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1. Introduction
Organic dyes have become one of the main 

sources of pollution in water. Wastewater consisting 
of these pollutants can put all forms of life in danger; 
thus, exploring highly efficient methods to deal with 
such phenomena is of great importance. Different 
types of strategies have been employed to treat 
polluted water, including biochemical oxidation, 
sedimentation, and precipitation, as biological, 
physical, and chemical approaches, respectively. 
These methods cannot completely mineralize the 

organic pollutants [1–3]. Recently, photocatalysis 
has attracted considerable attention due to the mild 
condition, capability of complete mineralization 
of pollutants, and use of sunlight as the energy 
input [4,5]. However, developing highly efficient 
semiconductors to employ as a photocatalyst is still 
challenging. Proper band gap energy is one of the 
primary characteristics that should be taken into 
account to harvest visible light from sunlight [6,7].

Among various semiconductors, metal sulfides 
such as SnS2, CdS, Ag2S possess narrow band 

Developing an effective yet convenient synthesis method to achieve visible light-responsive metal sulfides has been 
one of the main challenges in the photocatalysis field. In this study, a facile reflux approach has been proposed to 
synthesize SnS2 nanoflakes for photocatalytic degradation of methylene blue (MB) as an organic pollutant. X-ray 
diffraction (XRD) pattern and Raman spectroscopy confirmed the formation of SnS2 with a hexagonal crystal structure. 
The results of the nitrogen (N2) adsorption-desorption were analyzed by Brunauer-Emmett-Teller (BET) and Barrett-
Joyner-Halenda (BJH) methods. BET results exhibited specific surface area, total pore volume, and average pore 
diameter of 84 m2/g, 0.2 cm3/g, and 10 nm, respectively. The BJH outcomes indicated a distribution of about 40 nm for 
pore size with a peak of about 2 nm. The nanoflake morphology and band gap energy of approximately 2.15 eV were 
revealed through field emission electron microscope (FESEM) and diffuse reflectance spectroscopy (DRS), proving 
the successful synthesis of visible light-responsive SnS2 nanoflakes. The efficiency of MB photodegradation over SnS2 
nanoflakes was 78% under visible light radiation. The photocatalytic reaction followed a pseudo-first-order kinetic 
model with the calculated rate constant of 0.0045 min-1. Additionally, the photocatalytic degradation mechanism over 
SnS2 nanoflakes was investigated, and the results proved the successful contribution of holes and hydroxyl radicals in 
the mineralization of MB.
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gap energy, which makes visible light absorption 
feasible. Moreover, the low cost and relatively high 
chemical stability of sulfides can introduce these 
types of semiconductors as potent candidates for 
photocatalytic applications [8]. Among metal 
sulfides, SnS2 has been employed extensively 
compared to other metal sulfides due mainly to 
its higher stability and nontoxic nature. However, 
high bulk recombination of electron-hole pairs 
after excitation restricts further usage of this 
semiconductor in the photocatalysis field. Different 
strategies have been taken into consideration to 
overcome such a drawback, namely heterostructure 
formation, doping, and morphological engineering. 
Among these approaches, morphological 
engineering has been highlighted to achieve 
various properties in a single material [9–11]. 

The reflux method has been introduced as one 
of the most effective synthesis strategies to achieve 
different morphology by making alterations in the 
sequence of adding precursors or changing the 
solvent. Zhang et al. [12] investigated the effect of 
synthesis parameters such as temperature, type of 
solvent, and adding sequence on the properties of 
SnS2. Nanoparticles, nanoflowers, and nanosheets 
were the obtained morphologies, signifying the 
flexible nature of the reflux method to achieve 
different types of morphology. The reaction 
temperature was also reported to have a profound 
impact on the morphology of SnS2, modifying the 
morphology from nanoparticles to nanosheets [13]. 

According to our knowledge, reducing the 
migration distance of electron-hole pairs in SnS2 
through nanoflake or nanosheet synthesis can 
improve the drawbacks of this metal sulfide, and 
introducing a convenient method for synthesis 
is crucial. Hydrothermal has been reported as 
a common synthesis strategy to achieve such 
nanostructure morphology [14,15]. However, 
expensive equipment, high temperature, and 
time-consuming are disadvantages that restrict 
the versatile use of this synthesis method. 

In this research, a facile and relatively low-
temperature synthesis method, reflux, has been 
introduced to achieve nanoflake structure in 
SnS2 powder. The selected reflux time was lower 
than the previous reports to reduce the migration 
distance of electron-hole pairs by achieving fine 
morphology. Not only could this phenomenon 
affect the separation behavior, but it could 
also promote organic pollutants' adsorption 
on the surface of this metal sulfide. Several 

characterization methods were also employed to 
investigate the properties of the synthesized SnS2 
nanoflakes. Also, the capability of synthesized su 
SnS2 in the photocatalytic degradation of pollutant 
in aqueous solution has been investigated.

2. Experimental procedure
2.1. Synthesis

All the materials were analytical grades and 
employed without further purification. Distilled 
water and absolute ethanol were used for washing 
during synthesis. SnS2 nanoflakes have been 
synthesized through a convenient reflux method. 
The synthesis process began with tin (IV) chloride 
pentahydrate dissolution in 30 mL ethylene glycol, 
after which the solution was transferred to a three-
neck flask with 250 mL volume. The flask was 
equipped with an injection system, condenser, 
and thermometer. The same procedure was done 
for the thioacetamide solution (molar ratio of 4 
with respect to the tin (IV) chloride pentahydrate 
solution) and then transferred to the injection 
system. Then, the flask with its equipment was put 
in an oil bath to begin the heating program. First, 
the tin (IV) chloride pentahydrate solution was 
stirred in the oil bath with 7 ˚C/min heating rate. 
After that, the thioacetamide solution was injected 
once the temperature reached 160 ˚C, and then the 
stirring process continued until 60 min. Eventually, 
the flask was removed from the oil bath to let the 
suspension cool down. Centrifugation, washing 
with distilled water and absolute ethanol, and drying 
were the additional steps to achieve SnS2 powder.

2.2. Characterizations
The crystallographic properties of the 

synthesized samples were examined using a 
Phillips-PW3040/60 X-ray diffractometer, with the 
X-ray source being Cu Kα with a wavelength of 1.54 
Å. The raman spectrum of the sample was recorded 
by means of a Jobin-Yvon model equipped with 
a 532 nm laser. The specific surface area of the 
sample was determined using the BET method on 
a BELSORP Mini II instrument, through which 
N2 was used as the adsorbate at a temperature 
of 77 K. The morphology of the photocatalysts 
in their initial state was investigated using a 
CamScanMV2300 FESEM equipped with a JEOL 
Centurio energy-dispersive spectroscopy (EDS). 
The optical characteristics of the photocatalysts 
were assessed through DRS using the Shimadzu 
MPC-2200 instrument. A conventional three-
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electrode system (the counter electrode was a 
2 mm diameter platinum disk, the reference 
electrode was a calomel electrode, and the working 
electrode was 2 mm diameter glassy carbon coated 
with SnS2) was utilized for Mott-Schottky analysis 
with 500 Hz frequency, 10 mV amplitude, and 
in 10 mL Na2SO4 (0.2 M). The working electrode 
was prepared following a specific procedure: 
initially, 3 mg of photocatalysts were dispersed 
in 100 μL of ethanol through sonication for 10 
min. Next, 3 μL of the resulting suspension was 
carefully applied onto the surface of the glassy 
carbon electrode and subsequently dried under 
IR lamp radiation. Finally, a Nafion solution with 
a volume of 1 μL was added to the dried electrode 
and dried once again using the same method.

2.3. Photocatalytic experiment
The photocatalytic performance of the 

synthesized SnS2 nanoflake was thoroughly 
investigated in terms of its capability to degrade MB, 
as an organic pollutant, under visible light radiation. 
To conduct the experiment, a dosage of 0.067 g/L 
(equivalent to 10 mg of photocatalyst in a 150 mL 
solution of MB) was utilized. For the illumination 
source, an Orsam visible light system with a power 
output of 150 W was employed, complemented 
by the use of an ultraviolet (UV) cutoff filter. The 
suspension of the photocatalyst and MB solution 
underwent a dark period of 60 min, allowing for 
the attainment of equilibrium through adsorption 
and desorption processes. This ensured that the 
system reached a stable state prior to the visible 
light exposure. During the photocatalytic test, 
multiple samples were collected at 30 min intervals 
over a period of 180 min. 2 mL of each sample 

was extracted and subjected to centrifugation to 
analyze the concentration of MB. Subsequently, the 
MB concentration was determined using a UNICO 
2100 UV-visible (UV-vis) spectrophotometer, 
with measurements conducted at a specific 
wavelength of 664 nm. Additionally, a blank test 
was also conducted to establish a reference point. 
In this control experiment, the MB solution was 
subjected to visible light irradiation without 
the presence of any photocatalysts. Finally, the 
photodegradation process of MB over SnS2 
nanoflakes was kinetically evaluated employing 
a pseudo-first-order kinetic model (Eq. 1):

                                                            (1)𝑙𝑙𝑙𝑙 𝐶𝐶0
𝐶𝐶𝑡𝑡
= 𝑘𝑘𝑘𝑘            (1) 
 
 
 

(αhν)2=A(hν-Eg)                                                                                                                                (2) 
 
 
 

 

In this equation, C0 and Ct are the initial 
concentration and concentration at time t, 
respectively. k is the pseudo-first-order rate constant 
of the photodegradation process, and t is the time.

3. Results and discussion
Fig. 1 exhibited the XRD pattern and Raman 

graph of the synthesized SnS2 nanoflakes. As shown 
in Fig. 1 (a), the XRD pattern of the sample possessed 
6 main diffraction peaks within the 2θ range of 
10-70º. Firstly, the peak broadening phenomenon 
in the XRD graphs confirmed the nanostructure 
nature of the as-synthesized sample. Secondly, 
according to the JCPDS No. 23-0677 reference card, 
these characteristic peaks were consistent with the 
hexagonal crystal structure of the nanoflakes [13]. 
Thirdly, these peaks were located at the 2θ values of 
14.98, 28.48, 32.74, 50.00, 52.54, and 60.82 º, which 
could be indexed to the Miller indices of (001), 
(100), (101), (110), (111), and (201), respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1- (a) XRD pattern and (b) Raman spectrum of the synthesized SnS2 nanoflakes.
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Finally, there were no peaks related to the impurity 
phase or byproducts in the synthesized SnS2 
nanoflakes, indicating the capability of the reflux 
method to synthesize nanostructure powder with 
high purity [16]. Besides, the Raman spectrum 
of the nanoflakes was brought in Fig. 1 (b). The 
strong and sharp peak at the Raman shift of 
approximately 312 cm-1 confirmed the successful 
synthesis of SnS2. This peak could be attributed 
to the out of plane A1g vibration mode of the 
hexagonal crystal structure of the SnS2 nanoflakes, 
which was in agreement with the XRD pattern [17]. 

To evaluate the textural properties of the 
synthesized sample, including specific surface 
area, pore volume, and pore size distribution, the 
N2 adsorption-desorption method was employed. 
Then, the data were analyzed utilizing BET and 
BJH models to investigate the as-mentioned 
properties. Fig. 2 (a) exhibited the obtained N2 
adsorption-desorption branches of the SnS2 
nanoflakes, demonstrating a type IV isotherm. This 
type of isotherm could prove that the synthesized 
nanoflakes mainly possessed mesoporous 
structures with pore sizes within the range of 2-50 
nm [18]. According to the International Union of 
Pure and Applied Chemistry (IUPAC), this type of 
hysteresis loop can be classified as an H3 hysteresis 
loop, confirming no limitation in adsorption at 
high P/P0 [19]. This characteristic could yield the 
result that the as-synthesized sample consisted of 
plate-like morphology, which will further discuss 
by FESEM images of the sample. The calculated 
specific surface area, total pore volume, and mean 
pore diameter were 84 m2/g, 0.2 cm3/g, and 10 nm, 
respectively. The pore size distribution was also 
brought in Fig. 2 (b), indicating a size distribution 
below 40 nm. BJH analysis confirmed that the peak 
of this distribution was centered at approximately 2 

nm. Therefore, BET and BJH evaluations revealed 
that the synthesized SnS2 could be a potent 
candidate to catalyze the photodegradation process 
of organic dyes in terms of textural properties. 
Generally, the surface of a semiconductor plays 
a prominent role in triggering photocatalytic 
reactions by the adsorption of pollutants, indicating 
that improved textural properties are of great 
importance [20]. The synthesized SnS2 exhibited 
suitable conditions for improved adsorption 
properties as the obtained specific surface area 
and pore properties could facilitate organic dye 
adsorption and, thus, photocatalytic reactions. 

The morphology of the as-synthesized SnS2 was 
assessed, and the resulting FESEM images were 
displayed in Fig. 3. As shown in Fig. 3 (a), there were 
some areas where the thickness of the nanoparticles 
was extremely lower than the other two dimensions, 
which might draw a conclusion that the synthesized 
SnS2 consisted of nanoflake morphology with 
consistent diameters. The observed morphology 
was in accordance with the obtained isotherm 
branches in the BET results. Plus, higher FESEM 
magnification in Fig. 3 (b) gained more valuable 
information about the synthesized sample. Within 
this image, it could be observed the as-mentioned 
morphology, especially in the marked area, with an 
approximate diameter of 35 nm. Fig. 3 (b) also shows 
the marked area, from which elemental mapping 
images were obtained. The mapping images 
within the marked area demonstrated the uniform 
distribution of Sn and S atoms throughout the SnS2 
nanoflakes (Fig. 3 (c), (d), and (e)). These results 
provided further evidence that the synthesized 
SnS2 through the reflux method possessed 
high purity without any detectable impurities.

The optical properties of SnS2 were investigated 
employing UV-Vis DRS spectroscopy, and the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2- (a) N2 adsorption-desorption branches and (b) pore size distribution of the SnS2 nanoflakes.
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obtained absorbance versus wavelength with the 
corresponding Tauc plot were brought in Fig. 
4. As shown in Fig. 4 (a), the synthesized SnS2 
nanoflakes exhibited relatively strong absorption 
in the visible light region with an absorption 
edge of approximately 600 nm. Hence, these 
results could prove the visible light-responsive 
nature of the as-synthesized sample through 
the reflux method. Tauc equation (Eq. 2) was 
employed to calculate the band gap energy of 
the sample. Since SnS2 possesses direct band 
gap energy, the equation was as follows [21,22]:

𝑙𝑙𝑙𝑙 𝐶𝐶0
𝐶𝐶𝑡𝑡
= 𝑘𝑘𝑘𝑘            (1) 
 
 
 

(αhν)2=A(hν-Eg)                                                                                                                                (2) 
 
 
 

 

                                                 (2)
 
In Eq. 2, the variables Eg, ν, h, A, and α represent 

different quantities. Eg corresponds to the band gap 
energy, ν represents the frequency of vibrations, h 
denotes the Planck constant, A signifies a constant, 
and α represents the absorption coefficient. The 
result of (αhν)2 versus hν plot in Fig. 4 (b) was 
used for band gap energy calculation. By extending 
the linear portion of the plot to intersect the 
x-axis (abscissa), the optical band gap energy was 
determined. The calculated band gap energy of 
the SnS2 nanoflakes was approximately 2.15 eV, 
which was comparable to those values reported 
in the literature. Generally, there is a negative 
correlation between band gap energy and particle 
size of a semiconductor, and the reported band 
gap energy of SnS2 is in the range of 2-2.53 eV 
[12,23]. The obtained band gap energy of SnS2  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4- (a) UV-Vis DRS spectrum with the corresponding (b) Tauc plot of the synthesized SnS2.

Fig. 3- (a) FESEM image, (b) higher magnification image, (c) Sn, (d) S, and (e) Sn and S mapping images (of the marked area in (b)) of 
the synthesized SnS2 nanoflakes.
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with an approximate size of 35 nm was slightly 
higher than the band gap value of SnS2 with larger 
particle size in other research. Park et al. [24] 
synthesized a series of SnS2  nanostructures through 
a microwave-assisted method. The obtained 
band gap energies varied from 2.02 to 2.05 eV. 
Zhang et al. [25] also reported a size-controlled 
hydrothermal method through which band gap 
energies of about 2.12-2.23 eV were achieved.

The effectiveness of the synthesized SnS2 
nanoflakes in photocatalytic activity under visible 
light exposure was assessed using a 2 mg/L solution 
of MB, and the results were illustrated in Fig. 5. The 
removal efficiency of MB, in the presence of the SnS2 
sample, was reported based on the heterogenous 
photocatalysis definition, which considers 
adsorption as one of the contributing steps [26]. 
As exhibited in Fig. 5 (a), the blank test outcomes 
demonstrated that MB degradation was minimal in 
the absence of a photocatalyst under visible light 
radiation. However, considerable improvement 
in the adsorption and photodegradation of MB 
was observed in the presence of SnS2 nanoflakes 

as the photocatalyst. The photocatalytic efficiency 
of SnS2 nanoflakes towards MB degradation 
was 73%, indicating the high capability of the 
synthesized sample in photocatalytic applications. 
Furthermore, the pseudo-first-order fitting results 
were shown in Fig. 5 (b). As illustrated, the obtained 
rate constant for photodegradation of MB in the 
presence of SnS2 was 0.0045 min-1. The results from 
the photocatalytic degradation of MB confirmed 
that the visible light-responsive SnS2 could readily 
trigger photocatalytic reactions. Moreover, the 
obtained efficiency was comparable to the values 
reported by other research groups [27,28]. Qiang 
et al. [29] employed a hydrothermal method for 
SnS2 synthesis, and the reported efficiency towards 
MB photodegradation was only 44%. In another 
work, Govindan et al. [30] reported a two-step 
sol-gel-assisted microwave synthesis approach to 
synthesize flower-like SnS2, and the obtained MB 
photodegradation efficiency was approximately 
70%. Hence, these comparisons provided evidence 
to the fact that the proposed reflux method was 
highly capable of synthesizing SnS2 nanostructures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6- a) Mott-Schottky plot of the synthesized SnS2 nanoflakes and (b) the schematic representation of active species generation 

over SnS2 nanoflakes.

Fig. 5- (a) C/C0 vs. time plot of MB photodegradation over SnS2 nanoflakes. (b) the fitting results by employing the pseudo-first-order 
equation.
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The Mott-Schottky plot of the SnS2 nanoflakes 
was obtained to gain deeper insights into the 
characteristics of the semiconductor, including its 
type, flat band potential, and band positions. Fig. 
6 (a) depicted the 1/C2 vs. V (vs. calomel) plot of 
the nanoflakes. As observed, the positive slope in 
the linear region of the curve indicated that the 
synthesized SnS2 was an n-type semiconductor with 
electrons serving as the primary charge carriers 
[31]. By extrapolating the linear region of the curve 
and determining the x-intercept, the flat band 
potential of the photocatalyst was calculated [32]. 
With respect to the calomel reference electrode, the 
calculated flat band potential of SnS2 nanoflakes 
was -0.26 eV, which could be converted to the 
normal hydrogen electrode (NHE) as the reference. 
The calculated flat band potential with respect to 
NHE was -0.02 eV. Additionally, the bottom of 
the conduction band for n-type semiconductors is 
typically more negative than the corresponding flat 
band potentials by approximately -0.1 V [33]. Based 
on this information, the conduction band potential 
of SnS2 was estimated to be -0.12 eV. The valence 
band potential was also determined by using the 
estimated conduction band and band gap energy 
obtained from the DRS result. Accordingly, the 
valence band position of SnS2 was found to be 2.03 
eV. All the mentioned calculations were summarized 
in the schematic band structure of SnS2 in Fig. 6 (b) 
to investigate the photodegradation mechanism. 
As demonstrated, electron-hole pairs could create 
after visible light irradiation (Eq. 3), after which 
the photogenerated hole could contribute directly 
to the oxidation process of MB (Eq. 4). Moreover, 
the holes could produce hydroxyl radicals since the 
valence band potential was more positive than the 
required potential for hydroxyl radical formation 
(1.99 eV vs. NHE) [34]. The produced hydroxyl 
radicals could also have a prominent role in MB 
photodegradation (Eqs. 5 and 6). It was worth 
mentioning that the photogenerated electrons 
did not possess enough potential to generate 
superoxide radicals (-0.33 eV vs. NHE) [21].

                                                                              (1)
                                                                               (2)

𝑙𝑙𝑙𝑙 𝐶𝐶0
𝐶𝐶𝑡𝑡
= 𝑘𝑘𝑘𝑘            (1) 
 
 
 

(αhν)2=A(hν-Eg)                                                                                                                                (2) 
 
 
 

 

  (3)
                                                                                  (4)

4. Conclusions
In conclusion, SnS2 nanoflakes were synthesized 

employing a facile reflux method to achieve a 

visible light-responsive photocatalyst. Several 
characterization methods have been utilized to 
investigate the properties of the as-synthesized 
sample. XRD and Raman spectroscopy results 
demonstrated the successful synthesis of SnS2 
nanostructure with the hexagonal crystal structure. 
The synthesized SnS2 nanoflakes exhibited 
specific surface areas of 84 m2/g and a mean 
pore size diameter of about 10 nm, suggesting 
proper textural properties for photocatalytic 
applications. Moreover, the nanoflake morphology 
with a uniform chemical composition of the 
sample was revealed by employing FESEM and 
elemental mapping images. SnS2 nanoflakes 
showed an absorption edge and bang gap energy 
of approximately 600 nm and 2.15 eV, respectively. 
Finally, the capability of the sample toward 
photocatalytic reactions was assessed by using MB 
solution as a representative of organic pollutant dye. 
73% photodegradation efficiency and 0.0045 min-1 
rat constant under visible light radiation were the 
results of the photocatalytic test, proving the fact 
that the synthesized SnS2 nanoflakes were highly 
efficient as visible light-responsive photocatalysts. 
Mott-Schottky analysis of the sample showed that 
the synthesized SnS2 was n-type and had a flat 
band potential of -0.02 eV (vs. NHE). Finally, band 
structure positions, obtained by Mott-Schottky and 
DRS results, of SnS2 nanoflakes suggested that the 
photogenerated holes and hydroxyl radicals as active 
species were responsible for MB mineralization.
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