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In this research, tin sulfide compounds and their dope in different percentages 
with neodymium were prepared by the sonochemical method. Next, the 
surface and structure of the synthesized samples were thoroughly analyzed 
using different detection techniques such as scanning electron microscopy, 
X-ray energy scattering, X-ray photoelectron spectroscopy, and X-ray 
diffraction. The X-ray diffraction pattern showed that the crystalline phase of 
tin sulfide and its doping with neodymium was orthorhombic and the results 
of elemental analysis confirmed the presence of tin, sulfur, and neodymium 
elements. Based on SEM images, the morphology of the prepared SnS 
was crystalline and changed to a nanoflower structure after Nd doping. 
After examining the surface morphology and structure of the synthesized 
samples, diffuse reflectance spectroscopy (DRS) and 4-probe techniques 
were employed to study the optical properties and electrical conductivity of 
these compounds. Band gap calculations based on absorption spectrum data 
indicated that the band gap decreased with the increase in dopant amount. 
Additionally, with the increase in the amount of dopant and temperature, the 
electrical resistance declined and the electrical conductivity increased.
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INTRODUCTION
Sonochemistry or the use of ultrasound 

waves is one of the effective methods to perform 
chemical reactions in recent years for the synthesis 
of nanostructure materials. The basis for the 
creation of this technique is based on a process 
called cavitation, which creates a very high 
local temperature and pressure in the reaction 
environment. This process includes the creation, 
gradual growth, and finally the explosion of a series 
of bubbles due to the application of ultrasonic 
waves to the solution, which produces a shock 
wave. The energy from this wave is used to break 
covalent bonds, homogenize, and perform some 
chemical shock reactions, especially the synthesis 
of nanoparticles, synthesis of organic substances, 

etc. [1-3]. Cavitation-induced sonochemistry 
provides a unique interaction between energy 
and matter, with hot spots inside the bubbles of 
∼5000 K, pressures of ∼1000 bar, heating and 
cooling rates of >1010 K s−1; these extraordinary 
conditions permit access to a range of chemical 
reaction space normally not accessible, which 
allows for the synthesis of a wide variety of unusual 
nanostructured materials [4-6].

The process that occurs due to the application 
of ultrasound waves to the solution, including 
the formation, growth and bursting of bubbles in 
the liquid, is known. The growth of the bubble is 
through penetration and the solvent vapor enters 
the bubble under the name of cavitation and 
continues until the bubble bursts. The bursting of 
the bubble causes the release of energy locally and 
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makes it possible to carry out a chemical reaction. 
The principles of the theory of local release of 
energy due to cavitation are investigated using the 
hot spot theory, and based on this theory, a very 
high local temperature is created as a result of the 
explosion of bubbles in the solution. The efficiency 
of sonochemical reactions is directly dependent 
on the energy caused by the cavitation process, 
which itself depends on various factors such as the 
frequency used, the intensity of the waves used, the 
temperature of the environment, the type of solvent, 
the pressure applied to the system, etc. By carefully 
controlling these parameters and optimizing the 
conditions, various chemical reactions, especially 
the synthesis of various nanoparticles, can be 
performed in the best way and with high efficiency 
[7-12].

Tin sulfide, which is a member of group IV-
VI metal chalconides, has attracted attention due 
to its narrow bandwidth and appropriate optical 
and electronic properties. There are three types 
of crystal structure including orthorhombic, high 
zinc and distorted salt structure for tin sulfide; 
however, the structure of most tin sulfide films is 
orthorhombic. Its direct optical bandwidth was in 
the range of 1.5-1.2 ev and the indirect bandwidth 
was between 1-1.2 ev. The conductivity of tin 
sulfide is high and it is of p type. At temperatures 
above 265 degrees Celsius, SnS slowly decomposes 
into 2SnS and tin. 2SnS has a bandwidth of 2.07 ev 
and its conductivity is of n type [13-15].

Tin sulfide is a layered semiconductor 
that is promising for converting solar 
photoelectrochemical energy into electrical energy 
due to its very high conductivity. This composition 
is made of tin (member of group 4) and sulfur 
(member of group 6). According to Hoffmann’s 
studies, tin sulfide has an orthorhombic structure, 
which can also be described as pseudotetragonal.

In general, luminescent materials consist of a 
host lattice, which is doped with small amounts 
of photoluminescent ions, and the host increases 
or decreases the luminescence property of the 
doped material. Most of the luminescent materials 
are oxides, sulfides and their doped types with 
cations of intermediate or lanthanide elements 
[16-18]. Lanthanide cations with empty 5d orbitals 
and partly occupied 4f orbitals could also mainly 
enhance the separation rate of photo-induced 
charge carriers within semiconductor catalysts and 
improve significantly the catalytic activity [19, 20].

Lanthanide ions have good fluorescence due 

to their stability and high emission quantum 
efficiency. If these cations can be doped inside the 
semiconductor, excitation of the energy gap of the 
semiconductor leads to energy transfer to these 
cations, causing an increase in their luminescence 
emission [21-25].

Since the optical, magnetic and electrical 
properties of lanthanide cations are highly 
important, the doping effect of these cations in 
tin chalcogenide structures can also be highly 
important and create new applications for these 
materials. Therefore, the aim of this research work 
is the synthesis of tin sulfide nanocrystals doped 
with neodymium cation by sonochemical method 
and investigation of the effect of various factors on 
the morphology of the synthesized compounds. 
Since the substitution of metal ions with different 
radii instead of Sn2+ causes a change in the electrical 
conductivity of these compounds, their optical and 
conductive properties will also be investigated.

EXPERIMENTAL
Materials And Methods

 All chemicals utilized in this research were 
of analytical grade and were used without further 
purification. SnCl2 and thioacetamide were 
obtained from Merck. Nd (NO3)3.6H2O and ethanol 
(99%) were purchased from Aldrich. 

Ultrasound-assisted synthesis of SnS and Nd3+-doped 
SnS nanomaterials

In a routine preparation, 1.89 grams of tin 
chloride and 0.76 grams of thioacetamide were 
added to 50 ml of deionized water and the mixture 
was stirred for 30 minutes under a temperature of 
50 °C with a magnetic stirrer. Subsequently, the 
reaction mixture was transferred to the ultrasonic 
bath and placed in it at a temperature of 50 °C 
for 3 hours. Finally, upon cooling down at room 
temperature, due to the fineness of the particles 
and passing through the filter paper, the resulting 
colloid was subject to centrifugation with distilled 
water and alcohol. This process yielded a black 
powdery precipitate. The sediment was placed in 
a thermal oven at a temperature of 60°C for 24 
hours to dry. The resulting black powder was used 
to continue the testing and analysis process. The 
method of preparing SnS doped compounds with 
various content of neodymium was the same as the 
pure SnS synthesis method. Only the amount of tin 
chloride was reduced and the amount of Nd(NO3)3 
was increased based on stoichiometic calculations.
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Characterization Methods
The XRPD characterization was employed 

for the determination of samples’ crystal phase 
composition at room temperature via a D8 advance 
diffractometer (Bruker, Karlsruhe, Germany) with 
high-intensity monochromatic Cu Ka radiation 
(λ=1.5406 A˚), accelerating voltage of 40 kV and 
an emission current of 30 mA. Elemental analyses 
were carried out using a linked ISIS300, Oxford 
EDS (energy dispersion spectroscopy) detector. 
Utilizing an electron microscope (SEM, S-4200, 
Hitachi, Tokyo, Japan), the surface state and the 
morphology were observed. The assessment of 
the chemical state of the constituent elements and 
chemical identification were conducted using X-ray 
photoelectron spectroscopy, XPS (K-ALPHA, 
UK) Thermo Scientific spectrophotometer. The 
DRS spectra of the as-prepared compounds were 
recorded by HO-SP-DRS 100. The electrical 
resistivity of the compounds was measured through 
the 4-point probe technique.

RESULTS AND DISCUSSION
Physical properties and characteristics of as-prepared 
materials

Fig. 1 and 2  indicate the XRD pattern of pure SnS 
prepared by the sonochemical route. These patterns 

demonstrate that in the above concentration of the 
doping agent (neodymium), the orthorhombic 
crystal phase related to the structure of tin sulfide is 
preserved and no impurity peak can be seen up to 
10% concentration of doping in the corresponding 
pattern. It is also in full compliance with the 
standard card (card no. JCPDS-89-0253), and the 
crystal lattice constants are a = 11.312 Å, b = 3.971 
Å, c = 4.305 Å [26, 27]. By increasing the doping 
concentration to higher percentages, the impurity 
peaks are seen next to the peaks related to tin 
sulfide, which indicates that neodymium ions are 
not placed in the tin sites in the structure.

SEM analysis was carried out to investigate the 
morphologies of the products. Fig. 3a displays the 
SEM image of pure SnS, revealing a nanocrystalline 
structure in its morphology. By incorporating Nd3+ 
ions into the lattice of SnS, the size and surface 
morphology of the sample indicate clear changes. 
By doping of neodymium, the uniform nanoflowers 
were observed in the 10% Nd-doped SnS sample 
(Fig. 3a, 3b).

XPS analysis was applied to investigate the 
chemical composition and the valence state of Nd 
in the 10% Nd3+-doped SnS particles (Fig.s 4-6). 
The Sn 3d1/2 and 3d3/2 peaks are noted at around 
486.1 eV and 494.2 eV which can be attributed 

 

Figure 1. The XRD pattern of pure SnS synthesized through the sonochemical method. 

  

Fig. 1. The XRD pattern of pure SnS synthesized through the sonochemical method.
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Figure 2. The XRD pattern of 10% Nd-doped SnS synthesized through the sonochemical 

method. 

  

Fig. 2. The XRD pattern of 10% Nd-doped SnS synthesized through the sonochemical method.

 

Figure 3. SEM images of (a) nanocrystalline pure SnS and (b) 10 % Nd-doped SnS nanoflowers. 

  

Fig. 3. SEM images of (a) nanocrystalline pure SnS and (b) 10 % Nd-doped SnS nanoflowers.
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to the Sn element in tin sulfide and validates the 
oxidation state of 2 for Sn in the 10 % Nd3+-doped 
SnS sample [28]. The S2p curve of SnS displays a 
strong peak at around 161.8 eV, which is attributed 
to the coordination of Sulfur and Sn atoms (Sn–S–
Sn) in the structure of SnS [29]. As seen in the 
XPS figures, the peak centered at 191.2 eV can be 
attributed to the Nd 4d.

A diffuse reflectance spectrometer (DRS) was 

employed to study the optical properties of tin 
sulfide compounds doped with neodymium. Fig. 7 
shows the absorption spectrum of tin sulfide. The 
DRS spectra of various Nd-doped compounds are 
provided in the supplementary data as S1. 

To calculate the band gap of the prepared 
compounds, Tauc’s equation was used. Therefore, 
by increasing the amount of dopant, the amount 
of band gap decreases, and this reduction of band 

 

Figure 4. The XPS spectra of pure SnS synthesized through the sonochemical method. 

  

Fig. 4. The XPS spectra of pure SnS synthesized through the sonochemical method.

 

Figure 5. The XPS spectra of 6% Nd-doped SnS synthesized through the sonochemical method. 

  

Fig. 5. The XPS spectra of 6% Nd-doped SnS synthesized through the sonochemical method.
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gap can play an important role in increasing the 
efficiency of their semiconductor and photocatalytic 
properties. Fig. 8 displays the Tauc plot of Sn1-xNdxS 
nanomaterials. 

The electrical resistivity of the compounds is 
shown in Fig. 9. With the increase in the neodymium 
cation concentration, the electrical resistivity of 
synthesized nanomaterials decreased obviously. 
At room temperature the electrical resistivity of 

pure SnS was of the order of 0.0897 Ω.m, while for 
Sn0.9Nd 0.1S it was 0.0887 Ω.m, respectively. Electrical 
resistivity decreases linearly with temperature. 

The temperature dependence of the electrical 
resistivity for Sn0.9Nd 0.1S between 290-340K 
is shown in Fig. 10. As a result, the electrical 
conductance of Nd-doped SnS materials is higher 
than pure tin sulfide at room temperature and 
increases with temperature.

 

Figure 6. The XPS spectra of 10% Nd-doped SnS synthesized through the sonochemical method. 

  

Fig. 6. The XPS spectra of 10% Nd-doped SnS synthesized through the sonochemical method.

 

Figure 7. DRS spectra of pure SnS. 

  

Fig. 7. DRS spectra of pure SnS.
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CONCLUSION
In this study, both pure and Nd3+–doped SnS 

were obtained by a simple sonochemical approach. 
The XRD analysis displayed a well acrystalline 
orthorhombic structure of SnS. The substitution of 
Nd3+ions into the SnS lattice was validated by the 

EDX and XPS analyses. The surface morphology 
and size of the samples had no obvious changes 
after incorporating Nd3+ into the lattice of SnS. 
The bandgap of as-prepared compounds was 
calculated via the Tauc equation and showed 
linear dependence between electrical resistivity 

 

Figure 8. Calculation of bandgap based on Tauc plots. 

  

Fig. 8. Calculation of bandgap based on Tauc plots.

 

Figure 9. The electrical resistivity of as-prepared Nd-doped SnS compounds. 

  

Fig. 9. The electrical resistivity of as-prepared Nd-doped SnS compounds.
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and dopant contents. The electrical conductance 
of Nd-doped SnS materials was higher than pure 
tin sulfide at room temperature and increased with 
temperature. Consequently, the ultrasound method 
is a low cost, reliable and eco-friendly route for 
the preparation of Nd-doped SnS nanoparticles 
and the obtained compounds can be employed 
for supercapacitor application and enhanced 
photocatalyst due to their modified bandgap.
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Fig. 10. Temperature dependent of the electrical resistivity of as-prepared Nd-doped SnS compounds.
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