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1. Introduction 
 Pollutants in industrial wastewater are a major source of concern for the environment. Dyes found 

in wastewater from the textile, paper, and plastics industries are particularly hazardous in this regard. 
Importantly, around 15% of dyes used in industrial processes are lost [1, 2]. They represent a major 
threat to living beings since many of the dyes are poisonous and carcinogenic [3]. As a result, there is a 
pressing need to discover innovative technologies for removing hazardous dyes from wastewater. 

Heterogeneous photocatalyzed reactions are widely regarded as one of the most promising strategies 
for removing organic contaminants from water in natural settings [4, 5]. II-VI semiconductors have been 
the most thoroughly investigated photocatalysts used for this purpose due to their unique physical 
features and widespread availability [6]. When a semiconductor is photoexcited, an electron goes into 
the conduction band while a hole (positive charge) is created in the valence band. Charge carriers, which 
are produced from positive holes and negative conduction band electrons, could oxidize, and reduce a 
variety of organic molecules adsorbed on the semiconductor surface. These mechanisms cause the 
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and TEM methods were utilized to determine the characteristics of the nanophotocatalysts. 
The ZnS QDs have been observed to have modest diameters of around 4.5 nm and an 
optical band gap, Eg, of 3.86 eV which is reduced upon the introduction of noble metals 
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chemicals to mineralize by converting them to CO2, H2O, and mineral acids [7] under ideal 
circumstances. However, because quick recombination of an electron and a hole leads in non-productive 
deactivation of the photocatalyst's excited state, the efficiency of these redox processes are limited [8]. 

It is widely assumed that using noble metals to modify the surface of a semiconductor improves 
photocatalytic efficiency [9]. The efficiency improvements are the result of several mechanisms that are 
influenced by operational conditions. Noble metals can prevent electron/hole recombination by acting 
as electron traps, hence extending the lifetimes of charge carriers. Furthermore, these metals can cause 
light absorbed by semiconductors to extend into the visible range due to a surface plasmon resonance 
phenomenon. Finally, noble metal coatings can be used to change the surface characteristics of 
semiconductors [10-13]. ZnS doped with noble metals has crucial environmental applications as 
photocatalysts in wastewater treatment operations [14-16]. Many studies on the effects of doping ZnS 
with Mn, Cu, or Ni have been published [17, 18]. Only a few research on the effects of doping ZnS with 
Pd and Pt nanoparticles, on the other hand, have been conducted.  
Although there are numerous papers on the synthesis of ZnS quantum dots, only a few concerns have 
been raised about the facile preparation of ZnS QDs and/or the development of one-step, aqueous, 
room temperature synthetic procedures [19]. The aim of this study is investigating a facile method to 
prepare solar active photocatalysts based on binary chalcogenide (ZnS) by doping with noble metals 
such as platinum and palladium. Therefore, we established a simple, one-pot approach for the 
manufacture of monodispersed undoped and noble metal doped ZnS QDs using a PVP/PVA polymer 
blend as the growth media in the study detailed below. In terms of band structure, the nanoaprticles' 
optoelectronic capabilities were determined. The photocatalytic capabilities of the produced 
nanoparticles were evaluated utilizing methylene blue photodegradation. Finally, a simple washing 
technique was created for reactivating the photocatalyst. 

2. Methodology 
2.1. Preparation of ZnS QDs. 
In a typical QD synthesis, 0.2 M Zinc nitrate is added to a 100 mL of 5% aqueous solution of PVP/PVA 
(50/50 wt %) with stirring. Then an equal volume of a 0.2 M aqueous solution of Na2S as the sulfur 
source is added and the resulting solution is allowed to stir till obtaining homogeneity. This mixture is 
transferred to a 300 mL Teflon lined stainless-steel autoclave and let stand at 110 °C for 5 h. 
Centrifugation gives a precipitate that is washed several times with doubly distilled water and ethanol. 
The final white precipitate of ZnS QDs is dried overnight at 70 °C. 

2.2. Preparation of Pd,Pt/ZnS QDs. 
The solution of protecting agent (Pd,Pt/PVA=1.5:1 mg mg -1) is added to palladium sulfate or 
potassium tetra chloroplatinate (10mg/100ml) at room temperature under stirring to 10 min in order to 
prepare Pd/ZnS QDs and Pt/ZnS QDs, respectively. An aqueous solution of sodium borohydride 
(Pd,Pt/NaBH4=2.5:5.0 mol mol-1) is then added under stirring for 30 min, then ZnS QDs was added to 
the solution to have finally a noble metal loading of 4 wt.%. The stirring was continued for further 180 
min. Finally, an extensive washing by de-ionized water was carried out for 4 times with a consecutive 
separation of the powder by centrifugation at 12000 rpm for 30 min. The resulting powder was dried 
in oven at 90 oC.  

2.3. Characterization of the prepared nanoparticles  
The bulk and surface characterization of the prepared nanoparticles were investigated by X-ray Powder 
diffraction (XRD) measurements were carried on a Bruker, D8 ADVANCE diffractometer using Cu Kα 
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(λ = 0.154 nm) radiation under 40 kV, 40 mA with scanning in the range of 20–80° 2θ. Morphological 
characterization was conducted by transmission electron microscopy (TEM) using a JEOL JEM 1230 
(JEOL Ltd., Japan) operating at 120 KV. Surface elemental analysis by X-ray photoelectron 
spectroscopy (XPS) was measured on a VG ESCALAB2 XPS spectrometer with an Al Kα 
monochromatic source and a charge neutralizer. All binding energies are referenced to C 1s peak at 
284.5 eV.  Optical properties of the samples were studied by UV–Vis spectroscopy using Varian Cary 
5000 UV. 

2.4. Photocatalytic measurements 
The photocatalytic efficiencies of non-doped and noble metal doped ZnS QDs (50 ppm) were assessed 
by using photodegradation of methylene blue (MB, 5 ppm) in an aqueous solution (100 mL) at room 
temperature using solar irradiation. MB solutions (pH 6.2) containing suspended QDs were first 
magnetically stirred in the dark for 0.5 h to achieve homogeneity. The intensity of natural sun 
irradiation was measured between Febraury 15 and March 03, 2022, on days when there were no 
clouds, and the sky was clear in Shebin El-Kom (30°33′31″N 31°00′36″E). The incoming sun energy 
was measured to be about 79.100 flux (625 W/m2) employing a digital illumination meter (INS, DX-
200). At fixed time intervals, irradiation was terminated, and 3 mL aliquots of the suspensions were 
removed, centrifuged and analyzed to determine MB concentrations by using UV–Vis spectroscopy. 
Following immediate return of the aliquots to the reaction container irradiation was begun. 

3. Results and Discussion 
3.1 Characterization of nanoparticles  
XRD pattern of ZnS QDs spectra show various diffraction peaks at 2θ values of 29.33, 48.80 and 57.61 
corresponding to the diffraction planes (111), (220) and (311), respectively (Figure 1) [20]. The average 
crystalline size was obtained as 3.5 nm using Debye–Scherrer equation [21].  
For Pd/ZnS and Pt/ZnS, the diffraction peaks displayed a slight shift to lower 2θ values indicates lattice 
compression because of the larger ionic radius of Pd ( 1.37 Å) and Pt ( 1.39 Å) than that of Zn2+ ( 0.74 
Å), confirming the integration of the noble metals in the prepared ZnS lattice [22, 23]. The crystallite 
sizes were calculated from the full width at half-maximum of the (200) peak profile at the value of 2θ = 
27.4° for ZnS using the Scherrer equation: 

d(Å)= Kλ / β cos θ                                                                 (1) 

Where d is the average crystallite size and the number K = 0.9 is a coefficient, λ = 0.1541 nm is the 
X-Ray wavelength, β is the full width half maximum (FWHM) of the catalyst, θ is the diffracting angle. 
The average crystallite size of the ZnS NPs, Pd/ZnS and Pt/ZnS were calculated, and the results were 
found to be 3.4, 4.2 and 4.6 for ZnS NPs, Pd/ZnS and Pt/ZnS respectively. The crystallite size data  
revealed the increase in size after doping of ZnS with Pd and Pt which is another proof for the 
successful incorporation of Pd and Pt within ZnS lattice [24]. 
The size and morphologies of produced nanoparticles were studied using the TEM. It depicts the bare 
ZnS and noble metal doped ZnS QDs, which were assembled in a cluster, as having a homogeneous 
spherical shape structure. It demonstrates that the surface has a lot of homogeneity. The particles have a 
ball-like shape that is approximately spherical. Figure 2 shows TEM pictures of prepared ZnS QDs with 
individual particles in the 4.5–5.5 nm range, confirming the XRD data. The high-resolution XPS spectra 
for the Pt 4f, Pd 3d, Zn 2p, and S 2p binding energy regions are shown in Fig. 2. The binding energies 
of Zn 2p 1/2 and 2p 3/2 of the prepared sample of ZnS and observed at 1045.0 and 1022.1 eV respectively. 
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The spin–orbit splitting of Zn 2p3/2 and Zn 2p1/2 is 23.0 eV, which is characteristic for ZnS [25]. The  S 
2p 1/2, the binding energy is observed at 162.0 eV which is in accordance with previously reported work 
[26]. 

 
Fig. 1 XRD patterns of ZnS, Pd/ZnS and Pt/ZnS nanoparticles 

 
Fig. 2 TEM images of (A) ZnS, (B) Pd/ZnS and (C) Pt/ZnS nanoparticles 

In sample Pt/ZnS, the high-resolution Pt 4f spectrum shown in Figure 3 confirmed the presence of single 
metallic state of Pt. The peaks in Fig. 3 appeared at 74.4 eV and 71.1 eV are corresponding to the Pt 
4f5/2 and Pt 4f7/2, respectively which are assigned to be metallic state (Pt0) [27]. In sample Pd/ZnS, 
the high resolution Pd 3d spectrum shown in Figure 3 confirmed the presence of single metallic state of 
Pd. The doublets corresponding to Pd 3d5/2 and Pd 3d3/2 states that locate around (335.41 and 340.68 
eV) and (336.03 and 340.94 eV) were attributed to metallic Pd0 [28]. Also, the splitting energy between 
Pd 3d3/2 and Pd 3d5/2 as shown in Figure 3 is 5.27 eV, which proved the presence of metallic Pd [29]. 
Figure 4 reveals the absorption spectra of the prepared nanoparticles. From the figure it is revealed that 
non-doped ZnS nanoparticles do not absorb light in the visible region and have an absorption beginning 
at 315 nm. The doped equivalents Pt/ZnS and Pd/ZnS, on the other hand, absorb light far into the visual 
range. Using this data, the band gap energies (Eg) of undoped and doped ZnS QDs were calculated. 
The calculated band gap energy of undoped ZnS QDs was found to be 3.93 eV, while those for the 
respective Pt/ZnS and Pd/ZnS are blue shifted to 2.31 and 2.67.  
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Fig. 3: Deconvoluted XPS spectra of Zn2p, S2p, Pt 4f and Pd 3d in ZnS, Pd/ZnS and Pt/ZnS nanoparticles 

 
Fig. 4: UV-Vis spectra for ZnS, Pd/ZnS and Pt/ZnS nanoparticles 
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3.2. Photocatalytic degradation efficiency 
Electron transfer between the catalyst and the pollutant promotes redox and subsequent chemical 
reactions in one pathway for photocatalyzed degradation of organic pollutants. The light used in this 
process must have an energy that is consistent with the photocatalyst's optical band gap [30]. However, 
the efficiency of the photocatalyst-promoted degradation process is not solely determined by its band 
gap configuration. Another important factor is the photogenerated electron's transit and lifetime, which 
are influenced by the conduction and valence band locations [31]. The photodegradation process follows 
a pseudo-first-order rate profile under continuous irradiation, which may be stated as Ln (Co/C) = kt, 
where Co and C are the pollutant's starting concentration and concentration at time t, respectively, and k 
is the apparent first-order rate constant. As a result, a plot of ln Co/C vs time should be linear, with the 
slope providing the apparent first-order rate constant k. Figure 5 shows the rates and efficiencies for 
methylene blue photodegradation reactions catalyzed by different photocatalysts. 

 
Figure 5: Plots of (A) ln Co/C vs. time. and (B) degradation efficiency for MB removal by the prepared 
materials. 
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As shown in Figure 5, the photodegradation rate obtained in case of doped ZnS NPs was calculated and 
found to be very high as they revealed photodegradation rates of 14.4 x10−3 and 17.3 x 10−3 min−1 for 
Pd/ZnS and Pt/ZnS, respectively compared with 7.3 x 10−3 min−1 for bare ZnS.  
The findings show that decreasing the band gap of the nano photocatalyst reduces the effectiveness of 
the MB photodegradation process by allowing for easier electron/hole recombination in the excited 
state of the catalyst. Because of their reduced electron/hole recombination rates, Pd and Pt NPs were 
found to have higher photocatalytic efficiencies than non-doped ZnS [32]. The Fermi values of Pd and 
Pt NPs are lower than those of ZnS. As a result, photo-excited electrons can be transported to the 
surface conduction bands of Pd and Pt in doped ZnS QDs. Photo-generated valence band holes, on the 
other hand, remain on ZnS, resulting in a charge separation that reduces the likelihood of electron-hole 
recombination and improves photocatalytic effectiveness [33-35].  
P-type semiconductor band energies bend upwards (or downwards) in the direction of metal dopant band 
energy to a degree that is depending on their relative work functions. The transfer of electrons between 
the semiconductor and the metal at the contact causes band bending [36, 37]. The work functions of the 
noble metals, Pd and Pt, and the band structure of pure ZnS can be compared using a potential scale that 
is relative to the standard hydrogen electrode (NHE). Because multiple factors (such as loading amount) 
were employed, it has not been able to establish which noble metals metal dopant leads to the best 
photocatalyst performance so far [38].We believe that the Fermi level energy of the noble metal used as 
dopant will correlate with photocatalytic efficiencies. Considering the electrochemical reduction 
potentials for Pt and Pd [E°reduction (Pt2+ + 2e− → Pt) = 1.2 V and E°reduction =( Pd2+ + 2e− → Pd) = 0.83 
V], it can be seen that the reduction potential of Pt is closer to the valence band of ZnS. As a result, the 
MB degradation reaction photocatalyzed by Pt/ZnS should be the most efficient [39], a prediction that 
matches the experimental results. 

3.3. Repeatability and reactivation of nanophotocatalysts.  
The consistency of MB photodegradation processes induced by undoped and noble metal doped ZnS 
QDs was investigated. Following each reaction cycle, the photocatalyst was collected, washed with 
doubly distilled water, and dried before being reused in this investigation. The experimentally 
determined MB degradation efficiencies across five cycles (Figure not shown) reveal that photocatalyst 
deactivation happens continuously when the catalysts are reused, as expected. 
After the fifth cycle, the photocatalysts were reactivated by washing with a dilute acetic acid solution 
and then an alkaline solution. The final pH value was always set to be higher than the isoelectric point. 
The washing technique is carried out for two reasons. The first step is to eliminate excess hydroxide 
ions, which inhibit the photocatalyst's active sites and prevent dye adsorption. The second step is to 
make the surface sufficiently anionic so that the dye can be attracted to it electrostatically [40]. The 
results reveal that washing the ZnS QDs regenerates all of their photocatalytic activity for Pt/ZnS had 
90.6 %  regenerated activity, respectively (5th cycle,). 

Conclusion 
In this study, we developed a new approach for producing well dispersed undoped ZnS QDs as well as 
Pt and Pd doped ZnS QDs on a large scale in an environmentally friendly manner in this study. The 
photocatalytic properties of non-doped and doped ZnS QDs were evaluated by using them to enhance 
methylene blue photodegradation. The results show that when noble metal nanoparticles are doped, 
photodegradation efficiency has improved. The improved photocatalytic activities of noble metal doped 
ZnS QDs can be explained in terms of the Schottky barrier of noble metals, which limits charge carrier 
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recombination and so extends the lifetime of photogenerated electrons. The fact that Pt/ZnS is more 
active than Pd/ZnS in catalyzing the photodegradation of MB supports this conclusion. Finally, a study 
was conducted to see if the photocatalysts could be regenerated so that they may be used in the long run. 
The results suggest that by eliminating the hydroxide ion, simple washing methods can be employed to 
revive the catalysts. The overall result of this research is that while creating an optimal 
nanophotocatalyst, both optoelectronic qualities and isoelectric point must be considered.    
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