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a b s t r a c t
Discharging of coloured dyes into wastewater has become one of the crucial issues around the 
world. Among various established alternatives to treat dye-contaminated water, photocatalytic deg-
radation is a promising method to remove various dyes from water and wastewater due to their 
excellent photocatalytic activity and minimal final by-products. Nowadays, an immense number 
of photocatalysts have been synthesized and modified to achieve efficient treatment of photocata-
lytic degradation on dyes. On top of that, criteria include appropriate band gap energy of photo-
catalysts, applicability for solar light irradiation, good stability, and maximum recyclability have 
become the main prioritized. Herein, this review summarised the progress of emerging photocat-
alysts, graphene oxide, graphitic carbon nitride (g-C3N4) and molybdenum disulfide (MoS2) in 
treating dyes. Furthermore, the performance of photocatalyst, the type of dyes treated, and signif-
icant findings from the treatment was also discussed. Finally, the future trends and challenges in 
applying photocatalysts to treat dyes in wastewater are comprehensively deliberated.

Keywords:  Photocatalytic degradation; Photocatalyst; Wastewater; Dyes; Graphene oxide; Graphitic 
carbon nitride; Molybdenum disulfide

1. Overview on dye wastewater

The increase of industrial growth rate and human pop-
ulation have consumed natural resources faster than the 
ecosystem can generate. Therefore, industrial processes 
are one of the major consumers that lead to the deterio-
ration of the global ecosystem and natural resources [1]. 
Other than that, water pollution caused by the discharge of 

wastewater from industrial and municipal has also capti-
vated the researcher’s attention to developing a sustainable 
and economical solution. It has been reported that agricul-
tural industries primarily release about 70% of wastewater 
worldwide while the other 30% comes from municipal and 
other industries [2]. On average, high-income countries, the 
country that has a gross national income (GNI) per capita 
of more than $12,000, treat about 70% of their municipal 
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and industrial wastewater they generated. However, for 
low-income countries, only 8% of them conduct wastewater 
treatment [3]. Due to the rising wastewater discharge, vari-
ous organic pollutants are rising in water resources, such as 
pharmaceutical waste, pesticides and dyes. Among these, 
dyes in wastewater have become significant global atten-
tion because most of them are very persistent to degrade. 
The detection of various dyes in soils and aqueous envi-
ronments has worsened the worldwide water resource’s 
condition because it can threaten human beings, aquatic 
life, and all living organisms [1,4]. In particular, the release 
of dyes into the aquatic environment can reduce sunlight 
penetration and decrease dissolved oxygen concentration, 
producing anoxic conditions and subsequently posing a 
threat to aquatic life and public health [5]. Moreover, some 
synthetic dyes exhibit high biotoxicity, and higher toxic lev-
els may result causing mutagenic, carcinogenic, and terato-
genic effects on public health. Therefore, wastewater treat-
ment technologies to eliminate dyes in wastewater have 
become a research focus.

Generally, dyes can be categorized into natural and syn-
thetic/artificial dyes. Natural dyes originated from plant 
sources, including leaves, wood, roots, berries, bark, fungi, 
and lichens, while artificial dyes could be synthesized from 
chemicals, earth minerals and petroleum derivatives [6]. 
Synthetic dyes can be classified into two distinct reported 
groups: anionic and cationic dyes. Anionic dyes consist of 
three types of dyes: direct dyes, acid dyes, and reactive dyes. 
Acid dyes are water-soluble anionic dyes carrying organic 
sulphonic and carboxylic acid groups (SO3H and COOH). 
Typically, these dyes are widely applied in the textile, phar-
maceutical, printing, and paper industries due to their bright 
colour and high solubility [7]. Reactive dyes form a cova-
lent bond with amine or sulfhydryl protein groups in textile 
fibres. It has been reported that reactive dyes are the most 
used dyes because of their high wet fastness, brilliance, and 
wide range of hues. Congo red dye is the first direct dye dis-
covered in 1884 [8]. Direct dyes are soluble when applied 
from the aqueous medium in electrolyte and have a high 
affinity for cellulosic fibres. Commonly, direct dye is used 
in the dyeing of cotton, rayon, paper, leather, and to some 
extent, nylon. Other anionic dyes used extensively as a model 
in adsorption and photodegradation are Alizarin red S, 
Methyl blue, Nuclear fast red, Sunset yellow FCF, Alizarin 
green, Methyl orange, Reactive black 5 and Acid red 73.

Cationic dyes are usually basic and positively charged 
and commonly called basic dyes. This dye is usually syn-
thetic that act as bases, and when made soluble in water, they 
form a coloured cationic salt, which can react with the anionic 
sites on the surface of the substrate. As for tint firmly with 
bright shade and react faster on acrylic fibre than anionic or 
non-ionic dye, this type of dye is commonly used in textile 
industries [9]. Among basic dyes, the Methylene blue (MB) 
is the most used dye for industries very popular dye with 
extensive use. However, several health problems are associ-
ated with these dyes, such as high blood pressure, vomiting, 
diarrhoea, gastrointestinal pain, and dizziness [10]. MB has 
been used as a safe aquarium disinfectant and used to treat 
ammonia and nitrite poisoning in the aquarium. However, 
it will damage the plants and aquatic life in the aquarium 
if the dose used exceeds the concentration level limit.

Furthermore, Rhodamine B and Malachite green are 
also included in this group of dyes which can cause harm-
ful effects to human health. Therefore, the control of water 
pollution caused by cationic dyes needs to be noticed before 
it becomes critical and uncontrollable. The general infor-
mation of different dyes is tabulated in Table 1.

Depending on the influent’s water quality and the efflu-
ent discharge standard, the water treatment process is oper-
ated through the combination of various water treatment 
facilities. Generally, several physicals, chemical, and bio-
logical treatment methods can be utilized for treating the 
dye contaminated wastewater in which each method has 
its advantages and disadvantages, respectively. For chemi-
cal-based treatment, coagulation–flocculation is recognized 
as a remarkable treatment method for treating industrial 
dye wastewater due to its simplicity and effectiveness in 
reducing pollutants in terms of turbidity, colour, and odour 
of wastewater. Nevertheless, this method becomes unat-
tractive due to high energy demand, chemical reagents, and 
the generation of secondary sludge pollutants that require 
additional operational costs [18].

On the other hand, conventional biological treatment 
processes for textile wastewater significantly reduce chemi-
cal oxygen demand (COD). The advantages of the biological 
treatment process are their low operating cost, and pollut-
ant mineralization is the advantage of the biological treat-
ment method [19]. But the process does not have acceptable 
efficiency in high soluble dyes removal and COD removal 
[19]. Alternatively, a physical wastewater treatment method 
such as membrane separation technology and adsorption 
can give satisfactory efficiency of dyes removal. In the past 
years, membrane separation technology has attracted sig-
nificant attention in water and wastewater treatment. In a 
direct membrane filtration system, several driving forces 
drive membrane application in wastewater treatment: pres-
sure-driven, osmosis-driven, thermal-driven, and elec-
trical-driven. However, most of the application of direct 
membrane filtration in treating dye contaminated water is 
mainly limited by membrane fouling [20].

On the other hand, adsorption demonstrates the advan-
tages of low cost and simple operation [21]. Therefore, var-
ious adsorbents have been investigated to remove dyes 
in wastewater. However, the amount of adsorption sites 
reduces as the concentration increases, and thus the adsorp-
tion performance becomes slower. On top of that, the abil-
ity of adsorbents to regenerate in repeating cycles is also 
crucial to ensure an efficient adsorption performance.

Recently, the photocatalytic degradation method has 
been regarded as promising in treating wastewater based on 
advanced oxidation processes (AOPs) due to their excellent 
reusability and higher efficiency in removing persistent dyes 
in wastewater [22–25]. Hong Wu et al. [13], previously imple-
mented the photodegradation reaction of Methyl orange 
(MO) dye by using cuprous oxide (Cu2O) combined with 
zinc aluminium (ZnAl) layered double hydroxides (Cu2O/
ZnAl-CLDH composite). Based on this study, ratio and tem-
perature play a significant role in determining the perfor-
mance of the CLDH composite. The ideal ratio to acquire a 
90% photocatalytic degradation of MO is at a molar ratio of 
1:1 (Cu:CLDH), calcined at 500°C. A low amount of CLDH 
may result in the unfavourable performance of composite, 
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Table 1
General data of various dyes and their molecular structure

Type of dye Dye (Abbreviation) Molecular weight 
(g mol–1)

Molecular structure Reference

Anionic dye

Alizarin red S 
(ARS)

342.26

 

[11]

Methyl blue 
(Aniline blue, AB)

799.80

 

[11]

Nuclear fast red 
(NFR)

357.28

 

[11]

Sunset yellow FCF 
(SY)

452.37

 

[11,12]

Alizarin green 
(AG)

622.58

 

[11]

(Continued)
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Table 1 Continued

Type of dye Dye (Abbreviation) Molecular weight 
(g mol–1)

Molecular structure Reference

Anionic dye

Methyl orange 
(MO)

327.33

 

[11,13]

Reactive black 5 
(RB5)

991.80

 

[14]

Congo red (CR) 696.70

 

[8,12,15]

Acid red 73 (AR) 556.51

 

[7]

Cationic dye Methylene blue 
(MB)

319.85

 

[16]

(Continued)
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and the excess amount of CLDH may cause the recombina-
tion of photogenerated electrons hole. Cu2O/ZnAl-CLDH 
composite photocatalyst showed good reusability and sta-
bility for photodegradation of MO even after three cycles. 
The high removal efficiency has also been proved by Zhou 
et al., [14], who reported studies about the degradation of 
anionic dyes through photocatalytic activity. Synthesized 
CuO/ZnO composites using the Penicillium corylophilum cell 
to remove MB dyes. 97% of MB is removed from the sam-
ple after irradiation under the visible light within 85 min. 
Thus, many studies investigated the potential nanomaterials 
based photocatalyst on the degradation of dyes. This review 
discussed several potentials of the recent photocatalyst. 
Consequently, the current progress of highly potential pho-
tocatalysts for dye removal was further discussed in detail. 
The challenges and perspectives on the photodegradation 
performance of dyes were also included.

2. Photocatalytic degradation of dyes

In photocatalysis, the photocatalytic materials undergo 
photoexcitation by UV, visible or near infrared light depend-
ing on their energy band gaps and inactivate a wide range 
of waterborne microbes through a simple photocatalytic 
redox mechanism [26]. They utilized solid oxidizing species 
produced in situ, such as hydroxyl radicals (OH), to trig-
ger a sequence of reactions that decomposes organic com-
pounds having one or many double bonds into smaller and 
less harmful substances. The purpose of AOPs is to decrease 
the toxicity and hazardous compounds in the wastewater 
to the desired concentration before being safely discharged 
into water streams [4]. In other words, photocatalyst con-
verts solar energy into chemical energy and thus degrades 

harmful pollutants into non-toxic compounds. In particular, 
the general photocatalytic process usually involves three 
specific steps: charge generation, separation, and consump-
tion [27]. As shown in Fig. 1, the photocatalyst is initially 
excited in the presence of light, and then, the electron–hole 
pairs on the valence band (VB) are separated. Then, the elec-
trons are excited onto the conduction band (CB), leaving a 
hydrogen ion hole on the VB. Finally, the charge carriers 
are separated to the surface of the photocatalyst and partic-
ipate in the redox reaction. The electron can reduce typical 
electron acceptors such as O2 and H2O to produce a reactive 
oxygen species on the photocatalyst surface. Simultaneously, 
the holes on the surface of the photocatalyst are recombined 

Type of dye Dye (Abbreviation) Molecular weight 
(g mol–1)

Molecular structure Reference

Anionic dye

Rhodamine B 
(RhB)

479.02

 

[17]

Malachite green 
(MG)

364.91

 

[9]

Table 1 Continued

 
Fig. 1. Schematic illustration of photocatalytic activity of a pho-
tocatalyst [28].
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with the donor species, resulting in the mineralization of 
organic pollutants. In the photodegradation of dyes, the 
hole generated will act as the oxidizing agent and help 
form the mineralization products. At the same time, the 
hydroxyl radicals will undergo oxidation with the pollutant 
component and thus eliminate it from the wastewater.

Over the last decades, titanium oxide (TiO2) nanoma-
terials attracted the most attention for dyes degradation 
because of their high reactivity, non-toxicity, physical and 
chemical stability. Its high activity originates from the effi-
cient generation of charge carriers (hole [h+] and electron 
[e–]) upon UV light irradiation (band gap of 3.2 eV) and 
relatively good separation of the carriers, such as holes 
either free or trapped hydroxyl radicals (•OH), superox-
ide anions (O2–) and singlet oxygen among others [29]. 
Initially, the excellent performance of TiO2 was discovered 
by Fujishima and Honda (1972) when polluted water was 
irradiated with UV using a TiO2 electrode. They success-
fully discovered that the contaminant in the polluted water 
could be degraded to a less toxic substance through pho-
tochemical decomposition under irradiation of light [30]. 
Nowadays, converting solar energy into chemical energy 
has attracted numerous scientists researching the photo-
catalysis field. Therefore, identifying a highly photoactive 
photocatalyst with high light utilization efficiency focuses 
on photocatalysis research. Nevertheless, TiO2 suffers from 
several drawbacks, such as the narrow scope of solar energy 
absorption and fast recombination of photo generated car-
riers, which decreased its photocatalytic activity. Therefore, 
many efforts were made to deal with this issue by modi-
fying the pristine TiO2 and investigating other potential 
nanomaterials for the degradation of dyes.

Fouda et al. [31], reported titanium dioxide/zeolite 
Socony Mobil-5 (TiO2/ZSM-5) composite for Reactive black 
5 (RB5). The degradation of azo-dye, Reactive black 5 (RB5) 
was investigated in the presence of titanium dioxide (TiO2)/
zeolite Socony Mobil-5 (ZSM-5), and the result showed 
that 95% degradation efficiency was obtained after 10 min 
of exposure towards TiO2/ZSM-5 at a neutral pH and in a 
room temperature. Another study reported on the synthe-
sis of Fe3O4@SiO2 coated with the g-C3N4/TiO2 composite at 
the outer shell. It was found that the utilization of photons 
from sunlight is higher in the Fe3O4@SiO2@C3N4/TiO2 com-
posite compared to the TiO2/Fe3O4 composite. The highest 
reaction rate constant of composite for the degradation of 
Rhodamine B (RhB) is achieved at 10% wt. of composite [32]. 

In recent years, several excellent nanomaterials with satis-
factory band gap and recombination rates such as graphene 
oxide (GO), graphitic carbon nitride (g-C3N4), and molyb-
denum disulfide (MoS2) has been discovered and widely 
applied to remove organic pollutant in wastewater because 
of their excellent (structure/properties). Some researchers 
have also constructed a composite photocatalyst by incor-
porating other materials in the photocatalyst, for example, 
magnetic materials.

The magnetic composite carrier can distribute photocat-
alyst, which is not exposed to light inside the original cata-
lyst on the surface of the magnetic carrier, thus increasing 
the effective photocatalytic reaction area. Furthermore, the 
introduced magnetic carrier can effectively lower the pho-
tocatalyst content without decreasing the total performance 
because photooxidation only occurs at the photocatalyst 
surface [33]. For example, Sudhaik et al. [34] reported the 
use of nickel ferrite (NiFe2O4) loaded with graphitic carbon 
nitride (g-C3N4) to degrade oxytetracycline from wastewater 
under solar light. They observed that the catalytic efficiency 
of bare (NiFe2O4) is reduced due to the agglomeration of 
magnetic nanoparticles. At the same time, the recovery of 
the non-modified g-C3N4 from reaction solution required 
approximately 8 h by using a simple sedimentation process. 
However, compared to the g-C3N4 loaded with nickel ferrite, 
the recovery time shortened to 2 min, and it can be used con-
secutively in ten catalytic cycles. This study demonstrates 
that the utilization of magnetic property lowers the separa-
tion cost and can also shorten the recovery time of photo-
catalyst from the reaction solution compared to the use of 
non-modified photocatalyst [35]. Further detailed discussion 
on various aspects of the potential nanomaterials as single 
and composite photocatalyst for degradation of dyes.

3. Synthesis of potential photocatalysts for dye 
degradation

3.1. Graphene oxide

Graphene oxide (GO) is currently one of the most prom-
ising advanced nanomaterials in photocatalysis. Generally, 
GO is the derivative of graphene. GO can be utilized as a 
stand-alone photocatalyst, co-catalyst in the composite, or 
support material or semiconductor catalysts [36]. The struc-
ture of graphene and GO is displayed in Fig. 2. Graphene 
consists of a carbon atom with a single-atom-thick sheet 

 
Fig. 2. Structures of (a) graphene and (b) graphene oxide [46].



M.S.S. Osman et al. / Desalination and Water Treatment 257 (2022) 270–289276

arranged in a hexagonal arrayed sp2 structure [37]. GO con-
sists of a single layer of graphite oxide produced through 
facile chemical treatment of graphite by oxidation, followed 
by the exfoliation processes in water or organic solvents [38]. 
Another established method to form GO sheets is modified 
Hummers [39–44]. Generally, GO is composed of carbon 
atoms, arranged in a hexagonal lattice, and decorated with 
oxygen functional groups (OFG) on their basal plane defects 
either the epoxy or the hydroxyl groups, C–O and at the lay-
er’s edges (carboxyl groups, O=C–O). The broad range of 
OFG anchored on both basal planes and edges of GO makes 
it vulnerable to exfoliate and functionalized well to yield a 
well-dispersed solution of individual graphene oxide sheets 
either in the water or in the water the organic solvents [45]. 
The GO monolayers can be deposited onto the surface of 
numerous substrates by controlling their density, thus allow-
ing the production of thin conductive films on solid and 
flexible substrates, which enhances its use as composites. 
Many researchers have used GO as a precursor material for 
graphene-based composites.

Hu et al. [47], previously synthesized a composite based 
graphene oxide (GO) with non-peripheral octamethyl-sub-
stituted copper(II) phthalocyanine (GO/N-CuMe2Pc) by 
using the ultrasonic method. They observed little Cr(VI) 
reduction when the Cr(VI) was introduced to pure GO or 
N-CuMe2Pc, subjected to visible light irradiation. In con-
trast, in the presence of the GO/Pc composite, the rate of 
photocatalytic reduction of Cr(VI) increased up to 95% in 
the sample solution. Furthermore, it is described that the 
GO sheets are a very good acceptor for the excited electron 
of N-CuMe2Pc. Thus, the introduction of GO sheets signifi-
cantly affects the composite’s light absorption and charge 
separation behaviour by slowing down the recombination 
rate of excited charge carriers.

Moreover, a recent study reported on the prepara-
tion of immobilized GO with BiOl/Fe3O4 through a simple 

coprecipitation method [48]. They analyzed the magnetic 
properties of the synthesized photocatalyst by using 
atomic force microscopy (AFM), and it is shown that the 
BiOl/Fe3O4@GO exhibited good dispersibility and stability. 
Furthermore, the magnetic saturation value of the photocat-
alyst is 23.0 emu g–1, and the photocatalyst could be sepa-
rated from the reaction solution approximately in 2 min by 
placing a magnet near the bottle sample. This quick sepa-
ration of BiOl/Fe3O4@GO photocatalyst is suitable for its 
applicability in the slurry type photoreactors. In summary, 
the GO can be a suitable medium as a support material for 
efficient photocatalyst and as their promoter owing to its 
unique physicochemical properties, large specific surface 
and excellent optical transmittance.

3.2. Graphitic carbon nitride (g-C3N4)

Graphitic carbon nitride (gCN or g-C3N4) has been con-
sidered as an emerging metal-free photocatalyst for pho-
todegradation of organic pollutants due to its low cost, 
non-toxicity, high stability and suitable band gap (2.7 eV) 
[23,24,49–52]. Fig. 3 shows the illustration formation of 
g-C3N4 from various precursors under heating treatment. 
Melamine and urea are the most typical materials precur-
sor for the production of g-C3N4. The synthesized g-C3N4 
absorbs solar photons of their energies, covert them into 
chemical energy, and subsequently perform photocatalytic 
degradation on hazardous organic pollutants to form harm-
less compounds [53]. The application of g-C3N4 has emerged 
in photocatalysis due to its unique nature, low toxicity, high 
chemical stability, and appropriate band gap energy [54]. 
However, quick recombination of excited charges and low 
surface area has limited its efficiency as it produced rela-
tively poor performance in visible light absorption. Recently, 
various strategies have been applied to enhance the photo-
catalytic efficiency of g-C3N4, including doping with other 

 
Fig. 3. Formation of g-C3N4 from various precursors under heating treatment [56].
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transition metals or noble metals, non-metal doping and 
surface modification. It is due to the ability of electrons cap-
tured by these noble metallic ions, around which the photo-
generated electron aggregate, giving rise to a higher sepa-
ration of photogenerated electrons and holes [49]. However, 
the primary weakness of the photocatalyst is not the absorp-
tion of a sufficient proton to induce electronic excitation and 
create electron-hole pairs, but the separation of electrons 
from holes to comply with the required photocatalytic pro-
cess is the primary step during photocatalysis. Therefore, 
the modification of g-C3N4 through foreign doping and con-
structing a hetero-junctional interface between g-C3N4 and 
neighbour semiconductors as the second semiconductor 
is needed to improve the charge separation process [55].

Most importantly, the light absorber’s conduction band 
(CB) should be well above the conduction band of the sink 
semiconductor to induct and transport maximum charge 
density. Compared to most semiconductors, the conduc-
tion band of the g-C3N4 is well above. Hence, it is suitable to 
form a heterojunction with many semiconductors to obtain 
better properties and performances of photocatalytic degra-
dation on dye pollutants.

An effective modification method for extending optical 
absorption of the graphitic carbon nitride is the introduc-
tion of noble metals. Doping or loading of these metals has 
been proven to generate more visible light absorption and 
improved charged separation. Viet et al. [49], have synthe-
sized Ag-doped graphitic carbon nitride (g-C3N4) photocat-
alyst via a simple thermal condensation method. They used 
oxytetracycline (OTC) as their model pollutant. Through his 
research, it has been found that 7% of Ag loading onto the 
g-C3N4 showed the highest photocatalytic degradation effi-
ciency of OTC, which is 98.7%. Moreover, he also stated that 
under optimal conditions, the OTC degradation rate is still 
constant at 85.6% even after seven consecutive runs, indi-
cating the satisfactory stability and reusability of the pho-
tocatalyst. Besides that, Zhao et al. [57] decorated a ternary 
hybrid photocatalyst consisting of boron-doped graphitic 
carbon nitride with reduced graphene oxide (g-C3N4/rGO/
boron) through a facile one-pot hydrothermal process. The 
energy-dispersive X-ray spectroscopy and X-ray photoelec-
tron spectroscopy analysis indicate that the boron element 
is successfully incorporated in the composite at the peak 
of 192 eV. The dispersion of the boron element on the com-
posite surface enhanced the photocatalytic of the ternary 
photocatalyst as the boron restricted the recombination 
of electron-hole pairs in the composite.

3.3. Molybdenum disulfide (MoS2)

Nowadays, the utilization of molybdenum disulfide 
(MoS2) as a photocatalyst for the degradation of pollutants 
has risen due to its excellent performance in photoelectric 
properties. The MoS2 electronic band can be tuned with 
an indirect or direct band gap of 1.2 to 1.9 eV, determined 
by their number of layers [58]. The narrow band gap of 
the MoS2, which is 1.29 eV, has enriched MoS2 with photo-
electrical effects, making MoS2 a promising candidate in 
photocatalytic applications under visible light irradiation. 
Furthermore, due to the sizeable band-edge excitation of 
the metal centred d–d transition, the MoS2 can possess an 

electrocatalytic activity thanks to its unique electronic fea-
tures. The properties and structure of MoS2 are pretty similar 
to graphene. Both are n-type semiconductor materials [50], 
where the charge carriers in the crystal are mainly negative 
electrons. MoS2 structure consists of Mo atom sandwiched 
between two S atoms and forms a two-dimensional layer. 
This layer can be multiple layers bonded by strong covalent 
bonds, and each layer is connected by weak Van der Waals 
force [59]. Generally, MoS2 has three types of crystal struc-
tures which are the triangular prism structure (2H), hexahe-
dron structure (Fig. 4a), and octahedron structure (Fig. 4b) 
[60]. Among these structures, the 2H-MoS2 is the best crys-
tal structure to be utilized as a photocatalyst because it has 
better stability under normal conditions. Besides that, the 
MoS2 has a great range of wavelengths to absorb visible 
light photons, which is very advantageous for carrier sep-
aration. It is reported by Chen et al., [59] that photocata-
lytic activity of MoS2 is enhanced when it is intercalated 
with a zinc aluminium hydrotalcite (ZnAl-LDH). The result 
from the Brunauer–Emmett–Teller analysis in his research 
shows that the small structure of the ZnAl-LDH pore has 
exposed more contact surface for MoS2, which significantly 
impacts the adsorption capacity of target pollutants.

Furthermore, due to the large band-edge excitation of 
the metal-centred d–d transition, the MoS2 can possess an 
electrocatalytic activity thanks to its unique electronic fea-
tures. Similarly, MoS2 often undergoes modification before 
being used as the photocatalyst and combined with other 
semiconductors with the band gap value lower than MoS2 
to increase their light-responsive ability and minimal-
ize electron-recombination potential. Many researchers 
have carried out the performance of MoS2 photocatalyst 
in treating the contaminant in the wastewater. To enhance 
the separation of MoS2 from the contaminated solution 
and increase the recyclability of photocatalyst, they com-
bine it with metal., For instance, Sun et al. [61] prepared 
the Ag-MoS2 composite photocatalyst in the lab and 
tested it for reduction of chromium(VI) to chromium(III). 
Chromium(VI) purification is needed since this chemical 
has been listed as one of the toxic heavy metals and most 
common pollutants from industrial effluent. According to 
their research, in the dark condition, the redox reaction 
occurs as the Ag-MoS2 photocatalyst acts as an electron 
donor through its self-oxidation. At the same time, the 
chromium(VI) anions work as electron acceptors. In terms 
of recyclability of the photocatalyst, the photocatalytic effi-
ciency of chromium(VI) reduced after being used for the 
fourth time due to the change of MoS2 structure.

3.4. Composite-based photocatalysts

Various methods have been reported to synthesize the 
composite photocatalyst, including hydrothermal, sol-
vothermal, chemical precipitation and microwave assist 
methods. The most common and facile methods to prepare 
composite photocatalysts are hydrothermal, solvothermal, 
and chemical precipitation methods. In a hydrothermal 
method, temperature and pressure are the crucial parame-
ters to produce a good quality photocatalyst. In a study by 
[62], they synthesized a hybrid ZnO-GO composite photo-
catalyst using hydrothermal method. First, the synthesized 
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GO has added to ZnO colloidal suspension with vigorous 
stirring for 2 h. After that, the mixture was sonicated for 
30 min. Later, the mixture was transferred into a Teflon-lined 
autoclave and heated in the oven at 200°C for 12 h for hydro-
thermal reaction. After the reaction, the product was cooled 
down and subsequently washed for few times. Finally, 
the washed mixture was centrifuged and dried at 60°C for 
24 h in an oven to obtain composite photocatalyst powder.

Similarly, Tong et al. [63] synthesized GO/g-C3N4 pho-
tocatalysts by adding 16 in 4 mg L–1 GO mixture and con-
sequent with solution reaction-based method. On the other 
hand, some researchers developed composite photocatalyst 
using a two-step hydrothermal method to obtain excellent 
photocatalyst properties. Two steps of hydrothermal syn-
thesis were commonly applied to remove traces of unde-
sired species [64]. For example, the ZnO composite was 
prepared by a two-step hydrothermal method [65]. Initially, 
ZnO composite was washed with deionized water first, and 
then the mixture was suspended in 0.001 M Zn(NO3)2/0.05 M 
NaOH under magnetic stirring at 70°C for 2 h.

The solvothermal method is a standard procedure to 
develop composite photocatalyst [66,67]. Generally, the 
solvothermal method is quite similar to the hydrothermal 
method as reactants in both methods were placed in an 
autoclave containing water or organic compound. The reac-
tion was carried out under high-temperature conditions. 
The difference between these processes is that the solvo-
thermal method used non-aqueous solvent, whereas the 

hydrothermal method used water as a reaction medium [68]. 
Hong Wu et al. [66] prepared g-C3N4/GO/MoS2 photocatalyst 
via a solvothermal method. Acetic acid and cetyltrimeth-
ylammonium bromide were used as reaction mediums in the 
synthesis procedure, as depicted in Fig. 5. The synthesized 
composite photocatalyst exhibited a high transfer perfor-
mance of photogenerated electrons.

Besides the thermal method, the chemical precipita-
tion procedure is also an established method for preparing 
composite photocatalysts. It is also highlighted as a simple 
method without requiring further treatment under high 
pressure or temperature. As an example, in the preparation 
of ZnO/g-C3N4 composite photocatalyst, 250 mL of the zinc 
acetate solution were added dropwise into g-C3N4, under 
vigorous stirring, yielding a pale-yellow precipitate. The 
obtained residue was then washed with deionized water 
and ethanol. The resulting powder was then dried [69].

Furthermore, another study reported the preparation 
and effectiveness of Ag3PO4/GO/gC3N4 composite photocat-
alyst via chemical precipitation method for photodegrada-
tion of RhB dye under visible light irradiation [70]. Recently, 
the microwave-assisted method was also employed to syn-
thesize composite photocatalyst to achieve high purity 
of photocatalyst. In addition, the synthesis process of the 
microwave-assisted method is also economical, simple and 
environmentally friendly [71]. Therefore, due to their facile 
process, composite photocatalyst can successfully be pre-
pared within a short duration [72].

 
Fig. 4. Molecule structure of (a) 2-H MoS2 (hexagonal) with trigonal geometry and (b) 1-T MoS2 (tetragonal) with octahedron 
geometry [60].
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4. Performance of photocatalysts on dyes degradation

This section emphasized the performance of three differ-
ent types of photocatalyst, which are graphene oxide (GO), 
the graphitic carbon nitride (g-C3N4), and the molybdenum 
disulfide (MoS2) towards dye degradation. These three 
photocatalysts have received significant attention in recent 
photocatalysis studies due to their unique properties and 
impressive performances. Furthermore, the intrinsic prop-
erty of these photocatalysts has encouraged the researcher 
to combine it with other materials to increase their per-
formance and rate of recycling of photocatalyst.

4.1. Performance of graphene oxide photocatalyst

GO is also a promising semiconductor photocatalyst 
that has been working on photodegradation of dyes by the 
researcher for the past few decades due to the vast func-
tional groups of GO that act as anchoring sites for the various 
component. The functional groups mostly lay on the basal 
planes or at the edge of GO, and it consists of four func-
tional groups: carboxyl, carbonyl, epoxide, and hydroxyl. 
The oxygenated groups in GO usually affect the electrical 
and mechanical properties of GO. It is reported that the elec-
trical conductivity of GO is 64 ms m–1, and the conductiv-
ity is stable over a wide range of temperatures. To assist the 
photocatalytic activity, GO is reliable since it has an effective 
π–π bond [45] and a smaller band gap than it acts as a pho-
tosensitizer [36]. The delocalized π bonds in the conjugated 
sp2 bonded network on the carbon lattice with the resultant 
unsettled spacious of electronic π bonds increase thermal, 
electrical conductivity and inhibit the charge recombination 
of the graphene composites. Besides that, GO can extend the 
light absorption wavelength until the visible light region 
due to the smaller band gap. The extending of wavelength 
improved the charge transport when the GO combined 
with the heterogeneous photocatalyst, and it also increased 
the surface absorption of visible light. Thus, the photo-
degradation of dyes become more efficient.

A stand-alone GO photocatalyst has shown excellent 
results in various dye degradation such as Congo red (CR), 
RhB and MB [73]. Kumar and Kumar [74] reported that the 
synthesized GO could accelerate the degradation of MB 
dyes under light irradiation. It is due to the generated elec-
tron–hole pairs from p–p* excitation in the p-conjugated 
sp2 domains of GO after photon energy absorption [39]. 

Furthermore, Govindan et al. [75] synthesized GO pho-
tocatalyst via advance Hummer’s route. The synthesized 
photocatalyst exhibit GO photocatalyst exhibits excellent 
TOC reduction of MO. Based on the study, photocatalytic 
irradiation time plays the most significant factor for MB 
degradation. However, several studies have shown that 
pristine GO is not photoactive enough to photodegraded 
several types of dye because of the rapid recombination of 
photogenerated charge carriers [73]. In this regard, many 
efforts have been made to synthesize GO composite for 
improving the photodegradation of dye performance using 
GO. Besides that, many research groups have reported the 
fabrication of some GO-based semiconductor materials to 
improve photocatalytic activities significantly to design 
some type-II heterojunctions or Z-scheme photocatalysts 
by coupling GO with GO various materials [62].

Khurshid et al. [73] successfully doped GO with transi-
tion metal elements including Co, and Ni, respectively, via 
the chemical precipitation method. The synthesized com-
posite photocatalyst was used in the photodegradation 
of MO under ultraviolet light irradiation. The photocata-
lytic performance of Co and Ni-GO towards MO displayed 
higher degradation efficiency than pristine GO with pho-
tocurrent generation of 64.9 and 54.4 µA cm–2, respectively. 
Besides metal elements, semiconductor nanoparticles have 
been widely used to prepare GO composite photocatalyst. 
Similarly, the chemical precipitation method synthesized 
highly ZnO-GO composite for photocatalytic performance 
under visible light [76]. The successful incorporation and 
homogeneous dispersion of ZnO were confirmed with trans-
mission electron microscopy (TEM) analysis. The study also 
revealed that the synthesized photocatalyst exhibited high 
degradation efficiency against RhB. On the other hand, Das 
et al. [77] have successfully studied the photodegradation 
of CR using GO-CdSe quantum dots composite photocat-
alyst. The composite photocatalyst exhibited 90% degra-
dation efficiency of CR under sunlight within 60 min.

On the other hand, Kamalam et al. [78] have success-
fully synthesized vanadium pentoxide (V2O5) nanorods/
graphene oxide (GO) nanocomposite as an efficient photo-
catalyst under direct solar light-driven photocatalyst for the 
degradation of Victoria blue (VB) dye. Based on the study, 
they have found that the nanocomposite’s band gap was 
reduced compared to pure GO and V2O5. On top of that, 
they have observed almost complete degradation (97.95%) 
of Victoria blue (VB) dye under direct sunlight illumination 

 
Fig. 5. Preparation of C3N4/GO/MoS2 photocatalyst via solvothermal method [66].
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within just 90 min. This was due to the excellent transfer 
of interfacial charge and the suppressed recombination of 
charge-carrier of this composite photocatalyst. To conclude, 
the combination of GO with other photocatalytic materi-
als have extremely improved its photocatalytic ability, thus 
significantly enhancing the photocatalytic degradation per-
formance on dye removal. Table 2 shows the summary of 
synthesized GO-based photocatalyst for dye removal.

4.2. Performance of graphitic carbon nitride photocatalyst

Graphitic carbon nitride (gCN or g-C3N4) is an out-
standing photocatalyst that has gained popularity in the 
photodegradation of dyes due to its superior performance 
in photocatalysis activity. The g-C3N4 absorbs solar pho-
tons for conversion into chemical energy resulting in the 
degradation of dyes into harmless compounds [53]. The 

Table 2
Summary of synthesized GO-based photocatalyst for dye removal

Material Target compound Highlights Removal capacity (%) Reference

Co/Ni/GO MO Modified composite photocatalyst 
exhibited higher degradation efficiency 
compared to pristine GO due to the 
enhancement of charge transfer of GO.

84% removal efficiency 
of MO.

[73]

G-ZnO RhB
MB
MO

Photodegradation of RhB has observed 
the highest degradation rate.

100% removal efficiency 
of RhB, MB and MO.

[76]

GO-CdSe CR CdSe incorporation has significantly 
improved the photodegradation efficiency 
of CR with 100% removal of 20 ppm of CR 
within 10 min.

100% removal efficiency 
of CR.

[77]

Graphene oxide/SnO2 RhB
MB

When SnO2-GO nanocomposites are used 
as photoanode material for photoelectric 
conversion, appropriate doping of GO is 
also beneficial to improve the intensity 
and stability of photocurrent.

SnO2 0.1% GO 
showed removal of 
RhB (97.26%) and MB 
(89.43%) degradation 
within 90 min (2 ppm 
initial concentration).

[79]

V2O5 nanorods/graphene 
oxide

Victoria blue dye 
(VB)

Decoration of V2O5 nanorods on the sur-
face of GO has made the nanocomposite a 
suitable visible light-sensitive material.

GO-V2O5 exhibited 
almost 100% degrada-
tion of VB dye within 
just 90 min (10 ppm 
initial concentration).

[78]

Graphene oxide reinforced 
bismuth titanate (GO/BT)

Direct blue 15 
(DB15)

BT’s reflectance decreased in the visible 
region after the addition of GO caused 
higher light absorption in the visible 
region and enhanced the photocatalytic 
activity of BT.

5% GO substituted 
bismuth titanate 
degrades the DB15 1% 
within 3 h (50 ppm 
initial concentration).

[80]

GO/MIL-101(Fe)/
PANCMA

RhB Enhancement of RhB removal was due 
to the formation of heterostructures and 
more active surface reaction sites due to 
GO and MIL-101(Fe).

100% RhB removal after 
30 min under visible 
light.

[81]

ZnO/GO Methyl red (MR) High values of photocatalytic efficiency 
of the ZnO-GNc may be due to the 
improved charge passage and separation.

ZnO-GNc with 5 wt.% 
GO achieved removal 
of MR at ~98.12% under 
visible light.

[82]

GO-TiO2 Orange ME2RL GO-TiO2 nanocomposite effective for the 
treatment of organic azo dye.

99.6% at the first cycle 
of Orange ME2RL 
removal (100 ppm 
initial concentration).

[83]

Polyaniline/dicarboxyl 
acid cellulose-GO

Reactive brilliant 
red K-2G

Simultaneous adsorption-photocatalysis 
process effectively removed brilliant red 
K-2G.

Almost 100% when the 
initial concentration 
was (0.1 ppm).

[84]

GO nanosheets MB GO nanosheets provide desired redox 
reaction and enhance the light-harvesting.

60% removal of MB. [75]
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combination of two semiconductors to form a heterojunc-
tion for the proper transport of excited charges, including 
the two neighbouring semiconductors’ proper band struc-
tures, have become a great alternative to improve the per-
formance of g-C3N4 against dye degradation. g-C3N4 can 
be derived by thermal condensation of various low-cost 
nitrogen-rich precursors without direct C–C bonding such 
as cyanamide [85], dicyandiamide [86], melamine [87], 
thiourea [88], urea [24] or mixtures. However, the bulky 
g-C3N4 produced from these routes usually will result in a 
very low surface area up to below 10 m2 g–1. Only by using 
the topotactical template does the surface area of bulk 
g-C3N4 increase to 60–80 m2 g–1 [89]. Compared with mes-
oporous g-C3N4, the surface area is relatively higher than 
bulk g-C3N4 which can be up to 350 m2 g–1. Mesoporous 
g-C3N4, usually abbreviated as (mp g-C3N4), can be obtained 
with an established process of mesostructured material by 
hard templating or nano-casting by replication of silica 
sphere or mesoporous silica objects. This method basically 
involves filling or coating a rigid template with a precursor 
material and further treatment of the precursor to become 
the desired material, followed by removing the template to 
create a replica. Emerging development on g-C3N4 structure 
modifications focuses on producing GCN nanosheets and 
thin films. Inspired by the huge achievement of graphene 
exfoliated from bulk graphite, a sonication-assisted liq-
uid-exfoliation was successfully prepared a thin layer of 
g-C3N4 nanosheets (2D) from bulk GCN (3D) with surface 
area as high as 384 m2 g–1 [90–92]. The high surface area of 
GCN facilitates the good mass transfer and accommodates 
more active sites for reactions at the surface.

Yong et al. [93] constructed a floating photocatalyst from 
the polyetherimide (PEI) and graphitic carbon nitride via 
a hydrothermal assisted ultra-sonication method. The PEI 
solution was mixed with the g-C3N4 powder in a centrifuge 
tube, and then the mixture was ultrasonicated and shaken 
for 30 min. The floating photocatalyst was tested on the 
Methyl orange (MO) as a sampling material for photodegra-
dation of the PEI-g-C3N4 reaction. The result shows that the 
PEI act as a linker for the PEI-g-C3N4 composite while g-C3N4 
contribute to the photodegradation of MO. The mechanical 
motion such as stirring affect the photodegradation effi-
ciency as if a stirring is applied for pure g-C3N4, the efficiency 
is 11% higher than PEI-gC3N4. However, if the stirring is not 
being applied, the photodegradation efficiency of pure gra-
phitic is lower than the obtained photocatalyst. The float-
ing mechanism of photocatalyst adds merit to the catalyst 
since most photocatalyst is in powder form. It enables them 
to utilize more sunlight energy as they float on the surface 
of wastewater and carry their reaction.

Ben Abdelaziz et al. [94] previously introduced Bi2O3 as 
a suitable electron platform to accept the photogenerated 
electrons from g-C3N4. When irradiated under visible light, 
the composite showed the degradation of RhB dyes excel-
lently. The induction of excited charges from g-C3N4 to BiOl 
with the CB position of BiOl is well below the CB of g-C3N4. 
Thus, possesses enough potential to drive the degradation 
of RhB dye. Besides coupling two semiconductors, forming 
a Z-scheme system can also improve the charge separation 
of g-C3N4. The excited electrons and holes belonging to two 
semiconductors move across the hetero-junctional interface 

to combine. From this way, the photogenerated electrons 
in the CB of one photocatalyst and holes in the valence 
band (VB) of the other photocatalyst are well separated 
and thus enhance the photocatalytic activities.

Wang et al. [95] successfully synthesize the Z-scheme 
Bismuth vanadate/porous graphitic carbon nitride (BiVO4/
Pg-C3N4) composite through a hydrothermal process, oper-
ating at 180°C for 24 h. He proposed this Z-scheme mech-
anism due to the charge density of Pg-C3N4 being higher 
than the BiVO4. Therefore, the excessive electron from the 
interface of Pg-C3N4 will flow to the surface of BiVO4. When 
the photogenerated electrons on CB of BiVO4 are transferred 
to an interface, the electrons will migrate to VB Pg-C3N4 to 
recombine with holes, thus resulting in a beneficial boost-
ing of the holes on VB BiVO4. Therefore, the electrons on 
CB of Pg-C3N4 will migrate to the BiVO4 surface to par-
ticipate in the photocatalytic reaction. This way, a strong 
redox capability under visible light was achieved using the 
Z-scheme mechanism.

In other cases, Jia et al. [55] developed composite gra-
phitic carbon nitride photocatalyst through the heteroge-
neous Z-scheme method by using SnFe2O4 as the SnFe3O4 is 
more negative charge than the g-C3N4 in the redox reaction 
sites. The transmission electron microscopy (TEM) results 
confirm the formation of composite structure as it detects 
the crumpled structural layer that indicates the C and N 
element of the g-C3N4, and it also detects the SnFe3O4 nano-
structure with the sizes of 100–200 nm. The closed contact 
of g-C3N4/SnFe3O4 inhibits the charge recombination of 
electron-hole pair as the lifetime emission of gC3N4 is much 
longer when it is introduced to SnFe3O4. According to Jia et 
al. [55], the longer the emission lifetime, the higher the sepa-
ration efficiency of electron-hole pair as the photogenerated 
recombination rate reduced. Furthermore, the outstanding 
performance of g-C3N4 based composite photocatalyst was 
demonstrated by Sujubili et al. [32], synthesized Fe3O4@
SiO2@g-C3N4/TiO2 composite photocatalyst from core-shell 
structure method. The examination on the photolumines-
cence intensity, the weight ratio, and the UV Vis analysis 
of composite revealed that the optimum photocatalytic 
activity was achieved at a ratio of 15 wt.% of g-C3N4/TiO2@
Fe3O4@SiO2 with the optimum condition of 2.08 eV band 
gap and 50,000 a.u. intensity, respectively. The integrated 
magnetic material in the composite help to increase the 
regeneration rate of the composite and thus pro-long the 
lifespan of the photocatalyst. The Fe3O4@SiO2@g-C3N4/TiO2 
can be regenerated twice after degrading the RhB under 
sunlight irradiation over 3 h.

Table 3 shows the performance based on the g-C3N4 
material, and based on the result, the removal efficiency for 
magnetic photocatalyst is more than 90%. Furthermore, the 
material embedded with the photocatalysts did not reduce 
the photocatalytic performance of the photocatalyst, instead 
of improving their performance. In short, similar to GO 
composite photocatalyst, the photocatalytic performance of 
g-C3N4 can be boosted either by being modified with mag-
netic material or doping with other excellent materials such 
as semiconductor materials, carbon materials, and noble 
materials metals and nanoparticles. Table 3 summarises 
the example of synthesized graphitic carbon nitride-based 
photocatalyst for dyes removal.
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Table 3
Summary of synthesized graphitic carbon nitride-based photocatalyst for dye removal

Material Target compound Highlights Removal capacity (%) Reference

Fe3O4@SiO2@g-
C3N4/TiO2

RhB
MO

Band gap value of Fe3O4@SiO2@g-C3N4/TiO2 com-
posite is directly proportional to the ratio of g-C3N4 
(2.5 eV at 5% wt. to 2.82 eV at 20% wt. of g-C3N4). 
This band gap enhanced the visible light region’s 
absorption, thus leading to increased photocatalytic 
activity.

91% removal efficiency 
of RhB and MO.

[32]

g-C3N4/Fe3O4/Ag/
Ag2SO3

RhB Absorption bands of the g-C3N4/Fe3O4/Ag/Ag2SO3 
NP decreased in comparison to the pure g-C3N4 
(470 to 450 nm).

99% removal efficiency 
of RhB within 270 min.

[96]

g-C3N4/Fe3O4/
Ag3PO4/Co3O4

MB
RhB
MO

With the presence of Co3O4, the degradation rate of 
RhB under light irradiation increased from 360 to 
150 min.

85.7% removal effi-
ciency of RhB within 
360 min while 95% 
removal efficiency of 
MO within 150 min.

[97]

Laiwu iron ore 
(LW)/graphitic 
carbon nitride 
(g-C3N4/LW)

MB LW particle distributed more evenly on the g-C3N4 
nanosheets as the amount of g-C3N4 increased. It 
escalates the number of reactive sites on the photo-
catalyst’s surface, thus providing a better photocat-
alytic activity.

97% removal efficiency 
of MB within 60 min.

[35]

Thin-layer boron-
doped graphitic 
carbon nitride 
nanosheets (B-g-
C3N4)

Eosin Y
RhB
MB
MO

Thin-layer B-g-C3N4 nanosheets have much higher 
photocatalytic activity and can be used for visible 
light driven degrading various organic dyes.

Eosin Y, RhB, MB, MO 
100% degraded within 
5, 10, 20 and 60 min 
respectively under visi-
ble light irradiation.

[98]

Water dispersible 
g-C3N4

MB N-rich g-C3N4 precursors strongly influenced the 
photocatalytic activities for bulk g-C3N4. In addi-
tion, the presence of foreign atoms (sulfur, S) in 
thiourea induced the formation of sulfur-containing 
nanoporous water-dispersible g-C3N4.

Highest removal MB 
capacity is observed for 
TCp (qe = 277.45 mg/g) 
(thiourea).

[99]

g-C3N4/PAN 
nanofiber

MB Synergetic effects of concentration and degradation 
of MB species are the important factors for the high 
photodegradation efficiency of MB.

Effective photocatalytic 
activity confirmed by 
97.3% degradation of 
MB under visible light 
irradiation.

[50]

g-C3N4@C, N 
co-doped

MO Simultaneous formation of multicomponent het-
erojunction with core-shell structure provided an 
enormous impact in designing highly active photo-
catalyst with superior interfacial charge transfer.

gT500 sample with the 
degradation percentage 
of 95.0% after 3.5 h.

[23]

Trace samar-
ium-doped 
graphitic carbon 
nitride

Metanil yellow 
(MY)

pH is a very important parameter amongst other 
variables for the effective degradation and removal 
of MY from wastewater.

93% and 87% were 
removed within 6 h 
using samarium-doped 
g-C3N4 at pH 3 and 6.4, 
respectively.

[100]

Cerium ion 
adsorbed gra-
phitic carbon 
nitride

MB g-C3N4 decorated cerium increased specific surface 
areas to give more active sites for extended visible 
light absorption, improved electronic structures for 
efficient charge transfer, reduced the recombination 
probability of photogenerated charge carriers.

Efficiency removal of 
MC up to 95% and 56% 
in water under sunlight 
and visible irradiation, 
respectively.

[101]
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4.3. Performance of molybdenum disulfide (MoS2) photocatalyst

Molybdenum disulfide (MoS2) has recently received 
attention as a visible-light responsive component for the 
degradation of dyes and photocatalytic evolution of hydro-
gen, H2 due to its high mobility of charge carriers and excel-
lent optical absorption property. The unique layered MoS2 
consists of molybdenum atoms sandwiched between two 
hexagonally close-packed sulfur atoms, enabling alkaline 
metal ions to be intercalated or deintercalated through the 
interlayers, making it a suitable candidate for dye degra-
dation. MoS2 often undergoes modification before being 
used as the photocatalyst for the photodegradation of dyes. 
In particular, it will combine with other semiconductors 
with the band gap value lower than MoS2 to increase their 
light-responsive ability and minimalize the electron-recom-
bination potential.

Chen et al. [59] previously developed the magnetic MoS2 
by intercalating it with zinc-aluminium hydrotalcite and test-
ing it to degrade MB. The result of his work showed that the 
maximum degradation of Methylene blue dye reached up 
to 93% within 30 min of adsorption and 150 min of photo 
illumination. Besides that, under the morphological charac-
terization, the scanning electron microscopy (SEM) shows 
the particle size of MoS2 is reduced because of the interla-
minar structure of hydrotalcite. Therefore, it increased the 
photocatalytic performance of MoS2. In addition, to remove 
the polluted dyes from the wastewater, Fekadu et al. [102] 
have study on the performance of Bi2(O, S)3/Mo(OS)2 com-
posite photocatalyst for the degradation of 4 different types 
of dyes, and it fabricated through a facile method. The sta-
bility and reusability of photocatalyst have been exam-
ined, and it has shown that the photodegradation of MB 
and RhB dyes has slightly dropped after the third run.

Moreover, the efficiency of photodegradation activity 
decreased due to the mass loss of the photocatalyst sur-
face after the washing procedure. Therefore, to avoid this, 
the photocatalyst has been immobilized into or onto suit-
able adsorbents such as carbon or PAN fibre. The reaction 
mechanism steps of the BiOS/MoOS composite are shown 
in Eqs. (1)–(6) [102]:

BiOS/MoOS BiOS e h MoOS e h+ → +( ) + +( )− + − +hυ  (1)

BiOS e MoOS h BiOS MoOS� �� � � � � � �  (2)

MoOS e O MoOS O� ��� � � � �2 2  (3)

O H OH2 2 2�� � �� �  (4)

Dyes O OH Degradation products� ��� �
2 /  (5)

Dyes h Degradation products� ��  (6)

Following the result of the photoluminescence (PL) 
analysis made by Zeng et al. [103], the recombination rate 
of photoinduced electron–hole pairs of the MoS2/CoFe2O4 
(M/C) composites at the excitation wavelength of 375 nm 
is lesser than the pure MoS2, and CoFe2O4 as the emission 
intensity of the M/C composite is much lower than both of 
MoS2 and CoFe2O4. In addition, the Z scheme heterojunc-
tion mechanism of the M/C composite enhanced the PL 
electron–hole between the CoFe2O4, which act as the pho-
togenerated electron at the conduction band (CB), with 
the MoS2, that will generate a photogenerated hole at the 
valence band (VB). As a consequence, the degradation effi-
ciency of RhB and CR by the M/C composite is high due to 
the presence of active species which are O2

–• and holes.
Based on Table 4, the modified MoS2 is an excellent 

candidate as a semiconductor photocatalyst for the deg-
radation of various dyes through photocatalytic activity 
[59,102–105]. The efficiency removal of Rhodium B dye 
from the solution reaction by the modified molybdenum 
disulfide is mostly higher than 90%, indicating that this 
photocatalyst is favourable in eliminating the cationic dyes 
from the polluted water. Besides that, with the combina-
tion of photocatalyst with other materials, the modified 
molybdenum disulfide has improved its regeneration abil-
ity and be easily separated from the contaminated solution. 
Table 4 tabulates the summary of synthesized graphitic 
carbon nitride-based photocatalyst for dye removal.

5. Future trends and challenges

The heterogeneous composite photocatalyst can be a 
promising material for water remediation because of its 
good physicochemical properties and excellent electronic 
structure stability. Furthermore, the functionality of the 
photocatalyst can be enhanced through modification with 
other materials like noble metals, nanoparticles, semicon-
ductors, magnetic and carbon materials as it upgrades the 
efficiency and recyclability of the photocatalyst. Upgrading 
the recyclability of photocatalyst add a merit point to the 
photocatalyst as it is a significant factor that determines the 
cost-effectiveness and the longevity of the photocatalyst per-
formance. However, based on the currently available data, 
more fundamental research is needed to establish a stable 
composite photocatalyst technology to treat large volumes 
of industrial dye wastewater and prolonged operation.

First and foremost, the research scientists need to focus 
on synthesizing the composite photocatalyst through a 
green method, and it must be environmentally friendly. 
Furthermore, they need to balance the photocatalyst’s recov-
ery rate with the magnetic particle’s agglomeration rate as 
the nanomaterials tend to agglomerate due to Van der Waals 
force. Furthermore, the corrosion factor should be consid-
ered in future research for the composite photocatalyst 
to be practically applicable in real-time conditions. In the 
future, photocatalyst’s design or synthesis should focus on 
photocatalyst with a slower reaction time to optimize the 
applicability of photocatalyst in real-time conditions. Last 
but not least, for future trends, more exploration needs to 
be done on the composite photocatalyst, which focuses on 
dye removal in wastewater.
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Table 4
Summary of synthesized molybdenum disulfide based photocatalyst for dye removal

Photocatalyst Target compound Highlights Removal capacity (%) Reference

MoS2/ZnAl-LDH 
composite

MB Excessive amount of composite 
caused the photocatalytic degrada-
tion efficiency to decrease. Based 
on the degradation curve, the best 
amount of photocatalyst is 40 mg.

93% removal efficiency of MB. [59]

Bi2(O,S)3/
Mo(O,S)2

MO
RhB
MB

Absorption peak of all dyes 
substantially decreased with the 
presence of composite. The highest 
recorded time for the degrada-
tion of the targeted compound is 
180 min, Methylene blue.

96% removal efficiency of MO and RhB 
while 98% removal efficiency of MB.

[102]

Fe3O4@MoS2/
Ag3PO4 (FM/A)

Congo red (CR) 
RhB

Specific surface area of the (FM/A) 
composite has increased to 
76.56 m2, thus allowing the com-
posite to produce more active sites 
for the photocatalytic reaction.

90% removal efficiency of CR while 98% 
removal efficiency of RhB.

[104]

Fe3O4/TiO2/MoS2 RhB Sample from the X-ray diffrac-
tion analysis confirmed that the 
MoS2 is in the 2H structural type 
(hexagonal type), which is a stable 
structure for the formation of the 
magnetic photocatalyst.

98% removal efficiency of RhB. [105]

MoS2/CoFe2O4 
composites

RhB
CR

According to the TEM analysis, the 
mass ratio of MoS2 and CoFe2O4 
has dramatically impacted the 
photocatalytic degradation activity. 
The best ratio for the degradation 
activity is 1:3 of CoFe2O4 to MoS2.

93% removal efficiency of RhB while 
94% removal efficiency of CR.

[103]

Lyophilized tin-
doped MoS2

RhB Excellent photocatalytic activity of 
DL-MoS2 due to accelerated elec-
tron transfer upon Sn doping and 
fast generated electron–hole pair 
because of a higher surface area.

100% degradation RhB within 30 min 
with 10 ppm initial concentration.

[106]

Layered MoS2 MB
Crystal violet 
(CV)

Enhanced photocatalytic MB and 
CV dye degradation might be due 
to the high energy of UV light as 
compared to natural sunlight.

MoS2 degrades almost 71% and 57% of 
MoS2-MB and MoS2-CV, respectively, 
within 90 min under natural sunlight.
Under the artificial lamps, the degrada-
tion was 82% and 73% of MoS2-MB and 
MoS2-CV, respectively, within 90 min.

[107]

MoS2 nanosheets CV Dye degradation was observed as 
a decrease in absorbance of the dye 
with a time under the solar irradia-
tion in the presence of MoS2 NSs.

0.1 g/L MoS2 degradation of 40 µM 
CV dye under solar irradiation within 
50 min with degradation efficiency and 
the kinetic rate constant were 92% and 
0.049 min−1.

[108]

(Continued)
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6. Conclusions

In conclusion, dye degradation in wastewater can be 
achieved through efficient photocatalytic activity. This 
review highlights the emerging photocatalyst materials 
that have been widely used in dye wastewater remediation. 
Moreover, the general information on the type of photocat-
alysts type of dyes, the performance of photocatalysts and 
significant findings from the research works were included 
in this review. Overall, enhanced photocatalytic activity on 
dyes was due to various plausible reasons. Depending on 
the operating conditions of the photocatalysis process, the 
performance of dye removal was due to excellent morpho-
logical, physicochemical and thermal properties of photo-
catalysts, light adsorption, narrow energy band gap, high 
specific surface area, and low electron-hole pair recombina-
tion rate of the photocatalysts. Therefore, myriad research 
work have been done to develop a composite photocatalyst 
instead of a bare photocatalyst. In this review, made photo-
catalyst based graphene oxide (GO), graphitic carbon nitride 
(g-C3N4), and molybdenum disulfide (MoS2) for photodeg-
radation of dyes have been summarised. The composite 
photocatalyst processes pose an outstanding performance 
to become a potential candidate for dye wastewater treat-
ment due to their excellent performance in removing dyes 
with low toxicity levels. Moreover, it can be readily used 
or incorporated into different forms to improve its recy-
clability. However, the application of photocatalyst for the 
treatment of industrial dye wastewater scale needs major 
attention as the photocatalyst used needs to be environ-
mentally friendly, applicable in mass production, high recy-
clability and high corrosion resistance.
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