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Abstract text. Organic pollutants including industrial dyes/chemicals and agricultural waste 

have become a major environmental issue around the world. Alternative to simple adsorption, 

photocatalytic decontamination is an emerging, efficient and energy-save technology for 

eliminating these pollutants from water environment, which utilizes the energy of external 

light and unique function of photocatalyst. Having large specific surface area, numerous 

active sites and varied band structures, two-dimensional (2D) nanomaterials have exhibited 

promising applications as efficient photocatalyst for degrading the organic pollutants, 

particularly hybridization with other functional components. In this review, the novel 

hybridization of 2D nanomaterials with various functional species are summarized 

systematically with emphasis on their enhanced photocatalytic activities and outstanding 

performances in environmental remediation. First, the mechanism of photocatalytic 

degradation is given for discussing the advantages/shortcomings of regular 2D materials and 

identifying the importance of constructing hybrid 2D photocatalyst. Then, several types of 

intensively investigated 2D nanomaterials (i.e. graphene, g-C3N4, MoS2, WO3, Bi2O3 and 

BiOX) are overviewed to emphasize their hybridized methodologies, synergistic effect and 
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improved applications in decontamination of organic dyes and other pollutants. Finally, future 

research directions are rationally suggested based on the current challenges. 

 

1. Introduction 

Continued growth of world population greatly expands/increases the demand for agricultural 

and industrial products, which unavoidably cause a rapid increase in the discharge of organic 

pollutants into the environment.[1,2] Due to high toxicity and long-term persistence, the organic 

effluents including dyes, pharmaceuticals, pesticides and other organic compounds, have 

resulted in a serious threat to living organisms and environment.[3] Particularly, organic dyes 

are very toxic even at low concentration, which interfere with the operation of ecosystems and 

seriously affect human health.[4] It is thus urgent to remove these toxic organics from the 

aqueous environment effectively and economically. So far, a variety of approaches have been 

proposed for eliminating the water pollutants, such as adsorption, catalytic degradation, 

biodegradation, flocculation, coagulation, sedimentation and membrane filtration.[5,6] Among 

them, photocatalytic degradation is commonly considered as one of the most economical and 

environmentally-friendly methods, in which light energy is converted into chemical energy 

over photocatalysts to generate free radical groups that subsequently oxidize organic effluents 

into harmless substrates.[4] Based on the photocatalytic process, it is evident that the used 

photocatalyst is critically important for a photocatalytic reaction. A successful example is the 

exploitation of various titanium dioxide (TiO2) photocatalysts that have excellent photocatalytic 

activity under ultraviolet irradiation.[7] Due that ultraviolet only occupies less than 5% of solar 

spectrum, TiO2 materials are inefficient for the use of sunlight because of its large intrinsic band 

gap (3.2 eV).[8] To more efficiently utilize solar energy for environmental treatment, 

considerable research efforts have been devoted to the developments of visible light-driven 

photocatalysts with band gap in the range of 1.65~3.10 eV. 
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After absorbing solar light to stimulate the excitation of electrons, the generated electrons 

and holes need to be separated promptly for avoiding the intra-particle electron-hole 

recombination and readily migrate to photocatalyst’s surface for next oxidization of 

pollutants.[9,10] This vital issue has been ideally addressed by coupling other functional materials 

as co-catalyst, which not only promotes intra-particle charge transfer through good overlapping 

between the electronic states of the heterostructure interface to compensate the disadvantages 

of pristine materials,[11] but also induces synergetic effects like visible light harvesting property, 

enhanced electron-hole separation ability and improved photo stability.[12] In addition, large 

surface area with more active sites and higher affinity for target pollutants are also very critical 

for improving photocatalytic efficiency. In these cases, the utilization of two-dimensional (2D) 

nanomaterials has been attracting considerable efforts for exploiting efficient hybrid 

photocatalysts.[13] Firstly, 2D nanomaterials have larger specific surface area and a great 

number of active sites exist on their surface.[14,15] Secondly, the 2D nanomaterials with good 

conductivity and superior electron mobility (e.g. graphene) can provide an ultrafast intra-

particle electron transfer from the interior domain to the surface/interface to facilitate the 

transfer and separation of charge carriers in the photocatalyst.[16-19] Thirdly, dispersibility of 

catalyst can be improved by 2D nanomaterials due to small size, which is also beneficial for 

light-harvesting and photocatalysis. Fourthly, 2D structures are easier and more convenient to 

couple with other functional species, particularly the 2D–2D composites exhibit the large 

contact area and more efficient interfacial charge transfer. The extraordinary advantages endow 

2D nanomaterials with promising applications in photocatalytic decontamination.[20,21] 

In the photocatalytic degradation of organic pollutants, graphene, graphitic carbon nitride (g-

C3N4), molybdenum disulfide (MoS2), tungsten oxide (WO3), bismuth oxide (Bi2O3) and 

bismuth oxyhalide (BiOX) are several types of the most extensively studied 2D 

nanomaterials.[13,22] Among them, graphene as co-catalyst accelerates electron transfer to 
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separate photogenerated electrons and holes in the photocatalyst, meanwhile a higher 

adsorption affinity is achieved due to its lager surface area.[1,23-25] MoS2 nanosheets with a band 

gap of ~1.8 eV can be used as photocatalyst or co-photocatalyst for removing organic 

contaminants via visible light-driven catalytic reaction.[4,26-28] Similarly, g-C3N4 (~2.6 eV), 

WO3 (~2.7 eV), Bi2O3 (~2.5 eV) and BiOX (~3.0 eV) have widely been used as visible light-

driven photocatalysts due to their band gap in the range of visible light.[2,29-31] Noteworthy, the 

wider band gaps determine a lower carrier separation efficiency, indicating the requirement of 

further hybridization with other materials for efficient photocatalysis. To this end, this review 

focuses on the hybridization of graphene, g-C3N4, MoS2, WO3, Bi2O3 and BiOX nanosheets, 

with emphasizing on their synthetic strategies, improved photocatalytic abilities via synergistic 

effect and enhanced applications in degradation of organic dyes and other pollutants (Figure 

1). 

2. Mechanism of Photocatalytic Decontamination 

Photocatalytic decontamination utilizes semiconductor system as photocatalyst to converse 

solar energy into chemical energy for pollutant removal.[31] Semiconductor material has a 

unique electronic structure consisting of a filled valence band (VB) and an empty conduction 

band (CB), and its band gap (i.e. the difference between CB and VB) lies in the range of 

ultraviolet or visible light.[31-34] Figure 2a shows the cutoff wavelengths of several well-known 

semiconductor photocatalysts and the corresponding light intensity in solar radiation, which can 

be used to assess their light absorption capacity under irradiation of solar light. Under the 

radiation of an appropriate light with an energy equal to or greater than the band gap of 

semiconductor, electrons are excited from VB to CB and accordingly holes are generated in the 

VB (Figure 2b). Then, a fraction of photogenerated electrons and holes will recombine together 

to release the energy as heat or photons, while other ones will migrate to surface of the 

semiconductor and further produce highly oxidative species or free radicals (i.e. •OH, •O2
–, HO2

•, 
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H2O2) for the oxidative reactions involved in the degradation of organic molecules.[1] In general, 

the photocatalytic degradation is to oxidize the contaminants into  small  molecules  or  

inorganic  substances  through addition  reaction,  substitution  reaction  and  electron transfer  

between  free  radicals  and  organic  pollutants.[4] Among them, the holes (h+), hydroxyl radicals 

(•OH) and radical anions (•O2
–) are the usual oxidizing species in the photocatalytic oxidation 

processes.[35] In order to find the primary active substances, several scavengers can be used to 

explore the variation of reactivity during the photocatalytic processes: e.g. ammonium oxalate, 

benzoquinone and isopropanol were employed to scavenge h+, •O2
− and •OH,  respectively.[24] 

Although the reactive oxidation species could be generated from the O2 reduction reactions 

driven by electrons or the formation reaction of hydroxyl radicals driven by holes, the hydroxyl 

radicals are difficult to be involved in many semiconductors due to its super high oxidation 

potential (Figure 2b). Thus, it is generally accepted that h+ and •O2
− ions play a significant role 

in determining the photoactivities for degrading pollutants.[36] 

As described above, a semiconductor with the band gap of Eg can only utilize the incident 

lights with wavelength smaller than the 1246/Eg. Meanwhile, its CB and VB level must be 

larger than the corresponding potentials of specific reduction and oxidation reactions, 

respectively.[24] Therefore, a suitable incident light and matched levels of CB/VB in 

semiconductor are necessary thermodynamic conditions for photocatalysis. At the same time, 

charge separation/transport efficiency is critically important for achieving the efficient 

photocatalytic reactions.[37] In semiconductor catalysts, one of the greatest hurdles is that the 

excited electron can rapidly recombine with the empty hole in the VB to release the input energy, 

leading to the termination of photocatalysis.[1] For avoiding this recombination, the electron-

hole pairs should be promptly and efficiently separated and charges should be rapidly 

transferred across the surface/interface.[38] So far, it is well recognized that fabricating various 

kinds of heterojunctions are the most simple and straightforward strategies to substantially 
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promote the charge separation/transport kinetics.[24] In addition, light harvesting efficiency, 

adsorption/diffusion kinetics of reactants, and surface reaction kinetics, have also shown the 

important roles in enhancing the overall photocatalytic efficiency. Clearly, a larger effective 

surface area in a given photocatalyst should provide more surface active sites and also be 

advantageous for the adsorption of specific reactants and the subsequent surface catalytic 

reactions.  

Having the numerous features and advantages, the 2D configuration can supply huge specific 

surface area and a large fraction of low-coordinated surface atoms to harvest more ultraviolet 

or visible light, while the photon absorption in bulk materials or nanosized particles often being 

limited by light transmittance and refection at the grain boundaries.[39] Moreover, the atomic 

thickness greatly shorten the intra-particle migration distance, so the charge carriers generated 

in the 2D materials interior will be faster to migrate to the surface than the bulk materials. This 

will greatly reduce the recombination possibility of photogenerated charge carrier and favor the 

photocatalytic process. Benefiting from these features, the photocatalysts with ultrathin 2D 

structure show promising potential as efficient photocatalyst in environmental remediation, 

particularly upon their hybridization with other functional components.[20,21,27] 

3. Graphene-Involved Photocatalysts 

Through covalent bonding (σ bonds) among neighboring carbons, graphene is formed as a 

hexagonal close-packed network with a 2D p-conjugated structure, and thus has huge specific 

surface area, high charge mobility and thermal conductivity, and excellent mechanical 

strength.[22] In the recent decades, graphene-based hybrid materials have been attracting 

extensive interest as novel sorbent or photocatalyst for decontamination of pollutants.[1,23-25] In 

photocatalytic system, graphene, generally refers to graphene oxide (GO) or reduced graphene 

oxide (rGO), has the ability to tune the band gap energy of semiconductors and suppress the 

recombination of electron–hole pairs, resulting in a significant enhancement in photocatalytic 
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activity under the radiation of given light.[40] In this section, we overview recent advancements 

in the synthesis of hybrid photocatalysts comprising of different structural materials and 

graphene, and their applications in photodegradation of organic pollutants with improved 

performances. 

3.1. Hybridization of Graphene with g-C3N4 Nanosheets 

Having the layer of single atoms like graphene but a bandgap in visible range, g-C3N4 

nanosheets are very ideal to fabricate hybrid photocatalysts with graphene for environmental 

applications. So far, various effective methodologies have been developed to construct these 

2D–2D composites with different combination formats, which significantly improves their 

photocatalytic performance. As shown in Figure 3a, a 3D g-C3N4/GO aerogel was simply 

prepared by the hydrothermal co-assembly, in which g-C3N4 acted as an efficient photocatalyst 

and GO supported the 3D framework and promoted the electron transfer simultaneously.[41] By 

using the highly interconnected porous network, the  methyl orange (MO) removal reached up 

to 92% within 4 h, while the value for pure g-C3N4 was only 12%. Alternatively, g-C3N4-rGO 

hybrids were immobilized on 3D nickel foam using a facile dip-coating method followed by a 

hydrazine hydrate reduction process for tetracycline and MO degradation under visible light 

irradiation.[42] When the weight ratio of rGO to g-C3N4 was 1:9, the highest photocatalytic 

activity can be achieved. 

To obtain abundant coupling heterointerfaces, both oxygen-modified monolayer g-C3N4 and 

nitrogen-doped carbon nanotubes (N-CNT) were hybridized with GO to form a heterostructured 

membrane through electrostatic interaction and subsequent vacuum filtration (Figure 3b).[7] The 

presence of GO and N-CNT can efficiently inhibit the recombination of photogenerated charge 

carriers to degrade 94.30% tetracycline hydrochloride under radiation of visible light. Similarly, 

Li et al. designed a novel ternary superhybrid photocatalyst by synthesizing AgBr on C3N4-

decorated nitrogen-doped graphene, which removed 94% MO within 5 min, 98% rhodamine B 
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(RhB) within 10 min and 97% methyl blue (MB) within 32 min.[43] In another work, 1D 

Ag@AgVO3 nanowires penetrated through graphene and protonated g-C3N4 nanosheets to form 

a 3D hybrid photocatalyst with remarkably higher photocatalytic activity for MB degradation, 

which was ascribed to the well-known electronic conductivity of graphene, the intense visible 

light absorption of Ag@AgVO3 nanowires, large surface areas and rapid photogenerated charge 

interface transfer and separation.[44] More interestingly, Zeng’s group developed an artificial 

indirect Z-scheme system of Ag@Ag3PO4/g-C3N4/rGO for removal of contaminant 2,2',4,4'-

tetrabrominateddiphenyl ether (BDE-47) with a efficiency of 93.4% under visible light 

irradiation within 120 min, 173.65 times higher than pristine g-C3N4.[45] 

In addition, there were research works to report the combination of other 2D nanomaterials 

into g-C3N4/graphene composite to form ternary photocatalysts with 2D/2D/2D configuration. 

For example, an in-situ adsorption method was used for insetting g-C3N4 nanosheets in the 

middle of MoS2/graphene layered structure to exhibit superior photocatalytic activity via well-

contacted interface and fast charge transfer pathway, which was ~4.8 times higher than that of 

pure g-C3N4 in the degradation of RhB.[46] In Tonda’s work, a heterojunction comprising of 

CoAl-layered double hydroxide, g-C3N4, and rGO was fabricated by using an one-step 

hydrothermal method, which displayed significantly enhanced photocatalytic performance 

towards the degradation of Congo red (CR) and tetracycline.[47] The 2D/2D/2D arrangement 

provided a large intimate interfacial contact to accelerate the interfacial charge transfer for 

significant enhancement of photocatalytic performance. 

3.2. Hybridization of Metal Oxides with rGO Nanosheets 

Graphene has good conductivity and superior electron mobility, while metal oxides have high 

light-harvesting ability in ultraviolet or visible ranges. Hence, their hybridization is promising 

for developing photocatalysts with enhanced photocatalytic ability. In comparison with TiO2-

Fe system, TiO2-rGO nanocomposites exhibited higher photocatalytic activity in degradation 
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of three pharmaceuticals including carbamazepine (CBZ), ibuprofen (IBP), and 

sulfamethoxazole (SMX) due to their faster separation rate.[48] Moreover, the TiO2/rGO 

nanocomposites also showed a significantly high activity for persulfate activation under visible-

light irradiation to produce more sulfate radicals (SO4
•−) and hydroxyl radicals for the complete 

removal of micropollutants such as bisphenol A (BPA), phenol, acetaminophen and SMX.[49] 

Wang’s group used density functional theory (DFT) simulation to study the chemical structure 

and electronic properties of TiO2-graphene composites and revealed that TiO2 {001}-graphene 

composites possessed superior charge separation and oxidation abilities, and the longest 

lifetimes of photoexcited carriers compared to other composites containing TiO2 of different 

facets.[50] For Ti3+ and oxygen vacancies self-doped TiO2, the coupling of rGO sheets narrowed 

its band gap, enhanced visible light harvesting, accelerated charge separation and suppressed 

the aggregation of TiO2-x particles for adsorbing more organic pollutants.[51] As a result, 

TiO2−x/rGO exhibited a 6.16-, 2.92- and 2.55-fold faster reaction rate for BPA degradation than 

that of pristine TiO2, TiO2/rGO andTiO2−x, respectively. In Shin’s work, TiO2 and Ni were 

anchored onto the surface of GO sheets by a straightforward microwave-assisted approach and 

the resultant Ni-incorporated TiO2/GO photocatalysts showed good adsorption capacity in the 

dark and high reaction rate constant under visible illumination.[52] Similarly, Ag and Pt 

nanoparticles (NPs) were modified onto/into GO-TiO2 mesocrystals by in situ reduction 

method.[53,54] The modification of Pt and rGO reduced the band energy of TiO2 and significantly 

improved the visible light absorption and charge separation, which provided a enhanced 

photodegradation of MO by a factor of 6, 4, and 2 compared to bare TiO2, Pt/TiO2, and 

rGO/TiO2, respectively.[54] Another important ternary photocatalyst is TiO2–rGO/MoS2, in 

which the interfacial charge transferred from the TiO2 surface to the MoS2 surface active sites 

through rGO nanosheets for suppressing the recombination rate of the electron–hole pairs.[55] 

Very recently, a rGO-supported WO3/TiO2 step-scheme (S-scheme) heterojunction  was 

fabricated by adhering TiO2 and WO3 particles closely to rGO sheets (S-scheme heterojunction 
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was formed between WO3 and TiO2).[56] The positive cooperative effect of the S-scheme 

heterojunction and the Schottky heterojunction formed between TiO2 and rGO sheets 

synergistically suppressed the recombination of relatively useful electrons and holes. 

Fe-based compounds are another type of metal oxides that were often employed to hybridize 

with graphene for better photocatalytic performances. For instance, when 10% rGO was loaded 

in magnetite (Fe3O4) the degradation efficiency for 2-methylisoborneol (MIB) increased to 99% 

from 22.5%.[57] Further, Ag-Fe3O4/graphene composites were used as a broad-spectrum catalyst 

with good efficiency for the removal of contaminants under UV-light irradiation.[58] Meanwhile, 

the hybridization of rGO with Ag and Fe3O4 NPs can be used to activate peroxydisulfate (PDS) 

for efficient degradation of pharmaceuticals and endocrine disrupting compounds.[59] The initial 

pseudo-first-order rate constant for phenol degradation was 0.46 h−1 at pH 7, ~8 times higher 

than that of Fe3O4 NPs. In these systems, the Fe3O4–containing hybrid catalysts can be quickly 

separated from the bulk liquid using an external magnetic field due to their magnetic properties, 

which provide a magnetic separation method to recollect catalysts for their reusability in 

practical applications.[57-59] In the 3D quasi-hierarchical Z-scheme rGO-Fe2O3-MoS2 

nanocomposites, the rGO layers not only served as current collector to enhance the photo-

generated charge carriers’ transport but also formed abundant heterostructures to effectively 

separate the photo-induced electron-hole pairs.[60] As a result, the ternary nanocomposites 

showed drastically enhanced photocatalytic activity and excellent stability for visible-light-

driven MB and RhB degradation compared to the pristine Fe2O3 NPs. Recently, rGO and 

NiFe0.7Co1.3O4 were hybridized together  as an excellent catalyst to activate persulfate for the 

degradation of BPA,[61] while magnetically separable Co-Fe Prussian blue analogues and rGO 

were combined into nanocomposites for enhancing the degradation efficiencies towards 

levofloxacin hydrochloride by peroxymonosulfate (PMS) activation.[62] 
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Besides TiO2 and Fe-based compounds, other metal oxides are also employed for developing 

hybrid photocatalysts with graphene. Typically, a composite of WO3 and rGO was synthesized 

by using a hydrothermal method for the photocatalytic degradation of RhB under sunlight.[5] 

Manganese dioxide (MnO2) nanorods were loaded over rGO nanosheets by facile hydrothermal 

synthesis to obtain a large surface area, close contact of 1D-2D components with abundant 

reaction sites for the photocatalytic removal of neutral red and ciprofloxacin from water.[63] At 

the same time, a hybrid architecture of 3D MnO2 nanosheet/N-doped graphene aerogel was 

controllably fabricated to activate PMS for catalytic degradation of IBP with a reaction rate 

constant of 0.149 min−1.[64] In Park’s work,[65] a heterojunction photocatalyst of rGO/zirconium 

dioxide(ZrO2)/Ag3PO4 was synthesized to exhibit enhanced light absorption and a low band 

gap energy (2.3 eV) for efficient removal of 4-nitrophenol. 

3.3. Hybridization of Metal Sulfide with Graphene 

The MoS2 possessing a band gap of ~1.8 eV would provide abundant electron-hole pairs, while 

the graphene layers with excellent electro-conductivity could benefit the separation of photo-

generated carriers. To this end, MoS2–GO composite hydrogel was prepared via a one-step 

hydrothermal method for the degradation of MB under solar light irradiation with improved 

photocatalytic performance (a degradation rate of 99% within 60 min).[66] Similarly, 

hierarchical nanostructured MoS2/graphene composites were synthesized to achieve relatively 

higher degradation rate of 99% in 28 min for MB as well in 50 min for RhB.[67] Alternatively, 

the rGO/MoS2 hybrid nanostructures were synthesized via the ultrasound-driven exfoliation of 

a MoS2 and GO mixture in an ethanol/water mixture and subsequent reduction of GO.[68] 

Recently, ZnS-MoS2 solid was anchored on rGO sheet by solvent thermal method as novel 

visible-light-driven photocatalysts with greatly increased light absorption intensity.[69] Via 

efficient charge separation and optimized band structure, the rGO/ZnS-MoS2 can effectively 

treat real industrial effluent with 74.05% chemical oxygen demand removal, and maintain long-
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term stability without obvious decline after five use cycle. In another work, Ag3PO4 

microcrystals were grown on a hybrid of MoS2 and graphene via a simple two-step 

hydrothermal process for serving as a high-performance photocatalyst in the degradation of 

several toxic phenol pollutants, as shown in Figure 4.[70] 

In addition to MoS2, other metal sulfides were also reported to hybridize on rGO sheets for 

solar-driven degradation of organic dyes. Typically, 10 nm-sized CdS NPs were anchored on 

rGO sheets via a facile condensation process in dimethylformamide to produce CdS/rGO 

nanocomposites with higher activity for three times than that of pure CdS in the degradation of 

RhB.[71] By using 4-aminothiophenol, CdS particles, nanorods, and nanosheets were grafted on 

rGO sheets via strong electronic interaction by a surface modification method.[72] As a result, 

the catalytic activity of the 2D/2D composite was ∼4 times higher than that of 0D/2D and 3.4 

times higher than that of 1D/2D composite samples. The catalytic activity of the CdS 

nanosheet/rGO composite was also found to be ∼2.5 times than that of pure CdS nanosheets. 

Similarly, CdS sheet–rGO nanocomposites were used in the visible-light-induced 

photocatalytic reduction of aromatic, heteroaromatic, aliphatic and sulfonyl azides to the 

corresponding amines using hydrazine hydrate as a reductant.[73] Alternatively, Cu2SnS3 and 

Cu2SnSe3 quantum dots (QDs) were grown on rGO nanosheets by a one-pot colloidal synthesis 

to result in remarkably enhanced photocatalytic activities for degradation of RhB and MO.[74] 

More interestingly, a ternary photocatalyst of CdS/ZnIn2S4/rGO was prepared via a facile 

solvothermal method, in which ultrathin 2D ZnIn2S4 nanosheets were grown uniformly and 

perpendicular to the surface of 1D CdS nanowires and rGO was subsequently introduced as a 

co-catalyst to significantly improved their photoactivity and stability.[75] 

3.4. Hybridization of Other Compounds with rGO Sheets 

To utilize the strengthened charge transfer and the adsorptive nature of rGO, and Ag surface 

plasmon resonance effect, 8 nm-sized Ag NPs were dispersed on wrinkled rGO sheets to get a 
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high degradation rate of ∼9×10−3/min in textile effluents for various commercial dyes such as 

rhodamine 6G, CR and malachite green.[76] While, GO enwrapped silver phosphate 

(GO/Ag3PO4) composites exhibited superior activities in the visible light-driven photocatalytic 

degradation of a variety of polycyclic aromatic hydrocarbons including naphthalene, 

phenanthrene and pyrene, which were completely oxidized within several minutes when the 

amount of GO was 3.0 wt%, and the good photocatalytic activity was retained after six 

cycles.[77] Ma et al. used commercial K4Fe(CN)6 as the precursor to synthesize Fe3C@N-

CNT/graphene composites by a direct high-temperature pyrolysis, which exhibited excellent 

catalytic efficiency in PMS activation for powerful removal of BPA.[78] Alternatively, Niu’s 

group used a surface charge-mediated self-assembly to construct Bi@Bi5O7I/rGO 2D/2D 

heterojunction for superior photocatalytic performance in decomposition of levofloxacin 

through the increased contact area and charge transfer nanochannels from the unique 2D/2D 

structure, surface plasmon resonance from Bi and the strong oxidization ability of photoinduced 

holes.[79] 

4. C3N4 Nanosheets-Involved Photocatalysts 

Through sp2 hybridization of carbon and nitrogen atoms, g-C3N4 layer is formed by condensing 

tri-s-triazine subunits via connecting planar tertiary amino groups.[22] In the past decades, 

advancements in photocatalytic properties of g-C3N4 have gained tremendous interest for 

wastewater treatment due to its facile preparation, low cost and photo-response in visible 

range.[2,29,30] After being exfoliated into nanosheets, 2D g-C3N4 were directly served as a 

visible-light-driven photocatalyst to degrade a typical organic pollutant, 4-nitrophenol, which 

benefited from the collaborative oxidization by both the superoxide radicals and the 

photogenerated holes.[80] As reported, pure g-C3N4 nanosheets suffers from the insufficient 

sunlight absorption, low surface area and the fast recombination of photo-induced electron-hole 

pairs, resulting in low photocatalytic activity.[2,30] To this end, element doping was used to tune 
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the electronic structure and band gap of g-C3N4, which considerably broaden the light 

responsive range and enhance the charge separation for obtaining maximum pollutant 

eradication.[30] At the same time, a variety of hybrid systems comprising of g-C3N4 and other 

nanomaterials with 0D, 1D or 2D sturctures, have been frequently reported to enhance the 

photocatalytic activity of C3N4 and/or improve their performance in potential applications.[22,29] 

This section systematically updates the ongoing field, particularly summarizing the recent 

developments in hybridization of g-C3N4 with other nanostructures. 

4.1. Doping and Modification 

Via the formation of σ-π bonds between Fe and N element in the triazine ring skeleton of g-

C3N4, Fe(III)-doped g-C3N4 catalyst formed a heterogeneous photocatalysis-Fenton system in 

the presence of H2O2 with excellent and recyclable removal performance for refractory 

contaminants such as: phenol, BPA, 2,4-dichlorophenol and coking wastewater.[81] Similarly, a 

heterogeneous Co-based catalyst was prepared by integrating the Co species to the cavities of 

g-C3N4 via the Co-N bonds to provide more reactive sites for PMS activation for the 

degradation of organic contaminates under visible light.[82] In addition, oxygen-doped g-C3N4 

was fabricated via a facile thermal polymerization method using urea and oxalic acid dihydrate 

as precursor and oxygen source, respectively.[83,84] And, the resultant O−C3N4 exhibited 

enhanced catalytic activity and excellent long-term stability for PMS activation toward the 

degradation of BPA and 4-chlorophenol. Noteworthy that carbon-doped g-C3N4 was revealed 

by DFT simulations to exhibit a thermodynamically stable structure, promoted charge 

separation, and had suitable energy levels of CB and VB for photocatalytic oxidation compared 

to phosphorus-doped g-C3N4.[85] The optimized carbon-doped g-C3N4 showed a reaction rate 

enhancement of 2.3−10.5-fold for the degradation of phenol and persistent organic 

micropollutants compared to that of conventional g-C3N4.  
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Having 2D structure and active surface groups, g-C3N4 sheets are convenient to be modified 

with some special functional molecules. Typically, imidazole based ligand and iron 

hexadecachlorophthalocyanine (FePcCl16) were introduced in g-C3N4 by axial coordination for 

facilitating the photogenerated electron-hole pairs separation and broadening the visible-light 

response range, which can highly effective eliminate CBZ with a removal of ∼95% within 25 

min.[86] Similarly, FePcCl16 and pyridine-based ligand isonicotinic acid were hybridized with 

g-C3N4 to activate PMS efficiently for the elimination of CBZ under visible light irradiation.[87] 

Alternatively, zinc tetracarboxyphthalocyanine (ZnTcPc) molecules were condensed on the 

surface of g-C3N4 through amide groups as the bridging units and the resultant ZnTCPP/g-C3N4 

composites exhibited excellent enhanced photocatalytic activity for decomposing both MB and 

tetracycline under visible light with long-term reusability and elimination rates of 96% and 

80.3%, respectively.[88] 

4.2. Hybridization with Carbon Materials 

In addition of graphene described above, other carbon materials such as carbon dots (CDs), 

carbon spheres and graphene QDs (GQDs) were also hybridized with g-C3N4 sheets. For 

instance, highly crystalline CDs and nitrogen doped CDs were embed on g-C3N4 nanosheets 

via the ultrasonic cavitation effect and hydrothermal approach, respectively.[89,90] At 120 min, 

MB was almost degraded completely by NCDs@g-C3N4 with the degradation rate as high as 

97.9%, while the pristine g-C3N4 was only 69%.[90] Similarly, carbon NPs were loaded onto g-

C3N4 via a hydrothermal treatment to fabricate the hybrid catalysts with higher photocatalytic 

activities in degradation of MB and antibiotic sulfachloropyridazine.[91] In another work, a 

novel composite comprising of biochar skeleton and g-C3N4 was prepared by one-step co-

thermal treatment of melamine and cellulose fiber precursors, which removed 84.63% 

formaldehyde via photocatalytic reaction, 130% higher than that of pure g-C3N4 benefiting from 

the increased absorption range of visible light and the local aggregation of formaldehyde on 
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biochar skeleton.[92] For broadening solar light absorption and promoting the photogenerated 

electron-hole pair separation, a ternary C3N4/ZnTcPc/GQDs composite was constructed for the 

efficient enhancement of catalytic performance in photocatalytic degradation of pollutants such 

as RhB, sulfaquinoxaline sodium and CBZ (Figure 5).[93] In addition, a 2D/2D Ti3C2/g-C3N4 

composite was prepared by an evaporation-induced self-assembly method, which had a higher 

photocurrent by 2.75 times than that of g-C3N4 and exhibited enhanced photocatalytic capability 

by 2.2 times for ciprofloxacin degradation.[94] The active species trapping experiments indicated 

that superoxide radicals and holes played critical roles in this photocatalytic process. 

Alternatively, Ti3C2 and g-C3N4 sheets were combined together via van der Waals interaction 

by a straightforward vacuum filtration method and the resultant Ti3C2/g-C3N4 heterostructure 

was used as day-night photocatalytic system for the degradation of various organic pollutants: 

BPA, 4-chlorophenol, ciprofloxacin and SMX.[95] 

4.3. Hybridization with Ag Compounds 

In the past years, the hybridization of g-C3N4 and silver-based compounds has attracted 

considerable research attentions due to their excellent optical characteristic and superior 

photocatalytic performance. Via chemical reduction method, Ag-decorated S-doped g-C3N4 

composites were simply synthesized to degrade BPA under solar irradiation, which was ∼3 

times more efficient than that of the g-C3N4.[96] Further, g-C3N4 nanosheets and Ag3PO4 NPs 

were combined to form a novel visible-light-activated photocatalyst through a tunable in situ 

deposition method, in which Ag3PO4 led to a significant redshift of UV–Vis spectral absorption 

edge together with expanded light absorption.[97] More interestingly, 1D AgVO3 nanoribbons 

were self-assembled on the surface of C3N4 nanosheets and Ag NPs were generated 

simultaneously from AgNO3 decomposition to form a novel ternary Ag/AgVO3/C3N4 plasmonic 

photocatalyst with an enhanced absorbance, good adsorptive capacity, and facilitated charge 

transfer (Figure 6).[98] A rate constant of 0.0701 min−1 was obtained for the degradation of basic 
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fuchsin, which was about 12.5 and 3.1 times higher than pure C3N4 and Ag/AgVO3, respectively. 

Similarly utilizing the self-assembly procedure, a Z-scheme AgxH3−xPMo12O40/Ag nanorods/g-

C3N4 photocatalyst was fabricated to exhibit an excellent and durable photocatalytic 

performance for the degradation of MO and tetracycline under visible light.[99] Another Z-

scheme photocatalyst was developed via the growth of Ag2CrO4 NPs on the surface of g-C3N4 

nanosheets by a precipitation method.[100] When the mass ratio of Ag2CrO4 to C3N4 was 50%, 

the composites showed the highest photocatalytic activity for MO degradation, which is 5.9 and 

10.8 times higher than those of pure Ag2CrO4 and pure g-C3N4, respectively. 

4.4. Hybridization with Bi Compounds 

Besides Ag compounds, Bi compounds were also used to construct efficient photocatalysts after 

hybridization with C3N4 nanosheets. Via a calcination-photoreduction technique, α-Bi2O3/g-

C3N4 heterostructure was synthesized to exhibit a remarkably high photocatalytic activity under 

the visible light irradiation, leading to a degradation rate of 95.6% for RhB and 90.2% for 

tetracycline after 90 min and 180 min reaction, respectively.[101] By using hydrothermal reaction, 

a C3N4/Bi2WO6 heterojunction was constructed to remove ~96.1% IBP within 1 h under visible 

light irradiation, ~2.7 times higher than that of pure Bi2WO6.[12] By a precipitation method 

together with the protonation of g-C3N4, a novel 3D hierarchical heterojunction of protonated 

g-C3N4/BiOBr was fabricated for the degradation of CBZ with good performance and excellent 

stability.[102] Similarly, Bi2O2CO3/g-C3N4 nanosheets-coupled heterojunction photocatalysts 

were synthesized via a facile planetary ball milling approach to form an intimate contact 

interface, which improved the photocatalytic redox activity of CH3CHO, RhB and Cr (VI) 

degradation, 5.6, 4.0 and 2.5 times higher than that of C3N4 counterpart, respectively.[103] More 

interestingly, a 2D composite of C3N4 sheets and Bi12O17Cl2 layers was successfully fabricated 

by using a moderate solvothermal method, which yielded a degradation rate constant of 0.0409 

min−1 for degrading tetracycline, 2.9-, 1.5-, and 32.1-fold those of pristine Bi12O17Cl2, C3N4, 
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and BiOCl, respectively.[104] In the assistance of a reactive ionic liquid ([C16mim]Cl), ultrathin 

g-C3N4 sheets were dispersed evenly around PbBiO2Cl microspheres to form a sphere-like g-

C3N4/PbBiO2Cl 2D-3D composite photocatalyst and exhibited obviously enhanced 

photocatalytic performance for degrading BPA, ciprofloxacin  and RhB through the oxidization 

of •O2
−, h+ and •OH under the irradiation of visible light.[105] In production of H2 by using 

WO3/C3N4 hybrid as photocatalyst, Yu’s group proposed a new concept of S-scheme 

heterojunction to explain the increased charge transfer rate observed at the interface of two 

photocatalysts with staggered band structures, where the driving force of the charge transfer 

was mainly the internal electric field between the two photocatalysts.[106] Through the scavenger 

studies and DFT calculations, it was demonstrated that the S-scheme heterojunction was 

similarly  formed in Bi/BiVO4/C3N4 hybrids, which not only demonstrated superior aerobic 

photocatalytic oxidation performance in degrading organic dyes, but also exhibited impressive 

photocatalytic CO2 reduction performance under anaerobic conditions.[107] Therefore, a direct 

conversion of dyes to solar fuels can be achieved in a one-pot anaerobic reactor. Of noted, the 

S-scheme charge transfer mechanism was also revealed for working on isotype heterojunction 

consisted of different types of g-C3N4 nanosheets (i.e. their synthesis was carried out by 

hydrothermal treatment of melamine and urea, respectively).[108] 

4.5. Hybridization with Metal Oxides 

Through effective interface contact, the hybridization of g-C3N4 sheets with metal oxides such 

as TiO2, V2O5, WO3, ZnO, Fe3O4, et al., is also very effective for achieving high photocatalytic 

activity towards environmental remediation. DFT calculations have suggested that the interface 

TiO2-C3N4 heterojunction can provide quick charge separation and transfer via both Ti-N and 

C-O bridges, facilitating the effective separation and transportation of photoinduced electron-

hole pairs.[109] Based on this theory, a heterojunction photocatalyst consisting of g-C3N4 layers 

and TiO2 particles was fabricated for the improved photodegradation of diclofenac and 
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CBZ.[110] Under visible irradiation, superoxide radicals and holes were verified as main active 

species via the scavenger experiments. Similarly, defective anatase TiO2-x mesocrystals were 

grown on C3N4 nanosheets to improve photogenerated electron/hole pair separation via the 

formation of a Z-scheme heterostructure,[111] which removed holes from g-C3N4 and electrons 

from TiO2 and thus significantly reduced intra-particle electron-hole recombination.[112] Further, 

a ternary heterostructure of carbon plane/C3N4/TiO2 was produced via calcining the mixture of 

tetracycline and melamine and then coupling with TiO2, which exhibited excellent 

photocatalytic activity for efficient removal of contaminants: MB (98.6%), tetracycline (94.0%), 

and norfloxacin (95.3%), with the corresponding degradation rate constants of 0.0441, 0.0302, 

and 0.0125 min−1, respectively, 54.1, 9.8, and 9.4 times higher than that of the pure C3N4.[113] 

In Lee’s work, a heterogeneous photocatalyst of ZnTiO3 nanofibers and C3N4 sheets was 

fabricated using an electrospinning and sonication method, and the hybrid photocatalyst 

exhibited a considerable enhancement of the photocatalytic degradation of MB, phenol, 4-

chlorophenol, and 4-nitrophenol under visible-light irradiation.[114] In Zhang’s work, Ag NPs 

were anchored on the interface of layered Bi5FeTi3O15 and C3N4 nanosheets to form Ag-bridged 

2D/2D Bi5FeTi3O15/C3N4 heterojunctions for better tetracycline degradation.[115] DFT 

calculations verified that the matched band structure of Bi5FeTi3O15 and C3N4 could induce a 

superfast Z-scheme interfacial charge-transfer path, and bridged Ag NPs extended the light 

absorption range and prolonged the lifetime of photogenerated electron−holes. In layered N-

doped KTiNbO5/C3N4 heterojunction composites, C3N4 nanosheets were formed within the 

interlayers of N-KTiNbO5 via the space-confined effects to significantly increase the contact 

area with N-KTiNbO5 layers for efficient charge transfer across the interface, showing a much 

greater effect on the enhanced photocatalytic activity for the degradation of RhB and BPA under 

visible light irradiation.[116] In Guttena’s work, V2O5 nanorods were loaded on the surface of 

C3N4 nanosheets to form 1D/2D V2O5 nanorods/C3N4 nanosheets composites with ~9.33 and 

~73.52 times higher photocatalytic efficiency than that of pure C3N4 and V2O5 in the 
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degradation of CR.[8] In another work, Ag NPs were further immobilized on C3N4/V2O5 surface 

by photodeposition method to exhibit unique catalytic, photocatalytic and 

postoxidation/reduction ability for removal of MB and 4-nitrophenol.[117] 

Owing to the excellent properties and 2D structures, WO3 materials were more frequently 

reported to develop C3N4 hybrid as efficient photocatalysts. By a hydrothermal method, a 

heterogeneous WO3–C3N4 composite was simply synthesized to degrade SMX under visible 

light irradiation with largely improved performance due to the formation of direct solid-state 

Z-scheme heterojunctions.[118] By one-step calcination approach, heterostructure and oxygen 

vacancy were simultaneously produced to fabricate a WO3-x/C3N4 photocatalyst for efficiently 

removing RhB, tetracycline and S. aureus under simulated light illumination.[119] Alternatively, 

the Z-scheme photocatalysts of WO3/C3N4 were synthesized via anchoring WO3 nanoplates on 

the surface of C3N4 by in-situ acidic precipitation and following calcination procedure.[120,121] 

This face-to-face intimate contact between C3N4 and plate-like WO3 not only increased the 

interfacial contact areas, but also facilitated the transfer and separation of photogenerated 

charge carriers, leading to a significantly enhanced photocatalytic activity. In RhB degradation, 

its photocatalytic activity was 4.70 times higher than that of pure C3N4.[121] Further, Ag NPs 

were decorated in WO3/C3N4 nanosheets to enhance visible-light adsorption via the surface 

plasmon resonance effect for efficient degradation of RhB and tetracycline.[122] 

Similar with WO3, ZnO nanomaterials was successfully deposited on C3N4 nanosheets to 

form Z-scheme heterostructures (Figure 7a), which exhibited a reaction rate constant of 0.0735 

min−1 in photocatalytic degradation of cephalexin, 5.4 and 8.1 times higher than that of pure 

C3N4 and ZnO, respectively (Figure 7b-d).[123] Alternatively, ultrafine dispersions of Co3O4 NPs 

were created in a C3N4 matrix by the co-pyrolysis of constituent raw materials, which enhanced 

sunlight-induced photocatalytic degradation of a mixture of MB and tetracycline owing to the 

synergistic role of Co3O4 NPs.[3] In another work, Co3O4 QDs–C3N4 heterostructures were 
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synthesized via a facile chemical reaction, followed by annealing in air, in which ultrafine 

Co3O4 QDs were uniformly and tightly attached on the surface of g-C3N4 nanosheets (Figure 

7e).[124] By virtue of the synergistic effect, high removal efficiencies were obtained by the 

0D/2D structure in various dye solutions (Figure 7f). Meanwhile, magnetic ZnFe2O4−C3N4 

hybrids were synthesized through a simple reflux treatment of ZnFe2O4 NPs with C3N4 sheets 

in methanol at 90 °C, which were used in photo-Fenton discoloration toward Orange II using 

H2O2 as an oxidant.[125] A degradation rate of 0.012 min−1 was obtained, ~2.4 times higher than 

that of the simple mixture of g-C3N4 and ZnFe2O4 NPs. Using magnetic separation technique, 

the recyclability of hybrid catalysts was investigated to exhibit stable performance without 

losing activity after five successive runs. In Wang’s work, C3N4 nanosheets were coupled with 

amorphous Cu-doped FeOOH nanoclusters to form 0D/2D heterogeneous catalysts, which 

decolorized ∼98.7% MB within 40 min in a pH range of 4.8–10.1 and was ~8.1 times faster 

than pristine C3N4 nanosheets.[126] Moreover, the degradation efficiency remained the same 

even after 10 cycles, suggesting the robustness and stability of the fabricated hybrids. 

4.6. Hybridization with Metal Sulfide 

Through combining the hydrothermal and microemulsion preparation, MoS2 QDs were 

successfully introduced to g-C3N4 sheets to construct 0D/2D hybrid photocatalyst, whose 

degradation rate constant for RhB was 8.8 times greater than that of pure g-C3N4 owing to the 

formation of direct Z-scheme system.[127] Similarly, MoS2 NPs were produced on g-C3N4 

nanosheets for the enhancement of photocatalytic activity through increasing the interfacial 

charge transfer and preventing the recombination of electron–hole pairs.[128] Reversely, thin g-

C3N4 nanosheets were grown tightly on the surface of MoS2 NPs via calcining the melamine-

coated MoS2 NPs, and the resultant MoS2/C3N4 heterojunction composite exhibited an 

enhanced photocatalytic performance and stability for degrading RhB due to the widened 

spectral absorption range and improved electron-hole separation rate.[129] In Liu’s work, the 
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positively charged ultrathin C3N4 nanosheets were served as a basic building block to fabricate 

C3N4/MoS2 composites through electrostatic adsorption and self-assembly. The resultant 

composites exhibited an efficiency of ~96.5% for MO degradation, which was about 3.5 times 

and 8 times compared to those of the C3N4 sheets and bulk C3N4, respectively.[130] 

As an important 2D nanomaterial, MoS2 nanosheets have been produced by a variety of 

methodologies, providing more opportunities to generate 2D/2D heterostructures with superb 

photocatalytic activity.[131-133] Typically, the g-C3N4/MoS2 hybrids were synthesized via a facile 

bathing and ultrasound method, which yielded a photodegradation rate of 92.4% for MO with 

a kinetic constant of 0.0189 min−1 under visible light for 2 h, and a photodegradation rate of 

79.93% was still remained after being reused 10 times.[131] Via an impregnation and calcination 

method, Fan’s group successfully loaded MoS2 nanosheets on C3N4 nanosheets horizontally to 

form 2D heteroconjuction with significantly enhanced photocatalytic activity and considerable 

stability for the degradation of RhB and MO.[132] More interestingly, MoS2 nanosheets were 

coupled into g-C3N4 sheets via an ultrasonic chemical method to yield a high reaction rate 

constant of 0.301 min−1 in the photodegradation of RhB, 3.6 times higher than that of bare g-

C3N4.[133]  

For obtaining better performance, other functional materials were further introduced in 

C3N4/MoS2 to form ternary hybrids. Typically, a Z-scheme C3N4/Ag/MoS2 plasmonic 

photocatalyst was synthesized by a reliable and effective method, and its photocatalytic activity 

in degrading RhB was 9.43- and 3.56-fold of Ag/MoS2 and C3N4/MoS2 systems, 

respectively.[134] Similarly, Pt NPs were decorated on a substrate of C3N4/MoS2 for the efficient 

oxidation of methanol, ethanol, and formic acid under visible light illumination, which were 

6.5, 2.2, and 2.5 times higher than traditional electrocatalytic reactions, respectively.[135] Except 

for metal NPs, TiO2 and ZnO were also hybridized into the C3N4/MoS2 composite to extend 

absorbance in the visible region and improve their photocatalytic performance.[136,137] 
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4.7. Hybridization with Metal-Organic Frameworks 

Possessing an adjustable structural composition, high surface area and porosity, metal–organic 

frameworks (MOFs) have received wide spread attention for hybridizing with g-C3N4 sheets to 

facilitate the charge separation of g-C3N4 or yield high active SO4
•− radicals in activation of 

PMS.[138] In the presence of PMS and visible light, the rate constant for BPA degradation was 

about 8.6 times as high as that of bare g-C3N4. For g-C3N4 anchored ZIF-8 microcrystals 

(Figure 8a,b), an adsorption capacity as high as 420 mg g−1 was achieved and the adsorbed 

tetracycline was degraded for over 96% in 1 h of sunlight exposure (Figure 8c).[139] Similarly, 

Li’s group constructed a visible-light driven PCN-222/C3N4 heterojunction via a facile one-pot 

solvothermal method. As a result, a superior photocatalytic activity was obtained for 

degradation of RhB and ofloxacin under visible-light irradiation, which were 3.1 and 2.97 times 

higher than pure C3N4 under same conditions, respectively.[140] In Song’s work,[141] the 

protonated g-C3N4 sheets were uniformly coated along the frameworks of MIL-100(Fe) with 

strong interaction and the hybridized materials exhibited enhanced photocatalytic activity in 

degradation of RhB and MB under visible light. In addition, g-C3N4/PDI@MOF heterostructure 

was synthesized by the in situ growth of NH2-MIL-53(Fe) onto the C3N4/PDI layer 

(PDI=pyromellitic diimide).[142] Benefiting from the efficient formation of heterojunctions, the 

hybrid composite displayed excellent photocatalytic performance in the present of H2O2 and 

visible light: the efficiency of up to 90% (1 h) for tetracycline, 78% (2.5 h) for CBZ, 100% (10 

min) for BPA and 100% (30 min) for 4-nitrophenol. 

5. MoS2 Nanosheets-Involved Photocatalysts 

Through sandwiching a Mo layer between two S layers, a MoS2 monolayer with three layers of 

atoms are formed. As reported, MoS2 crystals have three crystalline phases: metallic 1T phase 

(i.e. trigonal phase), semiconductor 2H phase (i.e. hexagonal phase) and 3R phase (i.e. 

rhombohedral phase), which will exhibit different functions in hybridized photocatalysts.[22] 

Due to its high photocatalytic activity, strong adsorptivity and low cost, MoS2 has become one 
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of the most popular emerging photocatalyst or co-catalyst for the photocatalytic degradation of 

organic contaminants.[4,26] In particular, MoS2 films with vertically-aligned layers exhibited 

numerous 2D edge sites owing to their enriched dangling bonds which offered superior 

chemical reactivity for efficiently degrading the toxic compounds produced by harmful algal 

blooms (i.e. microcystin-LR).[143] Meanwhile, TiO2/MoS2 nanocomposites were synthesized to 

inhibit charge recombination and enhance visible light absorption.[27] In addition, CDs and 

Ag3PO4 NPs were deposited on MoS2 nanosheets for improving their photocatalytic 

performance via the efficient separation of photogenerated electron–hole pairs.[144,145] 

Interestingly, the integration of 1T-MoS2 nanosheets with MIL-53(Fe) produced needle-shaped 

composites with micropores and mesopores, which improved the photocatalytic rate of IBP by 

7.5 and 9.4 times compared to the pristine MIL-53(Fe) and1T-MoS2, respectively.[146] Markedly, 

by loading MoS2 as cocatalysts, stable junctions can be created to facilitate the photogenerated 

electrons transfer and thus improve their performance in photocatalytic pollutants 

degradation.[28] This section will overview MoS2-based photocatalytic systems, with 

emphasizing the important roles of MoS2 as catalysts or co-catalysts for environmental 

remediation. 

5.1. Utilization of MoS2 Nanosheets as Photocatalysts 

With a band gap in visible range, MoS2 nanosheets can be directly used as catalyst for 

degradation of organic molecules, in which its photocatalytic activity is dependent on the crystal 

structure, layer number, size and surface binding agents of MoS2 nanosheets. As reported, both 

of 1T and 2H MoS2 nanosheets were used to catalyze the degradation of MB upon exposure to 

visible light.[147-149] While, the intercalation MoS2 layers with 1D polyaniline overcame the 

disadvantages of MoS2 sheets such as poor electronic conductivity and agglomeration between 

the sheets to result in efficient photocatalytic activity.[149] In Li’s work,[150] polyethylene glycols 

(PEG) with different molecular weight were employed as additives in the hydrothermal 
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preparation to control  sheet thickness of the MoS2 sheets. The degradation rate of MB 

decreased from 64.2% to 11.2% when the sheet’s thickness decreased from 23 nm to 13 nm, 

which was explained as the reduction of the active sites. Evidently, the coating of 

micromolecules is not beneficial for surface photocatalytic reactions. To this end, we recently 

demonstrated an important finding that after replacing micromolecules (e.g. bovine serum 

albumin) with Tris molecules, the stability of exfoliated MoS2 nanosheets was remained but 

their catalytic ability was enhanced significantly (Figure 9).[151] 

5.2. Utilization of MoS2 Nanosheets as Co-Photocatalyst (Hybridization) 

Hybridization with Metal Oxides and Bimetal Oxides: After the introduction of MoS2, the 

absorption band of TiO2 becomes broader to cover the entire visible region, thus the 

hybridization of MoS2 and TiO2 is very significant for developing efficient photocatalysts. By 

a combined liquid exfoliation and solvothermal method, TiO2/MoS2 photocatalysts were 

fabricated for enhancing the photocatalytic activity of TiO2.[152] DFT simulation was used to 

investigate the binding site and active sites on the interface at a molecular cluster level, and 

revealed that TiO2 and MoS2 were connected by chemical bonds rather than van der Waals 

interaction. Thus, the photocatalytic activities of composite photocatalysts were higher than that 

of the TiO2/ MoS2 physical mixture. Similarly, 2H MoS2/TiO2 nanocomposite was also 

synthesized via forming TiO2 on the surface of MoS2 nanosheets by a hydrothermal method to 

exhibit enhanced photocatalytic activity for MB and RhB degradation.[153,154] The boosted 

photocatalytic performance of the heterostructure could be ascribed to the synergetic effect 

between MoS2 and TiO2, which accelerated the separation and migration efficiency of charge 

carriers as well as enhance the light-harvesting efficiency. By a polymer assisted targeted-

etching method, Yang’s group synthesized two kinds of TiO2/MoS2 cocatalyst with hollow and 

yolk–shell structure with an excellent interface for easy separation of holes and electrons.[155] 

In Xiong’s work,[156] 1T MoS2 nanosheets were chemically exfoliated and used as supporting 



  

26 
 

co-catalyst to develop hybrid structure with TiO2 with enhanced photocatalytic performance in 

RhB degradation, in sharp contrast to bare TiO2 and the hybrid counterpart with 2H-MoS2 

(Figure 10a-d).  

To enhance the synergistic effect via more well-contacted interfaces, 2D TiO2 was used to 

hybridize with MoS2 nanosheets. Typically, MoS2 nanosheet-coated TiO2 nanobelt 

heterostructures were prepared via a hydrothermal reaction to possess a strong adsorption 

ability towards organic dyes and exhibit high performance in photocatalytic degradation of the 

dye molecules.[157] In Cui’s work, the highly active {001} facets of TiO2 nanosheets were 

vertically grown on the graphite fibers and uniformly MoS2 nanosheets were further fabricated 

on the surface of TiO2 nanosheets to afford high-efficiency photogeneration of electron-hole 

pairs for the photocatalytic degradation of MO under UV and visible light.[158] More 

interestingly, Liu et al. successfully fabricated a novel 3D mesoporous black TiO2/MoS2/TiO2 

sandwich-like nanosheets by using a facile mechanochemical process combined with an in situ 

solid-state chemical reduction approach, followed by mild calcinations (350 oC) in argon 

atmosphere.[159] Due to the formation of heterojunctions at the interfaces between MoS2 and 

black TiO2, the photocatalytic degradation rate for MO was up to 89.86%. Furthermore, a few-

layered CDs/MoS2 nanosheet-coated hydrogenated TiO2 nanobelt heterostructures were 

prepared via a facial hydrothermal reaction, and the ternary photocatalysts exhibited excellent 

UV and visible photocatalytic property in tetracycline degradation.[160] In another work, MoS2 

nanosheets were grown on the surface of TiO2 nanotube@carbon nanotubes for high-efficient 

photocatalytic activity with the degradation rate of 98.7% for MB and 99.0% for RhB in 50 

min, which were 2 and 6 times higher than that of pure TiO2 nanotubes, respectively.[161] 

ZnO, another important semiconductor, was also used to hybridize on MoS2 nanosheets for 

photocatalytic degradation. For example, MoS2/ZnO composites were synthesized by co-

precipitation method to exhibit 40% enhancement in degradation of MB as compared to 
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ZnO.[162] Via a hydrothermal method, boron-doped ZnO NPs were loaded over MoS2 

nanosheets to form 0D/2D nanoheterostructures with enhanced photocatalytic activity.[163] 

Similar utilization of hydrothermal method, ZnO nanoflowers and nanosheets were attached to 

the surface of MoS2 sheets to show enhanced photocatalytic activity and considerable stability 

for the photodegradation of phenol red and RhB under visible light irradiation.[164,165] 

Alternatively, MoS2 nanosheets were interspersed with ZnO NPs by using sonication-driven 

exfoliation technique combined with a wet chemical process.[166] Within 30 min, more than 

90% of tetracycline was photodegraded, which yielded a higher reaction rate by 5 and 8 times 

higher than those of the pristine MoS2 and P25 photocatalysts, respectively. 

Except for TiO2 and ZnO, small Co3O4 NPs were deposited on the surface of MoS2 

nanosheets to form a heterojunction photocatalyst with superior degradation efficiency for 

removing 2-mercaptobenzothiazole and tetracycline under visible light.[167] SnO2 mesoporous 

NPs were decorated on MoS2 nanosheets by using solvothermal and wet chemical methods, 

whose degradation rate for RhB was three times higher than that of pristine MoS2 catalyst.[168] 

More interestingly, partly reduced MoO3 cores and adjustable MoS2 shells were fabricated via 

two-step chemical vapor deposition, in which the sulfidation-produced MoS2 coating layer 

provided an effective protection against photocorrosion, modulated the energy band structure 

for promoting the absorption of visible light, and accelerated the separation of electron–hole 

pairs.[169] Therefore, the MoS2/MoOx heterostructures exhibited enhanced visible-light 

photocatalytic activity and good compatibility in a pH range of 2–12 for the degradation of 

organic dyes. 

   Recently, bimetal oxides have been often reported in hybrid MoS2 photocatalysts, including 

CoFe2O4, MnFe2O4, Ag2Mo2O7 and KNbO3 nanostructures. CoFe2O4 NPs were decorated on 

MoS2 nanosheets via a simple hydrothermal method to fabricate Z-scheme magnetic 

MoS2/CoFe2O4 nanocomposites, which degraded RhB and CR for 93.80% and 94.43% in 90 



  

28 
 

and 50 min, respectively.[170] The MoS2 thin nanosheets not only provided more active sites for 

photocatalysis, but also acted as the backing material to avoid the magnetic aggregation of 

CoFe2O4 NPs. Moreover, the nanocomposites with magnetic susceptibility can be easily 

separated from contaminated solution by an external magnet for a better recyclability (the 

degradation rate was still beyond 82% after seven runs). In Wang’s work, magnetic CoFe2O4 

nanorods were loaded with flower-like MoS2 nanosheets to form a novel 3D heterojunction by 

electrospinning combined with a hydrothermal technique.[171] Through their synergistic effect, 

the heterojunction showed high photocatalytic ability under visible light irradiation, which was 

~12 times higher than that of pure MoS2 in CR degradation. Meanwhile, the remarkable 

magnetic performance of CoFe2O4 guaranted the easy separation of heterostructure and 

recycling. Similarly, magnetic MoS2/MnFe2O4 nanocomposite was successfully synthesized 

through a hydrothermal route and used in the degradation of a recalcitrant diazo dye, Acid Blue 

113 in photo-Fenton-like process.[172] In addition, MoS2 nanosheets were fabricated on the 

surface of 1D Ag2Mo2O7 structures to form a heterojunction with an enhanced catalytic activity 

for antibiotic levofloxacin degradation (efficiency of 97%).[173] Very interestingly, Zhang’s 

group fabricated MoS2 nanosheet-coated KNbO3 nanowire heterostructures via a simple two-

step hydrothermal method, whose photocatalytic activity can be improved greatly by co-

utilizing the solar and mechanical energy provided by ultrasonic vibration due to piezoelectric 

nature of KNbO3 nanowire.[174]  

Hybridization with CdS and Cu2S Materials: Typically, CdS NPs were decorated on MoS2 

nanosheets by a facile two-step solvothermal method to form MoS2/CdS nanocomposites for 

the MO degradation under visible light irradiation.[175] Reversely, MoS2 nanosheets were 

uniformly distributed on the Cu2S snowflake substrate to obtain MoS2/Cu2S composite with 

high specific surface area (60.512 m2 g−1) and large pore volume (0.148 cm3 g−1).[176] In 

comparison with the Cu2S substrate, the composite exhibited much enhanced activity and long-
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term stability towards the photocatalytic degradation of MO owing to the enhanced light 

trapping and adsorption ability and improved charge separation. In addition, MoS2 nanosheets 

and CdS NPs were assembled on the surface of montmorillonite (Mt) to form Mt@MoS2/CdS 

composite materials through one-step hydrothermal growth of MoS2 nanosheets and CdS 

NPs.[177] Through a synergistic effect, the photocatalytic activity was enhanced to yield a overall 

removal rate of 98.8% for RhB within 45 min. 

Hybridization with Au/Pd, BiOI and Black Phosphorus: Through localized surface 

plasmon resonance and faster transfer of photogenerated electrons, the degradation efficiency 

over MoS2 nanosheets can be significantly improved by incorporating noble metals.[143] For 

instance, 1T@2H-MoS2 nanosheets loaded with Au NPs exhibited high photocatalytic 

properties to degrade 91.2% MB.[178] Particularly, the loading Au NPs promoted the conversion 

of the 2H phase to the 1T phase and caused the occurrence of intra-particle electron transfer 

from 2H to 1T MoS2 for inhibiting the recombination of photogenerated electron–hole 

pairs.[179,180] In our recent work, BSA-caged Au clusters were used as exfoliating agent for MoS2 

nanosheets and as well as precursor to grow Au NPs epitaxial on MoS2 nanosheets during the 

exfoliation process (Figure 10e-h).[181] Via faster transfer of photogenerated electrons, the 

hybridized Au/MoS2 nanosheets exhibited a better performance in the photocatalytic 

degradation of substrates (Figure 10i,j). Notably, MoS2 nanosheets can also modulate the 

electronic structure of Pd catalysts through interfacial electronic metal−support interaction.[182] 

The electron transfer from Pd to MoS2 made a highly electron-deficient Pd surface which was 

favorable for adsorbing electron-rich substances. 

In addition, a Z-scheme ternary MoS2/BiOI/AgI hierarchical photocatalyst was fabricated 

using a simple precipitation process in ethylene glycol and water.[183] Through the Z-scheme 

system, the combination of oxygen-vacancies in BiOI and the 2D nature of MoS2 prolonged the 

charge carrier lifetime and improved the photocatalytic activity towards RhB degradation with 
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7 and 16 times higher than that of BiOI/AgI and BiOI, respectively. For utilizing the full 

spectrum of sunlight, Liu’s group anchored black phosphorus QDs (BPQDs) onto MoS2 

nanosheets to create 0D/2D nanohybrids via a grinding and sonicating approach.[184] The 

enhanced light absorption, the type−II band alignment, and the interfacial bonding and the 

spatial charge separation synergistically enhance the photostability and photoactivity (3 × 10−2 

min−1), which was approximately 13 and 27 folds higher than that of individual BPQDs and 

MoS2, respectively. 

6. WO3 Nanosheets-Involved Photocatalysts 

Owing to environmental friendliness, earth abundance and photo-response in visible range, 

WO3 has been sparking great interests to address the environmental pollution.[31] Particularly, 

WO3 can be prepared into various nanostructural materials to further increase their 

photocatalytic capability. Typically, 2D WO3 nanomaterials have been facilely synthesized in 

recent years to provide more active sites for enhancing photocatalytic activity, which is also a 

good platform for hybridization with other functional nanomaterials.[185] For different 

morphologies of WO3 (i.e. nanorod, nanosphere and nanoplate), it was revealed that WO3 

nanoplates had the best photocatalytic activity in degradation of RhB.[186] Compared to 

nanorods, superior catalytic performance was also found for WO3 nanosheets in photocatalytic 

degradation of MB and CR dyes.[187] Furthermore, the hybridization of other functional 

nanostructures can significantly improve the photocatalytic performance of WO3 via the 

synergistic effect.[188] In this section, we will present the application of WO3 systems in 

photocatalytic degradation of organic pollutants, with focusing on the emerging strategies to 

improve the abilities of light harvesting and photoinduced charge separation for enhancing 

photocatalytic performances. 

6.1. Utilization of WO3 Nanosheets as Photocatalysts 
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Thickness and structures are two important factors for WO3 nanosheets in photocatalytic 

applications. For monoclinic WO3 crystal, the adjacent layers along <001> direction are 

covalently bound together via interlaminar oxygen atoms, which indicates that WO3 is very 

difficult to be exfoliated into ultrathin layers. In our recent work, an electrostatic-driven 

exfoliation method was developed to directly obtain two-layered WO3 nanosheets from 

commercial WO3 powder, which exhibited an unique advantages in visible-light-driven 

photocatalysis due to the greatly decrease of layer thickness (Figure 11a-c).[185] Using the as-

exfoliated WO3 nanosheets as starting materials, we further created lots of hole in the WO3 

nanosheets through surface-mediated chemical dissolution.[189] Benefiting from the increased 

bandgaps and more edge sites, the resulting holey WO3 nanosheets exhibited enhanced 

photocurrents and much better performance in photocatalytic degradation compared with those 

of bulky WO3 and nonporous nanosheets (Figure 11d-g). In Yuan’s work, WO3 nanosheets 

were found to exhibit remarkably enhanced performance in photocatalytic degradation of MO 

due to the high percentage of reactive {002} crystal facets and high specific surface area 

(121m2/g).[190] At the same time, Zhang et al. used a one-step hydrothermal route to fabricate 

monoclinic WO3 nanoplates with 100–170 nm in side length and 30–50 nm in thickness, which 

showed superior photocatalytic activity for the degradation of RhB owing to their high 

crystallinity.[191] After calcination at 600 ◦C for 2 h, the WO3 catalyst showed a much enhanced 

activity, 4.7 times higher than the commercial WO3 powder. Based on the fact that element 

doping usually changes structure and optical/photocatalytic properties of WO3, Mehmood et al. 

studied the effects of Ni doping and found that the optical band gap of WO3 was reduced to 

produce a mineralization percentage of up to 96% for methyl red in just 2 h.[192] In another work, 

Mo was homogeneously doped into the crystal lattice of WO3 via a simple hydrothermal process, 

which similarly altered the band structure of WO3, and thus further improved the photocatalytic 

activity in RhB degradation.[193] 
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6.2. Utilization of WO3 Nanosheets as Co-Photocatalyst (Hybridization) 

Hybridization of WO3 sheets with Carbon Materials: Via a two-step hydrothermal method, 

CDs were hybridized on WO3 sheets to form CDs/WO3 photocatalysts with stronger 

photocatalytic capability and excellent recyclability for photocatalytic elimination of RhB.[194] 

The achieved first order reaction rate constant of 0.01942 min−1 was ∼7.7 times higher than 

that of the WO3, which was attributed to the enhanced light harvesting ability and efficient 

separation of electron–hole pairs from the synergistic effect. In Zhou’s work, multi-walled 

CNTs was hybridized with WO3 and the resultant WO3-CNTs composites showed notably 

enhanced photocatalytic performance for degradation of SMX under visible light irradiation 

compared to bare WO3.[195] In Xu’s work, a 2D tungsten carbide (WC)/WO3 heterogeneous 

hybrid was in situ synthesized by layer-by-layer stacking WC and WO3 monolayers.[196] 

Benefiting from specific interfacial interfaces, WC layers performed platinum-like behavior to 

accelerate multielectron oxygen reduction, consequently speeding up the photocatalytic 

decomposition of organic compounds over the WO3 catalyst (Figure 12). 

Hybridization of WO3 sheets with Metal NPs and Compounds: Serving as an effective 

electron trapper, metal NPs can enhance electron-hole pair separation rate and thus improve 

photocatalytic performance. Typically, substoichiometric tungsten oxide (WO3-x) was 

hybridized with plasmonic Ag NPs for improving photocatalytic degradation of MB through 

the strong plasmonic effect of WO3-x and Ag NPs.[197] Similarly, Ag NPs were loaded onto WO3 

nanoplates by using a photo-reduction method to generate WO3/Ag composites, which 

exhibited much better performance in photodegradation of sulfanilamide than pure WO3 (the 

removal rate was 96.2% in 5 h).[198] In Shi’s work, Pt NPs were modified on WO3 nanosheets 

to exhibit enhanced photocatalytic activity for degrading tetracycline under visible-light 

irradiation, which was over 3 times that of bare WO3 nanosheets.[199]  
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Having a strong photocatalytic activity, Ag3PO4 is a very important alternative material for 

enhancing the photocatalytic activity of WO3. For instance, WO3 nanosheets decorated by cubic 

Ag3PO4 NPs formed Z-scheme photocatalytic system with improved photocatalytic degradation 

of RhB, MB and MO.[200,201] This was associated with the extended absorption in the visible 

light region and the effective separation of photo-induced carriers at the Ag3PO4/WO3 interfaces. 

In Liu’s work, Ag NPs were further introduced into Ag3PO4/WO3 structures by photo-reduction 

method to fabricate a series of novel visible-light-driven Ag/Ag3PO4/WO3 Z-scheme 

heterostructures, in which Ag NPs contributed more efficient charge separation and resulted in 

enhanced photocurrent response and photocatalytic activity.[202] Similarly, Z-scheme 

Ag2CO3/Ag/WO3 system was also fabricated to exhibit higher photocatalytic activity than pure 

Ag2CO3 rods and WO3 in the degradation of RhB, MO, ciprofloxacin, and tetracycline 

hydrochloride under visible light irradiation.[203] Besides Ag3PO4 and Ag2CO3, two types of Bi 

compounds (i.e. Bi12O17Cl2 and Bi24O31Br10) were also involved in WO3 hybrid photocatalysts. 

Hu’s group fabricated a WO3/Bi12O17Cl2 heterojuncted composite by a facile hydrothermal 

process, in which the original morphology of Bi12O17Cl2 was maintained and the specific 

surface area was obviously enlarged.[204] In the photocatalytic degradation of RhB, its 

degradation rate constant was 73.7, 7.1, 15.8 times higher than that of pure WO3, Bi12O17Cl2, 

and N-doped TiO2, respectively. In another work, WO3 nanosheets and Bi24O31Br10 nanosheets 

were hybridized together for the degradation of tetracycline hydrochloride under visible light 

irradiation.[205] Its degradation rate constant was 3.34-fold and 1.54-fold higher than pure WO3 

and Bi24O31Br10, respectively. 

Hybridization of WO3 Sheets with Other Metal Oxides: Based on the lattice match 

between monoclinic WO3 and anataseTiO2, Hu’s group achieved the in situ growth of TiO2 

branch overlayers on WO3 nanoplates and the resultant WO3/TiO2 photoanodes yielded a rate 

constant of 0.322 h−1 during the PEC degradation of phenol, ~2.5 times higher than that of WO3 
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nanoplates. Moreover, the activity of WO3/TiO2 remained at 97.2% after 10 repeat tests.[206] In 

Zhang’s work, ZnO NPs were immobilized on WO3 nanosheet arrays by hydrothermal process 

and impregnation method followed by thermal treatment, which displayed superior 

photocatalytic activities compared with bare WO3 in the degradation of MB owing to favorable 

band structures, strong light-absorption ability and fast separation of electron-hole pairs.[207] 

Similarly, WO3/ZrO2 NPs were synthesized for the photocatalytic degradation of pollutants 

under simulated solar light.[208] When the ratio of WO3 to ZrO2 was 1:1, the degradation of 

carbofuran and ampicillin was 100% and 96% after 240 min of irradiation, respectively. 

In some researches, the hybridization of bimetal oxides seems more effective for overcoming 

WO3’s drawbacks, i.e. sluggish surface reaction kinetics, rapid charge recombination and 

gradual loss of photoactivity. Typically, ultrathin oxygen-vacancy abundant WO3 sheets were 

decorated on monolayer Bi2WO6 nanosheets to form 2D/2D heterojunctions for the degradation 

of ciprofloxacin under visible light irradiation with remarkable photoactivity compared to 

pristine WO3 and Bi2WO6.[209] In Cao’s work, a novel Z-scheme WO3/CdWO4 photocatalyst 

was fabricated via a hydrothermal and chemisorption method.[210] The photocatalytic 

performance of the WO3/CdWO4 composite was much higher than that of either WO3 or 

CdWO4 for several organic dye. Among them, the highest activity was recorded for the 

degradation of MB, which was 7 times and 2.3 times higher than pure CdWO4 and WO3, 

respectively. In another work, SrTiO3 NPs were uniformly decorated on the WO3 nanosheets to 

form a Z-scheme SrTiO3/WO3 heterojunction system with greatly improved adsorption-

photocatalysis process.[211] Similarly, the artificially Z-scheme heterojunctions were also 

constructed between WO3 nanosheet and SnNb2O6 nanosheet with strongly coupled 

heterointerfaces via a simple hydrothermal assembly method.[212] In photodegradation of RhB, 

the highest reaction rate over WO3/SnNb2O6 heterojunctions is 4.7-fold and 2-fold higher than 

that of pristine WO3 and SnNb2O6, respectively. 
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7. Emerging 2D Bismuth Compounds as Photocatalysts 

Besides the four types of 2D nanomaterials described above, bismuth compounds in 2D forms 

such as bismuth oxide and oxyhalide nanosheets have also been attracting more and more 

research interest for developing efficient photocatalysts due that their intrinsic polarizabilities 

induced by Bi 6s lone electron pairs facilitates the separation of photogenerated electron–hole 

pairs and the transfer of these charge carriers.[213] In this section, we representatively introduce 

the hybridization of bismuth compounds with other species for their further improved 

photocatalytic activities and outstanding performances in environmental remediation. 

7.1. Hybridization of Bismuth Oxide (Bi2O3) Nanosheets 

As an important photocatalyst with visible light activity, Bi2O3 nanosheets have been 

investigated to have a higher photocatalytic ability for degrading organic pollutants than other 

structures. For example, a hierarchitectures composed of intercrossed Bi2O3 nanosheets were 

successfully prepared by introducing VO3- into the reaction system, whose photocatalytic 

activities were 6–10 times higher than that of the commercial Bi2O3 sample in the degradation 

of RhB under visible light irradiation.[214] By a sunlight-driven combustion approach, Byrappa’s 

group successfully fabricated few-layer Bi2O3 nanosheets and Bi2O3/ZnO heterostructures (i.e. 

ZnO NPs were decorated on Bi2O3 nanosheets) for higher photocatalytic activity than their 

conventional counterparts.[215] In Liu’s work, they synthesized Bi2O3–BiOI composite 

nanosheets and found that the introduction of I vacancies significantly enhanced the 

photocatalytic activity in the degradation of tetracycline (96% after 180 min).[216] From DFT 

calculations, the existence of I vacancies would create a new electric states vacancy band below 

the conduction band of BiOI and thus reduce the band gap of BiOI nanosheets to greatly 

facilitate the scavenging of the photogenerated electron on the surface of BiOI by Bi2O3 for 

enhancing the overall photocatalytic activity of the composites. 
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Among various crystal structures of Bi2O3, the most common ones are monoclinic α-Bi2O3 

and tetragonal β-Bi2O3, which possess band gaps at 2.6 and 2.4 eV, respectively. In Shan’s work, 

α/β-Bi2O3 heterojunctions were prepared via phase transformation by controlling heat treatment 

temperature and time to fabricate a number of nano-sized α-Bi2O3 particles on the β-Bi2O3 

nanosheet.[217] In the heterojunctions, the photogenerated holes in β-Bi2O3 were transferred to 

α-Bi2O3 and then to the aqueous solution with good charge transport characteristics by the 

intrinsic driving force in the interface field, which achieved a strong visible light absorption 

and a higher reaction rate for RhB photodegradation (within 30 min, the RhB degradation was 

~37%, ~69% and ~95% over the α-Bi2O3, β-Bi2O3 and hybridized samples, respectively). 

Compared to α-Bi2O3, β-Bi2O3 are synthesized as 2D nanomaterials more usually to be used as 

host material for developing hybridized 2D photocatalysts. Typically, in weak acid condition 

(e.g. pH = 5), β-Bi2O3 nanosheets doped with cerium (Ce) were prepared by hydrothermal 

process and exhibited a decreased band gap width and suppressed charge-carrier recombination 

for higher photocatalytic activity for acid orange II under visible light irradiation.[218] By using 

hybrid DFT calculations, Zhang’s group demonstrated that the doping of indium (In) in β-Bi2O3 

shifted upward the conduction band minimum via the orbital hybridization of Bi, In and O, and 

the In-doping also induced the formation of electric dipoles along the tunnel and decreased the 

effective mass of the electrons, favoring the separation of electron–hole pairs and electron 

mobility for photocatalytically decomposing MO solution.[213] In Shu’s work, TiO2 nanobelts 

and particles were individually combined with β-Bi2O3 nanosheets to form TiO2/β-Bi2O3 

composites, whose photocatalytic activities were respectively 3.72 times and 3.90 times than 

that of pure β-Bi2O3 for 17α-ethynylestradiol removal via the reactive superoxide radicals and 

holes.[219] 

7.2. Hybridization of Bismuth Oxyhalide Nanosheets 
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As one of the most promising class of catalysts, bismuth oxyhalide, BiOX (X=Cl, Br), has also 

been considered to exhibit excellent photocatalytic performance in degradation of pollutants. 

Particularly, their layered structure in the {001} direction could provide an internal static 

electric fields to afford a potential driving force for the separation of photogenerated carriers. 

Through a facile one-step solvothermal method, Zhao’s group synthesized oxygen vacancy-

rich ultrathin sulfur-doped BiOBr nanosheets to exhibit 98% degradation efficiency of 4-

chlorophenol within 120 min, which was 4.9 and 18.0 times greater than that of pristine BiOBr 

and oxygen vacancy-poor sulfur-doped BiOBr, respectively.[220] Also, this excellent 

photoactivity could extend to other colorless organic contaminants, such as bisphenol analogues 

and sulfonamides, for verifying the universal applicability of BiOBr nanosheets. Experimental 

results and DFT calculations revealed that a sub-band was generated via the synergistic effect 

of oxygen vacancies and sulfur doping, and it greatly enhanced the visible-light absorption 

capability and suppressed the photoinduced charge recombination. For achieving a high charge 

mobility of photoinduced electrons and holes, CeO2 QDs/BiOX heterojunctions with the self-

created in-built Ce4+/Ce3+ redox centers were synthesized by a novel one-step low-temperature 

route, which exhibited outstanding photocatalytic abilities not only for the oxidation of 

tetracycline but also for the reduction of Cr6+ under 5W white LED light irradiation.[221] 

Recently, multidimensional heterojunctions based on BiOX nanosheets were developed to 

photocatalytically degrade organic pollutants by using visible light. Typically, 1D trigonal Se 

nanorods were hybridized on BiOCl ultrathin nanosheets via dissociation of CdSe QDs on 

nanosheets, which served as an efficient visible-light-driven photocatalyst for the 

photodegradation of tetracycline hydrochloride.[222] The introduction of Se nanorods greatly 

enhanced the optical absorption in visible-light region and suppressed the recombination rate 

of electron-hole pairs by steering the charges migrating in a special manner. In Chen’s work, 

2D/2D heterostructures comprising of BiOCl/KCa2Nb3O10 nanosheets were successfully 
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constructed via a facile hydrothermal approach, which performed the enhanced photocatalytic 

degradation of tetracycline hydrochloride via a direct Z-scheme charge transfer, 6.41 and 1.75 

times higher than that of pristine BiOCl and KCa2Nb3O10, respectively.[223] In addition, a 

BiOBr/La2Ti2O7 photocatalyst was synthesized to degrade RhB and phenol under both UV and 

visible light irradiation.[224] The comparative experiments demonstrated that the 2D-2D hybrid 

exhibited high efficiency in the photocatalytic process, and the holes took part in the photo-

decomposition reaction as the main radicals. More recently, black phosphorus and BiOBr 

nanosheets were combined to fabricate an S-scheme 2D-2D heterojunction for enhanced 

visible-light photocatalytic tetracycline removal and oxygen evolution activity.[225] 

8. Summary and Outlooks 

To eliminate environmentally relevant species in aqueous environment, a variety of 

photocatalysts have recently been designed and fabricated for efficient degradation of organic 

pollutants under irradiation of a given light, especially visible light (i.e. solar light). Possessing 

large surface area, rich active sites and altered band gaps, 2D nanomaterials as photocatalyst or 

co-photocatalyst have exhibited the significantly improved performances in environmental 

remediation. In most cases, their applications are implemented rationally through their 

hybridization with other functional nanostructures. In this review, we systematically summarize 

the recent advances in hybridization of 2D nanomaterials for photocatalytic decontamination 

by using graphene, g-C3N4, MoS2, WO3, Bi2O3 and BiOX as representative types. Although 2D 

nanomaterial is a critical part in hybrid photocatalyst, the final forms of resulting hybrids may 

be 1D nanowires, 2D nanosheets and 3D frameworks. Based on the process of photocatalytic 

oxidization, the hybridization of 2D nanomaterials with other functional species is to increase 

their photocatalytic activity and/or utilizing feasibility through the enlarge adsorption affinity, 

the great enhancement of light-harvesting capability, the effective suppression of electron-hole 

recombination and/or the improved oxidizing ability of radical ions. With special electron 
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structure and unique band gap, each 2D nanomaterials need to hybridize with different 

nanostructures (e.g. composition, crystal phase, morphology and surface feature) for causing 

the synergistic effects. For instance, graphene is used for accelerating electron transfer to 

separate photogenerated electrons and holes in hybrid photocatalyst. MoS2 nanosheets are 

hybridized with the wider band gap for increasing the light-harvesting capability in visible 

range. While, g-C3N4, WO3, Bi2O3 and BiOX are widely used as co-photocatalysts to develop 

type II, Z-scheme and S-scheme heterostructures with excellent photocatalytic performance. 

Overall, the resulting hybrids or composites exhibited various excellent photocatalytic 

performances in degradation of dyes, pharmaceuticals, pesticides, et al. via the formation of 

distinctive heterojunctions as compared to individual species. Moreover, the photo- and cycling 

stability were also increased after hybridization to result in a better recyclability. Definitely, the 

hybridized 2D nanomaterials will bring about more exciting opportunities and outstanding 

outcomes to address diversified environmental and energy-related problems. 

  It is noted that the degraded organics by the hybridized 2D nanomaterials are mainly on 

synthetic dyes and pharmaceuticals, together with a few of pesticides and industrial chemicals 

(Table 1 shows the environmental pollutants beyond dyes that are degraded by different 

hybridized 2D nanomaterials). Definitely, graphene and g-C3N4 are the hottest 2D materials 

used in recent photocatalytic studies, however, their structures with a single layer of atoms are 

unfavorable for the long-term stability of hybrid photocatalysts. With three layers of atoms in 

one single layer, MoS2 nanosheets exhibit high structural stability, but the narrow band gap 

limits their practical exploitation in highly efficient photocatalysis under irradiation of solar 

light. In comparison, WO3 nanosheets with a band gap in visible range will be more significant 

for the future development of hybridized 2D photocatalysts owing to their environmental 

friendliness, earth abundance, structural stability and easy hybridization. Moreover, there is 

strong covalent bonding rather than van der Waals force between adjacent layers in multi-
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layered WO3 nanosheets,[185] which are more beneficial for the transfer and separation of charge 

carriers. Recently, more and more researches are performed to develop facile and convenient 

strategies for producing atomically thin WO3 nanosheets and their geometrically constructed 

nanostructures, which will certainly bring new opportunities to exploit visible light-driven 

photocatalysts for more outstanding properties and broader applications.[189] 

As known, the pollutants in environmental water mainly include industrial dyes/chemicals, 

agricultural pesticides and medical pharmaceuticals. In the laboratory, several approaches have 

been proposed for eliminating the water pollutants, including adsorption, catalytic degradation, 

biodegradation, flocculation, coagulation, sedimentation and membrane filtration. In this 

review, we focus on the photocatalytic degradation of pollutants under radiation of visible light 

by using hybridized 2D nanomaterials, which is commonly considered as one of the most 

economical and environmentally-friendly methods, and can be feasibly industrialized in the 

further by using solar light. Undoubtedly, there are still some bottlenecks for the hybridized 

photocatalysts from experimental to industrial application. To this end, an increasing effort 

should be devoted to fulfilling more scientific tasks for developing efficient 2D hybrid 

photocatalysts in practical applications. First, a common disadvantage is the low conversion 

effectiveness of light energy for photocatalytic degradation, particularly for persistent organic 

pollutants. Few literatures are found to report this important field, signifying that we still lack 

effective strategies to obviously increase the utilization of light energy. Second, most of 

photocatalytic reactions were performed in a model solution, while practical aqueous 

environment are more complex. Various environmental factors, such as pH, ionic strength, and 

presence of other interfering substance, can unignorably influence the photocatalytic 

performances. These effects should be investigated systematically for exploiting more 

applicable hybrids. Third, the human health risk from 2D photocatalysts must be thoroughly 

investigated to minimize their potential environmental impacts, especially the toxic effects by 
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thickness, lateral size, phase, and defects. Forth, the current recyclability of 2D photocatalysts 

still cannot meet the requirements of repeated use, meanwhile the presence of 2D nanomaterials 

may polluted the real environment. The photocatalysts should be separated readily and 

completely for ideal cycling applications and complete purification of water, which are 

hopefully resolved via conjugation with magnetic NPs, loading on other porous materials, or 

assembly into 3D macroscopic architecture. Fifth, the degradation mechanism was supposed 

mainly from the transfer of photogenerated charge carriers and the formation of highly 

oxidative species, however, it is not very clear due to lack of direct evidences. Sixth, some 

intermediates may be more toxic than the original contaminant, which needs us to rationally 

choose the hybrid photocatalysts for avoiding the generation of toxic intermediates. 

Alternatively, we can significantly accelerate the degradation speed of pollutants by optimizing 

the photocatalysis, so that the toxicity of intermediates can be ignore. Overall, it is extremely 

significant and challenging to develop efficient and applicable 2D composites for the practical 

degradation of pollutants via photocatalytic reactions. 
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Figure 1. Hybridization of functional molecules, 0D, 1D and 2D nanostructures on nanosheets 
and their enhanced photocatalytic capability for the degradation of organic pollutants under 
solar radiation. 
 
 
 
 
 
 
 

 

Figure 2. Mechanism for photocatalytic reaction under solar irradiation. a) Spectral distribution 
of solar light and the cutoff wavelengths of several well-known semiconductor photocatalysts. 
Reproduced with permission.[26] Copyright 2017, American Chemical Society. b) The chemical 
potential and production process of highly oxidative species/free radicals in semiconductor after 
absorbing light energy, as compared to band structures of TiO2, g-C3N4, MoS2 and WO3 
materials. Reproduced with permission.[24] Copyright 2016, Wiley-VCH.  
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Figure 3. Hybridization of g-C3N4 with GO sheets for photocatalytic degradation. a) Schematic 
illustration for the synthesis of 3D g-C3N4/GO aerogel and its improved properties for 
photodegradation. Reproduced with permission.[41] Copyright 2015, American Chemical 
Society. b) Fabrication of O-g-C3N4/GO/N-CNT nanocomposites via electrostatic interaction 
and mechanism for photocatalytic pollutant degradation. Reproduced with permission.[7] 
Copyright 2018, American Chemical Society. 
 
 
 

 
Figure 4. The preparation and photocatalytic performance of Ag3PO4–MoS2/graphene (GR) 
photocatalyst. a) Preparation process. b) Photocatalytic dichlorophenol degradation by different 
photocatalysts. c) Degradation of different organic phenols by hybrid photocatalyst. 
Reproduced with permission.[70] Copyright 2014, The Royal Society of Chemistry. 
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Figure 5. Synthesis, characterization and application of g-C3N4/ZnTcPc/GQDs. a) Schematic 
for the synthesis process. b,c) TEM images. d) Schematic diagram of possible reaction 
mechanism over C3N4/ZnTcPc/0.1GQDs under solar light irradiation. e) Photocatalytic 
degradation of RhB by different samples. Reproduced with permission.[93] Copyright 2019, 
Elsevier. 
 
 
 
 

 

Figure 6. Synthesis and photocatalytic performance of ternary Ag/AgVO3/C3N4 plasmonic 
photocatalyst. a) Schematic preparation. b) TEM and c) HRTEM images of Ag/AgVO3/C3N4. 
d) Proposed mechanism of photocatalytic reaction. e) Pseudo-first-order kinetics for basic 
fuchsin degradations. Reproduced with permission.[98] Copyright 2015, Elsevier. 
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Figure 7. Typical hybridized systems of g-C3N4 and metal oxides. a) HRTEM image of g-
C3N4@ZnO hybrids. b) Mechanism for photocatalytic reaction of antibiotic over g-C3N4@ZnO 
system. c) Photocatalytic degradation and d) Pseudo first-order kinetic fitting of cephalexin by 
various samples. Reproduced with permission.[123] Copyright 2018, Elsevier. e) TEM image of 
Co3O4 QDs on g-C3N4 nanosheets. f) Concentration ratio of various dye solution before and 
after degradation. Reproduced with permission.[124] Copyright 2018, Wiley-VCH. 
 
 
 
 
 
 

 

Figure 8. Hybridization of g-C3N4 and MOFs. a) Formation process and b) magnified TEM 
image of C3N4–ZIF-8 composite. c) Photocatalytic degradation profile of tetracycline using 
different samples (the adsorption equilibrium is first attained in dark within 60 min before 
degradation). Reproduced with permission.[139] Copyright 2017, The Royal Society of 
Chemistry. 
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Figure 9. Tris-stabilized MoS2 nanosheets for degrading MB. a) Stability of MoS2 nanosheets 
in Tris solution shown by UV–vis absorption spectra and optical images (inset). b) UV–vis 
absorption spectra for showing photocatalytic degradation of MB by MoS2 nanosheets. 
Reproduced with permission.[151] Copyright 2019, Wiley-VCH. 
 
 
 
 
 

 

Figure 10. Hybridization of MoS2 nanosheets. a) Schematic for preparing TiO2–MoS2(1T) and 
TiO2–MoS2(2H) hybrid structures. TEM images of b) TiO2–MoS2(1T) and c) TiO2–MoS2(2H) 
structure. d) Photocatalytic degradation curves of RhB with different products. Reproduced 
with permission.[156] Copyright 2015, TSINGHUA UNIV PRESS. e) Schematic exfoliation of 
MoS2 nanosheets and surface growth of Au25 clusters into Aum NPs. f) TEM and g) HRTEM 
images of Aum/MoS2 nanosheets. h) TEM image of Aum+n/MoS2 nanosheets obtained after 
reaction with H2O2 for 4 h. i) Schematic illustration for photocatalytic degradation on 
Aum+n/MoS2 nanosheets. j) The photocatalytic performances of various samples. Reproduced 
with permission.[181] Copyright 2018, The Royal Society of Chemistry. 
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Figure 11. Photocatalytic applications of WO3 nanosheets. a,b) Optical images for 
demonstrating efficient photocatalytic degradation of MB a) and RhB b). c) More effective 
photocatalytic degradation of MB with WO3 nanosheets (inset is the TEM image of WO3 
nanosheets). Reproduced with permission.[185] Copyright 2017, Wiley-VCH. d) Schematic 
illustration from WO3 nanosheets to porous nanosheets. e) TEM image of porous WO3 
nanosheet. f) Optical image of crystal violet solution before and after photocatalytic degradation. 
g) UV-vis absorption spectra of the crystal violet solution before and after photocatalytic 
degradation. Reproduced with permission.[189] Copyright 2018, American Chemical Society. 
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Figure 12. Layer-by-layer stacking WC and WO3 monolayers to form WC/WO3 heterogeneous 
hybrid. a) Side-view structure of the stacked WO3 and WC layers. b) High-magnified TEM 
image with different spacing distances. c) Comparison of photocatalytic decomposition of RhB 
with various materials. d) Degradations of RhB under different light irradiation over the WO3, 
Pt/WO3, and WC/WO3 materials. Reproduced with permission.[196] Copyright 2018, Wiley-
VCH.  
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Table 1. The degraded organic pollutants beyond dyes and the compositions of used 2D hybrid 
nanomaterials for the photocatalytic degradation under irradiation of visible light. 

Classified Pollutants Specific Molecules 
Used 2D Hybrid Nanomaterials 

2D materials Hybridized materials 

Pharmaceuticals Tetracycline GO CNTs[7]

g-C3N4 
Co3O4,[3] ZnTCP,[88] AgxH3-xPMo12O40/Ag,[99] α‐Bi2O3,[101] 
Bi12O17Cl2,[104] Carbon plane/TiO2,[113] Bi5FeTi3O15/Ag,[115] 
WO3-x,[119] WO3/Ag,[122] ZIF-8,[139] PDI@MOF[142] 

MoS2 CDs/TiO2,[160] ZnO,[166] Co3O4
[167] 

WO3 Pt,[199] Ag2CO3/Ag,[203] Bi24O31Br10
[205] 

Bi2O3 BiOI[216] 
BiOCl CeO2 particles,[221] Se nanorods,[222] KCa2Nb3O10

[223] 
BiOBr CeO2 particles,[221] Black phosphorus[225] 

Ibuprofen rGO TiO2
[48]

graphene MnO2 nanosheets[64]

g-C3N4 Bi2WO6
[12]

MoS2 MIL-53(Fe)[146]

Ciprofloxacin rGO MnO2 nanorods[63]

g-C3N4 Ti3C2,[94,95] PbBiO2Cl[105]

WO3 Ag2CO3/Ag,[203] Bi2WO6
[209]

Sulfamethoxazole rGO TiO2
[48,49]

g-C3N4 Ti3C2,[95] WO3
[118]

WO3 CNTs[195]

Levofloxacin rGO Co-Fe,[62] Bi@Bi5O7I[79]

MoS2 Ag2Mo2O7
[173]

Carbamazepine rGO TiO2
[48] 

g-C3N4 
FePcCl16,[86,87] ZnTcPc/GQDs,[93] BiOBr,[102] TiO2 
particles,[110] PDI@MOF[142]

Norfloxacin g-C3N4 Carbon plane/TiO2
[113] 

Ofloxacin g-C3N4 PCN-222[140]

Sulfachloropyridazine g-C3N4 Carbon NPs[91] 

Sulfonamides BiOBr S[220]

Acetaminophen rGO TiO2
[49] 

Diclofenac g-C3N4 TiO2 particles[110]

Cephalexin g-C3N4 ZnO[123]

ampicillin WO3 ZrO2
[208]

17α-ethynylestradiol Bi2O3 TiO2
[219]

Sulfaquinoxaline g-C3N4 ZnTcPc/GQDs[93]

Pesticides Mercaptobenzothiazole MoS2 Co3O4
[167]

Carbofuran WO3 ZrO2
[208]

2-Chlorophenol Graphene Ag3PO4-MoS2
[70] 

4-Chlorophenol g-C3N4 O,[84] Ti3C2,[95] ZnTiO3
[114]

BiOBr S[220]

2,4-Dichlorophenol Graphene Ag3PO4-MoS2
[70] 

g-C3N4 Fe(III)[81] 

Industrial Chemicals Phenol rGO TiO2
[49]

g-C3N4 Fe(III),[81] C,[85] ZnTiO3
[114] 

WO3 TiO2
[206] 

BiOBr La2Ti2O7
[224] 

Bisphenol A rGO TiO2,[49] TiO2-x,[51] NiFe0.7Co1.3O4
[61] 

Graphene Fe3C@CNTs[78]

g-C3N4 
Fe(III),[81] O,[83] Ti3C2,[95] Ag,[96] PbBiO2Cl,[105] KTiNbO5,[116] 
MOFs,[138] PDI@MOF[142] 

4-nitrophenol rGO ZrO2/Ag3PO4
[65]

g-C3N4 ZnTiO3,[114] O,[80] V2O5/Ag,[117] PDI@MOF[142] 

Naphthalene, et al. GO Ag3PO4
[77] 

Formaldehyde g-C3N4 Biochar skeleton[92]

BDE-47 rGO Ag@Ag3PO4/g-C3N4
[45] 

Cyanotoxin 2-methylisoborneol rGO Fe3O4
[57] 
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Hybridization of 2D nanomaterials, particularly on graphene, g-C3N4, MoS2, WO3, Bi2O3 and 
BiOX nanosheets, is summarized systematically for highlighting their hybridized 
methodologies, synergistic effect and excellent photocatalytic performances in degradation of 
organic pollutants: including enhanced photocatalytic activities, improved photo-stability and 
recyclability. Meanwhile, the enhancement mechanism is also dicussed to understand the 
importance/necessity of constructing hybrid 2D photocatalyst. 
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