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Abstract
A facile method has been employed to synthesize pristine and Cr-doped  SnS2 (Cr:  SnS2) nanoplates  (Sn1-xCrxS2, here 
x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0) and Cr:  SnS2 nanoplates (NPs) were successfully synthesized via hydrothermal method. 
The nanoplates’ structure was hexagonal, with a preference for orientation along the (001) plane; there was no evidence 
of additional undesirable phases. FTIR and EDX were used to observe the existence of functional groups in the samples 
where Sn-S bonds were present in each of the produced pristine and Cr:  SnS2 nanoplates. XPS measurements demon-
strated the existence of Sn, S, and Cr. FESEM revealed that the morphological properties of the nanoplates included 
several hexagonal grains. Magnetic characterizations showed that with increasing doping concentration of Cr,  SnS2 
nanoplates become superparamagnetic from ferromagnetic. The band gap values for the pristine and Cr:  SnS2 nanoplates 
calculated from the absorbance spectra decreased from 2.53 to 2.08 eV with an increase in doping concentration. The 
photoluminescence spectra of the pristine  SnS2 and Cr:  SnS2 nanoplates exhibit two strong emission peaks at around 562 
and 666 nm for an excitation wavelength of 420 nm. The Cr:  SnS2 nanoplates have demonstrated the resistive behavior of 
the sample. The Cr:  SnS2 nanoplates have shown good photocatalytic activity towards the decolorization of rhodamine 
B under visible irradiation.

Article highlights

1. Hydrothermally synthesized pristine  SnS2 and Cr:  SnS2 nanoplates exhibit hexagonal crystal structures and the hex-
agonal shape of layered nanoplates is apparent in both cases.

2. The ferromagnetic order is introduced by Cr doping in  SnS2 which increases the formation of dilute magnetic semi-
conductors that can therefore be used in spintronic devices.

3. The  Sn0.6Cr0.4S2 photocatalyst shows the highest photocatalytic activity and a degradation efficiency of 71%, which 
is 3.4 times higher than the pure  SnS2 catalyst.
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1 Introduction

In contrast with the past, environmental pollution has become a major threat that also increasing gradually and impos-
ing serious damage on living organisms including human health [1–3]. In the majority of cases, pollutants such as the 
presence of heavy metals, toxic gases, particulates, organic dye, and other macroscopic pollutants that exist in different 
forms in nature increase water pollution [4–8]. Therefore, the scientific community has been working to rectify this envi-
ronmental issue by developing an alternate clean and renewable energy source from the abundance of nature. Among 
these issues, water pollution caused by waste has agonized researchers due to lack of drinking water, increase of infant 
mortality by water diseases, disturbance of biodiversity, impurity of food chain etc. Ozonization, carbon adsorption, 
flocculation, and activated sludge processes have been prevalent in reducing the pollutants from the wastewater. Unfor-
tunately, these methods require expensive tools and also produce secondary pollution [9, 10]. To combat limitations, 
the photocatalytic degradation process can be used to convert toxic organic pollutants into nontoxic intermediates by 
irradiating them with visible or ultraviolet light [11, 12].

Nowadays, semiconductor nanomaterials (NMs) based photocatalysts have been extensively used to monitor envi-
ronmental pollution and manage significant hazards. Semiconductor nanomaterials exhibit modular structure, large 
surface area, high porosity, high charge transfer, a tunable optical band gap, numerous active sites, and enhanced 
catalytic activity for detecting heavy metal ions, pesticides, and other toxic pollutants [13–15]. As a result, they can be 
utilized as photocatalysts for organic dye degradation of polluted wastewater [13]. Till now,  TiO2,  SnO2, ZnO semicon-
ducting NMs are the most well-known photocatalysts for their low cost, excellent photocatalytic activity, chemical and 
photochemical stability, and biocompatibility [16–18]. Yet the search for effective visible light-sensitive photocatalysts is 
becoming increasingly appealing in this field which may further help to monitor and eliminate environmental pollution 
[19]. Besides, the improvement of a unique photocatalyst with a high absorption capacity and reduced bandgap needs 
to be explored to diminish conventional drawbacks such as fewer active sites with high bandgap, less low availability of 
UV light, and prolonged quantum efficiency [19, 20].

SnS2, semiconducting metal sulfides, is a significant class of visible light-active compounds with a tiny band gap, high 
surface area, and abundant active surface sites [18, 19, 21]. Due to its diverse array of optical and electrical characteristics, 
 SnS2 nanostructures have garnered significant attention recently and can serve as solar cells [22], lithium/sodium ion 
batteries [19], field-effect transistors, optoelectronics [19], photoluminescent materials [18], photodetectors, photocata-
lysts [13, 23, 24], and sensors [22]. Tin disulfide  (SnS2) is an n-type semiconductor from IV–VI group and belongs to the 
two-dimensional-layered metal dichalcogenides family with a narrow band gap of 2.18–2.44 eV [13, 23, 24].  SnS2 exhibits 
a hexagonal cadmium iodide motif crystal structure in which one layer of a tin atom is sandwiched between two layers 
of a hexagonal close-packed sulfur atom [13, 23, 24]. The neighboring sulfur monolayer is covalently connected by a 
feeble Van der Waals force [25–27]. However, several works have been reported on  SnS2 nanoplate’s (NPs) morphology-
dependent photocatalytic activity [23, 24, 28–31], it is of utmost importance to increase the degradation efficiency of 
 SnS2 NPs photocatalysts. There are a few drawbacks such as high bandgap, less active sites, and low availability (3–5%) of 
UV light which reduces the photocatalytic activity of the  SnS2 NPs photocatalyst. Foreign ion doping into  SnS2 develops 
a new photocatalyst with a high absorption capacity that can reduce the bandgap and override the drawbacks [28–31]. 
Due to the presence of wide interlayer spacing inside the  SnS2 structure, doping of foreign ions can enhance the photo-
catalytic activity of  SnS2 in the degradation of aqueous colorants under ultraviolet light [32, 33].

The photocatalytic activity is found to increase with the doping of cerium. However, the large variation of ionic dis-
tance between  Ce3+ (102 Å) and  Sn4+ (0.71 Å) disturbs the lattice order inside the crystal [34]. Therefore, the doped ions 
should have ionic radii close to those of  Sn4+ ions. There are several reports such as  Mg2+ (0.72 Å) [35],  Ni2+ (0.69 Å) [36], 
 In3+ (0.81 Å) [37],  Co2+(0.89 Å) [38],  V3+ (0.64 Å) [39] and  Cr3+(0.62 Å) [13, 40, 41] doped  SnS2 which can enhance room 
temperature ferromagnetism and the photocatalytic activity of the pristine  SnS2. However, to the best of our knowl-
edge, no systematic study has been performed to observe the effect of Cr doping on the magnetic and photocatalytic 
properties of  SnS2 nanoplates simultaneously. Therefore, it is important to understand the magnetic and optical origin 
of Cr-doped  SnS2 which is required for producing high-speed energy-saving electronic equipment in the future [42]. In 
this context,  Cr3+ (0.62 Å) is selected because its radius is close to  Sn4+ (0.71 Å). The doped  Cr3+ ion replaces the  Sn4+ ions 
and creates an intermediary band inside the band gap of the  SnS2 compound [40]. This intermediary band sets up an 
additional energy state that can improve the absorption of photons in the visible region and effectively encourage the 
segregation of photogenerated electron–hole combinations, leading to greater participation of light-induced electrons 
in the photocatalytic process. Besides antiferromagnetic  Cr3+ with its  3d3 high-spin configuration creates large magnetic 
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moments in the host  SnS2 semiconductor nanoplates [41], developing dilute magnetic semiconductors (DMSs). Dilute 
magnetic semiconductors exploit both semiconducting and magnetic properties by utilizing the charge and spin of 
electrons and fastening the performance of electronic devices. The level of Cr doping also affects the magnetic proper-
ties of the DMSs. Therefore, the novelty of the investigation is to explore this room-temperature ferromagnetism with 
controllable semiconducting properties of  SnS2 which will be key materials for developing spintronic devices [42].

Different techniques have been used for the synthesis of pure  SnS2 and Cr:  SnS2 nanoplates (NPs) such as sonochemical 
[43], hydrothermal [44], solvothermal [26], and lasing ablation procedures [25]. Among all the methods, the hydrothermal 
reaction approach is the most appropriate of the documented synthesis methods for producing nanostructured materials 
with the required morphology and shape. Also, it is easier to use, less hazardous, safe for the environment, affordable 
and produces a significant yield [44, 45]. Hence, this work reports the hydrothermal synthesis process that produces 
hexagon-shaped  SnS2 nanoplates with varying Cr doping concentrations. Several analytical techniques were employed, 
including X-ray diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy 
(SEM), Energy-Dispersive Spectroscopy (EDS), High-Resolution Transmission Electron Microscopy (HRTEM), X-ray 
Photoelectron Spectroscopy (XPS), Vibrating-Sample Magnetometer (VSM), Ultraviolet–visible (UV–Vis) spectroscopy, 
and Photoluminescence (PL) methods to explore the effect of Cr doping on the  SnS2 nanoplates. Additionally, the 
photocatalytic performance of these nanoplates was also performed under UV–visible light irradiation. Measurements 
of photoconductivity and the degradation of RhB dye were also conducted on the sample. To enhance the photocatalytic 
degradation ability of  SnS2, a photosensitization effect has been employed which expanded the visible light absorption 
through excitation of the rhodamine B (RhB) sensitizer followed by charge transfer to the semiconductors [13]. The 
electron transfer among the photosensitizers, semiconductors, and reactive intermediates normally depends on the 
structure and morphology of photocatalysts [13, 23, 24]. It was known that a 2D  SnS2 nanostructured semiconductor 
exhibits highly reactive photocatalysis for RhB degradation through a photosensitization process [13, 23, 24, 28]. 
Therefore, another attempt of this study was to control the shape of the Cr-doped nanoplate by optimizing synthesis 
conditions. In our study, the photosensitized degradation of RhB was found to be raised by the synergistic effect of the 
RhB and 2D  SnS2 nanoplates. A hexagonal layered nanoplates formation mechanism has been proposed by monitoring 
the structural evolution with Cr doping using the electron microscope. In addition, the characterization results affirm 
that Cr:  SnS2 can replace toxic CdS as substituted Cr minimizes the imbalance between the absorber and the window 
layer in photovoltaic applications.

2  Experimental

2.1  Materials

Stannic (IV) chloride pentahydrate  (SnCl4.5H2O, 98% pure), thioacetamide  (C2H5NS, 98% pure) were procured from Merck 
Inc, India. Chromium (III) chloride hexahydrate  (CrCl3.6H2O, 98% pure) were purchased from Sigma-Aldrich (Europe). 
Concentrated hydrochloric acid (HCl, 37% pure) and Rhodamine B  (C28H31ClN2O3, 98% pure) were purchased from Sisco 
Research Laboratories (SRL), India. All the chemicals were of analytical grade and were used without any purification.

2.2  Sample preparation method

Stannic chloride pentahydrate  (SnCl4∙5H2O), thioacetamide  (C2H5NS), chromium chloride hexahydrate  (CrCl3∙6H2O) 
was used as reagents, and distilled water was used as a solvent to prepare the samples. Concentrated hydrochloric 
acid (HCl) was used to assist the fast hydrolysis of the reagents and rapid material preparation in a very short time. 
Here, 0.7513 gm (0.01 mol) thioacetamide  (C2H5NS), 2 ml HCl, and 48 ml distilled water were used, and the amount 
remained fixed for the preparation of all six samples. The six samples were prepared by varying stannic chloride 
pentahydrate  (SnCl4∙5H2O) and chromium chloride  (CrCl3∙6H2O). All the chemicals were weighed stoichiometrically 
according to the chemical formula,  Sn1-xCrxS2. In a 100 ml beaker, all the reagents were dissolved, and the solution 
was continuously stirred for an hour. After that, the solution was taken into a 100 cc Teflon-lined stainless-steel auto-
clave. The filled autoclave was put into an oven, heated at 200 °C for 24 h, and then was allowed to cool naturally. 
The precipitation was collected from the Teflon tube, washed three times with DI water, and subsequently dried 
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at 60 °C in a hot air oven for 12 h for later use. A schematic diagram of sample preparation to get a burned orange 
powder is shown in Fig. 1.

2.3  Characterization technique

The Philips X-pert pro-X-ray diffraction equipment with monochromatic  CuKα radiation at a wavelength (λ) of 0.1540 
nm was used to examine the structural identity of the produced pristine and Cr:  SnS2 NPs. The detected data were 
taken in a 2θ range of 10° to 80°. The FTIR analysis spectra were recorded with the Shimadzu IR-Prestige 21, within the 
spectral range of 400–4000  cm−1. The morphology of NPs was examined in detail by using field-emission scanning 
electron microscopy (FESEM, JSM-7600F, JEOL, Peabody, Massachusetts, USA) with a high vacuum at 15-kV accelerating 
voltage and a transmission electron microscope (TEM, Talos 200X) at 200 kV operating voltage, respectively. Using 
Image J software, the average of about 60 grains from the corresponding composition was used to calculate the grain 
size. Energy dispersive spectroscopy (EDS) analysis was performed to ascertain the composition of pristine and Cr: 
 SnS2 NPs. The elemental analysis of the NPs was investigated using X-ray photoelectron spectroscopy (XPS, ULVAC-
PHI 5000) with an Al  Kα X-ray source (1486.6 eV), usually set at 3 kV, 24 W, and an angle of 45°. The absorbance and 
transmittance spectra of the prepared NPs powder were examined using UV–visible diffuse reflectance spectroscopy 
(UV-DRS), which was utilized to run over a wavelength range of 400–700 nm. The electrical conductivity of the NPs 
was determined using a homemade two-point probe. The photoluminescence measurements were carried out using 
a Perkin Elmer spectrofluorometric LS-55 attached to a Xenon lamp.

2.3.1  Photocatalytic activity measurement

To examine the photocatalytic properties of  Sn1-xCrxS2 (x = 0, 0.2, 0.4, 0.6), visible light irradiation was used to 
photocatalytically decolorize Rhodamine B (RhB, SRL, India) at room temperature. A 100W halogen lamp was 
employed as a source of artificial sunlight to test the samples’ photocatalytic activity. A standard procedure involved 
adding 20 mg of catalyst to 100 mL of RhB aqueous solution  (C0 = 5 mg/L). For roughly 30 min, the dispersions 
were left in the dark to create an equilibrium between adsorption and desorption. Almost 5 mL of the irradiation 
suspensions were removed and centrifuged to eliminate the catalyst at the designated intervals. With the support of a 
UV–Vis Spectrophotometer (Shimadzu UV 1900i), the residue from the solutions was investigated. The equation η =  (C0 
–Ct)/C0 × 100% defines the photocatalytic decolorization efficiency, where  C0 represents the starting concentration 
of RhB and  Ct denotes the concentration of RhB following light irradiation.

Fig. 1  Schematic diagram of pristine and Cr:  SnS2 nanoplates (NPs) via hydrothermal method
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3  Results and discussion

3.1  Growth mechanism

The formation of Cr:  SnS2 NPs comprises various phases and the quality of NPs depends on the optimization of reagent 
dissociation during hydrolysis. In this study, stannic ions initially combine with HCl acid to form a complex and hasten 
the dissociation of thioacetamide. Thioacetamide breakdown at ambient temperature results in  H2S, which subsequently 
breaks down to produce  S2− ion. In the end, the  Sn4+ ion and  S2− ion combine to form  SnS2 [45]. The dissociation of 
thioacetamide at room temperature slowly releases sulfur ions influencing the nucleation and growth of NPs. Therefore, 
these slowly released sulfur ions have delayed the nucleation, and a longer growth time was required to form  SnS2 
nanoplates with smaller sizes. To introduce the  Cr3+ ion, chromium chloride  (CrCl3∙6H2O) has been used which forms a 
complex [Cr(H2O)6]Cl3 when placed in water. Then the  SnS2 might combine with that complex and form the  Sn1-xCrxS2 by 
substituting Cl with  H2O. As the reaction proceeds, the formed plates assemble to form a hexagonal structure. During the 
procedure, two drops of HCl were used to regulate the pH of the solution. Later, the solution was washed with distilled 
water to eliminate any extra HCl acid. The schematic of the proposed growth mechanism of the pristine and Cr-doped 
 SnS2 NPs formation is shown in Fig. 2. The chemical reactions for the process of synthesizing  Sn1-xCrxS2 may be as follows:

SnCl4 ⋅ 5H2O → Sn4+ + 4Cl− + 5H2O

Sn4+ + 4Cl− + 2HCl → [SnCl6]
2− + H2

C2H5NS + 2H2O → CH3COOH + H2S + NH3

[SnCl6]
2− + H2 + 2H2S → SnS2 + 6HCl

CrCl3 ⋅ 6H2O →

[

Cr
(

H2O
)

6

]

Cl3 →
[

Cr
(

H2O
)

6

]3+
+ 3Cl−

SnS2 +
[

Cr
(

H2O
)

6

]3+
→ SnS2 + xCr

3+ + 3xe− + 6H2O → Sn1−xCrxS2

Fig. 2  Schematic diagram of the proposed mechanism of the a pristine and b Cr:  SnS2 nanoplates
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3.2  X‑ray diffraction analysis

The X-ray diffraction patterns of pristine  SnS2 and Cr:  SnS2 NPs produced by the hydrothermal method with various 
Cr concentrations (0.2, 0.4, 0.6, 0.8, 1 at %) are shown in Fig. 3a. Several intense peaks are seen in the diffraction pat-
tern for the NPs at 14.83 ◦ , 28.25 ◦ , 32.23 ◦ , 41.81 ◦ , 46.03 ◦ , 52.48 ◦ , 62.93 ◦ , and 70.51 ◦ , which correspond to (001), 
(100), (101), (102), (110), (111), (004), and (113) crystal planes of  SnS2 hexagonal phase (JPCDS No. 23-0677), respec-
tively. The doping of the Cr element does not change the crystal structure of  SnS2. No additional Cr sulfide peaks are 
observed in the XRD pattern. The XRD patterns of 0.2 at% Cr doping show peaks with less intensities compared to 
other Cr:  SnS2 NPs. The decrease in peak intensity can be attributed to the deterioration of crystalline quality [46, 47]. 
From the magnified image of the (001) peak in Fig. 3b, it is noticeable that metal (Cr) doped in crystal lattice exhibits 
a modest shift to higher scattering angles. Moreover, it can be seen from Table 1 that the lattice parameter has been 
changed slightly due to variation of the stress between the ions.

3.3  FTIR analysis

Figure 4a illustrates the results of an FTIR investigation of  SnS2 and Cr:  SnS2 NPs in the 400–4000  cm−1 wavenumber 
range. The O–H bond vibration is represented by the peak that can be seen at 3446  cm−1 and it possibly has been 
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Fig. 3  a XRD patterns; b Magnified image of (001) peak of  SnS2 and Cr:  SnS2

Table 1  Lattice parameters 
and c/a ratio of  SnS2 and Cr: 
 SnS2 NPs

Cr concentration (at %) a (Å) c (Å) c/a

0 3.63 5.84 1.60
0.2 3.65 5.82 1.59
0.4 3.64 5.89 1.61
0.6 3.59 5.81 1.62
0.8 3.64 5.79 1.59
1.0 3.62 5.81 1.60
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caused by the surface hydroxyls and adsorbed water [48]. The creation of the Sn–S stretching bond is thought to be 
responsible for the bands seen in spectra in the wavenumber range 2200–2500  cm−1. A peak at 1625.3  cm−1 repre-
sents the C–H bond which possibly comes from thioacetamide [49]. The presence of the carboxylic group (C–O–C) 
is represented by the peak that was observed at 1078  cm−1. All of the samples showed the presence of a peak at 474 
 cm−1 that was associated with the Sn–S bond. Since Cr–S stretching only manifests itself below 400  cm−1 [50], there 
isn’t a peak due to Cr visible in the doped samples. With an increase in the Cr doping concentration, the sample’s 
corresponding peak orientation does not change, which is also consistent with the XRD data, showing that  Cr3+ was 
effectively integrated into the  SnS2 lattice. This absorption peak indicates that all  SnS2 and Cr:  SnS2 NPs displayed a 
symmetric stretching mode of hexagonal structure.

The stretching frequency for the Sn–S bond is 475.2  cm−1 for pure  SnS2 which is shifted to a higher frequency of 
486.5  cm−1 for 0.2 at% Cr doping (Fig. 4b). Since 0.2 at% Cr:  SnS2 NPs is lighter than pristine  SnS2, hence peak shift is 
towards the higher wave number side. Also, the frequency of vibration is inversely proportional to the mass of the 
vibrating molecule. So lighter the molecule, the higher the vibration frequency and the higher the wave numbers [51].

3.4  XPS study

The XPS analysis of  Sn4.6Cr0.4S2 nanoplates was performed on Si (100) wafer in the binding energy range of 0 ~ 1300 eV 
to investigate the electronic states of Sn, S, and Cr elements. The survey spectrum of Fig. 5a shows the multiple peaks, 
including S 2s, S 2p, Sn 3s, Sn 3p, Sn 3d, Sn 4d, and Cr 2p proving that the produced nanoplates incorporate Sn, S, and 
Cr elements. The C 1s peak at 284.6 eV can be attributed to adventitious carbon which was detected for the surface con-
tamination [52]. The O 1s peak centered at 531.49 eV originated from the oxygen-deficient regions of the glass substrate 
[53]. Figure 5b shows that the Sn 3d doublet exhibits two signals at 486.2 and 494.6 eV corresponding to the Sn  3d3/2 and 
Sn  3d5/2 indicating that Sn exists in the  Sn4+ oxidation state, respectively. In Fig. 5c, two peaks with binding energies of 
161.68 eV and 162.88 eV in the S 2p basic level are observed corresponding to the S  2p3/2 and S  2p1/2 which confirm that 
S atoms in the  SnS2 valence state. The binding energy values observed for Sn 3d and S 2p spectra are in good agreement 
with  Sn4+ and  S2− of  SnS2 [53, 54]. Figure 5d shows that a strong peak appeared at 577.02 eV corresponding to Cr  2p3/2 
which demonstrates that Cr is present in the valence of  Cr3+ ions [54].

3.5  FESEM analysis

The morphology, structure, and EDX characterizations of the synthesized Cr:  SnS2 NPs are investigated with FE-SEM 
as shown in Fig. 6. The image of pristine  SnS2 (Fig. 6a) and Cr:  SnS2 (Fig. 6b–f ) NPs display hexagonal-like nanosheets 
with smooth, vertically interconnected surfaces. The scanned area is nicely covered with a significant number of 
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small grains in hexagonal form and shows a compact and dense uniform surface. The size and thickness of the 
observed 2D nanosheets are around ~ 200 nm and 5 to 10 nm, respectively. It is found that the Cr doping sample 
possesses some spherical particles along with hexagonal sheets. As the mole percentage of Cr increases, the parti-
cle size becomes larger and agglomerates which consist also a mixture of more fine grains with sizes in the range 
140 to 340 nm in diameter (inset of Fig. 6a–f ). The particle size of the Cr-doped sample is larger, that is about 17.92 
nm. The grain size from the FESEM image is determined by the distance between the discernible grain boundaries, 
which is greater than the grain size determined from XRD peaks because the XRD method analyzes the evolution 
of the crystals which leads to smaller grains [55].

In Fig. 7a–c, the layered structure of  SnS2 and Cr:  SnS2 is significantly apparent. The elongated shape of the par-
ticles has also been observed in pristine  SnS2 and Cr:  SnS2 NPs where the nanoplates are thicker and more closely 
spaced. Therefore, this layer can be exfoliated down to a single hexagonal nanosheet which is expected to have 
better electron transport properties.
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3.6  EDX analysis

Figure 8a–f shows the EDX spectra of pristine  SnS2 and Cr:  SnS2 NPs. The EDS spectra confirm the presence of tin, sulfur in 
the pristine, and Cr in all the doped samples. No impurity peaks corresponding to other elements are detected, indicating 
the purity of the nanoplates.

Table 2 provides a quantitative analysis of the elements present in the samples. The weight percentage data shows 
that Cr:  SnS2 NPs are slightly rich in tin content. The atomic ratio, S/Sn in Cr:  SnS2 NPs decreases with increasing doped Cr 
concentration due to the creation of  Sn4+ vacancies as a certain amount of  Sn4+ ions are substituted by Cr [56]. A modest 
drop in S content is also observed with the Cr addition. The delayed dissociation of thioacetamide in the solution may be 
connected to the S deficiency [57, 58].

Fig. 6  FESEM micrographs a  SnS2, b 0.2, c 0.4, d 0.6, e 0.8 and f 1.0 at% Cr:  SnS2 NPs. Inset shows FESEM micrographs with grain size

Fig. 7  FESEM micrographs show the elongated shaped particles of pristine a  SnS2, and b 0.4, and c 0.8 at% Cr:  SnS2 NPs
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Fig. 8  EDS spectra of pristine a  SnS2, and doped b 0.2, c 0.4, d 0.6, e 0.8 and f 1.0 at% Cr:  SnS2

Table 2  The EDX analysis of 
pristine  SnS2 and Cr:  SnS2 NPs

Cr concentration (at %) Elements S/Sn

Sn S Cr

Atomic percentage (%)

0 33.60 66.40 – 1.97
0.2 35.35 64.46 0.19 1.82
0.4 33.65 65.74 0.61 1.95
0.6 34.28 65.37 0.35 1.91
0.8 34.39 65.55 0.26 1.90
1.0 33.96 66.80 0.24 1.89

Fig. 9  HRTEM images of 0.6 at% Cr:  SnS2 NPs
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3.7  TEM analysis

The HRTEM images of the 0.6 at% Cr doped sample are displayed in Fig. 9a. The Hexagonal-shaped plates having a size 
in the range of 140–340 nm have been noticed which is consistent with the FESEM images. Figure 9b displays the inter-
planar spacing of d = 0.27 nm corresponding to (101) planes of Cr:  SnS2 nanoplates. In the SEAD (selective area electron 
diffraction) image (Fig. 9c), the observed diffraction spots can be indexed as (101), (111), and (100) planes confirming the 
principal exposed facets of hexagonal Cr:  SnS2. Overall, the TEM examination supports the creation of extremely crystal-
line Cr:  SnS2 nanoplates and validates the XRD findings. The regular arrangement, obvious rules, diffraction spots, and 
defect-free structure of 0.6 at% Cr doped sample seem to indicate that they are single crystals with good crystallinity.

3.8  Magnetic properties analysis

Figure 10a displays the magnetization ( M ) as a function of magnetic field ( H ) at room temperature for undoped and Cr: 
 SnS2 NPs in the magnetic field range of − 20,000 to 20,000 Oe. Magnetic measurement (Fig. 10b) confirms that pristine 
 SnS2 exhibits diamagnetism due to a saturated electronic structure [59, 60]. A complete two-dimensional structure of  SnS2 
produces lattice fluctuation which also indicates that the sample had fewer intrinsic defects such as cation–anion vacancy, 
interstitial atom, and bound state which might implant paramagnetism and ferromagnetism into a two-dimensional  SnS2 

Fig. 10  a Field dependences 
of the magnetization of Cr: 
 SnS2 NPs measured at Room 
temperature. The inset shows 
Cr content dependence of the 
magnetization. b The magnet-
ization curve of pristine  SnS2 
and 1.0 at% of Cr:  SnS2 NPs
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structure. However,  SnS2 shows weak ferromagnetism by doping in previous reports [61, 62] as doping produced more 
vacancies in the samples which increased the ferromagnetism at room temperature. In the case of antiferromagnetic Cr 
doping, the magnetization in  SnS2 is observed to enhance, demonstrating that ferromagnetic interaction exists between 
Sn and Cr ions. XPS analysis reveals the presence of trivalent  Cr3+ ions which exhibit a  3d3 high-spin configuration and 
it creates magnetic moment in the host  SnS2. The inset of Fig. 10a shows that 0.6 at% Cr doping shows the magnetiza-
tion of 0.003 emu  g−1, which decreases with a further increase of Cr dopant. This increase in magnetization may be due 
to the magnetic moment caused by Sn vacancy which in turn creates intrinsic magnetic moment. In addition to these 
vacancies, it is conjectured that  Cr3+ ions enter the  SnS2 lattice and substitute  Sn4+ ions which produce vacancies and 
are related to the enhancement of magnetization [63]. It is concluded that 1.0 at% of Cr doping leads to the formation 
of superparamagnetic clusters (Fig. 10b) due to the vacancies induced from the majority of Cr atoms in the lattice. These 
results demonstrate that Cr dopant has induced the ferromagnetic order of intrinsic  SnS2 at room temperature, known 
as Dilute magnetic semiconductors, and has potential application in spintronic devices [42].
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Fig. 11  a UV absorbance spectra b The band gap for the direct transition of  SnS2 and Cr:  SnS2 NPs c Bar diagram of band gap vs Cr content
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3.9  UV–visible diffuse reflectance spectroscopy (UV–vis‑DRS) analysis

UV–vis-DRS of the as-synthesized pristine  SnS2 and Cr:  SnS2 with different Cr concentrations measured in the wave-
length range of 300 to 700 nm are shown in Fig. 11a to evaluate their band gap as well as photo-absorption behavior. 
All the samples exhibit absorption edge across the whole visible light spectrum and are observed to fall between 400 
to 700 nm. This broad absorption spectrum in the visible region demonstrates that the synthesized  SnS2 and Cr:  SnS2 
NPs could provide good visible light-responsive photocatalysts for degrading organic contaminants. With increasing 
doping concentration, all samples’ transmittance in the visible and near-infrared wavelengths decreases. The reduction 
in transmittance with increasing doping concentration manifests an increase in absorbance for that specific number 
of times [64]. The optical absorptions of the samples are observed to increase with wavelength starting at 370 nm and 
subsequently start to decrease with wavelength. This drop in absorption indicates the existence of an optical band at a 
particular wavelength.

The band gaps for the direct transition of  SnS2 and Cr:  SnS2 NPs are calculated by Tauc’s relation and displayed in 
Fig. 11b. Figure 11c shows that the optical bandgap of pure  SnS2 is decreased by the  Cr3+ ion doping. At 2% doping, the 
optical band gap increases, then decreases and a significant blue shift of the band gap is observed. This can happen when 
some of the  Sn4+ (0.71 Å) in the lattice has been replaced by  Cr3+ (0.63 Å) as a result of the direct energy transfer from the 
semiconductor excited state to the 3d energy level of  Cr3+ [40, 41]. This demonstrates that the band gap can be tuned by 
changing the Cr dopant concentration and the lower bandgap indicates the visible-light-driven photocatalytic activity.

3.10  Photoluminescence studies

Fluorescence spectroscopy is conducted to inquire about the vacancies and defects inside the samples and a photolumi-
nescence (PL) spectrum with an excitation wavelength of 420 nm at room temperature for different doping concentra-
tions of  SnS2 and Cr:  SnS2 NPs and is shown in Fig. 12. Two emission peaks are observed in the PL spectra of  SnS2 as well 
as Cr:  SnS2 samples at about 562 nm and 666 nm, which are attributed to excitonic emission and the presence of surface 
defects, respectively [62–64]. Compared to pure  SnS2, the PL intensity decreased with Cr concentration, and doping with 
1.0 at% of Cr displayed the lowest luminescence intensity, implying that additional Cr reduces defects inside the samples. 
This weakened luminescence intensity also indicates that a large amount of Cr substitution assists the faster separation 
of the photoelectron-hole pair, boosting the photocatalytic activity [40, 41].

3.11  Electrical properties studies of Cr:  SnS2 NPs

By using the two-point probe method, the electrical resistivity of  SnS2 and Cr:  SnS2 NPs is determined which is found to 
increase with Cr concentration for 0.2 at% of Cr doping, and above that point, it decreases as shown in Fig. 13a. Pristine 
 SnS2 exhibits the minimum resistivity.

Fig. 12  PL spectra of  SnS2 and 
Cr:  SnS2 NPs
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Figure 13b shows the difference in conductivity as a function of the inverse of absolute temperature for all the 
synthesized samples. It is evident from the graph that the conductivity of the samples increases with temperature 
for all six samples and varies depending on the amount of Cr. The conductivity-temperature relationship observed 
in Fig. 13b exhibits Arrhenius-like behavior. This behavior suggests that as the temperature rises, the mobility of 
charge carriers within the material improves, leading to enhanced conductivity. Undoped  SnS2 shows a remarkably 
high conductivity of 8.80 ×  10–8 (Ωm)−1. It is evident from Fig. 13b that conductivity decreases significantly for 0.2 
at % of Cr doping, after that, it increases for 0.4 at % of Cr concentration. This unusual behavior of Cr:  SnS2 samples 
indicates the rise of structural changes of Sn, phase transition, or variations in charge carrier mobility that occur for 
the particular composition of tin and Cr with the increase in temperature.

The activation energies of NPs were determined from the slopes of the graph and the variation of E as a function of 
Cr concentration in  Sn1-xCrxS2 is shown in the inset of Fig. 13b. It is clear from the higher value of E that conductivity is 
extremely temperature-sensitive which might be explained by altered crystalline structure and decreased resistance 
of the  Sn1-xCrxS2 nanoplates.

In this study, we observed that 0.4 at% Cr doped samples exhibit the value of 0.62 eV which was significantly 
higher than the usual chromium-doped CIGS samples. This study highlights the importance of synthesizing NPs 
with the optimum composition of tin and Cr to enhance the optical and electrical properties required for desirable 
photovoltaic applications.

Fig. 13  Comparison of a 
resistivity and b Electrical 
conductivity versus 1000/T 
graphs of  SnS2 and Cr:  SnS2 
NPs for different doping con-
centrations. The inset shows 
the variation of activation 
energy with Cr concentration 
for  SnS2 and Cr:  SnS2
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3.12  Photocatalysis analysis

Usually,  SnS2 semiconductors have a d10 electronic configuration which helps the detachment of photogenerated 
electron/hole pairs owing to the highly dispersive conduction band [21, 22, 65]. These separated charge carriers 
enhance the efficiency of  SnS2 as a visible light-driven photocatalyst. The photocatalytic activity of prepared pure 
 SnS2 and Cr:  SnS2 nanoplates was evaluated by the degradation of rhodamine B (RhB) dye under visible light (λ ≥ 420 
nm) irradiation at room temperature.

Figure 14a–d shows the sequential change in the absorbance spectra (200 to 800 nm) of rhodamine B (RhB) with 
prepared nanoplates photocatalysis in regular time intervals under visible light irradiation. From the figures, the 
nanoplates catalyst was observed to degrade RhB in visible light by showing the decolorization. The photocatalytic 
degradation was recorded at wavelengths of 554 nm and a trend of weakening of the absorption intensity is observed 
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Fig. 14  UV–Vis spectral results indicating the kinetics of photoreduction of  Cr3+ at different time intervals for a pure  SnS2 b 0.2 and c 0.4 and 
d 0.6 at% Cr:  SnS2 NPs



Vol:.(1234567890)

Research Discover Applied Sciences           (2024) 6:471  | https://doi.org/10.1007/s42452-024-06173-w

with the increasing exposure time under visible light irradiation for the nanoplates catalysts. The decolorization of 
RhB of  SnS2 and Cr:  SnS2 NPs nanoplates considerably rises with an increase in Cr doping.

The relative concentration of RhB has been analyzed by monitoring the RhB absorption peak at 554 nm in the absence 
and presence of visible light irradiation using  SnS2 and Cr:  SnS2 NPs, as shown in Fig. 15a. It is evident from the graph that 
in the absence of visible light irradiation (during the initial 30 min), the degradation rate of RhB was almost negligible 
for all the samples.

The first-order kinetics of Cr:  SnS2 NPs for photocatalytic decolorization of RhB can be expressed by the equation [23, 
28, 52]: ln

(

Ct∕C0
)

= kt , where Ct and C0 are the concentrations after t  irradiation time (min) and initial concentrations 
of RhB at the dark adsorption equilibrium ( t  =0), and k represents the reaction rate constant of the first order  (min−1). 
The k values of the photocatalytic decolorization rates of NPs are shown in Fig. 15b. It is found that the rate constant 
k values of 0.4 at% Cr:  SnS2 NPs has the highest value (0.00913  min−1), which is 3.4 times that of pure  SnS2 (0.00268 
 min−1). The higher k value demonstrates that Cr doping increases the photocatalytic efficiency of  SnS2 NPs by altering 
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the energy band structure to raise the electron–hole pairs separation. After that, the photocatalytic activity decreases 
with the increase of the doping concentration for 0.6 at% Cr:  SnS2 NPs which might be attributed to the increase in the 
electron–hole recombination probability.

Then the concentration of RhB degraded up to 35%, 47%, 71%, and 44% at 300 min respectively for pure  SnS2, 0.2, 0.4, 
and 0.6 at% Cr:  SnS2 NPs as shown in Fig. 15c. It was found from the degradation data that the best catalytic performance 
was achieved by  Sn0.6Cr0.4S2 photocatalyst which exhibits the highest decolorization rate at 71% after 300 min of visible 
light irradiation. Many factors such as crystallite size, band gap, specific surface area, morphology, and crystal defects 
dominate the photocatalytic activity of Cr:  SnS2 NPs [24, 27, 66]. Probably the 0.4 at% Cr:  SnS2 NPs exhibit more adsorption 
sites for exposure to the sunlight, increasing the photocatalytic activity. Moreover, the higher catalytic activity of 0.4 at% 
Cr:  SnS2 NPs might be associated with their smaller crystallite size, higher surface area, and relevant band gap.

This work tested 0.4 at% Cr:  SnS2 reusability in five cycles of catalytic degradation of RhB under visible light irradia-
tion. After every cycle, the photocatalyst was retrieved from the suspension by centrifugal separation, and washed with 
ethanol and deionized water for three times to remove the residual organic species. Then the suspension was dried in 
an oven at 70 °C for 12 h and reused for the next cycle. From Fig. 16a, a small decrease in photocatalytic degradation 
efficiency (~ 7%) was observed after five cycles of photocatalytic application due to the loss of sample during the prepa-
ration of the cycling process. Moreover, the XRD pattern of retrieved 0.4 at% Cr:  SnS2 after the reuse experiment exhibits 
the same crystal structure as that of the as-prepared 0.4 at% Cr:  SnS2 shown in Fig. 16b which clearly indicates the good 
photocatalytic reusability of 0.4 at% Cr:  SnS2.

The photocatalyst activity relies on the intensity of incident light, the concentration of the photocatalyst, the pollutant’s 
initial concentration, the generation of charge carriers, and active oxidizing agents. In the case of using transition metal doped 
semiconductor nano-photocatalysts, transition metal ions’ effect on the photocatalysis reaction rate and the transforma-
tion of metal ions to less toxic species need to be considered. Based on the prior results, the schematic mechanism of the 
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photocatalytic activity of Cr-doped  SnS2 nanoplates is proposed in Fig. 17. During the photocatalysis experiment of Cr-doped 
 SnS2 nanoplates, the reactions that occurred in the degradation of RhB under visible light may be expressed as the following:

When pure  SnS2 and Cr:  SnS2 are exposed under visible light irradiation, the electrons from the valence band (VB) are 
excited to its conduction band (CB) and start to produce electron and hole pairs which can recombine or interact with other 
molecules. The produced electron ( e−

(CB)
 ) and hole ( h+

(VB)
 ) from CB and VB respectively migrate toward the photocatalyst surface 

to interact with the dye solution and anticipated oxidation–reduction reactions. The electrons react with the oxygen 
molecules attached over the photocatalyst surface to form superoxide anion radicals ( ⋅O−

2
 ) and the hole reacts with the 

hydroxyl groups of the water molecules to form highly reactive hydroxyl radicals ( ⋅OH ). Concurrently, superoxide anion 
radicals ( ⋅O−

2
 ) react with proton and forms H2O2 which later disintegrates into hydroxyl radicals ( ⋅OH ) [65]. Finally, superoxide 

anion radicals ( ⋅O−
2

 ) and hydroxyl radicals ( ⋅OH ) react with the RhB dye and transform it into less toxic chemicals  CO2, and 
 H2O. Compared with  SnS2, Cr:  SnS2 nanoplates have possessed better photocatalytic efficiency as quantum effects of 
transition metal nanoparticles cause local surface plasmon resonance (LSPR) and produce more electron and hole pairs.

4  Conclusion

Pure  SnS2 and Cr:  SnS2 nanoplates with various Cr concentrations (0.2, 0.4, 0.6, 0.8, 1 at %) were successfully prepared 
via hydrothermal method using HCl as a stabilizer. All the samples exhibit hexagonal crystal structure and Cr doping 
increased the lattice parameters of the  SnS2 NPs. The pristine  SnS2 and Cr:  SnS2 NPs displayed hexagonal-like nanosheets 
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with smooth, vertically interconnected surfaces. As the mole percentage of Cr increases, the particle size becomes larger, 
and agglomerates also consist of a mixture of more fine grains with sizes in the range of 140 to 340 nm diameter. The 
survey spectrum shows that the produced nanoplates incorporate Sn, S, and Cr elements in  Sn4+,  S2−, and  Cr3+ states. 
Cr doped promotes the formation of Dilute magnetic semiconductors by introducing ferromagnetic order in the  SnS2 
which can be used in the spintronic devices. UV–Vis and PL spectra indicate the excitonic absorptions and emissions 
from the  SnS2 NPs. The PL intensity shows that doping with 1.0 at% of Cr displayed the lowest luminescence intensity, 
implying that additional Cr reduces defects inside the samples. Moreover, Pristine  SnS2 exhibits the minimum resistivity 
and a higher value of activation energy indicating that conductivity is extremely temperature-sensitive which might 
be explained by altered crystalline structure and decreased resistance of the  Sn1-xCrxS2 nanoplates. The  SnS2 and Cr: 
 SnS2 NPs exhibit remarkable photocatalytic activity. Cr:  SnS2 NPs degrade RhB under visible light irradiation. It should 
be highlighted that the  Sn0.6Cr0.4S2 photocatalyst exhibits the highest rate of decolorization at 71% which is 3.4 times 
higher with compared to pure  SnS2 catalyst.
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