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Abstract:
α-MnS nanoparticles (NPs) were successfully synthesized at 180°C through a hydrothermal method. All the 
reflections in the PXRD pattern of α-MnS could be indexed as a cubic structure. Elemental mapping analyzed 
through EDAX showed the presence of Mn and S without any impurities. FESEM micrographs and HRTEM 
images were clearly identified that α-MnS NPs have spherical type morphology. SAED shows ring pattern, 
which clearly state that MnS NPs have polycrystalline type of nature.  A direct band gap of α-MnS NPs was 
found to be 2.00 eV using UV-visible spectroscopy. Furthermore, complex impedance spectroscopy, complex 
modulus spectroscopy and dielectric study were performed on α-MnS NPs to identified their electrical nature 
with contribution of grain and grain boundary. α-MnS NPs were tested against various bacterial strains. 
Among them, α-MnS NPs showed the maximum antibacterial activity against E. coli.
Key Word: α-MnS NPs, PXRD, SEM, EDAX, UV-Visible spectroscopy, antibacterial, dielectric study, complex 
modulus/impedance spectroscopy
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I. Introduction
In this modern age of scientific and technological progress, Transition Metal Sulfide (TMS) 

nanoparticles (NPs) have become a focal point for scientists and researchers due to their direct elemental 
sources in synthesis, offering a cost-effective solution.1-3 Over the past decade, diverse sectors such as 
electrical and optical industries have harnessed the significant benefits of TMS NPs, exploiting their varied 
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electronic, optical, and antimicrobial properties. With a surge of interest among researchers, investigations into 
various transition metal sulfides, such as CdS3,4, CuS5,6, CoS7,8, ZnS9,10, and MnS11-13, have been 
undertaken to analyze their synthesized nanoparticles. Among these, MnS nanoparticles hold particular promise 
due to their ability to be finely tuned in terms of size, shape, and surface characteristics, enhancing their utility 
across a wide array of applications.14-15 These nanoparticles manifest in distinct phases, including α-MnS, β-
MnS, and γ-MnS, each exhibiting unique structural arrangements. Zhang et al.16 and Moloto17 have revealed 
that β and γ-MnS phases typically form under low-temperature conditions, transitioning to α-MnS at higher 
temperatures or pressures. Manipulation of the Mn to S ratio during the synthesis of MnS microparticles were 
investigated by T. Veeramanikandasamy et al.18, facilitates the formation of β-MnS and γ-MnS microparticles, 
characterized by specific molar ratios. MnS NPs emerge as a significant semiconductor material due to its 
intriguing characteristics, including a direct band gap, abundance in nature and non-toxicity. Additionally, Zein 
Heiba et al.19 was proposed that the absorption coefficient is enhanced while the static dielectric constant is 
decreased in all types of MnS samples. All these remarkable properties and diverse applications, authors are 
increasingly drawn to the synthesis of MnS NPs.

This paper introduces a hydrothermal method aimed at producing MnS NPs. The ensuing α-MnS 
crystallites underwent meticulous evaluation utilizing diverse characterization techniques, encompassing 
Rietveld analysis of powder x-ray diffraction (PXRD), scanning electron microscopy (SEM), energy-dispersive 
X-ray spectroscopy (EDAX), and X-ray photoelectron spectroscopy (XPS). Additionally, UV-visible spectral 
analysis was conducted to provide deeper insights the properties of the synthesized nanoparticles. This 
comprehensive characterization endeavor yielded invaluable insights into the structural, morphological, and 
chemical composition aspects of the freshly prepared α-MnS crystallites, thereby enriching our understanding 
of their potential applications. Furthermore, investigations into the electrical properties of α-MnS NPs were 
conducted through dielectric, complex impedance, and modulus studies, further advancing our knowledge of 
these materials.

II. Experimental:
Synthesis of MnS NPs:

The analytical grade manganese (II) chloride tetra-hydrate (MnCl2.4H2O), sulphur powder, methanol 
and hydrazine hydride (NH2NH2.H2O) were used as solvents and reagents for hydrothermal synthesis. In this 
process 0.2 mmol MnCl2.4H2O and pure sulphur powder were used as a 1:1 ratio in the solvents with 
vigorously stirred for 30 minutes. After the well stirring solution was transfer into teflon line autoclave and kept 
in hot-air oven at 180oC for 24 hours then cooled down at room temperature. The black color nanoparticles 
were found after filtered and washed. The chemical reactions can be expressed in two steps:
                                          (1)
                                                                                                    (2)

Characterization technique:
The powder X-ray diffractogram was carried out using Rigaku, model- miniflex-600 in the 2θ range of 

20o to 80o with step size 0.02, using CuKα (1.5406Å). FULLPROF software package were utilized to 
performed Rietveld refinement of MnS NPs. UV-Vis. analysis was executed by Shimadzu UV 2600 
spectrophotometer from the wavelength range of 200 nm to 800 nm at room temperature. The FESEM and 
EDAX were performed by using Carl Zeiss Model Supra 55 FESEM with a maximum resolution of 1 nm at 15 
kV for morphology and elemental study respectively. The structure and morphology were recorded by High 
resolution transmission electron microscope (HRTEM) with JEOL JEM 2100 PLUS with 0.23 nm high 
resolution. The elemental analysis was performed by X-ray Photoelectron Spectroscopy (XPS) with 
Monochromatic X-ray Beam (15µm), X-ray beam induced secondary electron imaging and chemical state 
imaging, Large/Micro area and Angle dependent XPS. The dielectric study was studied by measuring using an 
Agilent-E4980A Precision LCR meter at room temperature from the range of 20 kHz to 2 MHz

Biological essay:
The Muller Hinton well diffusion method was used to study the antimicrobial screening of the 

synthesized MnS NPs by zone of inhibition method.6,20 The Gram (+ve) positive bacteria, Staphylococcus 
aureus (MTCC-96) and Streptococcus pyogenes (MTCC-443), Gram (-ve) negative bacteria Escherichia coli 
(MTCC-442) and Pseudomonas aeruginosa (MTCC-441) were used as model test strains. Well of 6 mm 
diameter was made on plates using gel puncture. Synthesized NPs and standard drugs were dispersed in acetone 
in the concentration of 50 μg/mL. Chloramphenicol and Ciprofloxacin, were used as standard drugs. Double 
distilled water was used as a control.
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III. Results And Discussion:
Powder XRD:

The Powder X-ray diffraction patterns of α-MnS NPs was Rietveld refined using FULLPROF 
software. The observed, calculated and difference patterns of the compounds in the XRD profile are shown in 
Fig. 1 (a). Based on the refined parameters, the cubic structure was found with space group of Fm-3m, shown in 
Fig. 1 (b). The lattice parameters found to be a = 5.224 Å, α = 90° and unit cell volume was determined 142.56 
Å3. Fig. 1 (c) and (d) shows 3D and 2D electron density distributions in the unit cell structure of α-MnS.

Fig. 1 (a) Rietveld refined XRD profile, (b) unit cell crystal structure, (c) 3D, (d) 2D electron density 
distributions in the unit cell structure, (e) Histogram of average crystallite size from Debye–Scherrer 

formula and (f) W–H plot of α-MnS NPs.

The average crystallite size was calculated using Scherrer formula and was found to be 44.9 nm, 
obtained from histogram of fig 1(e). Williamson-Hall (W–H) plot is shown in Fig. 1(f), from this the average 
crystallite size and the lattice strain were determined 77.76 nm and 8.49×10-3 respectively, which are in close 
agreement with that of crystallite size obtained using Scherrer method. Average dislocation density was 
calculated and found to be 5.11 ×1014 m-2. Average lattice constant was calculated to be 5.2163 Å from the d 
spacing of corresponding (h, k, l) parameters.

Elemental analysis:
The stoichiometric chemical composition of the synthesized α-MnS NPs was assessed using the EDAX 

technique. Fig. 2 (a) presents the obtained EDAX spectrum, depicting the weight and atomic percentage data 
showcased via pie charts. Additionally, Fig. 2 (b) illustrates the surface morphology of the synthesized sample, 
while Fig. 3(c) provides chemical mappings of the α-MnS NPs. Furthermore, Fig. 2 (d) and (e) exhibit the 
chemical distribution of Mn and S NPs, respectively. Notably, the EDAX spectrum revealed no presence of 
other elements, affirming the purity of the synthesized α-MnS NPs. This comprehensive analysis offers valuable 
insights into the chemical composition and morphology of the fabricated nanoparticles, ensuring their suitability 
for intended applications.
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Fig 2 (a) EDAX Spectrum of α-MnS NPs (b) Surface morphology of α-MnS NPs (c) MnS NPs elemental 
mapping (d & e) distribution of chemical composition of Mn and S respectively

X-ray photoelectron spectroscopy (XPS) spectra were used to assess α-MnS NPs’ chemical 
composition and states. Figure 3 (a) shows an XPS survey spectrum of α-MnS NPs, revealing the presence of 
Mn, S, C, and O elements.  The high-resolution XPS spectrum of Mn:2p shown in Fig. 3 (b) demonstrates two 
prominent peaks at 649.9 eV and 638.2 eV, corresponding to Mn:2p1/2 and Mn:2p3/2 with a spin–orbit level 
energy spacing of 11.07 eV. These peak positions are associated to the Mn2+ ion of the α-MnS NPs21. For high-
resolution spectrum of S:2p displayed in Fig. 3 (c), the two peaks at the binding energies of 162.2 eV and 154.1 
eV ware attributed to S:2p, confirming the existence of S2- ion in the α-MnS NPs, which correspond to S:2p3/2 
and S:2p1/2 respectively with a spin–orbit level energy spacing of 8.01 eV.22 The atomic weight percentages of 
Mn:2p3/2 and S:2p1/2 peaks were determined to be 54.8 and 45.2 respectively, indicating the formation of α-MnS 
NPs with excess Mn. The XPS analysis revealed that the chemical states of the α-MnS NPs contain Mn2+ and S2-

, which consistent the XRD and EDAX findings.

Fig 3 (a) XPS survey spectrum; high-resolution XPS spectra of MnS NPs (b) Mn 2p (c) S 2p

Morphological Study:
The morphology and microstructure of the resulting α-MnS NPs were investigated by using field 

emission scanning electron microscopy (FESEM) and high-resolution transmission electron microscopy 
(HRTEM). The FESEM images of α-MnS NPs shown in Fig. 4 (a-c) reveal several small spherical particles 
with collections ranging in size 80–90 nm with a comparatively narrow size distribution of α-MnS NPs formed 
in the same reaction condition. The morphologies of α-MnS NPs were also characterized by HRTEM and the 
results are shown in Fig. 4 (d-e), which also confirms spherical behavior of particles. Fig 4 (f) shows regular 
ring pattern in SAED image, which consistent with the PXRD results and suggests the polycrystalline nature of 
α-MnS NPs.

Fig. 4 (a-c) FESEM micrographs with different magnification (d-e) HRTEM images (f) SAED pattern of 
α-MnS NPs
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Optical absorption Spectroscopy:
The optical absorption spectrum of α-MnS NPs was depicted in Fig. 5 (a), it is evident that the 

prepared α-MnS NPs exhibit absorption within the visible range, featuring a distinct absorption edge falling at 
wavelength of 350 nm.22 This observation suggests that α-MnS NPs have been useful for UV absorption optical 
application. The plot depicted in Fig. 5 (b), showcasing (αhv)2 versus hv for α-MnS NPs, reveals a direct optical 
bandgap. Notably, the value of bandgap differs from that reported for bulk material,11,24 where the direct band 
gap tends to be higher. However, in the present case, for hydrothermally synthesized α-MnS nano-sized 
materials, this value found to be lesser than that bulk, around to be 2.00 eV.

Fig. 5 (a) absorption and (b) Direct Bandgap of α-MnS NPs

Dielectric Study:
In Fig. 6 (a), the relationship between dielectric constant and logarithm of frequency is illustrated, 

revealing a trend where the dielectric constant is notably high at lower frequencies, gradually decreasing as 
frequency increases. This decline is attributed to the diminishing effect of space charge polarization, which 
establishes a potential barrier. However, in proximity to grain boundaries, there is an accumulation of charge, 
leading to heightened permittivity values. Interestingly, the dielectric dispersion observed is primarily 
influenced by the dominance of grain boundary effects rather than individual grains, a phenomenon elucidated 
by Koop’s phenomenological theory. This behavior is attributed to Maxwell–Wagner type interfacial 
polarization.25,26 In addition, total polarization within the material arises from multiple sources including ionic, 
electronic, dipolar, and space charge polarization, with electronic polarization having a relatively minor impact 
on the dielectric constant reduction.4 Such polarization phenomena manifest due to the alignment of dipoles with 
the applied electric field, particularly prominent at lower frequencies, resulting in elevated dielectric constants. 
Conversely, at higher frequencies, the inability of dipoles to maintain alignment contributes to a decrease in the 
dielectric constant.

Fig. 6 (a) Dielectric constant vs log f, (b) Dielectric loss factor vs log f and (c) Johscher’s plot of α-MnS 
NPs

The dielectric loss factor (tanδ) of a α-MnS NPs, determined by the ratio of energy dissipated to energy 
stored, plays a crucial role in understanding its behavior across different frequencies. In Fig. 6 (b), the 
relationship between dielectric loss and frequency at room temperature is depicted, showcasing a notable 
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decrease in tanδ with increasing frequency. This decline, particularly pronounced at higher frequencies, can be 
attributed to the suppression of domain wall motion. At the lower and intermediate frequencies, the dielectric 
loss exhibits higher values, likely due to various factors such as ion vibrations leading to ion jump and 
conduction loss, alongside ionic polarization effects. In the higher frequency range, ion vibrations become the 
predominant contributor to loss tangent, resulting in a decrease in dielectric loss.7 Furthermore, the study 
highlights the adherence of α-MnS NPs to the Jonscher universal power law for a.c. conductivity is depicted in 
Fig. 6 (c), where the material exhibits frequency-independent conductivity behavior at lower frequencies, while 
increased with increasing frequency due to dispersion effects. The rise in conductivity leads to a corresponding 
increase in eddy currents, which subsequently enhances energy loss, represented by tan δ.26

Complex Impedance Spectroscopy:
Complex impedance spectroscopy (CIS) stands out as the most promising technique, not only for 

assessing but also for distinguishing the contributions of grain, grain boundary, and electrode effects to the 
polarization mechanism of the materials. Consequently, it provides insight into the charge carriers that affect the 
electrical properties within the respective regions i.e. grain and grain boundary of the prepared materials7. The 
complex impedance is determined by the equation: Z* = Z’ + iZ”, where Z’ and Z” are the real component and 
imaginary component of complex impedance respectively.

Figure 7 (a-b) illustrates the plots of the real component of impedance (Z') and the imaginary 
component of impedance (Z") against the logarithm of frequency. From the graphs, it is observed that both Z' 
and Z" decrease as the frequency increases. In Figure 7 (a), it can be noticed that at a higher frequency range, 
space charges are released, leading to the collapse of the curves. Figure 7 (b) shows a broad peak indicating an 
increase in frequency, with the intensity of this peak gradually diminishing. The presence of relaxation peaks 
within the broad peak suggests non-Debye behavior, characterized by a distribution of relaxation times. This 
implies that the material exhibits a range of relaxation dynamics rather than a single relaxation time, which is 
indicative of complex impedance behavior. 27,28

Fig. 7 (a) real part of impedance vs log f, (b) imaginary part of impedance vs log f and (c) Nyquist plot

The complex impedance plane (Nyquist plot), i.e. plot between Z’ and Z” is a useful approach to 
resolve the microstructural contributions to electrical transport based on the resistive and reactive response of 
the interface parts of the polycrystalline materials, depicted in Fig. 7 (c). Two parallel R-Q circuit presents 
inside fig 7 (c). The Constant phase element (Q) is introduced in the circuit corresponding to the grain boundary 
(g) properties due to non-ideal capacitive behavior, which may be due to the presence of more than one 
relaxation process with the same relaxation time (τ).7 Impedance components were fitted with relaxation 
frequency (fr), grain resistance (Rg), grain capacitance (Cg), grain relaxation time (τg), grain boundary resistance 
(Rgb), grain boundary capacitance (Cgb), and grain boundary relaxation time (τgb), which were determined as 
19920.3 Hz, 192 KΩ, 2.59 x 10-11 F, 4.97 μS, 116 KΩ, 1.01x10-10 F, and 11.76 μS, respectively. Nyquist plot was 
also employed to characterize the modified electrode at various stages of platform construction.

Complex Modulus Spectroscopy:
Just like impedance spectroscopy, complex modulus spectroscopy also studies the electrical 

characteristics, like the relaxation time, polarization mechanism due to all the three effects which were bulk, 
grain boundary and the electrode and the involved conduction mechanism of the materials. However, the main 
characteristic of this spectroscopy is that it deals with the smallest capacitance, whereas the impedance 
spectroscopy deals with the largest resistance. It is formulated as: M* = M’ + M”, where, M’ and M” are real 
part and imaginary part of the complex modulus.
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Fig. 8 (a) describes the alteration of M’ with frequency. It is noticed that, the value of M’ rises with the 
increase in frequency and attains a constant value at a very high frequency. The reason for the above-mentioned 
behavior is that at lower frequency, the ions vibrate within the confinement of their potential energy well, 
whereas at higher frequency it remains insensitive to the electric field.28 Fig. 8 (b) shows the graphical plot of 
frequency-dependent M”  curves. It is noticed that for the curves possess a relaxation peak. The reason behind 
this observation was the transition of mobility of charge carrier from a longer range to shorter range.29 Fig. 8 (b) 
exhibits broad and asymmetric peaks indicating non-Debye type relaxation, i.e. the spreading of relaxation 
times.30 The complex modulus formulation has been advantageous in terms of discrimination between electrode 
polarization and grain boundary conduction. At lower frequency the charge carriers are able to move within a 
long-range path under the effect of applied electric field, but due to lack of restoring force at this region the 
value of M’ and M’’ is quite smaller. The complex modulus spectra of M’’ versus M’ drawn semicircles in the 
complex plane as shown in Fig. 8 (c). The fig. 8 (c) clearly shows depressed semicircular arcs whose center 
does not lie on real axis.7,30

Fig:8 (a) Real part of modulus vs logf, (b) Imaginary part of modulus vs logf and (c) M” vs M’ plot

Antibacterial Study:
In the present study α-MnS NPs were experienced for antibacterial screening by inhibit the growth of 

Staphylococcus aureus and Streptococcus pyogenes for gram-positive and Escherichia coli and Pseudomonas 
aeruginosa for gram-negative bacteria. The results of antibacterial activity revealed that of synthesized α-MnS 
NPs indicated weak to good activities against all tested microorganisms as compared to standard drugs. It was 
observed in fig 9 that α-MnS NPs exhibited good activity against both E. coli, while displayed weak activity 
against other tested microbes with comparison to chosen standard drugs like Ciprofloxacin and 
Chloramphenicol.
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Fig: 9 antibacterial strains against α-MnS NPs, solvents and standard drugs

IV. Conclusions:
α-MnS NPs were synthesized by hydrothermal technique. The Rietveld refinement XRD analysis were 

showed the cubic structure of α-MnS NPs. The crystallite size was determined using Scherrer’s equation and 
Williamson-Hall plot. In addition, residual compressive strain, dislocation density and crystallinity were 
evaluated. Morphological study shows α-MnS NPs have in spherical shape NPs. The elemental and chemical 
states were analyzed using EDAX and XPS spectra. The optical energy bandgap determined from the optical 
absorbance spectrum and found to be 2.00 eV. Dielectric constant and dielectric loss factor were observed 
maximum at lower frequencies due to space charge polarization and rapidly falls with increase in frequency. α-
MnS NPs has frequency independent nature at lower frequency region, while frequency increases the 
conductivity increase. The impedance and modulus plots confirmed the dispersive nature and contribution of 
grain and grain boundary in present system. The asymmetric nature of imaginary part of impedance and 
modulus indicated non-Debye type relaxation. Antibacterial activity revealed that of synthesized α-MnS NPs 
indicated weak to good activities against all tested microorganisms as compared to standard drugs. It was 
observed that α-MnS NPs exhibited good activity against both E. coli, while displayed weak activity against S. 
Aureus S. Pyogenes and P. aeruginosa with comparison to chosen standard drugs.
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