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ultraviolet-visible (UV-Vis) spectroscopy, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and X-ray diffractometry (XRD) were
employed. The XRD analysis confirmed the cubic symmetry of the synthesized NPs.
SEM analysis revealed that the nanoparticles tend to aggregate, forming clusters of

keywords: nanoparticles. TEM analysis illustrated that the ZnS nanoparticles exhibit a spherical
Nanoparticles; UV visible morphology with uniform size distribution. Additionally, Fourier-transform infrared
spectrophotometer; methylene blue; uv (FTIR) analysis exhibited a vibrational peakat 616 cm1. The degradation of methyl blue
and visible irradiation was investigated using a UV-Vis spectrophotometer as part of the study.

1. Introduction

The importance of creating efficient and sustainable wastewater treatment techniques today
cannot be emphasized, with environmental issues taking center stage in scientific and cultural
debates. Synthetic dyes are one of the numerous toxins that pose aserious riskto aquatic ecosystems
and human health. Textile, pharmaceutical, and paper industries all utilize these colors extensively
[1]. Methylene blue (MB), a dye infamous for its persistence and resistance to traditional treatment
approaches, is one well-known example of such contaminants. As a result, there is a pressing need
for creative and ecologically benign methods to lessen the effects of such contaminants. One
interesting route is the use of photocatalytic techniques that make use of various nanoparticles [2].

Recently, the idea of photocatalysis, a chemical reaction sparked by photon absorption by
semiconductor materials, has attracted interest as an effective and environmentally friendly way to
remove organic contaminants from water [3]. As it examines the breakdown of the well-known
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pollutant, MB dye, this introduction will dig into the principles of photocatalysis and the fascinating
world of nanoparticles [4].

To create and then recombine electron-hole pairs, photons must first be absorbed by a
semiconductor material, which is the basis of photocatalysis. The process is driven by this core
mechanism, which creates extremely reactive hydroxyl (¢OH) radicals with outstanding oxidative
properties that may successfully mineralize organic molecules [5]. Due to their adequate bandgap
energies and photostability, semiconductors like zinc oxide (ZnO), zinc sulfide (ZnS), and titanium
dioxide (TiO2) have received a lot of attention in the field of photocatalysis [6].

However, the distance between photogenerated electron-hole pairs and the catalyst's surface
area has a significant impact on photocatalysis's effectiveness. The inclusion of nanoparticles is
crucial at this point. Nanoparticles offer an abundance of active sites for accelerating photocatalytic
processes because of their extraordinarily high surface area-to-volume ratio [7]. Additionally, due to
their small size, they may effectively separate electron-hole pairs, reducing the chance of
recombination and increasing the activity of the photocatalyst. Due to this special property,
numerous nanoparticle kinds are being investigated as co-catalysts in photocatalytic systems meant
to degrade MB dye. These include carbon-based nanoparticles, metal nanoparticles, and
nanoparticles made of metal oxide [8].

Numerous aspects support the adaptability of nanoparticle selection in photocatalytic processes.
When coupled with semiconductors, noble metal nanoparticles like gold (Au) and silver (Ag) have
demonstrated astounding photocatalytic capabilities [9]. Due to their localized surface plasmon
resonance (LSPR), these nanoparticles can absorb light in the visible spectrum, unlike most
semiconductors, further increasing their usefulness. Additionally, some metals have special electrical
properties that make charge transfer processes easier, increasing the effectiveness of dye
degradation overall [10].

ZnS is one example of a metal sulfide nanoparticle that stands out for its stability and capacity to
be customized in terms of size, shape, and crystal structure to suit a variety of applications. Because
of their characteristics, they make excellent photocatalytic candidates for the removal of MB dye and
other pollutants [11]. Meanwhile, due to their high electrical conductivity, carbon-based
nanoparticles like graphene and carbon nanotubes hasten electron transport processes, increasing
photocatalytic performance [12].

Through doping with other elements, the properties of ZnS, a semiconductor, can be improved,
further increasing the efficiency of photocatalytic materials. By adding more energy levels to the
bandgap, this doping technique reduces the rate of recombination by effectively trapping
photogenerated hole pairs [13]. ZnS nanoparticles are given optical and luminous capabilities by
transition metal doping, which includes elements like Ni, Cu, Zr, Mn, Co, and Fe [14]. This expands
the range and applications of ZnS nanoparticles. X-ray diffraction (XRD), transmission electron
microscopy (TEM), and scanning electron microscopy (SEM) are common methods used to
characterize synthesized nanoparticles [15].

The ability of pure ZnS nanoparticles, Ni-doped ZnS nanoparticles, and Cu-doped ZnS
nanoparticles to destroy methylene blue dye under various exposure times, both in the presence of
UV and visible light, is evaluated as the photocatalytic efficacy of these materials [16].

2. Methodology
2.1 Synthesis

All of the chemicals utilized to make pure ZnS nanoparticles and doped ZnS nanoparticles were
of analytical quality and required no additional purification before use. At room temperature, a
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simple chemical co-precipitation approach was used to produce both pure ZnS nanoparticles and
doped ZnS nanoparticles [17]. Precipitation of 0.1M zinc sulfide (0.8972gm of ZnSO4.H,0 in 50ml of
deionized water) and 0.1M sodium sulfide (0.6604 gm of NazS in 50ml of deionized water) yielded
the pure ZnS nanoparticles.

While stirring at 300 rpm, 0.1M zinc sulfide solution was added drop by drop from a burette
containing 0.1M sodium sulfide solution. To regulate crystallinity, 1 g of PVP was added to the process
as a capping agent with zinc sulfate.

Facilitates development and prevents clustering. After the process, a white precipitate
developed. Two hours were spent agitating the solution at a steady rate of rotation. The reaction
precipitate is collected and then centrifuged at 5000 rpm for 20 minutes to remove any remaining
solids. Sonication is used to redisperse the ZnS nanoparticles that had settled to the bottom of the
centrifuge tubes back into the deionized water. To getrid of any lingering contaminants or unreacted
compounds, this procedure is done many times. Once the precipitate has been gathered, it is dried
in a hot air oven. Then, using a mortar and pestle, they reduced the sample to a powder. Synthesis
of zinc sulfide nanoparticles by chemical reaction

ZnS0, + Na,S - ZnS + Na,SO0, (1)

Zinc sulfide is doped with the salts of transition metals. For Ni-ZnS, NiClz, and Cu-ZnS, CuSQOgs is
added along with zinc sulfide. All other stages of synthesis are unaltered.

2.2 Characterization

To meticulously conduct a thorough characterization of the synthesized Pure ZnS, Ni-doped ZnS,
and Cu-doped ZnS nanoparticles, a variety of approaches were meticulously used [18]. First and
foremost, the crystal structure of both undoped and doped ZnS nanoparticles was carefully examined
using X-ray diffractometry (XRD). This in-depth investigation was carried out using a cutting-edge,
Rikagu Ultima IV, X-ray diffractometer that was precisely operated at 40 kV and 40 mA with a
wavelength of (1=1.5406 A). The diffraction patterns that were recorded covered an extensive
angular range 26, from 20° to a significant 80°.

At the same time, the morphological characteristics of these nanoparticles were painstakingly
revealed by the clever use of Field Emission Scanning Electron Microscopy (FESEM). In this study, the
cutting-edge, FEI Nova NanoSEM 450, device was skillfully used, enabling the collection of high-
resolution morphological data of these nanoscale particles. Additionally, using Fourier-Transform
Infrared (FT-IR) spectroscopy, a thorough evaluation of these nanoparticles' vibrational properties
was methodically carried out.

Lastly, the optical absorption spectra were painstakingly recorded and examined using the state-
of-the-art LABINDIA UV-3000 spectrophotometer, shedding light on the optical properties of the
nanoparticles and their potential applications across the electromagnetic spectrum. These spectra
covered a broad spectral range from 200 to a significant 800 nm.

2.3 Photocatalytic Degradation
The degradation of methylene blue dye was carefully studied to determine the photocatalytic

activity of both doped (Ni-ZnS and Cu-ZnS) and undoped (ZnS) nanoparticles under two different
irradiation conditions: UV (27 watts) and visible (50 watts).
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This experiment was conducted in a solution comprising 80 mg of ZnS, Ni-ZnS, and Cu-ZnS
nanoparticle catalyst carefully mixed with 5 mg per ml of methylene blue dye (MB dye), assuring
extensive dispersion through constant stirring. Approximately 4ml of the reaction mixture was
painstakingly removed at predetermined intervals of 0, 30, 60, 90, 120, 150, and 180 minutes. These
extracted materials were then put through a demanding centrifugation procedure that involved
spinning at 5,000 revolutions per minute for 20 minutes.

A UV-visible spectrophotometer was used to examine the methylene blue dye degradation with
extreme care and precision, giving a thorough evaluation of the changes in dye concentration over
time and shedding light on the efficiency of the photocatalytic process under both ultraviolet and
visible irradiation conditions.

2.3.1 Mechanism for photocatalytic degradation

When a semiconductor photocatalyst is exposed to high-energy UV irradiation photons, the
photocatalytic degradation pathway starts [19]. These photons have energies above the
semiconductor photocatalyst's band gap energy, which causes the material to produce electrons (e-
) in the conduction band (CB) and holes (h+) in the valence band (VB), as shown by Eq. (2)

(ZnS) + hv > e~ (CB) + h+ (VB) (2)

Several critical processes in the degradation process are started by these newly created charge
carriers. Reactive oxygen species (O2) are produced as a result of interactions between electrons in
the conduction band and oxygen molecules (0z), as shown by Eq. (3)

(e7)+0, -0, (3)

Eqg. (4) shows what happens when holes in the valence band simultaneously react with water
molecules (H20) to produce hydroxyl radicals (OH) and protons (H+)

(h+)+ H,0 > OH +H + (4)

Furthermore, when the semiconductor photocatalyst is doped with ions like Mn2+, the holes (h+)
may also interact with the dopant ions, resulting in the creation of different oxidation states of
manganese ions (Mnn+), as illustrated in Eq. (5)

(from doped ZnS) + h+—- Mnn + (5)

The significance of photo-generated charge carriers in promoting the photocatalytic destruction
of target pollutants is highlighted by this complex mechanism.

2.3.2 Calculation of degradation rate

The photocatalytic degradation rate was subsequently calculated using the following formula

Degradation rate (%) = (A‘;—_A) x 100 (6)

0
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3. Results and Discussion
3.1 X-Ray Diffraction Analysis (XRD)

Figure 1 carefully illustrates the X-ray diffraction (XRD) patterns of pure, Cu-doped, and Ni-ZnS
nanoparticles. With unique reflections corresponding to the Miller planes (111), (220), and (311) seen
at 20 of about 28.6°, 47.8°, and 56.6°, respectively, these patterns unambiguously show three well-
defined peaks across all samples. Notably, the XRD examination conclusively demonstrated the cubic
zinc blend structure present in all samples, confirming the crystalline nature of ZnS.

It's important to note that the addition of impurity atoms of Copper (Cu) and Nickel (Ni) to the
ZnS crystal lattice structure did not result in any observable new peaks in the XRD patterns,
confirming their seamless integration into the ZnS lattice [20]. In addition, there was a small
broadening of the XRD peaks, which is a phenomenon brought on by the presence of nanoparticles.
Notably, the action of the added metal impurities resulted in a small size reduction of the ZnS
nanoparticles. The different ionic radii of various elements, where Zn?*, Ni2*, and Cu?* ions possess
radii of 0.74, 0.69, and 0.73 respectively, may be responsible for this phenomenon. The decreased
ionic radius of Zn%* in comparison to the dopants may be the cause of this size reduction.

The Debye-Scherrer formula was carefully used to obtain the average crystallite size

_ ka
- Bcos6 (7)

where d stands for the nanocrystals' diameter, k is a constant (with a value of about 0.9), A stands
for X-rays' wavelength (1=1.54056A), B is the full-width half maximum (FWHM), and O is the Bragg’s
angle. This formula was carefully used to calculate the average crystallite size, which revealed a range
of 3 nm, indicating the nanoscale nature of the synthesized materials.
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Fig. 1. XRD of ZnS, Cu-ZnS, and Ni-ZnS nanoparticles
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3.2 Field Effect Scanning Electron Microscope (FESEM)

With the use of field effectscanning electron microscopy (FESEM), the morphology of both doped
and undoped ZnS nanoparticles is shown in Figure 2(a), (b), and (c). These FESEM pictures, which are
shown in the aforementioned figure, provide important information about the structural traits of the
under-researched nanoparticles.

The pictures show the nanoparticle's size to be in the range of 30 nm in size. The diversity of the
nanoparticle population is highlighted by this size difference, which is interesting given the possible
effects it may have on various attributes and applications.

100 nm EHT = 1500 kV Signal A = InLens. Date 28 Aug 2023 ZEISS
H WD = 8.0 mm Mag = 10000 K X Time :12:26.06

EHT = 1500 &V
WD = 9.0 mm

(b)
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Fig. 2. SEM images of (a) Cu-Zns, (b) Ni-ZnS, (c) Pure ZnS

The SEM study revealed different morphologies for these nanoparticles, with spherical shapes
and good size distribution. Notably, these nanoparticles have a propensity to group and create
fascinating clusters and configurations. The intricacy of their possible applications and functional
features is further increased by this aggregation process, which has a substantial impact on how they
behave and interact in various settings.

3.3 Transmission Electron Microscopy (TEM)

The findings of a Transmission Electron Microscopy (TEM) investigation on both doped and
undoped ZnS nanoparticles are shown in Figure 3. These TEM pictures provide crucial insights into
the morphology and size of the nanoparticles by vividly illustrating their structural characteristics.

It is clear from the TEM pictures that the nanoparticles maintain an impressive level of size
uniformity. A constant and well-defined spherical form dominates the detected nanoparticles. This
consistency in both size and shape highlights the accuracy of the synthesis procedure and is an
indication of the homogeneity attained in the population of nanoparticles.

Surprisingly, the TEM investigation conclusively determined that these nanoparticles’ average
size isonly 3 nm. This nanoscale dimension is especially remarkable because it has important effects
on the characteristicsand prospective uses of nanoparticles, especiallyin areaslike catalysis, sensing,
and nanocomposite materials.
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3.4 Fourier Transform Infrared Spectroscopy (FTIR)

To learn more about the composition of the nanocomposites made up of Ni-ZnS nanoparticles,
Cu-ZnS nanocomposites, and virgin ZnS, we explore the Fourier-Transform Infrared (FTIR) spectra in
Figure 4.

Intriguingly, a detailed examination of these spectra revealed unique peak wavenumbers in pure
ZnS, N-ZnS nanoparticles, and Cu-ZnS nanocomposites, respectively, at 1071, 616, 576cm™. These
different peaks act as definite markers of particular functional groups that are present in the
materials. The peak at 1071 cm™, for instance, denotes the bending vibration of C-O bonds, while the
peak at 616 cm™ denotes the stretching vibration of Zn-S bonds. In addition, the peaks at 576cm™
represent N-C=0. This thorough spectral analysis gives the materials under inquiry a precise
molecular fingerprint that reveals information about their chemical makeup and structural
characteristics.

A noteworthy finding from the FTIR spectra is that there don't seem to be any noticeable
differences between the spectra of Cu-ZnS nanocomposites and Ni-ZnS nanoparticles. This modest
fluctuation underlines the accuracy of the FTIR analysis in detecting even minute variancesand draws
attention to the intricacies in the chemical composition of these nanocomposites.

Furthermore, strain vibrations inherent to ZnS are captured in the FTIR spectrum at 616 cm?,
adding to our knowledge of the material’s structural features.
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Fig. 4. FTIR analysis of ZnS, Cu-ZnS and Ni-ZnS nanoparticles

3.5 Optical Studies

Investigations into the optical characteristics of Pure ZnS, Ni-ZnS, and Cu-ZnS nanoparticles, as
well as their related absorption spectra, have shown intriguing occurrences that merit careful study.

A noticeable and unique absorption edge conspicuously arisesthroughout the absorption spectra
at 323 nm (refer to Figure 5). Notably, this edge changes slightly but noticeably towards the blue end
of the spectrum when transition metals are injected. It's interesting to note that this shifting
phenomenon does not appear to be significantly impacted by the specific sort of doping used. A
distinctive feature of the quantum confinement effect, this shift in the absorption edge is a sign of
significant changes in the electronic structure of the nanoparticles.
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Fig. 5. UV visible spectra of ZnS, Ni-Zns, Cu-ZnS nanoparticles
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Fig. 6. Bandgap of ZnS, Ni-Zns, Cu-ZnS nanoparticles

A Tauc’s plot method was skillfully used to quantitatively determine these changes in electrical
characteristics, allowing the exact calculation of band gap values (refer to Figure 6). Surprisingly, this
research showed that the band gap for pure Ni-ZnS nanoparticles was roughly 5.42 eV, whereas the
band gap for Cu-ZnS nanoparticles showed a range extending from 5.46 eV. In sharp contrast to the
bulk ZnS band gap of 5.36 eV, these computed band gap values provide evidence of the substantial
influence of quantum confinement phenomena within the nanoparticles.

The application of a complex equation, as shown below, allowed for the derivation of
nanoparticle size

1 1 1.8¢€%
+ |-

h2

4me gy

Where, E(r) in this equation stands for the band gap of the nanoparticles, whereas Epuik stands for
the band gap of the bulk substance. The symbols for the effective masses of electrons and holes are
me and mn, respectively. Though its effect is relatively small, it is significant that the third part of the
equation includes an explanation for electron-hole attraction.

The diameter of the nanoparticles is approximated using this equation, and it turns out that they
are about 3 nm in size. This dimension, which represents the significant influence of doping on
nanoparticle dimensions and is probably influenced by quenching processes during the formation
process, is particularly noteworthy. These discoveries highlight the fascinating potential of these
materialsacross a range of industrial applications by shedding light on the complex interplay between
material properties and quantum phenomena in the nanoscale domain.
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Fig. 7. Photocatalytic degradation of Pure ZnS by UV
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Fig. 9. Photocatalytic degradation of Ni-ZnS by UV

The UV absorption spectra shown in Figures 7, 8, and 9 illustrate the photodegradation process
for pure ZnS, Cu-ZnS, and Ni-ZnS, respectively. These spectra were taken atvarious time points. These
spectra act as priceless diaries, providing a vivid depiction of the changing chemical changes taking
place during the photodegradation process.

Intriguingly, more than just spectrum analysis has been used to explain the photocatalytic
breakdown of methylene blue (MB) in the presence of all ZnS nanoparticles. It includes a thorough
analysis of the corresponding photocatalytic degradation curves, illuminating the effectiveness of
these nanoparticles in MB degradation.

These investigations revealed an interesting finding: all samples showed substantial MB
degrading activity, above the 40% cutoff. Ni-ZnS nanoparticles displayed an exceptional degrading
efficiency within the first 30 minutes of exposure, reaching a remarkable percent. The samples with
dopants showed significant degradation efficiencies as well. Surprisingly, these three samples
displayed a predictable pattern of behavior that closely matched the trends found in the
photodegradation data.

These results highlight the amazing photocatalytic capacity of the synthesized nanoparticles,
highlighting their efficiency in MB degradation and advancing our knowledge of their catalytic
abilities.

12
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Fig. 10. Photocatalytic degradation of Pure ZnS NP by visible irradiation
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Fig. 11. Photocatalytic degradation of Cu-ZnS NP by visible irradiation
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Fig. 14. Photocatalytic degradation of MB dye in the presence of visible irradiation

The absorption spectra for pure ZnS, Cu-ZnS, and Ni-ZnS nanoparticles, respectively, when
exposed to visible light irradiation during varied periods ranging from 0 to 180 minutes, are
comprehensively explored visually in Figures 10, 11, and 12. These spectrum representations offer
priceless insights into the photodegradation mechanisms taking place inside these nanoparticles.

These spectra lead to an important finding since they unambiguously show the gradual
photodegradation process. A noticeable decrease in absorption occurs as the exposure time
increases, indicating the system's methylene blue (MB) dye is gradually deteriorating. The ongoing
chemical reactions at work are captured by this dynamic shift in absorption spectra, providing an
arresting visual account of the photodegradation process.

From Figures 13 and 14, it is clear that as uv and visible irradiation time increase percentage of
degradation increases. Furthermore, a thorough analysis of the accompanying photocatalytic
degradation performance results in a greater comprehension of the photocatalytic prowess of these
nanoparticles in degrading MB. Surprisingly, the research shows that every sample showed strong
MB degrading activity, exceeding the important 50% criterion. In this regard, it is interesting that
doped ZnS nanoparticles demonstrated the best efficiency, than pure ZnS. These three samples,
encouragingly, had a consistent behavioral pattern that closely mirrored the trends shown in the
photodegradation data, supporting the consistency and repeatability of the reported photocatalytic
effects.

These results advance our knowledge of the catalytic functions of the synthesized nanoparticles
under visible light irradiation and reveal the remarkable photocatalytic abilities of the synthesized
nanoparticles, making them ideal candidates for the effective degradation of MB.

15
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4. Conclusion

Researcherscan learn more about how nanoparticles, such as pure ZnS, Cu-ZnS, and Ni-ZnS, affect
the photodegradation of the methylene blue (MB) dye by analyzing their absorption spectra when
exposed to visible and UV radiation. A recurring pattern in the absorption spectra indicated the
degradation of MB dye, showing a progressive decrease in absorption intensity over time, across
various nanoparticles, and under various irradiation wavelengths. This declining absorption intensity
correlates with continued exposure, demonstrating the efficiency of the photocatalytic process. With
the help of these absorption spectra, different photocatalytic degradation curves can be derived,
providing insight into how MB degrades when Cu/Ni-ZnS nanoparticles are present. These results
show a linear decrease in absorption intensity with time, supporting the idea that Cu/Ni-ZnS
nanoparticles have strong photocatalytic activity against the model dye pollutant MB. This in-depth
study highlights the importance of photocatalysis based on nanomaterials in resolving the problems
caused by organic dye pollution while emphasizing the potential of Ni-ZnS as a practical choice for
photocatalytic degradation applications.
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