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Many organic pollutants are discharged into the environment, which results in the frequent detection of organic pollutants

in surface water and underground water. Some of the organic pollutants can stay for a long time in the environment due to

their recalcitrance. Advanced oxidation processes (AOPs) can effectively treat the recalcitrant organic compounds in

water. Photocatalysis as one of the AOPs has attracted a lot of interest. BiOCl and g-C3N4 are nice photocatalysts.

However, their catalytic activity should be further improved for industrial utilization. The construction of heterojunction

between the two different components is deemed as an efficient strategy for developing a highly efficient photocatalyst. As

a typical type-II heterojunction, g-C3N4/BiOCl heterojunctions showed better photocatalytic performance. To date, the g-

C3N4/BiOCl composites were mainly studied in the field of water purification. The photoactivity of the pristine catalysts

was greatly enhanced by the combination of the two materials. However, three kinds of proposed mechanisms were used

to explain the improvement of the g-C3N4/BiOCl heterojunctions. But few researchers tried to explain why there were

three different scenarios employed to explain the charge transfer. According to the articles reviewed, no direct evidence

could indicate whether the band structures of the heterojunctions based on BiOCl and g-C3N4 were changed. Therefore,

many more studies are needed to reveal the truth. Having a clearer understanding of the mechanism is beneficial for

researchers to construct more efficient photocatalysts. This article is trying to start a new direction of research to inspire

more researchers to prepare highly effective photocatalysts.
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1. Introduction

With the development of human civilization, many refractory pollutants were discharged to the environment, which are

hard to be degraded by traditional purification methods. For example, pollutants like tetracycline , bisphenol A ,

Astrazone Black , estriol , and tetraethylated rhodamine  can hardly be degraded by normal waste-water treatment

plants. Generally, the degradation of recalcitrant organic pollutants relies on the consumption of energy, such as the

Fenton process. Photocatalysis has drawn much attention because of the utilization of solar energy and friendliness to the

environment.

In photocatalysis, the heterojunction of two different materials is deemed as an efficient strategy to develop diverse hybrid

composites with multiple functionalities . Photocatalysts normally possess some defects that restrict the utilization of the

material, for example, ultrafast recombination of photo-induced charge carriers , low efficient utilization of sunlight, and

wide bandgap . Hybridization of two different catalysts would be an excellent way to improve the photoactivity. Lots of

photocatalysts were synthesized in order to enhance the photoactivity of the catalysts, such as MoS /g-C N  , CuInS g-

C N  , Ag O/g-C N  , Ag O/TiO  , AgI/CuBi O  , CuS/BiVO  , Ag PO /MoS  , g-C N /SiO  ,

ZnFe O /TiO  , LaFeO /SnS  , Bi O /g-C N  , and Ag O/Bi O I . Recently, heterojunctions based on BiOCl

and g-C N  drew much attention because of the abundance of the materials in the environment.

Graphitic carbon nitride is regarded as a nice photocatalyst because of its nontoxicity, stability in pH over a broad range

(0–14), easy to prepare, and the narrow bandgap . After being first synthesized in 1834 , carbon nitride has been

used in many areas, such as virus inactivation , activation of benzene , H  revolution , fuel cells , CO

reduction , and organic pollutants degradation . However, because of its high recombination rate of the

photogenerated charge carriers and low BET surface area, the application of g-C N  is restricted. Recently, many studies

focused on building heterojunctions to improve its photoactivity, such as the system of WO /g-C N  , ZnWO /g-C N

, and In S /g-C N  . According to these studies, coupling graphitic carbon nitride with other kinds of semiconductors

could construct better photocatalysts by reducing the recombination rate of the photogenerated charge carriers or

increasing the surface area.

On the contrary, layered structure of BiOCl facilitates the photogenerated charge carriers’ separation and endows it with a

strong ability to degrade organic pollutants . Morphology control was employed by many researchers to improve the
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pristine catalyst . For example, according to E. Ramírez Meneses and co-workers , the addition of capping agents

could affect the morphology of BiOCl. However, the as-prepared catalysts were unable to be excited by visible light. In

order to expand the light absorption range of BiOCl, many researchers synthesized heterostructures like carbon

dots/BiOCl , BiOCl/g-C N  , WO /BiOCl , Bi MoO -BiOCl , BiOCl/BiOBr , m-Bi O /BiOCl , BiOCl/BiVO

, Bi O CO /BiOCl , and BiOI/BiOCl .

Among them, the composition of BiOCl and g-C N  is considered as an excellent combination. The heterojunction could

enhance the separation of the photo-induced charge carriers and enable the catalyst to respond to visible light .

Noble metal doping is also considered as a good method to improve the semiconductor. However, the high cost of noble

metal doping restricts its utilization. If a noble metal doping catalyst is used repeatedly, the catalyst will be eroded, and

perhaps generate new pollutants . Heterojunctions of semiconductors is friendly to the environment, stable, and

abundant in nature. Especially, the system of g-C N /BiOCl could be used repeatedly and facile to be produced.

Some researchers also found the photoactivity of g-C N /BiOCl heterojunctions could be further enhanced by combining

them with other materials. For example, the systems of Bi S /BiOCl/g-C N  , BiOCl/g-C N /kaolinite , and g-

C N /CDs (carbon dots)/BiOCl . Notably, through the addition of mediators, Z-scheme catalysts can be synthesized,

such as the systems of g-C N /Au/BiOCl  and BiOCl/RGO/protonated g-C N  . However, few researchers have

focused on figuring out which method could prompt the photoactivity of the binary heterojunction. According to all the

articles reviewed here, analysis of the proposed mechanism was an important section. Based on the adopted

characterizations and experiments, the mechanism was discussed to help readers to understand the whole photocatalysis

process.

2. Mechanisms of the BiOCl/g-C N  Heterojunctions

P-type photocatalyst BiOCl combined with typical n-type photocatalyst g-C N  could form a conventional type-II

photocatalyst with a staggered-gap band structure. There are three different types of semiconductor heterojunctions

overall as shown in Figure 1. In a type-I heterojunction, conduction band (CB) and valence band (VB) of the

semiconductor (SC1) are higher and lower than that of the other semiconductor (SC2), respectively. When SC1 and SC2

construct type-II heterojunction, CB and VB of SC1 are higher than of SC2. Because of the built-in electric field formed

inside of the composite, photo-induced electrons tend to migrate to the CB of SC2. At the same time, holes accumulate on

VB of SC1 rapidly. Because the electrons and holes migrate to different semiconductors, charge separation is enhanced.

The pattern of charge carriers’ movement in type-III heterojunction is the same as in type-II heterojunction. The difference

of the band structures of the two semiconductors is even larger than in the type-II heterojunction .

Figure 1. Three different types of semiconductor heterojunction.

Separation of electron-hole pairs could be prompted by the construction of the g-C N /BiOCl heterojunction. Solar energy

utilization of the heterojunction was also more efficient since the wavelength of photo-response was broadened .

According to the articles reviewed, an interesting phenomenon is observed, some researchers believed that band

structures of the two catalysts stayed unchanged after the combination of the two materials, whereas others thought that

CB and VB of g-C N /BiOCl changed to align Fermi energy levels.

Theoretically, the Fermi energy level of an n-type catalyst is close to the bottom of CB. The Fermi energy level of a p-type

catalysts is close to the top of VB . After construction of heterojunction, the CB and VB of n-type catalyst tend to move
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downward, while those of p-type catalyst are moving upward. This kind of heterojunction based on g-C N  and BiOCl is

labeled as PCNB in this article. The CB and VB of some g-C N /BiOCl heterojunctions stayed the same after the

combination. This kind of heterojunction is denoted as the system of CNB here.

2.1. CNB Heterojunction

Generally, the proposed mechanism for the generation of reactive radicals on the surface of CNB heterojunction is shown

in Figure 2. Photoexcited electrons firstly generated in the conduction band of g-C N  by irradiation of visible light

because of its relatively mild band gap (2.7 eV). When it comes to dye degradation, photo-induced charge carriers also

generated through dye sensitization. Then, electrons transferred to the conduction band of BiOCl because the conduction

band of BiOCl is less negative than that of g-C N . Photogenerated electrons tend to transfer to a less negative

conduction band. Electrons could react with O  on the surface of CNB to generate superoxide radicals. At the same time,

holes remaining in the valence band of g-C N  react with surface-absorbed H O to generate hydroxyl radicals, so that

separation of photo-generated charge carriers is improved and the catalyst can response to visible light. However, the

redox ability of the heterojunction was sacrificed when photoactivity is improved, because the holes accumulated on VB of

g-C N .

Figure 2. The mechanism for the generation of reactive radicals over CNB.

The mechanism mentioned above was adopted by Faisal Al Marzouqi and co-workers to explain the degradation of

nizatidine over the BiOCl/g-C N  heterojunction . The degradation efficiency of nizatidine was improved under the

irradiation of visible light. According to the XRD pattern, the as-prepared catalyst was constructed by pure BiOCl and g-

C N . The construction of the heterojunction was verified. As shown in the UV-vis diffuse reflectance spectra, the

absorption edge of BiOCl was about 364 nm (in the UV range), and that of g-C N  was about 450 nm (in the visible

range). After being combined, the absorption band edge of the heterojunction could be up to 476 nm. The photoactivity of

the heterojunction was improved. The bandgap value for 10% BiOCl/g-C N  sample was 2.6 eV, which endowed the

catalyst with the highest photoactivity among all the as-prepared samples. Therefore, the bandgap of the composite was

narrowed by combination of the two components. The degradation rate of nizatidine was enhanced by the construction of

the heterojunction as shown in Figure 3b. This improvement was explained by the double-charge transfer mechanism as

proposed in Figure 2. Obviously, the CB and VB of both pristine catalysts did not change. The generation of reactive

radicals depicted in the article was the same as that in Figure 2. However, the article provided no further evidence to

prove the main reactive radicals. The presence of hydroxyl radicals was supposed to be the main cause of the

degradation of nizatidine in the article. But the study did not exclude the possibility that the hydroxyl radicals could be

generated from superoxide radicals. Y. Yang and colleagues demonstrated hydroxyl and superoxide radicals were the

main species during the photocatalytic oxidation of MB, too . Hydroxyl radicals were supposed to be produced in the

VB of g-C N .
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Figure 3. (a) XPR pattern of as-prepared BiOCl/g-C N  samples; (b) Degradation rate of nizatidine at an initial

concentration of 5 mg/L and pH = 5.6 with all the prepared samples; (c) SEM image of 10% BiOCl/g-C N  sample; (d) UV-

vis diffuse reflectance spectra of the obtained samples. Reproduced with permission from Al Marzouqi F et al, ACS

Omega; published by American Chemical Society, 2013.

To date, lots of CNB heterojunctions were reported. Wenwen Liu and colleagues constructed a 2-dimensional layered

BiOCl/g-C N  composite, and the photodegradation of MO was greatly improved through constructing a CNB

heterojunction . When the mass ratio of BiOCl reached 70%, BiOCl/g-C N  heterojunction showed the highest

photocatalytic performance. EIS images and PL spectra were carried out to prove that better charge separation was

realized. The proposed mechanism was similar to that shown in Figure 2. Electrons generated in the conduction band of

g-C N , and then transferred to the conduction band of BiOCl. As a result, superoxide radicals generated on the surface

of the heterojunction. Holes in the valence band of C N  were accumulated to participate in the degradation of MO

degradation. Trapping experiments exhibited •O  and holes were the main reactive species in the degradation of MO,

which could be the evidence of the proposed mechanism. In this study, the VB and CB positions of BiOCl and g-C N

were determined by the Mott-Schottky curve. The alignment of band edges during the combination of the two materials

was not taken into consideration, though the researchers did not directly adopt the standard values. The presence of the

main reactive species was consistent with the proposed mechanism. Liwen Lei and co-workers prepared another

heterostructure photocatalyst by combining BiOCl and g-C N  . Arabic gum (AG) was added while synthesizing the

heterojunction. They also proved that the superoxide and holes are the main reactive species through trapping

experiments. The mechanism shown in Figure 2 was also adopted to explain the degradation of RhB over the composite.

However, the BiOCl/g-C N4 heterojunction prepared by Xiaojing Wang and colleagues showed a different result . Like

the studies mentioned above , XPR, FT-IR spectroscopy, and PL emission spectra were carried out to demonstrate the

formation of the heterojunction. The light response wavelength of BiOCl was broadened, while the charge separation was

enhanced. Trapping experiments were also carried out to detect the main reactive species in the photocatalytic process. It

turned out that •O  was not the main reactive species, whereas holes played an important role during the degradation of

MO.

Why the hydroxyl radicals were not generally supposed to generate during the photocatalytic reaction was not mentioned

in the above studies. Zhang Sai and co-workers explained the reason in their study , the standard CB and VB

potentials of g-C N  are approximately −1.3 and 1.40 eV, respectively. The standard redox potential of •O /O  is −0.13

eV (vs. NHE), which is more positive than the CB potential of g-C N . So, it is very easy for e- on the CB of g-C N  to

generate superoxide radicals. The VB potential of g-C N  is less positive than the standard potential of •OH/OH , which is

+1.99 eV (vs. NHE). This makes holes on the VB of the catalyst and cannot be captured and to produce •OH radicals. If

the CB and VB of the g-C N /BiOCl catalysts stay unchanged after the construction of the type-II heterojunction, electrons

accumulate on the CB of BiOCl (−1.1 eV)  to form •O . Holes migrate to the VB of g-C N , but cannot generate

hydroxyl radicals. Therefore, superoxide radicals and holes are the main reactive species in the systems of BiOCl/g-C N .

This theory is consistent with the results mentioned above. The work of L. Song and co-workers also suggested that the

standard redox potential of the VB of g-C N  was not positive enough to generate •OH groups . J. Sun and colleagues

directly used the standard potentials of the pristine catalysts to describe the mechanism without taking the alignment of

the Fermi energy level into account .
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Q. Li and co-workers employed the result of X-ray photoelectron spectroscopy (VB XPS) spectra to determine the VB of

pure g-C N , which was 1.44 eV NHE . Compared to the standard potential of •OH/OH , the generation of •OH was not

expected to happen on the VB of g-C N . The result of trapping experiments suggested that •O  and holes were the

dominant reactive species during the degradation of MO.

Some other researchers did not only adopt trapping experiments to determine the main species, for example, L. Song and

co-workers also adopted ESR spectra and trapping experiments to find out the main reactive species . The presence of

superoxide radicals was directly proved by the ESR test. The generation of hydroxyl radicals was not detected. Trapping

experiments proved holes also played an important role during the oxidation of RhB.

Just like the aforementioned study of Xiaojing Wang and colleagues , T. Jia and colleagues determined the CB and VB

potentials of BiOCl and g-C N  by using theoretical calculation, then holes were proved to be the main reactive species

during the oxidation of MB through trapping experiments .

There are some other studies that adopted a similar mechanism to explain the degradation of pollutants over ternary

catalysts based on the system of BiOCl/g-C N , like systems of BiOCl/g-C N /kaolinite , g-C N /CDs/BiOCl ,

BiOCl/CdS/g-C N  , and BiOI-BiOCl/C N  .

However, Xiaojuan Bai and colleagues demonstrated that hydroxyl radicals were still produced, though the VB of g-C N

was not positive enough . They synthesized a kind of photocatalyst by modifying g-C N  with fullerene. After the

modification, the degradation rate of MB was improved. Trapping and ESR experiments proved that holes and •OH were

the main reactive species in the photodegradation of MB. After the modification, the VB of C /g-C N  was more positive

by 0.17 eV. Considering the theory depicted above, that was not positive enough to generate •OH directly on the VB of g-

C N . The mechanism was further researched by adding N  to create an anoxic suspension. The degradation of MB was

almost unchanged in the presence of N , which indicated that the •OH was generated on the surface of the composite, but

not through the reaction induced by electrons on the CB of g-C N . This study seems contradictory to the theory

described above that the VB of g-C N  was not positive enough to produce •OH .

The CNB system is a typical type-II heterojunction due to the band structures of the two materials. Trapping experiments

were carried out to clarify the main reactive species, which proved to be superoxide radicals and holes. However,

according to the study discussed above , there is still something unclear about the mechanism depicted in this section.

Some more works are required to elucidate the reaction that happened over the heterojunction of CNB.
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