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Abstract 

Reliable and affordable access to clean water has posted a threat in rural areas and fast 

expanding urban centers. Herein, a copper doped MoS2/Bi2S3 photocatalyst is reported for 

photocatalytic bacterial disinfection. Under the irradiation of a single 18 W energy-saving 

light bulb, Cu-MoS2/Bi2S3 was able to achieve 100% inactivation of E. coli in 60 min. This 

high efficiency of Cu-MoS2/Bi2S3 can be attributed to its enhancement of light absorption and 

rapid electron-hole separation. This work provides a new insight into the potential use of 

energy efficient light source for water sanitation. 

  



1. Introduction 

Shortage of clean water supply due to rapid population growth, expansion of industries as 

well as uncertainties in climate resulted in a high demand for an effective and environmental 

friendly water disinfection method. Pollution of drinking water by microorganism is still a 

major public health concern especially in the rural areas [1, 2]. Conventional disinfection 

technologies such as ozonation, chlorination and ultraviolet irradiation are effective in 

decontaminating pathogens. However, chlorination and ozonation tend to produce 

disinfection wastes that are potentially carcinogenic, and toxic by-products that could lead to 

salting and recontamination of freshwater source [3, 4]. UV treatment, on the other hand, is 

an energy intensive process [5].  

Advanced oxidation process (AOP) is a class of chemical treatment process that generates 

reactive oxidative species to breakdown complex chemicals. Heterogeneous photocatalysis is 

an example of AOP which involves a semiconductor with suitable band gap to drive 

oxidation reaction under light irradiation. The simplicity and minimal environmental impact 

of photocatalysis for water disinfection has it deemed as a potential solution to this public 

health problem. Matsunaga et al. [6] first discovered the effectiveness of photocatalysis as a 

disinfection alternative for the inactivation of Escherichia coli (E. coli) and Lactobacillus 

acidophilus. Since then, numerous research studies have been carried out to develop 

photocatalyst for water disinfection application.  

Since then, the development of an efficient visible-light-driven photocatalyst for bacterial 

disinfection receives great attention of researchers. Our previous study has demonstrated the 

benefit of constructing MoS2/Bi2S3 photocatalyst in water splitting under simulated solar 

sunlight [7]. In an effort to develop a photocatalyst that possesses rapid disinfection 

properties, we further enhanced the photocatalytic performance of MoS2/Bi2S3 through 



doping with copper. Transition metals, copper in particular, have been reported to suppress 

electron-hole pair recombination rate and improve charge transfer resistance of the 

photocatalyst [8-11]. We found that the Cu-MoS2/Bi2S3 photocatalyst was highly reactive and 

it could disinfect E. coli within 60 min under the irradiation of an energy-saving light bulb 

(18 W). 

2. Experimental Procedures 

Experimental procedures for the synthesis of MoS2/Bi2S3 and Cu-MoS2/Bi2S3 were described 

in our previous reports [7, 11] and they are lamented in sections below. 

2.1. Synthesis of Bi2WO6  

Bismuth tungstate, Bi2WO6, was prepared by dissolving 0.4 mmol of sodium tungstate, 

Na2WO4·5H2O, in 100 mL of deionized water (DI) followed by the addition of 0.8 mmol of 

bismuth (III) nitrate pentahydrate, Bi(NO3)3·5H2O, at a slow pace to form a milky white 

mixture. The mixture was then stirred for an hour before being transferred into a Teflon-lined 

autoclave for 15 hours of reaction at 160 °C. The white precipitate collected was then washed 

alternatively with DI water and ethanol for three cycles. This was followed by placing the 

synthesized Bi2WO6 in an oven to dry overnight. 

2.2. Synthesis of MoS2/Bi2S3  

The as-prepared Bi2WO6 sample was suspended in 90 mL of DI water followed by the 

addition of a predetermined amount of sodium molybdate, Na2MoO4·2H2O and 

thioacetamide, C2H5NS. The mixture was sonicated for one hour to ensure homogeneity. The 

sonicated mixture was then transferred into a Teflon-lined autoclave and heated at 200 °C for 

24 hours. The synthesized MoS2/Bi2S3 precipitate was then collected and washed with DI 

water and ethanol for three cycles. The sample was subsequently placed in an oven to dry 



overnight. Cu-MoS2/Bi2S3 was synthesized following the same procedures but with the 

addition of copper precursor to the mixture before being placed in the autoclave. Copper 

acetate hydrate, Cu(CO2CH3)·H2O, was dissolved in 10 mL of DI water in a separate beaker. 

The Cu-containing solution was added dropwise into the Bi2WO6 suspension before being 

transferred into a Teflon-lined autoclave heated at 200 °C for 24 hours. 

2.3. Material characterization 

Powder X-ray diffraction (XRD) was measured an X-ray diffractometer (Bruker Discover) 

with CuKα radiation at λ = 0.15406 nm and a scan rate of 0.02° s
-1

. The morphology of the 

as-prepared samples was studied using a field emission scanning electron microscope (FE-

SEM, Hitachi SU8010) attached with energy dispersive X-ray (EDS), and transmission 

electron microscope (TEM, TECNAI G2 F20) with an accelerating voltage of 200 kV. X-ray 

photoelectron spectroscopy (XPS) analysis was carried out with X-ray microprobe PHI 

Quantera (Ulvac-PHI, INC.) with monochromatic Al-Kα (hʋ=1486.6 eV) X-ray source. The 

ultraviolet-visible (UV-Vis) spectrophotometer (Agilent Cary 100) was used to analyze the 

optical properties of the samples within the wavelength range of 200 to 800 nm. The optical 

absorption edge of the samples was determined by employing the Kubelka-Munk (KM) 

function using the extrapolation method on the Tauc plot, which is a plot of [F(R) × hv]
1/2

 

against the photon energy, hv. 

2.4. Photoelectrochemical measurements 

Electrochemical impedance spectroscopy (EIS) Nyquist plots and transient photocurrent 

responses measurements were carried out in a three electrode electrochemical quartz cell 

consisting of a platinum working electrode, counter electrode and Ag/AgCl saturated with 3 

M KCl as reference electrode. The electrolyte used for all photoelectrochemical 

measurements was 0.5 M Na2SO4. The working electrode was prepared using a simple drop-



casting method in which 1 mg/mL of sample suspension was poured onto a 1 cm
2
 fluorine-

doped tin oxide (FTO). Transient photocurrent responses were measured with an applied bias 

of 0.5 V. EIS, on the other hand, was performed in a frequency range of 0.1 to 10
5
 Hz with 

amplitude of 0.01 V. 

2.5. Preparation of photocatalyst-cell suspension 

The photocatalyst-cell suspension was prepared according to the experimental procedure 

described elsewhere [12, 13]. To ensure sterility, all glassware and solutions were autoclaved 

for 15 mins at 121 °C prior to the experiment. 500 μL glycerol stock E. coli BL21(DE3) was 

inoculated to 50 mL of Luria Bertani broth (supplemented with 30 µg/mL kanamycin) in a 

250 mL baffled shake flask incubated at 37 °C and 200 rpm for 12 hr. The E. coli cells were 

then harvested through centrifugation at 8000×g for 10 min. The collected bacterial cell 

pellets were washed three times with the sterilized sodium chloride solution (0.9% NaCl). 

The cell pellets were suspended in 40 mL of sterilized saline solution at a cell concentration 

of 8×10
8
 colony forming units per milliliter (CFU/mL). Subsequently, 50 μL of cell 

suspension (8×10
8
 CFU/mL) was transferred to 40 mL of 0.9% NaCl to obtain a final cell 

concentration of 1×10
6
 CFU/mL. The concentration of photocatalyst in the cell suspension 

was fixed at 0.5 mg/mL. To prepare 30 mL of photocatalyst-cell suspension, 27 mL of 0.9% 

sterilized NaCl solution was mixed with 3 mL of E. coli suspension (1×10
6
 CFU/mL), 

followed by the loading of photocatalyst at a desired concentration to obtain a final cell 

concentration of 1×10
5
 CFU/mL in the solution. 

2.6. Photocatalytic disinfection experiment 

A photobioreactor loaded with photocatalyst and E. coli-cell suspension was placed below a 

light source at a distance of 7 cm. The solution was irradiated with a Philips energy-saving 

light bulb (18 W) for 90 min under constant stirring (see Figure S1 for light spectrum). The 



samples were collected at an interval of 15 min. For plate streaking, 1 mL of the collected 

sample was first diluted using a sterilized saline solution (0.9% NaCl) at a dilution factor of 

1:10. The Luria Bertani agar plates were then incubated for 16 hours at 37 °C. The cell 

quantification was performed using colony counting method on the agar plates.  

2.7. Reactive species testing 

Scavenger studies were carried to determine the dominating and limiting reactive species in 

the disinfection of E. coli. Scavengers were used to quench its respective reactive species 

during the bacterial disinfection process at the same reaction conditions as disinfection 

experiments. Several quencher species, such as isopropanol, ascorbic acid and 

ethylenediaminetetraacetic acid, at a concentration of 0.5 mM, 0.5 mM and 0.1mM, 

respectively, were used in this study. 

3. Results and Discussion 

X-ray diffraction analysis was carried out to inspect the phase purity of photocatalysts. The 

respective crystallographic structures, as shown in Figure S2a, shows the repeating 

diffraction peaks occurred on both MoS2/Bi2S3 and Cu-MoS2/Bi2S3 samples at 25°, 28.5°, 32°, 

47° and 53°. These diffraction peaks correspond to the orthorhombic phase of Bi2S3. The 

absence of peak broadening in diffractograms of both samples implied the highly crystalline 

nature of these photocatalysts. The characteristic peak of MoS2 at ca. 14.5° could not be 

detected by XRD indicating the possible formation of few layered MoS2 on Bi2S3 [14]. UV-

vis spectroscopy was used to determine the optical properties of the as-synthesized 

photocatalysts. Cu-MoS2/Bi2S3 displays a higher absorbance performance as compared to 

MoS2/Bi2S3 due to the enhancement by Cu in visible light absorption. Besides, the doped Cu 

was postulated to reduce the electron-hole recombination rate and increase charge separation, 

thereby contributing to a better photocatalytic performance. The optical band gap energies for 



the heterojunction MoS2/Bi2S3 and Cu-doped MoS2/Bi2S3 can be determined by Tauc plot as 

shown in the inset of Figure S2b.  

The morphology of the as-synthesized Bi2S3 photocatalysts is shown in Figure S3a. This 

microscopic image depicts that Bi2S3 inherited the shape of pristine Bi2WO4 (Figure S3b), 

which comprises the stacking of multiple Bi2S3 nanorods, after in-situ anionic exchange 

between S
2-

 and WO4
2-

 ions into a disc-like shape. Figure S3c shows the FE-SEM image of 

Cu-MoS2/Bi2S3. The XPS (Figure S3e) and chemical elemental mapping (Figure S3f) 

confirms the coexistence of Mo, Bi, S and Cu elements in the photocatalyst. Besides that, 

EDS result also indicates even distribution of Cu over the MoS2/Bi2S3 composite 

photocatalyst. To further investigate the structure of the photocatalyst, Cu-MoS2/Bi2S3 was 

characterized by TEM and the image is shown in Figure S3d. The intimate contact between 

MoS2 and Bi2S3 can be observed in the TEM, and it is important for promoting charge 

separation and migration between these two semiconductors. The edge of the sample shown 

in Figure S3d comprises of layered structures with a lattice fringe spacing of 0.62 nm (inset). 

This observation agrees with the (002) lattice plane of MoS2.  

E. coli was used as the model microorganism in the experiments of photocatalytic 

disinfection. To ascertain the photocatalytic effect of the as-prepared photocatalyst on the 

disinfection of E. coli, a negative control run was carried out in dark condition with a cell 

suspension containing the photocatalyst. The good viability of E. coli under the above-

mentioned condition indicates the non-toxicity of photocatalyst towards the cells. 

Photocatalytic disinfection activity of the MoS2/Bi2S3 gave a 4.7-log reduction of E. coli cell 

density in 75 min (Figure 1a).  



Figure 1 Photocatalytic inactivation of E. coli with as-prepared samples under the irradiation 

of an energy-saving light bulb (18 W). (a) Time course of E. coli cell density treated with 0.5 

mg/mL of different Bi2S3-based samples and (b) nutrient agar plates spread with Cu-

MoS2/Bi2S3-treated E. coli suspension and incubated for 16 hours. 

In contrast, Cu-doped MoS2/Bi2S3 gave a complete sterilization of E. coli (4.9-log reduction 

of cell density) in 60 min. Figure 1b shows the cell growth of E. coli over 90 min of 

disinfection with 0.5 mg/mL Cu-MoS2/Bi2S3 photocatalyst under visible light irradiation. A 

significant reduction in colony-forming unit (CFU) exhibits the effectiveness of Cu-

MoS2/Bi2S3 sample. The enhanced disinfection ability of the Cu-doped MoS2/Bi2S3 is 

attributed to its reduced electron-hole recombination rate, resulting in the higher generation 

of reactive oxygen species. This phenomenon can be explained through the lattice breakage 

within MoS2 as a result of the addition of Cu [11]. In addition, these lattice imperfections 

would expose more active sites in MoS2, in turn act as electron trapping sites, enhancing the 

overall activity of the photocatalyst [15]. This finding highlighted the exceptional ability of 

Cu-MoS2/Bi2S3 photocatalyst in photocatalytic disinfection of E. coli. In comparison to other 

works, the Cu-MoS2/Bi2S3 could give a complete inactivation of E. coli in a shorter 

irradiation time with a lower energy requirement as shown in Table S1.  
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Photocatalytic activity is highly dependent on the ability to produce reactive species. To 

understand the roles played by each reactive species in disinfection of E. coli, scavengers 

were used to quench the corresponding reactive species generated by Cu-MoS2/Bi2S3. Figure 

2a shows the disinfection performance of scavengers, namely isopropanol for hydroxyl 

radical (·OH), ascorbic acid for superoxide anion (·O2
-
) and ethylenediaminetetraacetic acid 

(EDTA) for hydrogen radical (h
+
). The disinfection efficiency was the lowest when ·OH and 

h
+
 radicals were quenched with 0.22-log and 0.28-log reduction in cell density achieved over 

a period of 90 min respectively. This implies that both hydroxyl radicals and holes play an 

equal dominating role in the disinfection of E. coli as the disinfection efficiencies were 

relatively similar. On the other hand, ·O2
-
 played a minimal role in E. coli disinfection [16], 

showing 2.0-log reduction in cell density.  

Figure 2 (a) Effects of various scavengers on the disinfection of E. coli by Cu-MoS2/Bi2S3. 

(b) EIS Nyquist plots of the as-prepared samples and (c) transient photocurrent responses. (d) 

Schematic illustration of the proposed reaction mechanism of E. coli disinfection by Cu-

MoS2/Bi2S3 under the irradiation of 18 W energy-saving light bulb. 

Electrochemical impedance spectroscopy (EIS) was performed to gain a better understanding 

on the electron transfer properties such as separation efficiency of photogenerated charge 
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carriers in the photocatalysts. A potential of 0.5 V Ag/AgCl in 0.5 M Na2SO4 solution was 

used for the analysis. A Nyquist plot generated from the EIS data is shown in Figure 2b. The 

arc radius of Nyquist plot is related to the photoelectrode-electrolyte interface charge transfer 

performance [16]. It can be observed that the Cu-doped MoS2/Bi2S3 exhibits a smaller arc 

radius as compared to that of MoS2/Bi2S3. This implies that the doping of Cu lowered the 

charge transfer resistance in the interfacial layer of MoS2/Bi2S3, thereby resulting in an 

accelerated rate of charge transfer. During exposure of the MoS2/Bi2S3 to light, electrons 

excite from the valance band of MoS2 to the conduction band, generating electron-hole pairs. 

The higher energy electrons from MoS2 will migrate to conduction band of Bi2S3, prolonging 

the lifetime of photogenerated charge carriers. Besides, the close contact between MoS2 and 

Bi2S3 ensured the rapid transfer of electron between the two semiconductors. Electrons will 

then migrate to the doped Cu for reaction. From the photocurrent density measurement, Cu-

MoS2/Bi2S3 was about 100 times higher than that of MoS2/Bi2S3 samples (Figure 2c). The 

strong oxidizing nature of holes in the valance band can produce ·OH radicals through the 

oxidization of H2O (Figure 2d), while the strong reducing nature of the photogenerated 

electrons in the conduction band could react with the O2 that is absorbed on the surface of the 

photocatalyst to produce superoxide radical anion O2
-
 radicals which will then form hydroxyl 

radicals (·OH). Besides that, the photogenerated electrons could also participate directly in 

the disruption of E. coli cell membrane. These radicals are considered as the reactive species 

that play an important role in the disinfection of bacteria. The actions of the highly toxic 

nature of ·OH radicals would cause perturbation in the bacterial cell membrane that 

eventually leads to cell death [17]. 

 

 



4. Conclusion 

This work demonstrates the highly efficient disinfection of E. coli by Cu-doped MoS2/Bi2S3 

photocatalyst. A complete disinfection of E. coli (4.9-log reduction in cell density) was 

achieved in 60 min under the irradiation of an 18 W household light bulb. The disinfection 

efficiency of Cu-doped MoS2/Bi2S3 was primarily driven by its effective photogenerated 

charge separation and the reduced recombination rate of electron-hole pairs. This work will 

provide a new insight into the use of Cu-MoS2/Bi2S3 as a potential photocatalyst for low-

energy water disinfection. 
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