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Abstract 

Reduced graphene oxide (rGO) decorated with zinc sulphide nanospheres (ZnSNSs) was 

synthesized through the simple ultrasonic irradiation of an aqueous solution containing zinc 

acetate dihydrate (Zn(CH3COO)2·2H2O), thioacetamide (C2H5NS), and graphene oxide (GO). 

The results of X-ray diffraction, Fourier-transform infrared transmission spectroscopy, X-ray 

photoelectron spectroscopy and Raman spectroscopy confirmed the simultaneous formation of 

cubic-phase ZnSNSs and the reduction of GO through the ultrasonic irradiation process. Field 

emission scanning electron microscope images showed that the size and number density of the 

nanoparticles could be tuned by adjusting the precursor amounts. Transmission electron 

microscope images showed that the spherical ZnS nanoparticles were comprised of small 

nanoparticles with an average size of ~5 nm aggregated together. The result of 
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photoluminescence spectroscopy and Brunauer-Emmett-Teller (BET) measurement 

demonstrated that the incorporation of reduced graphene oxide (rGO) sheets with ZnSNSs 

suppressed the electron–hole recombination and increased the surface area of the composite. 

Hence, a significant enhancement in the photocatalytic degradation of methylene blue (MB) was 

observed with the ZnSNSs-rGO nanocomposite, compared to the bare ZnS particles.  

1. Introduction   

Over the past few decades, semiconductor nanostructures have attracted tremendous 

attention because of their unique physical and chemical properties and their potential 

photocatalyst,1-3 energy conversion,4-6 and chemical/biological sensing 7, 8 applications. Zinc 

sulphide (ZnS), as one of the first discovered and non-toxic II–VI semiconductors with a wide 

direct band gap (3.7 and 3.78 eV for a cubic zinc blend and hexagonal wurtzite structure, 

respectively),9, 10 has been used for various applications such as electroluminescence, 

optical/electrochemical sensors, photocatalysts, and light-emitting diodes (LEDs).11-16 At present, 

ZnS nanostructures have been prepared using a variety of techniques, including hydrothermal,17 

solvothermal,18 sonochemical,19 thermal evaporation,20 chemical vapor deposition,12 chemical 

deposition,21 and chemical precipitation methods.22 

Graphene, a one-atom-thick sheet of sp2-bonded carbon atoms, with its high electrical 

conductivity, large surface-to-volume ratio, and excellent chemical tolerance is a good matrix for 

nanocomposite. Therefore, semiconductor-decorated graphene composites have been the focus 

of research in recent years because of their multifunctional abilities.23, 24 It has been 

demonstrated that the charge-transferring and magnetic and electronic interactions between 

graphene sheets and the attached semiconductor nanostructures can improve their performance in 

various applications.25-27 In a semiconductor, electrons can be exited from the valence band to 
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the conduction band by photons with the energy of hv, which is equal to or higher than the band 

gap energy of the semiconductor, resulting in the generation of electron–hole pairs. These 

electron–hole pairs play an important role in the photocatalytic degradation of pollutants and 

solar energy conversion. However, the photoexcited electrons in the conduction band and holes 

in the valence band are unstable and can easily recombine, which decreases their photocatalytic 

efficiency. The photoexcited electrons from the conduction band can be accepted by the 

graphene sheets incorporated into the semiconductor and suppress the recombination of electrons 

and holes. Moreover, graphene nanosheets assist in the growth and dispersion of nanoparticles 

on the semiconductor surface, which prevents the aggregation of the nanoparticles and produces 

a higher surface area for the photocatalyst.28 

 In recent years, a sonochemical strategy has been used for the synthesis of graphene-

based inorganic nanocomposites such as metals,29-31 bimetals,32 metal oxides,33-35 and metal 

sulphides.36 The chemical effects of ultrasound irradiation arise from the acoustic cavitation 

phenomenon. When a liquid is irradiated with ultrasound, bubbles are created, and ultrasonic 

energy can accumulate with their growth and subsequent collapse, which leads to the release of 

the accumulated energy within a very short time. These cavitational implosions generate 

localized hotspots with a high temperature of 5000 K, pressure of 1000 bar, and heating and 

cooling rate of 1010 K/s.37 These extreme conditions are suitable for reducing GO and metal ions. 

At present, ZnS-rGO  nancomposite have been prepared using a variety of techniques, including 

hydrothermal,14, 15 solvothermal 38, 39 and microwave assisted methods40, 41, which are usually 

involved chemical reducing agents (such as gelatin,14 ethylene glycol 39 and octylamine 41) 

and/or surfactants (such as poly(acrylic acid) 39). To the best of our knowledge, there has been no 

report on the sonochemical synthesis of ZnSNSs-rGO nanocomposites. Herein, we report for the 
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first time a fast, one-step, cost-effective, and environmentally friendly synthesis of rGO 

uniformly decorated with hierarchical ZnS nanospheres using a sonochemical method that does 

not involve chemical reduction and/or stabilizing agents.  

2. Experimental 

2.1. Materials 

Graphite flakes (Ashbury Inc. (NJ, USA)) were used to synthesize graphene oxide (GO). 

Sulphuric acid (H2SO4, 98%), phosphoric acid (H3PO4, 85%), potassium permanganate (KMnO4, 

99.9%), hydrogen peroxide (H2O2, 30%), and hydrochloric acid (HCl, 37%) were purchased 

from Merck and used as received. Zinc acetate dehydrate (Zn(CH3COO)2·2H2O, ≥98.0%) and 

thioacetamide (CH3CSNH2, ≥99.0%) were purchased from Sigma-Alderich and used as received. 

Distilled water was used throughout the sample preparation. 

2.2. Preparation of ZnSNSs-rGO nanocomposite 

GO was prepared using a simplified Hummers’ method.42 To prepare the nanocomposite, 

0.4, 0.8, 1.2, or 1.6 mM of an aqueous solution of zinc acetate dihydrate was added in a drop-

wise fashion to 10 mL of an aqueous solution of GO (1.0 mg/mL) and stirred for 16 h (or 

overnight) to ensure the adsorbtion of the zinc ions to the surface of the GO sheets. Then, 0.4, 

0.8, 1.2, or 1.6 mM of an aqueous solution of thioacetamide was added to the above mixture, and 

distilled water was used to achieve a final volume of 20 mL, which was stirred for 5 min to 

ensure homogeneity. The resulting solution was exposed to acoustic cavitation using an 

ultrasonic horn (Misonix Sonicator S-4000, USA, 20 kHz) immersed directly in the solution at 

an 80% amplitude for 15 min with a 3-s pulse and 3-s relaxation cycle. The products were 

centrifuged and washed with distilled water and ethanol several times, and finally dried at 60 °C 

for 24 h in a vacuum oven. The ultrasonic reaction was applied without any cooling. Thus, a 
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temperature of about 80 °C was reached after 15 min at the end of the reactions. For comparison, 

free ZnS particles were also synthesized using the same procedure with a solution of zinc acetate 

dihydrate and a solution of thioacetamide without GO. 

2.3. Photocatalytic measurements 

The photocatalytic degradation of methylene blue (MB) was carried out in order to 

evaluate the photocatalytic activity of the prepared ZnSNSs-rGO nanocomposites. Ten 

milligrams of the as-prepared ZnSNSs-rGO nanocomposite powder was dispersed in 50 mL of 

an aqueous solution of MB with an initial concentration of 10 mg/L. The above mixture was first 

stirred for 60 min in the dark to ensure that the adsorption-desorption equilibrium was reached. 

Then, the photocatalytic degradation reaction was carried out under the irradiation of UV lamps 

8 cm above the solution (CL-1000 UV Crosslinkers; 5×8 W). After a given time interval during 

this UV irradiation, 3 mL of the suspension was collected and centrifuged. The UV–vis 

absorption spectra of the degraded solution supernatants were measured using a UV–visible 

spectrometer (Thermo Scientific Evolution), and the characteristic absorption peak of the MB 

solution at 663 nm was monitored. 

3. Results and discussion 

Figure 1 shows the XRD patterns of the pristine GO (a), sample holder (b), and ZnSNPs-rGO 

nanocomposites that were prepared using 2 mL of the solution of zinc acetate dihydrate (2M)  at 

different ultrasonic irradiation times (c–e) (5, 15, and 30 min, respectively). The pristine GO has 

a sharp peak at 10.8°, which is assigned to the (002) inter-planar spacing of 0.82 nm.43 

Meanwhile, the XRD pattern of the sample holder has a broad peak at about 2θ = 13°, which is 

observed in the XRD patterns of all the samples. As shown in Figure 1c, after 5 min of ultrasonic 
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irradiation, a broad peak appears at 28.85°, which indicates the formation of ZnS particles in the 

composite. When the ultrasonic irradiation time increases to 15 min, in addition to the broad 

peak at 28.85°, two small broad peaks appear at 48.1° and 56.75°, which indicate the crystal 

growth of ZnS particles. All of the peaks at 28.85°, 48.1°, and 56.75° can be indexed to the 

(111), (220), and (311) planes of the cubic ZnS (PDF card no: 00-065-0309). The calculated 

lattice spaces of the (111), (220), and (311) planes are 3.09, 1.89, and 1.62 Å, respectively. When 

the ultrasonic irradiation time was increased to 30 min, the intensity of the peaks did not change 

significantly. Meanwhile, the (002) peak of GO disappeared after the sonication process. This is 

attributed to the growth of ZnS particles on the surface of the graphene sheets during the 

ultrasonication process, which led to the exfoliation of the GO sheets and prevented the 

restacking of the graphene sheets.  
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Figure 1 XRD patterns of pristine GO (a), sample holder (b), and ZnSNSs-rGO nanocomposites 

prepared using different ultrasonic irradiation times: 5 min (c), 15 min (d), and 30 min (e). 

Figure 2 shows the FTIR spectra of the pristine GO (a) and ZnSNSs-rGO nanocomposite (b). For 

GO, the broad peak centered at 3233 cm-1 is attributed to the O-H stretching vibrations, while the 

peaks at 1739, 1627, 1395, and 1226 are assigned to the C=O stretching, sp2-hybridized C=C 

group and O-H bending, C-OH stretching, and C-O-C stretching, respectively.44 In addition, the 

peaks at 1170 and 1047 cm-1 can be attributed to the C-O vibration of the epoxy or alkoxy 

groups.45 For the ZnSNSs-rGO nanocomposite, the peak at 1556 cm-1 is assigned to the sp2-

hybridized C=C group. The peak at 1739 cm-1 for GO is absent for the ZnS/rGO nanocomposite, 

and the intensity of the peaks related to the oxygen-containing groups decreases for the ZnSNSs-

rGO nanocomposites, which indicates the reduction of GO during the ultrasonic irradiation 

process. The inset of Figure 2 shows a photograph of the solution of GO, zinc acetate dehydrate, 

and thioacetamide before and after the ultrasonic irradiation treatment. The color changed from 

yellow brown to black, and the resultant precipitated in water, which indicated the effective 

reduction of GO. 
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Figure 2 FTIR spectra of pristine GO (a) and ZnSNSs-rGO nanocomposite (b). Inset shows 

photograph of solution of GO, zinc acetate dehydrate, and thioacetamide before and after 

ultrasonic irradiation. 

The XPS spectra further proved the reduction of GO and the formation of ZnS after 

ultrasonic treatment, as shown in Figure 3. As shown in Figure 3a, the C 1s band of pristine GO 

can be fitted to four deconvulated components, centred at 284.5, 285.4, 286.2, 287.8 and 289 eV, 

which are assigned to the C=C sp2 bonds in the graphitic network, carbon bonds with sp3 

hybridization, the C in C-O, the C in C=O and the C in C(O)O, respectively.46, 47 In comparison 

to the pristine GO, the C 1s band of the ZnSNPs-rGO composite shows that the peak intensity of 

the oxygenated carbonaceous bands decreased, indicating the reduction of GO after ultrasonic 

treatment. As shown in Figure 3c, the Zn 2p core level spectrum for ZnSNPs-rGO composite 

shows the two peaks at 1020.6 and 1043.6 eV, which are attributed to the Zn 2p3/2 and Zn 2p1/2, 

respectively.48 The spin–orbit splitting of Zn 2p1/2 and Zn 2p3/2 is 23.0 eV, which is characteristic 

of ZnS.49 Moreover, the S 2p core level spectrum for ZnSNPs-rGO contains the two peaks at 
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160.3 and 161.1 eV with a peak separation of 0.8 eV, which are assigned to the S 2p3/2 and S 

2p1/2, respectively.48, 50 

 

 

Figure 3 High resolution XPS spectra of pristine GO for C1s core level (a) and ZnSNPs-

rGO for: (b) C1s core level, (c) Zn2p core level and (d) S2p core level. 

Figure 4 shows the Raman spectra for the pristine GO (a) and ZnSNSs-rGO 

nanocomposite (b). The Raman spectra of GO shows two peaks at 1350 and 1608 cm-1, which 

correspond to the well-known D and G bands, respectively. The D band is assigned to the 

breathing mode of the A1g symmetry involving phonons near the K-zone boundary. Meanwhile, 

the G band is assigned to the E2g mode of sp2-bonded carbon atoms.51 In comparison to the 
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pristine GO, the Raman spectra of the ZnSNSs-rGO nanocomposite shows that the D and G 

bands shifted to lower wave numbers at 1344 and 1600 cm-1, respectively. This was because of 

the reduction of GO during the ultrasonic irradiation process.52, 53 Moreover, Figure 3 shows that 

the I (D)/I (G) intensity ratio of the ZnSNSs-rGO nanocomposite increased to a slightly higher 

value of 1.04 compared to that of GO (0.92), which indicated the formation of a larger number of 

in-plane sp2 domains with a smaller average size. 

 

Figure 4 Raman spectra of pristine GO (a) and ZnSNSs-rGO nanocomposite (b). 

Figure 5 illustrates the representative FESEM images and size distribution diagrams of 

the ZnSNSs-rGO nanocomposites prepared using the solution with GO (1.0 mg/mL) and 

different amounts of zinc acetate dehydrate: 0.4 mM (a and b), 0.8 mM (c and d), 1.2 mM (e and 

f), and 1.6 mM (g and h), and ZnS particles (i and j). When 0.4 mM of zinc acetate was used for 

preparing the nanocomposite, as shown in Figure 5a and 5b, ZnS nanospheres with a mean size 

of 33.3 nm and a low number density were generated on the surface of the reduced graphene 

oxide because of the large number of residual oxygen containing groups on the surface of the 

GO. In addition, Figure 5a shows that some of the ZnS nanospheres were out of focus, indicating 

that the ZnS nanospheres were located on both sides of the rGO sheets, and the rGO sheets were 
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rough because of wrinkles, or they were located on the surface of the bottom layer rGO sheets. 

As shown in Figure 5, when the amount of zinc acetate increases from 0.4 mM to 1.2 mM, the 

mean size of the ZnS nanospheres is increases slightly from 33.3 nm to 40.5 nm, but their 

number density increases significantly. This is because the Zn2+ ions prefer to adsorb onto the 

surface of GO and produce new initial nucleation sites because of the sufficient number of 

residual oxygen containing groups on the surface of the GO nanosheets, instead of absorption to 

the preformed ZnS nanospheres to form larger ZnS nanospheres. By further increasing the zinc 

acetate to 1.6 mM, the average size of the ZnS nanospheres is increased significantly, which 

indicates the absorption of the excess Zn2+ ions to the preformed ZnS nanoparticles to form 

larger nanoparticles as a result of the smaller number of free residual oxygen containing groups. 

As shown in Figure 5i and 5j, ZnS particles with a mean size of 142.4 nm were obtained and 

stacked together randomly in the absence of GO. This indicated that graphene nanosheets play an 

important role in assisting the growth and dispersion of ZnS nanospheres on their surface, which 

prevents the aggregation of ZnS nanospheres. 
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Figure 5 FESEM images and size distribution diagrams of ZnSNSs-rGO nanocomposites 

prepared using solution with GO (1.0 mg/mL) and different amounts of zinc acetate dehydrate: 

0.4 mM (a and b), 0.8 mM (c and d), 1.2 mM (e and f), and 1.6 mM (g and h), and ZnS particles 

(i and j). 

The structure of the ZnSNSs-rGO nanocomposite was further analyzed using HRTEM. 

Figure 6 shows low- and high-resolution TEM images of the ZnSNSs-rGO nanocomposite. A 

graphene sheet can be clearly observed with typical wrinkles, with ZnS nanoparticles with a 

spherical shape anchored on its surface. Figure 6b shows that the spherical ZnS nanoparticles are 

comprised of many small nanoparticles with an average size of ~5 nm aggregated together. 

Figure 6c shows an HRTEM image of a ZnS nanosphere anchored to the surface of an rGO 

sheet. The measured lattice fringe spaces of 0.31 and 0.19 nm are attributed to the (111) and 

(220) planes of ZnS, respectively, which is in agreement with the XRD results. 

 

Figure 6 TEM images of ZnSNSs-rGO nanocomposite at different magnifications. 
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The surface area and porous nature of the ZnS and ZnSNSs-rGO nanocomposite was 

further evaluated by measuring the nitrogen adsorption–desorption isotherms as shown in Figure 

7. According to the International Union of Pure and Applied Chemistry (IUPAC) 

classification, the nitrogen adsorption–desorption isotherms of both exhibited the characteristic 

of type-IV isotherms, which indicates the mesoporous nature of them (see Figure 7a).38, 54 The 

measured BET surface areas for ZnS and ZnSNSs-rGO nanocomposite are 5.14 and 66.81 m2/g, 

respectively. Figure 7b shows the Barrett–Joyner–Halenda (BJH) pore size distribution curve of 

ZnS and ZnSNSs-rGO nanocomposite. As shown in Figure 7b, the pore size distribution exhibits 

a peak at 2.3 nm for ZnSNSs-rGO nanocomposite and a braod peak with a maximum at 10.5 nm 

for ZnS, which indicates the mesoporous nature of the ZnS and ZnSNSs-rGO nanocomposite. 

The total volume of pores for ZnS and ZnSNSs-rGO nanocomposite were 0.0059 and 0.2478 

cm3/g, respectively. The high BET surface area and large total volume of pores for the ZnSNSs-

rGO nanocomposite compared to the ZnS are due to high theoretical specific surface area of 

graphene (2600 m2/g). 
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Figure 7 (a) Nitrogen adsorption–desorption isotherms of ZnS and ZnSNSs-rGO 

nanocomposite, and (b) BJH pore-size distribution of ZnS and ZnSNSs-rGO nanocomposite. The 

inset highlights the pore-size distribution peaks of ZnS. 

The formation mechanism of the ZnSNSs-rGO via a sonochemical reaction is shown in 

Figure 8. GO sheets dispersed in water are negatively charged as a result of the ionization of the 

carboxyl and hydroxyl groups on the surface of the GO (Figure 8a).55 This causes the positively 

charged Zn2+ ions to be adsorbed on the negatively charged GO sheets by electrostatic attraction 

(Figure 8b). When an aqueous solution is irradiated with ultrasound, bubbles are created, and 

ultrasonic energy accumulates during their growth. The rapid collapse of these bubbles leads to 
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the creation of localized hotspots with a high temperature of 5000 K, pressure of 1000 bar, and 

heating and cooling rate of 1010 K/s. Under these conditions, highly reactive H and OH radicals 

can be generated by the pyrolysis of water molecules.37 

H2O )))))) H• + OH•                                                                                                                       (1) 

The generated H• radicals can react with thioacetamide to produce H2S.56  

H• + OH• + CH3CSNH2 → CH3C(NH2)(OH)-SH                                                                         (2) 

Repeating this process would then result in the formation of CH3C(NH2)(OH)2 (which would 

immediately lose water to give CH3CONH2) and H2S. 

H• + OH• + CH3C(NH2)(OH)-SH → CH3C(NH2)(OH)2 + H2S                                                    (3) 

The formation of H2S may also follow another route as well.19, 56, 57  

CH3CSNH2 + 2H• → H2S + •C(NH2)CH3                                                                                     (4) 

Then the generated H2S reacts with Zn2+ ions to yield ZnS. 

Zn2+ + H2S → ZnS + 2H+                                                                                                              (5) 

The generated H• and R• (•C(NH2)CH3) radicals act as reducing species, resulting in the reduction 

of GO:29 

GO + reducing species (H•, R•) → rGO                                                                                        (6) 

In addition, GO is a thermally unstable material above 200 °C. Hence, the high temperature 

generated during ultrasonic irradiation could reduce GO to graphene.58 When the concentration 

of zinc acetate increases, the free Zn2+ ions in the aqueous solution continue to grow on the 

previously formed ZnSNPs, as well as nucleating on the rGO sheets, which explains the 

increased particle size and density on the rGO sheets.  
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Figure 8 Schematic illustration of formation mechanism for ZnSNPs-rGO composite via 

ultrasonic irradiation. 

Figure 9A shows the room temperature photoluminescence spectra of the ZnS particles 

(a) and ZnSNSs-rGO nanocomposite (b). The photoluminescence spectrum of the ZnS particles 

exhibits weak shoulders around 416 and 445 nm, and broad peaks at 540 and 575 nm. These 

shoulders and peaks may be related to the point defects, which can serve as luminescent sites. 

The point defects, which can be presented in ZnS particles, are sulfur vacancies, zinc vacancies, 

interstitial sulfur atoms, and interstitial zinc atoms. The blue emission shoulders at 416 and 445 

nm are attributed to transitions from the conduction band to the energy level of interstitial sulfur 

atoms and zinc vacancies, respectively.59 The green emission peak at 540 nm can be attributed to 

the transition between the energy level of sulfur vacancies and interstitial sulfur atoms.60 The 

orange emission peak at 575 nm could be associated with the transition between the energy level 

of interstitial zinc atoms and zinc vacancies. The photoluminescence spectrum of the ZnSNSs-

rGO nanocomposite demonstrates that after the incorporation of ZnS nanoparticles with 

graphene sheets, the photoluminescence emission of the ZnS nanoparticles was significantly 
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quenched. This indicates that after the incorporation, the photogenerated electron–hole pairs in 

the ZnS nanospheres could be efficiently separated through the transfer of electrons from the 

conduction band of the ZnS nanospheres (-3.65 eV vs. vacuum) to the rGO sheets (with a work 

function of about -4.42 eV vs. vacuum), which suppressed the electron–hole recombination (as 

shown in Figure 9B). 

 

Figure 9 (A) Room temperature photoluminescence spectra of pure ZnS (a) and ZnSNSs-rGO 

nanocomposite (b), (B) Energy level diagram of ZnSNSs-rGO nanocomposite. 

The photocatalytic activities of the ZnS particles and ZnSNSs-rGO nanocomposites were 

measured using the liquid-phase degradation of MB under UV irradiation at ambient 

temperature. Figure 10a illustrates the absorption spectra of the MB aqueous solution in the 
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presence of the ZnSNSs-rGO-1.2 nanocomposite under UV light irradiation for different time 

intervals. It can easily be observed that the intensity of the absorption peak of the MB at 663 nm 

decreases with an increase in the UV light irradiation time, which indicates the degradation of 

MB molecules by the photocatalytic phenomena. Figure 10b shows a comparison of the 

photocatalytic activities of pure ZnS particles and ZnSNSs-rGO nanocomposites prepared with 

different amounts of zinc acetate dehydrate as the precursor of zinc ions. As can be seen in 

Figure 8b, pure ZnS particles have a low photocatalytic activity in comparison with the ZnSNSs-

rGO nanocomposites. The high photocatalytic activity of the composites could be explained by 

the following causes. MB molecules can be adsorbed onto the surface of graphene with an offset 

face-to-face orientation via π-π conjugation between MB and the aromatic regions of graphene, 

which increases the adsorptivity of MB compared to the bare ZnS and is an important 

prerequisite to obtain a good photocatalytic activity.61 To show the effect of the graphene on the 

adsorption of MB in the composite, the UV–vis absorption spectrum of MB under a dark 

condition was monitored, as shown in Figure 11. It can easily be seen after equilibrium in the 

dark for 15 min that most of the MB molecules (ca. 90%) remained in the solution with pure ZnS 

as the catalyst, whereas a large number of MB molecules were adsorbed on the surface of the 

ZnSNSs-rGO nanocomposites. Meanwhile, Figure 11 shows that the adsorption of MB 

molecules increases with an increase in the graphene in the composite. In general, when a 

semiconductor is illuminated with photons, electrons in the valance band of the semiconductor 

are excited into the conduction band, resulting in the generation of electron–hole pairs. These 

electron–hole pairs either recombine or migrate to the surface of the photocatalyst to initiate a 

series of photocatalytic reactions and produce hydroxyl radicals, •OH and superoxide radicals, 

•O2
- in water, resulting in the degradation of organic pollutants. It is found •OH has a major 
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contribution during the photocatalytic degradation of the dye. For ZnS, the generation of •OH 

mainly comes from •O2
- due to its valence band position is less positive than that of the OH-/•OH 

couple.38, 62 The generation of •OH in ZnS is low due to rapid electron-hole recombination. In the 

ZnSNSs-rGO nanocomposites, as discussed in a photoluminescence study, graphene can trap the 

photogenerated electrons from the conduction band of ZnS and transfer them through its surface, 

which suppresses the electron–hole recombination and promoted the formation of •OH based on 

the following reactions:38  

ZnS + hv → ZnS (e- + h+)                                                                                                             (7) 

ZnS (e- + h+) + Graphene → ZnS (h+) + Graphene (e-)                                                                (8) 

Graphene (e-) + O2 → Graphene + •O2
-                                                                                         (9) 

•O2
- + 2H+ + e- → H2O2                                                                                                               (10) 

H2O2 + e- → •OH + OH-                                                                                                              (11) 

Although, the valence band position of ZnS is less positive than that of the OH-/•OH couple, the 

generation of •OH can be occur in the valence band by the following reaction:38, 40 

ZnS (h+) + OH- → ZnS + •OH                                                                                                    (12) 

The generated •OH either from conduction band or valence band can degrade the MB.25 

•OH + Pollutants → Degradation products (such as CO2 and H2O)                                           (13) 

Finally, the size of the ZnS particles in the composites was smaller than the pure ZnS 

particles, leading to a higher surface area for the photocatalyst and thus improving the 

photocatalytic activity of the ZnSNSs-rGO nanocomposite.  

 In addition, the photocatalytic activity of the ZnSNSs-rGO nanocomposite increased with 

an increase in the initial amount of zinc acetate dehydrate, which was used as a precursor for zinc 

ions, from 0.4 to 1.2 mM. It is plausible that this occurred because the amount of ZnS increased 

Page 20 of 26RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



in the composite, resulting in an increase in the photogenerated electron–hole pairs. A further 

increase in the initial amount of zinc acetate dehydrates to 1.6 mM led to a decrease in the 

photocatalytic activity of the ZnSNSs-rGO nanocomposite. This may have been due to the fact 

that the size of the ZnS nanoparticles increased, which decreased the active surface area of the 

nanoparticles and therefore decreased the photocatalytic activity. 

 

Figure 10 Photocatalytic activities: (a) UV–vis absorption spectra of MB aqueous solution at 

different times in presence of ZnSNSs-rGO-1.2 as photocatalyst and (b) photodegradation rate of 

MB at different time intervals in presence of various photocatalysts. 
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Figure 11 Adsorption-desorption equilibrium rate of MB under dark condition versus time in the 

presence of various photocatalysts. 

4. Conclusion 

rGO decorated with zinc sulphide nanoparticles (ZnSNPs) was successfully synthesized 

using a one-pot sonochemical synthesis method without using any stabilizing, capping, or 

reducing agents. The particle size and number density of the ZnSNPs anchored on the surface of 

the rGO sheets could be easily tuned by adjusting the amounts of the precursors. It was 

established that the reduced graphene oxide sheets played important roles in enhancing the 

photocatalytic efficiency of the ZnSNPs-rGO nanocomposite, as compared to the bare ZnS, 

which can be as follows: 1) the prevention of the ZnSNPs agglomeration, leading to the growth 

of small nanoparticles on its surface and achieving a higher active surface area, 2) the increasing 

of the adsorption of MB molecules, and 3) the suppression of electron–hole recombination. 
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