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In recent years, g-C3N4@MXene photocatalysts have received much attention due to their 
special composition and excellent properties. MXenes consisting of transition metal carbides, 
nitrides, and carbonitrides derived from the MAX phase are used as cocatalysts or g-C3N4 
(GCN) supporting composites in a variety of photocatalytic processes that accelerate the 
separation of charge carriers with their heterojunction structure. In addition to the high ability 
of g-C3N4@MXene nanocomposite to absorb light, it has high photocorrosion resistance in the 
processes of hydrogen evolution, wastewater treatment, nitrogen fixation, NO treatment, and 
oxidation and reduction photoreactions. In this review, the latest developments and new 
technologies for the manufacture and application of noble metal-free g-C3N4@MXene 
nanocomposite have been discussed and the future perspective has been drawn to deal with 
challenges related to energy and the environment. 
© 2022 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

The global growth of carbon fossil fuels consumption in the recent 
century has led to increasing concerns about the depletion of this non-
renewable source of energy. In terms of statistics, 1.5 billion tons have 
been added to the global carbon emissions this year, and the risk of 
CO2 greenhouse gas emissions has reached its highest level as indicated 
in the report of the International Energy Agency. Consequently, with 
the actual increase in energy crises and environmental pollution, it is 
necessary to develop new technologies to solve these challenges.     
The rise in population coinciding  with  the  extension of industries  has 

 
fueled the expansion of these problems. Therefore, in developed and 
developing countries, researchers are looking for appropriate solutions 
with a scale-up approach for industrialization. In this regard, sunlight 
as an infinite and free source of energy has a high alternative potential 
for oil and gas and can also be used in various chemical industries. 
Hydrogen production from solar energy that is independent of any non-
renewable fossil resources is one of the promising solutions for fuel 
replacement. Photocatalysis technology based on the absorption of 
solar radiation by a catalyst named photocatalyst, which is mainly a 
semiconductor, has been investigated in the fuel supply area and 
environmental applications in the last three decades [1–4]. 
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The design and preparation of photocatalysts that can use a broad 
spectrum of light to produce green fuel instead of fossil fuels and break 
down water and air pollutants are expanding. In photocatalysis, 
chemical reactions occur in a system containing a mostly 
heterogeneous catalyst capable of absorbing visible or ultraviolet light. 
This idea originates from the process of photosynthesis, and various 
semiconductors such as oxides, sulfides, etc. are used as photocatalysts. 
A photocatalyst can provide a platform for difficult or impossible 
reactions, but at the end of the reaction, it remains unchanged and can 
be reused. Photocatalytic technology can be used in renewable green 
energy storage instead of coal, oil, or natural gas by light illumination, 
thus avoiding environmental damage. Moreover, photocatalysis can be 
exploited in specific applications such as CO2 reduction, NO 
purification, N2 fixation, H2O2 production, degradation of organic 
contaminants, photoelectrochemical conversion, etc. By absorbing 
photons of light, photocatalysts create charge carriers that are electron-
hole (e-/h+) pairs. These photoinduced electron-hole pairs transfer to the 
semiconductor surface and drive the redox reaction. Undoubtedly, the 
choice of photocatalyst and its morphology plays an essential role in 
light harvesting and photocatalytic efficiency. Therefore, photocatalyst 
characteristics, including the ability to transport charge carriers, 
specific surface area, light absorption, and reflection, affect 
photocatalytic performance [5–11].  

Graphite carbon nitride (GCN) is a polymer material in which carbon 
and nitrogen atoms are connected by double-bonded. The unique 
features of this material, including the ease of synthesis (condensation 
polymerization of urea or melamine) stability in very acidic and basic 
environments, and suitable bandgap, have stimulated various research 
groups to focus on its photocatalytic properties for producing hydrogen 
and oxygen from water as well as the destruction of pollutants. 
Synthesized graphitic carbon nitride has a favorable ability for 
photocatalytic degradation of organic materials [12]. Graphite carbon 
nitride is one of the semiconductors that have a smaller gap band 
compared to other common photocatalysts such as titanium oxide and 
zinc oxide, and as a result, the efficiency of this material to absorb 
sunlight is higher [13]. Therefore, it is a recommended for replacing 
photocatalysts based on metal oxide, which has a higher efficiency 
compared to this category of semiconductors. Regardless, efforts have 
been made to optimize its photoelectric properties, and increase visible 
spectrum absorption and charge separation efficiency [14]. Therefore, 
several experiments have been designed to increase the efficiency of g-
C3N4 by making binary or ternary composites with compounds such as 
BiVO4, InVO4, AgVO3, V2O5, TiO2, and ZnO [15–19]. Another 
strategy that has been significantly explored is the non-metallic 

elemental doping of O, S, N, and P, which are used as cocatalysts. 
GCN is widely used in hydrogen production, wastewater treatment, 
organic dye removal, and CO2 reduction [20, 21]. Recently, two-
dimensional cocatalysts MXenes are used to enhance the photocatalytic 
performance of GCN in these photocatalytic applications. 

MXenes are emerging group of transition metal carbide/nitride two-
dimensional materials prepared from MAX phases which have a 
tremendous effect on photocatalytic processes [22, 23]. The most 
famous MXene is Ti3C2Tx, whose molecular structure is shown in    
Fig. 1. The high contact surface of these nanomaterials increases the 
absorption efficiency [24]. In general, 2D materials are limited to one 
or to a few atoms in one dimension (typically less than 5 nm) and can 
be over 100 nm to a few micrometers in the other dimension. 
Accordingly, the contact surface of two-dimensional materials has 
increased significantly, which enhances their reaction rate and affects 
their performance wave in the quantum field. As a result, these 
structures have unique catalytic, electronic, photonic, and magnetic 
natures that are different from their bulk counterparts. The emergence 
of new 2D materials other than graphene, in addition to focusing on 
new discoveries in photocatalysis, has shown their tremendous 
potential applications for diverse technologies. MAX phases, which are 
also known as metal ceramics, are thermodynamically stable nano-
laminates and are considered among three-component layered ceramics 
and have dual behaviors of the properties of metals and ceramics [25]. 
This group of materials has a combination of metallic properties such 
as high flexibility and toughness, and ceramic properties such as high 
elastic constant and wear resistance, low density, and good resistance 
to corrosion and oxidation [26]. This means that this group of materials 
has not only the properties of ceramics but also some useful and good 
properties of metals. In general, Max phases consist of Mn+1AXn, where 
M is an intermediary metal, A is an element belonging to IIIA and IVA 
groups, and X represents nitrogen or carbon. The value of index n 
varies from one to three and can change depending on the composition 
[27]. MXene structures are made of Max phases. Max phases have 
three hexagonal lattice unit cell models where M layers are compactly 
placed between A layers and octahedral sites are filled with X atoms. 
Similar to max phases, MXenes have hexagonal structures and X atoms 
fill the octahedral positions. MXenes are very promising to be used in 
photocatalysis due to high specific surface area and superior 
mechanical and electrical properties [28, 29]. MXenes are fabricated by 
selectively etching layers of element A from MAX phase at room 
temperature [30, 31]. Fig. 2. represents synthesis approaches with 
morphologists obtained and a variety of photocatalytic applications of 
MXene/g-C3N4. These hybrid photocatalysts are incorporated in other 
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Fig. 1. Schematic of Maxine's general formula and Ti3C2Tx structure. 

M4X3Tx 



A. Akhoondi et al.                                                                                                       SYNTHESIS AND SINTERING 2 (2022) 151–169                                                                                                                                     153 
 

applications such as solar energy absorbers, biosensors, batteries, 
supercapacitors, electrocatalytic reaction, cathodic protection, etc., 
which are mentioned in the articles [32–37].  
Previously, several researchers have published reviews on the 
preparation and photocatalytic applications of g-C3N4 and MXene and 
composites based on these semiconductors. However, no general 
summary has been provided about the fabrication of binary MXene/g-
C3N4 photocatalysts and their applications. In this review, firstly the 
basics and mechanism of photocatalysis have been discussed. Then, g-
C3N4@MXene hybrid photocatalyst synthesis methods including 
calcination, ultrasound, mixing, self-assembly, hydro/solvothermal, in 
situ growth, annealing, wet impregnation, and polymerization 
techniques are discussed regardless of the preparation method of 
pristine GCN and pure MXene. In the following, the utilizations of g-
C3N4@MXene in the field of H2 evolution, pollutant destruction, CO2 
reduction, N2 fixation, H2O2 production, and NO purification are 
discussed regardless of g-C3N4@MXene derivatives and any ternary 
combination thereof. Finally, the merits, weaknesses, challenges, and 
outlooks are described for the direction of further research.  

 Principles of photocatalysis mechanism 2.

Photocatalytic reactions are initiated by the light absorption with 
suitable energy that is same as or greater than the bandgap energy of 
the photocatalyst. The energy gap is the distance between the 
conduction band (CB) and the valence band (VB) in the electronic 
configuration of the material. In simpler terms, the bandgap is the 
minimum energy required to excite an electron from the VB to the CB, 
where it can flow freely along preferred paths. The difference in this 
energy gap differentiates conductive, semi-conductive, and insulating 
materials. Semiconductors have a state between conductors and 

insulators, and electrons can escape from their VB with enough energy 
to participate in CB. For each transferred electron, a positively charged 
h+ remains in the VB. If an e- from a nearby atom can fill this empty 
space, a chain reaction between e- and h+ occurs, which is the basis of 
photocatalysis. Quantum efficiency (QE) is defined as the proportion of 
the numeral of created electron-holes per absorbed photon. The number 
of electrons and holes on the surface are not equal in reality. Therefore, 
dimensional changes, engineering, and surface modifications of 
photocatalyst materials are necessary to increase their performance. For 
a photocatalytic reaction to occur, it is necessary to perform these 
steps: 1) absorption of photons to create electron-hole pairs; 2) 
separation of photoexcited e-/h+ paires; 3) transfer of charge carriers to 
the semiconductor surface; 4) use of surface charges for redox 
reactions. In the third step, a large part of the electron-hole pairs is 
recombined along the path or on the surface [38]. As a result of this 
combination, the absorbed electron energy is released as heat or light, 
which reduces the efficiency of the photocatalyst. In addition to 
creating a thermodynamic shortcut, the photocatalyst changes the 
reaction pathway and thereby improves the reaction kinetics. Since all 
chemical reactions occur on the surface; therefore, the size of the 
particle and morphology of the semiconductor have a substantial effect 
on the surface area and consequently the reaction rate. Research has 
shown that nanostructured materials with dimensions less than 20 nm 
show distinct physical and chemical behavior compared to their bulk 
scale. In general, as the particle size decreases, the surface area of the 
photocatalyst material increases and becomes more capable of 
absorbing reactants and photons. Therefore, the negative effect of 
increasing the energy gap is somewhat neutralized in this way. The 
selection of semiconductors in photocatalytic processes is based on 
price, non-toxicity, high flexibility, and electron transfer ability [39]. 
Besides these items, the distance of the bandgap for absorbing light 

g-C3N4/MXene

Fig. 2. Schematic representation of approaches to the fabrication, morphology and photocatalytic applications of g-C3N4/MXene. 
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spectrum, the stability, and the recombination rate of electron-hole 
pairs also limit the choice of the photocatalyst. Fig. 3 shows a 
schematic diagram of electrons flow from GCN to Ti3C2 as a 
representative of MXenes.  

 Construction of binary g-C3N4/MXene composite 3.

Fabrication of heterojunctions GCN@MXene nanocomposites has been 
studied in addition to photocatalytic applications in the electrochemical 
field, sensors, capacitors, and batteries [40–43]. However, high specific 
surface area, good dispersion, homogeneity, and mechanical strength 
for reuse should be considered in the synthesis of g-C3N4@MXene. 
Therefore, various synthesis methods have been studied, which are 
investigated below. Herein, the aim is not to focus on the synthesis 
procedure of pure MXene and GCN, but its generalities will be 
discussed briefly. 
MXenes result from the selective elimination of the A layers from 
MAX phase structures. The general composition of the MAX phase is 
Mn+1AXn, in which A appears as a metal from the third or fourth group 
of the periodic table. For example, the removal of Al elements from the 
Ti3AlC2 compound leads to the synthesis of Ti3C2Tx MXene. Because 
the A–M bond is a strong metal connection, it must be broken by a 
chemical method. Aqueous solutions of hydrofluoric acid have been 

used for the selective removal of A. Moreover, lithium fluoride salt 
along with hydrochloric acid can be a suitable substitute for the highly 
corrosive hydrofluoric acid (HF) in the process of converting the MAX 
phase to MXene [44, 45].  
Various methods have been used to fabricate heterojunction MXene/g-
C3N4 nanocomposites, which provide homogeneous growth and good 
dispersion, and excellent mechanical stability for the prepared 
MXene/g-C3N4. These approaches are based on the MXenes as 
cocatalyst and stable support material due to their excellent electrical 
conductivity, distinctive 2D layered nanostructure, high specific 
surface area, great carrier mobility, and excellent hydrophilicity. 

3.1. Calcination method 

In the calcination method, a thermal treatment is performed on the 
solid, in which volatile substances and impurities are removed or 
decomposed under high temperatures in the desired atmosphere. 
Therefore, the process can also be considered thermal purification 
while the main materials do not melt during heating. In several studies, 
the calcination technique has been utilized to prepare GCN/MXene. 
For example, 2D/3D g-C3N4@Ti3C2 heterojunction composite has been 
fabricated via an in-situ one-step calcination strategy, as shown in    
Fig. 4 [46]. Melamine powder in distilled water has been used as a raw 
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material in the preparation of g-C3N4. The solution was stirred at a 
temperature higher than room temperature for several hours and then 
Ti3C2 powder was added to the suspension. After evaporation of the 
solvent and drying the obtained powder, the product has been subjected 
to heat treatment under nitrogen flow. High stability has been observed 
due to an effective association with g-C3N4 and Ti2C. In another study, 
Shao et al. have loaded GCN on Ti2C in an ethanol solution by 
calcination method without being oxidized [47]. The absorption spectra 
using UV-vis diffuse reflectance spectra, as an important testing of 
photocatalysts, show improvement in visible light absorption (Fig. 5). 
Urea can also be used as a polymeric C3N4 precursor in the presence of 
an alkaline solution for Ti3C2Tx hybridization by co-calcination method 
[48]. It is reported that the interlayer spacing of Ti3C2 under heat 
treatment in ammonia atmosphere increases while the number of –F 
functional groups decreases. As described by Yang et al., urea can play 
two main roles during in situ calcination, both as a precursor for g-
C3N4 nanosheets (NSs) and as a template gas for Ti3C2 exfoliation into 
nanosheets [49]. With the ultrasonic dispersion of concentrated urea in 
Ti3C2, urea molecules penetrate the layers and due to the limitation of 
Ti3C2 by terminated group, urea penetrates the surface. In another 
research, melamine and HNO3 as precursors have been used to prepare 
g-C3N4/Mo2C hybrid photocatalysts [50]. However, Mo2C NPs have 
been combined with nanorod-like GCN to fabricate Mo2C/g-C3N4 
using freeze-drying and calcination methods. It has been found that 
Mo2C has a positive impact on improving the optical effects of GCN 
due to the stronger ability of Mo2C/GCN for photon harvesting 
compared with bulk GCN in the UV-Vis diffuse reflectance spectra. 

However, Mo2C does not diffuse into g-C3N4 crystal lattice, so it does 
not change the light absorption edge [51]. For photocatalytic nitrogen 
fixation, Sun et al. designed 2D/2D Ti3C2/N-defect GCN 
heterostructure [52]. They have used citric acid to introduce N defects 
into GCN to anchor Ti3C2 through electrostatic adsorption on N 
defects. The –O ending groups can fill the N-defects by the calcination 
process in N2, hence the Ti–O–C bond forms as a charge transfer 
pathway between Ti3C2 and GCN.  

3.2. Ultrasonication method 

The principle of the ultrasonication method involves the transmission 
of ultrasound waves through a liquid medium, and then microbubbles 
are formed, grow, and burst in the solution. This method is used to 
distribute nanomaterials in different compositions. Direct hybridization 
of g-C3N4 and Ti3C2 by the simple pathway of ultrasonication forms 
good interaction between GCN and MXene layers [53]. For a typical 
preparation, the appropriate amount of g-C3N4 has been introduced to 
Ti3C2 in dimethyl sulfoxide solution, agitated for 24 h, and then treated 
by ultrasound waves for 60 min to obtain g-C3N4/Ti3C2 layers. After an 
ultrasonic stirring process, a heterojunction structure has been 
established between the porous GCN and Ti3C2 phases followed by the 
straightforward vacuum filtration [54]. In another examination, Zeng  
et al. have prepared GCN/Ti3C2Tx through an ultrasound method to 
construct a hydrophilic and antifouling composite membrane [55]. For 
this purpose, GCN and MXene precursors have been supplied 
separately (Fig. 6). Ti3C2Tx as a cocatalyst can improve the 
recyclability of GCN during the wastewater treatment and elimination 
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of dyes. Using this strategy, Liu and coworkers have synthesized 
Ti3C2/g-C3N4 composite through a simple sonochemical method in 
deionized water [56]. The close interfacial structure of g-C3N4/Ti3C2 
assists in photogenerated charge transfer and enhances rates of 
pollutant degradation, CO2 reduction, and N2 fixation. Recently, Jin et 
al. have designed a supramolecular GCN/Ti3C2 Schottky junction 
composite via the sonicating method for the degradation of arbidol 
hydrochloride the most widely used drug against COVID-19 [57]. The 
Ti3C2 NSs have been fixed on supramolecular g-C3N4 NSs in the TEM 
image, presenting close contact between MXene and GCN. The 
transient photo-current response curve Ti3C2/supramolecular GCN 
exhibited enhanced photo-current response, which indicates a greater 
rapid separation rate of e-/h+ pairs on hybrid composite with extending 
the lifetime of charge carriers.  

3.3. Simple mixing method 

The simple mixing method is also used to fabricate g-C3N4/MXene 
composite, in which MXenes act as an auxiliary catalyst. For example, 
g-C3N4 has been decorated with alkalinized Ti3C2(OH)2 via a mixing 
method for promoted photocatalytic performance [58]. Using this 
approach, quantitative Ti3C2(OH)2 and g-C3N4 have been mixed and 
agitated in an aqueous solution. The obtained suspension has been 
centrifugally separated and then dried to be ground. This method is 
used as a common technique to accompany GCN and MXene with 
desired morphology. The PL spectra of g-C3N4/Ti3C2(OH)2, using a 
UV–vis spectrophotometry show a light absorption edge of 475 nm, 
near the same for GCN. In another study, Xu et al. simply mixed 
plasma-treated Ti3C2Tx MXene and GCN in a solution of water and 
isopropanol [59]. The TEM image of the sample has shown a layered 
attachment between GCN and plasma-treated Ti3C2Tx, like a sandwich 
structure. Besides, protonated g-C3N4/Ti3C2 has been designed by 
mixing method overnight and has been ground to a fine powder [60]. 
The SEM image of the GCN/Ti3C2 nanocomposite shows a smooth 
surface compared to the single GCN and MXene. Therefore, by pairing 
MXene and GCN, the surface morphology changes, and the range of 
light absorption increases. From the UV-visible spectroscopy and 
photoluminescence emission measurements, it can be found that the 
binary composite has a higher e-/h+ separation efficiency and provide 
more photogenerated charge carriers.  

3.4. Hydro/solvothermal method 

One of the powerful methods of preparing semiconductors is the 
hydro/solvothermal method, the advantages of which have been 

mentioned in the literature [61]. The hydrothermal method is similar to 
the solvothermal technique; only they are named based on whether the 
solvent is water or an organic solution. Hu et al. have used a 
solvothermal approach for the synthesis of V2C/GCN employing        
50 vol% isopropanol solution in distilled water, as shown in Fig. 7 [62]. 
Dicyanamide is dissolved in the initial alcoholic solution and stirred for 
a few minutes. Then it is mixed with V2C and transferred to an 
autoclave and subjected to high temperature for several hours. 
Similarly, Yuan et al. synthesized 2D-2D MoS2/GCN composite by 
solvothermal method. It is worth noting that by washing solid products 
several times with water and other solvents, the preparation process 
becomes longer [63]. The temperature and pressure inside the reaction 
vessel can be controlled [64]. After this period, in order to separate the 
phases, the obtained suspension is centrifuged. The filtration method 
can also be used to remove the liquid phase from intermediate materials 
[65]. The hydro/solvothermal method is widely used in the synthesis of 
nanomaterials, especially semiconductors [66, 67]. If needed, washing 
with water can be repeated several times to remove more alcohol left in 
the solid [68]. Afterwards, the calcination process takes place on the 
precursor with a constant heating rate. TGA analysis has shown that the 
photocatalyst obtained by the solvothermal method has higher thermal 
stability than g-C3N4 and V2C. One of the advantages of the 
hydro/solvothermal method is the tunable morphology of the surfaces 
by controlling the reaction conditions [69–72]. In addition, by adjusting 
the pH during the solvent thermal technique, the generation of 
byproducts can be minimized or stopped [73].   

3.5. Self-assembly method 

Self-assembly is a useful technique in manufacturing complex 
composites based on coupling positively charged photocatalysts with 
negative species [74]. Due to the presence of end terminals in MXenes, 
negative surface charges create electrostatic attraction with positively 
charged photocatalysts. Hence, g-C3N4 can be hybridized with MXenes 
through the self-assembly method by adjusting the pH of the mixture 
[75]. In such a situation, Hu et al. prepared g-C3N4/Ti3C2 
nanocomposite by an easy electrostatic self-assembly technique [76]. 
Ti3C2 colloid solution has been dropped in an ultrasonicated mixture of 
g-C3N4 and water followed by agitating, filtering, and drying. The 
elemental mapping analysis has confirmed the presence of titanium, 
carbon, and nitrogen in the sample and the layer-by-layer form of the 
composite has been clearly observed in the SEM images. In 2020, Song 
et al. employed the self-assembly method for fabricating a new 
Ti3C2Tx/Vc-CN (carbon vacancy C3N4) composite composed of 
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modified defective GCN nanosheets and Ti3C2Tx, as shown in Fig. 8 
[77]. The carbon vacancy facilitates the dissociation of the Frenkel 
exciton and the recombination of electrons and holes is somewhat 
debilitated. The EIS analysis showed that the e-/h+ transfer resistance of 
the fabricated composite is considerably lower than the same figure for 
the pure C3N4 sample, which proves that mixing these materials has 
played a significant role in increasing the conductivity of the 
photocatalyst. In similar research, the photocatalytic properties of Ti3C2 
MXene/g-C3N4 toward H2O2 production were evaluated [78]. The 
transient photocurrent response revealed the positive effect of Ti3C2 on 
the composite and Ti3C2/g-C3N4 can reach a higher current density than 
bare porous C3N4. TC/PCN reach approximately 1 µA/cm2, while the 
same figure for PCN was about 0.55 µA/cm2. The self-assembled 
Ti3C2Tx MXene/Graphitic Carbon Nitride composite has a 2D structure 
that provides a high surface area and can perform an excellent 

photocatalytic activity. Hence, Kang et al. designed Ti3C2Tx hollow 
spheres together with protonated g-C3N4 using a sacrificial template via 
electrostatic layered assembly (Fig. 9a) [79]. Various analyzes indicate 
the positive effect of large contact between protonated g-C3N4 and 3D 
Ti3C2Tx nanoshells on light absorption ability, surface area, and charge 
separation rate, which leads to improve the photocatalytic performance 
as shown in Fig. 9b, c.  
In another research, a self-assembly technique induced by evaporation 
has been explored to fabricate Schottky heterojunction Ti3C2/g-C3N4 
[80]. First melamine has been calcinated in a muffle furnace at 520 °C 
which was then grounded into small particles. Next, the prepared 
powder has been annealed for 2 h at about 520 °C. The Ti3C2 sheets 
have been fabricated similarly to the previous via HF etching solution. 
The Ti3C2 nanosheets have been mixed in water and sonicated for 4h. 
Then the prepared solution has been heated to evaporate the solvent 
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Fig. 8. Schematic route for preparing the Schottky junction of 2D/2D Ti3C2Tx/carbon vacancy C3N4. 
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completely. At last, freeze-drying has conducted to remove water from 
the structure. According to SEM images, 2D layers of the composite 
are clearly seen. In order to construct a 3D composite, Chang et al. 
created a Schottky junction between half-reduced Ti3C2 quantum dots 
(r-Ti3C2 QDs) on GCN spheres by electrostatic assembly [81]. To 
produce the C3N4 spheres, the Stöber method was employed using 
SiO2@monodisperse SiO2 spheres as a hard template [82]. By 
evaluating the photocurrent response of the synthesized catalysts it was 
revealed that the C3N4/r-Ti3C2 has higher charge transfer compared to 
C3N4. The higher photocurrent during light on-off cycles indicates the 
high number of photo-generated charge carriers. By comparing the 
optical current density in argon and nitrogen atmospheres, it can be 
observed that the optical current density is higher in argon because the 
electrons produced from photocatalysts are transferred to N2 molecules. 
Hence, it is revealed that r-Ti3C2 QDs/GCN has a promising potential 
for photocatalytic nitrogen fixation under visible light radiation. 
Furthermore, He et al. confirmed the ability of photocatalytic 
degradation of diclofenac by Ti3C2/g-C3N4 composite prepared by 
ultrasonic-assisted self-assembly technique [83]. The TEM image of 
the as-prepared sample consists of 2D sheet-like nanostructure of both 
GCN and Ti3C2. The light absorption edge of pristine GCN at 476 nm 
has been characterized by UV-visible absorption spectra, while in the 
T/CN composite, the ability light absorption in both the visible and UV 
regions has increased. Later, Zhou et al. investigated 2D g-C3N4/Mo2C 
structure and photocatalytic activity within pharmaceutical and 
personal care products degradation [84]. They prepared porous GCN4 
nanosheets/Mo2C nanosheets via a simple electrostatic self-assembly 
technique. The photocurrent response curves show that the 
photocurrent density of GCN/Mo2C is 1.5 times that of GCN. 
Therefore, it is clear that charge carriers are more effectively separated 
and transferred after combining with this type of MXene.  
In another study, g-C3N4/Ti3C2 composite has been made and its 
photocatalytic activity toward H2O2 production has been studied [85]. 
The catalyst was fabricated using an electrostatic self-assembly 
technique by incorporating Ti3C2 QDs carbon vacancies into GCN. 
Elemental analysis (EA) identified the vacancy type after calcination, 
which proved that the C/N mole ratio of bulk CN is larger than that of 
GCN with carbon vacancies (Fig. 10). SEM images showed that the 
fabricated structure has numerous pores with a mean size of 200 nm 
which could result in a high surface area of the catalyst. By comparing 
the concentration of produced g-C3N4/Ti3C2 with bulk g-C3N4, it was 
found that the made composite has far better performance than the 
other one. In addition, Su et al. have studied 2D/2D GCN/Ti3C2 
heterojunction nanosheets for hydrogen production under sunlight [86]. 

They have employed the electrostatic self-assembly technique to 
produce the catalyst. According to HRTEM images of the sample, the 
2D/2D heterojunctions between Ti3C2 and GCN were successfully 
formed. Correspondingly, Wang et al. have designed a 2D/2D 
GCN/MXene composite for the oxidation of 5-hydroxymethylfurfural 
[87]. MXene nanosheets obtained by etching Ti3AlC2 with g-C3N4 
synthesized according to the literature were ultrasonically dispersed. 
Then, Ti3AlC2/g-C3N4 composites have been prepared through a self-
assembly procedure with different amounts of MXene. The FT-IR 
spectra confirmed that the MXeneX/GCN composite keeps pure phases 
of Ti3C2 and g-C3N4. HRTEM image analysis indicates well contact 
between 2D lattice MXene and 2D GCN. To demonstrate the 
application of MXenes in photocatalysis, Li et al. fabricated Ti3C2 QDs 
as a cocatalyst with g-C3N4 NSs via a self-assembly technique to form 
heterostructure for boosting photocatalytic H2 evolution [88]. To 
prepare Ti3C2 QD/GCN composite, Ti3C2 solution has been mixed with 
g-C3N4 NSs, followed by freeze-drying. The BET surface area of the 
synthesized Ti3C2 QD@GCN composite is more evaluated than pure 
GCN nanosheets. The diameter of most mesopores is in the range of  
2–25 nm. The presence of such nanopores facilitates photoinduced 
charge transfer [89]. Also, it is clear that the pore’s diameter is 
relatively dependent on the loading amount of Ti3C2. Later, the 
ultrasonic-assisted self-assembly method has been used to prepare 
2D/2D Mo2C/GCN nanojunction photocatalyst [90]. From UV−vis 
absorption spectroscopy, it has been found that increasing the loading 
amount of Mo2C affects the light absorption ability and expands the 
range of light spectrum absorption.  

3.6. Wet impregnation method 

Wet impregnation is one of the usual techniques to assemble g-C3N4-
based composites with nanostructure morphology. In order to 
overcome the limitation of the MXenes and GCN interface, apply the 
construction of a 2D/2D heterojunction instead of a 0D/2D 
heterojunction. It is a high-efficient route because of much more 
contact areas, improving the electron migration rate, and decreasing the 
transfer distance and duration of photoinduced electrons to the 
photocatalyst surface. Recently, this strategy has been utilized for the 
design of heterostructure GCN/MXene to prohibit oxidizing Ti3C2Tx by 
Nasri et al. [91]. Schottky junction and interfacial contact between both 
compounds enhance charge mobility and offer efficient photocatalytic 
performance. FESEM images of all samples loaded with different 
amounts of MXene show the encapsulation and intimate contact 
between Ti3C2 and GCN. The observed adsorption isotherm of the as-
prepared sample highlights mesoporous hole sizing under 50 nm. The 
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BET-specific surface area, mesopore size, and content of the 
heterojunction system are successfully increased compared to the pure 
GCN and MXene. UV–vis spectrophotometer shows a stronger visible-
light absorption capacity for MXene/g-C3N4 heterostructure (Fig. 11). 
In another research, a wet impregnation method has been applied to 
fabricate MXene/GCN composite with various amounts of MXene 
loading [92]. H2O2 has been introduced as a strong oxidizer during the 
photocatalysis experiment to enhance photocatalytic activity. TEM 
images of the as-synthesized samples indicate the successfully grown 
MXene on the surface of GCN with the development of binary 
MXene/GCN heterostructure.  

3.7. Polymerization method 

Thermal polymerization of urea to form GCN by introducing 2D Ti3C2 
is a new strategy that results in increasing stability and recyclability 
due to the high-temperature process [93]. In a semi-closed system, NH3 
produced during g-C3N4 polymerization can prevent Ti3C2 oxidation by 
creating a reducing environment [94]. At high temperatures, a part of 
the surface functional groups (–OH, –O, and –F) attached to the end of 
Ti3C2 are separated, thereby increasing the interaction between GCN 
and Ti3C2. As a result of forming a stable heterostructure composite, 
the separation of charge carriers is accelerated and leads to the 
promotion of the photocatalytic reaction. In Fig. 12, the transient 
photocurrent responses show a larger ESI radius compared to the 
Ti3C2/GCN electrode, which indicates greater interface resistance and 
electron transfer ability. Li et al. designed a binary GCN/MXene 
composite by the thermal polymerization of cyanamide (CN2H2) and 
Ti3C2 in a nitrogen environment [95]. In the SEM image of the 
GCN/Ti3C2 photocatalyst, the layered form can hardly be seen, and CN 
strongly surrounds MXene. HRTEM image displays the low 
crystallinity of the GCN with obvious lattice fringes of Ti3C2. In 
addition, electrochemical impedance spectroscopy of GCN/Ti3C2 
indicates a lower resistance of charge transfer compared to pristine 
GCN (Fig. 13).  

3.8. In-situ growth method 

In-situ growth is one of the polymerization methods where the polymer 
is formed directly on the surface of the particles. In fact, all 

polymerization occurs in the continuous phase. In this method, the 
polymer substrate is nanoparticles, and the monomer includes the filler 
particles during growth. Thermal polymerization by simple in-situ 
growth method is used to accompany GCN molecules and MXene 
nanoparticles. For example, urea and Ti3C2 powders are mixed in 
ethanol solution and heated in a muffler furnace after drying and 
grinding. Li et al. have reported the light response of g-C3N4/Ti3C2 
nanocomposite is significantly improved due to the presence of metal 
in MXene [96]. The layered structure of Ti3C2 found in the SEM image 
revealed the in-situ growth of g-C3N4 on the surface of Ti3C2. Well-
dispersed GCN NSs are seen on the thin Ti3C2 layers in the HRTEM 
image. Furthermore, the density functional theory (DFT) calculations 
have evidenced the interfacial interaction between GCN and MXene. 
The abundance of titanium element in Ti3C2 composition, hydrophilic 
end groups and excellent metal conductivity has made it preferable as 
an auxiliary catalyst over noble metals [97]. Later, heptazine-based 
C3N4 (H-CN)/Ti3C2 heterojunction photocatalyst has been constructed 
by an ionothermal in situ growth of h-C3N4 on ultrathin Ti3C2 NSs [98]. 
In this regard, melamine powder has been mixed with water followed 
by Ti3C2 added and dried in N2. After pre-heating of suspension, the 
obtained solid has been ground with LiCl and KCl and afterward 
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heated under an N2 atmosphere. The final powder has been washed 
with hot water and dried. FESEM image of h-C3N4/Ti3C2 shows 
anchored MXene nanosheets with loose and ordered structures.  

3.9. Annealing method 

The annealing method is also used in the fabrication of Ti3C2/g-C3N4 
nanocomposite while MXene powder is already prepared as an 
auxiliary catalyst. The annealing temperature is one of the most 
important operating factors because MXenes are sensitive to heat and 
oxidized to titania at high temperatures. Therefore, to maintain the 
resistance and conductivity of the composite, the temperature 
conditions must be controlled. In order to hybridize g-C3N4 and 
Ti3C2Tx, gray mesoporous GCN powder obtained from a mixture of 
melamine and urea in ethanol, with exfoliated Ti3C2Tx, has been 
directly heated at a constant annealing rate [99]. The surface 
morphology of the photocatalyst indicated that Ti3C2Tx gets in intense 
contact with GCN. The adsorption and desorption isotherms in Fig. 14a 
show a slight decrease in the surface area of GCN/TC compared to 
pure GCN because of loaded Ti3C2Tx which has a low surface area. The 
UV–Vis DRS spectrum in Fig. 14b displays a severe enhancement in 
the visible range absorption. In addition, Sun and coworkers prepared 
Ti3C2Tx/g-C3N4 composites through an annealing method in a furnace 

under N2 protection or atmosphere to modify the Ti3C2 surface 
termination groups [100]. They found that the air-annealed sample had 
the highest Ti/F ratio, indicating a reduction in the number of fluorine 
terminals after the heat-treating process. Previously, it has also been 
reported that during the annealing process above 200 °C, the hydroxyl 
species on the surface of Ti3C2 are removed and Ti–O–Ti bonds appear 
[101, 102].  

 Photocatalytic applications of GCN/MXene composite 4.

Incorporating MXenes into the g-C3N4 is an effective strategy to 
improve the photocatalytic performance of g-C3N4 and solar energy 
utilization efficiency, which is related to an increased photoresponse 
and a rapid separation rate of photoinduced charge carriers than pure g-
C3N4. Their application mainly includes the H2 evolution from water 
splitting, CO2 reduction, wastewater treatment, N2 fixation, and H2O2 
generation. The performance of binary GCN/MXenes photocatalyst 
will be surveyed in the current section. 

4.1. H2 production 

The replacement of traditional fossil fuels with alternative energy 
sources that have characteristics of eco-friendly and cleanliness, has 
received attention in recent years. Besides the radiolysis of water [103], 
photocatalytic production of hydrogen through water splitting can be a 
practical way to produce renewable energy without carbon dioxide 
emissions [104]. Among various composites, MXene/g-C3N4 has a 
significant potential to produce H2 via photosplitting of water [105, 
106]. Table 1 summarizes the conditions and results of MXene/GCN 
systems in hydrogen production. 
Recently, Shao et al. indicated the performance of GCN during 
photocatalytic H2 production have been improved using a cocatalyst of 
2D Ti2C MXenes at room temperature [47]. Under optimal conditions 
the rate of hydrogen generation with heterostructure Ti2C/GCN system 
is much higher compared to pristine g-C3N4. Despite Ti2C being a 
metallic compound, the H2 production yield has been attributed to the 
formation of Ti2CO2 and TiO2. In another approach, Li et al. fabricated 
heptazine-based C3N4 (H-CN) and Ti3C2 heterojunction by ionothermal 
method [98]. The experimental results and DFT calculation revealed 
that HCN/MXene composite had greater photocatalytic activity than 
single H-CN. The photoinduced charge carriers in HCN insulated from 
MXene nanosheets are more likely to recombine, leading to enhance H2  
 

Potential (V vs. Ag/AgCl) 
-1.0                      -0.5                     0.0                     0.5                   

g-C3N4 

C
2  ×

 1
09  (F

2  c
m

4 ) 

2.0 

 

1.5 

 

1.0 

 

0.5 

 

0.0 

Ti3C2/g-C3N4 

Z' (ohm) 

-Z
" (

oh
m

)  

Fig. 13. Electrochemical impedance spectroscopy (EIS (c-inset)) of 
GCN/Ti3C2. 

Relative pressure  (P/P0) 
0.0        0.2        0.4        0.6        0.8        1.0                        

Ti3C2Tx 

V
ol

um
e 

ab
so

rb
ed

 (c
m

3 g-1
) 200 

 

150 

 

100 

 

50 

 

0.0 

 

MC

MC 

Pore diameter (nm) 
0         25         50         75         100         125                        

Ti3C2T
x 

0.006 

 

0.004 

 

0.002 

 

0.000 

MCT 

MC 

dV
/d

D
 (1

0-3
cm

3 nm
-1

g-1
) 

Wavelength (nm) 
300            400            500            700            800                                 

Ti3C2T
x 

MC

MC 

In
te

ns
ity

 (a
.u

.) 

Fig. 14. a) N2 adsorption–desorption isotherm curves, b) pore-size dispensation plots, and c) UV–Vis DRS spectrum. 

a) b) c) 



A. Akhoondi et al.                                                                                                       SYNTHESIS AND SINTERING 2 (2022) 151–169                                                                                                                                     161 
 

 
Table 1. Summary of photocatalytic performance by use of MXene/g-C3N4 hybrid system in H2 evolution. 

 
photocatalytic evolution performance. Similarly, Su et al. have reported 
that 2D/2D Ti3C2/g-C3N4 composites displayed 10 times higher 
photocatalytic H2 evolution than pure GCN under visible spectrum 
[86]. The g-C3N4 photocatalytic activity increased due to the 
construction of 2D heterojunctions and intimate contact between 
nanolayer of GCN and MXene. Furthermore, the photoexcited electron 
transfer can be facilitated due to the super metallic conductivity of 
Ti3C2 and the Schottky junction structure of MXene and g-C3N4 
composite. In another research, a 0D/2D Ti3C2/GCN composite was 
prepared by the embellishing of Ti3C2 MXene quantum dots (QDs) in 
order to boost GCN nanosheets for photocatalytic H2 generation [88]. 
The results have showed that at optimized amounts of Ti3C2 QDs, the 
photocatalytic H2 evolution efficiency of GCN/Ti3C2 quantum dots 
composite is higher than GCN/Ti3C2. The Q-dots of MXene can raise 
the BET and present more active sites which lead to highly efficient 
photocatalytic activity. 
Correspondingly, Li et al. have prepared a unique form of 2D/3D 
GCN/Ti3C2 heterostructure through the uniform dispersion of GCN on 
the Ti3C2 surface [46]. Under visible light irradiation, the improved 
GCN/Ti3C2 photocatalyst displayed six times higher photocatalytic    
H2 generation capacity than the pure GCN. Ti3C2Tx-based MXenes    
are proposed as efficient cocatalysts for photocatalytic  H2  production.  
Having functional groups such as hydroxyl (–OH) in Ti3C2Tx-based 
MXenes leads to hydrophilic behavior that can interact strongly with 

water molecules and facilitate the photocatalytic reaction. Sun et al. 
showed the annealing of carbon nitride and Ti3C2Tx composite 
promotes photocatalytic activity [100]. The presence of the oxygen 
functional group improves the separation of electron-hole pairs and 
causes a 105% rise in hydrogen production. They also proved that 
oxygen surface termination enhances hydrogen evolution by DFT 
calculations. Xu et al. carried out the plasma treatment on the surface 
of g-C3N4/Ti3C2Tx to enhance the photocatalytic activity of the catalyst 
for H2 evolution [59]. Increasing the ratio of the Ti–O functional group, 
especially Ti4+, helps to capture strongly photoinduced electron from 
GCN and significantly boost the separation of charge carriers. Kang    
et al. have made three-dimensional GCN/Ti3C2Tx hollow spheres to 
raise the rate of photocatalytic hydrogen (H2) evolution [79]. The 
structure in the optimization state indicated 3.5-fold and 1.22-fold 
higher H2 production than g-C3N4 and gC3N4/Ti3C2Tx, which lack the 
hollow structure, respectively. Based on density functional theory 
(DFT), Liu et al. calculated the bandgap of 2D semiconductor 
Ti2CO2/g-C3N4. They found that the van der Waals type of 
heterostructure Ti2CO2@g-C3N4 has a lower bandgap compared to the 
bandgap of their pristine species [107]. The direct Z-scheme 
heterojunction in the Ti2CO2@GCN photocatalyst is created through 
the normal type II band alignment, which is the electron-hole transfer 
interface. It is notable that in all H2 evolution experiments, TEOA was 
used as h+ scavenger and oxidized to TEOA+. 

Photocatalyst Morphology Synthesis method Light source Sacrificial agent Condition Activity (µmol.g-1.h-1) Ref. 

g-C3N4/Ti3C2 2D/3D 
heterojunction 

In situ growth 300 W Xe lamp 

λ > 420 nm 

TEOA 298 K, H2 as 
gas carrier 

116.2 [46] 

Ti2C/ g-C3N4 2D Calcination Monochromatic 
light, λ > 420 nm 

TEOA 298 K, N2 as 
gas carrier 

950  [47] 

g-C3N4/Mo2C 1D 
heterostructure 

Calcination 300 W Xe lamp 

λ ≥ 420 nm 

TEOA 277 K, N2 as 
gas carrier 

507  [50] 

g-C3N4/p‐Ti3C2Tx 2D/2D layered Mechanical mixing 350 W Xe lamp  

λ > 400 nm 

TEOA 298 K 17.8  [59] 

g-C3N4/Ti3C2 2D nanosheet In situ growth 300 W Xe lamp 

λ > 420 nm 

TEOA N2 protection 727  [60] 

MoS2/g-C3N4 2D/2D 
nanosheet 

Solvothermal 300 W xenon lamp, 
λ ≥ 420 nm 

TEOA 293 K, Ar as 
gas carrier 

1155  [63] 

p-g-C3N4/Ti3C2Tx Hollow-sphere Electrostatic 
assembly 

300 W Xe lamp TEOA Ar as gas 
carrier 

982.8  [79] 

Ti3C2/g-C3N4 2D/2D 
heterojunction  

Electrostatic self-
assembly 

200 W Hg lamp TEOA 298 K, Ar as 
gas carrier 

72.3  [86] 

g-C3N4@Ti3C2 Quantum dots Self-assembly 300 W Xe lamp TEOA H2 atmosphere 5111.8  [88] 

Mo2C/g-C3N4 2D/2D  Self-assembly 300 Xe lamp 

λ > 420 nm 

TEOA 277 K 675.27  [90] 

Ti3C2/g-C3N4 2D/2D 
heterojunctions 

Thermal 
polymerization 

300 W Xe lamp 

λ > 420 nm, 

TEOA Ar as gas 
carrier 

26.7  [94] 

HCN/Ti3C2 Schottky 
heterojunction 

In-situ growth LED lamps 

λ=420 nm 

TEOA N2 as gas 
carrier 

4225  [98] 

g-C3N4/Ti3C2Tx 2D Annealing 350 W Xe lamp 

λ > 400 nm 

TEOA Ar as gas 
carrier 

88  [100] 
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4.2. CO2 reduction 

The emission of tremendous and uninterrupted volumes of CO2 into the 
atmosphere has led to the acute phenomenon of global warming. The 
photocatalytic process of CO2 reduction, which is called the holy grail 
reaction, can overcome environmental problems and reduce greenhouse 
gases by converting CO2 and H2O directly into hydrocarbon fuels. 
However, the progress of photocatalytic CO2 reduction is hampered by 
limitations such as slow charge formation, poor adsorption, and 
activation of carbon dioxide on the photocatalysts’ surface. Two 
dimensional (2D) ultrathin g-C3N4 nanosheets are recently applied to 
improve the usage of sunlight and the adsorption of CO2 to the 
photocatalytic system. Owing to its unique characteristics such as 
hydrophilic surface and active sites, MXenes are considered a group of 
materials that have advantages for carbon dioxide absorption in the 
photocatalytic system. The simultaneous use of MXene as cocatalysts 
with GCN promotes the photoconversion of CO2. Tang et al. showed 
that the alkalinized 2D Ti3C2 MXene mixed with 2D g-C3N4 improved 
CO2 reduction performance 5.9 times higher than that of pure g-C3N4 at 
the optimized composite [58]. The great electrical conductivity of 
MXene/GCN and the adsorption capacity of alkalized Ti3C2 are the 
reasons for its high efficiency. 
Yang et al. created ultrathin 2D/2D Ti3C2/GCN heterostructure by 
calcination and mixing which displayed an 8.1 times larger CO2 
reduction rate than pure g-C3N4 [49]. Urea is responsible for making a 
gas template to exfoliate Ti3C2 into nanosheets and the precursor of g-
C3N4 to craft Ti3C2/g-C3N4 heterojunction. Enhanced photocatalytic 
efficiency of 2D/2D Ti3C2/GCN nanocomposites have been originate 
from the formation of an ultrathin heterostructure, which creates an 
intimate interface contact between the GCN and MXene cocatalyst and 
transfers the conduction band electrons of GCN to the surface of 
MXene, separating the photoinduced electron/hole pairs. Hu et al. 
conducted the conjunction Ti3C2 (TC) on porous C3N4 (PCN) with rich 
–NHx via NHxTi bond [76]. Under visible light and at optimal 
conditions, CH4 production was obtained 14 times greater than the pure 
PCN. Even after the four-cycle, the photocatalytic activity of the 
composite is acceptable. The main reason was attributed to the 
activation/absorption of CO2 and boosting of light-harvesting ability. In 
addition, the presence of chemical bonding of NHx-Ti and electrical 
conductivity makes it possible to separate and migrate interfacial 
surface charge. Li et al. fabricated mesoporous GCN/Ti3C2Tx (MCT) 
that CH4 production yielded 2.4 times more than GCN [99]. The porous 
structure provides more adsorption sites for carbon dioxide due to the 
large contact surface. Furthermore, the high-speed electron transport of 
the MXene simplified charge separation. Song et al. constructed a 
2D/2D Schottky junction of GCN NSs photocatalyst with carbon 
vacancy which is modified by Ti3C2Tx. The synergy of promotion 
exciton dissociation into free charge through carbon vacancies in g-
C3N4 and directional charge transfer led to the formation of an electron-
accumulated catalytic surface which was made better CO evolution   
7.4 times higher than pristine GCN [77]. Furthermore, Baghini and 
coworkers proposed GCN/Lu2CF2 and GCN/Y2CF2 Z-scheme 
composites to reach a highly significant photocatalytic CO2 reduction 
under sunlight illumination [108]. They have found these MXenes have 
significant photoabsorption in the visible and ultraviolet regions and 
have proved monolayers of Lu2CF2 and Y2CF2 are promising 
candidates for photocatalytic reactions and solar energy. In another 
study, the photocatalytic reduction of CO2 with V2C/GCN binary 
composite has been tested by Madi et al. [109]. The highest efficiency 

has been achieved by controlled coupling of 15%-V2C with g-C3N4 for 
CH4 and CO generation.  

4.3. Removal of pollutant 

In the last few decades, a serious concern for the environment formed, 
which requires an immediate search for new strategies to solve the 
growing environmental problems [110, 111]. Pharmaceutical 
industries, antibiotics, personal care products and organic dyes 
introduce emerging pollutants into water sources that destroy human 
and aquatic health [112]. Photocatalytic degradation of environmental 
pollutants is a newly developed method in recent research. 
Semiconductor g-C3N4 and MXenes as catalyst supports have been 
designed to manufacture heterogeneous semiconductor photocatalytic 
systems with the motive of removing pollution. Table 2 shows a 
summary of MXene/GCN hybrid systems with the approach of 
removing pollutants. 
Polymeric and photocatalytic membranes are newly considered as 
mixed matrix membranes in water purification [113]. In this regard, 
Zeng et al. prepared Ti3C2Tx/GCN 2D/2D photocatalytic membrane for 
the removal of dyes and antibiotics during wastewater treatment [55]. 
The pressure test through the experimental device revealed the 
significant permeable character of the as-synthesized sample. The 
penetrance of the membrane increases with the high content of GCN as 
shown in Fig. 15a. Furthermore, it was found that the Congo red (CR) 
and Trypan blue (TB) dyes degradation has reached the maximum 
values of 98% and 96%, respectively (Fig. 15b, c). In addition, the self-
cleaning capability of the membrane was examined in the presence and 
absence of light. The experiment results indicated the great self-
cleaning capability of Ti3C2Tx/g-C3N4 membrane in light without any 
washing process, which reduces chemical cleaning agents' needs. Also, 
the results demonstrated the membrane can remove up to 86% of 
tetracycline antibiotics under visible light. In another study, Zhou et al. 
evaluated the tetracycline degradation by Mo2C/GCN Van der Waals 
heterostructure under visible spectrum [84]. They found the 
photocatalytic degradation activity enhanced with the increase of Mo2C 
up to 2 wt%. Also, Mo2C/g-C3N4 showed high recyclability and 
stability with little inhibition in photocatalytic performance after 4 
rounds of continuous reactions. The degradation of arbidol 
hydrochloride (ABLH) as a Covid-19 drug has also been recently 
investigated by Jin and coworkers with Ti3C2/supramolecular g-C3N4 
[57]. For this purpose, a novel Schottky junction photocatalyst has been 
evaluated to promote the oxidation pathway under visible light 
irradiation. The as-prepared photocatalyst with 0.5 wt% Ti3C2 showed 
99.2% removal of ABLH from water within 120 minutes. The type of 
dissolved organic substances, anions (SO4

2- and NO3
-), and pH have a 

significant effect on photocatalytic activity. Besides, Dong et al. used 
Ti3C2/g-C3N4 composite to remove tetracycline hydrochloride under 
simulated light [94]. They showed that Ti3C2/GCN nanosheets can 
degrade tetracycline hydrochloride up to 84.5% within 2 h, while this 
figure is 29% for the single GCN. Similarly, Ti3C2/GCN was prepared 
and utillized to activate peroxymonosulfate for the decomposition of 
diclofenac in wastewater under sunlight irradiation [83]. The 
degradation test results showed that this photocatalyst can completely 
degrade diclofenac (100%) in alkaline solution (pH=10~11) with 
0.21/min first-order kinetic constant (k). 
Much research has been performed to achieve the photocatalytic 
degradation of dyes over GCN-based semiconductors. For example, 
Nasri et al. synthesized  Ti3C2/GCN  heterostructure  photocatalyst  and 
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Table 2. Summary of the g-C3N4/MXene systems used in pollutant removal. 

Photocatalyst Morphology Synthesis method Pollutant Conditions Light source Irradiation time Removal (%) Ref.  

Ti3C2Tx/ 
alkalized C3N4 

Heterostructure Calcination 
Tetracycline 

hydrochloride 

30 min 
stirring in the 

dark 

300 W xenon 
lamp,                   

λ > 420 nm 
10 min 77% 

[48] 

Ti3C2/PCN 
VDW 

heterostructure 
Straightforward 
vacuum filtration 

Phenol 
30 min 

stirring in the 
dark 

500 W xenon 
lamp,                   

λ > 420 nm 
180 min 

Day 98%      
night 32% 

[54] 

g-C3N4@MXene 
2D/2D 

nanosheets 
Vacuum filtration 

Congo red 
(CR), trypan 
blue (TB),   
TC-HCl 

Exposure for 
8 hours in a 

dark 

Full-spectrum 
gold halogen 
lamp, 70 W 

8 h 
98% of CR      
96% of TB      
86% of TC 

[55] 

Ti3C2/g-C3N4 
Schottky 
junction 

Simple sonochemical Levofloxacin 
60 min 

stirring in the 
dark 

300 W xenon 
lamp,                   

λ > 420 nm 
4 h 72% 

[56] 

TiC/SCN 
Schottky 
junction 

Simple method 
Arbidol 

hydrochloride 
(ABLH) 

30 min 
stirring in the 

dark 

300 W xenon 
lamp,                  

420  < λ < 780 nm 
150 min 99.2% 

[57] 

g-C3N4/Ti3C2 
2D/2D 

heterojunction 
Self-assembly 

Ciprofloxacin 
(CIP) 

30 min 
stirring in the 

dark 

500 W xenon 
light,                      

λ ≥ 400 nm 
150 min 40% 

[80] 

Ti3C2/g-C3N4 
2D/2D 

heterostructure 
Self-assembly 

Diclofenac 
(DCF) 

30 min 
stirring in the 

dark 
300W xenon lamp 30 min 95% 

[83] 

Mo2C/g-C3N4 2D/2D VDW 
heterojunction 

Electrostatic self-
assembly 

Tetracycline 
(TC) 

60 min 
stirring in the 

dark 

300 W xenon 
lamp,                       

λ ≥ 420 nm 

60 min 97% [84] 

MXene/g-C3N4 Heterostructure Wet impregnation 
Methylene 

blue 

60 min 
stirring in the 

dark 

500 W halogen 
lamp 

3 h 69.4% 
[91] 

Ti3C2/g-C3N4 
2D multilayer Wet impregnation Methylene 

blue 

Keeping at 
RT for 1 h, 

H2O2 
oxidizer 

Halogen lamp of 
500 W 

240 min 99.7% 
[92] 

Ti3C2/g-C3N4 
2D/2D 

heterojunctions 
Simple low-

temperature treated 

Tetracycline 
hydrochloride 

(TC-HCl) 

30 min 
stirring in the 

dark 

250 W xenon 
lamp,                      

λ ≥ 420 nm 
2 h 79% 

[94] 

g-C3N4/ 
amorphous      
Ti-peroxo 

Heterojunction 
Electrostatic self-

assembly 

Rhodamine B, 
tetracycline 

(TC) 

30 min 
stirring in the 

dark 

270 W xenon 
lamp,                   

λ > 420 nm 
60 min 

97.22% of RhB 

86.34% of TC  

[114] 

 

evaluated its activity for methylene blue (MB) destruction [91]. The 
prepared 1 wt% Ti3C2/GCN heterostructure nanocomposite displayed 
the highest photocatalytic performance over 180 min. Doubtless, 
narrower bandgap energy, good crystallinity structures, and a high BET 
surface area are the most vital factors for enhancing photocatalytic 
efficiency. In another research, g-C3N4/Ti3C2 heterojunction 
photocatalyst has been designed for reduction of the MB concentration 
under H2O2 oxidizer [92]. To achieve maximum removal of the 
persistent dyes, 1 wt% Ti3C2/g-C3N4 could be the optimum content. 
Accordingly, Tu and coworkers successfully have applied Ti3C2-
derived amorphous Ti-peroxo heterojunction coupled with GCN for 
rhodamine B (RhB) degradation [114]. Parameters such as initial pH, 
H2O2 dosage, and Ti3C2-Mxene content affect the photocatalytic 
activity. The presence of Ti-peroxo complex has displayed 97.9% RhB 
removal within 1 h under visible light illumination.  

4.4. H2O2 production 

Hydrogen peroxide (H2O2) is an environmentally friendly and versatile 
oxidizer whose only byproduct is water [115, 116]. It has wide 
applications such as water remediation, chemical processing, 
disinfection, and pulp industry [117, 118]. In recent years, hydrogen 
peroxide as an alternative to H2 has attracted considerable attention as 
energy carrier in fuel cells [119, 120]. Semiconductor photocatalysis is 
supposed a desirable method to produce H2O2 due to its safety, energy 
conservation, and anti-pollution property. Reduction of O2 to hydrogen 
peroxide is possible through photogenerated electrons on the 
conduction band of the semiconductor [121]. GCN has motivated vast 
research attention due to its physiochemical stability, economics, 
nontoxicity, appropriate band structure and visible light absorption. 
However, the use of g-C3N4 in the form of bulk morphology hinders its 
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photocatalytic performance due to its small surface area and low 
photogenerated carrier separation and transfer efficiency. Therefore, 
researchers have developed various methods for g-C3N4 to improve its 
photocatalytic performance. Ti3C2 could be coupled with 
semiconductor photocatalysts to form Schottky junctions, which 
greatly promote the separation of photogenerated charge carriers. Yang 
et al. combined GCN with Ti3C2 through a simple electrostatic self-
assembly method to accelerate the spatial charge carrier separation and 
activated molecular O2 for H2O2 generation [78]. The increase in H2O2 
production rate by 2.1 times more than the g-C3N4 is related to the 
formation of Schottky junction with the porous g-C3N4 and subsequent 
built-in electric field at the interface. Lin et al. constructed the Ti3C2 
quantum dot-modified defective inverse opal g-C3N4 (TC/CN) to 
facilitate photocatalytic hydrogen peroxide generation [85]. Under 
visible light, the efficiency of H2O2 production at the optimum amount 
of TC/CN was 9.3 times larger than that of bulk CN which is ascribed 
to the direction-induced bonding between carbon vacancies in GCN 
and Ti3C2 quantum dots.  

4.5. N2 fixation 

Elemental nitrogen is a vital component for the life of organisms on 
earth. Nitrogen (N2) is present in abundance up to 78%, however its 
intrinsic inert, highly stable triple bond, and low solubility in water 
prevent its direct use in chemical processes. The conversion of N2 to 
NH3 is an important process for N2 fixation. Until now, the powerful 
procedure of industrial ammonia synthesis is through the Haber 
process, which uses nitrogen and hydrogen as raw materials in the 
presence of iron and ruthenium metal catalysts. This reaction requires a 
large amount of energy input. It also emits a huge content of 
greenhouse gases into the atmosphere. The conversion of nitrogen to 
ammonia is kinetically complex. For this purpose, various catalytic 
methods have been proposed. The g-C3N4 photocatalyst can product 
ammonia under visible light spectrum due to its very negative 
conduction band position and moderate bandgap structure. However, 
the recombination rate of induced electron-hole pairs limits the 
photocatalytic activity of GCN in nitrogen conversion. MXenes have 
high specific conductance, which can combine effectively with GCN. 
For example, Liu et al. fabricated a TiO2/C/GCN photocatalyst by 
thermal treatment of a mixture of Ti3C2Tx and melamine [122]. This 
approach endows TiO2-supported 2D carbon NSs with a large number 
of Ti3+ ions wrapped by in situ GCN NSs. TiO2/C/GCN heterojunction 
shows a great photocatalytic NH3 production rate 18 times higher than 
the pure GCN nanosheets under visible light irradiation. The Ti3+ ions 
as the active site adsorb nitrogen and also trap photoinduced electrons. 

Sun et al. indicated the high nitrogen conversion ability of N-defect 
GCN/Ti3C2 heterojunction composite synthesized by combination of 
nitrogen defect-rich GCN NSs with MXene [52]. This structure showed 
a considerable enhancement of photocatalytic activity rather than 
pristine Ti3C2 and gC3N4. This improvement is attributed to the induced 
N-defect and the heterostructure synergistically. Furthermore, the Ti 
element in Ti3C2 acts as the active surface for nitrogen adsorption and 
limits the H2 evolution reactions instead. Accordingly, N2 reduction 
was investigated by Ti3C2 MXene embellished g-C3N4 nanosheets in a 
quartz photochemical reactor at ambient conditions [56]. Ti3C2 
MXene/g-C3N4 can break down the strong triple bond of N≡N to 
activate it for fixation. Ti3C2/g-C3N4 (x=1 wt%) displays the highest 
photocatalytic activity for NH4+ production, which reaches                 
600 μmol.l-1.gcat

-1.h-1. In another study, Chang and coworkers designed 
surface defect-rich Ti3C2 QDs@ GCN hollow sphere for nitrogen 
fixation [81]. It was found that partially reduced Ti3C2                             
QDs-20 ml/GCN significantly improved NH4+ production under white 
light irradiation (660 μmol/l within 2 h). 

4.6. NO purification 

It is confirmed that nitric oxide (NO) leads to serious harm to the 
environment and human health. Photocatalytic oxidation is one of the 
useful methods because of its benefits for the environment. However, 
photocatalytic elimination of NO has some restrictions such as low 
process efficiency and by-product generation such as nitrogen dioxide, 
which are even more detrimental. For this purpose, constructing an 
efficient catalyst is the solution to overcome the photocatalytic 
oxidation problems of NO. Ti3C2 cocatalyst joined with GCN gathers 
the advantages of both which is a great strategy to improve NO 
conversion yield. Li et al. prepared Ti3C2/GCN system by a simple in-
situ growing technique which improved the ratio of NO oxidation 
removal up to 57% compared to pure GCN [96]. It is worth noticing 
that the NO2 fraction decreased to 8.7%. The DFT calculation revealed 
a short distance between oxygen and MXene (1.2 Å) than GCN leading 
to the priority adsorption of oxygen on MXene nanosheets. Therefore 
the more negative adsorption energy of oxygen is collected on MXene. 
In another research, photocatalytic denitrogenation of fuels over 
hybridized Ti3C2/GCN to obtain a Schottky barrier [53]. All Ti3C2 
@GCN samples present increasing photocatalytic denitrogenation 
activity which is attributed to the intercalation between MXene and 
GCN. Accordingly, Hu and coworkers have successfully fabricated a 
new V2C/g-C3N4 for plasma denitrification technology [62]. The 
optimized V2C (3 wt%)/g-C3N4 exhibited an efficient NO removal of 
83%, which is 2.1 and 1.2 folds higher than single GCN and V2C.  
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Fig. 15. a) Permeability of membranes with different GCN content and b, c) removal ratios of Congo red and Trypan blue from sewage by various 
membranes. 
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4.7. Other applications 

The photocatalytic redox reaction of chemical compounds is an 
efficient method to convert them into desired products. For example, 
the photo-reduction of uranium (VI) on the decorated GCN surface 
with Ti3C2 was investigated to separate from the aqueous solution and 
form forming UO2+x (x < 0.25) deposits [95]. A solid-state Z-scheme 
heterostructure was figured because of the O–Ti–O formation on the 
surface of MXene, which enhanced the separation of charge carriers 
and facilitated charge carriers, and reduced U(VI) to U(IV). GCN/Ti3C2 
(x=2) showed 14.05 times fold the reaction constant compared to pure 
GCN. The GCN/Ti3C2 composite has absorption light edge at about 
500 to 800 nm while a single GCN weakly absorbs the visible spectrum 
in the region of ~450 nm. In another study, Li et al. worked on 
oxidative denitrogenation and desulfurization of fuels by Ti3C2/g-C3N4 
composite in the atmosphere [53]. To produce model fuel and prepare 
N and S elements, pyridine and thiophene were dissolved in n-octane. 
It was seen that removal of the N and S elements increases in the 
atmosphere compared to using H2O2 or O2 as oxidant as shown in      
Fig. 16. These species convert to OH and O2 radicals under the reaction 
with electrons, which can boost the desulfurization and denitrogenation 
process. These species convert to •OH and •O2 radicals under the 
reaction with electrons, which can boost the desulfurization and 
denitrogenation process. Despite this, the extra H2O2 scrubs the •OH 
radicals and prohibits sulfur and nitrogen oxidation. In addition, 
molecular O2 in the atmosphere can play the role of an oxidant and 
reduce process costs.  

 Conclusions and outlook 5.

Exploring the solar-driven photocatalyst for energy generation and 
environmental remediation led to sparked hybridization idea. The 

incorporation of g-C3N4 and MXenes is an exactly useful technique to 
uplift photocatalytic activity. This review summarized the advancement 
in the design and fabrication of 0D-2D, 1D-2D, 2D-2D, and 2D-3D 
GCN/MXene photocatalysts. The most common method of 
MXene/GCN nanocomposite synthesis is the electrostatic self-
assembly technique and the calcination method is in the next order. 
Simple mixing and ultrasonic dispersion methods are also relatively 
popular compared to less common methods such as 
hydro/solvothermal. In the polymerization method, GCN is not used 
directly, but the raw material of GCN production during the formation 
of the polymer hybridized with MXene to form a composite. 
High photocatalytic activity has been observed due to an effective 
association with g-C3N4 and MXenes. MXenes as cocatalyst and 
supporting material for g-C3N4 have been used in H2 evolution, CO2 
conversion, N2 photofixation, H2O2 generation, NO purification, 
pollutant elimination, decolorization and other application. Coupling of 
g-C3N4 with MXene results in an expanded light absorption spectrum, 
which will enlarge photogenerated electron/hole pairs. In addition, 
MXenes profoundly improve the Schottky barrier by forming a 
heterojunction structure that accelerates photoinduced charge carrier 
separation. The distance of electron immigration is shortened by the 
wide and intimate interfaces of GCN and MXene then facilitate the 
transfer and separation of charge carriers. Interfacial contact among 
GCN and MXenes provides electron trapping channels to reduce the 
electron/hole recombination rate and adequate charge transport under 
the visible sunlight spectrum. The visible-light-driven MXene/GCN 
possesses an appropriate energy bandgap construction, which can 
supply sufficient potential for redox reactions. The MXene/GCN 
exhibits higher photocatalytic performance compared to pure GCN and 
single MXene. In addition, MXenes are good candidates to replace 
expensive noble metal catalysts for g-C3N4. Although there are a few 
weaknesses and restrictions in the incorporated MXenes in GCN, the 
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MXene/GCN nanocomposite exhibits higher photocatalytic 
performance compared to pure GCN and single MXene. But the results 
obtained from photocatalysis show that there is still a long way to 
practical use of MXene/GCN. 
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