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ab s t r ac t
In this study, SnS2 nanocrystals with controlled morphology were successfully synthesized by a simple 
hydrothermal method using thiosemicarbazide both as a sulfur source and as a capping agent. The 
X-ray powder diffraction analysis confirmed the hexagonal phase of these as-prepared SnS2 nanocrys-
tals. Morphological features were studied by field-emission scanning electron microscopy, indicating 
that the as-prepared SnS2 crystals were nanoparticles. The optical property was studied by ultraviolet–
visible diffused reflectance spectroscopy, indicating that the bandgap of SnS2 samples is ~2.2 eV. Under 
white LED light irradiation (λ = 450 nm), the as-prepared SnS2 nanocrystals exhibited a high photocat-
alytic activity for degrading 2,4,6-trichlorophenol solution. This work suggests that SnS2 nanocrystal is 
a potential photocatalyst for detoxification.
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1. Introduction

Chlorophenols (CPs), the most common organic pollut-
ants widely used in agriculture and industry, are a serious 
environmental problem [1–3]. Most of the CPs are toxic, 
mutagenic, and carcinogenic, causing serious impact on 
our environment, even leading to the death of animals and 
plants [2,3]. Removal of these serious pollutants of CPs from 
the wastewater is very critical, because they will damage the 
vital organs of humans. The Agency for Toxic Substances and 
Disease Registry classified some of the chlorophenols (2-CP, 

2,4-DCP, 2,4,6-TCP, and PCP) as the toxic substances accord-
ing to the presented high toxic, carcinogenic, and bioaccumu-
lation [4]. 2,4,6-Trichlorophenol (2,4,6-TCP) is one of the most 
severe pollutants among the CPs and is often used to test the 
efficiency of oxidation methods [5]. In order to prevent pollu-
tion, researchers used various methods to remove CPs from 
the wastewater, including chemical and biological methods 
[6,7]. Since Fujishima and Honda [8] observed the phenom-
enon of the photoelectrochemical splitting of water on semi-
conductor, photocatalysts have received extensive attention 
for removing the organic pollutants, including destruction of 
CPs in aqueous wastes [9–15].

Photocatalysis is based on the principle that when a 
semiconductor is exposed to a light source of appropriate 
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wavelength, the positive holes in the valence band (VB) are 
appearing as the electrons are excited from the VB to the 
conduction band. If the generated electron–hole pair avoids 
recombination, they can move to the semiconductor surface 
and react with organic pollutants properly to degrade them 
into non-hazardous by-products. TiO2-based photocatalysts 
have been most widely studied in the field of photocatalysis 
[16–21]. However, the big bandgap of TiO2 (~3.2 eV) restricts 
its wide application. Besides TiO2, ZnO has been intensively 
studied owing to its photosensitivity, non-toxic nature, 
abundant availability, and low cost [22,23]. Compared with 
TiO2, ZnO absorbs a larger portion of the UV light [24,25]. 
However, one of the main problems with ZnO is still that it 
can be activated only by UV light, because of its big bandgap 
(~3.37 eV). In fact, the solar spectrum consists of 4% UV and 
42% visible light. CdS is a suitable visible light sensitizer for 
ZnO, not only because of its narrow bandgap (~2.42 eV), but 
also because of the CdS crystal lattice match the ZnO crystal 
lattice well, easily forming the heterojunction between CdS 
and ZnO crystals [26]. This PN junction of ZnO/CdS can 
speed up the carrier transport at the interface [27]. Indeed, 
coupling with a narrow bandgap semiconductor such as 
CdS, CuWO4, PbS and Ag2S is an effective way to solve this 
problem [28–35]. 

N-type tin disulfide (SnS2) with a bandgap of ~2.2 eV 
is a promising visible-light photocatalyst, consisting of a 
CdI2-type crystal structure and the Sn cations are embedded 
between two layers of S anions [36]. Beside, SnS2 also exhibits 
very good stability in acid solutions [37] and has also been 
used in solar cell and anode for lithium-ion battery owing 
to its excellent optoelectronic properties [38,39]. Besides 
the phase, the morphology, and size are also the key factors 
defining their photocatalytic performance, and these factors 
ultimately depend on the method of preparation. Various 
nanostructures of SnS2 such as nanoflakes [37], nanosheets 
[36], and nanoflowers [40] have been successfully synthe-
sized by various methods [41,42]. However, finding an easy 
route to synthesize SnS2 nanocrystals with controlled mor-
phology is still challenging.

In this study, a sample hydrothermal method is presented 
to prepare SnS2 nanocrystals with controlled morphology. 
The major advantages of this synthesis method are the con-
trollable SnS2 morphologies, the attractive effect of prevent-
ing agglomeration during the nanoparticles formation, and 
the homogeneity of the nanoparticles prepared. Furthermore, 
the photocatalytic performance of the as-prepared nanocrys-
tals was studied via the degradation of 2,4,6-TCP under white 
LED light irradiation. The as-synthesized SnS2 nanocrystals 
showed a high photocatalytic activity in degrading 2,4,6-TCP 
solution, suggesting that SnS2 nanocrystals will be a potential 
candidate for photocatalytic detoxification.

2. Experimental

2.1. Chemicals and preparation

Tin(IV) chloride (99%), thiosemicarbazide (99%), 
2,4,6-TCP (99%), and methanol (99%) were purchased from 
Sigma-Aldrich (USA) and used as received without addi-
tional purification. All the solutions prepared throughout the 
experiment were used deionized and doubly distilled water. 

The synthesis of SnS2 nanocrystals was performed as follows: 
1.0 mmol of SnCl4 and 3.0 mmol of thiosemicarbazide were put 
together in 80 mL of water and stirred vigorously for 30 min. 
The above solution was then transferred into an autoclave 
and maintained at 160°C for 6–24 h. Then, the autoclave was 
taken out and naturally cooled down to room temperature. 
The resulting precipitate was separated by centrifugation, and 
washed several times by distilled water and absolute ethanol. 
These products were finally dried in an oven at 70°C for 24 h 
and characterized by various spectroscopic techniques.

2.2. Characterization

The phase of these samples was investigated by 
PANalytical X PERT PRO (PW3040/60) X-ray diffractometer 
equipped with graphite monochromatized Cu Kα radiation 
(λ = 1.540 Å). The morphological features were examined 
by field-emission scanning electron microscopy (FESEM) 
using a JEOL JEM-3010 microscope, installed with an energy- 
dispersive spectroscopy (EDS). X-ray photoelectron spectros-
copy (XPS) was conducted using a Sigma Probe (Thermo VG, 
UK) X-ray photoelectron spectrometer, with Al Kα radiation 
(1.486 eV) source and a pass energy of 20 eV. The absorption 
spectra of the as-prepared samples were recorded using a 
spectrophotometer (V-670, JASCO) in the wavelength range 
of 200 and 1,000 nm, with BaSO4 as a reference. 

2.3. Photocatalytic degradation of 2,4,6-trichlorophenol

The details of photocatalytic activity test can be found 
from Rengaraj et al. [43,44], and only a few critical points are 
discussed here. A low powered LED provides visible light 
(λ = 450 nm) and the reaction is at 20°C. A special glass frit 
as an air diffuser uniformly disperses air into the solution. 
The photocatalytic activity study under visible light was per-
formed with freshly prepared aqueous suspension: by adding 
0.10 g of catalyst into 250 mL of magnetically stirred aqueous 
TCP solution (5 mg L–1). The analytical samples were taken at 
the given time intervals, centrifuged, and filtered to remove 
the catalyst, then analyzed by liquid chromatography–mass 
spectrometry (LC/MS) (Model: Agilent Technologies 6460 
Triple Quad LC/MS). The peak intensity was used to derive 
the degree of degradation of TCP, and the TCP concentration 
was also analyzed via the quad LC/MS.

3. Results and discussion

3.1. X-ray powder diffraction

X-ray powder diffraction (XRD) of SnS2 samples derived 
from the hydrothermal reaction between SnCl4 and thiosemi-
carbazide was recorded, as shown in Fig. 1. The data per-
fectly matched with that of hexagonal SnS2 phase (JCPDS No. 
40-146). No other peaks from impurities or secondary phase 
were present. The intensity of peaks increased with increas-
ing reaction time. Lattice parameters were calculated for each 
sample and listed in Table 1 and found to be very close to the 
reported value (a = 3.647 Å and c = 5.898 Å). During the syn-
thesis process, thiosemicarbazide hydrolyzes to release H2S, 
followed by its dissociation to generate S2–, then combining 
with Sn4+ to form SnS2 [45]. Because S2– release is a gradual 
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process, the nucleation rate of SnS2 may be easily controlled 
by varying the reaction temperature and time. The inten-
sity of XRD peaks increases with increasing reaction time. 
The full width half maxima of the samples decreased with 
increasing time via Lorentzian fitting. The crystalline sizes of 
SnS2 nanoparticals were determined by the Debye–Scherrer 
equation [46,47].

3.2. Bandgap

The bandgap value was determined by Kubelka–Munk 
(K–M or F(R)) method. In this method, F(R) is proportional to 
the absorption coefficient α according to the following rela-
tionship [48,49]:

F R R
R

( ) ( )
=

1
2

2−  

where R is the reflectance. The dependence of the absorp-
tion coefficient (α) on the photon energy equation is given 
as follows.

αhv A hv Eg
m= −( )

where h is Plank’s constant, v is the frequency, Eg is the band-
gap energy, and A is the constant having separate values 
for different transitions. The values of m for allowed direct, 

allowed indirect, forbidden direct, and forbidden indirect 
transition are 1/2, 2, 3/2, and 3, respectively. The bandgap 
was calculated from the x-intercept from the straight por-
tion of (αhν)1/m vs. hν plots. Since α is proportional to F(R), 
(F(R) × hν)2 vs. hν (m = 1/2) was plotted for finding the direct 
bandgap and for indirect bandgap used (F(R) × hν)1/2 vs. hν 
for (m = 2) to find the indirect bandgap [50]. The absorbance 
vs. wavelength for all the samples is shown in Fig. 2, indicat-
ing a red shift in the band edge.

In this study, we used the modified Kubelka–Munk rela-
tion and plotted (F(R) × hν)2 vs. hν to find the direct bandgap 
from the absorbance data. It is clear that the as-prepared SnS2 
samples fit well with the direct bandgap relation. The band-
gap of these materials slightly decreased as the reaction dura-
tion increased from 6 to 24 h, while they are all very close to 
the reported value of 2.24 eV [51] (Fig. 3). The bandgap of the 
as-prepared SnS2 samples decreased to 2.28, 2.26, and 2.23 eV 
for the synthesis time 6, 12, and 24 h, respectively, may be due 
to the morphology effect.

3.3. XPS analysis

Surface composition of the SnS2 nanocrystals (24 h 
sample) was examined by XPS (Fig. 4). The XPS survey 
spectrum for different atoms, as shown in Fig. 4(A), 

Table 1
Lattice parameter and crystal size of SnS2 particles prepared by 
the hydrothermal method at various reaction times

Sample a (Å) c (Å) Crystal size (nm)

SnS2 – 6 h 3.622 5.913 20.05
SnS2 – 12 h 3.633 5.900 22.59
SnS2 – 24 h 3.627 5.900 25.97

Fig. 1. XRD spectrum of SnS2 crystals prepared at different 
 reaction times.

Fig. 3. Bandgap of SnS2 samples prepared at different reaction 
times.

Fig. 2. Absorbance vs. wavelength for SnS2 nanocrystals 
 prepared at different reaction times (6, 12, and 24 h).
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indicates the presence of Sn, S, and a trace amount of C 
(C is from XPS instrument itself). Fig. 4(B) shows the two 
strong peaks at 487.19 and 495.64 eV, attributed to Sn 
3d5/2 and 3d3/2, respectively, which are the characteristic of 
Sn4+ in SnS2 [52]. No evidence of Sn2+ (binding energy at 
485.8 eV) was detected in the spectra. Fig. 4(C) shows the 
peak at 162.17 and 163.26 eV and can be assigned to S 2p3/2 
and S 2p1/2, respectively [52–54]. The integral peak area of 
Sn 3d and S 2p, the atomic ratio of Sn/S is 1:1.92, close to the 
stoichiometric ratio of SnS2.

3.4. Morphology

Morphological features were studied by using FESEM 
as shown in Fig. 5. The sample prepared in 6 h exhibited a 
large cluster with a very soft edge. Grain size increased with 
increasing reaction time. The grain size of samples prepared 
for 12 and 24 h has been analyzed by using ImageJ. The 
measurement of 20 grains from different locations of the 
high-resolution SEM image indicated that the average grain 
size of 12 and 24 h samples was 112 and 127 nm, respectively. 
The sample prepared for 24 h exhibited a flake-like structure 
with an average thickness of 40 nm.

3.5. EDS analysis

The elemental composition of SnS2 nanoparticles was 
studied by EDS. Fig. 6 shows the spectra of EDS data of 
24 h sample. No other elements were detected in the EDS 

spectrum, confirming the elemental purity of the sample and 
atomic percentage was found close to 65% of Sn and 35% of 
S. Elemental mapping was performed to identify the unifor-
mity of the elemental distribution (Fig. 7), using Sn Lα (green 
color) and S Kα (red color). The elemental mapping revealed 
the uniform distribution of elements throughout the sample. 
The EDS result as shown in Fig. 6 also reveals the coexistence 
of Sn and S. This result is in perfect agreement with the above 
XPS results (Fig. 4).

3.6. Photocatalytic activity

In SnS2 nanocrystals, a fully ionized tin vacancy would 
generate four holes (h+), whereas a sulfur vacancy would 
generate two e–s. Therefore, SnS2 with Sn vacancy is n-type 
and degrades the organic pollutant via reduction [55,56]. The 
photodegradation of pollutants by using SnS2 is illustrated 
in Fig. 8. The photodegradation of 2,4,6-TCP using SnS2 was 
inspected under white LED irradiation to evaluate their pho-
toactivities. As reported previously, no direct photocatalysis 
of 2,4,6-TCP was found in the absence of catalysts as expected 
[57]. In order to assess the photocatalytic activity of SnS2, 
experiments were performed as described in the experimen-
tal section. The photocatalytic activity of SnS2 (24 h) is shown 
in Fig. 9, with an initial concentration of 5 mg L–1 under LED 
light irradiation in aqueous suspension. The time-dependent 
quad LC/MS peak intensities of the TCP solution are pre-
sented in Fig. 10, with SnS2 as the photocatalyst. The peak 
appears at 0.9 min. After 120 min, no peak could be detected, 

Fig. 4. XPS of SnS2 nanocrystals synthesized with 24 h: (A) survey spectrum, (B) Sn 3d binding energy spectrum, and (C) S 2p binding 
energy spectrum.
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so that the oxidation of TCP has already reached more than 
95% completion in the presence of SnS2 nanocrystals under 
white LED light irradiation. 

The quad LC/MS degradation profile of TCP pre-
sented in Figs. 9 and 10 shows the rapid removal of TCP. 
TCP contains three chloro groups attached at 2-, 4-, and 
6-position on the aromatic ring with respect to the position 
of –OH group. The presence of chloro groups generates 
additional centers for superoxide anion radicals (O2

–•) to 

Fig. 5. SEM images of SnS2 samples prepared for different reac-
tion times.

Fig. 6. EDS of SnS2 nanocrystals prepared with 24 h.

Fig. 7. Elemental mapping of Sn and S (24 h sample).

Fig. 8. Basic mechanism of SnS2 photocatalysis.
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attack, accelerating the degradation of TCP. And the forma-
tion of O2

–• is contributed by the SnS2 as schemed in Fig. 8.  
Therefore, 2,4,6-TCP degradation is indeed catalyzed by 
SnS2. Besides, an interesting phenomenon can be observed 
that the degradation of 2,4,6-TCP appears suspiciously 
slow down shortly after the initiation of the degradation 
and lasts about 30 min and then gets faster again until the 
end for about 30 min. An explanation may be as follows: it 
is possible that the surface of ZnS2 catalysts is surrounded 
by large amount of 2,4,6-TCP molecules via adsorption 
during the period of dark reaction, in which about half of 
the TCP has been degraded. Thus, the light absorption of 
SnS2 can be retarded, which will slow down the rate of pho-
tocatalytic reaction. Once the catalytic reaction proceeds, 
the surface cover layer of the adsorbed 2,4,6-TCP molecules 
are broken down and the surface of the catalyst is better 
exposed to the light. Therefore, the rate of catalytic reaction 
accelerates at this stage.

4. Conclusion

In this study, morphology-controlled SnS2 nanocrystals 
were successfully synthesized in a water system by using 
thiosemicarbazide, acting both as the capping agent and sul-
fur source. The XRD analysis revealed that the as-prepared 
nanocrystals are the hexagonal phase of SnS2. The optical 
properties of the as-prepared SnS2 nanocrystals exhibited 
a narrow bandgap of ~2.2 eV. More importantly, these syn-
thesized SnS2 nanocrystals showed a high photocatalytic 
activity in degrading of 2,4,6-TCP solution under white LED 
light irradiation. This study shows that SnS2 nanocrystals 
will find potential application in visible-light photocatalytic 
detoxification. 
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