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Abstract

Tetracycline contamination of water poses a serious threat to human health and aquatic 
ecosystems, highlighting the need for remediation. This study investigates the potential of 
co-doping ZnS nanocrystals with Mn and Ce to enhance their photocatalytic performance for 
tetracycline removal by altering defect-related trap states and localized charge distribution, 
with the material synthesis being carried out using the facile chemical co-precipitation 
method. Pure, 2% Mn-doped, and (Mn, Ce)co-doped [(2% Mn, 1% Ce) and (2% Mn, 
2% Ce)] ZnS nanocrystals were synthesized, followed by characterization via XRD, TEM, FE-
SEM, EDX, XPS, FT-IR, UV–visible spectroscopy, and PL spectroscopy. Both Mn doping and 
(Mn, Ce) co-doping decreased crystallite size while increasing lattice strain and dislocation 
density. The band gaps fall in the 3.20–3.30 eV range. The Mn-doped and (Mn, Ce)co-
doped ZnS exhibited a yellow–orange PL. The pure, 2% Mn-doped, (2% Mn, 1% Ce)co-
doped, and (2% Mn, 2% Ce)co-doped ZnS nanocrystals degraded 45%, 64%, 89%, and 92% 
tetracycline after 300 min of simulated sunlight irradiation, respectively, with the (2% Mn, 
2% Ce)co-doped ZnS nanocrystals degrading 85% tetracycline after 180 min. The (Mn, 
Ce)co-doped ZnS nanocrystals are cost-effective, efficient, and recyclable photocatalysts for 
the remediation of tetracycline pollutants.

Keywords: ZnS; semiconductor nanocrystals; Mn, Ce; co-doping; structural properties; 
optical properties; Williamson–Hall; tetracycline; antibiotic; photocatalysis

1. Introduction
Antibiotics (e.g., tetracycline, ciprofloxacin, levofloxacin, and amoxicillin) are widely 

used to combat bacterial infections across healthcare, veterinary practices, and agriculture. 
However, residues of antibiotics discharged into water bodies through patient excretion, 
hospital wastewater, livestock farm drainage, and agricultural runoff have been a cause 
for concern in recent years [1,2]. This poses a serious threat to aquatic life and also fosters 
the development of antibiotic-resistant bacteria [2]. At the same time, antibiotic residues 
may enter the food chain, posing a serious risk to human health. To mitigate this, differ-
ent methods are being adopted, viz. membrane filtration (offers physical separation) [3], 
biodegradation (utilizes specialized microbes to break down chemical structures) [4], ad-
sorption (uses porous materials to trap molecules) [5], and semiconductor photocatalysis 
(uses light of energy equal to or greater than its band gap to produce reactive superoxide 
and hydroxyl radicals, which mineralize antibiotic residues into harmless byproducts) [5,6]. 
Because of its high efficiency and operational simplicity, photocatalysis has emerged as a 
leading technology for removing antibiotic pollutants from water [7]. Within this field, 
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semiconductor nanomaterials have attracted intense research interest as advanced photo-
catalysts. With a higher surface area-to-volume ratio than their bulk counterparts, these 
nanomaterials provide abundant active sites, enhance reaction kinetics, and enable efficient 
removal of antibiotic pollutants from water [8].

ZnS is a prominent II-VI semiconductor known for its versatile physicochemical prop-
erties and widespread applications. It is one of the earliest identified semiconductors, 
which exists in two different crystal structures, viz., cubic zinc blende and hexagonal 
wurtzite [9,10]. With the emergence of nanoscience and nanotechnology, research focus 
has progressed from bulk ZnS to its nanostructured forms. These nanostructures often 
exhibit altered physical and chemical properties from their bulk counterparts, offering 
unique opportunities to investigate and fine-tune their structural, optical, magnetic, and 
photocatalytic properties. Researchers have employed various synthetic strategies to pro-
duce nanostructured ZnS, including chemical co-precipitation [11], hydrothermal [12], 
solvothermal [13], sol–gel [14], spray pyrolysis [15], and ball milling [16]. Furthermore, 
the literature reports the synthesis of various ZnS morphologies, such as nanospheres [17], 
nanorods [18], nanoflowers [19], and nanosheets [20]. These diverse aspects enable ZnS 
nanostructures to excel in different fields, including photocatalysis [21], spintronics [22], 
antimicrobial medicines [23], energy storage [24], and photovoltaics [25]. In recent years, 
the synergistic effects of co-doping in ZnS matrices have attracted significant research in-
terest. Co-doped ZnS systems such as (Co, Cu) [26], (Cu, Bi) [27], (Mn, Cr) [11], (Cu, 
Mg) [28], (Cu, Mn) [28], (Cu, Ag) [28], (Cu, Fe) [29], and (Mn, Co) [30] have demon-
strated high efficiency in the photocatalytic degradation of organic dyes. The functional 
versatility of co-doped ZnS has been observed in many other fields, such as Er-Yb co-doping 
for anti-counterfeiting [31], (N, S) co-doping for electrocatalysts in rechargeable zinc-air 
batteries [32], (Cu, Fe) co-doping for antibacterial activity [29], and (Co, Cu) co-doping 
for enhanced ferromagnetism [26].

Although various doped ZnS systems have recently been studied regarding the pho-
todegradation of antibiotics [33–39], the efficacy of co-doped ZnS in this specific application 
remains largely unexplored. Since Ce ions possess a larger ionic radius (Ce3+ /Ce4+  ionic ra-
dius is 1.03 Å/0.93 Å) [40] than Mn2+  (0.83 Å) [41], their incorporation into the ZnS lattice, 
in addition to Mn2+  ions, can induce structural distortion, which may facilitate alterations 
in the microstructure, electronic band structure, etc., and thereby affect their various prop-
erties. Previous research on (Mn, Ce)co-doped ZnS is limited [42,43]. Sakthivel et al. [42] 
reported on the structural, optical, and electrochemical properties of (Mn, Ce)co-doped 
ZnS nanocrystals prepared by the co-precipitation method. Yang et al. [43] reported on the 
luminescence properties of (Mn, Ce)co-doped ZnS phosphors prepared by the solid-state 
sintering method. From an environmental viewpoint, tetracycline, a widely used antibiotic 
in both healthcare and livestock farming, is one of the most frequently detected antibiotic 
pollutants in water [44,45]. The application of doped ZnS nanocrystals for the photocatalytic 
degradation of tetracycline remains limited [37–39]. Li et al. [37] reported on hydrothermal 
synthesis of Cu-doped ZnS nanocrystals and their application in tetracycline degradation 
under visible light. Das et al. [38] recently reported on protein-assisted synthesis of Mn-
doped ZnS nanocrystals for photocatalytic tetracycline degradation. Ibrahim et al. [39] 
reported on solvothermal synthesis of Cd-doped ZnS nanocrystals for efficient removal 
of tetracycline from aqueous solution through visible-light photocatalysis. The present 
study investigates the properties of pure, 2% Mn-doped, and (Mn, Ce)co-doped [(2% Mn, 
1% Ce) and (2% Mn, 2% Ce)] ZnS nanocrystals synthesized via a cost-effective chemical 
co-precipitation route. The efficacy of the synthesized materials for the photocatalytic degra-
dation of tetracycline antibiotics under simulated sunlight has been evaluated. Prepared by 

https://doi.org/10.3390/applnano7040039

https://doi.org/10.3390/applnano7040039


Appl. Nano 2026, 7, 39 3 of 22

a straightforward, cost-effective method, these materials, especially the (Mn, Ce)co-doped 
ones, are considerably efficient for the photodegradation of tetracycline antibiotics.

2. Photocatalytic Set-Up
The photocatalytic activities of the pure, 2% Mn-doped, and (Mn, Ce)co-doped 

[(2% Mn, 1% Ce) and (2% Mn, 2% Ce)] ZnS nanocrystals have been evaluated using 
tetracycline as an antibiotic pollutant. Figure 1 illustrates the setup used for the photo-
catalysis experiments. The components included a wooden box, a light source, an ex-
haust fan, a double-walled beaker with a water-circulation facility, and a magnetic stirrer. 
The wooden box was fitted with a solar simulator lamp (Osram Ultra-Vitalux, 300 W, 
Augsburg, Germany).

Figure 1. Schematic representation of the photocatalytic setup.

3. Models Used for XRD Line Profile Analysis
The average crystallite size, lattice strain, and dislocation density of the nanocrystals 

have been calculated through a comprehensive XRD line profile analysis. The width of an 
XRD line profile is influenced by these factors, as well as by instrumental-related factors. 
Therefore, it is imperative to remove the contribution of instrumental factors to the width 
of an XRD line profile to obtain material-related information. The instrumental-corrected 
FWHM, β of an XRD line profile, is obtained using the equation [46],

β = βexp − βinst (1)

where βexp  is the FWHM extracted from an XRD line of the material, and βinst  is the FWHM 
extracted from an XRD pattern of a reference material that is well-crystallized. In the present 
case, the standard Si sample has been used as the reference material.

The average crystallite size and lattice strain of the synthesized materials have been 
calculated using the WH method represented by the equation [47,48],

ΔK =
0.9
D + 2εK (2)

where ΔK = β cos θ
λ , K = 2 sin θ

λ , D is crystallite size, ε is lattice strain, and λ is the wavelength 
of the X-rays used (0.15406 nm).
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The WH method assumes that lattice strain uniformly influences XRD peak broadening 
across different crystallographic directions and therefore does not account for the anisotropic 
nature of peak broadening. Ungar et al. [49] have modified the WH model to incorporate 
the anisotropic XRD peak broadening due to lattice strain. They considered that edge and 
screw dislocations contribute to lattice strain and introduced dislocation contrast factors for 
different crystallographic planes into the WH equation. This new approach to XRD line 
profile analysis is known as the MWH method. The related equation is given by [49],

ΔK =
0.9
D + (



πb2ρ
2B

)


1/2

KC1/2
hkl (3)

where Chkl , ‘b’, and ρ are the average dislocation contrast factor, the modulus of the Burgers 
vector of dislocations, and dislocation density, respectively. The value of ‘B’ is taken as 10 
for a wide range of dislocations [50]. For a crystal with face-centered cubic structure, the 
value of ‘b’ is a/√2, where ‘a’ is the lattice parameter [51]. The values of dislocation contrast 
factors C111 , C200 , C220 , C311 , and C400  have been taken as 0.1088, 0.2607, 0.1467, 0.1891, and 
0.2607, respectively [52].

4. Results and Discussion
4.1. Chemical Co-Precipitation Synthesis of Materials

The facile chemical co-precipitation method was employed to synthesize pure, 2% Mn-
doped, and (Mn, Ce)co-doped [(2% Mn, 1% Ce) and (2% Mn, 2% Ce)] ZnS nanocrystals. 
The chemical co-precipitation method offers operational and economic advantages over high-
pressure, energy-intensive techniques such as hydrothermal and solvothermal synthesis. 
It can be carried out under ambient conditions, typically at relatively low temperatures 
and atmospheric pressure, without the need for costly autoclaves, reducing overall energy 
consumption as well. Moreover, high chemical homogeneity (a very uniform atomic or 
molecular mixture), control over particle size and morphology, the ability to modify simple 
parameters—such as pH, temperature, stirring speed, and molar ratios—or to incorporate 
surfactants/additives, and scalability and high yield for industrial-scale production are 
other important aspects of the chemical co-precipitation method. The chemicals used for 
the synthesis of the materials were zinc (II) chloride (ZnCl2 , Merck, Merck Life Science Pvt. 
Ltd., Mumbai, India), sodium sulphide nonahydrate (Na2 S⋅9H2 O, Merck KGaA, Darmstadt, 
Germany), manganese (II) chloride tetrahydrate (MnCl2 ⋅4H2 O, Merck KGaA, Darmstadt, 
Germany), and cerium (III) chloride heptahydrate (CeCl3 ⋅7H2 O, Merck KGaA, Darmstadt, 
Germany). To synthesize pure ZnS, 1 M solutions of zinc chloride and sodium sulphide 
were separately prepared in 20 mL of deionized water. The solutions were mixed at room 
temperature and left undisturbed for 48 h. In an earlier report, Mamiyev et al. [53] observed 
formation of ZnS nanocrystals of sizes 5.3 nm, 7.5 nm, and 9.7 nm for reaction times of 5 h, 
5.5 h, and 6 h, respectively. In the present work, the reaction time was kept relatively long 
to allow ample time for particle growth. The resulting precipitates were filtered, washed 
using deionized water, and dried under ambient conditions for several hours. Finally, the 
precipitates were ground into powder for further characterization and application. For the 
synthesis of 2% Mn-doped ZnS nanocrystals, separate solutions of 0.98 M zinc chloride, 
0.02 M manganese chloride, and 1 M sodium sulphide were prepared in 20 mL of deionized 
water each. The zinc chloride and manganese chloride solutions were mixed, which was 
followed by the addition of the sodium sulphide solution. The subsequent aging, filtration, 
drying, and grinding steps were identical to those used in the adopted process for pure 
ZnS. For the synthesis of (Mn, Ce)co-doped ZnS nanocrystals, solutions of (0.98-x) M zinc 
chloride, 0.02 M manganese chloride, x M cerium chloride, and 1 M sodium sulphide were 
separately prepared in 20 mL of deionized water. To synthesize ZnS nanocrystals co-doped 
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with 2% Mn and varying concentrations of Ce, viz. 1% and 2%, the corresponding x values 
were taken as 0.01 and 0.02. The zinc chloride, manganese chloride, and cerium chloride 
solutions were mixed, which was followed by the addition of the sodium sulphide solution. 
The final processing steps followed the procedure used to synthesize pure ZnS nanocrystals.

4.2. XRD Studies
The XRD patterns of the materials were recorded using a powder X-ray diffrac-

tometer (Empyrean, Malvern Panalytical, Almelo, The Netherlands with CuKα  radiation, 
λ = 1.5406 Å). The X-ray generator was operated at 40 kV and 30 mA. Figure 2 shows the 
XRD patterns of the pure, 2% Mn-doped, and (Mn, Ce)co-doped [(2% Mn, 1% Ce) and 
(2% Mn, 2% Ce)] ZnS nanocrystals in the 2θ (θ is Bragg’s angle) range of 20° to 75°. For the 
pure ZnS material, the diffraction peaks located at 2θ values of 28.61°, 33.12°, 47.64°, 56.49°, 
59.59°, and 69.67° align perfectly with the (111), (200), (220), (311), (222), and (400) planes 
of the cubic zinc blende phase (ICDD file no.: 00-005-0566) of ZnS. A defining feature of 
these profiles is their broadening, indicating small crystallite size and significant lattice 
strain. Upon introducing Mn and Ce dopants, the zinc blende structure of ZnS remains 
intact, as evidenced by the persistence of the (111), (200), (220), (311), and (400) reflections. 
However, the 2% Mn-doped ZnS nanocrystals and both the (Mn, Ce)co-doped ZnS show 
broader XRD line profiles than the pure material. The peak position corresponding to the 
(111) plane was used for the calculation of the lattice parameter using Bragg’s law. The 
values are found to be 5.402 ± 0.002 Å, 5.410 ± 0.002 Å, 5.415 ± 0.002 Å, and 5.419 ± 0.002 Å 
for pure, 2% Mn-doped, (2% Mn, 1% Ce)co-doped, and (2% Mn, 2% Ce)co-doped ZnS 
nanocrystals, respectively. Thus, the lattice parameter is larger in the doped materials than 
in pure ZnS. This change in lattice parameter is attributed to the substitution of Zn2+  ions 
(ionic radius 0.74 Å) [54] with larger ions, viz. Mn2+  (0.83 Å) [41] in the case of Mn-doped 
ZnS, and Mn2+  and Ce4+  (0.93 Å) [40] in the case of (Mn, Ce)co-doped ZnS. Figure 3 shows 
the WH plots for the materials. The average crystallite sizes of the pure, 2% Mn-doped, 
(2% Mn, 1% Ce)co-doped, and (2% Mn, 2% Ce)co-doped ZnS nanocrystals obtained from 
these plots are 16 nm, 11 nm, 9 nm, and 9 nm, respectively, while the corresponding lattice 
strains are 4.5 × 10−3 , 5.8 × 10−3 , 6.8 × 10−3 , and 6.8 × 10−3 . The average crystallite sizes of 
the pure, 2% Mn-doped, (2% Mn, 1% Ce)co-doped, and (2% Mn, 2% Ce)co-doped ZnS 
nanocrystals obtained from the MWH plots illustrated in Figure 4 are 14 nm, 10 nm, 8 nm, 
and 8 nm, respectively, while the corresponding dislocation densities are 1.1 × 1016  m−2 , 
1.8 × 1016  m−2 , 2.4 × 1016  m−2 , and 2.4 × 1016  m−2 . Crystallite size decreases with Mn incor-
poration into ZnS, with even lower values for the (Mn, Ce)co-doped materials. Dopant 
segregation at grain boundaries hinders crystal growth, which may explain the lower crys-
tallite sizes observed in Mn-doped and (Mn, Ce)co-doped ZnS nanocrystals compared 
with the pure ones. Furthermore, lattice strain and dislocation densities increase with Mn 
doping and (Mn, Ce) co-doping in ZnS.

4.3. TEM, FE-SEM, and EDX Studies
The TEM (JEM-2100F, JEOL Ltd., Tokyo, Japan) operated at an accelerating voltage 

of 200 kV was used to obtain the microstructural information of the pure and (2% Mn, 
2% Ce)co-doped ZnS nanocrystals. Figure 5a,b show the TEM micrographs of pure and 
(2% Mn, 2%Ce)-co-doped ZnS nanocrystals. These micrographs show crystallite agglom-
eration, a typical feature of polycrystalline materials. Figure 6a,b present the HR-TEM 
micrographs of the pure and (2% Mn, 2% Ce)co-doped ZnS nanocrystals, respectively. 
Figure 6a shows a 14 nm crystallite in pure ZnS nanocrystals, while Figure 6b shows an 
8.2 nm crystallite in (2% Mn, 2% Ce)co-doped ZnS nanocrystals. Both crystallites have an 
interplanar spacing of 0.27 nm, showing they correspond to the ZnS (200) plane. The MWH 
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method yielded crystallite sizes of 14 nm and 8 nm for pure and (2% Mn, 2% Ce)co-doped 
ZnS nanocrystals, as discussed earlier; therefore, the measured sizes from the HR-TEM 
micrographs agree well with those calculated from the XRD line-profile analysis.

Figure 2. XRD patterns of (a) pure, (b) 2% Mn-doped, (c) (2% Mn, 1% Ce)co-doped, and (d) (2% Mn, 
2% Ce)co-doped ZnS nanocrystals.

Figure 3. WH plots of (a) pure, (b) 2% Mn-doped, (c) (2% Mn, 1% Ce)co-doped, and (d) (2% Mn, 
2% Ce)co-doped ZnS nanocrystals.
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Figure 4. MWH plots of (a) pure, (b) 2% Mn-doped, (c) (2% Mn, 1% Ce)co-doped, and (d) (2% Mn, 
2% Ce)co-doped ZnS nanocrystals.

Figure 5. TEM micrographs of (a) pure and (b) (2% Mn, 2% Ce)co-doped ZnS nanocrystals.

The FE-SEM (Sigma 300, ZEISS, Jena, Germany) with an EDX spectrometer (EDAX, 
AMETEK Inc., Mahwah, NJ, USA) attachment was used to investigate surface morphol-
ogy and elemental composition. Accelerating voltages of 5 kV and 15 kV were used to 
record the micrographs and EDX spectra of the materials, respectively. The FE-SEM mi-
crograph of (2% Mn, 2% Ce)co-doped ZnS nanocrystals presented in Figure 7a shows an 
agglomerated particle morphology. The EDX spectrum and elemental maps for the (2% Mn, 
2% Ce)co-doped ZnS nanocrystals, shown in Figures 7b and 7c, respectively, confirm the 
presence of the intended elements. The atomic percentages of Zn, S, Mn, and Ce in the 
(2% Mn, 2% Ce)co-doped ZnS nanocrystals are found to be 47.71%, 47.80%, 2.58%, and 
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1.91%, respectively, showing good agreement between the measured and targeted dopant 
concentrations.

Figure 6. HR-TEM micrographs of (a) pure and (b) (2% Mn, 2% Ce)co-doped ZnS nanocrystals.

Figure 7. (a) FE-SEM micrograph, (b) EDX spectrum, and (c) elemental maps for different elements 
of (2% Mn, 2% Ce)co-doped ZnS nanocrystals.

4.4. FT-IR Studies
The FT-IR spectrometer equipped with an ATR facility (ALPHA, Bruker, Ettlingen, 

Germany; wavenumber range: 500–4000 cm−1 ) was used to study chemical bonding in the 
materials. Figure 8 illustrates the FT-IR spectra of the pure, 2% Mn-doped, and (Mn, Ce)co-
doped [(2% Mn, 1% Ce) and (2% Mn, 2% Ce)] ZnS nanocrystals. The bands at 3430 cm−1 
and 1630 cm−1  correspond to O-H stretching and O-H bending vibrations, respectively [55]. 
The weak bands at 2930 cm−1  and 2850 cm−1  are attributed to the asymmetric and symmetric 
CH2  stretching vibrations, respectively, which may arise from trace amounts of atmospheric 
hydrocarbons adsorbed on the material surface [56,57]. Two strongly infrared-active modes 
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are attributed to the fundamental vibrations of the sulphate group; they are observed at 
1110 cm−1  (ν3 , antisymmetric S–O stretching) and 618 cm−1  (ν4 , antisymmetric angular 
deformation) [58–61]. The absorption at 618 cm−1  can be ascribed to the Zn-S bond vibration 
as well [62,63].

Figure 8. FT-IR spectra of (a) pure, (b) 2% Mn-doped, (c) (2% Mn, 1% Ce)co-doped, and (d) (2% Mn, 
2% Ce)co-doped ZnS nanocrystals.

4.5. XPS Studies
The XPS measurements were carried out using AXIS Supra+, Kratos Analytical Ltd., 

Manchester, UK, XPS with a monochromatic X-ray source: AlKα - 1486.6 eV. The binding 
energies were calibrated using the C 1 s peak at 284.8 eV as the reference. Figure 9 shows 
the XPS results for (2% Mn, 2% Ce)co-doped ZnS nanocrystals. Figure 9a shows peaks at 
1045.4 eV and 1022.2 eV, corresponding to Zn 2p1/2  and Zn 2p3/2 , respectively [64]. The peaks 
at 163.0 eV and 161.8 eV correspond to S 2p1/2  and S 2p3/2 , respectively (Figure 9b) [64]. 
The high-resolution XPS spectrum of Mn 2p3/2  shows a peak at 640.9 eV (Figure 9c), indi-
cating the presence of the Mn2+  state [65]. PL studies show a yellow–orange emission at 
580 nm (discussed later in the article), which originates from Mn2+  [66]. Thus, the XPS 
and PL studies complement each other regarding the oxidation state of Mn in the (2% Mn, 
2% Ce)co-doped ZnS nanocrystals. The Ce 3d spectrum of (2% Mn, 2% Ce)co-doped ZnS 
nanocrystals (Figure 9d) shows peaks at 916.9 eV, 908.1 eV, 901.1 eV, 898.7 eV, 886.6 eV, and 
882.5 eV, corresponding to the Ce4+  state [67,68]. Thus, the XPS studies reveal the presence 
of Mn2+  and Ce4+  in the (2% Mn, 2% Ce)co-doped ZnS nanocrystals. Using CeCl3 ⋅7H2 O as 
a Ce precursor in the synthesis of (Mn, Ce)co-doped material, the observation of Ce in the 
+4 oxidation state suggests that defect-mediated charge compensation maintains charge 
neutrality to accommodate the dopants. Notably, earlier studies have reported the appear-
ance of the Ce4+  state in Ce-doped ZnS nanocrystals alongside the Ce3+  state, eVen though 
cerium (III) nitrate or cerium (III) acetate was used in synthesizing the materials [69,70]. 
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Figure 9. High-resolution XPS spectra for (a) Zn 2p, (b) S 2p, (c) Mn 2p3/2 , and (d) Ce 3d for (2% Mn, 
2% Ce)co-doped ZnS nanocrystals.

4.6. UV–Visible Absorption Studies
A double-beam UV–visible spectrophotometer (UV-1800, Shimadzu Corporation, 

Kyoto, Japan; wavelength range: 190–1100 nm) was used to record the absorption spectra 
of water-dispersed materials. Figure 10 depicts the UV–visible absorption spectra of the 
pure, 2% Mn-doped, and (Mn, Ce)co-doped [(2% Mn, 1% Ce) and (2% Mn, 2% Ce)] ZnS 
nanocrystals. The Tauc method was used to determine the band gaps of the nanocrystals 
from these spectra. Tauc’s relation is given by [29,71],

(αhν)2  = K(hν − Eg ) (4)

where α, hν, and Eg  are the absorption coefficient, photon energy, and band gap, respectively; 
while K is a constant. Figure 11 shows the Tauc plots for the various materials. The band 
gaps of the pure, 2% Mn-doped, (2% Mn, 1% Ce)co-doped, and (2% Mn, 2% Ce)co-doped 
ZnS nanocrystals are found to be 3.30 eV, 3.27 eV, 3.24 eV, and 3.20 eV, respectively. The band 
gap of the pure ZnS nanocrystals is lower than the bulk band gap of ZnS (3.67 eV) [72], 
which may be due to the presence of strains and defects. The observed band gap of 3.30 eV in 
pure ZnS agrees well with some earlier reports [27,72,73]. Khan et al. [27] reported on the 
observation of a band gap of 3.30 eV in ZnS nanocrystals prepared by a wet chemical route. 
Han et al. [72] reported on the observation of a band gap of 3.29 eV in ZnS nanoparticles 
prepared by a hot injection method. Yang et al. [73] reported on the exhibition of a band 
gap of 3.24 eV in ZnS nanocrystals prepared by a hydrothermal method. Furthermore, a 
reduction in the band gap after Mn-doping and (Mn, Ce) co-doping has been observed, 
which is attributed to the introduction of additional energy levels due to dopants. Such a 
reduction in band gaps has been observed previously for Cu-doped ZnS nanocrystals, as 
reported by Chandrika et al. [29].
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Figure 10. UV–visible absorption spectra of (a) pure, (b) 2% Mn-doped, (c) (2% Mn, 1% Ce)-co-
doped, and (d) (2% Mn, 2% Ce)co-doped ZnS nanocrystals.

Figure 11. Tauc plots of (a) pure, (b) 2% Mn-doped, (c) (2% Mn, 1% Ce)co-doped, and (d) (2% Mn, 
2% Ce)co-doped ZnS nanocrystals.
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4.7. PL and Colorimetric Studies
A spectrofluorometer (FP-8300, JASCO Corporation, Tokyo, Japan; wavelength range: 

200 nm–750 nm) was used to measure the PL spectra of water-dispersed materials. Figure 12 
depicts the PL spectra of the pure, 2% Mn-doped, and (Mn, Ce)co-doped [(2% Mn, 1% Ce) 
and (2% Mn, 2% Ce)] ZnS nanocrystals. An excitation wavelength of 320 nm was used to 
record each of these spectra. The pure ZnS nanocrystals exhibit a broad emission in the 
range of 380–510 nm, which has been attributed to the presence of various intrinsic defects 
such as zinc interstitials, sulfur interstitials, sulfur vacancies, and zinc vacancies [11,74]. 
Mn doping significantly changes the PL properties of ZnS. Mn-doped ZnS exhibits strong 
yellow–orange emission with a peak at 580 nm. This emission is attributed to the 4 T1 –6 A1 
transition of Mn2+  [66]. Incorporating Mn2+  ions alters the electron transition pathway 
from the CB, allowing transitions through the 4 T1  and 6 A1  levels of Mn2+  and resulting 
in yellow–orange emission. Furthermore, Mn doping quenches the broad emission in the 
380–510 nm range. The lower PL intensity of (Mn, Ce)co-doped ZnS nanocrystals than that 
of Mn-doped ZnS nanocrystals may result from competing energy-transfer processes [75,76]. 
Incorporating Ce dopants introduces additional localized energy states within the band 
gap. Thus, these states can compete with energy transfer to Mn ions, reducing the radiative 
process. Furthermore, Ce ions have a significantly larger radius than Zn and Mn ions, and 
their incorporation can cause severe lattice strain and distortions, leading to deep-level 
traps. These defects act as non-radiative recombination centers, causing quenching of PL.

Figure 12. PL spectra of (a) pure, (b) 2% Mn-doped, (c) (2% Mn, 1% Ce)co-doped, and (d) (2% Mn, 
2% Ce)co-doped ZnS nanocrystals.

The emission properties of the pure, Mn-doped, and (Mn, Ce)co-doped ZnS nanocrys-
tals have been further illustrated using the CIE colorimetric system. The CIE diagram 
provides a standardized representation of human color perception [77]. Figure 13 presents 
the 1931 CIE diagrams for the pure, 2% Mn-doped, and (Mn, Ce)co-doped [(2% Mn, 1% Ce) 
and (2% Mn, 2% Ce)] ZnS nanocrystals. The colorimetric coordinates of the pure, 2% Mn-
doped, (2% Mn, 1% Ce)co-doped, and (2% Mn, 2% Ce)co-doped ZnS nanocrystals are 
(0.191, 0.145), (0.495, 0.437), (0.483, 0.426), and (0.470, 0.414), respectively. The coordinates 
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change significantly after Mn doping. The coordinates also change with increasing Ce 
concentration. The CCT of each material has been found using the well-known McCamy’s 
relation [78,79],

CCT = −449n3  + 3525n2 − 6823.3n + 5520.33 (5)

where n = (x − 0.3220)/(y − 0.1858). The CCTs of the pure, 2% Mn-doped, (2% Mn, 
1% Ce)co-doped, and (2% Mn, 2% Ce)co-doped ZnS nanocrystals are 5090 K, 2347 K, 
2395 K, and 2455 K, respectively. The colorimetric studies using CIE diagrams thus reveal 
that the emission properties of ZnS can be altered by Mn doping and (Mn, Ce) co-doping, 
signifying their enhanced application potential in optoelectronics.

Figure 13. 1931 chromaticity diagrams of (a) pure, (b) 2% Mn-doped, (c) (2% Mn, 1% Ce)co-doped, 
and (d) (2% Mn, 2% Ce)co-doped ZnS nanocrystals.

4.8. Tetracycline Degradation Studies
The photocatalytic activities of the pure, 2% Mn-doped, and (Mn, Ce)co-doped 

[(2% Mn, 1% Ce) and (2% Mn, 2% Ce)] ZnS nanocrystals have been evaluated using 
tetracycline as an antibiotic pollutant. The experimental setup used for this purpose has 
been described earlier in the article. Initially, a stock aqueous solution was prepared by 
adding 0.02 g of tetracycline to 800 mL of deionized water, thereby obtaining a concentra-
tion of 25 mg L−1 . For each photocatalysis experiment, 60 mL of the tetracycline solution 
was transferred to the reactor’s double-walled beaker, followed by the addition of 0.03 g 
of photocatalyst. The beaker was then kept in the dark for 60 min under mild magnetic 
stirring. After that, the lamp was switched on to initiate the photocatalysis process. A 
small quantity of solution was withdrawn from the reactor at certain time intervals and 
centrifuged to separate the photocatalyst from the solution. The absorption spectrum of the 
solution was recorded with a UV–visible spectrophotometer to monitor photodegradation. 
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The degradation efficiency (η) of each photocatalyst has been found using the following 
relation [80],

η =
C0 − C

C0
× 100 =

A0 − A
A0

× 100 (6)

where C0  and C are the tetracycline concentration before light exposure and the concen-
tration of tetracycline after light exposure for a particular time, while A0  and A are the 
absorbance before light exposure and the absorbance of tetracycline after light exposure for a 
particular time. The absorbance values corresponding to the absorption peak of tetracycline 
at 357 nm have been used to calculate the degradation efficiencies.

Figure 14 presents the absorption spectra of tetracycline treated with pure, 2% Mn-
doped, (2% Mn, 1% Ce)co-doped, and (2% Mn, 2% Ce)co-doped ZnS nanocrystals as 
photocatalysts, after different hours of light irradiation. All cases show a gradual decrease 
in absorbance with increasing irradiation time, showing that the materials are effective 
in tetracycline photodegradation. The pure, 2% Mn-doped, (2% Mn, 1% Ce)co-doped, 
and (2% Mn, 2% Ce)co-doped ZnS nanocrystals showed degradation efficiencies of 45%, 
64%, 89%, and 92% after 300 min of light irradiation, respectively. Thus, these results 
show that (Mn, Ce) co-doping can significantly enhance the photocatalytic efficiency of 
ZnS nanocrystals. Notably, the material with the best photocatalytic activity, i.e., (2% Mn, 
2% Ce)co-doped ZnS, degraded a significant amount of tetracycline after 180 min (85%). 
The photodegradation behavior of each photocatalyst is illustrated by plotting C/C0  versus 
irradiation time (Figure 15a). Furthermore, as shown in Figure 15b, the linear depen-
dence of ln (C0 /C) on irradiation time shows that the degradation process for each of the 
photocatalysts follows pseudo-first-order kinetics according to the following equation [81],

ln(C0 /C) = kapp  t (7)

where kapp  is the apparent rate constant of photodegradation. The kapp  values for pure, 
2% Mn-doped, (2% Mn, 1% Ce)co-doped, and (2% Mn, 2% Ce)co-doped ZnS nanocrystals 
are 0.0020 min−1 , 0.0034 min−1 , 0.0076 min−1 , and 0.0090 min−1 , respectively. The (2% Mn, 
2% Ce)co-doped ZnS exhibits the highest rate constant, showing its superior photocatalytic 
activity compared to other photocatalysts studied in this work.

Photocatalysis in a pure semiconductor occurs through various stages. First, the 
semiconductor absorbs light with energy equal to or greater than the band gap, exciting 
electrons from the VB to the CB and creating holes in the VB. Electrons and holes may 
move toward the surface or recombine. Electrons that reach the photocatalyst surface may 
react with O2  to produce superoxide radicals. Again, those holes reaching the photocatalyst 
surface may react with OH−  ions, producing hydroxyl radicals. These highly reactive 
superoxide and hydroxyl radicals react with the pollutant, degrading it to H2 O, CO2,  etc. 
The various reactions that occur during photocatalysis are presented below [82,83].

ZnS + hν → e− (CB) + h+ (VB) (8)

e− + O2 → O∗−
2 (9)

h+ +OH− ⟶OH* (10)

O∗−
2 + Tetracycline → Degraded products (11)

OH*  + Tetracycline → Degraded products (12)

Intrinsic and extrinsic defects play important roles in enhancing the photocatalytic 
activity of semiconductors. These defects may introduce defect levels within the band 
gap. Electrons in the CB may transition to these levels, hindering electron-hole recom-
bination, which is crucial for enhancing the photocatalytic activity of the material. The 
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considerable difference in ionic radii between Mn2+  (0.83 Å) and Ce4+  (0.93 Å), along 
with lattice strain-induced distortion, can generate internal electric fields due to altered 
electron-density distributions, enhancing electron-hole separation and increasing photocat-
alytic efficiency. Tuning charge distribution to generate internal electric fields that enhance 
electron-hole separation and improve photocatalysis has recently been reported for a few 
other photocatalysts [84–86].

Figure 14. Absorption spectra of tetracycline with (a) pure, (b) 2% Mn-doped, (c) (2% Mn, 1% Ce)co-
doped, and (d) (2% Mn, 2% Ce)co-doped ZnS nanocrystals as photocatalysts after different times of 
irradiation.

Figure 15. (a) C/C0  versus irradiation time plots, and (b) ln (C0 /C) versus irradiation time plots.

Photocatalyst recyclability is an important parameter for assessing application viability, 
as it reduces precursor use, processing time, effort, and manufacturing costs. The photocat-
alyst with the best degradation efficiency, i.e., (2% Mn, 2% Ce)co-doped ZnS, has been used 
in recyclability tests over four cycles. After each cycle, the photocatalysts were separated 
from the solution using a centrifuge at 4000 rpm. The photocatalysts thus obtained were 
washed with deionized water and then used for the next cycle. Figure 16a presents the 
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degradation efficiencies after 300 min of light irradiation across 4 consecutive recyclability 
cycles. The degradation efficiency after 300 min of light exposure declined steadily from 
92% to 85% across three recyclability tests, representing a 7.6% change from the 1st cycle. 
After four operational cycles, degradation efficiency decreased to 79%, a 14.1% change 
from the 1st cycle. The decrease in degradation efficiency may be due to material loss 
during processing and saturation of the photocatalyst after repeated operations. The XRD 
pattern of the (2% Mn, 2% Ce)co-doped ZnS nanocrystals collected after the 4th cycle was 
recorded and compared with the XRD pattern before the photodegradation process. The 
XRD patterns of the photocatalysts before and after photodegradation experiments are 
presented in Figure 16b. The results show an unchanged crystal structure, indicating the 
stability of the photocatalysts during photodegradation. The photocatalytic performance 
of (2% Mn, 2% Ce)co-doped ZnS was compared with a few recently reported photocat-
alysts (Table 1). The performance of the (2% Mn, 2% Ce)co-doped ZnS nanocrystals for 
tetracycline photodegradation was compared after 180 min of light exposure, during which 
significant degradation occurs. The comparison indicates promising prospects for (Mn, 
Ce)co-doped ZnS nanocrystals as a photocatalyst for tetracycline degradation.

Figure 16. (a) Degradation efficiency of (2% Mn, 2% Ce)co-doped ZnS nanocrystals after 300 min of 
light irradiation for different cycles of operation and (b) XRD patterns of (2% Mn, 2% Ce)-co-doped 
ZnS nanocrystals (i) before photocatalysis and (ii) after the 4th cycle of photocatalytic operation.

Table 1. Tetracycline photodegradation efficiency of (Mn, Ce)co-doped ZnS compared with a few 
selected photocatalysts from the literature.

Photocatalyst Tetracycline 
Concentration

Catalyst 
Loading Light Source Time

Degradation 
Efficiency 

(%)
Ref.

ZnOanchoredboron-doped
graphitic carbon nitride 10 mgL−1 20 mg Visible light 180 min 76.7% [82]

Mn-Sbco-doped SnO2 20 mgL−1 20 mg Xe lamp 105 min 79.5% [83]

ZnO/ZnS 20 mgL−1 20 mg Xe lamp 100 min 79% [87]

AgInS2 /ZnS 40 mgL−1 20 mg Simulated 
sunlight 120 min 46% [88]

Zn0.6 Ba0.2 Cu0.2 Al0.7 Fe1.3 O4 10 mgL−1 10 mg Xe lamp 140 min 97.67% [89]

ZnO-modified Y2 Ti2 O7 15 mgL−1 60 mg UV light 180 min 76% [90]

(2% Mn, 2% Ce)
co-doped ZnS 25 mgL−1 30 mg Simulated 

sunlight 180 min 85% This study
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5. Conclusions
Pure, 2% Mn-doped, and (Mn, Ce)co-doped [(2% Mn, 1% Ce) and (2% Mn, 2% Ce)] 

ZnS nanocrystals were synthesized using the facile chemical co-precipitation method, and 
microstructural and optical properties have been systematically investigated. The pure ZnS 
nanocrystals exhibited a cubic crystal structure, which remained unaltered in the Mn-doped 
and (Mn, Ce)co-doped counterparts. However, the lattice parameter increased after Mn 
doping and (Mn, Ce) co-doping, which is attributed to the larger sizes of Mn and Ce ions 
than the Zn ion. A decrease in crystallite size, along with an increase in lattice strain and dis-
location density, has been observed with Mn doping and (Mn, Ce) co-doping. The oxidation 
states of Mn ions and Ce ions in the (2% Mn, 2% Ce)co-doped ZnS nanocrystals were found 
to be +2 and +4, as revealed by XPS studies. The materials exhibit strong absorption in the 
UV region, with optical band gaps in the range of 3.20–3.30 eV. The Mn-doped and (Mn, 
Ce)co-doped ZnS nanocrystals exhibited a yellow–orange PL resulting from the 4 T1  to 6 A1 
transition of Mn2+ . The emission properties of ZnS have been significantly altered by Mn 
doping and (Mn, Ce) co-doping, as revealed by PL and colorimetric studies, signifying their 
enhanced optoelectronic application potential. Quenching of the yellow–orange emission 
of Mn-doped ZnS was observed after Ce incorporation. The tetracycline photodegradation 
efficiencies of the pure, 2% Mn-doped, (2% Mn, 1% Ce)co-doped, and (2% Mn, 2% Ce)co-
doped ZnS nanocrystals under simulated sunlight were 45%, 64%, 89%, and 92% after 
300 min of light irradiation, respectively. Ce-induced increase in trap centers, the change 
in localized charge distribution with Ce doping, and the exhibition of a significantly dif-
ferent microstructure have been attributed to the superior photocatalytic activities of (Mn, 
Ce)co-doped ZnS compared with pure and Mn-doped ZnS. The recyclability of the (2% Mn, 
2% Ce)co-doped ZnS nanocrystals for photocatalysis was investigated. The photocatalysts 
showed good recyclability over 3 cycles and photostability. This work provided significant 
insights into the effects of (Mn, Ce) co-doping on the structural, optical, and photocatalytic 
properties of ZnS nanocrystals. The (Mn, Ce)co-doped ZnS nanocrystals have been shown 
to be cost-effective, efficient, and recyclable photocatalysts for tetracycline degradation.

Author Contributions: Conceptualization, P.D. and M.P.C.K.; methodology, P.D. and M.P.C.K.; 
validation, P.D. and M.P.C.K.; formal analysis, P.D. and M.P.C.K.; investigation, P.D. and M.P.C.K.; 
resources, M.P.C.K.; data curation, P.D. and M.P.C.K.; writing—original draft preparation, P.D.; 
writing—review and editing, M.P.C.K.; visualization, P.D. and M.P.C.K.; supervision, M.P.C.K. All 
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data underlying this research will be made available by the corre-
sponding author upon reasonable request.

Acknowledgments: The authors offer their sincere gratitude to SAIF, Gauhati University; CIF, Gauhati 
University; IASST, Guwahati; IIT, Delhi, and the Department of Chemistry, Cotton University for 
providing the XRD, FE-SEM, TEM, XPS, and FT-IR facilities, respectively.

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390/applnano7040039

https://doi.org/10.3390/applnano7040039


Appl. Nano 2026, 7, 39 18 of 22

Abbreviations
The following abbreviations are used in this manuscript:

ZnS Zinc sulphide
XRD X-ray diffraction
TEM Transmission electron microscope
FE-SEM Field emission scanning electron microscope
EDX Energy-dispersive X-ray
XPS X-ray photoelectron spectrometer
FT-IR Fourier transform infrared
PL Photoluminescence
FWHM Full width at half maximum
WH Williamson–Hall
MWH Modified Williamson–Hall
ICDD International Centre for Diffraction Data
HR-TEM High-resolution transmission electron microscope
ATR Attenuated total reflectance
CIE Commission Internationale de I’Eclairage
CCT Correlated color temperature
VB Valence band
CB Conduction band
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