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A B S T R A C T   

Weak redox potential and high recombination of charge carriers are two main factors that limit the efficiency of 
photocatalysts in wastewater treatment. In this study, the synthesis of heterostructure photocatalyst (composed 
of graphitic carbon nitride, bismuth sulphide, and copper sulphide (g-C3N4/Bi2S3/CuS)) with improved charge 
carrier separation and tuned redox potential for improved photocatalysis of methyl orange (MO) dye is reported. 
The band alignment of the synthesized heterostructure exhibited a synergistic effect, significantly enhancing 
charge carrier separation and mitigating their recombination. The g-C3N4/Bi2S3/CuS composite exhibited 
enhanced photocatalytic efficiency compared to the pristine g-C3N4, Bi2S3, and CuS. Furthermore, the activity of 
the heterostructure was observed to increase as the ratio of CuS in the photocatalyst was increased. The highest 
photocatalytic efficiency was recorded for the g-C3N4/Bi2S3/CuS(20%), which achieved 98% degradation effi
ciency and reaction rate constant (k) of 8.08 × 10-2 min− 1. Radical scavenging experiments showed that ⋅OH, e-, 
and h+ played significant roles in the degradation process. A charge transfer scheme and mechanism of reaction 
were proposed on this basis.   

1. Introduction 

Environmental pollution arising from the textile industry has been a 
serious global problem for many years despite the various environ
mental regulatory acts [1]. Wastewater from the textile industry con
tains ~30–40% residual dye, which is discharged into the environment 
without prior treatment. This waste stream comprises inorganic and 
organic salts, corrosive acids, and metals which are potential carcino
gens and mutagens [2,3]. Methyl orange is a widely used monoazo dye 
in the textile, chemical, and paint industries. It is associated with several 
harmful effects such as eye irritation and skin problems [4]. It, therefore, 
becomes important for this compound to be removed from industrial 
waste streams before they are discharged into the environment. 

Several technologies such as coagulation, adsorption, flocculation, 

photocatalysis, and ion exchange have been explored for the removal of 
MO from waste streams. However, most of these techniques suffer from 
various drawbacks such as high energy consumption, high cost, and 
production of toxic by-products [5]. Photocatalysis, which is one of the 
advanced oxidation processes, is a widely used technique for wastewater 
treatment because of its potential for the degradation of pollutants into 
harmless final products such as CO2, H2O, and inorganic salts [6]. It has 
proven to be effective in the degradation of several dyes such as Sudan 1 
[7], Rhodamine B [8], Bromophenol blue, Eosin Yellow [9], methyl 
orange [10] and methylene blue [11]. 

Different classes of semiconductor materials such as metal oxides 
[12], metal sulphides [13], Mxenes [14], metal–organic frameworks 
have been explored as photocatalysts in wastewater treatment [15]. 
Recently, carbon-based materials such as graphene oxide and graphitic 
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carbon nitrides have also been explored [16]. However, the use of single 
photocatalytic semiconductor materials is often limited by the band 
alignment, which results in high recombination of photogenerated 
charge carriers [17]. Consequently, research focus has shifted to the 
development of heterostructure photocatalysts, which have proven to be 
able to mitigate the problem of rapid charge carrier recombination. In 
addition, heterostructure systems can provide channels for charge car
rier transport, which can enhance the photocatalytic performance [18]. 
Numerous types of heterojunctions such as Z-scheme, type II-scheme 
and S-scheme heterojunctions have been discovered by the combina
tion of two or more semiconductors [19]. Recent scrutinization of the 
charge transfer mechanism in the popular Z-scheme and type II has led 
to the questioning of the plausibility of these mechanisms [20]. This led 
to the step scheme (S-scheme), which comprises of a reduction photo
catalyst (RP) and an oxidation photocatalyst (OP) being proposed. 

The fabrication of S-scheme heterostructures has proven effective in 
enhancing the separation of photogenerated electron-hole pairs [21,22]. 
An S-scheme heterojunction is comprised of OP and RP with staggered 
band structures. The photogenerated holes and electrons in the valence 
band (VB) of OP and conduction band (CB) of RP are preserved, while 
the unusable charge carriers recombine, leading to a strong redox po
tential [23]. An upward or downward bending of the band occurs at the 
semiconductor interface, alongside a built-in electric field, with direc
tion pointing from RP to OP [24]. Various photocatalytic materials such 
as graphitic carbon nitride, metal chalcogenides, metal oxides and metal 
nitrides have been explored to form S-scheme heterojunctions [25]. 

Metal sulphides such as CuS and Bi2S3 have been utilized as photo
catalysts in wastewater treatment processes due to their small band gap 
energy, non-toxicity, and low cost [26–29]. However, they suffer high 
charge carrier recombination that limits their application in 

photocatalytic processes. Similarly, graphitic carbon nitride (g-C3N4), 
which is a visible light active carbon material have enjoyed much 
attention in recent years [30,31]. Its photocatalytic activity is also 
limited by high charge carrier recombination. Therefore, in this study S- 
scheme g-C3N4/Bi2S3/CuS heterostructures have been synthesized 
through a facile solvothermal process to study the potential synergy 
among the materials in the photocatalytic degradation of MO. The 
degradation experiment revealed a significant increase in the photo
catalytic activity of the heterostructures compared to the pristine CuS, 
Bi2S3 and g-C3N4. This study shows the potential of achieving increased 
photocatalytic activity by creating heterostructures with semiconductor 
materials, which mitigates their limitations. 

2. Experimental 

2.1. Materials and methods 

Bismuth nitrate(III) pentahydrate [Bi(NO3)3⋅5H2O], copper(II) ni
trate hemi-pentahydrate [Cu(NO3)2)•2.5H2O], melamine (C3H6N6), 
ethylene glycol (EG), dodecanethiol-1 (DDT), N-alkyl aniline, ammonia 
(NH3), carbon disulphide (CS2), and ethanol (C2H5OH) were supplied by 
Merck pty South Africa. 

2.2. Characterization of g-C3N4/Bi2S3/CuS 

Structural properties of the nanomaterials were studied using pow
der X-ray diffraction (XRD), which was recorded on a Bruker D8 
Advanced machine equipped with a proportional counter using Cu 
Kαradiation (λ = 1.5405 A, nickel filter). The morphology of the nano
particles was studied using scanning electron microscopy and trans
mission electron microscopy (Hitachi HF–2000 TEM at 200 kV and FEI 
Tecnai G2 Twin at 20 kV). The optical properties of the materials were 
studied using absorption and emission spectroscopy. Absorption spec
troscopy was measured using a variant UV–vis spectrophotometer. For 
emission spectroscopy, a Perkin Elmer LS 45 Fluorimeter was employed. 

2.3. Synthesis of g-C3N4, CuS and Bi2S3 

The method employed for the synthesis of g-C3N4 and Bi2S3 was 
earlier reported by Onwudiwe, et al. [32]. For the synthesis of CuS, the 
single source precursor method using copper(II) dithiocarbamate com
plex as precursor was employed. Full details of the synthesis procedures 
are discussed in supplementary file, S1. 

2.4. Synthesis of g-C3N4/Bi2S3/CuS 

Solvothermal technique was employed for the synthesis of the 
ternary heterostructure. In a typical synthesis, g-C3N4 and Bi2S3 were 
dispersed in ethylene glycol in ratio 1:1, and the mixture was transferred 
into an autoclave, and heated at 180 ◦C for 24 h. The obtained g-C3N4/ 
Bi2S3 was washed several times with ethanol and dried under vacuum. 
For the synthesis of g-C3N4/Bi2S3/CuS, the obtained g-C3N4/Bi2S3 was 
dispersed in ethylene glycol with varied ratio of CuS, to obtain weight 
percentage of 5, 10, and 20% of CuS. The mixture was transferred into 
an autoclave and heated for 24 h at 180 ◦C. The obtained ternary het
erostructure was washed several times with ethanol and then dried 
under vacuum. 

2.5. Photocatalytic degradation studies 

The photocatalytic activity of the photocatalysts was evaluated using 
methyl orange as the test pollutant under visible light irradiation. In a 
typical process, 100 mL of 0.1 mg/L MO was measured into a beaker. 
Afterwards, 10 mg of the catalyst was added into the solution and stirred 
for 30 min to achieve adsorption and desorption equilibrium. Subse
quently, the mixture was irradiated under visible light and aliquots were 

Fig. 1. XRD patterns of GCN, CuS, Bi2S3, GCN/Bi2S3/CuS (5%), GCN/Bi2S3/ 
CuS (10%), and GCN/Bi2S3/CuS (20%). 
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taken from the sample at regular intervals. The percentage degradation 
of MO after 60 min was calculated using equation (1), 

%degradation =
Ao − At

Ao
× 100 (1)  

where Ao and At are the initial and final absorbance of the solution 
respectively. The degradation data for the process was fitted into the 
linear form of the pseudo first order kinetics to evaluate the reaction rate 
constant for the process using equation (2), 

ln(Ct) = ln(Co) − kt (2)  

where Co and Ct represent the initial and final concentrations of the 
solution after time t respectively, and k represents the reaction rate 
constant. 

3. Results and discussion 

3.1. Structural and morphological studies 

The XRD patterns of GCN, CuS, Bi2S3 and GCN/Bi2S3/CuS hetero
structures are shown in Fig. 1. The diffraction pattern of GCN showed a 
distinct peak at 28◦, which is ascribed to the 002 planes arising from the 
interlayer stacking of the graphitic-like structure [33]. In the CuS sam
ple, the pattern could be indexed to the hexagonal phase of CuS (JCPDS 
No. 78-0876) [34], while the diffraction pattern of Bi2S3 showed peaks 
that matched the primitive orthorhombic phase of Bi2S3 (JCPDS No. 
170320) with Pbnm space group [35]. The diffraction pattern for GCN/ 
Bi2S3 exhibited diffraction peaks due to both GCN and Bi2S3, indicating 
that the structures of both materials were maintained after compositing. 
However, a slight reduction in the intensity of the peaks of BiS is 
noticeable, which indicates a reduction in the crystallinity of the Bi2S3. 

Fig. 2. TEM (a-c), SEM (d-f), and EDX (g-i) of GCN-BiS/CuS at 5, 10, and 20% of CuS loading respectively.  
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The ternary GCN/Bi2S3/CuS composites showed a gradual increase in 
the CuS peak at 49◦, which confirms an increase in the amount of CuS in 
the composite. 

The SEM and TEM images of GCN, CuS, and Bi2S3, are presented in 

Figs. S1-S3 of the supplementary document, which show that they are 
composed of rod-shaped particles. Fig. 2a, b and c are the TEM micro
graphs of GCN/Bi2S3/CuS(5%), GCN/Bi2S3/CuS(10%), and GCN/Bi2S3/ 
CuS(20%) respectively. The layered structures of GCN sheets are 

Fig. 3. UV–visible spectra of (a) g-C3N4, Bi2S3, CuS, GCN/Bi2S3/CuS(5%), GCN/Bi2S3/CuS(10%) and GCN/Bi2S3/CuS(20%) and (b) Tauc plot obtained from ab
sorption spectra. 

Fig. 4. Degradation profile of (a) GCN, (b) CuS, (c) Bi2S3, (d) GCN/Bi2S3 and (e) GCN/Bi2S3/CuS composite for methyl orange and (f) pseudo first order kinetic plot 
for the degradation profile of methyl orange by GCN, CuS, Bi2S3, GCN/Bi2S3 and GCN/Bi2S3/CuS. 
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noticeable at the different concentration of the CuS. SEM measurement 
presents a better image of GCN because of its advantage in scanning the 
surface morphology and detecting the layers, folds, and discontinuities 
within the structure of the 2D material. The SEM images of the GCN/ 
Bi2S3/CuS composites (Fig. 2d -f) also showed the deposition of the 
nanoparticles on the g-C3N4 surface. With increase in the percentage 
composition of CuS, the images became darker, showing the presence of 
higher amount of the nanoparticles. The EDX spectra of the composites 
(Fig. 2g – i) also confirmed the successful formation of the GCN/Bi2S3/ 
CuS composite, and the percentage of the elemental composition (in the 
inset) showed proportional increase in the percentage of Cu and S that 
conforms with the increase in the amount of CuS loading in the 
nanocomposite. 

3.2. Optical properties studies 

The absorption spectra of GCN, Bi2S3, CuS and GCN /Bi2S3/CuS 
composites are shown in Fig. 3. GCN showed a relatively strong ab
sorption in the visible range of the spectrum which tails into the near- 
infrared region with an absorption edge around 550 nm. The CuS 
nanoparticles exhibited the highest absorption intensity in the visible 
region and showed increasing absorption into the near-infrared. More
over, the absorption edge of the CuS was around 380 nm. In the spec
trum of the GCN/Bi2S3/CuS composites, the absorption intensity was 
observed to increase with the percentage composition of CuS, showing 
improved light absorption. Also, the band edge of the composite was 
red-shifted with increase in CuS composition. The calculated band gap 
energy for GCN, Bi2S3 and CuS was 2.25, 1.47 and 1.95 eV respectively, 

which agrees with literature reports [36–38]. A narrowing of the band 
gap energy occurred in the GCN/Bi2S3/CuS composites as the percent
age of CuS increased. The band gap was 1.79, 1.73 and 1.60 eV for GCN/ 
Bi2S3/CuS(5%), GCN/Bi2S3/CuS(10%) and GCN/Bi2S3/CuS(20%) 
respectively. This reduction in band gap energy could be ascribed to the 
formation of heterostructures between GCN, Bi2S3, and CuS. The nar
rowing of the band gap could be significant for enhancing the photo
catalytic activity of the composites, as it could potentially improve 
charge carrier generation of the material [39]. 

3.3. Photodegradation studies of the binary nanomaterials and 
composites 

The degradation profile of GCN, CuS, Bi2S3, GCN/Bi2S3, and GCN/ 
Bi2S3/CuS(5%) for methyl orange is presented in Fig. 4. GCN, CuS and 
Bi2S3 showed 40, 55, and 57% degradation efficiency, as shown in 
Fig. 4a, b and c, respectively. The compositing of GCN with Bi2S3 to form 
GCN/Bi2S3 composite resulted in an increase of the degradation effi
ciency to 75% (Fig. 4d) indicating an enhancement of charge carrier 
generation and separation. After the introduction of CuS into the com
posite to form GCN/Bi2S3/CuS(5%), the photocatalytic degradation of 
methyl orange reached 98% (Fig. 4e). The improved photocatalytic 
activity of the ternary composite could be attributed to the formation of 
heterostructure at the interface of the materials. This could result in 
improved charge separation compared to the other materials. The 
pseudo-first rate constant for the degradation was 5.0 × 10-3, 1.1 × 10-2, 
1.2 × 10-2, 1.5 × 10-2, 4.4 × 10-2 min− 1 for GCN, CuS, Bi2S3, GCN/Bi2S3 
and GCN/Bi2S3/CuS(5%) respectively (Fig. 4f). 

Fig. 5. Effect of percentage composition of CuS on the photocatalytic activity of GCN/BiS/CuS(5%), GCN/BiS/CuS(10%) and GCN/BiS/CuS(20%).  
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3.4. Effect of process parameters 

The effect of percentage composition of CuS on the photocatalytic 
activity of the catalyst is shown in Fig. 5. An increase in the degradation 
efficiency of the catalyst was observed with increase in the ratio of CuS 
in the composite. GCN/Bi2S3/CuS(5%), GCN/Bi2S3/CuS(10%) and 
GCN/Bi2S3/CuS(20%) achieved 98, 100, and 100% degradation effi
ciency (Fig. 5a, b and c respectively) with a corresponding k values of 
4.40 × 10-2. 5.30 × 10-2, and 8.10 × 10-2 min− 1 respectively (Fig. 5d). 
The increase in k at higher percentage composition of CuS, is indicative 
of a faster reaction rate, due to higher active sites on the heterostructure 
and improved charge carrier generation due to lowered band gap en
ergy. This ability of CuS to enhance degradation process was similarly 
reported when it was incorporated into ZnO for photocatalytic degra
dation of methylene blue dye [40]. 

The ternary GCN/Bi2S3/CuS catalyst showed efficient photocatalytic 
activity for the dye degradation in the concentration range of 0.1 – 0.5 
mg/L as shown in Fig. 6. The degradation efficiency of MO reached 100, 
100, and 98% at 0.1, 0.3 and 0.5 mg/L in Fig. 6a, b and c respectively. 
The sustenance of the high catalytic activity of the catalyst even at 
increased dye concentration confirmed the effectiveness of the ternary 
heterostructure for MO degradation. The pseudo first order rate constant 
for the degradation was 9.90 × 10-2, 5.90 × 10-2, and 4.60 × 10-2 min− 1 

respectively (Fig. 6d). 

As shown in Fig. 7, the ternary heterostructure exhibited high cata
lytic efficiency across the evaluated pH range of 3–10. No significant 
reduction in the activity of the catalyst was observed under acidic, 
neutral, and basic conditions. The solution pH often influences the ionic 
state of a specie in solution and, the nature of charge on the surface of a 
material [41]. Therefore, it could significantly influence the interaction 
between the MO molecule and the catalytic material. The effectiveness 
of the catalyst across the pH range, showed its potential for application 
in a wide range of wastewater matrix. 

3.5. Radical scavenging studies 

To understand the mechanism of action of the ternary hetero
structure, radical scavenging experiments were carried out by intro
ducing radical scavengers into the system. Ascorbic acid (ASC), silver 
nitrate (SN), tert-butanol (TBA) and triethylamine (TEA) were added as 
O⋅−

2 , e-, ⋅OH, and h+ scavengers. Fig. 8a shows that TBA had the most 
significant effect on the degradation efficiency of the process resulting in 
50% reduction. TEA and SN both resulted in about 35 and 30% reduc
tion, respectively. This implies that ⋅OH radical had the most influence 
on the degradation process. The kinetics of the radial scavenging process 
followed a Pseudo first order kinetics as shown in Fig. 8b. 

The mechanism of radical generation in the ternary heterostructure 
was explored by studying the band alignment through the calculations 

Fig. 6. Effect of dye concentration at (a) 0.1 mg/L, (b) 0.3 mg/L and (c) 0.5 mg/L on the photocatalytic degradation of methylene blue and (d) the kinetic plots for 
the effect of dye concentration on the photocatalytic degradation of methyl orange. 
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Fig. 7. Photocatalytic degradation profile of MO at pH of (a) 2, (b) 7, (c) 10 and (d) pseudo first order kinetics for the degradation of MO at pH 2, 7 and 10.  

Fig. 8. Radical scavenging studies for methyl orange (a) in the presence of TB, TEA, SN, ASC and (b) Pseudo first order kinetics for the radial scavenging experiments.  
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involving the empirical data and equations (3) and (4): 

ECB = X − Ee −
1
2
Eg (3)  

EVB = ECB +Eg (4)  

where X is the Mulliken’s electronegativity, Ee is the energy of free 
electrons on the hydrogen scale, ECB is the conduction band potential, 
EVB is the valence band potential, and Eg is the band gap energy. The 
value of Ee is 4.5 eV, while X for GCN, Bi2S3 and CuS are 4.64, 5.27 and 
5.29 eV respectively. The calculated band alignments are shown in 
Table 1 and the EVB of the semiconductors were less positive compared 
to the OH–/⋅OH and are not capable of generating ⋅OH. The radical 
scavenging experiment confirmed ⋅OH as the most significant radical in 
the degradation process, which suggests its formation through a 
different route in the reaction process. Since the ECB of Bi2S3 is less 
positive than the O2/H2O2 potential, the adsorbed O2 may react directly 
with photogenerated electrons to produce H2O2, which further reacts 
with electrons to produce ⋅OH as shown in equations (5) and (6) 
[42–44], 

O2 + 2H+ + 2e− →H2O2 (5)  

H2O2+e− → ⋅ + OH − (6) 

The overall mechanism of the MO degradation is presented in Fig. 9 
(a). The high work function (4.93 eV) [45] and electron capture ability 
of Bi2S3, implies that it can capture photogenerated electrons by the 
GCN/Bi2S3 structure, while the photogenerated electrons on Bi2S3 
electrons could then react with adsorbed O2 on the catalyst surface. 
After the incorporation of CuS, under visible light, GCN and CuS could 

form a heterostructure with staggered band structure to produce 
electron-hole pairs. The reported work function for CuS and GCN are 
4.95 and 4.00 eV respectively [46,47], so the Fermi energy (EF) of CuS is 
lower than that of GCN. When GCN and CuS are in contact, a flow of 
electron from the semiconductor with a high EF to that with a low EF is 
observed, leading to the generation of a built-in electric field (IEF) from 
GCN to CuS at the GCN/CuS interface. This IEF leads to the recombi
nation of the oxidizing holes in GCN with electrons in the conduction 
band of CuS, resulting in an enhancement of photogenerated charge 
carriers in GCN/Bi2S3/CuS photocatalyst. This shows a S-scheme het
erojunction path for charge transport and separation in the GCN/Bi2S3/ 
CuS heterostructure [24,48]. The holes in the EVB of CuS could also 
migrate to the surface to induce direct oxidation of MO [49]. Fig. 9(b) 
shows the PL spectra of GCN/Bi2S3/CuS and GCN, which confirms the 
enhanced charge carrier separation in the heterostructure compared to 
pristine GCN. 

4. Conclusion 

The synthesis of a photocatalytically active dual heterostructure 
semiconductor was successfully achieved through a facile solvothermal 
process. The constructed heterostructure obtained from g-C3N4, CuS and 
Bi2S3 promises effective light absorption property which could be 
modified by varying the composition of the material. Compared to g- 
C3N4, the g-C3N4/Bi2S3/CuS heterostructure showed significant fluo
rescence quenching, which is indicative of improved charge separation. 
The ternary nanocomposite showed high photocatalytic performance for 
methyl orange degradation, achieving 98% degradation and a reaction 
rate constant of 8.10 × 10-2 min− 1. The enhanced photocatalytic activity 
of the heterostructure could be ascribed to the band alignment of the 
semiconductors, which allows for the transfer of photogenerated elec
trons into the Bi2S3 CB, while photogenerated holes are accumulated in 
the VB of g-C3N4. This minimizes the chances of charge carrier recom
bination and the subsequent degradation of MO molecules. These results 
show the potential of this heterostructure to be explored in practical 
application for wastewater treatment. 

Table 1 
Calculated band alignment for GCN, Bi2S3, and CuS.  

Semiconductor ECB EVB 

GCN  − 0.98  1.27 
Bi2S3  0.035  1.51 
CuS  − 0.185  1.77  

Fig. 9. (a) Mechanism of radical generation by GCN/Bi2S3/CuS and (b) PL spectra of GCN, GCN/Bi2S3/CuS(5%), GCN/Bi2S3/CuS(10%) and GCN/Bi2S3/CuS(20%).  
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