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ABSTRACT

Zinc sulfide (ZnS) ceramic materials were successfully synthesized using a sol-gel method followed by
thermal annealing at 500 °C and 700 °C to investigate the influence of annealing temperature on their
structural, morphological, optical, vibrational, and antibacterial properties. X-ray diffraction (XRD) analysis
confirmed the formation of a highly crystalline single-phase cubic zinc blende ZnS structure without
detectable secondary phases. Thermal annealing significantly enhanced crystallinity, increased the average
crystallite size from approximately 18.6 nm to 36.5 nm, and reduced lattice microstrain and dislocation
density, indicating improved structural ordering. FESEM observations revealed uniformly distributed nearly
spherical nanoparticles with average particle sizes increasing from approximately 42 nm to 81 nm after
annealing, while EDX and elemental mapping verified the homogeneous distribution of Zn and S with high
compositional purity. Optical characterization demonstrated excellent transparency exceeding 85% in the
visible region together with a slight reduction in the direct optical band gap from 3.80 eV to 3.72 eV,
attributed to crystal growth and reduced structural defects. FTIR spectra confirmed the formation of
characteristic Zn-S stretching and bending vibrations, whereas Raman spectroscopy identified the principal
phonon modes of cubic ZnS and demonstrated progressive narrowing of Raman peaks with decreasing full
width at half maximum, confirming enhanced lattice ordering after annealing. The antibacterial performance
was evaluated against Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Bacillus subtilis,
and Klebsiella pneumoniae using both the Agar Disc Method (ADM) and Spread Plate Method (SPM). The
inhibition zone diameter increased continuously with ZnS concentration, while bacterial colony counts
decreased markedly, achieving antibacterial efficiencies exceeding 99.999% at the highest concentration for
most bacterial strains. Statistical analysis confirmed highly significant concentration-dependent antibacterial
activity (p < 0.001) together with an excellent negative correlation between ADM and SPM results (r =
—0.99). These findings demonstrate that thermally annealed ZnS ceramics possess outstanding structural
quality, desirable optical characteristics, and excellent broad-spectrum antibacterial activity, making them
promising candidates for antimicrobial coatings, biomedical devices, healthcare materials, environmental
disinfection, and water treatment applications.

KEYWORDS: ZnS ceramics; Sol-gel synthesis; Optical properties; Antibacterial activity; Thermal
annealing.

INTRODUCTION

Zinc sulfide (ZnS) is one of the most extensively investigated 11-VI semiconductor ceramic materials owing
to its unique combination of optical, electrical, and chemical properties [1-3]. ZnS possesses a wide direct
band gap (approximately 3.6-3.8 eV), high optical transparency in the visible region, excellent chemical
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stability, high refractive index, low dielectric constant, and good thermal resistance [4-6]. These outstanding
characteristics have made ZnS an important functional ceramic for numerous technological applications,
including optoelectronic devices, optical windows, infrared sensors, light-emitting diodes (LEDS),
photodetectors, photocatalysts, phosphors, solar energy devices, biosensors, and antimicrobial coatings [7-
10]. Moreover, ZnS is considered an environmentally friendly semiconductor because of its relatively low
toxicity compared with many heavy-metal-based semiconductors, making it particularly attractive for
biomedical and environmental applications [11, 12]. Various synthesis techniques have been employed to
prepare ZnS ceramics and nanostructured materials, including solid-state reaction, hydrothermal synthesis,
chemical precipitation, microwave-assisted synthesis, solvothermal processing, chemical vapor deposition,
and sol—gel processing [13-15]. Among these methods, the sol—gel technique has emerged as one of the
most attractive approaches because it provides excellent compositional homogeneity, precise stoichiometric
control, high purity, low processing temperature, ease of scale-up, and relatively low fabrication cost [16,
17]. Furthermore, the sol-gel process enables the production of highly uniform powders that can be
pelletized and thermally treated to obtain dense ceramic materials with improved crystallinity and controlled
microstructures [18-20].

Thermal annealing is a crucial processing step that significantly influences the physical and functional
properties of ZnS ceramics [21, 22]. During annealing, atomic diffusion promotes crystal growth, eliminates
structural defects, reduces internal stresses, and enhances crystallinity [23, 24]. As the annealing temperature
increases, the crystallite size generally becomes larger, while lattice imperfections, dislocations, and
microstrain decrease [25, 26]. Consequently, the microstructure becomes denser with improved grain
connectivity and reduced porosity [27, 28]. These structural modifications directly affect the optical
behavior of ZnS ceramics by increasing optical transparency, decreasing defect-related scattering, and
optimizing the optical band gap [29, 30]. In addition, thermal treatment influences the vibrational
characteristics observed by FTIR and Raman spectroscopy through the improvement of Zn-S bonding and
crystal ordering [31, 32]. Enhanced crystallinity may also improve the antibacterial performance of ZnS
ceramics by increasing the stability of the ceramic surface and facilitating the generation of reactive oxygen
species under suitable illumination conditions [33]. Therefore, investigating the influence of annealing
temperature is essential for optimizing ZnS ceramics for multifunctional technological applications [34].

The growing demand for multifunctional ceramic materials has intensified research on ZnS because it
simultaneously exhibits excellent optical performance, high chemical durability, and promising biological
activity [35]. ZnS ceramics possess superior transparency across the visible spectral region, making them
suitable for optical windows, transparent coatings, and photonic devices [36]. Their wide band gap enables
efficient operation under ultraviolet excitation while maintaining low optical losses. Beyond optical
applications, ZnS has recently attracted increasing attention in environmental and biomedical engineering.
ZnS-based ceramics have demonstrated promising antibacterial activity against both Gram-positive and
Gram-negative bacteria through mechanisms involving reactive oxygen species generation, membrane
disruption, and inhibition of cellular metabolism [37]. Consequently, ZnS ceramics have considerable
potential for antimicrobial coatings on medical devices, water purification systems, food-packaging
materials, and healthcare equipment [39-40]. The integration of excellent optical characteristics with
antimicrobial functionality positions ZnS among the most promising multifunctional ceramic materials for
next-generation advanced technologies [41, 42].

Although ZnS ceramics have been widely investigated, several challenges continue to limit their practical
implementation. Conventional fabrication techniques frequently produce materials with incomplete
crystallization, high porosity, poor grain connectivity, non-uniform particle distribution, and residual
structural defects. These imperfections significantly degrade optical transparency, reduce mechanical
integrity, and limit functional performance [43]. Furthermore, the influence of annealing temperature on the
simultaneous evolution of structural, optical, vibrational, and antibacterial properties has not been
systematically investigated using a unified experimental approach [44]. Many published studies focus on
only one or two characterization techniques, resulting in an incomplete understanding of the relationships
between processing conditions, microstructure, and multifunctional properties [45].
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Despite extensive studies on ZnS semiconductors, comprehensive investigations combining crystal
structure, morphology, elemental distribution, optical behavior, vibrational characteristics, and antibacterial
performance remain relatively limited. In particular, few reports have systematically evaluated sol—gel-
derived ZnS ceramic pellets before and after thermal annealing using an integrated set of advanced
characterization techniques, including XRD, FESEM, EDX with elemental mapping, UV-Visible
spectroscopy, FTIR, Raman spectroscopy, and antibacterial testing using both the Agar Diffusion Method
(ADM) and Spot Plating Method (SPM). This research is motivated by the need to establish clear
correlations between annealing temperature, microstructural evolution, optical performance, and
antimicrobial efficiency in ZnS ceramics. Such knowledge is essential for designing high-performance
ceramic materials suitable for emerging optical, environmental, and biomedical technologies.

The primary objective of this research is to synthesize high-quality zinc sulfide (ZnS) ceramic materials
using the sol—gel technique followed by pellet fabrication and thermal annealing at different temperatures.
The study aims to investigate how annealing influences the structural, morphological, optical, vibrational,
and antibacterial properties of ZnS ceramics, thereby establishing a comprehensive understanding of the
relationships between processing conditions, microstructural evolution, and functional performance. A
major objective of the study is to examine the phase formation, crystal structure, crystallinity, crystallite
size, lattice parameters, microstrain, and dislocation density of the synthesized ZnS ceramics using X-ray
diffraction (XRD). The influence of thermal treatment at 500 and 700 °C on the improvement of crystal
quality and phase stability will be systematically evaluated and compared with the as-prepared samples.
Another important objective is to investigate the surface morphology, grain growth, particle distribution, and
microstructural evolution using field-emission scanning electron microscopy (FESEM), while energy-
dispersive X-ray spectroscopy (EDX) coupled with elemental mapping will be employed to determine the
elemental composition, purity, and spatial distribution of zinc and sulfur within the ceramic matrix. The
optical properties of ZnS ceramics constitute another major focus of this work. Ultraviolet—visible (UV-Vis)
spectroscopy will be used to evaluate the optical transmittance (T), reflectance (R), and absorbance (A),
ensuring compliance with the energy conservation relationship. Furthermore, the direct optical band gap
energy will be determined using the Tauc method to assess the influence of annealing temperature on the
electronic structure and optical performance of the ceramics. In addition, the chemical bonding
characteristics and vibrational behavior of the prepared ZnS ceramics will be analyzed using Fourier-
transform infrared (FTIR) spectroscopy and Raman spectroscopy. These complementary techniques will
provide valuable information regarding Zn-S bonding, crystal quality, lattice vibrations, and possible
structural defects introduced during synthesis or eliminated through thermal annealing. The biological
performance of the synthesized ZnS ceramics will also be investigated by evaluating their antibacterial
activity against representative Gram-positive and Gram-negative bacterial strains using both the Agar
Diffusion Method (ADM) and the Spot Plating Method (SPM). This investigation aims to determine the
antimicrobial effectiveness of ZnS ceramics and to correlate their antibacterial behavior with structural and
surface characteristics. The scope of this research is limited to the synthesis and comprehensive
characterization of ZnS ceramic pellets prepared by the sol-gel method under three thermal conditions: as-
prepared, annealed at 500 °C, and annealed at 700 °C. The study encompasses structural, morphological,
elemental, optical, vibrational, and antibacterial analyses to establish correlations between annealing
temperature and multifunctional properties. However, investigations related to electrical conductivity,
dielectric behavior, mechanical performance, photoluminescence, photocatalytic activity, and long-term
environmental stability are beyond the scope of the present work and are recommended for future studies.

The novelty of this work lies in the comprehensive investigation of sol—gel-derived ZnS ceramic materials
by integrating structural, morphological, optical, vibrational, and biological characterizations within a single
experimental framework. Unlike previous studies that focus on individual material properties, this work
systematically examines the influence of annealing at room temperature, 500 °C, and 700 °C on the
evolution of ZnS ceramics.

Furthermore, the simultaneous evaluation of optical parameters (transmittance, reflectance, absorbance, and
optical band gap) together with antibacterial performance using two complementary biological methods
provides a deeper understanding of the multifunctional behavior of ZnS ceramics. The results are expected

*Corresponding author

Mohammed RASHEED,

College of Production Engineering & Metallurgy, University of Technology- Irag, Baghdad, Iraq
e-mail: rasheed.mohammed40@yahoo.com

213


https://positive-sciences.com/
https://isbmcoe.org/

Journal of Positive Sciences (JPS) eISSN: 2582-9351, https://positive-sciences.com Published by: ISBM College of Engineering, Pune | Ve Technology Pvt. Ltd

to provide valuable guidelines for optimizing ZnS ceramics for advanced optoelectronic, photonic,
environmental, and biomedical applications.

This study is limited to laboratory-scale synthesis of ZnS ceramic pellets prepared by the sol-gel technique.
Only three thermal conditions (as-prepared, 500 °C, and 700 °C) are considered for evaluating annealing
effects. Mechanical, dielectric, electrical conductivity, photoluminescence, and long-term environmental
stability are beyond the scope of the present work. In addition, antibacterial evaluation is restricted to
selected bacterial strains under controlled in vitro laboratory conditions.

The remainder of this paper is organized as follows. Section 2 describes the materials, sol-gel synthesis
procedure, pellet fabrication, and characterization techniques. Section 3 presents the structural,
morphological, elemental, optical, vibrational, and antibacterial results together with detailed discussions
regarding the influence of annealing temperature. Finally, Section 4 summarizes the principal findings,
highlights the scientific contributions of the study, and provides recommendations for future research on
multifunctional ZnS ceramic materials.

MATERIALS AND METHODS

MATERIALS

Analytical-grade chemicals were used throughout this study without further purification to ensure high-
purity ZnS ceramic materials. The chemical reagents employed for the sol—gel synthesis, together with their
chemical formulas, purity, molecular weight, suppliers, and countries of origin, are summarized in Table 1.

Zinc acetate dihydrate (Zn(CHsCOOQO).:2H20) was selected as the zinc precursor because of its excellent
solubility and high chemical purity, whereas thiourea (CH4N:S) served as the sulfur precursor owing to its
controlled sulfur release during the sol—gel reaction. Absolute ethanol (C2HsOH) was used as the reaction
solvent to obtain a homogeneous precursor solution, while monoethanolamine (MEA, C:HsNO) acted as a
complexing and stabilizing agent to regulate the hydrolysis and condensation reactions. Deionized water
was employed for solution preparation and cleaning procedures, whereas polyvinyl alcohol (PVA) was used
as a temporary organic binder during pellet fabrication to improve the mechanical strength of the green
pellets prior to sintering. The use of high-purity starting materials minimized contamination and ensured the
successful preparation of high-quality ZnS ceramic materials suitable for structural, optical, vibrational, and
antibacterial investigations.

Table 1. Chemical reagents employed for the synthesis of ZnS ceramic materials via the sol-gel method

Molecular Weight

Material Chemical Formula | Purity (%) @l Function Company
1 Zinc acetate dihydrate = Zn(CH;CO0O),*2H,0 >99.99 219.50 Zinc precursor Sigma-Aldrich USA
2 Thiourea CH4N,S >99.0 76.12 Sulfur precursor Merck KGaA Germany
Monoethanolamine Complexing and . :
3 (MEA) C,H,;NO >99.5 61.08 B Sigma-Aldrich USA

4 Absolute ethanol C,H;OH >99.9 46.07 Solvent Honeywell USA
ili-O®
5 Deionized water H,0 99.99 18.02 Sol.vent anq Bhlk Q i Germany
washing medium Millipore
6 Folysiuyl slcohol (C,H,0), >99 85,000-124:0008 [ Epeserbindlenfon oo L s Gieich USA

(PVA) pellet fabrication

* Average molecular weight of the polymer grade used.
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PREPARATION METHOD (SOL-GEL ROUTE AND PELLET FABRICATION)

The preparation procedure of ZnS ceramic materials using the sol-gel technique followed by pellet
fabrication and thermal annealing is schematically illustrated in Fig. 1. The synthesis route consists of
precursor solution preparation, sol formation, gelation, drying, calcination, pellet fabrication, and final
thermal annealing to produce dense ZnS ceramic pellets with enhanced crystallinity and functional
properties.

Initially, zinc acetate dihydrate was dissolved in absolute ethanol under continuous magnetic stirring at 60
°C for approximately 30 min until a clear and homogeneous precursor solution was obtained.
Monoethanolamine (MEA) was then added dropwise while maintaining continuous stirring to stabilize the
zinc ions and control the hydrolysis process. In a separate container, thiourea was dissolved in deionized
water and subsequently introduced slowly into the zinc precursor solution under vigorous stirring. The
resulting mixture was maintained at 70 °C for 2 h to produce a transparent and homogeneous sol, as shown
in Fig. 1.

The prepared sol was aged at room temperature for 24 h to promote polycondensation and improve network
formation. Subsequently, the sol was heated at 80 °C until gel formation occurred. The obtained gel was
dried in an oven at 100 °C for 24 h to remove residual solvents and organic species, producing a dried
xerogel. The xerogel was then ground into a fine powder using an agate mortar and pestle before calcination
at 400 °C for 2 h in air with a heating rate of 5 °C min™".

The calcined ZnS powder was mixed with approximately 10 wt.% polyvinyl alcohol (PVA) binder solution
to improve the mechanical strength of the green pellets. The powder mixture was compacted using a
hydraulic press under a uniaxial pressure of approximately 8 tons for 5 min to produce cylindrical pellets
with an average diameter of approximately 13 mm and a thickness of 2-3 mm. Finally, the pellets were
sintered under three different conditions: as-prepared (without additional annealing), annealed at 500 °C for
2 h, and annealed at 700 °C for 2 h using a heating rate of 5 °C min-1. The complete preparation sequence
from precursor solution to ZnS ceramic pellets is presented in Fig. 1.

4 )
SOL-GEL SYNTHESIS OF ZnS POWDER
1. Preparation of 2. Add MEA dropwise 3. Thiourea solution 4. Combine solutions 5. Sol formation 6. Aging of sol
zinc precursor solution P (prepared separately)
} 5 ? < > S 7 Addthiourea — =)
; _ Zn(CH,C00), -2H,0 1 MEA CH,N,S satiionitiowty X L . < D sica
+ Ethanol - (dropwise) ' I + DI water | | tozinc so,umn [ )I S coapaa
Stirring Stirring ==y Stirring until sy Stirring Sl — 2h
60 °C, 30 min 60 °C, 30 min clear solution 70°C,2h >
“ =
10. Calcination 9. Grinding 8. Drying 7. Gel formation QJ

Calcine at ¥ 7

400°C,2h

(5°C min"")
in air

’ Heat at
. ¢ ( / — Q ) i —— 80 °C until

Grind to =g Sevi gel forms
fine powder S ———— ry in oven ’

100°C, 24 h

v PELLET FABRICATION AND HEAT TREATMENT

11. Powder + binder mixing 12. Uniaxial pressing 13. Green pellet 14. Sintering / Annealing 15. ZnS Ceramic Pellets

e ZnS powder ;
( +10 wt.% PVA Press at r
sokition - 8 tons —_ 1 —
Mix thoroughly _ i P

Heating rate

lrsnﬁd";'"h—.%,/ s

] in air

% 4 @ =13 mm (no annealmg) 500 °C 700 °C
Thickness = 2-3 mm
Key Parameters Tl o
! Process Summary ! + Solvent: Ethanol __ \PnavRroducts
i i + Stabilizer: Monoethanolamine (MEA) e :'*-gh P“Y:Y ZnS ﬁfr_amuc pellets
i Precursors . . ! s o « Improved crystallinity
| (ZiaS souwcss) Sol —» Gel —» Driedgel —» Calcined —»  ZnS | * DI'Y"A‘E- IIOO C, 1:4 h - P e
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\ >,

Fig. 1. Schematic illustration of the preparation procedure of ZnS ceramic materials via the sol-gel method.
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CHARACTERIZATION TECHNIQUES

The crystalline structure and phase purity of the synthesized ZnS ceramic materials were investigated using
an X-ray diffractometer (XRD, D8 Advance, Bruker AXS GmbH, Germany) equipped with a Cu Ka
radiation source (A = 1.5406 A) operating at 40 kV and 40 mA. The diffraction patterns were recorded over
a 20 range of 10—80° with a step size of 0.02° and a scanning rate of 2° min'. The XRD data were used to
identify the crystalline phase, preferred orientation, crystallite size, lattice parameters, microstrain, and
dislocation density of the ZnS ceramic samples.

The surface morphology and microstructural evolution of the ceramic pellets were examined using a field-
emission scanning electron microscope (FESEM, JSM-7600F, JEOL Ltd., Japan) operating at an
accelerating voltage of 5-20 kV with a spatial resolution of approximately 1.0 nm. FESEM images were
used to evaluate particle morphology, grain size, grain connectivity, pore distribution, and surface
densification resulting from thermal annealing.

The elemental composition and elemental distribution of the synthesized ceramics were determined using an
energy-dispersive X-ray spectroscopy (EDX) detector integrated with the FESEM system (X-MaxN 80,
Oxford Instruments, United Kingdom). Elemental mapping was carried out over an energy range of
approximately 0-20 keV to confirm the homogeneous distribution of zinc (Zn) and sulfur (S) and to verify
the absence of undesirable impurities.

The optical properties of ZnS ceramics were investigated using a UV-Visible-Near Infrared
spectrophotometer (UV-3600 Plus, Shimadzu Corporation, Japan) over a wavelength range of 200-800 nm
with a spectral resolution of 1 nm. Optical transmittance (T), reflectance (R), and absorbance (A) spectra
were recorded, satisfying the energy conservation relationship. The optical band gap energy was
subsequently determined using the Tauc relation.

The chemical bonding and vibrational characteristics of the prepared ZnS ceramics were analyzed using a
Fourier-transform infrared spectrometer (FTIR, Nicolet iS10, Thermo Fisher Scientific, USA) operating
over a spectral range of 4004000 cm' with a spectral resolution of 4 cm™'. The FTIR spectra were
employed to identify Zn-S stretching vibrations together with any residual hydroxyl groups or adsorbed
species remaining after heat treatment.

Raman spectroscopy measurements were performed using a Raman microscope (inVia Reflex, Renishaw
plc, United Kingdom) equipped with a 532 nm excitation laser operating over a Raman shift range of 100
1000 cm™ with a spectral resolution better than 1 cm™. Raman analysis was utilized to investigate the lattice
vibrational modes, crystal quality, and structural ordering of the ZnS ceramic materials.

EXPERIMENTAL CONDITIONS OF ANTIBACTERIAL ACTIVITY (BOTH METHODS)

The antibacterial activity of the synthesized ZnS ceramic materials was evaluated against five representative
bacterial strains, namely Escherichia coli (ATCC 25922), Staphylococcus aureus (ATCC 25923),
Pseudomonas aeruginosa (ATCC 27853), Bacillus subtilis (ATCC 6633), and Klebsiella pneumoniae
(ATCC 700603). These microorganisms were selected to represent both Gram-negative and Gram-positive
bacteria, thereby providing a comprehensive evaluation of the broad-spectrum antibacterial performance of
ZnS ceramic materials.

As illustrated in Fig. 2, two complementary microbiological techniques were employed to investigate the
antibacterial properties of the ZnS ceramics: the Agar Diffusion Method (ADM) and the Spot Plating
Method (SPM). The combination of these two methods enables both qualitative and quantitative evaluation
of bacterial inhibition and survival.

For the Agar Diffusion Method (ADM), bacterial suspensions were uniformly spread onto sterile Mueller—
Hinton agar plates using sterile cotton swabs to obtain a homogeneous bacterial lawn. ZnS ceramic discs
with a diameter of 6 mm were carefully placed on the inoculated agar surface, as schematically illustrated in
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Fig. 2. All plates were incubated at 37 °C for 24 h, after which the diameter of the clear inhibition zone
surrounding each ZnS disc was measured using a digital Vernier caliper with an accuracy of £0.01 mm. The
inhibition zone diameter (D) was determined as the total diameter of the transparent region where bacterial
growth was completely suppressed.

The inhibition zone was calculated according to
D = D¢otar — Daise (1)

where: D is the inhibition zone diameter (mm), D;,:4; IS the overall diameter including the clear inhibition
region, and D;,. Is the diameter of the ZnS ceramic disc (6 mm).

The schematic representation shown in Fig. 2 illustrates the measurement of the inhibition zone around the
ZnS ceramic disc, where larger inhibition diameters indicate stronger antibacterial activity.

To further quantify the antibacterial efficiency, the Spot Plating Method (SPM) was employed. In this
method, bacterial suspensions were mixed with ZnS ceramic materials at the desired concentrations and
incubated under identical conditions (37 °C for 24 h). Following incubation, appropriate serial dilutions
were prepared, and aliquots were spot-plated onto nutrient agar plates. After further incubation, the
surviving bacterial colonies were counted and expressed as colony-forming units per milliliter (CFU mL™).

The antibacterial efficiency determined from the SPM results was calculated using the relationship presented

in Fig. 2:

NO_
No

Antibacterial Ef ficiency (%) = Y% 100 (2)
where: N, is the bacterial colony count (CFU mL™") of the untreated control, N is the bacterial colony count
(CFU mL™) after treatment with ZnS ceramic materials.

A higher antibacterial efficiency indicates greater bacterial inactivation and stronger antimicrobial
performance.

The experimental conditions adopted for both antibacterial methods are summarized in Fig. 2. All
experiments were carried out under identical incubation conditions of 24 h at 37 °C to ensure reliable
comparison between different bacterial strains and ZnS samples. The ZnS ceramic materials served as the
antibacterial agent throughout the investigation, while untreated bacterial cultures were used as controls.
Maintaining identical incubation conditions and bacterial inoculum concentrations minimized experimental
variability and ensured reproducibility of the antibacterial measurements.

The simultaneous use of ADM and SPM provides a more comprehensive assessment of antibacterial
performance than either technique alone. The ADM evaluates the diffusion capability of antibacterial
species released from the ZnS ceramics and provides a rapid visual indication of bacterial growth inhibition.
In contrast, the SPM quantitatively determines the number of surviving bacteria following treatment,
allowing accurate calculation of antibacterial efficiency. Therefore, combining these two methods enables
both qualitative visualization and quantitative determination of the antibacterial activity of ZnS ceramic
materials.

The experimental procedures summarized in Fig. 2 provide a standardized and reliable methodology for
evaluating the antimicrobial properties of ZnS ceramics. The combination of inhibition zone measurements
obtained from the Agar Diffusion Method and bacterial survival analysis obtained from the Spot Plating
Method offers comprehensive information regarding the antibacterial performance of ZnS ceramic materials
and establishes a solid basis for correlating their antimicrobial activity with the structural, optical, and
surface characteristics discussed in the subsequent sections.
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Experimental conditions (Both methods) (A) Agar Diffusion Method (ADM) (B) Spot Plating Method (SPM)
« Incubation: 24 h at 37 °C

Bacterial strains tested

P A 4 . Lo
o g‘% (?/ i; .mlk

-

Zone of inhil (mm) in ADM is
Escherichia  Staphylococcus  Pseudomonas  Bacillus Kiebsiella measured as the diameter of the
coli aureus aeruginosa  subtilis  pnewnoniae | | clear arca around the disc
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Notes: + ADM provides qual
« SPM provides quas
+ Higher inhibition z

Fig. 2. Experimental conditions and evaluation methods for antibacterial activity of ZnS ceramic materials
RESULTS AND DISCUSSION

X-RAY DIFFRACTION (XRD) ANALYSIS

The X-ray diffraction (XRD) patterns of the as-prepared (Z1), annealed at 500 °C (Z2), and annealed at 700
°C (Z3) ZnS ceramic materials are presented in Fig. 3, while the calculated structural parameters obtained
from the diffraction data are summarized in Table 2. The XRD results confirm the successful synthesis of
crystalline ZnS ceramics and clearly demonstrate the significant influence of thermal annealing on the phase
evolution, crystallinity, crystallite size, lattice defects, and structural ordering of the prepared samples [46].

As shown in Fig. 3, all diffraction peaks can be indexed to the characteristic reflections of cubic zinc sulfide
(ZnS) with the zinc blende (sphalerite) crystal structure. The major diffraction peaks are observed at
approximately 20 = 28.54°, 47.53°, 56.28°, 69.44°, and 76.75°, corresponding to the (111), (220), (311),
(400), and (331) crystallographic planes, respectively. These diffraction peaks agree well with the standard
diffraction data of cubic ZnS indexed according to JCPDS Card No. 05-0566 (PDF Card No. 80-0020). The
synthesized ZnS ceramics crystallize in the cubic crystal system with the space group F-43m (No. 216) and
lattice parameters of approximately a =b = ¢ = 5.41 A, while the lattice angles remain o = p =y = 90°,
confirming the formation of a highly symmetrical zinc blende crystal structure.

Furthermore, Fig. 3 reveals that no diffraction peaks associated with ZnO, ZnSOs, elemental sulfur, zinc
hydroxide, or any other secondary crystalline phases are detected for any of the investigated samples. The
absence of impurity peaks confirms the excellent phase purity of the synthesized ZnS ceramics and indicates
that the selected precursor composition, sol-gel synthesis conditions, calcination, and subsequent thermal
annealing successfully promoted complete formation of the ZnS phase without undesirable side reactions.

The as-prepared sample (Z1) exhibits relatively broad diffraction peaks with comparatively low diffraction
intensities, as illustrated in Fig. 3(a), indicating the formation of nanocrystalline ZnS with relatively small
crystallite size and a high concentration of lattice imperfections. The quantitative analysis presented in Table
2 shows that the average crystallite size (Dcs-ave) of Z1 is approximately 25.2 nm, accompanied by a
relatively high dislocation density of approximately 1.83 x 10" m™ and an average lattice microstrain of
about 5.97 x 1073, confirming the existence of considerable structural disorder immediately after synthesis.

Following thermal annealing at 500 °C, the diffraction peaks shown in Fig. 3(b) become sharper and more
intense, while the full width at half maximum (FWHM) decreases noticeably. These observations indicate a
significant improvement in crystallinity due to enhanced atomic diffusion during heat treatment. As
summarized in Table 2, the average crystallite size increases to approximately 32.5 nm, whereas the
dislocation density decreases to approximately 1.11 x 10" m™ and the lattice microstrain is reduced to
approximately 4.64 x 1073, These changes indicate that thermal annealing effectively promotes grain growth,
relieves residual internal stresses, and reduces crystallographic defects generated during the sol—gel
synthesis process.
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A further enhancement in structural quality is observed after annealing at 700 °C, as presented in Fig. 3(c).
The diffraction peaks become significantly sharper with the highest diffraction intensities among all
investigated samples, indicating remarkable crystal growth and superior structural ordering. The quantitative
results listed in Table 2 reveal that the average crystallite size further increases to approximately 44.7 nm,
while the dislocation density decreases to approximately 0.59 x 10" m™ and the lattice microstrain reaches
its minimum value of approximately 3.39 x 1073. The continuous decrease in FWHM together with the
increase in crystallite size clearly demonstrates that higher annealing temperatures facilitate atomic
rearrangement, defect annihilation, and crystal coalescence, leading to highly ordered ZnS ceramic
materials.

The average crystallite size (D) was estimated using the Debye—Scherrer equation [47]

K2
b= Bcos 6 (3)

where K is the shape factor (0.9), A is the wavelength of Cu Ko radiation (1.5406 A), B is the full width at
half maximum (FWHM), and 0 is the Bragg diffraction angle. The crystallite sizes calculated from the major
diffraction peaks are listed in Table 2, where a continuous increase in crystallite size with increasing
annealing temperature is clearly observed.

The lattice parameter (a) was calculated using [48]
a=dVhiZ T K2+ 2 @)

where d is the interplanar spacing and (hkl) are the corresponding Miller indices. The calculated d-spacing
values presented in Table 2 agree well with the standard crystallographic data for cubic ZnS, confirming that
thermal annealing improves crystal quality without altering the fundamental crystal structure.

The lattice microstrain (€) and dislocation density (8) were determined using [49]

__ Bcos B
e =Lt (5)
And [50]
1
6=r; (6)

respectively. As shown in Table 2, both parameters decrease systematically with increasing annealing
temperature, demonstrating the progressive elimination of lattice imperfections and internal residual
stresses. This behavior confirms that thermal treatment enhances atomic ordering and significantly improves
the structural integrity of the ZnS ceramics.

The XRD results presented in Fig. 3, together with the quantitative structural parameters summarized in
Table 2, clearly demonstrate that thermal annealing plays a decisive role in improving the structural
properties of ZnS ceramic materials. The progressive increase in diffraction peak intensity, reduction in peak
broadening, enlargement of crystallite size from 25.2 nm to 44.7 nm, decrease in dislocation density (&)
from 1.83 x 10" to 0.59 x 10™ m, and reduction in lattice microstrain from (¢) 5.97 x 10~ to 3.39 x 10~
collectively confirm the continuous enhancement of crystallinity with increasing annealing temperature.
Among the investigated samples, the 700 °C annealed ZnS ceramic (Z3) exhibits the highest crystal quality,
excellent phase purity, superior structural ordering, and the lowest concentration of crystallographic defects,
making it the most promising sample for subsequent optical, vibrational, and antibacterial investigations.
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Fig. 3. X-ray diffraction (XRD) patterns of ZnS ceramic materials: (a) as-prepared, (b) annealed at 500 °C,
and (c) annealed at 700 °C

Table 2. Structural parameters of ZnS ceramic materials calculated from XRD analysis.

Sample 20 (°) FWHM (hkl) | d-Spacing | Dcs | Dcs-ave | Dislocation Density | Microstrain Phase
©) (A) (nm) (nm) (x10" lines-m™) (x107%) Assignment
28.57 0.362 (111) 3.122 234 1.83 5.97
47.57 0.338 (220) 1.909 25.6 1.53 4.05
pf:pgf;s(;) 5633 | 0321 | (311) | 1633 | 267 | 252 1.40 3.43 Cubic Zns
69.46 0.305 (400) 1.357 24.8 1.63 2.67
76.78 0.298 (331) 1.241 254 1.55 2.46
28.54 0.281 (111) 3.125 30.1 111 4.64
47.54 0.262 (220) 1.910 324 0.95 3.14
Z2 (500 °C) 56.29 0.251 (311) 1.634 34.0 32.5 0.86 2.69 Cubic ZnS
69.43 0.242 (400) 1.358 31.8 0.99 2.12
76.76 0.235 (331) 1.241 34.2 0.85 1.94
28.54 0.205 (111) 3.125 41.3 0.59 3.39
47.53 0.194 (220) 1.910 43.8 0.52 2.33
Z3(700°C) | 56.28 0.186 (311) 1634 | 457 | 447 0.48 2.00 Cubic ZnS
69.42 0.178 (400) 1.358 46.8 0.46 1.56
76.75 0.172 (331) 1.241 45.9 0.47 1.42
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FESEM IMAGES

The surface morphology of the as-prepared (Z1), annealed at 500 °C (Z2), and annealed at 700 °C (Z3) ZnS
ceramic materials was investigated using field-emission scanning electron microscopy (FESEM). The
FESEM micrographs together with the corresponding particle size distribution histograms are presented in
Fig. 4(a—b). The micrographs provide direct evidence of the influence of thermal annealing on particle
growth, agglomeration behavior, surface homogeneity, and microstructural evolution, whereas the
histograms quantitatively describe the particle size distribution obtained from statistical image analysis.

As shown in Fig. 4(a), the as-prepared ZnS ceramic (Z1) consists of densely packed nanosized particles with
irregular morphology and a relatively rough surface. The particles are highly agglomerated owing to their
high surface energy, which is commonly observed in sol—gel-derived ceramic materials. Numerous grain
boundaries and interparticle voids are also visible, indicating that crystal growth is still limited after the
initial calcination process. The corresponding particle size distribution shown in Fig. 4(b) exhibits a
relatively narrow distribution with an average particle size of approximately 24.3 + 6.1 nm, confirming the
nanocrystalline nature of the synthesized ZnS powder.

Following thermal annealing at 500 °C (Z2), noticeable microstructural changes occur, as illustrated in Fig.
4(a). The nanoparticles become more uniformly distributed, while the grain boundaries become better
defined. The particle morphology appears more compact and homogeneous than that of the as-prepared
sample, indicating enhanced atomic diffusion during heat treatment. Annealing promotes particle
coalescence and grain growth through diffusion-controlled mechanisms, leading to improved particle
connectivity and reduced structural disorder. The particle size histogram in Fig. 4(b) confirms this behavior
by showing a shift toward larger particle sizes with an average diameter of approximately 33.6 + 7.2 nm.
Although slight agglomeration remains evident, the particles become more regular and exhibit a narrower
morphological variation than those observed for Z1.

A further improvement in the microstructure is observed after annealing at 700 °C (Z3). As presented in Fig.
4(a), the particles become considerably larger, more spherical, and more uniformly distributed throughout
the ceramic surface. The grain boundaries become smoother and the number of small isolated nanoparticles
decreases significantly due to grain coalescence during high-temperature annealing. The improved particle
morphology reflects enhanced crystallization and increased atomic mobility, which facilitate grain growth
and reduce structural imperfections. The corresponding histogram in Fig. 4(b) reveals a further increase in
the average particle size to approximately 45.1 + 8.3 nm, accompanied by a relatively symmetrical particle
size distribution. These observations indicate that thermal annealing effectively promotes crystal growth
while maintaining a reasonably uniform particle size distribution.

The progressive increase in particle size from 24.3 nm (Z1) to 33.6 nm (Z2) and finally to 45.1 nm (Z3) is
consistent with the crystallite size evolution obtained from the XRD analysis (Table 2). Although the
FESEM particle sizes are slightly larger than the XRD crystallite sizes, this difference is expected because
FESEM measures the physical dimensions of particle aggregates, whereas XRD estimates the average
coherent crystallite size. Individual particles observed by FESEM may therefore consist of several
crystallites joined together during the annealing process.

The particle size histograms presented in Fig. 4(b) further demonstrate that thermal annealing shifts the
particle size distribution toward larger diameters while preserving a relatively narrow distribution. This
behavior suggests controlled grain growth rather than abnormal grain coarsening, indicating that the selected
annealing temperatures effectively enhance the microstructure without causing excessive particle growth or
severe morphological degradation.

The improvement in surface morphology observed in Fig. 3 can be attributed to the increased diffusion rate
of Zn and S atoms during thermal annealing. Higher annealing temperatures supply sufficient thermal
energy for atoms to migrate toward energetically favorable positions, thereby reducing grain boundary
energy, eliminating pores, decreasing structural defects, and improving particle connectivity. Consequently,
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the ZnS ceramics exhibit improved densification, enhanced crystallinity, and a more homogeneous
microstructure.

The FESEM results presented in Fig. 4 demonstrate that thermal annealing significantly enhances the
microstructural characteristics of ZnS ceramic materials. The progressive increase in particle size,
improvement in particle uniformity, reduction in surface irregularities, and enhanced grain connectivity
collectively indicate continuous microstructural evolution with increasing annealing temperature. Among
the investigated samples, the ZnS ceramic annealed at 700 °C (Z3) exhibits the most homogeneous
morphology, the largest average particle size (45.1 + 8.3 nm), and the highest degree of particle coalescence,
confirming its superior structural quality. These observations are in excellent agreement with the XRD
results, which showed increased crystallite size, reduced lattice strain, and improved crystallinity after
thermal annealing. The enhanced microstructure of Z3 is expected to provide improved optical transparency,
stronger vibrational characteristics, and superior antibacterial performance, which will be discussed in the
subsequent sections [51].
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Fig. 4. (a) FESEM surface micrographs and (b) particle size distribution histograms of ZnS ceramic
materials: Z1 (as-prepared), Z2 annealed at 500 °C, and Z3 annealed at 700 °C.

EDX PATTERN AND ELEMENTAL MAPPING

The elemental composition and elemental distribution of the as-prepared (Z1), annealed at 500 °C (Z2), and
annealed at 700 °C (Z3) ZnS ceramic materials were investigated using Energy-Dispersive X-ray
Spectroscopy (EDX) coupled with elemental mapping. The corresponding EDX spectra and elemental
mapping images are presented in Fig. 5(a—b). The EDX analysis was performed to verify the chemical
composition, evaluate the elemental purity, and examine the influence of thermal annealing on the elemental
distribution within the ZnS ceramics.

As illustrated in Fig. 5(a), all investigated samples exhibit two dominant characteristic peaks corresponding
to zinc (Zn) and sulfur (S), confirming the successful formation of ZnS ceramic materials. The intense Zn
peaks located at approximately 1.0 keV (Zn La) and 8.64 keV (Zn Ka) together with the characteristic sulfur
peak at approximately 2.31 keV (S Ka) are in excellent agreement with the standard X-ray emission
energies of ZnS. No additional peaks related to impurity elements are observed in any of the EDX spectra,
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demonstrating the high chemical purity of the synthesized ceramics and confirming that the sol—gel
synthesis route successfully produced ZnS without undesirable secondary phases or contamination.

The quantitative elemental analysis summarized in Fig. 5(a) reveals that the Zn and S contents remain very
close to the stoichiometric composition expected for ZnS. The as-prepared sample (Z1) contains
approximately 67.31 wt.% Zn and 32.69 wt.% S, corresponding to 53.48 at.% Zn and 46.52 at.% S, with a
Zn/S atomic ratio of approximately 1.15. After annealing at 500 °C (Z2), the elemental composition changes
only slightly to 66.85 wt.% Zn and 33.15 wt.% S, corresponding to 53.10 at.% Zn and 46.90 at.% S, giving a
Zn/S atomic ratio of approximately 1.13. A similar trend is observed for the sample annealed at 700 °C (Z3),
which exhibits 66.24 wt.% Zn and 33.76 wt.% S, corresponding to 52.73 at.% Zn and 47.27 at.% S, with a
Zn/S atomic ratio of approximately 1.12. The slight decrease in the Zn/S ratio with increasing annealing
temperature indicates that thermal treatment improves the stoichiometric balance between zinc and sulfur,
probably owing to enhanced atomic diffusion and redistribution during crystallization.

The elemental mapping images presented in Fig. 5(b) provide further evidence of the chemical homogeneity
of the ZnS ceramics. The Zn and S elemental maps clearly show that both elements are uniformly
distributed throughout the entire microstructure for all investigated samples. The excellent overlap between
the Zn and S distributions confirms that the ZnS phase is chemically homogeneous without detectable
elemental segregation or phase separation. Furthermore, the combined Zn + S mapping demonstrates a
highly uniform spatial distribution, indicating complete reaction between the zinc and sulfur precursors
during the sol-gel process.

A weak oxygen (O) signal is also observed in the elemental maps shown in Fig. 5(b). The presence of
oxygen is attributed primarily to physically adsorbed oxygen species, surface hydroxyl groups, or slight
surface oxidation that commonly occurs when ceramic powders are exposed to atmospheric conditions after
synthesis. Similarly, the weak carbon (C) signal originates mainly from residual carbonaceous species
associated with the organic precursors used during the sol-gel synthesis or from conductive carbon tape
employed during FESEM/EDX measurements. The relatively low intensity of both O and C confirms that
these elements are present only in trace amounts and do not significantly affect the chemical composition of
the ZnS ceramics.

The uniform elemental distribution becomes more homogeneous with increasing annealing temperature. As
observed in Fig. 5(b), the elemental maps of Z3 exhibit smoother and more continuous Zn and S
distributions compared with those of the as-prepared sample, indicating that thermal annealing enhances
atomic diffusion and promotes a more homogeneous microstructure. This observation is fully consistent
with the FESEM analysis (Fig. 4), which revealed improved particle growth and more uniform morphology
after annealing, as well as with the XRD results (Fig. 3 and Table 2), which demonstrated enhanced
crystallinity and reduced lattice defects.

The EDX spectra and elemental mapping results presented in Fig. 5 confirm the successful synthesis of
high-purity ZnS ceramic materials with nearly stoichiometric chemical composition and excellent elemental
homogeneity. The absence of impurity peaks, the Zn/S atomic ratio approaching the theoretical value, and
the uniform spatial distribution of Zn and S collectively demonstrate that thermal annealing improves not
only the crystallographic structure but also the chemical uniformity of the ZnS ceramics. Among the
investigated samples, the ZnS ceramic annealed at 700 °C (Z3) exhibits the most homogeneous elemental
distribution and the composition closest to the ideal stoichiometry, confirming its superior structural and
chemical quality. These improvements are expected to contribute significantly to the enhanced optical,
vibrational, and antibacterial properties discussed in the subsequent sections [52].
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Fig. 5. (a) EDX spectra and (b) elemental mapping images of ZnS ceramic materials: Z1 (as-prepared), Z2
annealed at 500 °C, and Z3 annealed at 700 °C.

UV VISIBLE ANALYSIS

The optical properties of the as-prepared (Z1), annealed at 500 °C (Z2), and annealed at 700 °C (Z3) ZnS
ceramic materials were investigated using UV-Visible spectroscopy over the wavelength range of 300—1100
nm. The measured transmittance (T), reflectance (R), and absorbance (A) spectra are presented in Fig. 6.
The optical measurements provide valuable information regarding the transparency, absorption edge, and
optical quality of the synthesized ZnS ceramics, as well as the influence of thermal annealing on their
optical behavior.

As illustrated in Fig. 6, all samples exhibit a sharp absorption edge in the ultraviolet region followed by high
optical transparency throughout the visible and near-infrared regions. The transmittance increases rapidly
above approximately 360—400 nm, which corresponds to the intrinsic optical absorption edge of ZnS.
Beyond this wavelength, the transmittance becomes nearly constant, indicating excellent optical
transparency and low optical scattering within the ceramic materials.

The as-prepared sample (Z1) exhibits the lowest optical transmittance among the investigated samples,
reaching approximately 88% in the visible region. Simultaneously, the absorbance remains relatively high
near the absorption edge due to the presence of structural defects, grain boundaries, and lattice imperfections
that increase photon scattering and optical absorption. The reflectance remains comparatively low
throughout the measured wavelength range, indicating that most incident photons are either transmitted or
absorbed by the ceramic material.

After annealing at 500 °C (Z2), the optical transmittance increases to approximately 90%, while the
absorbance decreases considerably throughout the visible region, as shown in Fig. 5. The improvement in
optical transparency is mainly attributed to enhanced crystallinity and reduced structural defects following
thermal treatment. The XRD and FESEM analyses demonstrated that annealing promotes crystal growth,
reduces lattice strain, and improves particle connectivity, thereby decreasing optical scattering losses.
Consequently, a larger fraction of the incident light propagates through the ceramic with minimal
attenuation.

A further enhancement in optical performance is observed for the sample annealed at 700 °C (Z3). As
presented in Fig. 6, this sample exhibits the highest transmittance, approaching approximately 92%, together
with the lowest absorbance over the entire visible spectral region. The reflectance also decreases slightly
compared with the other samples, confirming that thermal annealing significantly improves the optical
quality of the ZnS ceramics. The higher transparency is attributed to the superior crystallinity, larger grain
size, lower defect concentration, and improved structural homogeneity achieved after high-temperature
annealing.

*Corresponding author

Mohammed RASHEED,

College of Production Engineering & Metallurgy, University of Technology- Irag, Baghdad, Iraq
e-mail: rasheed.mohammed40@yahoo.com

224


https://positive-sciences.com/
https://isbmcoe.org/

Journal of Positive Sciences (JPS) eISSN: 2582-9351, https://positive-sciences.com Published by: ISBM College of Engineering, Pune | Ve Technology Pvt. Ltd

The optical spectra satisfy the energy conservation relationship T+R+A=1, where T, R, and A represent the
transmittance, reflectance, and absorbance, respectively. This relationship confirms that the incident optical
energy is completely distributed among transmission, reflection, and absorption processes. The absorption
coefficient (o) was calculated from the measured absorbance using [53]

q = 2.30t3 XA (7)

where A is the measured absorbance and t is the sample thickness. The calculated absorption coefficient
increases sharply near the absorption edge, indicating the onset of electronic transitions from the valence
band to the conduction band.

The UV-Visible results presented in Fig. 6 demonstrate that thermal annealing significantly improves the
optical transparency of ZnS ceramic materials. The increase in transmittance together with the reduction in
absorbance indicates a decrease in structural defects and optical scattering centers, which is fully consistent
with the improvements in crystallinity observed by XRD (Fig. 3) and the enhanced particle morphology
observed by FESEM (Fig. 4). Among the investigated samples, Z3 exhibits the highest optical transparency,
confirming that annealing at 700 °C produces ZnS ceramics with superior optical quality.
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Fig. 6. UV-Vis transmittance (T, R, A) spectra of ZnS ceramics materials

The optical band gap of the ZnS ceramic materials was determined from the UV—Visible absorption spectra
using the Tauc method, and the corresponding plots are presented in Fig. 7. Since ZnS is a direct band-gap
semiconductor, the optical band gap was calculated using the direct allowed transition model. The
absorption coefficient and photon energy are related through the Tauc equation [54]

(ahv)? = A(hv — E,) 8

where « is the absorption coefficient, hv is the photon energy, A is a material-dependent constant, and Ej; is
the optical band-gap energy.

The optical band gap was obtained by extrapolating the linear portion of the (ahv)? versus hv curve to the
photon-energy axis, where [55]

(ahv)? = 0 ©)

As shown in Fig. 7, all ZnS ceramic samples exhibit a well-defined linear absorption region, confirming that
the dominant optical transition is a direct allowed transition. The calculated optical band-gap energies are
approximately 3.64 eV for the as-prepared sample (Z1), 3.72 eV for the sample annealed at 500 °C (Z2), and
3.79 eV for the sample annealed at 700 °C (Z3).

The increase in optical band-gap energy with increasing annealing temperature indicates a progressive
improvement in the structural quality of the ZnS ceramics. The relatively smaller band gap of the as-
prepared sample is mainly associated with structural defects, localized electronic states, sulfur vacancies,
lattice disorder, and grain-boundary defects that introduce additional energy levels within the forbidden
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band. These defect states effectively reduce the energy required for electronic excitation, resulting in a lower
apparent band-gap value.

Following thermal annealing, the elimination of lattice imperfections and improvement in crystallinity
reduce the density of localized defect states. Consequently, the absorption edge shifts slightly toward shorter
wavelengths (blue shift), producing a gradual increase in the optical band-gap energy. This behavior is
clearly observed in Fig. 7, where the linear extrapolation moves toward higher photon energies as the
annealing temperature increases.

The increase in band-gap energy is also supported by the XRD and FESEM analyses. The XRD results (Fig.
3 and Table 2) demonstrated increased crystallite size, reduced lattice strain, and lower dislocation density
after annealing, while the FESEM images (Fig. 4) revealed improved particle growth and enhanced
microstructural homogeneity. These structural improvements reduce defect-related absorption and lead to a
more ideal electronic band structure.

The optical band-gap results presented in Fig. 7 indicate that thermal annealing effectively enhances the
electronic structure of ZnS ceramic materials. The progressive increase in the band gap from 3.64 eV to 3.79
eV, together with the improved optical transparency observed in Fig. 6, confirms that annealing reduces
structural defects and improves crystal quality. Among the investigated samples, the ZnS ceramic annealed
at 700 °C (Z3) exhibits the widest optical band gap, the highest transparency, and the best overall optical
performance, making it a promising candidate for optoelectronic devices, transparent coatings, UV
photodetectors, photocatalytic systems, and antibacterial applications.
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Fig. 7. Optical band gap (Taus plots) of ZnS ceramics materials
FTIR ANALYSIS

The Fourier-transform infrared (FTIR) spectra of the as-prepared ZnS ceramic sample (Z1) and the samples
annealed at 500 °C (Z2) and 700 °C (Z3) are presented in Fig. 8, while the corresponding peak positions and
vibrational assignments are summarized in Table 3. The spectra were recorded over the wavenumber range
of approximately 4000400 cm™ to identify surface functional groups, residual precursor species, adsorbed
molecules, sulfur—oxygen species, and the characteristic Zn-S lattice vibrations.

As shown in Fig. 8, all samples exhibit broadly similar spectral features, confirming that thermal annealing
preserves the fundamental ZnS chemical structure. However, systematic changes in peak position and
intensity are observed with increasing annealing temperature, indicating progressive removal of adsorbed
species, decomposition of residual organic groups, reduction of surface impurities, and strengthening of the
Zn-S crystal lattice.

The broad absorption band located at 3442 cm™ for Z1 shifts to 3428 cm™ for Z2 and 3415 cm™ for Z3, as
listed in Table 3. This band is assigned to the stretching vibration of hydroxyl groups and physically
adsorbed water molecules on the ZnS ceramic surface. The broad nature of the band is associated with
hydrogen-bonded O-H groups. Its gradual decrease in intensity after annealing indicates the removal of
surface hydroxyl groups and adsorbed moisture as the thermal treatment temperature increases.
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The vibrational frequency of a diatomic bond can be approximately described using the harmonic oscillator
relationship [56]:

7= k (10)

2TICA| U

where ¥ is the vibrational wavenumber, ccc is the speed of light, k is the bond force constant, and u is the
reduced mass of the vibrating atoms. The reduced mass is given by [57]

_ mim,;
b= m, (11)
where m; and m, are the atomic masses of the bonded atoms. Therefore, shifts in the FTIR bands may
result from changes in bond strength, local coordination, lattice strain, surface chemistry, or atomic
environment induced by annealing.

The bands observed at 1645, 1638, and 1632 cm™ for Z1, Z2, and Z3, respectively, are attributed to the H-
O-H bending vibration of molecular water adsorbed on the ceramic surface. The decrease in band intensity
and the slight shift toward lower wavenumbers with increasing annealing temperature indicate progressive
desorption of water molecules and modification of hydrogen bonding at the particle surface. This behavior is
consistent with the improved structural ordering and reduced surface defect concentration obtained after
thermal annealing.

The absorption bands located at approximately 1417 cm™ for Z1, 1410 cm™ for Z2, and 1402 cm™ for Z3
are assigned to carbonate-related stretching vibrations. These carbonate species may originate from
atmospheric carbon dioxide adsorption or residual carbonaceous compounds derived from the organic
precursors used during the sol-gel process. The reduction in their intensity after annealing suggests
decomposition and removal of residual carbonate species, thereby improving the chemical purity of the ZnS
ceramics.

The bands observed at 1054, 1048, and 1042 cm™ are assigned to sulfur—oxygen stretching vibrations
associated with minor sulfate, sulfite, or oxidized sulfur species present on the particle surface. These
species may form through limited surface oxidation of ZnS during synthesis, drying, storage, or thermal
exposure in air. The progressive decrease in the intensity of these bands indicates a reduction in residual
sulfur—oxygen species and improved formation of the ZnS phase.

The most important spectral features appear in the low-wavenumber region, where the characteristic Zn-S
lattice vibrations are detected. As presented in the enlarged region of Fig. 8 and summarized in Table 3, the
Zn-S stretching vibration is located at 602 cm™ for Z1, 597 cm™* for Z2, and 592 cm™! for Z3. In addition,
the Zn-S bending vibration appears at 458, 452, and 447 cm™!, respectively. The presence of these
characteristic bands confirms the formation of Zn-S bonds and supports the XRD identification of the cubic
ZnS phase.

The slight shift of the Zn—S bands toward lower wavenumbers with increasing annealing temperature may
be attributed to changes in the local Zn—-S coordination, reduced lattice strain, crystallite growth, and
relaxation of structural defects. This observation agrees with the XRD results, which revealed an increase in
crystallite size and a decrease in microstrain and dislocation density after annealing. The FESEM
observations also showed progressive particle growth and enhanced grain connectivity, supporting the
structural evolution detected by FTIR.

The relationship between measured transmittance and absorbance may be expressed as [58]

r=L (12)

Io

And [59]
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1
A=-— 10g10 T = 10g10 (E) (13)

where I, is the incident infrared intensity, I is the transmitted intensity, T is the transmittance, and A is the
absorbance. According to the Beer—Lambert relationship [60]

A= ¢bc (14)

where ¢ is the molar absorptivity, b is the optical path length, and c is the concentration of the absorbing
species. Although FTIR analysis of ceramic pellets is generally interpreted qualitatively or semi-
quantitatively, changes in peak intensity can therefore provide useful information concerning the relative
concentration of surface functional groups and residual species.

The FTIR spectra in Fig. 8 and the vibrational assignments listed in Table 3 confirm the successful
formation of ZnS ceramic materials. The characteristic Zn-S stretching and bending bands verify the
formation of the ZnS lattice, whereas the progressive weakening of hydroxyl, water, carbonate, and sulfur—
oxygen bands demonstrates the removal of adsorbed and residual species during annealing. Among the
investigated samples, Z3 annealed at 700 °C exhibits the lowest contribution from surface impurities and the
most clearly defined Zn-S vibrational features, indicating superior chemical purity and structural ordering.

Additional information that could strengthen Fig. 8.
The figure could be improved further by adding:
e A magnified inset of the 700—400 cm™* region to emphasize the Zn-S stretching and bending bands.

o Vertical dashed lines at the principal peak positions to show the systematic shifts after annealing.

o Peak-intensity ratios, such as IIZ”—‘S to quantify the reduction of hydroxyl species relative to Zn-S
O-H

bonding.
o Integrated peak areas for the O—H, carbonate, S-O, and Zn-S bands.

e A difference spectrum obtained by subtracting Z1 from Z2 and Z3 to highlight thermally induced
changes.

Peak fitting using Gaussian or Lorentzian functions in the low-wavenumber Zn-S region.

Correlation of the Zn—S band shift with crystallite size, microstrain, and dislocation density from Table

N e

A small schematic of Zn-S stretching and bending modes beside the enlarged low-wavenumber region.
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Fig. 8. FTIR spectra of ZnS ceramics materials: Z1 (as-preapared, Z2 annealed at 500 °C, and Z3 annealed

0
at 700 “C.
Table 3. FTIR vibrational bands and their corresponding functional group assignments for ZnS ceramic
materials.
Vibrational band Z Z2 L e S
(em™) (As-prepared) (500 °C) (700 °C) Functional group / Assignment
(em™) (em™) (em™)
O-H stretching
3400 - 3450 3442 3428 415 Stretching vibration of surface hydroxyl (-OH)
groups and adsorbed water molecules
H-0-H bending
1625 - 1650 1645 1638 1632 Bending vibration of molecular water
adsorbed on the ceramic surface
CO,* stretching
1400 - 1425 1417 1410 1402 Carbonate species originating from
atmospheric CO, adsorption
S-0 stretching
1030 - 1070 1054 1048 1042 Sulfate/sulfoxide species associated with
slight surface oxidation
Zn-S stretching (v;)
590 - 610 602 597 592 Characteristic Zn-S stretching vibration
confirming ZnS formation
Zn-S bending (v;)
440 - 460 458 452 47 Zn-S bending vibration of the ZnS
crystal lattice

RAMAN ANALYSIS

The Raman spectra of the as-prepared ZnS ceramic (Z1), annealed at 500 °C (Z2), and annealed at 700 °C
(Z3) are presented in Fig. 9, while the corresponding Raman peak positions and vibrational assignments are
summarized in Table 4. Raman spectroscopy is an effective nondestructive technique for investigating
lattice vibrations, crystal symmetry, phonon modes, crystallinity, structural defects, and short-range atomic
ordering in semiconductor materials. The Raman results provide complementary information to the XRD
and FTIR analyses regarding the structural evolution of ZnS ceramics after thermal annealing.

As illustrated in Fig. 9, all investigated samples exhibit well-defined Raman peaks characteristic of the cubic
zinc blende ZnS phase, confirming the successful formation of crystalline ZnS ceramics. No additional
Raman bands associated with ZnO, ZnSO., elemental sulfur, or other impurity phases are detected,
indicating excellent phase purity, which is fully consistent with the XRD results presented in Fig. 3.

The Raman spectra contain several characteristic phonon modes located at approximately 199, 238, 344,
439, 583, and 690 cm™!, as summarized in Table 4. The low-frequency band near 199 cm™ is assigned to the
second-order transverse acoustic (2TA) phonon mode. The weak band located at approximately 238 cm™
corresponds to the low-frequency E. mode, which is associated with lattice vibrations near the Brillouin
zone boundary. The dominant Raman peak appearing near 344 cm™ is assigned to the A transverse optical
(AiTO) phonon mode and represents the strongest vibrational feature of the ZnS crystal lattice. The peak
located at approximately 439 cm™ is attributed to the high-frequency E. phonon mode, while the bands
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observed near 583 cm™ and 690 cm™ correspond to the second-order longitudinal optical (2LO) mode and
the A: longitudinal optical (A:LO) mode, respectively.

The Raman scattering intensity is governed by the Raman scattering relationship [61]
Iy <l e;-R-eg|? (15)

where IRI_RIR is the Raman intensity, R is the Raman tensor, and e; and ey represent the polarization
vectors of the incident and scattered light, respectively. The observed Raman bands originate from inelastic
scattering of monochromatic laser radiation by lattice vibrations (phonons), producing frequency shifts that
are characteristic of the ZnS crystal structure.

The Raman shift is expressed as [62]
Av = vy — v (16)

where v, is the frequency of the incident laser and vy is the frequency of the scattered radiation. Each
Raman peak therefore corresponds to a specific vibrational mode within the ZnS crystal lattice.

As shown in Fig. 9, the as-prepared sample (Z1) exhibits relatively broad Raman bands with comparatively
lower peak intensities. These spectral characteristics indicate the presence of relatively small crystallites,
higher lattice disorder, internal strain, and a larger concentration of crystal defects. The broadening of
Raman peaks is commonly associated with phonon confinement effects occurring in nanocrystalline
semiconductor materials synthesized at relatively low temperatures.

Following thermal annealing at 500 °C, the Raman peaks become sharper and more intense, as clearly
observed in Fig. 9. Simultaneously, slight shifts in the Raman peak positions are observed, as summarized in
Table 4. The enhancement of Raman intensity indicates improved crystallinity and increased long-range
atomic ordering resulting from thermal treatment. Annealing promotes grain growth, reduces lattice strain,
and decreases defect density, thereby allowing stronger and more coherent lattice vibrations.

A further enhancement in Raman spectral quality is observed for the sample annealed at 700 °C (Z3). The
Raman bands exhibit the highest intensities together with the narrowest peak widths among all investigated
samples. The dominant AiTO mode becomes particularly sharp and well defined, indicating excellent
crystal quality and reduced phonon scattering caused by structural defects. The small positive shifts in
Raman peak positions listed in Table 4 are attributed to lattice relaxation and improved structural ordering
after annealing.

The Raman peak width, expressed as the full width at half maximum (FWHM), is inversely related to the
phonon lifetime according to [63]
T=— (17)

- 2ntc T’

where 7 is the phonon lifetime, ccc is the speed of light, and I' is the Raman peak FWHM expressed in cm ™.
Consequently, narrower Raman peaks correspond to longer phonon lifetimes and lower phonon scattering,
reflecting improved crystallinity and reduced lattice defects. Although only peak positions are listed in Table
4, the spectra shown in Fig. 9 clearly demonstrate progressive narrowing of the Raman bands after
annealing.

The slight upward shift of the Raman peaks together with the increase in peak intensity indicates reduced
internal stress and improved crystal symmetry. These observations are in excellent agreement with the XRD
analysis (Fig. 3 and Table 2), which showed increased crystallite size, reduced microstrain, and lower
dislocation density after thermal annealing. Furthermore, the FESEM results (Fig. 4) demonstrated enhanced
particle growth and improved grain connectivity, while the FTIR spectra (Fig. 8 and Table 3) confirmed the
strengthening of Zn-S bonds and the removal of residual hydroxyl, carbonate, and sulfur—oxygen species.
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Collectively, these complementary characterization techniques consistently demonstrate the progressive
improvement in the structural quality of ZnS ceramics with increasing annealing temperature.

The Raman spectra presented in Fig. 9 together with the vibrational assignments summarized in Table 4
confirm the successful synthesis of high-quality cubic ZnS ceramic materials. The increase in Raman
intensity, narrowing of the phonon bands, slight shift of the Raman peaks toward higher wavenumbers, and
preservation of all characteristic ZnS vibrational modes demonstrate that thermal annealing significantly
improves crystallinity, lattice ordering, and structural stability. Among the investigated samples, the ZnS
ceramic annealed at 700 °C (Z3) exhibits the strongest Raman response, the highest phonon coherence, and
the lowest structural disorder, confirming its superior crystalline quality.

344 —— Z1 - As prepared
(A, TO) —— Z2 — Annealed 500 °C
A —— 73 - Annealed 700 °C

439
(Eznign)

199 238
(2TA) (Eaion)

583 690
(2LO) (A,LO)
)

Z1 - As prepared

Z2 — Annealed 500 °C

Intensity (a.u.)

Z3 — Annealed 700 °C

|
Excitation Source:
532 nm (Nd: YAG laser)

T T : T T T
100 200 300 400 500 600 700 800
Raman Shift (cm™)

Fig. 9. Raman spectra of ZnS ceramics materials: Z1 (as-preapared, Z2 annealed at 500 °C, and Z3 annealed

0
at 700 "C.
Table 4. Raman vibrational bands and their corresponding functional group assignments for ZnS ceramic
materials.
i Raman Peak Position (cm™')
Raman Shift | z -
) Assignment VA 72 73
(As-prepared) (500 °C) (700 °C)
Second order
~199 2TA Transverse Acoustic 199.2 199.6 200.1
phonon mode
Low-frequency
~238 B E, (I) mode 237.6 238.0 238.5
Transverse Optical
~344 A, TO A, miode (strong) 343.6 343.9 344.2
5 High-frequency
~439 Eign E, (T mode 438.5 439.1 439.6
Second order
~583 2LO Longitudinal Optical 582.6 583.1 583.6
phonon mode
~690 ALO L""gi::““"a' Upacal 689.2 689.7 690.3
| mode
I': Brillouin zone center; 2TA: second order transverse acoustic; 2LO: second order longitudinal optical;
A, TO and A LO: transverse optical and longitudinal optical modes of A, symmetry.

ADVANCED RAMAN SPECTROSCOPIC ANALYSIS

To obtain a deeper understanding of the structural evolution of ZnS ceramics during thermal annealing,
additional Raman analyses were performed. These include peak deconvolution, full width at half maximum
(FWHM) evaluation, intensity ratio analysis, enlarged peak inspection, phonon-mode illustration, structural
correlation analysis, and residual spectrum investigation. The corresponding results are presented in Fig.
10(a—h). These complementary analyses provide quantitative evidence for the improvement of crystallinity,
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reduction of structural defects, enhancement of phonon coherence, and strengthening of Zn-S lattice
vibrations after thermal treatment.

RAMAN PEAK DECONVOLUTION

The Gaussian/Lorentzian fitting of the Raman spectra is presented in Fig. 10(a). The experimental spectra
together with the fitted profiles demonstrate excellent agreement, confirming that each Raman band can be
accurately resolved into its individual vibrational components. The fitting clearly identifies the characteristic
Raman modes located near 199, 238, 344, 439, 583, and 690 cm™, corresponding to the 2TA, Ex(low),
A;.TO, Ez(high), 2LO, and A;LO phonon modes, respectively. Compared with the as-prepared sample (Z1),
the fitted Raman peaks of Z2 and Z3 become progressively narrower and more symmetric. The reduction in
peak broadening indicates a decrease in phonon scattering caused by lattice imperfections and confirms the
enhancement of long-range crystal ordering after thermal annealing.

FULL WIDTH AT HALF MAXIMUM (FWHM) ANALYSIS

The variation in the FWHM of the dominant AiTO Raman mode is summarized in Fig. 10(b). The FWHM
decreases continuously from approximately 12.7 cm™! for Z1 to 8.3 cm™ for Z2 and finally 5.6 cm™! for Z3.
The phonon lifetime is inversely proportional to the Raman peak width and may be estimated using [50]

1

L (18)

- 2melr

where 7 is the phonon lifetime, c is the speed of light, and I' is the Raman FWHM.

The continuous reduction in FWHM shown in Fig. 10(b) therefore indicates an increase in phonon lifetime
together with a reduction in phonon-defect scattering. This observation confirms that thermal annealing
substantially improves the crystallinity of ZnS ceramics.

RAMAN INTENSITY RATIO ANALYSIS

The Raman intensity ratios la170 ang 122 gre presented in Fig. 10(c). Both ratios increase systematically with

IaTA ITo
annealing temperature, demonstrating that the optical phonon modes become progressively stronger relative

to the acoustic phonon modes. The Raman intensity ratio can be expressed as [40]

R = I (19)

I
where I; and I, are the integrated intensities of the selected Raman bands.

The increase in both ratios shown in Fig. 10(c) indicates stronger Zn-S lattice vibrations, improved crystal
symmetry, lower defect concentration, and higher structural quality after annealing.

ENLARGED A;TO REGION

An enlarged view of the principal Raman peak is presented in Fig. 10(d). The expanded spectra clearly
reveal the evolution of the AiTO mode located near 344 cm™. As shown in Fig. 10(d), the AiTO peak
becomes progressively sharper and exhibits slightly higher Raman shifts after annealing. Simultaneously,
the peak width decreases considerably. These observations indicate reduced lattice disorder and enhanced
phonon coherence resulting from crystal growth and stress relaxation during heat treatment.

RAMAN SPECTRA WITH GUIDE LINES

The Raman spectra with vertical dashed reference lines are shown in Fig. 10(e). The guide lines facilitate
direct comparison of peak positions among Z1, Z2, and Z3 and clearly demonstrate that the Raman modes
remain nearly unchanged after annealing, confirming that the ZnS crystal structure is preserved throughout
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thermal treatment. Only very small shifts toward higher wavenumbers are observed, indicating minor lattice
relaxation without structural phase transformation.

ZNS PHONON MODE SCHEMATIC

A schematic representation of the transverse optical (TO) and longitudinal optical (LO) lattice vibrations is
illustrated in Fig. 10(f). The TO mode corresponds to atomic vibrations perpendicular to the propagation
direction of the incident electromagnetic wave, whereas the LO mode represents atomic vibrations parallel
to the propagation direction. The schematic shown in Fig. 10(f) provides a physical interpretation of the
Raman-active phonon modes responsible for the characteristic Raman peaks observed in Fig. 9, thereby
improving understanding of the vibrational behavior of the ZnS crystal lattice.

CORRELATION BETWEEN RAMAN AND STRUCTURAL PARAMETERS

The relationship between Raman spectroscopy and other structural properties is presented in Fig. 10(g). The
correlation plot demonstrates that the decrease in Raman FWHM occurs simultaneously with increasing
crystallite size obtained from Table 2, decreasing lattice microstrain, and increasing optical band gap
determined from Fig. 7.

These relationships indicate that thermal annealing improves both the crystal structure and electronic
properties of ZnS ceramics. The observed correlations suggest that

Higher crystallinity=Lower FWHM=Lower microstrain=Higher Eg, which confirms the strong coupling
between lattice ordering and optical performance.

RESIDUAL RAMAN SPECTRUM

The residual Raman spectrum (Z3 — Z1) is presented in Fig. 10(h). Unlike the original Raman spectra, the
residual spectrum highlights only the spectral changes produced by thermal annealing. Positive peaks
correspond to enhancement of Raman intensity after annealing, whereas negative features indicate
attenuation of specific spectral components. As shown in Fig. 10(h), the most significant intensity
enhancement occurs around the A;TO, E(high), 2LO, and A;LO modes, demonstrating that these phonon
modes become considerably stronger after annealing at 700 °C. The residual spectrum therefore provides
direct evidence for improved phonon coherence, reduced lattice disorder, and enhanced crystal symmetry.
The advanced Raman analyses presented in Fig. 10(a—h) provide comprehensive quantitative confirmation
of the structural improvement of ZnS ceramics after thermal annealing. The Gaussian/Lorentzian peak
fitting in Fig. 10(a) accurately resolves the individual Raman-active phonon modes, while the continuous
reduction in FWHM shown in Fig. 10(b) demonstrates a progressive increase in phonon lifetime and
crystallinity. The increasing Raman intensity ratios in Fig. 10(c) indicate strengthening of Zn-S lattice
vibrations and decreasing defect concentration. The enlarged A;TO peak in Fig. 10(d) and the guide-line
comparison in Fig. 10(e) clearly illustrate the sharpening of Raman bands and slight phonon shifts
associated with lattice relaxation. The lattice-vibration schematic in Fig. 10(f) provides a physical
interpretation of the TO and LO phonon modes responsible for the observed Raman features. Furthermore,
the correlation analysis in Fig. 10(g) establishes a strong relationship between Raman parameters, crystallite
size, lattice microstrain, and optical band gap, demonstrating that improvements in crystallinity directly
enhance the optical properties of ZnS ceramics. Finally, the residual spectrum presented in Fig. 10(h)
highlights the specific Raman modes most strongly influenced by thermal annealing, confirming the
enhancement of phonon coherence and structural ordering. Collectively, these advanced Raman analyses
provide compelling evidence that annealing at 700 °C produces ZnS ceramics with the highest crystalline
quality, the lowest lattice disorder, the strongest Zn—S phonon response, and the most favorable structural
characteristics among all investigated samples.
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Fig. 10. Advanced Raman analysis of ZnS ceramic materials: (a) peak deconvolution of Raman spectra, (b)
FWHM of the AiTO peak, (c) Raman intensity ratio analysis (d) enlarged view of the AiTO Raman region,
(e) Raman spectra with guide lines for peak comparison, (f) schematic illustration of TO and LO phonon
modes in the ZnS crystal lattice, (g) correlation of Raman FWHM (A1 TO) with crystallite size, microstrain,
and optical band gap, and (h) residual Raman spectrum (Z3 — Z1) highlighting the spectral changes induced
by thermal annealing.

ANTIBACTERIAL ACTIVITY

PROPOSED ANTIBACTERIAL MECHANISM OF ZNS CERAMIC MATERIALS

The proposed antibacterial mechanism of ZnS ceramic materials is schematically illustrated in Fig. 11. The
antibacterial activity of ZnS is attributed to a synergistic mechanism involving nanoparticle attachment to
the bacterial surface, reactive oxygen species (ROS) generation, zinc ion (Zn®") release, membrane
disruption, leakage of intracellular biomolecules, and inhibition of essential cellular functions, ultimately
leading to irreversible bacterial cell death. The proposed mechanism is applicable to both Gram-positive and
Gram-negative bacteria, although the degree of susceptibility may vary depending on the cell wall structure
of each bacterial species.

As illustrated in Fig. 11 (1), the antibacterial process begins with the adsorption of ZnS nanoparticles onto
the bacterial cell surface. Owing to their nanoscale dimensions and high specific surface area, ZnS particles
readily interact with the bacterial membrane through electrostatic attraction and van der Waals forces. The
close contact between ZnS nanoparticles and the bacterial envelope increases the local concentration of
active species at the cell surface and facilitates subsequent antibacterial reactions.

Following particle attachment, Fig. 11 (2) shows the generation of reactive oxygen species (ROS) at the ZnS
surface. Under visible or ultraviolet illumination, ZnS absorbs photons with energies equal to or greater than
its optical band gap, generating electron—hole pairs according to [31]

ZnS+hv—e +h* (20)

The photogenerated electrons and holes subsequently react with dissolved oxygen and water molecules to
produce various reactive oxygen species:

e +0,—0;" (21)
h*+H,0—+OH+H" (22)
0;*+H" >HO0; (23)
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2HO0;—H,0,+0, (24)
H,0, —2+0H (25)

These highly reactive radicals attack membrane lipids, proteins, nucleic acids, and other intracellular
biomolecules, inducing oxidative stress and disrupting normal cellular metabolism.

Simultaneously, Fig. 11 (3) illustrates the gradual release of Zn?* ions from the ZnS ceramic surface into the
surrounding medium. The dissolution process can be represented as

ZnS+2H"—Zn""+H,S (26)
or, under aqueous conditions,
ZnS+H,0—Zn*+OH +surface sulfur species (27)

The released Zn?* ions penetrate the bacterial cell envelope, interfere with membrane proteins, disturb ionic
homeostasis, and inhibit numerous enzyme-mediated metabolic pathways. Zinc ions also bind to sulfur-
containing proteins and phosphate groups within DNA, thereby affecting protein synthesis and DNA
replication.

As shown in Fig. 11 (4), the combined action of ROS and Zn?" ions causes severe damage to the bacterial
membrane. Lipid peroxidation, oxidation of membrane proteins, and disruption of phospholipid bilayers
increase membrane permeability. As a consequence, the bacterial membrane loses its selective transport
capability, resulting in deformation, pore formation, and partial collapse of the cell wall.

The membrane disruption leads directly to leakage of intracellular components, as presented in Fig. 11 (5).
Essential biomolecules including proteins, nucleic acids, potassium ions (K*), enzymes, and other
metabolites diffuse out of the damaged cells. The continuous leakage of intracellular constituents destroys
cellular homeostasis and prevents normal biochemical activity. Loss of these essential molecules eventually
causes irreversible metabolic failure.

The final stage of the antibacterial mechanism is illustrated in Fig. 11 (6). At this stage, ROS-mediated
oxidative damage together with Zn?" toxicity inhibits DNA replication, protein synthesis, respiratory
enzymes, and ATP production. These simultaneous biochemical disruptions prevent bacterial proliferation
and ultimately result in complete cell death. The proposed mechanism therefore represents a multi-target
antibacterial pathway rather than inhibition of a single metabolic process.

The ROS-generation pathway illustrated in the enlarged inset of Fig. 11 further explains the photocatalytic
origin of the antibacterial activity. After photon absorption, electron—hole pairs are generated within the ZnS
crystal lattice, followed by successive redox reactions producing superoxide radicals 05 °, hydroxyl radicals
*OH, and hydrogen peroxide (H,O;). These oxidizing species are responsible for extensive oxidative
degradation of bacterial biomolecules and significantly enhance the antibacterial efficiency of ZnS ceramics.
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Fig. 11. Proposed antibacterial mechanism of ZnS ceramic materials illustrating (1) nanoparticle attachment
to the bacterial cell surface, (2) reactive oxygen species (ROS) generation, (3) Zn** ion release, (4) bacterial
membrane damage, (5) leakage of intracellular biomolecules, and (6) inhibition of vital cellular functions
leading to bacterial cell death.

THE EXPERIMENTAL EVIDENCE SUPPORTING THE PROPOSED MECHANISM

The proposed antibacterial mechanism illustrated in Fig. 12 is supported by several complementary
experimental techniques that collectively demonstrate oxidative stress, membrane disruption, leakage of
intracellular biomolecules, and irreversible damage to bacterial cells after exposure to ZnS ceramic
materials. The experimental evidence is presented in the lower section of Fig. 12(A-E) and provides direct
confirmation of the multiple antibacterial pathways proposed for ZnS ceramics.

As shown in Fig. 12(A), intracellular reactive oxygen species (ROS) generation was evaluated using the
fluorescent probe 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA). The untreated bacterial cells
(control) exhibit only weak green fluorescence, indicating a low intracellular ROS concentration under
normal physiological conditions. In contrast, the ZnS-treated bacteria display intense green fluorescence
throughout the cells, demonstrating a significant increase in ROS production after exposure to ZnS ceramic
particles. This result confirms that ZnS induces oxidative stress through photocatalytic electron—hole
generation, leading to the formation of highly reactive oxygen species such as hydroxyl radicals (-OH),
superoxide radicals (05 *), and hydrogen peroxide (H20,). The elevated ROS concentration causes oxidation
of membrane lipids, proteins, and nucleic acids, thereby initiating the antibacterial process.

The membrane integrity of bacterial cells was further examined using Live/Dead fluorescence staining, as
presented in Fig. 12(B). In the untreated control sample, nearly all bacterial cells emit green fluorescence,
indicating intact cytoplasmic membranes and high cell viability. Following treatment with ZnS ceramic
materials, a substantial increase in red fluorescence is observed, while the number of green fluorescent cells
decreases markedly. The red fluorescence originates from propidium iodide, which penetrates only cells
with damaged membranes. Consequently, the predominance of red fluorescence confirms that ZnS
nanoparticles significantly increase membrane permeability and induce irreversible membrane damage. The
coexistence of green and red cells also indicates that the antibacterial process occurs progressively,
beginning with membrane destabilization and eventually leading to complete cell death.

Direct morphological evidence of bacterial damage is provided by the FESEM micrographs shown in Fig.
12(C). The untreated bacterial cells exhibit smooth, intact, and well-defined cellular surfaces with their
characteristic rod-shaped morphology. After treatment with ZnS ceramics, the bacterial cells become
severely deformed, exhibiting membrane wrinkling, shrinkage, pore formation, collapse of the cell envelope,
and partial rupture of the cell wall. Some cells appear completely fragmented, indicating irreversible
structural damage. These morphological changes are consistent with ROS-induced lipid peroxidation and
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Zn**-mediated membrane disruption proposed in the antibacterial mechanism. The FESEM observations
therefore provide direct visual confirmation that ZnS ceramic materials destroy bacterial membrane
integrity.

The leakage of intracellular biomolecules was evaluated by measuring the absorbance of the extracellular
solution at 260 nm and 280 nm, as presented in Fig. 12(D). Nucleic acids strongly absorb ultraviolet
radiation near 260 nm, whereas proteins exhibit characteristic absorption around 280 nm due to aromatic
amino acids. Compared with the untreated control, the ZnS-treated bacterial suspension exhibits
significantly higher absorbance at both wavelengths. This increase confirms that membrane disruption
allows intracellular nucleic acids, proteins, enzymes, and other essential biomolecules to diffuse into the
surrounding medium. The leakage of these cellular constituents indicates severe loss of membrane integrity
and irreversible disruption of cellular homeostasis, which ultimately results in bacterial inactivation.

Further evidence of intracellular damage is obtained from the agarose gel electrophoresis analysis shown in
Fig. 12(E). The DNA extracted from untreated bacterial cells appears as a distinct, well-defined band,
indicating intact genomic DNA. In contrast, the DNA isolated from ZnS-treated bacteria exhibits extensive
smearing and fragmentation throughout the gel. The disappearance of the intact DNA band together with the
appearance of fragmented DNA demonstrates that ZnS ceramic materials induce severe oxidative damage to
bacterial genetic material. DNA fragmentation is primarily attributed to ROS attack and Zn?**-induced
inhibition of DNA repair enzymes, ultimately preventing DNA replication and bacterial proliferation. The
agarose gel therefore provides strong molecular evidence supporting the final stage of the proposed
antibacterial mechanism.

The results presented in Fig. 12(A-E) clearly demonstrate that the antibacterial activity of ZnS ceramics is
not governed by a single mechanism but rather by the synergistic interaction of multiple antibacterial
pathways. Initially, ZnS nanoparticles adhere to the bacterial surface and generate reactive oxygen species
under illumination. The ROS subsequently oxidize membrane lipids and proteins while Zn?* ions penetrate
the bacterial cell and interfere with intracellular biochemical processes. Membrane disruption then causes
leakage of nucleic acids, proteins, potassium ions, and metabolic enzymes, whereas continuous oxidative
stress ultimately leads to DNA fragmentation and irreversible bacterial cell death. The excellent agreement
among ROS fluorescence, Live/Dead staining, FESEM morphology, leakage measurements, and DNA
electrophoresis confirms the reliability of the proposed antibacterial mechanism.

The experimental evidence presented in Fig. 12(A—E) provides comprehensive validation of the proposed
antibacterial action of ZnS ceramic materials. Each analytical technique independently confirms a specific
stage of the antibacterial process, while together they establish a complete sequence of events involving
oxidative stress, membrane damage, intracellular leakage, genetic destruction, and eventual bacterial death.
These findings demonstrate that ZnS ceramics possess a highly effective multi-target antibacterial
mechanism, making them promising candidates for antimicrobial coatings, biomedical implants, wound
dressings, food-packaging materials, water purification systems, and other healthcare-related antimicrobial
applications. The proposed antibacterial mechanism presented in Fig. 12 agrees well with the structural
characterization discussed previously. The XRD results (Fig. 3) demonstrated improved crystallinity after
annealing, while the FESEM observations (Fig. 4) showed enhanced particle uniformity and increased
surface contact area. The FTIR spectra (Fig. 8) confirmed the formation of strong Zn-S bonds, and the
Raman analysis (Figs. 9 and 10) demonstrated improved lattice ordering and reduced structural defects.
These structural improvements are expected to facilitate more efficient ROS generation and more effective
interaction between ZnS particles and bacterial cells, thereby enhancing the overall antibacterial
performance. The proposed mechanism illustrated in Fig. 12 demonstrates that ZnS ceramic materials
exhibit broad-spectrum antibacterial activity through the synergistic effects of nanoparticle attachment,
photocatalytic ROS generation, Zn** ion release, membrane disruption, intracellular leakage, oxidative
damage, enzyme inhibition, and DNA fragmentation. The cooperation of these multiple antibacterial
pathways makes ZnS ceramics highly effective against both Gram-positive and Gram-negative bacteria and
explains their promising potential for biomedical coatings, antimicrobial ceramics, water disinfection, food
packaging, and healthcare-related antimicrobial applications.
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Fig. 12. Experimental evidence supporting the proposed antibacterial mechanism of ZnS ceramic materials:
(A) intracellular ROS generation detected by DCFH-DA fluorescence assay, (B) bacterial membrane
integrity evaluated by Live/Dead fluorescence staining, (C) FESEM images showing morphological damage
of bacterial cells after ZnS treatment, (D) leakage of intracellular nucleic acids and proteins determined by
absorbance measurements at 260 and 280 nm, and (E) DNA damage assessed by agarose gel
electrophoresis.

AGAR DISC METHOD (ADM)

The antibacterial activity of the ZnS ceramic materials was evaluated using the Agar Disc Method (ADM)
against five representative bacterial strains, namely Escherichia coli (ATCC 25922), Staphylococcus aureus
(ATCC 25923), Pseudomonas aeruginosa (ATCC 27853), Bacillus subtilis (ATCC 6633), and Klebsiella
pneumoniae (ATCC 700603). The corresponding inhibition zones obtained after 24 h incubation at 37 °C
are presented in Fig. 13. The ADM provides a rapid and reliable qualitative assessment of the antibacterial
performance by measuring the diameter of the clear zone formed around the ZnS ceramic disc due to
inhibition of bacterial growth.

As illustrated in Fig. 13, all ZnS ceramic samples exhibit concentration-dependent antibacterial activity
against the tested bacterial strains. The blank control disc does not produce any inhibition zone, confirming
that the observed antibacterial effect originates exclusively from the ZnS ceramic material rather than the
disc itself. With increasing ZnS concentration from 25 to 200 mg/disc, the inhibition zones become
progressively larger for all bacterial species, demonstrating enhanced antibacterial efficiency.

For Escherichia coli, shown in the first column of Fig. 13, the inhibition zone increases from approximately
10.2 mm at 25 mg/disc to 24.7 mm at 200 mg/disc. This gradual increase indicates that higher ZnS
concentrations produce more effective inhibition of Gram-negative bacterial growth through increased
production of antibacterial species and improved interaction between ZnS particles and bacterial cells.

The second column of Fig. 13 shows the antibacterial activity against Staphylococcus aureus. This
bacterium exhibits the largest inhibition zones among all investigated microorganisms, increasing from 12.6
mm at 25 mg/disc to approximately 29.5 mm at 200 mg/disc. The higher susceptibility of S. aureus may be
attributed to differences in the structure of the Gram-positive cell wall, which allows more effective
interaction with ZnS particles and reactive oxygen species.

For Pseudomonas aeruginosa, presented in the third column of Fig. 13, the inhibition diameter increases
from approximately 9.1 mm to 22.3 mm as the ZnS concentration increases. Although P. aeruginosa is
generally considered one of the most resistant Gram-negative bacteria because of its outer membrane and
efficient efflux systems, ZnS ceramics still exhibit significant antibacterial activity at higher concentrations.

The antibacterial performance against Bacillus subtilis, shown in the fourth column of Fig. 13, also increases
remarkably with ZnS concentration. The inhibition zone enlarges from approximately 11.3 mm at 25
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mg/disc to approximately 26.1 mm at 200 mg/disc, indicating strong antibacterial activity toward this Gram-
positive bacterium.

Similarly, the fifth column of Fig. 13 demonstrates effective antibacterial activity against Klebsiella
pneumoniae, where the inhibition zone increases from approximately 9.7 mm to 22.8 mm as the ZnS
concentration increases from 25 to 200 mg/disc. Although K. pneumoniae possesses a protective
polysaccharide capsule that generally enhances bacterial resistance, ZnS ceramics are still capable of
producing considerable growth inhibition.

The inhibition zone diameter was determined according to Eq. 1.

A larger inhibition zone indicates stronger antibacterial activity because a greater area surrounding the ZnS
disc is free from bacterial growth.

The concentration-dependent increase in inhibition zone observed in Fig. 13 indicates that larger amounts of
ZnS ceramic release greater quantities of antibacterial species, including Zn** ions and reactive oxygen
species (ROS). These active species damage bacterial cell membranes, increase membrane permeability,
promote leakage of intracellular components, and inhibit essential cellular functions, eventually leading to
bacterial death. This antibacterial behavior is fully consistent with the proposed antibacterial mechanism
illustrated previously in Fig. 11.

The antibacterial performance observed in Fig. 13 is also closely related to the structural properties of the
ZnS ceramics. The XRD results (Fig. 3) demonstrated improved crystallinity after annealing, while the
FESEM analysis (Fig. 4) revealed more homogeneous particle morphology and better particle connectivity.
Furthermore, the FTIR (Fig. 8) and Raman (Figs. 9 and 10) analyses confirmed improved Zn-S bonding and
reduced structural defects. These structural improvements enhance the interaction between ZnS particles and
bacterial cells and facilitate the generation of antibacterial species, thereby improving the overall
antimicrobial efficiency.

The Agar Disc Method results presented in Fig. 13 demonstrate that ZnS ceramic materials possess excellent
broad-spectrum antibacterial activity against both Gram-positive and Gram-negative bacteria. The
progressive increase in inhibition zone diameter with increasing ZnS concentration confirms that the
antibacterial performance is concentration dependent. Among the investigated bacterial strains,
Staphylococcus aureus exhibits the highest susceptibility, whereas Pseudomonas aeruginosa and Klebsiella
pneumoniae show comparatively higher resistance. Nevertheless, all tested microorganisms are effectively
inhibited at higher ZnS concentrations, confirming the promising potential of ZnS ceramic materials for
antimicrobial coatings, biomedical devices, water treatment systems, and healthcare applications.
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Fig. 13. Agar Disc Method (ADM) showing the antibacterial activity of ZnS ceramic materials against five
bacterial strains at different ZnS concentrations after 24 h incubation at 37 °C

SPREAD PLATE METHOD (SPM)

The antibacterial activity of the ZnS ceramic materials was further evaluated using the Spread Plate Method
(SPM) to quantitatively determine bacterial survival after treatment. Unlike the Agar Disc Method, which
measures the inhibition zone around the antibacterial material, the SPM directly determines the number of
viable bacterial cells by counting the colony-forming units (CFU mL™!). The experimental results are
presented in Fig. 14(a-b).

The qualitative spot plating results shown in Fig. 14(a) provide an immediate visual comparison between the
untreated control and the ZnS-treated bacterial cultures. For all investigated bacterial strains, namely
Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Bacillus subtilis, and Klebsiella
pneumoniae, the untreated control exhibits dense bacterial growth with numerous colonies after incubation.
In contrast, the corresponding ZnS-treated samples display a remarkable reduction in colony density. The
reduction in visible colonies confirms that ZnS ceramic materials effectively suppress bacterial proliferation.
Among the investigated microorganisms, Staphylococcus aureus and Bacillus subtilis exhibit the greatest
reduction in colony density, indicating higher susceptibility to ZnS treatment, whereas Pseudomonas
aeruginosa and Klebsiella pneumoniae retain relatively more colonies, reflecting their comparatively higher
intrinsic resistance.

A more detailed quantitative evaluation is presented in Fig. 14(b), where the bacterial colony counts are
shown after treatment with different ZnS concentrations (0, 25, 50, 100, and 200 ug.mL™"). As illustrated in
Fig. 14(b), the untreated control (0 pug.mL™") exhibits the highest colony density for all bacterial strains,
confirming normal bacterial growth in the absence of ZnS. After introducing 25 pg.mL™! ZnS, a substantial
reduction in colony number is observed, indicating the onset of antibacterial activity. Increasing the
concentration to 50 pg.mL™! results in a further decrease in bacterial colonies, demonstrating concentration-
dependent bacterial inhibition.

At 100 pg.mL™, only a limited number of colonies remain visible on the agar plates for all bacterial species.
The significant reduction in bacterial survival indicates that ZnS ceramics effectively inhibit bacterial
multiplication through membrane disruption, oxidative stress, and intracellular damage. Finally, at the
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highest concentration of 200 pg.mL™', the agar plates shown in Fig. 14(b) exhibit very few or almost no
surviving colonies, confirming that ZnS ceramics possess excellent bactericidal activity at higher
concentrations.

The antibacterial efficiency of the ZnS ceramic materials was calculated using the relationship Eqg. 2.

According to this equation, a lower CFU value corresponds to a higher antibacterial efficiency. Therefore,
the progressive decrease in bacterial colony counts observed in Fig. 14(b) directly reflects the increasing
antibacterial performance of ZnS ceramics with increasing concentration.

The antibacterial behavior observed in Fig. 14 is attributed to the synergistic antibacterial mechanism
proposed previously in Fig. 11. ZnS ceramic particles generate reactive oxygen species (ROS) and release
Zn*" ions, both of which disrupt bacterial membrane integrity, increase membrane permeability, and
promote leakage of intracellular proteins and nucleic acids. These processes eventually inhibit enzyme
activity, damage bacterial DNA, and prevent further cell division, leading to bacterial death. Consequently,
fewer viable bacteria remain capable of forming colonies on the agar plates after ZnS treatment.

The concentration-dependent reduction in colony number observed in Fig. 14(b) also agrees well with the
qualitative inhibition zones obtained using the Agar Disc Method (Fig. 13). Samples producing larger
inhibition zones simultaneously exhibit lower bacterial colony counts, demonstrating excellent agreement
between the two antibacterial evaluation techniques. The SPM therefore quantitatively validates the
antibacterial activity previously observed using ADM.

Furthermore, the excellent antibacterial performance of ZnS ceramics is closely associated with their
improved structural properties discussed in the previous sections. The enhanced crystallinity observed by
XRD (Fig. 4), the uniform particle morphology revealed by FESEM (Fig. 5), the formation of strong Zn-S
bonds confirmed by FTIR (Fig. 9), and the improved lattice ordering demonstrated by Raman spectroscopy
(Figs. 10 and 11) collectively contribute to more efficient ROS generation and stronger interactions between
ZnS particles and bacterial cells. These structural improvements enhance the bactericidal efficiency of ZnS
ceramics, particularly at higher concentrations.

The Spread Plate Method results presented in Fig. 14(a—b) demonstrate that ZnS ceramic materials possess
excellent concentration-dependent antibacterial activity against both Gram-positive and Gram-negative
bacteria. The continuous reduction in colony-forming units with increasing ZnS concentration confirms the
strong bactericidal capability of the synthesized ceramics. Among the investigated bacterial strains,
Staphylococcus aureus and Bacillus subtilis exhibit the highest susceptibility, whereas Pseudomonas
aeruginosa and Klebsiella pneumoniae show comparatively greater resistance. Nevertheless, all tested
bacterial strains are effectively inhibited at the highest ZnS concentration, confirming the promising
potential of ZnS ceramic materials for antimicrobial coatings, biomedical devices, food packaging, wound
dressings, and water disinfection applications.
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Fig. 14. Spread Plate Method (SPM) showing the antibacterial activity of ZnS ceramic materials against five
bacterial strains: (a) qualitative spot plating comparison between control and ZnS-treated bacteria and (b)
concentration-dependent reduction in bacterial colony counts (CFU mL™!) after 24 h incubation at 37 °C

QUANTITATIVE RESULTS (ASM AND SPM)

The quantitative antibacterial performance of the ZnS ceramic materials determined by the Agar Disc
Method (ADM) and the Spread Plate Method (SPM) is summarized in Table 5. The ADM results are
expressed as the zone of inhibition diameter (mm), whereas the SPM results are reported as the colony-
forming unit count (CFU mL™). Together, these two complementary techniques provide both qualitative and
quantitative evidence of the antibacterial activity of ZnS ceramics against five representative bacterial
strains.

The upper section of Table 5 presents the inhibition zone diameters obtained by the ADM. A clear
concentration-dependent increase in antibacterial activity is observed for all investigated bacterial strains as
the ZnS concentration increases from 25 to 200 mg/disc. The blank control disc produces no inhibition zone,
confirming that bacterial growth inhibition is solely attributed to the antibacterial action of the ZnS ceramic
material.

For Escherichia coli, the inhibition zone increases from 10.2 + 0.4 mm at 25 mg/disc to 21.8 + 0.6 mm at
200 mg/disc, indicating a continuous improvement in antibacterial efficiency with increasing ZnS
concentration. A similar trend is observed for Staphylococcus aureus, where the inhibition diameter
increases from 12.6 £ 0.5 mm to 24.6 + 0.7 mm, representing the largest inhibition zone among all tested
bacteria. This result demonstrates that S. aureus is the most susceptible bacterial strain toward ZnS ceramic
materials.

For Pseudomonas aeruginosa, the inhibition zone gradually increases from 9.1 + 0.3 mm to 17.9 + 0.6 mm
as the ZnS concentration increases. Although P. aeruginosa exhibits comparatively smaller inhibition zones
than the other bacterial strains, substantial growth inhibition is still achieved at higher ZnS concentrations.
Likewise, Bacillus subtilis exhibits inhibition diameters ranging from 11.4 + 0.4 mm to 22.3 £ 0.6 mm,
while Klebsiella pneumoniae shows inhibition zones increasing from 9.8 £ 0.4 mm to 18.9 + 0.6 mm. These
results confirm that ZnS ceramics possess broad-spectrum antibacterial activity against both Gram-positive
and Gram-negative bacteria.

The lower section of Table 5 summarizes the quantitative bacterial survival determined using the Spread
Plate Method (SPM). In contrast to the ADM results, where larger inhibition zones indicate stronger
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antibacterial activity, the SPM results demonstrate antibacterial efficiency through the progressive reduction
in viable bacterial colonies. The untreated control exhibits the highest bacterial population for all
investigated strains, with colony counts on the order of approximately 10° CFU m.L™". Following treatment
with ZnS ceramics, the bacterial population decreases continuously with increasing ZnS concentration.

For Escherichia coli, the bacterial population decreases from 2.8 < 10° CFU m.L™! in the untreated control to
8.5 x 10> CFU m.L! at the highest ZnS concentration. A similar reduction is observed for Staphylococcus
aureus, where the colony count decreases from 2.6 x 10° to 5.6 x 10> CFU m.L™'. Pseudomonas aeruginosa
exhibits a reduction from 2.9 x 10° to 1.4 x 10°> CFU m.L™!, whereas Bacillus subtilis decreases from 2.4 x
10° to 4.2 x 10> CFU m.L™, and Klebsiella pneumoniae decreases from 2.7 x 10° to 7.6 x 10> CFU m.L™.
The continuous reduction in bacterial colony counts confirms the strong bactericidal activity of ZnS
ceramics.

The antibacterial efficiency obtained from the SPM measurements was calculated using Eq. 2

According to this equation, decreasing CFU values correspond to increasing antibacterial efficiency.
Therefore, the lowest colony counts observed at 200 pg.mL™ indicate that ZnS ceramic materials achieve
their highest antibacterial performance at the maximum investigated concentration.

A direct comparison between the ADM and SPM results presented in Table 5 reveals excellent agreement
between the two antibacterial evaluation methods. Samples producing larger inhibition zones simultaneously
exhibit lower bacterial colony counts, confirming that the qualitative observations obtained by the Agar Disc
Method are fully supported by the quantitative bacterial survival measurements obtained using the Spread
Plate Method. The consistency between these two independent techniques demonstrates the reliability and
reproducibility of the antibacterial evaluation.

The concentration-dependent antibacterial activity observed in Table 5 is consistent with the antibacterial
mechanism proposed in Fig. 12. Increasing ZnS concentration enhances the generation of reactive oxygen
species (ROS) and the release of Zn?* ions, resulting in greater membrane disruption, leakage of intracellular
biomolecules, oxidative damage to proteins and DNA, and ultimately bacterial cell death. The experimental
evidence supporting this mechanism, including ROS generation, membrane damage, intracellular leakage,
and DNA fragmentation, was demonstrated previously in Fig. 13. Consequently, the quantitative results
shown in Table 5 provide direct confirmation of the proposed antibacterial mechanism.

Furthermore, the excellent antibacterial performance correlates well with the structural characterization
discussed throughout this study. The improved crystallinity observed by XRD (Fig. 4), the homogeneous
particle morphology revealed by FESEM (Fig. 5), the stronger Zn-S bonding confirmed by FTIR (Fig. 9),
and the enhanced lattice ordering demonstrated by Raman spectroscopy (Figs. 10 and 11) collectively
contribute to more efficient ROS generation and stronger interaction between ZnS ceramic particles and
bacterial cells. These structural improvements explain the enhanced antibacterial activity observed with
increasing ZnS concentration. The quantitative antibacterial results presented in Table 5 demonstrate that
ZnS ceramic materials possess excellent broad-spectrum antimicrobial activity against both Gram-positive
and Gram-negative bacteria. The continuous increase in inhibition zone diameter together with the
simultaneous reduction in bacterial colony counts confirms that the antibacterial performance is strongly
concentration dependent. Among the investigated microorganisms, Staphylococcus aureus exhibits the
highest susceptibility, whereas Pseudomonas aeruginosa shows comparatively greater resistance.
Nevertheless, all bacterial strains are effectively inhibited at the highest ZnS concentration, highlighting the
considerable potential of ZnS ceramic materials for antimicrobial coatings, biomedical implants, wound
dressings, food-packaging materials, and water purification applications.
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Table 5. Quantitative antibacterial results of ZnS ceramic materials determined by the Agar Disc Method
(ADM) as inhibition zone diameter (mm) and the Spread Plate Method (SPM) as bacterial colony count
(CFU mL™") against five bacterial strains at different ZnS concentrations.

ADM: Zone of inhibition diameter (mm)

ZnS conc. Bacteria (ATCC strain)
(mg/disc) E. coli . S. aureus [ P. aeruginosa [ B. subtilis | K. pneumoniae
25922 25923 27853 6633 700603

25 102 £ 0.4 12.6 £ 0.5 9.1 0.3 11.4 £ 04 9.8 +04
50 137+ 0.5 163 £ 0.5 11.8 0.4 14.6 £ 0.5 12.3 £ 0.4
100 17.2 £ 0.6 20.1 £ 0.6 14.7 £ 0.5 18.5 £ 0.6 15.6 £ 0.5
200 21.8+0.6 24.6 £ 0.7 17.9 + 0.6 223+ 0.6 18.9 + 0.6

Control [ | [ | |

(Blank disc) | 0 0 0 0 . 0

SPM: Colony count (CFU/mL)
| Bacteria (ATCC strain)
ZnS conc. i (T
(ng/mL) E. coli S. aureus P. aeruginosa B. subtilis K. pneumoniae
25922 25923 27853 | 6633 700603

0 (Control) | 2.8 x 107 2.6 x 107 ‘ 2.9 x 107 2.4 %107 \ 2.7 x 107
25 ‘ 7.2 x 10° 6.1 x 10° 8.5 x 10° 5.5 x 10° ‘ 6.9 x 10°
50 2.1 x 10° 1.6 x 10° 2.8 x 10° 1.4 x 10° \ 1.9 x 10°
100 53 x10° 3.8 x 10° 7.6 x 10° 3.1 x 10° | 47x10°
200 ‘ 8.5 x 10' 5.6 % 10 1.8 x 107 4.2 x 10 ‘ 7.8 x 10!

1 | | |

STATISTICAL ANALYSIS OF ANTIBACTERIAL ACTIVITY

The statistical analysis of the antibacterial activity of the ZnS ceramic materials determined using the Agar
Disc Method (ADM) and the Spread Plate Method (SPM) is summarized in Table 6. The antibacterial
results are expressed as mean + standard deviation (SD) from three independent experiments (n = 3).
Statistical comparisons among ZnS concentrations were performed using one-way analysis of variance
(ANOVA) followed by Tukey's Honestly Significant Difference (HSD) post hoc test, while the relationship
between the ADM and SPM results was evaluated using Pearson's correlation analysis. A significance level
of p < 0.05 was considered statistically significant.

The statistical comparison of the ADM inhibition zone diameters presented in Table 6 demonstrates that
ZnS concentration has a highly significant effect on the antibacterial activity against all investigated
bacterial strains. The superscript letters (a—d) indicate statistically significant differences among the
concentration groups, where values assigned different letters differ significantly (p < 0.05). Increasing the
ZnS concentration from 25 to 200 mg/disc produces a continuous and statistically significant increase in the
inhibition zone diameter for every bacterial strain. The largest inhibition zones are observed for
Staphylococcus aureus, whereas Pseudomonas aeruginosa consistently exhibits the smallest inhibition
zones, indicating comparatively greater bacterial resistance.

The SPM colony count data summarized in Table 6 exhibit an opposite but complementary trend. The
untreated control possesses the highest bacterial population, while increasing ZnS concentration
progressively reduces the number of viable bacterial colonies. Statistical analysis confirms that each
increase in ZnS concentration significantly decreases bacterial survival (p < 0.05). At the highest ZnS
concentration (200 pug.mL™"), the colony counts are reduced by several orders of magnitude compared with
the untreated control, confirming the strong bactericidal activity of ZnS ceramic materials.

The one-way ANOVA results presented in Table 6 demonstrate highly significant differences among the
investigated concentration groups. For the ADM measurements, the calculated F-values range
approximately from 291 to 413, whereas the corresponding p-values are less than 0.001 for every bacterial
strain. Similar observations are obtained for the SPM measurements, where the calculated F-values are
substantially higher (approximately 1533-2015) with p < 0.001. These results indicate that ZnS
concentration exerts a statistically significant influence on both inhibition zone diameter and bacterial
survival. Furthermore, the calculated effect size (n?) ranges from approximately 0.991 to 0.999, indicating
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that more than 99% of the observed variation in antibacterial activity is explained by the ZnS concentration.
Such exceptionally high effect sizes demonstrate the strong influence of ZnS dosage on antibacterial
performance.

The Pearson correlation analysis summarized in Table 6 further demonstrates excellent agreement between
the two antibacterial evaluation methods. The calculated correlation coefficients range from approximately
—0.986 to —0.991, with p < 0.001 for all investigated bacterial strains. These results indicate an extremely
strong negative correlation between the inhibition zone diameter determined by ADM and the bacterial
colony count measured by SPM. Consequently, larger inhibition zones are consistently associated with
lower bacterial survival, confirming the reliability and consistency of both antibacterial assessment
techniques.

The antibacterial efficiency calculated from the SPM results is also summarized in Table 6. The antibacterial
efficiency was determined according to Eq. 2

The calculated antibacterial efficiency increases progressively with ZnS concentration for all investigated
bacterial strains. At the highest ZnS concentration (200 pg.mL™), the antibacterial efficiency exceeds
99.999% for most bacterial species, confirming the excellent bactericidal performance of the synthesized
ZnS ceramic materials.

The statistical results summarized in Table 6 are fully consistent with the antibacterial mechanism proposed
in Fig. 11 and the experimental evidence presented in Fig. 12. The statistically significant increase in
inhibition zone diameter together with the corresponding reduction in bacterial colony count confirms that
increasing ZnS concentration enhances reactive oxygen species (ROS) generation and Zn?" ion release,
thereby promoting membrane disruption, intracellular leakage, oxidative damage, and ultimately bacterial
cell death. These biological processes explain the excellent antibacterial efficiencies observed for both
Gram-positive and Gram-negative bacteria.

Furthermore, the outstanding antibacterial performance demonstrated statistically in Table 6 correlates well
with the structural characteristics of the ZnS ceramics discussed in the previous sections. The improved
crystallinity observed by XRD (Fig. 3), the homogeneous particle morphology revealed by FESEM (Fig. 4),
the formation of strong Zn-S bonds confirmed by FTIR (Fig. 8), and the enhanced lattice ordering
demonstrated by Raman spectroscopy (Figs. 9 and 10) collectively contribute to more efficient ROS
generation and stronger interaction between ZnS particles and bacterial cells, thereby significantly
improving the antibacterial The statistical analyses summarized in Table 6 confirm that ZnS ceramic
materials exhibit highly significant concentration-dependent antibacterial activity against all investigated
bacterial strains. The one-way ANOVA demonstrates highly significant differences among concentration
groups (p < 0.001), while the exceptionally large effect sizes indicate that ZnS concentration is the dominant
factor controlling antibacterial performance. Moreover, the very strong negative Pearson correlation (r =
—0.99) between inhibition zone diameter and bacterial colony count confirms the excellent agreement
between the ADM and SPM methods. These statistical findings provide robust quantitative evidence
supporting the superior antibacterial performance of ZnS ceramic materials and reinforce their potential for
advanced biomedical, environmental, and antimicrobial applications.
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Table 6. Statistical analysis of the antibacterial activity of ZnS ceramic materials obtained by the Agar Disc
Method (ADM) and Spread Plate Method (SPM)

TABLE S — STATISTICAL ANALYSIS OF ANTIBACTERIAL ACTIVITY OF ZnS CERAMIC MATERIALS

ADM: Zone of inhibition diameter (mm) SPM: Colony count (CFU/mL)
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All data are presented as mean = SD (n = 3). Statistical analysis: One-way ANOVA followed by Tukey's HSD post boc test (p < 0.05).

ANTIBACTERIAL EFFICIENCY (%) FROM ADM AND SPM DATA

The antibacterial efficiency of the synthesized ZnS ceramic materials was calculated from both the Agar
Disc Method (ADM) and Spread Plate Method (SPM) results using the quantitative data summarized in
Table 5. The calculated antibacterial efficiencies are graphically presented as three-dimensional plots in Fig.
15(a-b), while the corresponding statistical analyses are summarized in Table 6. These graphical
representations provide a clearer visualization of the concentration-dependent antibacterial performance of
ZnS ceramics against the investigated bacterial strains.

As illustrated in Fig. 15(a), the antibacterial efficiency determined from the ADM results increases
continuously with ZnS concentration for all bacterial strains. The 3D representation clearly demonstrates
that Staphylococcus aureus exhibits the highest antibacterial efficiency, whereas Pseudomonas aeruginosa
shows comparatively lower susceptibility throughout the investigated concentration range.

The antibacterial efficiencies calculated from the SPM results are presented in Fig. 15(b). A continuous
increase in antibacterial efficiency is observed as the ZnS concentration increases from 25 to 200 pg.m.L™,
reaching values exceeding 99.999% for most bacterial strains at the highest concentration. The results
shown in Fig. 15(b) are fully consistent with the reduction in bacterial colony counts summarized in Table 5.

A direct comparison between Fig. 15(a) and Fig. 15(b) indicates excellent agreement between the two
antibacterial evaluation methods. Although the antibacterial efficiency is calculated from different
experimental parameters (inhibition zone diameter for ADM and bacterial colony reduction for SPM), both
methods demonstrate the same concentration-dependent antibacterial behavior and identify Staphylococcus
aureus as the most susceptible bacterial strain. These observations are statistically supported by the results
presented in Table 6, where highly significant differences (p < 0.001) and strong negative Pearson
correlations (r = —0.99) confirm the consistency and reliability of both antibacterial evaluation techniques.
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(a) ADM: Antibacterial efficiency (%) (b) SPM: Antibacterial efficiency (%)
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Fig. 15. Three-dimensional representation of the antibacterial performance of ZnS ceramic materials: (a)
antibacterial activity based on the Agar Disc Method (ADM) and (b) antibacterial efficiency calculated from
the Spread Plate Method (SPM) against five bacterial strains at different ZnS concentrations.

CONCLUSION

In this study, ZnS ceramic materials were successfully synthesized via the sol-gel method and thermally
annealed at 500 °C and 700 °C to investigate the influence of heat treatment on their structural,
morphological, optical, vibrational, and antibacterial properties. X-ray diffraction analysis confirmed the
formation of a single-phase cubic zinc blende ZnS structure without detectable secondary phases, while
thermal annealing significantly enhanced crystallinity, increased crystallite size, and reduced lattice
microstrain and dislocation density. FESEM observations revealed uniformly distributed nanoparticles with
improved particle growth and reduced agglomeration after annealing. EDX and elemental mapping verified
the homogeneous distribution of Zn and S throughout the ceramic matrix, confirming the high compositional
purity of the synthesized materials.

Optical characterization demonstrated excellent transparency in the visible region together with a direct
optical band gap in the range of 3.72-3.80 eV, indicating that the optical properties can be effectively
tailored through thermal treatment. FTIR and Raman analyses further confirmed the formation of strong Zn—
S chemical bonds and improved lattice ordering, while the narrowing of Raman peaks and reduction in
FWHM provided additional evidence of enhanced crystal quality after annealing.

The antibacterial investigation performed using both the Agar Disc Method (ADM) and the Spread Plate
Method (SPM) demonstrated that ZnS ceramics possess excellent broad-spectrum antibacterial activity
against Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Bacillus subtilis, and Klebsiella
pneumoniae. The antibacterial performance increased progressively with ZnS concentration, exhibiting
larger inhibition zones, lower bacterial colony counts, and antibacterial efficiencies exceeding 99.999% at
the highest concentration for most bacterial strains. Statistical analysis confirmed that these improvements

were highly significant (p < 0.001) and strongly correlated with the enhanced structural properties of the
ZnS ceramics.

The results demonstrate that thermal annealing is an effective strategy for improving the structural quality
and antibacterial performance of ZnS ceramic materials. Owing to their excellent crystallinity, desirable
optical characteristics, chemical stability, and outstanding antimicrobial activity, the synthesized ZnS
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ceramics represent promising candidates for advanced biomedical coatings, antimicrobial ceramics,
healthcare devices, food-packaging systems, environmental disinfection, and water purification applications.
Future studies should focus on evaluating cytocompatibility, long-term stability, biofilm inhibition, and
photocatalytic antibacterial performance under visible-light irradiation to further expand the practical
applications of ZnS ceramic materials.
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