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ABSTRACT KEYWORDS

Photocatalytic degradation has drawn much interest recently as a substitute technique for Zinc sulfide

eliminating environmental contaminants from the aqueous phase. In this study, pure and Ag- Ag dopant

doped zinc sulfide (ZnS) nanoparticles were synthesized for the photocatalytic degradation of Co-precipitation

methylene blue (MB) under UVA light irradiation using a simple chemical co-precipitation Nanoparticles

method. The nanopowders' structural, optical, morphological, and chemical properties were Photocatalytic activity

characterized using XRD, FTIR, UV-Vis, and FESEM techniques. XRD analysis confirmed the \

hexagonal crystal structure of the nanoparticles, while FTIR identified stretching vibrations OPENg#_<\ ACCESS

corresponding to O-H, C-H, C=0, C-N, and Zn-S bonds. The UV-Vis analysis revealed an

optical band gap in the range of 5.2-5.4 eV. Photocatalytic performance tests under UVA light

demonstrated that Ag doping significantly enhanced the photocatalytic efficiency of ZnS

nanoparticles in degrading MB. Upon exposure to UVA light, the synthesized Ag-ZnS

nanoparticles achieved impressive decolorization efficiency within 25 minutes, compared to

35 minutes for pure ZnS. The findings indicate that Ag-ZnS is a highly promising photocatalyst

for the efficient removal of aqueous pollutants, including methylene blue dye.

© 2024 The Authors. Published by Synsint Research Group.
1. Introduction Photocatalytic technologies have emerged as a highly effective

solution for mitigating environmental degradation caused by

The global freshwater crisis has been identified as a significant pollutants [1-3]. Among these, semiconductor photocatalysis
challenge, with water stress expected to impact nearly every region stands out as a promising approach for degrading organic

worldwide shortly. Pollution, particularly in water contamination, contaminants Zinc sulfide (ZnS) photocatalysts,
disrupts ecosystem balance and leads to a host of water-related particular, have garnered attention for their ability to reduce the
illnesses. These illnesses range from infectious diseases like impact of hazardous waste. This study focuses on
waterborne and vector-borne infections to non-communicable photocatalytic degradation of methylene blue (MB), a synthetic
conditions caused by exposure to chemically polluted water, dye commonly used in industries such as textiles and leather
including anemia, migraines, and cancer risks. Addressing water that poses significant environmental and health risks
pollution is essential for safeguarding human health and ecosystems. released into water bodies without proper treatment [4-10].
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The advantages of this method include its high decomposition
efficiency, rapid pollutant degradation, and improved absorption due to
the nanoparticles' high surface-to-volume ratio. Under UV or visible
light, photons with energy equal to or greater than the semiconductor's
band gap excite electron-hole (e/h") pairs. These pairs generate
reactive oxygen species (ROS) like superoxide and hydroxyl radicals
on the photocatalyst's surface. These ROSs attack and degrade organic
pollutants near the catalyst, breaking them down into harmless
byproducts such as water and carbon dioxide [11-15]. Although ZnS is
a widely studied semiconductor photocatalyst, its high band gap energy
(3.54 V) and rapid e/h" recombination limit its efficiency. Strategies
to overcome these limitations include doping with metallic or non-
metallic substances, coupling semiconductors, using appropriate
supports, and synthesizing ZnS as nanoparticles to improve activity and
reduce recombination rates [4, 8, 10, 13, 16]. Unlike commonly
explored metal oxides requiring high-temperature calcination, metal
sulfides like ZnS can be synthesized under milder conditions, making
them environmentally advantageous. Moreover, their low water
solubility prevents the leaching of metal ions, reducing the risk of
secondary pollution [16-18].

The co-precipitation synthesis approach, which is more straightforward
and efficient than other synthesis techniques, is used to manufacture
zinc sulfide photocatalysis. The co-precipitation method is often
selected for the synthesis of materials due to its simplicity, cost-
effectiveness, and efficiency in controlling the chemical composition of
the final product. This method allows for precise tuning of
stoichiometry and offers a straightforward approach for scaling up
material production without the need for expensive or complex
equipment, unlike hydrothermal or sol-gel techniques. While the
hydrothermal method requires high temperature and pressure
conditions, and the sol-gel process involves additional steps such as
gelation and thermal treatment, co-precipitation can be conducted at
milder conditions, reducing processing time and costs. Additionally,
co-precipitation provides better control over the particle size and
morphology of the synthesized materials, which is crucial for various
applications in catalysis, energy storage, and environmental
remediation. This method is particularly advantageous when large
quantities of homogeneous nanoparticles or composite materials are
required. Furthermore, its adaptability to a wide range of precursor
materials makes it a versatile and widely applicable technique in both
research and industrial settings. Compared to hydrothermal and sol-gel
methods, co-precipitation’s efficiency, scalability, and simplicity offer
significant advantages, particularly when large-scale production and
economic feasibility are essential. Doping has emerged as a key
strategy for enhancing the photocatalytic efficiency of ZnS
nanostructures by tailoring their electronic and structural properties
[19-26]. For instance, doping with transition metals such as Fe, Ni,
Mn, and Co modifies the band gap, improving responsiveness to visible
light, while also enhancing light absorption and electron transport.
These modifications are critical for dye degradation applications [27—
29]. Dixit et al. reported an impressive photocatalytic efficiency of
93.06% for the degradation of RhB dye at an optimal Fe doping
concentration of 5%. This significant enhancement is primarily
attributed to the role of Fe ions in facilitating the capture and transport
of charge carriers, effectively minimizing recombination losses and
thereby improving the overall photocatalytic performance [27]. In
another study, Jothibas et al. [28] demonstrated that Ni doping
substantially enhances the performance of ZnS. It significantly boosts

photocatalytic activity, optimizes the band gap energy, as indicated by
a blue shift with varying Ni concentrations, and stabilizes the cubic
crystal structure, thereby improving structural integrity. These
modifications ensure the material's reliability and effectiveness for
long-term applications, particularly in environmental remediation and
optoelectronic devices [28]. In other research, Rajabi et al. [29]
revealed that incorporating 5% transition metal ions (Mn?", Co*", and
Ni*") into ZnS quantum dots significantly enhances their photocatalytic
activity, particularly in the decolorization of methyl violet dye. This
enhancement is achieved through modifications to surface states,
energy levels, and other intrinsic material properties, which collectively
boost photoreactivity. Additionally, these dopants mitigate undesirable
surface reactions, localize excitations, and facilitate efficient photon
energy transfer [29].

The co-precipitation synthesis technique was used in this work to
create ZnS and Ag-ZnS nanoparticles. Based on the structural and
morphological analysis, ZnS nanoparticles were effectively
synthesized. More significantly, the resulting Ag-ZnS nanoparticles
exhibit better photocatalytic activity and effective dye degradation
(e.g., methylene blue), which has a broad range of uses in water
treatment.

2. Materials and Methods
2.1. Materials

All chemical precursors were employed without further purification
because they were of analytical purity. Zinc acetate dehydrate
(Zn(CH5C0O0),.2H,0) with a purity of 99.9%, sodium sulfide (Na,S)
with a purity of 99.9%, and silver nitrate (AgNO;) as a dopant was all
bought from Sigma-Aldrich, and ethanol and deionized water was used
to produce aqueous solutions.

2.2. Synthesis of zinc sulfide (ZnS)

Synthesis of ZnS NPs was accomplished using the co-precipitation
technique. First, 5 g of zinc acetate dihydrate and 3 g of sodium sulfide
were each dissolved separately in 50 ml of deionized water, resulting in
concentrations of approximately 0.4 M for zinc acetate dihydrate and
0.7 M for sodium sulfide. The solutions were then stirred individually
using a magnetic stirrer for 30 min. The zinc acetate solution was then
gradually added to the sodium sulfide solution using a separating
funnel. A white precipitate was produced by mixing a room-
temperature sodium sulfide solution with a zinc acetate solution. The
solution was then supplemented with 2 at% silver nitrate and agitated
for another 30 min after being swirled for 1 h. Next, the precipitate
underwent washing, centrifugation, and drying at 80 °C for 24 hours.
Finally, zinc sulfide powder was produced by calcining the final
sample for 1 h at 800 °C. Fig. 1 shows a simplified flow diagram of the
synthesis process.

2.3. Characterization

XRD analysis (Bruker D8-Advance) was employed to identify the
crystal structure of the nanopowder using Cu Ka radiation
(L =1.5406 A) in which powders were scanned from 20 ° to 80 °. Field
emission scanning electron microscopy (FESEM-TESCAN), operating
at an acceleration voltage of 15 kV, was employed to study the
morphology and size analysis of nanopowders. Vibrational modes and
functional groups were examined using FTIR spectra (Perkin—Elmer
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Fig. 1. Synthesis of zinc sulfide nanopowders.
Model 1800-USA). UV-visible spectrophotometer (Perkin-Elmer Ag-ZnS nanoparticles were formed. The introduction of Ag ions into

LS-5) in the 200 nm to 400 nm spectral range was employed to
investigate the transmission spectrum of ZnS nanoparticles.

3. Results and discussion
3.1. X-ray diffraction (XRD)

The diagram of ZnS and ZnS doped with silver (Ag-ZnS) X-ray
diffraction (XRD) patterns is shown in Fig. 2. In the hexagonal wurtzite
structure of ZnS, the peaks are indexed to the (100), (002), (101),
(102), (110), (103), (200), (112), (201), (202), (203), and (210) planes.
Reference card (JCPDS card no. 96-901-3413) shows a typical
diffraction pattern with crystal lattice constants of a = 0.382 and
¢ = 0.626, which matches this structure. According to Fig. 2, there is a
clear change in the peak locations and intensity after the Ag ion doped
into the ZnS lattice, suggesting that the lattice has been distorted. This
change in peaks indicates that the doping process was effective and that

the ZnS increases peak intensity, indicating enhanced
crystallinity and the successful substitution of Ag ions within the ZnS
lattice. The XRD pattern of Ag-doped ZnS shows a slight shift of the
(100) and (101) peaks towards higher 20 angles. This shift can be
attributed to lattice contraction caused by the larger ionic radius of Ag"
(1.29 A) compared to Zn** (0.74 A). This observation confirms the

successful substitution of Ag” for Zn** in the ZnS crystal lattice without

lattice

altering its hexagonal structure [17].

Scherrer's equation (Eq. 1) was employed to calculate the average
crystallite size of the synthesized samples. This technique comprises
the use of the X-ray diffraction angle (0) and the width at
half the height of the principal peak (B) to determine the average
crystal size based on three peaks with the greatest intensities. To
determine the size of the crystallite, denoted by the letter 'D', in
nanometers, the formula that follows should be used, where 'K'
represents the shape factor of the normal crystallite, which is generally
0.9 17, 30]:
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Fig. 2. XRD spectra of pure ZnS and Ag-doped ZnS and comparison of spectra.
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Table 1. Determination of crystallite size of samples.

Sample 20 (°) FWHM (full width at D (nm)
half maximum)
28.5646 0.1771
ZnS 47.5511 0.2362 38.56
56.3899 0.2952
28.2331 0.2362
Ag-ZnS 47.5010 0.2952 32.95
56.5373 0.2952
Kx
- BcosO M

The average particle size for pure ZnS was evaluated to be 38.56 nm,
whereas for Ag-ZnS nanoparticles samples it was 32.95 nm, and other
structural parameters of samples are reported in Table 1 [13, 17]. When
Ag ions are doped into the ZnS lattice, they typically result in smaller
crystallite sizes due to the difference in ionic radii. These changes can
be attributed to lattice contraction caused by the larger ionic radius of
Ag" (1.29 A) compared to Zn*" (0.74 A).

3.2. Fourier transform infrared spectroscopy (FTIR)

Multiple distinct vibrational modes, corresponding to different
functional groups and bonding structures, are seen in the Fourier
transform infrared spectra of both ZnS and Ag-doped ZnS (Ag-ZnS) in
Fig. 3 and also, the frequencies of all vibrational bands that were
analyzed are presented in Fig. 3. The FTIR spectrum of ZnS shows that
the stretching vibrations of O-H, C-H hydrocarbon, C=0, C-N, and
Zn-S are at 3450 cm™', 2900 cm™!, 1637 cm™, 1095 cm™, and 624 cm,
respectively. The presence of these peaks indicates various functional
groups and contaminants in the ZnS sample [8, 9, 16]. Compared to the
undoped ZnS, the FTIR spectrum of the Ag-doped ZnS illustrates
noticeable changes in peak intensities and shifts. The little change in
the O-H stretching vibration peak from 3450 cm™ in ZnS to 3429 cm™
in Ag-ZnS indicates that the hydrogen bonding environment has
changed because of the addition of Ag ions. A slight shift in the C=O
stretching peak from 1637 cm™ to 1640 cm™ indicates that the carbonyl
groups within the structure are interacting with Ag ions. The bonding

Transmittance (a. u.)

=
é

Ag-ZnS

ZInS

environment of nitrogen-containing groups changes as a result of the
doping procedure, as the C—N stretching vibration peak moves from
1095 cm™ in ZnS to 1115 cm™ at Ag-ZnS.

The C—H hydrocarbon stretching peak at 2900 cm™ does not occur in
the Ag-ZnS sample, which is a notable discrepancy between the
spectra. The fact that these hydrocarbon contaminants were not present
in the initial ZnS sample implies that the doping procedure with Ag
ions may have eliminated or changed them. Enhanced catalytic activity
or interactions that promote the decomposition of organic contaminants
might be the reason why the addition of Ag ions could make it easier to
break down or remove these hydrocarbon groups [10, 13, 17]. By
comparing the two FTIR spectra, it is clear that the vibrational modes
and bonding structures inside the ZnS material undergo substantial
modifications due to Ag doping.

Changes in peak locations and the loss of the C—H hydrocarbon peak
demonstrate how Ag ions affect ZnS's chemical environment and
structural characteristics. These modifications are caused by variations
in the chemical composition and bonding structure brought about by
Ag ion interactions with different functional groups. Alterations in the
FTIR spectra confirm the XRD-observed structural and compositional
alterations, adding further proof that Ag doping affects the ZnS

nanoparticles' characteristics [17].

3.3. FESEM images

The morphological properties and particle size distributions of pure
ZnS and Ag-doped ZnS are shown in Fig. 4. Fig. 4a, the FESEM
picture of the ZnS sample, reveals a very even dispersion of particles
ranging in shape from spherical to hexagonal. The image histogram of
particle size distribution shows that most particles are around 150 nm
on average. The morphology indicates that the crystalline structures
were well synthesized since there was little agglomeration. There don't
seem to be any major flaws in the crystal development, as the surface is
smooth [10, 17]. Fig. 4b shows that the Ag-doped ZnS sample also
contains particles with spherical and hexagonal forms in the FESEM
picture. Yet, the histogram of particle sizes shows that the average size
has dropped to around 125 nm. It is hypothesized that the inclusion of
Ag ions leads to a reduction in particle size, resulting in the formation
of nanoparticles that are smaller than before. The presence of Ag ions
may cause lattice distortions and additional surface defects, as shown in

@
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4000 3500 3000

T T T T
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Fig. 3. FTIR spectra of pure ZnS and Ag-doped ZnS.
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Fig. 4. FESEM images and particle size distributions of a) ZnS and b) Ag-ZnS nanopowders.

the significantly rougher surface morphology of Ag-ZnS nanoparticles
compared to the pure ZnS sample [25, 26]. The FESEM study shows
that Ag doping changes the structural parameters of ZnS nanoparticles,
showing that Ag may change the shape and size of the particles, which
is important for uses that need certain nanoparticle qualities.

3.4. UV—-vis

In the UV technique, the absorption spectrum is measured in the
ultraviolet region, allowing the determination of the electron spectrum
of a substance through ultraviolet absorption spectroscopy.
This process involves electron transfer due to the interaction of
ultraviolet rays with the substance. Using Planck’s equation
(ahv=A(hv—Eg)"), the band gap characteristic of the synthesized
nanoparticles was examined. UV absorption spectrum provided the
wavelength of maximum absorption for the sample that is
shown in Fig. 5a & b. The optical absorption edge for ZnS and
Ag-ZnS was measured at 230 nm and 250 nm, respectively, with
corresponding optical band gaps calculated as 5.2 eV and 5.4 eV

[13, 17, 31, 32]. Based on these results, by doping Ag" ions, the
optical band gap energy has increased. It is well-known that,
because of quantum confinement effects, the optical band gap of
semiconductor nanostructures is enhanced as the particle size
decreases.

3.5. Photocatalytic activity

The photocatalytic performance of the ZnS and Ag-ZnS samples was
evaluated by measuring the degradation rate of methylene blue dye
when exposed to UVA light. To conduct this investigation,
0.005 grams of the synthesized sample were prepared with blue-
colored solutions (Co = 0.020 g/l). These solutions were dissolved in
neutral pH and placed in separate containers with an initial volume of
50 ml each, positioned 20 cm from the UV lamp. The solutions were
stirred vigorously for 15 minutes before light irradiation to achieve
absorption/desorption equilibrium.

Once the UV lamp was turned on, stirring continued, and 5 ml samples
were taken at 5-minute intervals from the mother solution for ZnS and
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Fig. 5. UV-vis absorbance spectra band gap energies for a) pure ZnS and b) Ag-doped ZnS nanopowders.

Ag-ZnS. The samples were centrifuged at 5000 rpm to settle the
photocatalyst nanoparticles. The UV absorption spectra of the
methylene blue solution, catalyzed by the synthesized samples showed
a decrease in absorption intensity with increasing reaction time. For
ZnS, within 35 minutes, and for Ag-ZnS, within 25 minutes, the
absorption intensity of methylene blue significantly decreased,
indicating that both pure and dope samples effectively decomposed the
organic dye in the solution (Fig. 6).

Important alterations in the absorption properties are noted with
Ag doping. Ag-doped zinc sulfide has enhanced the photocatalytic
efficiency of pure ZnS. Incorporating silver (Ag) into zinc sulfide
(ZnS) significantly enhances its photocatalytic activity through
various mechanisms. Silver nanoparticles improve light absorption via
localized surface plasmon resonance (LSPR), enabling ZnS to
utilize a broader light spectrum, particularly in the visible range.

1/2 4

ZnS

1/0 4

s .
0 min

Absorption (a. u.)

35 min

400 500 600 700 800 900

‘Wavelength (nm)

Ag also serves as an electron sink, capturing photoexcited electrons
and reducing electron-hole recombination, which boosts photocatalytic
efficiency. The formation of Ag-ZnS heterojunctions creates an
electric field that further aids charge separation. Additionally,
Ag increases the surface area available for catalytic reactions and
can modify the electronic structure of ZnS, potentially reducing
its band gap. These combined effects result in a marked
improvement in the photocatalytic activity of ZnS, making it more
effective for applications like environmental cleanup and hydrogen
production.

Also, the performance results of the decolorization of
methylene blue by the synthesized ZnS and Ag-ZnS samples are shown
in Fig. 7. The pure ZnS shows 86% degradation efficiency after
35 min, while Ag-ZnS demonstrates 91% degradation efficiency in

25 minutes.
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Fig. 6. UV-VIS absorption spectrum of methylene blue solution catalyzed by ZnS and Ag-ZnS.
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Fig. 7. Decolorization performance of the samples under UV light irradiation.

4. Conclusions

In conclusion, this research explored the impact of silver (Ag) on zinc
sulfide (ZnS) semiconductors in facilitating the photocatalytic
degradation of methylene blue under UV light exposure. The doped
silver enhanced the photocatalytic activity compared to pure zinc
sulfide (ZnS). Additionally, the Ag-ZnS sample made using the co-
precipitation approach performed better than the other methods, as
demonstrated by the photocatalytic findings. Lastly, under UV
illumination, the Ag-ZnS photocatalyst that had been tuned could also
efficiently break down methylene blue (MB) in aqueous pollutants.
This research might lead to new avenues for enhancing ZnS-based
nanoparticles' photocatalytic capabilities for the treatment of
wastewater and water.
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