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INTRODUCTION

In recent years, considerable interest has been shown on
semiconducting nanostructures owing to their enhanced elec-
trical and optical properties due to the quantum confinement
effect [1]. The nanostructures of germanium sulphide (GeS),
stannous sulphide (SnS) and lead sulphide (PbS) are important
materials among the IV-VI group semiconductors. Studies on
stannous sulfide (SnS) gained more interest due to its less toxic
nature and layer property compared to other similar materials
such as cadmium and lead compounds. Tin sulfide (SnS) is a
IV-VI semiconductor material, which can be used as the absorber
layer in solar cells and has gained importance because of its
attractive optoelectronic properties, non-toxicity and the
abundance of constituent elements Sn and S [2,3]. In addition
to solar cells, the potential applications of this material include
photocatalysis, optoelectronic devices, near IR detector and
anode material in lithium ion batteries [4-7].

Tin sulphide (Sn-S) nanostructures have been synthesized
by various methods such as hydrothermal, solvothermal,
electron beam evaporation and wet chemical route among others
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In present study, SnS and NiS/SnS nano-photocatalysts have been synthesized by simple electrochemical method and their photocatalytic |
activity and bacterial inactivation were investigated. The size, morphology, chemical composition and optical properties were investigated |
by X-ray diffraction (XRD), scanning electron microscope (SEM), energy dispersive X-ray analysis (EDAX) and optical absorption
spectroscopy. The XRD analysis confirmed the crystalline SnS phase. The band gap estimated from Tauc’s plot was 2.9 eV for SnS and |
2.7 eV for NiS/SnS nanoparticles shows that they are photoactive under UV light radiation. The photocatalytic activity of nanoparticles |
was studied by degradation of textile dye Indigo carmine under ultraviolet radiation and the photocatalytic decolourization of the dye follows |
the first order kinetics. The antibacterial susceptibility of SnS and NiS/SnS nanoparticles was evaluated by disc diffusion Kirby-Bauer |
|
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[8-11]. The properties of SnS thin films have been investigated
by many researchers prepared by various methods such as
chemical deposition, electrochemical deposition, electron beam
evaporation, thermal evaporation technique, spray pyrolytic
deposition, plasma enhanced chemical vapour deposition and
chemical bath deposition and radio frequency sputtering [12-
19]. Thin films of SnS have attracted much attention because
of their potential applications in solar cells, photovoltaic and
opto-electronic devices [12,20]. Widely different values of
direct and indirect band gap in SnS thin films and nanostruc-
tures have been reported. An optical band gap in the range of
1.1-1.75 eV for SnS thin films [21,22] and 1.8-3.6 eV for SnS
nanoparticles [23,24] has been reported. No work has been
reported for SnS and Ni doped SnS nanoparticles synthesized
by electrochemical method.

In present work, we have successfully synthesized SnS
and NiS/SnS nanoparticles through a simple, cost effective
and eco-friendly electrochemical method. The kinetics of photo
catalytic degradation of Indigo carmine dye and antibacterial
susceptibility of the synthesized nano-photocatalysts were
reported.

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original
creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made.
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EXPERIMENTAL

All chemicals were of analytical grade and used without
any further purification. Tin and nickel metal wires from Alfa-
asear Pvt Ltd., Platinum electrode from Elico Pvt. Ltd., Sodium
sulphide from Alfa asear were used. Deionized water produced
from PURELAB ultrawater purification system was used for
all the experiments.

Electrochemical synthesis of SnS nanoparticles: SnS
nanoparticles were synthesized by electrochemical process using
tin and platinum electrodes using sodium sulphide as conductive
salt. The electrolytic cell consisted of 0.2 M aqueous Na,S
and electrodes were separated by 1 cm apart. The electrolysis
has been carried out for 2 h without stirring using potential
difference of 7V and 12 mA current. During the electrolysis
tin electrode acts as anode starts to dissolve and gives Sn**
ions, which were electrochemically reacted with sulphide ions
furnished by sodium sulphide to give SnS nanoparticles. The
obtained nanoparticles were washed repeatedly with distilled
water for complete removal of Na.S, centrifuged and calcinated
at 600 °C to remove sodium and hydroxide impurities.

Electrochemical synthesis of NiS/SnS nanoparticles:
The experimental setup for NiS/SnS was similar to synthesis
of SnS (Fig. 1). In this case, Sn and Ni electrodes were used as
anode and platinum electrode as cathode. The rate of
electrochemical reaction is not same for Sn** and Ni** as the
redox potentials for Sn** and Ni** are different. Since the
dissolution potential of Ni (-0.26 eV) is more negative than
Sn (-0.14 eV), the formation of NiS takes place in competation
with SnS. The mechanism of electrochemical synthesis takes
place according to following Scheme-I.

Sn =—= Sn?* +2¢
Ni == Ni*"+2¢

Na,S = 2Na" + s*

INa* +2ec —» 2Na (at Ptede)

Sn2+ + SZ— ~—= SnS

Ni?* + 8§ =—= NiS
Mechanism of electrochemical formation of NiS/SnS nano-
particles

Scheme-I:

Characterization: FT-IR spectra were recorded using
JASCO FT-IR with wave number ranging from 4000-400 cm™.

Ni electrode < *:_-

Anod
(Anode) ¥ —

Sn electrode <= &==——=T= Platinum electrode
(Anode) - ) (Cathode)
e Calcination
_  » NiS/SnS at 600 °C N
nanoparticles

0.2 M Na,$S

The SEM images of the sample were recorded on ESEM Quanta
200 FEI-Netherlands scanning electron microscope. The powder
X ray diffractions were recorded using Rigaku miniflex II
desktop X ray diffractometer (CuKoi, A = 1.54 A) scan rate of
0.02°/S range from 0° to 60°. The optical absorption spectra
have been observed by UV-Vis spectrophotometer at room
temperature with JASCO-UV Vis spectrometer.

Mineralization of Indigo carmine dye: The concentra-
tion of dye, dopant, pH of the solution, dosage of photocatalyst
and exposure to different sources of light viz. sunlight and UV
light are the variables that influence the photoreactivity of the
nanocatalysts [25,26]. To evaluate the photocatalytic efficiency
of the prepared nanoparticles, photodegradation experiments
were carried out using different concentration of Indigo carmine
dye as substrate and different concentrations of SnS and NiS/
SnS as catalyst. A calculated quantity of nanoparticles was
added to the dye solution, stirred in dark for 1 min to establish
adsorption/desorption equilibrium between the dye and
nanoparticle molecules and the illuminated under UV source to
induce a photochemical reaction. The % T was determined by
Elico SL 171 mini spectrometer for aliquots taken at an interval
of 10 min. Adsorption and photocatalytic conversion (g%) was
calculated. The chemical oxygen demand was measured accor-
ding to the standard dichromate titration method. The decrease
in COD of the solution gives the measure of mineralization of
the dye solution.

Antibacterial activity: The antibacterial susceptibility of
SnS and NiS/SnS nanoparticles was evaluated by Kirby-Bauer
disc diffusion method [27]. Nanoparticles were loaded into 6
mm sterile discs and placed on the culture Gram-positive
Staphylococcus aureus (MTCC 7443) and Gram-negative
Escherichia coli (MTCC 40) inoculated Mueller Hinton agar
plates and incubated at 37 °C for 24 h. The comparative stability
of discs containing gentamycin was made. The antibacterial
susceptibility of synthesized nanoparticles was investigated
qualitatively by zone of inhibition. Disposable plates inoculated
with the tested Gram-positive and Gram-negative bacteria, such
as Staphylococcus aureus and Escherichia coli at a concen-
tration of 10° to 10° CFU/mL were used for the tests.

RESULTS AND DISCUSSION

X-ray diffraction studies: It has been reported in the
literature that SnS crystallizes in orthorhombic structure, but
at higher temperature (> 400 °C) their crystal structure probably

Fig. 1. Diagramatic representation of electrochemical formation of NiS/SnS nanoparticles
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Fig. 3. FTIR spectra of (a) SnS and (b) NiS/SnS nanoparticles

changed from orthorhombic to tetragonal crystal system [28].
The XRD pattern of synthesized SnS and NiS/SnS nanoparticles
are displayed in Figs. 2a-b, respectively, which exhibits sharp
diffraction peaks. The XRD for SnS shows diffraction peaks
at 20 values 26.39° 33.66°, 37.72°, 51.56° 64.51°, 65.72°
corresponding to (hkl) values (301), (003), (421), (442), (731)
and (325), respectively. The average crystallite size was calcu-
lated using Debye-Scherrer equation and it was found to be
61.37 nm. The crystal structure parameters a=b = 11.17 A,
¢ =7.984 A and 0.= B = y=90°. Accordingly SnS belongs to
tetragonal crystal system. The angle strain for synthesized SnS
nanoparticles is 4.04 x 107,

The XRD for NiS/SnS shows diffraction peaks at 26 values
24.85°, 26.43°, 33.64°, 34.77°, 37.20°, 43.20°, 51.85° corres-
ponding to (hkl) values (310), (301), (112), (411), (103), (422)
and (204), respectively. The average crystallite size for synthe-
sized NiS/SnS nanoparticles is 37.04 nm and angle strain is
1.08 x 10*. The crystal structure parameters a=b = 11.33 A,
c=7.416 A and o.= B = y=90°. Accordingly NiS/SnS belongs
to tetragonal crystal system.

FTIR studies: Fig. 3a shows the FTIR spectrum of SnS
nanoparticles, strong and sharp bands appear in the spectrum
at 2354, 1200-1000 and 615 cm™, which are due to character-
istic peaks of SnS [29].

Optical absorption spectra and Tauc’s plot: The optical
absorption spectra of SnS and NiS/SnS nanoparticles over the

range 200-800 nm exhibited maximum absorption in the UV
region and there is no absorption peak in the visible region
(Fig. 4). These absorption peak position reflects the band gap
of the nanoparticles and the synthesized nanoparticles are
photoactive under UV light radiation. The band gap of the
samples were calculated from Tauc’s plot found to be 2.9 eV
for SnS and 2.7 eV for NiS/SnS nanoparticles as shown in
Fig. 5a-b.
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Fig. 4. Optical absorption spectra of SnS and NiS/SnS nanoparticles

SEM-EDX studies: The surface morphology of SnS and
NiS/SnS nanoparticles were investigated by FE-SEM analysis
as shown in Fig. 6a-b. The SEM observation revealed that the
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Fig. 5. Tauc’s plot of (a) SnS and (b) NiS/SnS nanoparticles

Fig. 6. FE-SEM image of (a) SnS (b) NiS/SnS nanoparticles

samples consists of aggregates of particles with cluster like
structure. The elemental analysis of SnS and NiS/SnS was
carried out using EDAX to confirm the presence of constituent
elements (Fig. 7a-b). The synthesized nanoparticles are with
high degree of purity.

Photocatalytic degradation of Indigo carmine dye and
COD measurements

Effect of catalyst loading: Table-1 (for SnS) and Table-2
(for NiS/SnS) shows the rate constant of degradation with respect

to different concentration of catalyst. Many studies [30,31]
have indicated that the photocatalytic rate initially increases with
catalyst loading and then decreases at higher values because
of light scattering and screening effects. In this study, a high
efficiency at a mere low concentration was achieved at 0.02 g
of catalyst for both SnS and NiS/SnS nanoparticles.

Effect of concentration of dye: To ensure the optimum
dye concentration, degradation is carried out with different
concentration of Indigo carmine dye with constant weight of
catalyst (Tables 1 and 2). As the optimum concentration of
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Fig. 7. Energy dispersive X-ray analysis of (a) SnS and (b) NiS/SnS nanoparticles
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TABLE-1
EFFECT OF DIFFERENT VARIABLES ON THE RATE OF
PHOTODEGRADATION OF INDIGO CARMINE DYE BY SnS NANOPARTICLES

_ Amount of " Time taken for complete COD values (mg/mL) Degradation
Variation ks . . : - .S
catalyst/dye degradation (min) Before degradation  After degradation  efficiency (%)
A tof 0.02 g 7.67 x 107 80 352 16 95.45
;‘;lf;llr;st" 0.04 g 5.56 x 10° 120 352 16 95.45
0.06 g 479 x 10° 140 352 32 90.90
C trati 1x107° 17.99 x 107 40 304 48 84.21
e 2x10° 7.67x 10° 80 352 16 95.45
Y 3% 10° 6.07 x 10° 210 360 64 $2.22
pH 4.0 2x107° 1.74 x 10° 200 352 96 72.72
6.0 2x107° 3.64 x 107 180 352 80 77.72
8.0 2x10° 6.52x 107° 140 352 32 90.90
10.0 2x10° 11.51 x 10° 80 352 16 95.45
Re-use of catalyst 2x10° 6.71 x 10° 120 352 112 68.18
TABLE-2
EFFECT OF DIFFERENT VARIABLES ON THE RATE OF
iS/Sn.
PHOTODEGRADATION OF INDIGO CARMINE DYE BY NiS/SnS NANOPARTICLES
_ Amount of " Time taken for complete COD values (mg/mL) Degradation
Variation ks . . : - .S
catalyst/dye degradation (min) Before degradation  After degradation efficiency (%)

A tof 0.02 g 8.31 x 10° 60 352 16 95.45
;‘;lf;llr;st" 0.04 g 7.03 x 10° 80 352 16 95.45
0.06 g 6.71 x 107 90 352 64 81.81
C trati 1x107° 20.56 x 107 40 304 32 89.47
OI‘SEE;Z 1o 2x10° 8.31x 10° 60 352 16 95.45
3x10° 479 x 10° 80 360 80 71.77
pH 4.0 2x10° 5.51 x 10° 160 352 96 72.72
6.0 2x107° 6.71 x 107 120 352 32 90.90
8.0 2x10° 23.03 x 10° 80 352 16 95.45
10.0 2x107° 33.58 x 10° 60 352 48 86.36
Re-use of catalyst 2x10° 3.72x10° 100 352 128 63.63

catalyst for SnS is 0.02g, keeping this as standard the same
amount of NiS/SnS is taken for comparision for further work.
As the initial concentration of dye increases degradation effici-
ency decreases. The reason is attributed to that more dye mole-
cules are adsorbed on to the catalyst surface, but the adsorbed
dye molecules are not degraded immediately because of the
intensity of light and the amount of catalyst is constant and
also the light penetration is less [30].

Effect of pH: In present work, the pH of the solution was
adjusted by adding 0.01 M HCI solution and 0.01 M NaOH
solution. The effect of pH was studied at pH 4, pH 6, pH 8 and
pH 10 keeping all other experimental conditions constant. It
can be suggested that the influence of pH on photodegradation
is due to the amount of dye adsorbed on nanoparticles. It was
observed that the rate of photocatalytic degradation of Indigo
carmine dye increases with increase in pH up to 10 (Tables 1
and 2). This observation can be explained on the basis that as
the pH of the solution increases, more OH™ ions are available.
These OH™ ions will generate more. OH radicals by combining
with the positive holes of the semiconductor [32]. These hydroxyl
radicals are responsible for the degradation of the dye.

Reusability and regeneration of catalyst: To examine
the repeatability, the photocatalyst was thoroughly washed with
double distilled water, dried and reused for photodegradation
by taking fresh sample of dye solution. The reuse sample has

shown almost same degradation efficiency compared to the fresh
samples (Fig. 8). Reuse cycles might cause aggregation of
photocatalyst and the decrease in the specific surface area and
the losses of catalyst [33].

Antibacterial activity: Fig. 9 shows plates to which a
bacterial suspension (approximately 10° CFU/mL) was applied.
The bacteria were grown to form a confluent lawn; the growth
inhibition could be measured as the expansion of the clear
zones surrounding the disc on the petri dish. The nanoparticles
inhibited bacterial growth by the clear inhibition zone (concen-
tration of 10 ug/mL). The presence of nanoparticles at certain
level inhibited bacterial growth. The diameter of inhibition
zones (in mm) around the nanoparticles against test strain are
shown in Table-3.

Conclusion
The simple and eco-friendly electrochemical procedure
has been employed to synthesize SnS and NiS/SnS semicon-

TABLE-3
ANTIBACTERIAL EFFECT OF NANOPARTICLES BY
ZONE OF INHIBITION (mm) AGAINST TEST STRAINS

Bacteria SnS NiS/SnS Gentamicin
Staphylococcus aureus
MTCC 7443 2 19 =
Escherichia coli 71 12 3

MTCC 40
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Fig. 9. Appearances of inhibitory zones with (A) Staphylococcus aureus
and (B) Escherichia coli bacteria

ductor nano-photocatalysts for photocatalysis and antibacterial
activity applications. The synthesized nanoparticles showed
very good photocatalytic activity with respect to degradation
of Indigo carmine dye under UV light radiation. The higher
catalytic efficiency was achieved at low concentration of 0.02 g
of catalyst. The catalytic efficiency was measured by chemical
oxygen demand (COD) method. The antibacterial suscepti-
bility of the synthesized nanoparticles evidence for its effect
on biological systems.
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