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Undoped SnS, and Nd and Gd-doped SnS nanostructures were fabricated by hydrothermal approach. The XRD
study for the Gd-doped SnS powder proved the formation of an orthrhombic crystal structure. The SEM study
reveals the particles’ surface altered by introducing the Nd and Gd element into the SnS materials. Undoped and
doped SnS materials have ferromagnetic characters detected, along with the distinct coercive force and intense
magnetization revealed by VSM study. Significantly reduced band gap values have been observed for doped SnS

in the optical absorption spectra. The antibacterial activity of prepared materials was tested, and the results have

been discussed in detail.

1. Introduction

Tin monosulfide (SnS) is one of the chalcogenide materials which has
turned research topic and gained much attention for use in industrial
applications, in photo detectors (photodiodes and photovoltaic) as op-
toelectronic devices, waste water treatment &biomedical, solar cells, gas
sensors etc. [1-5]. From the available past and recent literature reports,
some merits were noticed about SnS material, like narrow optical band
gap energy, infrared (IR) and near-infrared (NIR) optical behaviour,
non-toxicity, good light-absorption and transparency, and moderate
electrical resistivity and conductivity.

Alot of web reports deal with the synthesis of metals (In, Fe, Ti, V, Se,
Sb, Te, Cu, Na), non- metals (Carbon, Nitrogen, Phosphorus), reduced
graphene oxide and g-CsN4 doped SnS material by different chemical
routes for testing the optical, electronic, magnetic properties, electrical
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and thermoelectric behaviour when used in optoelectronic devices, solar
cells, waste water treatment, electrochemical, gas sensing and spin-
tronics device applications [6-27]. For example, Pandey et al. [28]
synthesized the undoped and various concentrations of Mn doped SnS
nanoparticles through the chemical precipitation method. They found
significant changes in the optical band gap and photoemission charac-
teristic with respect to increasing the Mn dopant concentration on the
SnS nanoparticles. Arepalli et al. [29] tested the concentration of 2%- Ag
doped SnS thin film materials at various temperatures (200 to 350 °C)
via the sputtering method. They examined the surface modification of
the morphologies, crystalline behaviour, interplanar distance, Full
width half maximum, intrinsic strain, lattice constant, cell volume,
composition of elements, optical and electrical parameters under the
influence of temperatures ranging from 200 to 350 °C. Jethwa et al. [30]
made Se dopant admixtures in a SnS crystal by the direct vapour
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Fig. 1. Different magnification images of (a-c) undoped SnS, (d-f) Nd-doped SnS, (g-i) Gd-doped SnS nanostructures and (j) schematic formation mechanism of the
Gd-doped SnS material.
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Fig. 1. (continued).

transport route. They found improved electrical responses like the hall
coefficient, conductivity, mobility and carrier concentration and
photodetector parameters in the Se doped SnS crystal. Purusottam
Reddy Bommireddy and his groups [31] investigated the tuning of
diffraction shifts, the Raman shift from the XRD and Raman spectra,
surface modification, elemental composition ratio, optical band gap and
electrical parameters (carriers’ concentration, mobility, resisitivity,
material type (p-n-type)) by introducing various concentrations of a
copper dopant incorporated in the SnS thin film material via the spin
coating route. Qin et al. [32] prepared an Ag doped SnS thin film using
the solvo-thermal method followed by a study of the gas sensing char-
acteristic. In this paper, the obtained gas sensing parameters of the Ag
doped SnS film are compared with the computation theory based gas

sensing parameters’ results and discussed in detail. Janakiraman et al.
reported [33] that undoped and Fe doped SnS thin films were deposited
on the glass substrate by applying certain parameter conditions via the
spray coating analysis. In this paper, they found that the average crys-
tallite size was decreased in the SnS film material with increasing Fe
doped concentration. Variation in the surface modifications were
noticed in the microscopy studies by varying the Fe doped concentration
admixtures in the SnS film. In addition, better optical absorbance and
transmittance were found in Fe doepd SnS film at higher concentration
in the optical spectra studies. Using co-precipitation, Parveen et al. [34]
studied the undoped and different concentrations of Ni dopant assisted
SnS nanocrystalline materials. They noticed that tuning affected the
average crystallite size and physical properties like the lattice constant,
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Fig. 2a. UV visible spectra of (a) undoped SnS, (b) Nd doped SnS and Gd-doped
SnS material. b Tauc plot of (a) undoped SnS, (b) Nd doped SnS and Gd-doped
SnS material.
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Fig. 2b. Tauc plot of (a) undoped SnS, (b) Nd doped SnS and Gd-doped
SnS material.

crystalline strain, dislocation density, volume of the unit cell and in-
ternal surface modification and electrical characteristics (dielectrics and
conductivity) under the influence of Ni dopant concentration in the SnS
material. Muthalif et al. [35] reported the better electrochemical and
photovoltaic activity of Cu doped SnS compared to the pure SnS material
through the chemical bath deposition method. In addition, they noticed
that improved photovoltaic behaviour of Cu doped SnS is suitable for
solar cells applications. Ag doped SnS thin film was prepared using the
spray route and the effects of the Ag dopant concentration on the optical
band gap, and structural and electrical parameters values were
comparatively discussed in detail by Santhosh Kumar and his groups
[36]. Structural, optical absorption, emission behaviour and electrical
properties of the co-precipitation synthesized pure and Pb doped SnS
material were comparatively examined by Mohammad Reza Arefi-Rad
et al. [37]. They noticed improved physico-chemical properties in the
Pb doped SnS material. Based on the above literatures, it was noticed
that on introducing the above dopants into the SnS material, the struc-
tural parameter results like the crystallite size, strain, and topographical
particles etc. could be tuned. In addition, for the doped SnS material, an
increase or decrease in the optical band gap and emission band peaks,
depends on selecting the dopant material [6,7, 13-16, 27, 31, 33]. This
happened due to the ionic radius variation between the dopant and tin
ions. The optical band gap value is one of the reasons affecting the
catalytic activity [2]. If the optical band gap values and PL emission
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intensity are decreased their consequences will generate more re-
combinations of electron-hole pairs. Thus, the optical property would
enhance the catalytic activity of the nanomaterial. Moreover, improved
coercivity and magnetization values of the SnS material by increasing
the dopant concentrations were detected from the magnet-
ization-applied field (M—H) curve, compared with the pure SnS com-
pound [10,34]. This was because of the interaction between the dopant
ions and tin ions, when a magnetic field is applied on the doped SnS
material.

The SnS material with the above dopants incorporated into was
synthesized by applying different chemical routes. The hydrothermal
route was used to synthesize the undoped, and Gd and Nd-doped SnS
material. From the above literature reports it was noticed that, the hy-
drothermal route has some merits it could be used without any surfac-
tants/inert gas for a high temperature reaction compared to the other
chemical techniques [38-45].

The present investigation, attempts to study undoped SnS, and Nd
and Gd-doped SnS bioceramic nanopowders by taking tin (II) chloride
salt, thiourea, water, gadolinium nitrate and neodymium nitrate salt
used as a doping agent through the hydrothermal method. The synthe-
sized undoped and doped SnS nanostructures were tested by various
sophisticated analytical instruments such as UV-visible spectroscopy,
Vibrating Sample Magnetometer (VSM), and the antibacterial studies
and their results are discussed detail for the first time. In addition, it was
found that the Gd doped SnS nanostructures has good optical and
magnetic properties and antibacterial activity compared to the undoped
and Nd-doped SnS compound. Hence, the powder X-ray powder
diffraction (XRD) pattern for the Gd doped SnS material was examined
with respect to its crystalline structure and its discussion is presented in
detail.

2. Experimental
2.1. Synthesis of Undoped, Nd-and Gd- doped SnS material

Synthesis chemicals of the analytical grade have been used without
further purification to obtain undoped, Nd-and Gd-doped SnS material
using the hydrothermal route. 0.1 mmol of tin (II) chloride di hydrate
(SnCly-2H0, Sigma-Aldrich-purity 99.9%) was taken as a tin precursor
and dispersed in 80 mL quantity of distilled water. Now, the tin pre-
cursor salt was slowly dissociated into the distilled water, forming tin
and chlorine ions separately due to the hydrolysis process. In the next
step, 0.01 mmol of gadolinium (III) nitrate hexa hydrate (Gd
(NO3)3-6H20, Sigma-Aldrich-purity 99.9%) salt was taken as a dopant
and dispersed into the above solution. After that, 0.1 mmol of thiourea
salt (SC(NHy),, Sigma-Aldrich purity 99%) was taken as a sulfur source
and added to the aqueous Gd doped tin solution under magnetic stirring
for a few minutes to form the tin-thiourea complex. The above solution
was transferred to a stainless steel autocalave and the reaction tem-
perature was fixed at 180 °C for 20 hrs. The obtained product was taken
out and allowed to cool at room temperature and washed with ethanol
followed by water several times and filtered using Whattman paper. The
filtered precipitate was kept at 80 °C for 4 hrs to obtain the Gd-doped
SnS powder. Similarly, Nd doped SnS powder was fabricated by taking
tin tetra chloride pentahydrate, distilled water, thiourea and Neodymi-
um nitrate (Sigma-Aldrich purity 99.9%) using the solvothermal
method. In addition, undoped SnS material was also prepared using tin
(II) chloride dihydrate, distilled water and thiourea.

2.2. Characterization

Topographical structures were identified with the aid of Scanning
Electron Microscopy (JEOL; JSM-67001 SEM). Using UV-Visible spectra
(Jasco V-760 UV-visible spectrometer instrument) to scan the optical
absorption data of the synthesized products, their optical band gap
values were examined. Vibrating Sample Magnetometer (Lakeshore
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Fig. 3. M-H curve of (a) undoped SnS, (b) Nd doped SnS and (c) Gd doped SnS samples.

Table 1
Comparative study of magnetic nature and coercivity values of undoped, and
doped SnS material.

Material Coercivity (Hc) (Oe) Magnetic nature

Undoped-SnS 120.45 Weak ferromagnetism
Nd-doped SnS 96 Weak ferromagnetism
Gd-doped SnS 122 Weak ferromagnetism

VSM model 740) was run in the applied magnetic field range as —15,500
to 15,500 Oe. The synthesized Gd-doped SnS sample were tested on a
powder X-Ray Diffraction (X’pert PRO powder XRD instrument) to scan
their diffraction peaks and their angles in the range between 10 and 70°
by applying a wavelength (A = 1.540 A) of Cuk, radiation.

2.3. Antimicrobial activity

The antibacterial competence of the undoped SnS, Nd doped SnS and
Gd doped SnS was studied against E. Coli (gram-negative strain) by the
agar plate diffusion technique [3,46-50]. The nutrient agar of 28 g was
dispersed in 1000 mL distilled water and boiled at 15 psi for 20 min. The
plates were cast with 25 mL of the agar solution and allowed to cool. The
bacterial suspension of 30 uL was spread over the plates uniformly and
wells were made in the plates. 5 mg/mL samples were dispersed in triple
distilled water and added in the well. Then the plates were kept at 37 °C
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Fig. 4. XRD pattern of the Gd-doped SnS material.
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Fig. 5. Antibacterial activities of (a) SnS, (b) Nd-SnS and (c) Gd-SnS against the gram-negative strain E. coli.

for a day and the zone of inhibition was measured and photographed.
The experiments were repeated in triplicate.

3. Results and discussion

Different magnification images of the (a-c) undoped SnS, (d-f) Nd-
doped SnS and (f-h) Gd-doped SnS materials are shown in Fig. 1. In
the SEM images, the nanostructured formation of particles the synthe-
sized undoped and doped SnS material could be clearly seen nanosheets,
nanoflowers and nanosheets/rods along with spherical particle
morphology was seen for the undoped SnS, Nd-doped SnS and Gd-SnS
materials. It was noticed from the SEM results, that the introduction of
the dopant plays a significant role in changing change the surface
modification of the particles. A schematic formation mechanism of the
Gd-doped Sns is shown in Fig. 1(j).

The optical absorption of the synthesized pure and doped SnS
nanoparticles was recorded was in the wavelength range of 200-800 nm
with the help of UV-visible spectra as shown in Fig. 2. In these spectra,
the exact optical absorption edge could not be seen. Hence, it was not
possible to determine the optical band gap value for the synthesized
samples. However, with the aid of the optical absorption data, the Tauc
plot was used to calculate the ahc/Aqp and (ahe/Aqp)? . This plot helps to
find an accurate optical band of the synthesized samples. The optical
band energy values are noted from the Tauc plot and are 1.65, 1.12 and
1.06 eV for pure SnS, Nd-doped SnS and Gd doped SnS nanostructures
respectively. On introducing the dopant into the SnS material; the op-
tical band gap values decreased. The reason for the decreasing optical
band gap of the doped samples was the additional energy level between
the valence band and conduction band of SnS.

When a magnetic field was applied in the positive and negative di-
rection on the X-axis of the synthesized samples using the VSM instru-
ment, the synthesized samples got magnetized and served to obtain the
M-—H loop (Fig. 3). From the M—H loop, could be detected the magnetic
parameters, like the magnetic nature, intensity of magnetization, coer-
civity and retentivity values. A tiny hysteresis curve with a weak
ferromagnetism could be seen for the pure SnS material in the M—H
loop. However, the Nd and Gd doped SnS samples also showed a
ferromagnetism nature, but for the hysteresis loop slight variations were

observed compared to the pure SnS. This may be due to the rare earth
metal ions Nd and Gd exchanging with the Sn ion, when the magnetic
field was applied and as a consequence magnetic moment variation
happened. The magnetic parameters of the pure and doped SnS nano-
structures are shown in Table.1. Table.1 shows all the synthesized
samples exhibiting the dilute magnetic semiconductors’ characteristic
nature. This was because the synthesized SnS samples have low coer-
civity values. Hence, the above magnetic parameters would be suitable
for spintonic device applications.

The XRD patterns of the Gd doped SnS sample were taken and the
above sample diffraction peaks’ position and their corresponding
diffraction planes were indexed, as shown in Fig. 4. The diffraction
peaks of the synthesized SnS sample compared with the reported JCPDS
No (39-0354) of the SnS material obtain from the XRD patterns, prove
that the SnS sample reveals the formation of an orthrhombic phase
structure [5]. The well defined peaks indicate that the synthesized Gd
doped SnS has a good crystalline nature.

The antimicrobial activity of undoped-SnS, Nd-doped SnS and Gd-
doped SnS against E. coli were shown in Fig. 5 (a-c). Gentamicin (+)
and distilled water (-) were taken as the positive and negative controls
respectively. The diameter of the zone of inhibition of the antibiotic was
measured as 3.3 + 0.2 cm. There was no zone of inhibition formed in the
undoped-SnS and Nd-doped SnS samples whereas, in the Gd-doped SnS,
the diameter of zone of inhibition was measured as 2.1 £ 0.2 cm. The Gd
doped SnS nanoparticles exhibited the antimicrobial activity [51,52].
Gd3* trivalent ions doped SnS material interact with the negative cell
wall of the bacteria and damage it resulting in the leakage of cells.
Further, the Gd ions doped SnS enter the bacterial cell and interrupt the
production of nucleic acids. The increase in the reduced oxidative stress
happened due to the disturbance in the protein synthesis [51,52].
Therefore ultimately, this results in the destruction of the bacteria.

4. Conclusion

In this investigation, three different materials like undoped SnS, Nd-
doped SnS and Gd-doped SnS material have been synthesized using the .
hydrothemal method. Their optical absorption, optical band gap, mag-
netic nature, coercivity, and magnetic saturation and zone of inhibition
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values are compared and discussed in the results and discussion section.
Based on the UV, VSM and antibacterial characterization, it is seen that
relatively better optical, magnetic and antibacterial properties are found
in Gd- doped SnS nanostructures compared to other undoped and Nd-
doped SnS materials.
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