heterojunction that shows a 
decrease in the recombination rate of photogenerated electron-
hole pairs as well as an increase in the photocatalytic activity of 
TiO2 under visible light irradiation (Porcu et al., 2020; Zhou 
et al., 2017). There have been excellent reviews on heterojunc-
tion-based photocatalysts for the degradation of persistent 
organic pollutants and readers can refer to these review articles 
(Low, Yu, et al., 2017; Xie et al., 2021).

Various types of g-C3N4/TiO2-based nanocomposite het-
erojunctions for organic pollutant degradation in wastewater 
are presented in detail in this review. Meanwhile, Tables 1 to 3 
sum up the latest reports on different types of g-C3N4/TiO2-
based nanocomposite heterojunctions for photodegradation of 
organic pollutants in wastewater.

Noble-metals deposition. The deposition of a noble metal on 
semiconductor nanoparticles is an important factor in improv-
ing the efficiency of photocatalytic reactions. Subsequently, it 

Figure 3. Crystal structure of TiO2 polymorphs: (a) anatase, (b) rutile, and (c) brookite (Zhang et al., 2014).
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is commonly assumed that the noble metal acts as a sink for 
photo-generated charge carriers and promotes interfacial 
charge transfer (Rahimi et al., 2016). Noble-metal nanoparti-
cles (NPs) such as Au and Ag can respond to visible light due 
to the localized surface plasmon resonance (LSPR), which is 
the result of the collective oscillations of the surface electrons, 
exhibiting great potential for extending the light absorption 
range of wide band gap semiconductors (Lu et al., 2012). 
Fermi levels of these noble metals are lower than that of TiO2, 
which results in the effective transfer of the photoinduced 
electrons from the conduction band of TiO2 to metal parti-
cles. This electron trapping process inhibits the electron-hole 
recombination rate, which results in stronger photocatalytic 
reactions (Etacheri et al., 2015). Recently, an excellent review 
article has been carried out on the recent progress of noble 
metals with tailored features in catalytic oxidation for 
organic pollutants degradation (Fu et al., 2022). For instance, 
Moslah et al. used a sol-gel/spin-coating method for pre-
paring nanocrystalline pure and noble metal (Ag, Au, Pd, 
and Pt)-doped TiO2 thin films. The order of photocatalytic 
activity is most probably related to the work function order, 
Pt-TiO2 > Pd-TiO2 > Au-TiO2 > Ag-TiO2 >pure TiO2 
(Moslah et al., 2018).

Dye-sensitization. An intriguing strategy for achieving effec-
tive visible light-harvesting is the photosensitization of wide-
band-gap semiconductors by appropriate sensitizer molecules 
(Dong et al., 2015). During visible-light irradiation, excited 
electrons are transferred from the dyes to the conduction 
band of the semiconductor (Etacheri et al., 2015). Mean-
while, several electron transfer steps are involved in this pro-
cess. The physical adsorption of dyes occurs through the weak 
van der Waals interaction between the dye molecule and the 
TiO2 surface. The photochemical process is initiated by pho-
toexcitation of dye molecules upon irradiation by visible light, 
followed by the transfer of the electrons from the excited dye 
to the conduction band of TiO2 (see Figure 4). Subsequently, 
in the presence of suitable electron donors (eg, EDTA, organic 
acids, water, alcohols, etc.), the oxidized dye is regenerated. 
The injection of an electron into the conduction band of 
TiO2 is favorable due to the more negative potential of the 
lowest unoccupied molecular orbital (LUMO) of the dye 
molecules as compared to the potential of the TiO2 conduc-
tion band (Daghrir et al., 2013; Rehman et al., 2009). Some 
dyes are even capable of producing electrons by absorbing vis-
ible light in the absence of semiconductors. Nevertheless, in 
the absence of semiconductor charge separators, photocata-
lytic activities of these dyes are too low. Visible-light absorp-
tion and electron transfer to the conduction band of TiO2 
often resulted in a superior photocatalytic activity (Etacheri 
et al., 2015). Generally, various researchers conducted a com-
prehensive review of different modification strategies to 
enhance the photocatalytic activity of TiO2 (Humayun et al., 
2018; Li et al., 2020; Wen et al., 2015).
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Properties, Preparation Strategies, and 
Photocatalytic Applications of g-C3N4

Origin and synthesis of g-C3N4

Graphitic carbon nitride (g-C3N4), a metal-free polymeric 
material containing carbon and nitrogen, the two earth-abun-
dant elements, has exhibited excellent photocatalytic perfor-
mance. Its exceptionally tunable and stable physical and 
chemical properties, distinctive electronic band structure along 
with facile synthesis makes it a unique photocatalytic material 
(Kumar, Raizada, et al., 2020).

Since Wang et al. first reported in 2009 on using graphitic 
carbon nitride as a metal-free conjugated semiconductor pho-
tocatalyst for hydrogen production, it has been regarded as a 
promising material for photocatalytic applications (Wang, 
Maeda et al., 2009). g-C3N4 contains seven different phases 
predicted by calculations of the first principle such as alpha-
C3N4, beta-C3N4, pseudocubic C3N4, g-h-triazine, g-h-hepta-
zine, and g-o-triazine with 5.49, 4.85, 4.30, 4.30, 2.97, 2.88, 
and 0.93 eV band gaps, respectively (Prasad et al., 2019; 
Sudhaik et al., 2018; Wen et al., 2017; Xu, Ahmed et al., 2018). 
A similar hardness and low compressibility to the diamond 
phases is the famous super hard phase β -C3N4 crystalline. It is 
also structured in the same way as Si3N4, replacing the silicon 
atom with a carbon atom. Meanwhile, because alpha-C3N4 is 
comprised of layers of beta-C3N4 alternating with its mirror 
image stack, it shares many of the same properties as beta-
C3N4, such as crystalline structure, and bulk modulus, and 
atomic density (Wang et al., 2015). The remaining five phases 
except for the pseudocubic C3N4 and g-h-triazine phases have 
indirect band gaps in their bulk structures. With band gaps of 
2.97 and 2.88 eV, the g-h-triazine and g-h heptazine phases are 
appropriate for a variety of visible-light active photocatalytic 
applications (Wen et al., 2017).

Triazine rings (C3N3) as tectonic units and tri-s-triazine 
(heptazine) ring as central units are the two fundamental build-
ing blocks of g-C3N4 materials. The polymer melon hypothesis 
is linked to tri-s-triazine, which is the most stable pattern, 

energetically favored, and widely accepted structural unit 
(Figure 5) (Mousavi et al., 2018).

Properties and preparation of g-C3N4 photocatalyst

Thermogravimetric analysis shows that g-C3N4 is thermally 
stable in the air up to 600°C. It became unstable and the skel-
eton becomes collapsed over 600°C, and then it was completely 
decomposed into small CO2 and NH3 molecules beyond 700°C 
(Chen et al., 2020). Furthermore, g-C3N4 is chemically stable 
and does not dissolve in acid, alkali, or organic solvents, making 
it a robust material under normal conditions (Ong et al., 2016). 
g-C3N4 is not only the most stable carbon allotrope in the 
ambient atmosphere but also has rich surface properties which 
are attractive for catalysis applications due to the presence of 
primary surface sites (Zhu et al., 2014).

The attractive electronic structure, non-toxic, low density, 
earth-abundant nature, and moderate bandgap of 2.7 eV of 
g-C3N4 make it a good choice for visible light-assisted photo-
catalytic water purification. Furthermore, perfectly condensed 
g-C3N4 has only two earth-abundant elements: C and N, with 
a C/N molar ratio of 0.75, implying that g-C3N4 might be 
synthesized cheaply. Graphitic carbon nitride (g-C3N4) is dis-
tinguished from graphene and other analogs by its semicon-
ductor character. Furthermore, g-C3N4 in nanocomposites is 
being investigated as a possible photocatalyst for photocata-
lytic organic pollutant degradation in wastewater (Sudhaik 
et al., 2018; Wen et al., 2017).

Pure g-C3N4 has a conduction band potential of around 
1.3 V (normal hydrogen electrode (NHE) at pH = 7), which is 
more negative than the potential of photocatalytic reduction of 
carbon dioxide (CO2) into hydrocarbons like methane (CH4) 
(−0.24 V), methanol (CH3OH) (−0.38 V), formaldehyde 
(HCHO) (−0.48 V), ethanol (CH3CH2OHV) (−0.33 V), and 
formic acid (HCOOH) (-0.61V). It’s also lower than the 
potential for H2 evolution, which stands at −0.41 V (NHE at 
pH 7). Pure g-C3N4 has a valence band position of +1.4 V 
(NHE at pH 7), which is higher than the water oxidation 
potential. As a result, g-C3N4 can be used in photocatalytic 
CO2 reduction, photocatalytic water splitting, and degradation 
of organic pollutants (Wang et al., 2015).

Thermal polymerization, solvothermal, chemical vapor dep-
osition, and electrochemical deposition are some of the chemi-
cal methods used to synthesize g-C3N4. The thermal 
polycondensation method, on the other hand, is universally used 
in a wide range of reported research due to its simple and effi-
cient operation as well as its low cost (Tan et al., 2021). Unlike 
the metal-containing photocatalysts that need expensive metal 
salts for preparation, g-C3N4 is primarily produced by thermal 
polymerization of cheap N-rich precursors such as dicyandi-
amide, melamine, cyanamide, urea, and guanidine hydrochlo-
ride at various temperatures (Prasad et al., 2019; Reddy et al., 
2019; Ye et al., 2015; Zhu et al., 2014). Urea was found to be a 

Figure 4. Mechanism of dye-sensitized semiconductor photocatalysis 

(Etacheri et al., 2015).
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Figure 5. s-Triazine (a and b) tri-s-Triazine (heptazine) structures of g-C3N4 (Mousavi et al., 2018).

Figure 6. Synthesis of graphitic carbon nitride using different precursors (Tahir et al., 2020).

superior precursor for preparing thin-layer g-C3N4 with a high 
specific surface area among the numerous precursors utilized to 
synthesize g-C3N4 (Cao et al., 2015). The temperature at which 
g-C3N4 is synthesized is determined by the type of precursor 
used, whereas the thickness of the g-C3N4 layers is determined 
by the pyrolysis time (Figure 6) (Tahir et al., 2020).

Modification strategies of g-C3N4 photoactivity

Since its discovery in 2009, scientists have worked hard to 
improve the photocatalytic performance of g-C3N4 and address 
its shortcomings, such as high rate of electron-hole recombina-
tion, insufficient visible light absorption (λ < 460 nm), low spe-
cific surface area (~10 m2/g), small active sites for interfacial 

photoreactions, slow surface reaction kinetics, moderate oxida-
tion ability, grain boundary effects, low charge mobility, and 
low quantum yield are the main disadvantages of g-C3N4 as 
photocatalyst (Sudhaik et al., 2018; Tahir et al., 2020). To 
improve photocatalytic activity, some major strategies have 
been developed, including (i) doping with metallic/non-metal-
lic elements, (ii) coupling with other semiconductors, (iii) fab-
rication of mesoporous structures, and so on (Sudhaik et al., 
2018).

Elemental doping of g-C3N4. Doping of g-C3N4 is a process of 
introducing foreign impurities into the g-C3N4 framework to 
enhance the inherent optical, electronic, luminescent, and 
physical properties of g-C3N4. In the field of photocatalysis, 
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band gap engineering of g-C3N4 via doping plays a predomi-
nant role to modulate the light absorption and redox band 
potentials for targeted photocatalytic applications (Ong et al., 
2016).

Elemental doping is an effective strategy not only modifies 
the electronic band structure of g-C3N4 but also affects the sur-
face properties, and improves the photocatalytic efficiency of 
g-C3N4 (Liu et al., 2021; Patnaik et al., 2021). Metal doping 
and nonmetal doping are the two main types of elemental dop-
ing. Metal doping endows some excellent functions to g-C3N4, 
such as reducing band gap, enhancing visible light absorption, 
and enhancing catalytic performance. These metals include 
alkali metals (Li, Na, K) and transition metals (Fe, Cu, and W), 
and so on (Liu et al., 2021). Metallic impurities introduce 
additional binding functions, lowering the bandgap and 
increasing visible light absorption, giving the doped system 
distinct catalytic and photocatalytic capabilities. To introduce 
metal ions into graphitic carbon nitrides, the matching soluble 
salt is commonly combined with the graphitic carbon nitride 
precursor and dissolved in deionized water while stirring to 
ensure uniformity (Dong et al., 2014).

Non-metal doping has proven to be an effective method to 
control electronic systems and improve visible light absorption 
(Xiao et al., 2020). Besides, Non-metal doping is a viable tech-
nique to inject heteroatoms and defects into the g-C3N4 matrix 
while keeping the metal-free characteristic. Because non-metal 
atoms have higher ionization energy and a different electro- 
negativity, they can react with other substances to obtain elec-
trons for covalent bond formation after being introduced to 
change the electron distribution surrounding the doped posi-
tion due to charge polarization. Generally, highly electronega-
tive doped-heteroatoms encourage electron migration from 
adjacent C atoms to the doping site and empower C atoms 
with induced polarization to demolish chemical inertia and 
create new reactive sites. At the same time, Lower electronega-
tive heteroatom doping increased the asymmetric spin density 
of neighboring C atoms and enhanced the electron giving 
capacity of g-C3N4. These characteristics make the introduc-
tion of adsorption and activation sites and accelerate electron 
transfer rate. Up to now, Nonmetal heteroatoms such as C, S, 
and O have been highlighted in the doping modification of 
g-C3N4 (Tan et al., 2021). Recently, various excellent review 
articles have been carried out on improving the photocatalytic 
performance of g-C3N4 using metal and nonmetal doping 
(Hasija et al., 2019; Jiang et al., 2017; Liu et al., 2021; Starukh 
& Praus, 2020; Zhou, Zhang, et al., 2016).

Coupling with other semiconductors. The fast recombination of 
photoinduced electron-hole pairs causes the low efficiency of 
photocatalytic reactions and limited their practical photocata-
lytic applications. To suppress the recombination rate of pho-
togenerated charge carriers, combining g-C3N4 with other 
semiconductors to form heterojunctions can not only improve 

the separation of photogenerated charge carriers but also 
broaden the solar light absorption spectrum (Ye et al., 2015). 
In general, the heterojunctions should have appropriate band 
positions of the two semiconductors for energy-level offsets, 
resulting in the accumulation of space charge at the interfaces 
of the two components to facilitate the separation of pho-
togenerated carriers. Because of their excellent physical, opti-
cal, and electrical properties, g-C3N4-based heterojunction 
nanocomposites have been widely used to address a wide range 
of environmental pollution and energy shortages when irradi-
ated to visible light (Huang et al., 2018). There have been com-
prehensive reviews on the preparation and applications of 
g-C3N4/TiO2 heterojunctions to which readers can refer 
(Acharya & Parida, 2020; Zhou et al., 2017). Herein this 
review mainly focuses on different types of g-C3N4/TiO2-
based heterojunctions for photodegradation of organic pollut-
ants, which are presented in Tables 1 to 3.

Fabrication of mesoporous structure. As a polymer, g-C3N4 has 
a flexible structure and is thus well suited to form different 
morphologies (Cao et al., 2015). Controlled morphologies 
and surface characteristics of the g-C3N4 nanostructure matrix 
are an effective technique to advance g-C3N4 photocatalysis 
with efficient charge transportation and migration as well as 
mass diffusion during the photocatalytic reaction (Ong et al., 
2016). Indeed, several typical nanostructures of g-C3N4 have 
been obtained, such as porous g-C3N4, hollow spheres, and 1D 
nanostructures (Cao et al., 2015). Controlling the nanostruc-
ture may lead to modifications in the chemical, physical, and 
optical properties of g-C3N4. The number of redox sites, dif-
fusion distance of electrons, and holes to reach these sites can 
be tuned by controlling the nanostructure (Mishra et al., 
2019). Porous g-C3N4 photocatalysts are extremely fascinat-
ing, which can significantly increase their exposed surface 
area and accessible channels (porosity) and active sites in 
g-C3N4, thus facilitating the molecular mass transfer/trans-
port, charge migration and separation, surface reactions, and 
light-harvesting (Cao et al., 2015; Wen et al., 2017). Moreo-
ver, g-C3N4 precursors like cyanamide, urea, dicyanamide, 
and melamine can be mixed with specific templates like silica 
materials, then thermally condensed. This produces a 
g–C3N4/template component, which is then removed with 
ammonium hydrogen fluoride or hydrofluoric acid to yield a 
porous g-C3N4 structure ( Jourshabani et al., 2020; Thomas 
et al., 2008; Wang, Wang, & Antonietti, 2012). For instance, 
Shi et al. successfully synthesized spherical mesoporous 
g-C3N4 using cyanamide as a precursor and spherical 
mesoporous silica as a sacrificial template. The experimental 
results showed that as-prepared spherical g-C3N4 with a 
porous structure had a much larger surface area than bulk 
g-C3N4 for decomposing RhB under visible light, as well as 
excellent recycling activity (Shi et al., 2019). Similarly, Li, 
Huang, et al. (2018) prepared high-surface-area mesoporous 
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g-C3N4 nanosheets with excellent adsorption capacity and 
photocatalytic activity by directly polycondensation urea fol-
lowed by a one-step thermal exfoliation strategy.

Applications of g-C3N4/TiO2 Heterojunction 
Nanocomposites for Photodegradation of Organic 
Pollutants
When g-C3N4 and TiO2 are combined to form a g-C3N4/TiO2 
heterojunction, photocatalytic activity is significantly increased 
compared to single-component catalysts, making g-C3N4/TiO2 
a promising candidate for organic pollutant degradation in 
wastewater (Zhou et al., 2017). Due to their high activity, high 
thermal and chemical stability, and well-matched band struc-
ture, heterojunction catalysts made of g-C3N4 and TiO2 have 
recently received a lot of attention. Various kinds of g-C3N4/
TiO2 heterojunction nanocomposite catalysts have been devel-
oped to solve water pollution problems. Meanwhile, in the case 
of wastewater treatment, g-C3N4/TiO2 heterojunction nano-
composites have been widely used to degrade organic contami-
nants including rhodamine B (RhB), methyl orange (MO), 
methylene blue (MB), phenol, and so on. Summary of the 
recent progress on the photodegradation of organic pollutants 
using g-C3N4/TiO2-based heterojunction nanocomposites are 
shown in Tables 1 to 3. Therefore, this review mainly focuses on 
type II, all-solid-state Z-scheme, and direct Z-scheme g-C3N4/
TiO2-based heterojunctions for photocatalytic decomposition 
of the organic contaminants from wastewater.

Conventional heterojunction photocatalytic systems

Heterojunction catalyst is one of the most popular terms in 
the catalytic field in recent years, and it is made up of two 

different band structure semiconductor catalysts that contact 
each other to form a catalyst heterojunction structure (Zhou 
et al., 2017). Heterojunction catalysts exhibit strong optical 
absorption ability and higher carrier utilization efficiency 
than single-component semiconductor catalysts. Therefore, 
the built-in electrostatic field of heterojunction catalyst is an 
effective strategy to promote the separation and transfer of 
photo-induced charge carriers to maximize the utilization of 
absorbed photons and improve photocatalytic efficiency 
(Wang & Liu, 2019).

As shown in Figure 7, there are typically three types of con-
ventional heterojunction photocatalysts; straddling gap (type-
I), staggered gap (type-II), and broken gap (type-III) (Low, Yu, 
et al., 2017; Ong et al., 2016). For type I heterojunctions, the e−, 
and h+ pairs migrate to the CB and VB of the semiconductor 
B, respectively. The charge carriers in the type I heterojunction 
photocatalyst cannot effectively separate due to their accumu-
lation in the same semiconductor (Zhou et al., 2021).

In type-II heterojunctions, the conduction band (CB) and 
valance band (VB) position of semiconductor A are higher 
than that of the conduction band (CB) and valance band 
(VB) position of semiconductor B as shown in Figure 7b. 
Thus, the photogenerated electrons will transfer to semicon-
ductor B, while the photogenerated holes will migrate to 
semiconductor A under light irradiation, resulting in a spa-
tial separation of electron-hole pairs. Type-III photocatalyst 
heterojunction is similar to the type-II photocatalyst hetero-
junction, except that the band gaps do not overlap. As a 
result, electron-hole migration and separation between the 
two semiconductors are impossible in the type-III hetero-
junction, making it unsuitable for improving electron-hole 
pair separation (Low, Yu, et al., 2017).

Figure 7. Schematic illustration of the mechanism of separation of electron-hole pairs in conventional heterojunction photocatalysts: (a) type-I, (b) type-II, 

and (c) type-III heterojunctions (Zhou et al., 2021).
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Figure 8. Schematic illustration of liquid-phase Z-scheme photocatalytic system, where A and D respectively represent the electron acceptor and donor 

(low, Jiang, et al., 2017).

Because of the spatial separation of photogenerated e− and h+ 
pairs, type-II heterojunction is the most successful among other 
types of conventional heterojunctions (Kumar, Khan, et al., 2020). 
The poor redox ability of type-II heterojunction photocatalysts 
limits their use in a wide range of applications (Low, Jiang, et al., 
2017). However, recent efforts have been made to construct an 
efficient g-C3N4/TiO2-based type-II heterojunction structure 
that may considerably boost the separation of photo-generated 
charge carriers, as well as the photocatalytic activity of the cata-
lyst. Meanwhile, the photocatalytic performance of g-C3N4/
TiO2 heterojunction catalysts is good, making them suitable for 
the degradation of organic pollutants in wastewater (Zhou et al., 
2017). In the development of type-II heterojunction, g-C3N4/
TiO2 composite is famous, where photo-excited electrons trans-
ferred to TiO2 for oxidation and holes were transferred to g-C3N4 
monolayer for a redox reaction, resulting in inhibited charge car-
rier recombination (Tahir et al., 2020).

Because of the excellent spatial separation of photogen-
erated electron-hole pairs, only type-II heterojunction is 
acceptable for constructing effective photocatalysts for the 
application of different organic pollutant degradation in waste-
water, according to the aforementioned investigation (Zhou 
et al., 2021). Hence, a robust redox ability in type-II hetero-
junctions is difficult to achieve. In contrast to the traditional 
Type-II heterojunction, a novel type of heterojunction called a 
Z-scheme heterojunction has just been described to overcome 
this shortcoming (Ong et al., 2016).

All-solid-state indirect Z-scheme g-C3N4-TiO2 
heterojunction photocatalysts

In nature, It is well known that green plants can effectively 
convert CO2 and H2O to O2 and carbohydrates through natu-
ral photosynthesis, whereby the photogenerated electrons are 
transported through a Z-scheme mode (Zhang et al., 2020). 
Furthermore, the photosynthesis of plants generally proceeds 

according to the so-called Z-scheme photocatalytic process, in 
which two isolated reactions of water oxidation and CO2 
reduction are linked together through the redox mediators 
(Wen et al., 2017). Typically, in a traditional Z-scheme photo-
catalytic system two distinct photocatalysts are linked through 
a suitable shuttle redox ion mediator (viz. an electron acceptor/
donor (A/D) pair). The commonly used shuttle redox ion pairs 
are Fe3+/Fe2+ and IO3−/I−, which usually serve as electron trans-
fer chains (Low, Jiang et al., 2017; Xu, Zhang et al., 2018).

As shown in Figure 8, both semiconductor A and semicon-
ductor B are photoexcited when irradiated to light, resulting in 
the generation of electrons and holes in their respective CB 
and VB. The photogenerated electrons from semiconductor B 
will then move through a shuttle redox mediator to the VB of 
semiconductor A, leaving photogenerated holes in the VB of 
semiconductor B. As a result, the photogenerated electrons 
remain on semiconductor A with the greater reduction poten-
tial, while the photogenerated holes remain on semiconductor 
B with the higher oxidation potential, resulting in the optimi-
zation of the photocatalytic system’s redox potential (Low, 
Jiang, et al., 2017).

However, Traditional Z-scheme photocatalysts have various 
limitations such as redox mediator-induced reverse reactions, 
in particular, is thermodynamically favorable and can readily 
occur because photogenerated electrons and holes with high 
redox power are consumed by shuttle redox ion pairs. 
Furthermore, the light-shielding effect, practicality constrained 
in solution systems, sluggish charge carrier transfer rate limited 
by ion-pair diffusion, and solution pH sensitivity can all con-
tribute to traditional Z-scheme photocatalysts’ limited applica-
bility. Moreover, Most redox mediators are unstable and tend 
to deactivate, resulting in a reduction in reaction rate (Xu, 
Zhang, et al., 2018).

Tada et al. (2006) first proposed the concept of an all-solid-
state Z-scheme photocatalyst, which consisted of two different 
semiconductors and a solid electron mediator between them. 
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Meanwhile, For the all-solid-state Z-scheme photocatalytic 
system with the Ohmic-contact interfaces, their photocatalytic 
activities are majorly dependent on the surface properties of 
semiconductors with higher conduction band (CB) and val-
ance band (VB) edges, thus leading to the robust redox ability 
and enhanced Photocatalytic activity. Each semiconductor in 
the Z-scheme photocatalytic system is responsible for one oxi-
dation and the other for reduction reaction, thus helping for 
achieving the extremely extended visible-light absorption, 
strengthened redox ability, improved photostability, charge-
separation, and photocatalytic efficiency (Wen et al., 2017).

Since the first report, Z-scheme Photocatalysis has become 
a promising solution for resisting environmental degradation 
and the global energy crisis. It works on the principle of effec-
tive separation of photogenerated electron-hole pairs and 
optimizes the oxidation and reduction ability of the photo-
catalytic system (Huang et al., 2019). Meanwhile, a Z-scheme 
photocatalyst may be designed based on the bandgap align-
ment idea to maximize photogenerated charge carrier life-
times by suppressing charge carrier recombination for 
improved photocatalytic performance in the visible light spec-
trum (Younis & Kim, 2020).

In all-solid-state Z-scheme photocatalyst systems, the 
selection of a proper electron mediator is crucial because it can 
both efficiently transfer the photoinduced charge carriers and 
improve the stability of the photocatalysts. Mostly Noble met-
als, such as Au, Ag, and Cu NPs, have been used as excellent 
electron mediators for constructing all-solid-state Z-scheme 
photocatalysts. In addition, other carbon materials (eg, gra-
phene, GO, RGO, CNTs) are also good candidates for electron 
mediators (Figure 9) (Xu, Zhang, et al., 2018).

Generally, the photocatalytic performance of Z-scheme 
photocatalysts is superior to that of the conventional type-II 
heterojunction and traditional Z-scheme photocatalytic sys-
tem (Huang et al., 2019; Low, Jiang, et al., 2017). The nar-
rower g-C3N4 energy bandgap (~2.7 eV) compared to TiO2 
(~3.2 eV) opens possibilities to use them in visible-light-
driven photocatalysis. Furthermore, the high position of the 
conduction band (CB) of g-C3N4 enriches it with high photo-
catalytic reduction power and the high position of the valence 
band (VB) position of TiO2 is responsible for high oxidation 

power (Giannakopoulou et al., 2017). Therefore, the idea of 
coupling TiO2 with g-C3N4 has been approved to be a promis-
ing approach to obtaining highly active photocatalysts with a 
visible light response and high charge carriers’ separation effi-
ciency due to their matched band structures and synergistic 
effects (Lu et al., 2018). Despite the attempts in structure 
design, conventional-type-II heterojunctions between g-C3N4 
and TiO2 suffer from decreasing the reduction capability of the 
electrons and oxidation capability of the holes after they 
migrate to the lower energy levels, owing to the photo-gener-
ated electrons and holes transferring to less negative and posi-
tive band sites. Therefore, to address this problem proper 
design of all-solid-state indirect Z-scheme photocatalytic het-
erojunction is significantly needed. Different from type-Ⅱ 
heterojunction, the all-solid-state indirect Z-scheme charge 
transfer route could not only promote spatially charge separa-
tion, but also retain the strong redox ability of both TiO2 and 
g-C3N4 (Liu, Zeng, et al., 2019; Lu et al., 2018).

In particular, it has been widely demonstrated that the for-
mation of the all-solid-state Z-scheme g-C3N4-TiO2 photo-
catalysts by different preparation methods has attracted 
intensive attention due to their superior photocatalytic perfor-
mances. As a result, most TiO2/g-C3N4 composites have been 
prepared by various synthesis methods including the hydro-
thermal method, sol-gel method, and have been widely used in 
many photocatalytic studies, including degradation of organic 
pollutants in wastewater, air purification, carbon dioxide reduc-
tion, and production of H2 by water splitting, etc. (Lu et al., 
2018).

In recent years, it has been reported that the combination of 
g-C3N4 and TiO2 was a good candidate for the construction of 
the all-solid-state Z-scheme photocatalytic system. In an all-
solid-state Z-scheme photocatalytic system, the photogen-
erated electrons prefer to remain in the conduction band (CB) 
of g-C3N4, and holes are stored in the valence band (VB) of 
TiO2. Subsequently, the two oxidation and reduction processes 
take place simultaneously on the VB of TiO2 and CB of 
g-C3N4, respectively. Remarkably, these two processes take 
place in separate places of the solid, greatly enhancing the pho-
tocatalytic efficiency (Xiao et al., 2019). This Z-scheme trans-
fer mechanism greatly reduces the recombination rate of the 
electron-hole pair, thereby improving the photocatalytic activ-
ity (Bi et al., 2020). Due to the merits of the well-matched 
band structure of g-C3N4 and TiO2, many groups have worked 
for years to construct effective all-solid-state Z-scheme 
g-C3N4/TiO2 heterojunctions ( Jiang et al., 2018).

In general, in the all-solid-state indirect Z-scheme g-C3N4-
TiO2 based photocatalysts, photo-generated electrons on TiO2 
recombine with holes on g-C3N4 through the electron media-
tors to accomplish effective separation of photo-generated 
electron-hole pairs with robust redox ability. Meanwhile, the 
particular active site and its active catalytic capability are criti-
cal to the catalytic process (Wang & Liu, 2019). In particular, 

Figure 9. Schematic illustrations of charge carrier transfer mechanism in 

all-solid-state Z-scheme photocatalysts (Xu, Zhang, et al., 2018).
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Figure 10. Schematic of electron-hole transfer mechanism of g-C3N4-TiO2 type-II heterojunction (a and b) the direct Z-scheme g-C3N4-TiO2 (Jo & 

Natarajan, 2015).

TiO2 and g-C3N4 can form an all-solid-state Z-scheme het-
erojunction due to their matched conduction band (CB) and 
valence band (VB) positions, which can not only overcome the 
intrinsic defects of pristine photocatalyst but can also maintain 
the strong redox ability (Zhao et al., 2020). Moreover, coupling 
of narrow band-gap g-C3N4 with TiO2 nanotube to construct 
an all-solid-state Z-scheme visible-light photocatalytic system 
could simultaneously possess the high charge-separation effi-
ciency and robust redox ability under visible-light irradiation, 
which may produce enhanced visible-light photocatalytic 
activity and good stability (Zhou, Chen, et al., 2016).

Direct Z-scheme g-C3N4-TiO2 heterojunction 
photocatalysts

A direct Z-scheme is one in which two semiconductors are 
joined together without the need for redox-mediators or elec-
tron mediators. The photoinduced electron-hole-pair separa-
tion method is based on the intercross-sectional electron 
transfer mechanism (Natarajan et al., 2018). Specifically, a 
typical Z-scheme system has an electron transfer process path-
way that resembles the English letter “Z” hence the name Z 
scheme. Moreover, the band structure of a direct Z-scheme 
photocatalyst is similar to that of a type-II heterojunction pho-
tocatalyst (Figure 10a and b), but its charge-carrier migration 
mechanism is different (Huang et al., 2019). During the pho-
tocatalytic reaction, the photogenerated electrons in TiO2 with 
lower reduction ability recombine with the photogenerated 
holes in g-C3N4 with a lower oxidation ability (Figure 10b) 
(Low, Jiang, et al., 2017). However, Due to its low potential, 
the hole in the valence band of g-C3N4 is insufficient to oxidize 
OH to •OH radicals (Huang et al., 2015). Therefore, the pho-
togenerated electrons in g-C3N4 with high reduction ability 
and photogenerated holes in TiO2 with a high oxidation ability 

can be maintained. As a result, the redox ability of the direct 
Z-scheme photocatalyst is significantly greater than that of the 
type II heterojunction photocatalyst. In addition, it should be 
noted that charge-carrier migration for the direct Z-scheme 
photocatalyst is physically more feasible than that of type-II 
heterojunction photocatalysts (Low, Jiang, et al., 2017).

Therefore, a direct Z-scheme can be successfully constructed 
if there is a suitable band structure matching between semicon-
ductors (Tahir et al., 2020). Compared with conventional liquid 
phase Z-scheme and all-solid-state Z scheme photocatalytic 
systems, a direct Z-scheme photocatalytic system with direct 
contact between two components can omit the process of carri-
ers passing through the electron mediator, greatly lowering the 
possibility of recombination of bulk electrons and holes. 
Moreover, direct Z-scheme Photocatalytic systems can reduce 
the cost of building photocatalytic systems, and overcome the 
light-shielding effect caused by the noble metal electron media-
tor which makes them the best candidate for water splitting, 
pollutant degradation, and CO2 conversion (Huang et al., 
2019). In addition, high VB and low CB are easier to generate 
direct Z-scheme, which has been testified to be a prospective 
modification for enhancing photocatalytic performance (Low, 
Jiang et al., 2017; Ni et al., 2021; Qi et al., 2017).

Recently, due to the relatively high cost of the commonly 
used electron mediators (eg, Pt, Ag, and Au), a new generation 
of direct Z-scheme heterojunctions without the electron medi-
ators has attracted a great deal of attention (Low, Yu, et al., 
2017). Wang, Liu, et al. (2009) constructed the first mediator-
free direct Z-scheme photocatalytic system. However, Yu et al. 
(2013), prepared the first direct Z-scheme g-C3N4/TiO2 pho-
tocatalyst without an electron mediator via a simple calcination 
route using inexpensive P25 and urea as feedstock, and its 
enhanced photocatalytic activities due to efficient separation of 
photo-induced charge carriers were evaluated via photocatalytic 



16 Air, Soil and Water Research 

oxidation of formaldehyde (HCHO) in the air under UV light 
irradiation. As a result, the transmission distance is reduced and 
the photocatalytic efficiency is increased (Yu et al., 2013).

In this brief review, the coupling of suitable energy band 
structures of g-C3N4 and TiO2 to construct a direct Z-scheme 
photocatalytic system for photocatalytic decomposition of var-
ious organic contaminants has been explored in depth. In gen-
eral, the direct Z-scheme g-C3N4-TiO2 charges transfer 
method follows the following principles: The photo-generated 
electrons on TiO2 recombine with holes on g-C3N4 through 
the built-in electrostatic field to accomplish effective separa-
tion of photo-generated electrons with higher reducibility and 
photo-generated holes with higher oxidizing characteristics. In 
the meanwhile, the particular active site and its active catalytic 
capability are critical to the catalytic process (Wang & Liu, 
2019). Therefore, Direct Z-scheme g-C3N4-TiO2 photocata-
lysts have numerous advantages due to their simple binary 
composition, high photocatalytic activity, ease of design, and 
ease of production. However, they have several drawbacks, 
including difficult control of the intimate Z-scheme interfaces 
with large surface area, insufficient visible-light absorption, slow 
reactant adsorption kinetics, and slow surface redox kinetics. 
Fortunately, these issues can be addressed by using an efficient 
electron mediator with a large surface area of earth-abundant 
two-dimensional conductive graphene (GR) or reduced gra-
phene oxide (RGO) (Wu et al., 2017). Recent advances in the 
development of direct Z-scheme g-C3N4/TiO2-based hetero-
junctions for photodegradation of organic pollutants are pre-
sented in Table 3.

Boosting the Photocatalytic Activity of g-C3N4/
TiO2-Based Nanocomposite Photocatalysts
Coupling g-C3N4/TiO2 nanocomposites with 
graphene-based materials

The synthesis and use of carbon materials for photocatalytic 
applications have become a hot issue in materials research. 
Graphene, a unique kind of carbon material, was long consid-
ered to be thermodynamically unstable until the first experi-
mental isolation of single-layer graphene in 2004. It has since 
been proved to be thermodynamically stable (Cheng et al., 
2015).

Graphene has been a suitable 2D material for photocatalytic 
applications because of its unique properties such as ultrahigh 
theoretical specific surface area (2,630 m2 g1), high chemical 
stability, excellent optical transmittance (97.7%), exceptional 
thermal conductivity (5,000 W m−1 K−1), superior mechanical 
properties with Young’s modulus of 1,100 GPa and high elec-
tron mobility at room temperature (200,000 cm2 V−1 s−1) 
(Chowdhury & Balasubramanian, 2014; Huang et al., 2016; 
Zhao et al., 2017). Meanwhile, Graphene is an excellent electron 
acceptor during the photocatalytic process due to its high elec-
tron mobility and extended π-π conjugation structure, which can 

inhibit the recombination of photoexcited electrons and holes. 
Therefore, graphene is applied in photocatalysis due to its high 
adsorption of organic pollutants, enhanced visible light absorp-
tion, and improved separation-transportation efficiency of pho-
togenerated charge carriers (Meng & Zhang, 2018; Zhang 
et al., 2017). As result, the use of graphene in the field of hetero-
geneous Photocatalysis provides a new dimension to enhance 
photocatalytic performance (Chowdhury & Balasubramanian, 
2014). Graphene has a multifaceted part in enhancing the pho-
tocatalytic properties of conventional semiconductors by acting 
as an adsorbent, photosensitizer, photo-stabilizer, and conduc-
tor as well as co-catalyst (Sabir et al., 2021). Because of these 
appealing properties, combining graphene with g-C3N4 and 
TiO2 appears to be a promising method to improve photocata-
lytic performance (Gusain et al., 2019; Yahya et al., 2018). 
Graphene can significantly improve the photoactivity of C3N4 
by effectively separating photo-induced electron-hole pairs and 
significantly improving charge transfer due to the formation of 
a well-defined electron-hole puddle at the graphene/g-C3N4 
interface (Huang et al., 2016).

For the synthesis of graphene-semiconductor-based nano-
composite photocatalysts, graphene oxide (GO) is often used 
as the precursor of graphene (Peiris et al., 2021). Moreover, a 
comprehensive review on the synthesis of graphene-based 
semiconductor material for photodegradation of organic pol-
lutants is presented by Voon et al. (2016). Meanwhile, Putri 
et al. (2016) summarized the recent advances in the application 
of graphene oxide toward visible-light-driven photocatalysis. 
Graphene or reduced graphene oxide (rGO) can not only 
increase the specific surface area of the as-prepared composite 
but also improve its surface adsorption and reaction kinetics, 
resulting in a considerable increase in photocatalytic activity. 
The excellent electron transport capacity of reduced graphene 
oxide (rGO) was exploited to achieve the efficient separation 
of g-C3N4 photo-generated carriers (Hu et al., 2021; Prasad 
et al., 2019).

Similarly, reduced graphene oxide (rGO) is frequently used 
in the fabrication of heterojunction photocatalysts to increase 
the specific surface area and lower the recombination rate of 
photogenerated electron-hole pairs; as a result, photocatalytic 
performance is considerably improved (Hu et al., 2019). 
Therefore, many researchers have reported that the combina-
tion of TiO2 and graphene-based materials (TiO2/rGO) has 
intriguing photocatalytic properties such as high organic dye 
adsorption, suppressing photogenerated charge carrier recom-
bination, and strong dye chromophores stacking which 
improves the photocatalytic activity (Huang et al., 2016). For 
instance, Fan et al. synthesized UV light-driven TiO2/rGO 
binary nanocomposites through the sol-anaerobic calcination 
method for the degradation of phenol. The enhanced photo-
catalytic performance can be ascribed to the existence of rGO 
which can effectively promote the separation and transporta-
tion of photogenerated electron-hole pairs and inhibit the 
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recombination rate of photoinduced electron-hole pairs. 
Moreover, TiO2/rGO nanocomposite has a higher specific sur-
face area and photocatalytic degradation efficiency of phenol 
than Pure TiO2 (Fan et al., 2021). Subsequently, Wu et al. 
reported that introducing reduced graphene oxide (rGO) as an 
interfacial mediator into direct Z-scheme g-C3N4-TiO2 nano-
composites can significantly improve photocatalytic activity. 
Meanwhile, rGO can not only act as an electron mediator to 
improve Z-scheme charge transportation and separation, but it 
can also increase the adsorption capacity of ternary composites 
toward the photodegradation of MB molecules. Moreover, 
rGO as an effective interfacial electron mediator may convert 
direct Z-scheme g-C3N4-TiO2 photocatalysts to indirect 
Z-scheme photocatalysts with considerably improved photo-
catalytic efficiency, thus opening up new routes for fabricat-
ing earth-abundant ternary nanocomposite photocatalysts. 
Generally, diverse experimental investigations showed that 
rGO has multi-functional roles such as solid-state electron 
mediators, adsorbents, photosensitizers, and electron accep-
tors (Wu et al., 2017).

Constructing g-C3N4/TiO2-based ternary 
nanocomposites by deposition of plasmonic metal 
nanoparticles

Nanoparticles of noble metals (Ag, Au, Pd, and Pt) can strongly 
absorb visible light due to their localized surface plasmon reso-
nance (LSPR), which can be tuned by varying their size, shape, 
and surrounding. Furthermore, noble metal NPs can also work as 
electron traps and active reaction sites. These factors gave rise to 
a new approach to efficient visible-light photocatalysts, namely, 
depositing the noble metal nanoparticles on the surface of a suit-
able semiconductor to form a metal-semiconductor composite 
photocatalyst (Dhiman, 2020; Wang et al., 2012). Moreover, the 
strong LSPR properties of Ag and Au make them the most 
attractive among the other metals (Prakash et al., 2018).

For example, Chai et al. fabricated g-C3N4-Pt-TiO2 nano-
composites via facile chemical adsorption followed by a calcina-
tion method. Meanwhile, the Pt deposited on TiO2 surfaces in 
the g-C3N4-TiO2 nanocomposite can promote the separation of 
photogenerated electron-hole pairs, which can effectively inhibit 
the recombination of photogenerated charge carriers and 
improve the photocatalytic activity (Chai et al., 2012). 
Meanwhile, Chen et al. constructed a ternary composite of 
g-C3N4/Ag/TiO2 microspheres for degradation of methyl 
orange under visible-light irradiation. In addition, the surface 
plasmon resonance effect of the Ag nanoparticles exhibited 
enhanced visible-light absorption and photocatalytic activity of 
g-C3N4/Ag/TiO2 composites than the pure TiO2 or g-C3N4. 
Moreover, the g-C3N4/Ag/TiO2 microsphere sample showed 
better recyclability under visible-light irradiation (Chen et al., 
2014). A similar effect was also observed by Sui et al. who pre-
pared a g-C3N4/Ag/TiO2 (AgTCN) ternary nanocomposite 
catalyst by varying the loading amount of Ag nanoparticles via a 
simple impregnation method. The photodegradation efficiency 
of Rhodamine B (RhB) over 2%-AgTCN composite catalyst 
was 3.1 times as high as that of TiO2 and 2.15 times g-C3N4 
within 105 minutes of reaction time (as shown Figure 11). 
Because a Schottky barrier is formed at the interface between the 
Ag and TiO2 nanoparticles, the Ag nanoparticles can serve as 
electron conduction bridges, which accelerates the electronic 
transition between the close interfaces of Ag/TiO2 and g-C3N4. 
As a result, the electrons generated by g-C3N4 migrate to the 
Ag/TiO2 surface. This process makes it easy to separate light-
induced electrons and holes in space that inhibit electron-hole 
recombination, and boosts photocatalytic activity. In addition, 
the surface plasmon resonance effect of the Ag nanoparticles can 
promote the absorption performance of visible light. Moreover, 
the 2%-AgTCN composite catalyst exhibited stable photocata-
lytic performance with a very low activity loss after going through 
six cycles, which shows that it is a promising material for the 
degradation of organic pollutants in wastewater (Sui et al., 2020).

Figure 11. (a) Photocatalytic degradation of RhB under visible light irradiation and (b) recycling of the 2%-AgTCN for the removal of RhB dyes.
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Ghafoor et al. synthesized g-C3N4 NS/ Ag/ TiO2 NFS 
Z-scheme photocatalyst nanocomposites for environmental 
remediation for degradation of MB under simulated solar light 
irradiation. Moreover, the formation of Z-scheme heterojunc-
tion between TiO2 and g-C3N4 and the surface plasmon reso-
nance (SPR) effect of Ag nanoparticles are responsible for 
enhanced visible-light absorption, photocatalytic activity, and 
charge separation of these nanofiber composites (Ghafoor 
et al., 2019). Moreover, Zhang et al. synthesized Ag-TiO2/
rGO nanocomposite via a solvothermal method for the removal 
of RhB dyes. Both the adsorbent and photocatalytic activity of 
all the Ag-TiO2/r-GO nanocomposites were much higher 
than pure TiO2. Therefore, the large BET surface area is 
responsible for the superior adsorbent capacity, while the suit-
able structure and photocatalytic properties of graphene and 
the localized surface plasmon (LSPR) effect of Ag nanoparti-
cles are responsible for the improved photocatalytic activity 
(Zhang et al., 2017).

Morphology controlling

It is well known that TiO2 morphology has a significant influ-
ence on its photocatalytic efficiency. Consequently, researchers 
have made great efforts to design a g-C3N4/TiO2 hybrid system 
with different TiO2 morphologies such as nanoparticles, 
nanofibers, nanotubes, nanosheets, microspheres, and hollow 
nano box (Bi et al., 2020; Gündoğmuş et al., 2020; Ji et al., 
2020; Jiang et al., 2017; Li, Sun, et al., 2018; Mishra et al., 2019; 
Sutar et al., 2020; Thomas et al., 2008; Zhou, Zhang, et al., 
2016). For instance, Jo and Natarajan prepared two kinds of 
direct Z-scheme g-C3N4/TiO2 (NPs and NTs) heterojunctions 
via a facile wetness impregnation method for the degradation of 
isoniazid. The photoactivity of TiO2 NTs/gC3N4 was higher 
than that of TiO2 NPs/gC3N4 because the TiO2 NTs/gC3N4 
has a larger specific surface area than TiO2 NPs/gC3N4 to pro-
vide a greater number of surface-active sites for photocatalytic 
reaction. Therefore, the heterojunction built from TiO2 NTs 
and g-C3N4 NSs exhibited higher photoreactivity because the 
high surface area and tubular structure of TiO2 NTs could 

enhance the adsorption of pollutants and prolong the lifetime of 
the photogenerated charge carriers. Moreover, from this work, 
we can conclude that the rational tuning of the morphology of 
individual semiconductors is important for enhancing its pho-
tocatalytic activity (Figure 12) ( Jo & Natarajan, 2015).

Conclusion and Perspectives
This review mainly focused on a comprehensive overview of the 
fundamental mechanisms of separation, and transportation of 
the photogenerated e−/h+ pairs of different types of g-C3N4/
TiO2 based heterostructured nanocomposite photocatalysts for 
environmental decontamination of organic pollutants in waste-
water. Depending on the charge-carrier separation mechanism, 
heterojunctions can be commonly grouped into type-II, all-
solid-state Z-scheme, and direct Z-scheme photocatalytic het-
erojunctions. Among different types of heterojunctions formed 
using gC3N4 and TiO2, the redox ability of charge carriers in 
type-II heterojunctions decreases due to the migration of pho-
toinduced electrons and holes to lower conduction band and 
valance band energy levels respectively. However, the charge 
transfer mechanism may improve charge carrier separation and 
generate photoinduced electron-hole pairs with high redox 
abilities and increased photocatalytic activity for both all-solid-
state and direct Z-scheme photocatalysts. Moreover, gC3N4/
TiO2 heterostructured photocatalytic materials have fascinating 
physicochemical properties that make them potentially useful 
for the applications of wastewater treatment. Meanwhile, with 
innovative design and thorough research of their superior pho-
tocatalytic activity, the applications of g-C3N4/TiO2-based 
photocatalysts for the transformation of solar to chemical 
energy may be significantly increased more rationally. 
Furthermore, the fabrication of high-performance photocata-
lytic systems is required to create innovative, practical, and cost-
effective photocatalysts with high activity, stability, efficiency, 
scalability, and selectivity. Despite substantial progress in the 
fabrication of efficient g-C3N4/TiO2-based heterostructured 
photocatalysts, photocatalytic activity remains too low for prac-
tical applications. Therefore, both experimental testing methods 
and theoretical material simulation using first-principles 

Figure 12. (a) TEM images of TiO2 NPs/g-C3N4 and (b) TiO2 nanotubes (TiO2 NTs)/g-C3N4.
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density functional theory (DFT) might be needed to further 
understand the photocatalytic properties and interfacial charge 
separation and transfer mechanism of g-C3N4/TiO2 hetero-
structured photocatalysts. However, researchers have tried 
recent and practical endeavors to offer a clean environment by 
designing powerful photocatalytic materials using innovative 
synthesis techniques. Finally, Future advanced research efforts 
are needed to solve these issues in the near future.
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