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Abstract: 46 

Undoped and Mn-doped ZnS nanocrystals encapsulated with thioglycolic acid were 47 

synthetized and characterized with different techniques, and finally tested in the 48 

photodegradation of a methyl orange in aqueous solution under UV and sunlight irradiations. 49 

FTIR and X-ray diffraction results confirmed the functionalization of these nanocrystals 50 

surface by thioglycolic acid and the formation of crystalline structures of ZnS and Mn-doped 51 

ZnS with cubic and hexagonal phases. Calculated average size of ZnS nanocrystals was in the 52 

range of  2 - 3 nm. It was observed a blue shift of the absorbance threshold and the estimated 53 

bandgap energies were higher than that of Bulk ZnS thus confirming the quantum 54 

confinement effect of charge carriers. Photoluminescence spectra of ZnS nanocrystals 55 

exhibited emission in the range of 410- 490 nm and the appearance of an additional emission 56 

band around 580 nm (2.13eV) connected to the 4𝑇1→ 6𝐴1 transition of the Mn2+ions. 57 

Photodegradation of methylene orange with undoped and Mn-doped ZnS-TGA nanocrystals 58 

was investigated. Dye adsorption prior to photocatalysis using nanocrystals was studied via 59 

kinetic experiments and statistical physics models. The maximum dye adsorption capacity on 60 

doped ZnS-TGA was ~ 26.98 mg/g. The adsorption kinetic was found to follow the pseudo-61 

second-order kinetic model.According to the statistical physics results, the calculated 62 

adsorption energy was 22.47-23.47 kJ/mol and it showed that the dye adsorption was 63 

associated to the hydrogen interaction where the removal process was feasible and multi-64 

molecular. The photocatalytic activity of undoped ZnS nanoparticles under UV irradiation 65 

showed better efficiency than doped nanocrystals thus indicating that manganese doping 66 

generated a dropping of the photocatalytic degradation of the dye. Dye degradation efficiency 67 

of 81.37% using ZnS-TGA nanocrystals was achieved after 6 min, which indicated that 68 

ZnMnS-TGA nanocrystals may be considered as an alternative low cost and environmental 69 

friendly material for facing water pollution caused by organic compounds via 70 

photodegradation processes. 71 

Keywords: ZnS-TGA; eco-friendly nanocrystals; Azo dye; photodegradation, Wastewaters 72 

1. Introduction: 73 

Semiconductors nanoparticles (NPs) have found numerous applications in different 74 

technological fields going from photovoltaic devices to medical imaging, lasers, LEDs and 75 

photocatalysis (Dao 2020; Rtimi et al. 2021; Meikle et al. 2020; Long et al. 2020; Su et al. 76 

2020; Li et al. 2019; Daskalakis et al. 2020; Rtimi et al. 2021). These applications are 77 

supported by their unique properties as compared to their bulk counterpart, which arise from 78 



the confinement of the charge carriers as a result of their small sizes. This quantum 79 

confinement effect enlarges the energy bandgap, which makes the electronic and optical 80 

properties size dependent allowing the control of the absorption and the emission wavelengths 81 

of these materials. Additionally, semiconductor NPs have a large surface to volume ratio, 82 

which is responsible for a significant change in their physical and chemical properties. Indeed, 83 

the surface atoms are less coordinated than internal ones. This makes these NPs lesser stable 84 

against aggregation and more reactive with their environment in comparison to bulk materials. 85 

Additionally, the dangling bonds and surface defects introduce energy levels in the bandgap, 86 

which are usually responsible for non-radiative transitions and the emission quenching of 87 

semiconductor NPs. To prevent the agglomeration and the drawbacks of surface defects, NPs 88 

must be grown within a protecting medium such as glass and polymer or enrobed by 89 

encapsulating molecules that should be well fixed at their surface. 90 

Recently, semiconductor NPs have emerged as promising photocatalysts to produce hydrogen 91 

by water dissociation or to degrade organic pollutants in wastewater being more effective than 92 

the conventional methods (Buthiyappan et al. 2016). However, these NPs must be dispersible 93 

in water to maximize their performance. Accordingly, the colloidal wet chemical synthesis 94 

has emerged as the most popular safe way to produce, at large scale and cost-effective, water-95 

soluble semiconductor NPs with narrow size dispersion and promising optical and electronic 96 

properties (Jaldurgam et al. 2021). 97 

Among the different semiconducting nanostructures, ZnS NPs are recognized as 98 

environmentally friendly and effective photocatalyst for the degradation of organic pollutants 99 

in wastewaters. This is due to their nontoxicity when they are used in small amounts and their 100 

unique electronic and optical properties. Moreover, ZnS NPs have a high absorption 101 

coefficient required for solar light harvesting, which is the first step for the photodegradation 102 

of organic pollutants at industrial level. They have also a high negative reduction-oxidation 103 

potential of excited electrons due to their higher conduction band position in an aqueous 104 

solution as compared to other extensively studied photocatalysts (Yang et al. 2014). 105 

Additionally, these NPs are able to rapidly generate great density of electron-hole pairs under 106 

photoexcitation because of their direct bandgap (Arao et al. 2009), and they show competitive 107 

photocatalytic activity due to trapped holes arising from surface defects (Saenger et al. 1998). 108 

The photocatalytic activity of these semiconductor NPs is due to the formation of OH∗ and O2− 109 

free radicals that results from the reaction of the photo-generated holes and electrons with 110 

water and free oxygen molecules, respectively. However, ZnS nanocrystals (NCs) that belong 111 



to large bandgap semiconductors (3.7 eV) can absorb only UV radiation, which reduces their 112 

photoactivity. One way to enhance the efficiency of these nanostructures and to improve their 113 

visible light harvesting efficiency is to extend the wavelength range photoactivity towards 114 

visible light region of solar spectrum by doping them by transition metal ions such as Mn2+, 115 

Ni2+, Cu2+ (Kostrov et al. 2020; Kabachii et al. 2021; Wang et al. 2017; Chauhan et al. 2014; 116 

Othman et al. 2020). The doping impurities introduce trapping levels in the bandgap that 117 

reduces the carrier’s recombination probability and allows them to diffuse faster to the NCs 118 

surface. With the aim to obtain an efficient, low- cost and eco-friendly nanocatalysts that can 119 

be used at industrial scale, this paper reports the synthesis and application of ZnS and Mn-120 

doped ZnS NPs via colloid method. The physico-chemical properties of these nanostructures 121 

were investigated and their photocatalytic activity to decompose methylene orange (MO) dye 122 

was evaluated by conducting degradation experiments under UV and sunlight. 123 

2. Methodology 124 

2.1. Chemicals 125 

All chemicals were purchased from Sigma-Aldrich. They were of analytical grade and used 126 

without any purification process. They included zinc (II) acetate dihydrate (Sigma-Aldrich, 127 

Zn[CH3COO]22H2O ≥ 98%), manganese sulfate (MnSO4), sodium sulfide (Sigma-Aldrich, 128 

Na2S ≥98%), thioglycolic acid (TGA) (Sigma-Aldrich, HSCH2COOH, 97%), sodium 129 

hydroxide (NaOH, 99%) and methylene orange dye (Sigma-Aldrich, C14H14N3NAO3S ≥50%, 130 

MW = 327.33 g/mol). All aqueous solutions were prepared with ultra-pure water. 131 

2.2. Synthesis of TGA capped ZnS nanoparticles 132 

Undoped ZnS and Mn-doped ZnS NCs were prepared using the colloidal hydrothermal 133 

reaction method(Ouni et al. 2021), see Figure 1. The experimental synthesis protocol is 134 

briefly described as follows. An aqueous solution was prepared by mixing dihydrated zinc 135 

acetate (2 mmol) with TGA (5 mmol) in 100 mL of water. Manganese sulphate was added at 136 

different percentages in weight (4, 8 and 12%) with respect to zinc for each synthesis. The pH 137 

of the resulting mixture was adjusted to 11 by drop addition of NaOH (1 M) with continuous 138 

agitation under N2 for 30 min. The second step of this synthesis protocol was based on the 139 

injection of S2- (0.08 mmol) at room temperature into the solution containing Zn2+-TGA 140 

complexes. The mixture was then heated at 100°C for 3h. Finally, the reaction mixture was 141 

cooled to room temperature to stop the NCs growth. After solution cooling and drying, 142 



undoped and Mn-doped ZnS NCs were purified by precipitation with ethanol, washed two 143 

times with ethanol and stored in vacuum at room temperature. 144 

2.3. NCs characterization 145 

X-ray diffraction (XRD) characterization was performed using Philips X’Pert PRO MPD 146 

diffractometer equipped with a Cu Kα source of wavelength λ = 1,542Å. Transmission 147 

electron microscopy (TEM) images were obtained using a FEI Tecnai G2 electron microscope 148 

operated at an accelerating voltage of 200 kV and equipped with Energy Dispersive X-ray 149 

(EDX) for element chemical analysis. Samples were analyzed by placing a drop of aqueous 150 

suspension of particles onto a carbon film on a copper grid. Fourier transform infrared (FTIR) 151 

spectra were recorded at room temperature with a Perkin Elmer version 5.3 within the 152 

wavenumber range of 400-4000 cm-1 and using KBr pellets. UV-visible absorption spectra 153 

were obtained at room temperature in the range of 200-800 nm using a SPECORD 210 Plus 154 

spectrophotometer with quartz cuvettes. Photoluminescence (PL) spectra were recorded at 155 

room temperature using conventional photoluminescence setup and a helium cadmium laser 156 

as excitation source (λexc=325nm). 157 

2.4. Dye adsorption experiments: kinetics and isotherms 158 

Dye adsorption experiments were performed at 300 K in a batch system. In a typical 159 

experiment, 50 mL of dye solution with different initial concentrations and 50 mg of nano-160 

catalyst (m) were used for these studies. The adsorption experiments were carried out at pH 7. 161 

Adsorption parameters like time contact and dye concentration were investigated. Kinetic 162 

studies were performed with MO dye concentrations from 10 to 50 mg/L with a sampling 163 

period of 120 min and magnetic stirring in the dark to measure the MO adsorption capacities. 164 

The concentration of dye solution was determined using SPECORD 210 Plus UV-Vis 165 

spectrometer at 465 nm.MO dye adsorption capacities Qe (mg/g) were calculated using the 166 

next equation 167 𝑄𝑒 = 𝑉(𝐶0−𝐶𝑒)𝑚                                         (1) 168 

where C0 is the initial dye concentration (mg/L), Ce is the equilibrium dye concentration in 169 

the solution (mg/L), V is the dye solution volume (mL) and W is the weight of the nano-170 

adsorbent (mg). 171 

 172 

 173 

 174 

 175 



2.5. Photocatalytic degradation tests 176 

The photocatalytic efficiency of the undoped and Mn-doped ZnS NCs was evaluated via the 177 

photodegradation of MO dye as a model molecule of an organic pollutant. Before starting the 178 

photocatalytic degradation experiments, the aqueous solutions containing both dye and NCs 179 

were submitted to a vigorous magnetic stirring in dark for 2 h in order to ensure the 180 

adsorption/desorption equilibrium (Chan et al. 2011).Then, they were submitted to irradiation 181 

by mercury lamp of 160W to monitor the MO degradation. Solution samples were taken at 182 

regular time intervals and analyzed by UV-visible spectroscopy to determine the absorbance 183 

at 465 nm, which corresponded to the maximum absorption of MO molecule. Degradation 184 

experiments were also conducted under sunlight.  185 

3. Results and discussion 186 

3.1. Structural and morphological characterization of NCs  187 

FTIR spectra of the different samples are shown in Figure 2. All these spectra showed an 188 

absorption band at 563 cm-1 that was attributed to the stretching vibrations of Zn-189 

S(Amaranatha Reddy et al. 2014). The spectra of ZnS NCs doped with different 190 

concentrations of Mn2+ showed the presence of the same absorption bands at wavenumber 191 

values close to those recorded with pure ZnS and no other apparent bands to other vibration 192 

modes of doping impurities or other elements were observed. These spectra also showed a 193 

wide band at  3360 cm-1, which was associated to the elongation vibration of (O-H) groups 194 

of TGA ligand(Liu et al. 2008). FTIR spectrum of TGA showed the presence of a 195 

characteristic band at 2560 cm-1 related to the S-H bond (Dehghan et al. 2018). This 196 

absorption band was absent in TGA-capped ZnS NCs spectra thus indicating the rupture of  S-197 

H bond and the fixation of the sulfur atom on the NCs surface (Xie et al. 2011). This finding 198 

can be explained by the strong interaction of the sulfur electron pair with zinc atoms on the 199 

surface (Ouni et al. 2021). In addition, these spectra contained absorption bands around 570-200 

700, 850, 1429, 1508 and 1627cm-1 assigned to (C-S), (C-H), (COO-), (C=O) and (-OH) 201 

bonds, respectively (Amirian et al. 2018). These results clearly demonstrated that NCs were 202 

well functionalized by TGA ligand, which allowed the control of their growth during 203 

synthesis and prevented NCs aggregation (Singh and Chauhan 2009). 204 

Figure 3 shows the XRD pattern of the undoped and Mn-doped ZnS samples. In the case of 205 

undoped ZnS NCs, XRD diffraction patterns contained peaks at 2θ = 28.95, 33.76, 47.58 and 206 

55.27°. These peaks were attributed to the diffraction plans (111), (200), (220) and (311) of 207 



the zinc blende phase (ZB) of ZnS according to JCPDS (80-0007). However, it was also 208 

observed the existence of a diffraction peak at 2θ =31.08° that corresponded to the (101) plan 209 

of the wurtzite phase (WZ) of ZnS (JCPDS 80-0020). This structural anomaly made the 210 

distinction between the cubic and hexagonal structures very difficult. The most intense peak 211 

attributed to (111) suggested that NCs growth in this direction was preferred and confirmed 212 

that the structure of ZnS NCs was almost cubic. XRD patterns were adjusted with Gaussian 213 

profiles to calculate the full-width-at-half-maximum (FWHM) of identified peaks and these 214 

values were used to estimate the crystallite size according to Scherrer formula(Jothibas et al. 215 

2018): 216   𝑫 = 𝑲𝝀𝜷𝐜𝐨𝐬 (𝜽)                                                  (2) 217 

Where D is the average crystallite size (nm), 𝝀 is the wavelength of X-ray (1.5402Å) Cu Kα 218 

radiation, K is the shape factor (0.9), β is the measured full width at half maximum of the 219 

diffraction peak and θ is the Bragg diffraction angle. The average size of the undoped ZnS 220 

NCs was estimated to be 7.15nm, while the lattice parameter was 5.38 Å. 221 

For Mn-doped NCs, the peaks at 29.52°, 31.82°,  47.31° and 56.12° were assigned to the 222 

plans (002), (101), (110) and (200) of the hexagonal structure according to the JCPDS 223 

hexagonal ZnS standard sheet (80-0007). However, the presence of the peak associated with 224 

the crystallographic plane (200) was around 34.77° thus indicating the presence of the cubic 225 

phase of ZnS. Similar results were reported for ZnS NCs synthesized by precipitation in an 226 

aqueous medium (Chauhan et al. 2014). The estimated crystallite sizes are given in Table 1. 227 

NCs size decreased from 7.15 to 2.5 nm with the increment of Mn doping content up to 12%. 228 

This result indicated that Zn2+ ions were replaced by Mn2+ ions in the ZnS matrix. The 229 

reduction of ZnS NCs size with the doping concentration could be explained by the induced 230 

NCs growth and enhancement of surface area to volume ratio in the system (Mote et al. 231 

2013). This result confirmed the incorporation of manganese into the host lattice of ZnS and 232 

the formation of Mn-doped ZnS NCs. However,  the Scherrer formula takes into account only 233 

the broadening effect of the spectracoming from the different diffracting domains and does 234 

not include the intrinsic micro-strain effect created within the lattice by stacking fault, point 235 

defect and grain boundary (Poornaprakash et al. 2018; Pandya et al. 2016). Therefore, the 236 

change of NCs size may be correlated to different structural parameters including the lattice 237 

strain (ε), dislocation density (δ) and stacking fault (SF). These parameters can be estimated 238 

by using the next formula (Nath et al. 2020; Jothibas et al. 2016; Bel Haj Mohamed et al. 239 

2021) and the calculated values are summarized in Table 1. 240 



𝜺 = 𝜷𝒄𝒐 𝒔(𝜽)4                                       (3) 241 𝜹 = 𝟏𝑫𝟐                                                (4) 242 𝑺𝑭 = 𝟐𝝅𝟐𝟒𝟓(𝒕𝒂𝒏𝜽)𝟏𝟐 𝜷𝒉𝒌𝒍                            (5) 243 

The value of dislocation densitycan be associated to the amount of defects and vacancies in 244 

the crystals. Results showed that δ increased with the doping Mn content from zero to 12%. 245 

This was due to the inversely proportional relationship between the dislocation and the size of 246 

NCs. Thus, the smallest particles (ZnS: Mn 12%) have the highest possibility of dislocations 247 

since they have a tendency to minimize their higher surface energy (Gaceur et al. 2012). 248 

Undoped ZnS NCs with the highest size were the most ordered compared to Mn-doped ZnS. 249 

This finding made obvious the effect of doping with Mn on the change of the high orientation 250 

plane from (111) to (101) as well as the improvement of crystallinity. Both micro-strain and 251 

stacking fault showed the same trends when they decreased with increasing the doping ratio 252 

except for the case of Mn 8%. The decreasing of micro-strain indicated that the Mn-doped 253 

ZnS samples contained lattice defects and vacancies. On the other hand, SF describes the 254 

disordering of crystallographic planes. Therefore, the decreasing tendency of SF suggested 255 

that the defects increased by substituting zinc by manganese.   256 

Figure 4 shows TEM images of tested samples and the corresponding size distribution 257 

histograms. NCs exhibited a spherical shape and were agglomerated probably due to the 258 

insufficient ligand amount to cover all ZnS NCs and inhibited the aggregation and formation 259 

of large clusters. This agglomeration may be also due to high particles concentrations used in 260 

TEM experiments. From the histograms of undoped and Mn (8%)-doped NCs, it was found 261 

that the average NCs diameters were 5.9 and 4.1nm(± 0.5 nm), respectively. These results 262 

demonstrated that Mn-doping decreased the ZnS particle size. The inter-planar distance were 263 

determined from digital micrograph for undoped and doped ZnS and it was 0.36 nm, which 264 

corresponded to the plane (111) of theZB phase and 0.2 nm for the plane (101) of the WZ 265 

phase, respectively. These results are consistent with the values found by XRD measurements. 266 

EDX spectra for ZnS and Mn-doped ZnS NCs are shown in Figure 5. In particular, Figure 5a 267 

indicated the presence of Zn and S that were the major elemental components with also the 268 

presence of Si related to the detector signal. It was observed the presence of the carbon, 269 

oxygen and copper peaks that were related to TEM grid and ligand stabilizer. Results of Mn 270 

(8%)-doped NCs (Figure 5b) showed the presence of Zn, S and Mn, which confirmed the 271 

formation of doped NCs. This diagram also indicated the existence of carbon, oxygen and 272 



silicon related to TGA ligand and TEM devices. Others peaks related to Al, Ca, K, Ni and Fe 273 

were also detected probably due to residues coming from the main precursors during the 274 

synthesis. Hence, TEM results indicated the formation of undoped and doped ZnS NCs that 275 

were properly stabilized by TGA. 276 

3.2.Optical characterization of NCs 277 

UV-visible absorption spectra of the different NCs are reported in Figure 6. They showed a 278 

blue shift of the absorption threshold when increasing Mn2+concentration. The absorption 279 

threshold was 307, 300, 298 and 290 nm for 0, 4, 8 and 12% Mn-doping concentrations, 280 

respectively. In accordance with the average sizes obtained from XRD analysis, this behavior 281 

was explained by the presence of small Mn-doped ZnS NCs, which induced the widening of 282 

gap energy(Meng et al. 1995). 283 

The Tauc equation was utilized to estimate the gap energy of undoped and Mn-doped ZnS 284 

NCs(Kaur et al. 2015). 285 𝛼ℎ𝜈 =  𝐴 (ℎ𝜈 − 𝐸𝑔)𝑛                    (6) 286 

where α is the absorption coefficient, A is a constant, ℎ𝜈 is the photon energy, Eg is the 287 

optical gap of NCs and n is a constant with n =1/2 for direct semiconductors. The optical band 288 

gap energy of NCs were estimated from the intercept of the extrapolation of Tauc plots with 289 

the x-axis (Figure 7) and the results of the optical gap energies are displayed in Table2. 290 

The calculated value of the optical gap energy of NCs increased from 3.75 to 3.92 eV with 291 

increasing manganese doping. This variation in Eg was attributed to variations of NCs size by 292 

the incorporation of manganese ions in the zinc substitute position within the ZnS structure. 293 

At high doping concentrations, manganese ions caused a significant increment of Eg. This 294 

finding was explained by the Burstein-Moss effect, which demonstrated that the excitation of 295 

an electron from the valence band to conduction band in a doped semiconductor required 296 

more energy due to the accumulation of electrons in the conduction band caused by the 297 

shallow donor states (i.e., the movement of the Fermi level to the conduction band by doping 298 

effect)(Brus 1986). 299 

The average NPs sizes were also estimated by using the optical gap energy and the effective 300 

mass approximation according to the next equation (Jai Kumar and Mahesh 2017; Mansur and 301 

Mansur 2011): 302 𝑬𝒈𝒏 = 𝑬𝒈𝒃 + 𝒉𝟐𝟖𝑹𝟐 ( 𝟏𝒎𝒆∗ + 𝟏𝒎𝒉∗ ) − 𝟏.𝟖𝒆𝟐𝟒𝝅𝜺𝑹                               (7) 303 

where 𝐸𝑔𝑛 and 𝐸𝑔𝑏are the band gap energies of NPs and bulk material, respectively,𝑚𝑒∗  and 𝑚ℎ∗  304 

are the effective masses of the electron and hole, e is the elementary electric charge and 𝜀 is 305 



the dielectric constant of ZnS. It was observeda reduction in the size of the doped ZnS NCs 306 

from 2.3 to 1.9 nm as the doping rate increased. The difference between the sizes found by 307 

absorption spectroscopy and DRX was attributedto the fact that calculation of the latter values 308 

were based on the effective mass approximation assuming that the NCs geometry was 309 

spherical; while the XRD measurements in polydisperse systems were weighted to the largest 310 

particles (Pejjai et al. 2017). Additionally, when the quantum dots are small enough, the 311 

carrier’s wave functions overlaps with the crystal boundaries thus resulting in energy 312 

dependent effective masses (Jai Kumar and Mahesh 2017; Mansur and Mansur 2011). This 313 

discrepancy may be also due to the fact that XRD results were obtained for powdered NCs, 314 

while absorption measurement involved NCs dispersed in solution. 315 

Figure 8 shows the room-temperature photoluminescence spectra of undoped and Mn-doped 316 

ZnS NCs with different Mn concentrations. PL spectra of pure ZnS nanocrystals showed two 317 

wide and asymmetrical bands. Accordingly, they were convoluted with three Gaussian curves, 318 

see Figure 9. The observed emission spectra may be the result of several emissions transition 319 

essentially caused by the size distributions of the ZnS NCs with a large contribution of surface 320 

defects. In fact, the stoichiometric ratio of synthetic precursor (Zn/S~2.5) and the synthesis 321 

method were responsible for the formation of punctual defects (interstitials, substitutes) or 322 

extended (dislocations, aggregates, cavities) within the ZnS structure. Indeed, the use of 323 

excess zinc caused that defects present in the ZnS NCs correspond to zinc interstitials (Zni) or 324 

sulphur vacancy (Vs) (Peng et al. 2006). For the undoped ZnS NCs, the spectrum was 325 

dominated by a band around 426 nm responsible for the blue luminescence originated from 326 

sulfur vacancies Vs (Wang et al. 2011),while the yellow emission at 540 nm may be due to 327 

interstitial zinc atom (IZn) (Phuong Nguyen et al. 2017). A new orange emission appeared at 328 

580 nm when inserting Mn2+ ions into the crystal, which was attributed to 4T1 →6A1 transition 329 

of Mn2+ ions (Tuan et al. 2018). The band at  420 nm persisted and was related to radiative 330 

carriers recombination between the sulphur vacancy sites (Vs) and the valence band (Mansur 331 

and Mansur 2011). In terms of intensity, the luminescence of the orange emission band 332 

increased with the doping level and reached a maximum emission for a concentration of 8% 333 

Mn2+. This result was associated to energy transfer from ZnS host matrix to Mn2+ ions due to 334 

the strong coupling between the 3d5electrons of Mn2+ ions and the ZnS p-electrons 335 

(Kolmykov et al. 2014). At high doping concentration, the distance between Mn2+ ions 336 

decreased and the dipole-dipole interaction between the electronic spins of two neighboring 337 

Mn2+ ions was no longer negligible. Such coupling generated a reduction of the manganese 338 



emission band with a slight red shift caused by a non-radiative cross-relaxation between these 339 

ions (Fang et al. 2010). On the other hand, the decrement of the intensity of the overall 340 

emission may be because Mn2+ ions settled at the superficial or interstitial positions of the 341 

ZnS host. Some of these defects acted as non-radiative recombination centers in the host as 342 

explained by Mohagheghpour et al.(Mohagheghpour et al. 2009). In order to provide a better 343 

understanding of the different emission bands of Mn-doped ZnS NCs, an energy level 344 

diagram was proposed where the possible radiative and non-radiative transitions of charge 345 

carriers are illustrated, see Figure 10. 346 

3.3. MO dye adsorption and its analysis via advanced statistical physics model 347 

In recent years, II-VI semiconductors especially zinc sulfur (ZnS) have generated 348 

considerable interest in wastewaters treatment due to their nontoxicity, physical and chemical 349 

stability and high catalytic efficiency (Chang et al. 2017; Bujňáková et al. 2017; Ajibade et al. 350 

2020). ZnS nano-adsorbents have advantages in terms of their abundance, low-cost, good 351 

stability, non-toxicity and good light UV absorption. Therefore, they are considered suitable 352 

for adsorption and photocatalysis applications. Herein, a simple colloidal chemical route for 353 

the synthesis of undoped and Mn-doped ZnS nano-adsorbents using thioglycolic acid (TGA) 354 

as a stabilizing agent is reported. This synthesis route offers a high purity, low-cost, simple 355 

implementation and low energy consumption. The surface functionalization of nanocrystals 356 

by TGA molecules modifies their adsorption activities, morphology, particle size, optical 357 

properties and mechanical stability (Wieszczycka et al. 2021). It is worth noting that the 358 

surface area and small particle size of ZnS contribute to enhance the adsorption efficiency. 359 

Furthermore, the combination of adsorption and photocatalyst is an interesting approach to 360 

degrade organic pollutants in wastewaters treatment. 361 

Figure 11 reports the adsorption kinetic of MO dye on undoped and Mn-doped ZnS nano-362 

adsorbent in dark conditions.Dye adsorption on the nano-adsorbent was fast for the first 5 363 

min, then continued with a slower rate during 10-45 min and reached the equilibrium 364 

condition after approximately 60 min. The experimental kinetic showed that doping with Mn 365 

ions increased the MO adsorption capacity. Mn-doped ZnS NCs showed a better adsorption 366 

than undoped ZnS NCs. This can be explained by the decrease in size under the effect of 367 

doping, which generated an increase in the surface-to-volume ratio that provided more sites 368 

on the surface. The pseudo second order kinetic rate equation (Mohamed et al. 2018; Bouzid 369 

et al. 2019; Pang et al. 2020) was used to fit the experimental data (S 1898; Ho and McKay 370 

1999; Pan et al. 2010; Ghasemi et al. 2014): 371 
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(8) 372 

where K2 (mg/gmin) is the pseudo second order rate constant of adsorption, qe and Q(t) 373 

(mg/g) are the adsorption capacity at equilibrium and time t, respectively. Table 3 shows that 374 

K2 increased as a function of the Mn doping amount. Overall, the adsorption kinetic of MO on 375 

undoped and Mn-doped ZnS nanocrystals could involve a rate limiting adsorption on the 376 

vicinity of Mn-doped ZnS surface. This process can be associated to an exchange interaction 377 

between MO and Mn-doped ZnS adsorbent surface. This interaction increased with Mn 378 

doping in the ZnS. 379 

On the other hand, the experimental isotherm showed that MO adsorption capacity of 380 

undoped ZnS increased from 6.21 to 25.91 mg/g when the dye concentration also increased 381 

from 10 to 50 mg/L, which corresponded to an adsorption efficiency of 64.56 %.However, the 382 

Mn (12%)-doped ZnS NCs showed an adsorption efficiency of 71.16%, which proved that the 383 

doping with manganese ions enhanced the adsorption. The adsorption capacity of undoped 384 

and Mn-doped ZnS nanocrystals could be due to the ligand on the surface of inorganic TGA 385 

particles, which could contribute with positively charged sites on the surface of ZnS due to 386 

the zinc interstitials (Zni),Mn defects and sulfur vacancies (Vs) that were generated during the 387 

synthesis (such as nonstoichiometric defects and dangling bonds). These sites generated 388 

attraction forces with the negatively charged molecule of MO (with sulfonate group R-389 

SO3
−).The adsorption mechanism of the MO molecule on ZnS adsorbent surface, with 390 

different doping percentage of Mn, was analyzed with the Hill adsorption model obtained 391 

from statistical physics. This model is presented in the Equation (9) (Bouzid et al. 2016, 2019; 392 

Mohamed et al. 2018; Pang et al. 2020 ). 393 
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(9) 394 

wherenDis the number of MO molecules captured by the adsorption receptor site of adsorbent 395 

surface, DM is the density of receptor sites andC1/2 is the concentration at half-saturation of 396 

MO on the ZnS adsorbent surface with different doping of Mn. This last parameter can be 397 

associated to the adsorption energy using the next expression (Bouzid et al. 2016, 2019; 398 

Mohamed et al. 2018; Atrous et al. 2019; Pang et al. 2020; Bel Haj Mohamed et al. 2021; 399 

Sghaier et al. 2021). 400 
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where CS is the MO dye solubility (i.e., 5.20 g/L). MO adsorption data were fitted with this 402 

model and their corresponding values are listed in Table 4, while the model fitting is 403 

illustrated in Figure 12. 404 

Note that the parameter nD  can be used to describe the number of dyes adsorbed molecules 405 

per adsorption site and gives also information about the adsorption position. Table 4 showed 406 

that nD=3.73 indicating that MO dye molecules could be linked or adsorbed via a non-parallel 407 

orientation with a multi-molecular adsorption process. MO molecules can interact with the 408 

adsorbent surface thus forming an aggregate of three molecules per adsorption site of Mn-409 

doped ZnS nanocrystals. Overall, nD decreased with the increment of Mn amount in the ZnS 410 

host. Dye adsorption capacity at saturation was 25.31 mg/g and increased with the Mn doping. 411 

Mn in the ZnS NCs contributed to increase the specific adsorption surface of nanocrystals. 412 

The adsorption energy of MO on Mn-doped ZnS nanocrystals surface ranged from 22.47 to 413 

23.47 kJ/mol thus corresponding to physical interactions like hydrogen bonding and van der 414 

Waals forces, see Table 4. 415 

3.4 Photocatalytic activity 416 

Figure 13 shows the absorption spectra of MO solutions using undoped and Mn-doped ZnS 417 

nanocatalysts for various contact times (0-120 min). The maximum absorption peak decreased 418 

with increasing irradiation time as a result of the reduction of MO dye concentration in the 419 

irradiated solution. It was observed the color disappearance after 6 min due to the breaking of 420 

the azo groups (N=N) responsible for the orange coloration, which indicated that the aromatic 421 

compounds were attacked by hydroxyl radicals forming radical intermediates (Chan et al. 422 

2011). These experiments demonstrated the high photocatalytic efficiency of pure ZnS NCs, 423 

which generated a rapid degradation of MO molecules and the solution decolorization. 424 

To quantify the photocatalytic activity of ZnS NCs, the degradation efficiency, degradation 425 

constant and half-life were calculated using the following equations (Dhandapani et al. 2016): 426 η = (A0−At)A0 x100 = (C0−Ct)C0 x100                (11) 427 

Kt = ln (A0At ) = Ln (C0Ct)                (12) 428 

t1/2 = Ln(2)k                      (13) 429 



where A0, At, C0 and Ct are the initial absorbance, the absorbance after irradiation, the initial 430 

concentration of the solution and the concentration of the dye after irradiation for time t, 431 

respectively. 432 

The values of degradation efficiency of undoped ZnS NCsare given in Table 5. These results 433 

revealed a high degradation efficiency of MO after just 6 min of irradiation (81.4 %). After 434 

120 min of irradiation, the degradation efficiency was 98.5% and the solution became 435 

uncolored. This high efficiency may be due to the small size of the TGA molecules used as 436 

stabilizer in addition to the largest specific surface of NCs, thus generating several available 437 

adsorption sites. 438 

The effect of manganese doping on the photocatalytic activity of MO is illustrated in Figure 439 

13. The solution decolorization was obtained at higher contact time than that observed with 440 

the undoped ZnS NCs. Table 6 showed that doping generated animpeding effect for the MO 441 

degradation and the corresponding efficiency was lower than that observed using undoped 442 

ZnS. The highest MO degradation efficiency was obtained for 8% manganese concentration 443 

of doped ZnS NCs. In terms of degradation time, this doping concentration of ZnS NCs 444 

required 120 min for obtaining an efficiency of 87.1%. 445 

The pseudo-first-order kinetic equation was used to calculate the rate constant (k) for MO 446 

degradation using pure and Mn doped ZnS NCs where the corresponding plots of ln (A0/At) 447 

versus irradiation time are given in Figure 14. The rate constants ranged from 0.281 to 0.004 448 

min−1, see Table 6. Indeed, the trapping of charge carriers with pure ZnS was provided by 449 

sulfur vacancies, while multiple traps of charge carriers occurred with manganese doped ZnS 450 

due to structural defects in ZnS NCs (i.e., vacancies and interstices of Zn and S, interstices of 451 

Mn) and other surface defects (Zong et al. 2014). These defects produced discrete energy 452 

levels within the forbidden band (Eg) of ZnS NPs and, therefore, the possibility of 453 

recombination of electron and hole inside the NPs increased (Štengl et al. 2009), which 454 

resulted in a reduction of the photocatalytic activity of these NCs with low MO degradation. 455 

In view of that, it has been suggested that as the concentration of Mn2+ ions increased, a 456 

competitive process of charge carrier trapping between VS and Mn2+ occurred (Sergeeva et al. 457 

2018). 458 

The rate of MO degradation depended on nanocatalyst properties such as specific surface, 459 

nanocrystal size, composition, crystallinity and gap energy(Chaturvedi et al. 2012). Despite 460 

the photoluminescence, properties of ZnS were ameliorated via Mn2+doping thus reaching a 461 



maximum for 8% ZnS, results showed that a low MO degradation was obtained with doped 462 

NCs. This finding can be explained by the high probability of electron-hole recombination for 463 

doped NCs and, subsequently, the strong PL response impacted indirectly on photocatalytic 464 

activity by the low density of free excitons that migrate to the surface where they generated 465 

oxidizing species(Ashkarran 2014). As a result, the presence of high photoluminescence 466 

generated a low photocatalytic activity. Consequently, undoped ZnS NCs are a promising 467 

nanocatalyst for the degradation of MO dye and its application can be extended to degrade 468 

other organic molecules. 469 

3.5. Toward an industrial efficient solar activated nanocatalyst 470 

As stated, the degradation of organic pollutants is a necessity due to environmental pollution 471 

problems. Consequently, the industries request the most efficient degradation process but with 472 

a low cost. One way to achieve this goal is the use of solar activated efficient photocatalyst. In 473 

this context, additional photodegradation experiments were carried out under solar light 474 

irradiation to evaluate the usability of undoped ZnS NCs for wastewater purification. Before 475 

the sunlight irradiation, the suspensions were magnetically stirred for 120 min to allow 476 

adsorption-desorption equilibrium between MO molecules and NCs. Then, the mixture was 477 

submitted to sunlight irradiation between 11 am and 2 pm to evaluate the dye degradation. 478 

Figure 15 presents the UV-visible absorption spectra of MO degradation using ZnS NCs and 479 

the degradation rate as a function of time recorded after sunlight exposition. Results of Figure 480 

15 and Table 7showed the total decolorization of the solution after 120 min of sunlight 481 

exposition. This experiment confirmed the degradation efficiency of these NCs. Overall, the 482 

percentage of dye degradation increased significantly with the exposition time where 97.4% 483 

was the maximum decolorization efficiency with a degradation constant K of 0.045 min-1. In 484 

fact, there was no a significant difference with the efficiency obtained under UV irradiation 485 

(98.5%). It is convenient to note that sunlight is often exploited for 486 

thesemiconductorsirradiation with the aim of performing the photodegradation of pollutants 487 

thus contributing to reduce the cost of water treatment methods and the environmental 488 

pollution as compared to UV lamps. These results proved that undoped ZnS NCs exhibited a 489 

strong photocatalytic activity for MO dye. This behavior may be explained by the large band 490 

gap energy of ZnS, which caused a higher redox potential of e-h pairs and, consequently, a 491 

higher photocatalytic performance (Herrmann et al. 1984). The photocatalytic efficiency of 492 

ZnS NCs was compared with other nanocatalysts reported in the literature and the results are 493 

summarized in Table 8. It is clear that pure ZnS can be a good candidate for dye degradation 494 



under sunlight irradiation. This material offer additional advantages such as it does not use 495 

expensive organic moieties and toxic products in the catalyst preparation together with a 496 

higher rate of decolorization under UV and sunlight irradiations(Gajendiran et al. 2020; Samanta 497 

et al. 2018; Pathania et al. 2016; Suganya et al. 2019; Samanta et al. 2020; Dake et al. 2020; Ramki et 498 

al. 2020; Matras-Postołek et al. 2019).These results are encouraging for the application of these 499 

NCs to degrade organic compounds dissolved in wastewater at great scale in the industrial 500 

sector. 501 

3.4. Mechanism of photocatalytic activity 502 

The mechanism of photocatalytic degradation of methylene orange by undoped and doped 503 

ZnS nanocatalysts could be explained as follows. First, UV light excitation of ZnS NCs 504 

generated the electron-hole pairs (e-/h+) in ZnS. The (OH*) radical was formed from a simple 505 

oxidation of water or hydroxyl ion (OH-) by photo-generated holes. Similarly, superoxide 506 

radicals (O2
*-) were formed in water from a reduction reaction of the dissolved dioxygen in 507 

water by photo-generated electrons. These highly reactive hydroxyl radicals (OH*) and 508 

superoxide radicals (O2
*-) reacted with MO dye molecule adsorbed on ZnS nanoparticles 509 

ensuring the degradation. The next equations describe this mechanism  510 

 511 

ZnS + hν → e𝐁𝐂− + h𝐁𝐕+                 (14) 512 

e-+ O2→ O2
*-                                 (15) 513 

h+ + OH- → OH*                          (16) 514 

  h+ + H2O → OH* + H+                            (17) 515 

O2
*- + Methylene orange → Degradation products + CO2 + H2O          (18) 516 

OH* + Methylene orange → Degradation products + CO2 + H2O          (19) 517 

Figure 16 summarizes the different stages of this photocatalytic process. The first step 518 

corresponded to the transfer of the MO molecule from the aqueous phase to the surface of 519 

NCs. In the second step, the organic molecules were adsorbed on the surface of the catalyst 520 

followed by the movement of photo-generated e-and h+ charges to the catalyst surface. The 521 

positive hole in the NCs reacted with a water molecule to produce hydrogen gas and free 522 

hydroxyl radical (OH*), which was the most important and powerful oxidizing radical for the 523 

mineralization of adsorbed or free MO on the catalyst surface. Photo-induced electrons were 524 

easily trapped by electronic acceptors, such as adsorbed O2, to produce a super oxide anion 525 

radical (O2
*-). This reaction limited the recombination phenomena and thus improved 526 



degradation efficiency. Finally, these different radicals reacted with the MO to form 527 

intermediate compounds before the mineralization to CO2 and H2O. 528 

4. Conclusions 529 

Nanocrystals of undoped and Mn-doped ZnS were successfully synthesized by colloidal 530 

precipitation reaction method and applied in the photodegradation of MO dye. FTIR results 531 

confirmed the functionalization of nanocrystals surface by TGA. XRD analysis indicated the 532 

formation of nanocrystals with two crystalline phases, hexagonal and cubic, identical to the 533 

solid material and with a relatively large size distribution. The average size of ZnS 534 

nanocrystals calculated by using Debye-Scherrer formula varied from 2.5 to 7.1 nm. The 535 

optical absorption spectra showed the appearance of an absorption edge shifted towards short 536 

wavelengths compared to that of the solid-state semiconductor ZnS. PL spectroscopy 537 

indicated that the emission intensity increased with the doping rate up to 8% and then it 538 

decreased. Modeling results showed that the Hill model explained the adsorption mechanism 539 

of MO on the nanocrystal surface, dye removal followed a pseudo-second order reaction 540 

kinetics. Adsorption capacity of doped ZnS-TGA was 26.98 mg/g and this property 541 

contributed to the direct interaction of photo-generated electrons with adsorbed MO 542 

molecules and hence facilitated a quick photodegradation. Dye adsorption process was multi-543 

molecular via physisorption involving hydrogen bonding and van der Waals interactions. The 544 

undoped ZnS-TGA nanocrystals exhibited high photocatalytic activity to degrade MO dye 545 

under UV and sunlight. Consequently, the pure ZnS-TGA nanocatalysts are suggested as a 546 

promising photocatalyst for wastewater purification. On the other hand, Mn-doped ZnS-TGA 547 

nanocrystals showed superior optical and physicochemical characteristics making them good 548 

candidates for fluorescence-based applications. 549 
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Figures

Figure 1

Description of synthesis protocol to obtain Mn-doped ZnS-TGA nanocrystals.



Figure 2

FTIR spectra of (a) undoped and Mn-doped ZnS-TGAnanocrystals with doping of (b) 4%, (c) 8% and (d)
12%.

Figure 3

DRX patterns of undoped and Mn-doped ZnS-TGAnanocrystals.



Figure 4

TEM images of (a) undoped and (b) Mn-doped ZnS-TGA nanocrystals.



Figure 5

EDX spectrum of (a) undoped and (b) Mn-doped ZnS-TGAnanocrystals.



Figure 6

Optical absorption spectra of undoped and Mn-doped ZnS-TGA nanocrystals.



Figure 7

Graphical method for the calculation of the optical gap of (a) undoped and (b-d) Mn-doped ZnS-TGA
nanocrystals.



Figure 8

Emission spectra of undoped and Mn-doped ZnS-TGA nanocrystals.



Figure 9

Gaussian adjustment of PL spectra of (a) undoped and (b-d) Mn-doped ZnS-TGA nanocrystals.



Figure 10

Illustration of emission mechanism of Mn-doped ZnS-TGA nanocrystals.



Figure 11

Kinetic adsorption of MO on Mn-doped ZnS-TGA nanocrystals.



Figure 12

Isotherms of MO adsorption on Mn-doped ZnS-TGA nanocrystals at room temperature



Figure 13

UV-visible absorption spectra of MO solution after photodegradation with (a) undoped and (b-d) Mn-
doped ZnS-TGA nanocrystals under UV irradiation.



Figure 14

Data correlation for the calculation of degradation rate constants for (a) undoped and (b-d) Mn-doped
ZnS-TGA nanocrystals.



Figure 15

(a) UV-visible absorption spectra of MO solution after photodegradation using ZnS-TGA under sunlight
and (b) data correlation for the calculation of degradation rate constant.

Figure 16



Illustration of the mechanism of degradation of MO using Mn-doped ZnS-TGA nanocrystals.


