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Abstract
The present study focused on the physical and electrochemical properties of stannic sulfide  SnS2 synthesized by a template-
free chemical route using thiourea as a precursor.  SnS2 powder was characterized by X-ray diffraction (XRD), diffuse 
reflectance and Raman. The XRD pattern confirmed the formation of the hexagonal  phaseSnS2 (SG: P-3m1) with the lattice 
parameters a = 3.639 Å, c = 5.868 Å and a mean crystallite size of ~ 60 nm. The optical measurements gave a direct transi-
tion of 2.26 eV, further transition indirectly allowed was observed at 1.63 eV. The Mott-Schottky plot recorded in  Na2SO4 
(0.1 M) electrolyte exhibits a linear behavior, characteristic of n-type conductivity and confirmed by chronoamperometry. 
The flat band potential (−0.63  VSCE) is close to the photocurrent onset potential  (Eon= −0.64  VSCE) and a donor density of 
3.54 × 1016 cm−3 was determined. The electrochemical impedance spectroscopy measured in the range  (10−2 − 5 × 104 Hz) 
showed two semicircles assigned to a faradic charge transfer  (Rct = 2.46 kΩ  cm2) and grain boundaries contribution  (Rgb= 
13.69 kΩ  cm2). The conduction band, located at −4.02 eV below vacuum, is made up of  Sn4+: 5p while the valence band 
(−6.28 eV) derives mainly from  S2−: 3p. As an application, Rhodamine B was successfully oxidized by photocatalysis on 
 SnS2, 93.67% of the initial concentration (10 mg  L−1) disappeared after 3 h of exposure to solar light (90 mW  cm−2).

1 Introduction

The chalcogenide compounds were not well-studied com-
pared to oxides but begin to attract a growing interest in 
solar devices and photoelectrochemical (PEC) cells [1]. 
The binary system Sn–S shows a variety of phases  SnxSy, 
due to the versatile coordination of both tin and sulfur [2]. 
Researchers are paying a great attention toward  SnS2 com-
pound for its many applications in the visible-light-driven 
photocatalysis [3], biosensors, anode materials for Li-ion 
batteries [4], solar cell [5], photochemical hydrogen gen-
eration and photodegradation of organic pollutants [6]. The 

berndtite  (SnS2) is reported to the be n-type semiconduc-
tor with a hexagonal crystalline structure and a band gap 
in the range (2.18–2.44 eV), depending on the synthesis 
method [7]. It possesses interesting properties, abundant in 
the earth, low-cost, good chemical and thermal stabilities 
and is environmental-friendly [8]. The compound is formed 
by Sn atoms sandwiched between two S layers with strong 
Sn-S bonds and weak Van der Waals interlayer interactions 
[9]. The control of the shape and size of nanostructures has 
been investigated in recent years [10–13]. Up to now,  SnS2 
was produced with different morphologies by hydrothermal 
route [14], thermal sulfurization [15], dip coating, chemical 
spray pyrolysis [16] chemical vapor deposition [17], solvo-
thermal process, reflux synthesis [18], microwave-assistant 
method [19] and SILAR technique [20]. Therefore, because 
of these preparations,  SnS2 displays various morphologies, 
such as nanotubes, nanorods [21], nanoflowers, nanoflakes 
[22], nanosheets, thin films [23], nanoplate [24], nanoparti-
cles and nanobelt [25]. Accordingly, simple methods need to 
be developed to overcome the complexity and the high cost 
of these techniques.

In this paper, we describe a simple chemical method to 
synthesize  SnS2, the physical parameters such as the reaction 
time, temperature and concentration of organic ligands can 
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be easily controlled. Structural properties have been charac-
terized by X-ray diffraction (XRD), diffuse reflectance and 
Raman spectroscopy. To our knowledge, the photo-electro-
chemistry and the impedance electrochemical spectroscopy 
(EIS) have not been reported previously and the energy band 
diagram as well.

Photocatalysis, as a green chemistry technology, has been 
attracting remarkable attention in the field of contaminant 
destruction owing to its very desirable destruction rate as 
well as its great performance in mineralization [26]. As an 
application, Rhodamine B (RhB) was degraded upon sun-
light by advanced oxidation process (AOP).

2  Experimental

SnS2 powder was prepared by chemical route: appropriate 
amounts of  SnCl4 (6.5 mL, Fluka Chemie AG, 99.0%) and 
thiourea (8.42 g, Tu, Fluka AG, 97.0%) were mixed in a 
round bottom flask containing 50 mL of ethylene glycol 
(PROLABO). After stirring for 5 min, the reaction mixture 
was maintained at 160 °C for 1.5 h and naturally cooled to 
room temperature. A yellow precipitate was collected by 
decantation since  SnS2 is insoluble in water and dilute acids 
owing to its low solubility product (Ks ~ 10−46). It under-
goes successive centrifugations followed by washing with 
distilled water and acetone to remove chlorides. The pre-
cipitate was dried in an air oven at 100 °C and ground in an 
agate mortar. The X-ray diffraction was done with a Philips 
X’PERT 1 diffractometer, using filtered Cu–Kα radiation 
(λ = 0.15418 nm) and the phase was identified according 
the PDF-4 database using Highscore Plus. The crystallites 
size was evaluated from the Williamson-Hall plot using the 
Xpowder software. The Raman spectrum was recorded in 
the range (100–1000 cm−1) with a confocal microscope 
Raman spectrometer (JobinYvon, Horiba, T64000), excited 
by 514 nm line of Ar–Kr ions, with a laser intensity < 1 mW 
on the sample in order to minimize possible sample dete-
rioration or phase transformation with operating time [27, 
28]. The detection system is a high-sensitivity CCD multi-
channel detector, cooled to 140 K. The morphology is ana-
lyzed with H-4100 FESEM (Hitachi High Technologies 
Corporation) in Multimode. The optical gap was measured 
with a Specord 200 plus spectrophotometer; the data were 
converted to absorbance by using the Kubelka–Munk rela-
tion. The physical properties and photoelectrochemical 
characterizations require compact pellets.  SnS2 (~ 500 mg) 
was finely ground and pressed into pellets (Ø = 13 mm, 
thickness ~ 2 mm) under 5 kbar. The electrical contact on 
the pellets was carried out with a wire welded copper and 
Ag-cement. The assembly was isolated in a glass tube by 
epoxy resin so that only one side (0.35 cm2) was in direct 
contact with the electrolytic solution. The electrodes were 

polished with polishing disks (ECAPOL 2B) and washed 
thoroughly with distilled water to remove any adhering 
impurity. The working solution was prepared by dissolving 
 Na2SO4 (0.1 M, Biochem Chemopharma, 99.0%) in distilled 
water. The electrochemical measurements were performed in 
a three electrode cell: a saturated calomel electrode (SCE), 
Pt counter electrode and the working electrode; the tem-
perature was maintained at 25 ± 1 °C using a thermostated 
bath (Wise Circu). The measurements were plotted with an 
electrochemical interface (Solartron, SI: 1287) controlled by 
the Corrview software and a frequency analyzer (Solartron, 
SI: 1260) driven by the Z-VIEW software, the potential scan 
was fixed at 10 mV  s−1. A tungsten lamp (200 W) was used 
for the photoelectrochemical study.

The photocatalytic experiments were carried out in an 
open Pyrex batch reactor (100 mL) exposed to solar light; 
the flux (80 mW  cm−2), measured with a light meter (Testo 
545) at the reactor surface. The tests were performed with 
a volume of 50 mL of RhB solution (10 mg  L−1) in pres-
ence of  SnS2 (50 mg) under continuous stirring. The reactor 
is cooled by water circulation. Before irradiation, the sus-
pensions were kept overnight in the dark to reach equilib-
rium, then 2 mL was taken for analysis (adsorption). Under 
irradiation, the samples were centrifuged and filtered using 
micros filters (0.45 µm) and analyzed by UV–Visible spec-
trophotometry (Specord 200plus).

3  Results and discussion

From the XRD pattern (Fig. 1a), the crystal structure of the 
synthesized  SnS2 powder was identified as the Berndtite 
phase in agreement with the PDF-4 database (No. 00-001-
1010). All peaks are indexed in the hexagonal system (space 
group: P-3m1), with lattice parameters a = 3.639 Å and 
c = 5.868 Å. The high intensity and narrow peaks indicate a 
good crystallinity. The crystallite size (D) of  SnS2 is evalu-
ated from the Williamson–Hall plot (Fig. 1b) by extrapola-
tion to θ = 0, the D value (59 nm) indicates nanocrystal-
lites. Assuming spherical particles with non-porous nature, 
a minimal active surface area  (SS) of 21 m2  g−1= (6/ρD) 
is obtained. ρ is the experimental density (= 4.86 g  cm−3).

The Raman spectroscopy was undertaken to investigate 
the chemical structure and vibration properties of  SnS2. 
The spectrum (Fig. 2) shows a sharp and intense peak at 
317 cm−1, attributed to the active vibration mode  A1g (Sn–S) 
of the hexagonal phase  SnS2 [29, 30]; such characterization 
confirms the existence of simple phase  SnS2. “A” means a 
non-degenerate mode while the subscript ‘‘g’’ indicates the 
parity under inversion of the centro-symmetric space group. 
The morphology of the sample was observed by scanning 
electron microscopy (SEM) (Fig. 3).  SnS2 shows 3D micro-
spheres with a diameter of 2–3 µm.
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SnS2 is a potential candidate in photocatalysis and the 
optical band gap  (Eg) is crucial for the solar energy conver-
sion; its value is evaluated from the Tauc relation [31]:

where hν is the photon energy, B a proportionality constant 
and the exponent k is equal to 2 or 1/2 for direct or indirect 
transition respectively. The gap  Eg (= 2.26 eV) is deduced 
from the intersection of the extrapolated line (αhν)k with 
the hν-axis and the transition are directly allowed (k = 2) in 
agreement with that reported elsewhere [7]. However, the 
energy band gap of the bulk  SnS2 is lower than that observed 
in thin films. Further indirect transition is observed 1.63 eV 
(Fig. 4, inset). The absorption coefficient (α) is determined 
by the Kubelka–Munk function [32]:

  

where R is the diffuse reflectance, α ~ 2.33 cm−1 at 548 nm, 
α−1 represents the length penetration for a given wavelength.

The electro-kinetic parameters are deduced from the 
Tafel method (Fig. 5, inset). The exchange current density 
(0.214 mA  cm−2) and the corrosion potential (−489 mV) 
indicate a long lived material.

The flat band potential  (Efb) is the key parameter in photo-
electrochemistry because it gives not only the energy of the 
valence and conduction bands of the semiconductor but also 
the conductivity type.  Efb is accurately determined from the 
capacitance measurement; the technique consists of measur-
ing the reciprocal square capacity  (C−2) of the semiconduc-
tor/electrolyte interface against the potential (E):

(1)(�hv)k = B(hv − Eg)

(2)F(R) = � = (1 − R)2∕2R

(3)C−2SC = ±(2∕e��0ND)(E − Efb)

Fig. 1  a XRD pattern of  SnS2 prepared by chemical route. b The crystallite size determined from the Williamson–Hall plot

Fig. 2  Raman spectrum of  SnS2

Fig. 3  SEM Images of the bulk  SnS2
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where e is the electron charge, ε the relative permittiv-
ity of  SnS2 (~ 10.3) [33], εo the permittivity of vacuum 
(8.85 × 10− 12 F  m−1) and  ND the donor density. The sign ± is 
for n and p-types respectively.

The positive slope indicates n-type conduction (Fig. 6) 
where the electrons are the majority carriers and their den-
sity  (ND = 3.54 × 1016  cm−3) is deduced from the slope. The 
extension of the straight line to the abscissa axis gives the 
potential  Efb (−0.63 V) which can be assimilated to the 
Fermi level. The depletion layer (W) in which the electro/
hole  (e− CB,  h+ VB) pairs are separated, is calculated from the 
relation [34]:

  

(4)W = [2��0(E − Efb)∕eND]
0.5

The low electron density is in conformity with the 
medium conductivity of  SnS2 and produces a wide deple-
tion width (W ~ 125 nm) calculated for an optimal band 
bending (E − Efb) of 0.5 V. Therefore, most  (e− CB,  h+ VB) 
pairs generated under illumination are separated by the 
junction electric field formed spontaneously at the solid/
liquid interface.

It is useful to predict theoretically the flat band poten-
tials  (Efb). A correlation exists between the atomic elec-
tronegativities of the constituent atoms and the potential 
 Efb. However, the flat band potential  Efb and its electron 
affinity  EA, can be directly related by the following rela-
tion [35]:

where  Eo is a constant relating reference electrode to the 
vacuum level  (Eo = 4.75 eV for SCE), ∆fc is the difference 
between the Fermi level and the bottom of the conduction 
band for n-type (∆fc ~ 0.1 eV), ∆pH (= pHsolution−pzzp) is 
the potential drop across the double layer due to adsorption 
of  OH−/H+ ions. pzzp (1.99) corresponds to pH where the 
net adsorbed charge on the surface is zero and it is the only 
point where the potential  Efb can be measured, in such a case 
the electron affinity of  SnS2 is given by:

The electron negativity (χi) for an atom in the Mulliken 
scale is the arithmetic mean of the first ionization energy 
 (I1) and the atomic electron affinity  (Af):

The values were taken from the Handbook of Chem-
istry and Physics [36]. The electronegativity of the 

(5)EA = 4.75 + Efb + Δfc + 0.059 × ΔpH

(6)EA = [�1Sn�
2S]1∕3 − 1∕2Eg

(7)� i = 0.5(I1 + Af)

Fig. 4  Tauc plot (αhν)² versus. hν. Inset: the indirect transition of 
 SnS2

Fig. 5  Potencial plot versus. time of  SnS2. Inset: semi-logarithmic 
plot recorded in  Na2SO4 (0.1 M) electrolyte

Fig. 6  Mott–Schottky plot of the junction  SnS2/Na2SO4 (0.1  M) 
measured at 1 KHz
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semiconductor is the geometric mean of the electronega-
tivity of the constituent atoms χ (6.33 eV); the discrep-
ancy between this value and that predicted from Eq. 6 
shows that the latter leads to a useful but rough approxima-
tion of electro affinity of the semiconducting compounds. 
The photocurrent onset potential  Eon (−0.77 V), is more 
negative than that the potential  Efb and this indicates the 
existence of surface states within the gap region.

The photocurrent  (Jph) is an intrinsic property of the semi-
conductor and appears when the electrode is polarized above 
(resp. below) the potential  Efb for n-type (resp. p-type). The 
current was measured at regular times under chopped visible 
light. The anodic photocurrent provides a direct confirmation 
of n-type conduction properties of  SnS2. Photons with energy 
higher than the band gap  (Eg) are absorbed, producing  (e−/h+) 
pairs and increases the current density. The average photo-
current was found to be 65.3 µA  cm2 for a potential of 0.3 V 
(Fig. 7).

The photocurrent is the difference between the current den-
sity under illumination and then in the dark  (JD). According 
to the Gartner model, the photocurrent onset potential  (Eon) is 
expressed by the relation [37]:

The potential  Eon (= − 0.63 V) is obtained from the cross 
point of the line  (Jph

2 − E) to the potential axis (Fig. 8) and can 
be reasonable, assimilated to the flat band potential  (Efb). The 
positive slope confirms the n-type behavior (Fig. 8).

The energy of the conduction band (CB) with respect to 
the vacuum is determined from the combined physical and 
electrochemical parameters:

(8)(Jph − JD)
2 = Const × �

2W2(E − Eon)

(9)EBC = −4.75 − e × Efb + Ea

The  EBC value (− 4.02  eV) corresponds to a poten-
tial − 0.73 V and consists mainly of the  Sn4+− 5p orbital. 
Therefore, the level of the valence band (VB) located at 
− 6.28 eV (1.53 V) is simply deduced from the relation 
 (EBV =  EBC − Eg) and is made up of  S2−-3p orbital with a 
small admixture of  Sn4+-5s character. The energy diagram 
of the junction (Fig. 9) clearly shows the reduction of dis-
solved oxygen to  O2

●−; the potential of the couple  O2/O2
● 

(− 0.57 V) is taken from ref [38].
The EIS measurement is conducted at free potential, after 

its stabilization, in neutral medium to quantify the contribu-
tions of the electrolyte, bulk and grain boundaries. The EIS 
diagram of the junction  SnS2/Na2SO4 (Fig. 10) reveals two 
semicircles whose centers are localized below the real axis, 
indicating that the charge transfer occurs via two successive 

Fig. 7  Photocurrents versus time at different polarizations under chopped light

Fig. 8  J-E characteristic of  SnS2 plotted in  Na2SO4 (0.1 M) electro-
lyte at a scan rate of 10 mV s−1
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steps. Recent theories suggest the substitution of the capaci-
tance by a constant phase element (CPE), which indicates a 
deviation from a pure capacitive behavior. In such a case the 
impedance is defined as follows:

  

 j is the imaginary number  (j2 = − 1); the exponent n 
(0 < n < 1) is due to the non-uniformity of the field lines, the 
roughness of the electrode and the presence of surface states in 

(10)ZCPE = 1∕[C(jW)n]

the gap region. The high frequencies semicircle is assigned to 
a faradic charge transfer  (Rct = 2.46 kΩ  cm2) while the second 
one is due to grain boundaries contribution  (Rgb = 13.69 kΩ 
 cm2). The offset from the origin corresponds to the electro-
lytic resistance  (Rel = − 317 Ω  cm2,  Na2SO4 0.1 M). Table 1 
summarizes the electrochemical parameters obtained by fitting 
the EIS spectrum and the data are modeled to an equivalent 
electrical circuit using the Zview software (Fig. 10, inset).

The photocatalysis is an attractive and low cost alternative 
for the degradation of hazardous organic compounds [39]. It is 
based on the activation of  SnS2 with energetic photons, form-
ing pairs  (e− CB,  h+ VB) that results in excitation of electrons 
from VB to CB (Eq. 11). The pairs  (e− CB,  h+ VB) react with 
oxygen and water to generate radicals, which attack the organic 
matter in solution. The purpose of this reaction is to mineralize 
the compound into  CO2 and water.

As application, RhB is successfully oxidized on  SnS2 pow-
der under solar light. The  SnS2 surface (pzzp = 1.99) is posi-
tively charged and interact electrostatically with RhB through 
the negatively functional group. The mixture  SnS2/RhB solu-
tion (10 mg  L−1) was maintained for 2 h in the dark to reach 
the adsorption equilibrium; it was then exposed to sunlight. 
The UV–Vis spectra of the solutions: initial, adsorbed and 
irradiated solutions are shown in Fig. 11. RhB is a recalcitrant 
dye and no change in the RhB concentration is observed by 
photolysis. By contrast 93.67% is removed by adsorption/pho-
tocatalysis after 3 h of illumination on  SnS2. Table 2 compares 
our results with previous works [40–44].

4  Conclusions

In this present work, the physical properties (structural, opti-
cal and photo-electrochemical) and the photoactivity of  SnS2 
prepared by precipitation are studied. The presence of single 
 SnS2 phase was confirmed by X-ray diffraction and Raman 
spectroscopy. Optical energy band gap  (Eg) value is estimated 
at 2.26 eV which is close to that required for terrestrial appli-
cations and makes  SnS2 a promising compound for the solar 
energy conversion.  SnS2 exhibit n-type conductivity. The 
valence and conduction bands of  SnS2 are determined rela-
tively from the capacitance measurements. The photodegra-
dation ability of Rhodamine B in the presence of  SnS2 under 
sunlight is examined. Without catalyst (photolysis) RhB not 
substantially degrades, but its concentration is reduced by 
exposition to solar irradiation for 3 h in the presence of  SnS2 

(11)SnS2 + hv → SnS2(e
−CB + h+VB)Fig. 9  Energy band diagram of the junction  SnS2/Na2SO4 electrolyte

Fig. 10  Nyquist plots of  SnS2 in  Na2SO4 (0.1 M) in the dark and illu-
mination. Inset: the equivalent electrical circuit

Table 1  Electrochemical 
parameters extracted by fitting 
the EIS data

SnS2 Rs1 (Ω  cm2) CPE 1 (nF/cm2) n1 Rct (kΩ  cm2) CPE 2 (µF/cm2) n2 Rgb (kΩ  cm2)

Dark − 316.9 9.73 0.87 2.46 67.42 0.51 13.69
Light − 316.9 9.73 0.87 1.99 84.08 0.47 12.55
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(93.67% degradation). Accordingly, our results showed the 
potential application of  SnS2 in the visible-light photocatalysts 
and optoelectronic nanodevices.
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