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Abstract 

A simple hydrothermal method is implemented for the synthesis of SnS2 nanoparticles, using non expensive SnCl4·5H2O 

and thiourea as reactants. The photocatalytic properties of the synthesized material under visible light irradiation are 

evaluated examining the degradation of formic acid in an aqueous solution containing the solid in suspension, using 

eventually band-pass filters to verify the dependence of photoactivity on light wavelength. The results demonstrate 

that the material has high visible light photocatalytic activity with an action spectrum covering the full spectral range 

absorbed by the solid (up to ca. 600 nm), and that the latter is also more photoactive and resistant to photocorrosion 

than the more toxic but frequently used CdS. Tin disulphide, containing only abundant and nontoxic elements, is thus 

suggested as advantageous alternative for solar light use. 

 

1. Introduction 

TiO2, particularly in the anatase form, is by far the most studied and used photocatalyst, in view of its low cost, high 

activity, chemical and photochemical stability, and biocompatibility [1]. However it only responds to UV light due to its 

wide bandgap (3.2 eV), being unable to use visible light (λ > 400 nm) which is the main component in the solar 

spectrum [2]. Recently there has been an increasing interest in the photocatalytic application of semiconductors which 

are able to absorb visible light: apart from sensitized systems, TiO2 doped with electropositive (e.g. Sn, V, Fe, Cr, W or 

Pt) and electronegative (N, C, S) elements [3], some binary transition metal oxides (WO3 , Bi2O3 , Fe2O3 [4] or Cu2O 



[5,6]), mixed oxides that include main group elements like BiVO4 [7], Sn2Nb2O7 [8] or InTaO4 [9], nitrides and 

oxynitrides like Ta3N5 [10], LaTiO2N [11] or ZnO:GaN solid solutions [12] and sulphides like CdS [13], MoS2 [14], Bi2S3 

[15], In2S3 [16,17] and derivatives of them have been proposed. Among these sulphides CdS is currently the most 

studied one [18,19], but this compound is detrimental to human health and the environment due to its high toxicity. 

Here we present data on the behaviour of SnS2 as photocatalyst able to use visible light. SnS2 has a CdI2-type crystal 

structure [20] consisting in two layers of hexagonally packed sulphur anions with sandwiched tin cations which are 

octahedrally coordinated by six neighbour sulphur atoms; these S-Sn-S trilayers are stacked over one another, being 

weakly bonded by Van der Waals interactions. Several polytypes of this compound exist [21] due to the possibility of 

different layer stacking sequences; the most stable of them, the 2H polytype, which has also the simplest structure, 

has a bandgap Eg = 2.2 eV [22], the other ones having very similar Eg values around 2.2–2.4 eV [23–25]. 

SnS2 has interesting electrical, optical and gas sensing properties [26–28]; owing to its photoconductivity it is also 

regarded as a prospective candidate for use in solar cells and opto-electronic devices [25,29]. Studies on the properties 

of SnS2 as standalone photocatalyst are scarce [30–32], and only in the first of these it has been proved that the system 

has activity with visible light (i.e. in conditions excluding UV components); but the spectral range in which 

photocatalysis occurs on SnS2 has not been verified until now. In other cases photocatalysis has been studied for SnS2 

in combination with TiO2 [33,34] or SnO2 [35] from a sensitizing perspective. It must be noted here that the substance 

being degraded photocatalytically in all these studies was always a dye able to absorb visible light, so that there could 

be doubt whether it was the dye or the semiconductor who was excited in first place, especially since there was no 

study on the spectral dependence of this effect to check whether it was similar to the absorption spectrum of the dye 

or to that of the solid. Also, the resistance to corrosion of the sulphide under photooxidation conditions has been only 

scarcely examined [30]. Finally it may be mentioned that there are a few studies examining the photoelectrochemical 

behaviour of SnS2 in aqueous or organic media [36–38]. 

Here we present a detailed study of the spectral response of SnS2 in a simple photocatalytic reaction, the 

mineralization of formic acid, carried out with visible light. Using this substrate, which only absorbs light in the hard UV 

range, one is sure that the absorption of light by the reactant plays no role in the process. The photo- catalytic activity 

of SnS2 in this reaction is found to be high in the whole wavelength range of its bandgap absorption; furthermore, the 

results indicate that this compound is significantly more active and stable than CdS, which as said above is the sulphide 

most widely studied for photocatalysis. 

 

2. Experimental 

2.1. Synthesis and characterization of the photocatalyst 

SnS2 was synthesized hydrothermally in a 125 mL Teflon-lined stainless steel autoclave, using as starting reagents 

1.56 mmol of SnCl4·5H2O (Aldrich 98%) and 6.25 mmol of thiourea (Aldrich 99%) dissolved in 80 mL of 5 vol.% Triton X-

100 (Sigma–Aldrich) in deionized water; the final pH value was adjusted to 3.0 with HCl (Panreac 35%). The closed 

autoclave was heated to 453 K in an oven for 48 hours, after which it was cooled to ambient temperature. A yellow 



powder was obtained, which was separated by centrifugation, washed six times with distilled water and finally dried in 

air at 333 K. CdS was synthesized in a similar way from 20 mM Cd(CH3COO)2·2H2O (Aldrich 99.99+%) and 80 mM 

thiourea (Aldrich 99%) in deionized water at 453 K during 48 h. A high thiourea:Cd ratio was chosen, following 

literature indications [39], to facilitate obtaining only the hexagonal wurtzite phase. 

The elemental composition of the obtained powder was measured with total reflection X-ray fluorescence (Rich & 

Seifert TXRF EXTRA-II spectrometer). BET specific surfaces were measured with a Micromeritics system on samples pre-

outgassed at 423 K during 4 h. X-ray diffractograms were collected using a Philips X’Pert Pro PANalytical diffractometer 

using Cu Kα radiation (λ=1.542 Å), and UV–vis-NIR diffuse reflectance spectra were obtained with a Cary- Varian 5000 

spectrometer, using Spectralon® as reference material. From the diffractograms the lattice parameter values were 

obtained by fitting to computed patterns using the Powdercell program [40]. 

XPS measurements were carried out with a SPECS spectrometer using a 400 W monochromatized Al Ka X-ray source 

(photon energy = 1486 eV), a PHOIBOS 150 hemispherical analyzer with 9-channel detector and a FG 15/40 electron 

flood gun for charge compensation. Spectra were acquired with SpecsLab2 software and analyzed with XPSpeak 

software [41]. In this analysis the XPS peaks were referred to the adventitious C(1s) signal, assumed to have binding 

energy EB=250 eV, and the atomic sensitivity factors were taken from the tables provided by the spectrometer 

manufacturer. 

2.2. Photocatalytic tests 

For both sulphides the photocatalytic activity was studied by following at room temperature the oxidation of formic 

acid (1.5 mM) at its natural pH (=2.5 initially) in an aqueous suspension. The experiments were carried out in a home-

made thermostated Pyrex glass reactor, containing 40 mg of sulphide powder in 80 ml of suspension, which was 

naturally aerated through magnetic stirring under ambient atmosphere. After keeping the stirred suspension in the 

dark during 30 min to ensure a stable HCOOH concentration in the solution (adsorption was anyway small: only 1.2% of 

the initially dissolved amount, as judged by the analyzed HCOOH concentrations), the mixture was irradiated from 

above through a Pyrex window using an ozone-free 450 W Xenon lamp from Spectratech provided with a collimating 

condenser lens, a water filter (to eliminate thermal IR components) and, when so desired, one of a collection of band-

pass optical filters from Andover Corporation transmitting a wavelength interval of FWHM width around 50 nm. The 

incident light intensity was previously checked with a Newport 842-PE radiometer. The changes in the formic acid 

concentration were monitored by sampling periodically a small volume (1.5 ml) of the suspension, which was filtered 

with a PTFE 0.45 μm filter to separate the solid, and measuring the HCOOH concentration in the liquid with a UV-vis 

Shimadzu UV-2100 spectrometer though its absorbance at λ = 205 nm. The photocorrosion of the photocatalyst during 

a reaction run was checked by filtering the solid from the suspension after the reaction and analyzing with ICP-OES 

both metal and sulphur in the liquid. 

 

3. Results and discussion 

3.1. Characterization of the synthesized materials 



The Sn:S ratio of the synthesized tin disulphide, as measured by TXRF, is identical within 1% to the nominal 

stoichiometry 1:2; its specific surface area is SBET=36 m2/g. Its X-ray diffractogram, shown in Fig. 1(a), evidences a good 

crystallinity in the product, with all peaks in agreement with the hexagonal 2H phase of SnS2 [42] (JCPDS card no. 23-

0677). Peak fitting gives cell parameters a=3.649 Å, c=5.899 Å in reasonable agreement with experimental literature 

values (a=3.647 Å, c=5.901 Å) [43]. Using Scherrer’s formula an average cystallite size of 23 nm is obtained from the 

width of the XRD (1 0 1) peak (at 2θ=32.4◦ ). As shown by the XRD pattern in Fig. 2(a) the CdS specimen synthesized, 

which has specific surface area SBET=8 m2/g (similar to that found for another hydrothermally prepared CdS 

photocatalyst [44]), has also good crystallinity; its diffractogram corresponds to the hexagonal (wurtzite) polymorph of 

this sulphide, with measured unit cell parameters a=4.135 Å and c=6.753 Å (reported values are a=4.132 Å and c=6.734 

Å [45]). The presence of the cubic (sphalerite) form can be excluded in view of the absence of its characteristic (2 0 0) 

reflection occurring at 2θ ≈ 30.6◦. 

The UV–vis diffuse reflectance spectrum of SnS2 was measured and converted into the absorption spectrum, shown in 

Fig. 1(b), using the Kubelka–Munk transform of the reflectance R (KM=(1−R)2/2R) [46]. The figure shows a clear 

absorption edge starting at λ ≈ 550 nm, corresponding to a photon energy of 2.25 eV, i.e. close to the bandgap of the 

material. For the CdS synthesized material, the spectrum in Fig. 2(b) displays an absorption edge also around λ ≈ 550 

nm, a bit higher in this case than the value A ≈ 500 nm corresponding to the reported value of its bandgap (Eg ≈ 2.4 eV) 

[44] due perhaps to some disorder effects. 

3.2. Photocatalytic activity tests 

Fig. 3 shows the results obtained with SnS2 and CdS in the photocatalytic degradation of formic acid under 

irradiation with the full light spectrum of the Xenon lamp, of which only the thermal IR component was suppressed 

with the water filter. The total intensity of light incident on the suspension surface was about 115 mW/cm2 . The figure 

shows the concentration decay, and also that no significant decay occurred when keeping the SnS2 suspension in the 

dark (an analogous result, not shown, was obtained for the suspension with CdS in the dark); likewise, no significant 

decay took place in the irradiation experiment without photocatalyst (data not shown). It is inferred that the 

degradation of aqueous formic acid occurs as a photocatalytic process, and that both SnS2 and CdS can efficiently 

promote it. 

In principle, several processes can conceivably produce the HCOOH decay: plain total photo-oxidation (1), partial 

photo-oxidation to oxalic acid (2) and two different decompositions without involvement of O2 (3 and 4): 

HCOOH + ½O2 → CO2 + H2O    (1) 

2HCOOH + ½O2 → HOOCCOOH + H2O   (2) 

HCOOH → CO2 + H2   (3) 

HCOOH → CO + H2O   (4) 

Process (3) can probably be discarded, since visible light-driven photocatalytic H2 production on main group sulphides 

with consumption of an organic sacrificial agent normally requires the presence of a metallic co-catalyst like Pt. 



Although to these authors’ knowledge this has not yet been shown for SnS2, it has been verified in the case of the 

relatively similar In2S3 [47]. Process (2) is also not the relevant one here, since during the photoreaction the pH rises 

until reaching a value>4 at the end of the process, when near full HCOOH degradation is achieved; this excludes a 

significant buildup of oxalic acid. Since verification of CO production could not be carried out here, as gas phase 

analysis could not be performed in this experimental setup, process (4) cannot be excluded strictly; but it seems less 

likely than the other remaining candidate process (1), as dehydration process (4) is normally typical of acid catalysis (as 

opposed to process (3), typical of more basic materials or of transition metal-mediated redox processes), and the 

acidity of SnS2 is expected to be low. We will assume thus that process (1) is the main (if not exclusive) degradation 

path. In any case, the objective of the present work is not the mechanistic study of the HCOOH photodecomposition 

reaction, but the verification of the spectral response capability and stability of SnS2 as photocatalyst, for which we use 

as test molecule a simple acid the possible degradation products of which do not absorb the photoreaction driving 

light. 

The effective reaction rate constant (k) of the photocatalytic reaction is calculated assuming a pseudo-first order 

kinetic law, which is usually the case for the photocatalytic processes when the pollutant is in the millimolar 

concentration range: 

ln (C0/C)= k.t 

By fitting semilog plots (not shown) this constant was determined to be k=0.021 min−1 for SnS2 and k=0.0088 min−1 

for CdS. Thus the SnS2 nanoparticles used here can be significantly more active in photocatalyzing the degradation of 

aqueous formic acid than the typically used CdS photocatalyst material. It must be noted, however, that a rigorous 

activity comparison would need an evaluation of the total amount of light absorbed by each semiconductor; this is 

rather difficult to carry out as this amount is affected not only by the reactor geometry but also by the optical 

dispersion of the radiation used which is a function of the dimensions and equivalent refractive index of the 

nanoparticle aggregates. The specific surface area, higher for our SnS2 than for the CdS specimen used, may have also 

an effect, although it may be recalled that higher SBET values are frequently accompanied also, due to a lower 

crystallinity degree, by higher amounts of defects which may affect negatively the photocatalytic performance. 

Besides, a significant number of the XRD peaks of the CdS specimen show somewhat larger widths than those of the 

SnS2 sample, implying smaller crystalline domains; the fact that its SBET value is however smaller suggests that the CdS 

sample has a higher degree of crystallite agglomeration, with a larger number of grain boundaries which may also 

contribute to electron-hole recombination. A thorough study of all these effects falls outside the scope of the present 

work. 

The dependence between photocatalytic activity and incident light wavelength was checked for the SnS2 material 

using a series of bandpass filters. The different decays observed for different values of λ (the wavelength of maximum 

transmission of the filter) are shown in Fig. 4(a). Each curve was obtained using a fresh, unused photocatalyst portion. 

The k values obtained from the corresponding semilog plots are represented in Fig. 4(b) against the wavelength λ of 

the filter used. In this last figure it can be seen that the photocatalytic action spectrum follows the absorption profile of 



the material, evidencing that all absorbed photon energies are active in the photoreaction. The incident light intensity 

on the top of the suspension when using these filters was measured with the radiometer and found to be more or less 

constant in the wavelength range used, around 5 mW/cm2; from this value an equivalent quantum yield (ratio 

between molecules transformed per second and total photon flux incident on the liquid surface) of η ≈ 2.1% at 500 nm 

could be determined. The fact that in the experiment without filters the k value was higher than in presence of them 

by a factor smaller than what could be expected from the total light intensities may be due to a proportionally higher 

fraction of electron-hole pairs being lost by recombination under higher light intensity conditions. 

3.3. Photostability tests 

The stability of a sulphide photocatalyst is always a matter of concern, so it is important to investigate it and verify 

the reproducibility of results upon prolonged use of the material. Indeed sulphide photocatalysts usually display 

activity loss during photooxidation reactions due to corrosion, which occurs because photogenerated holes or OH 

radicals derived from them, as well as peroxide or superoxide ions resulting from the electron uptake by O2, can react 

not only with dissolved organic matter, but also with the surface sulphide ions giving oxidation products (ultimately 

sulphate ions) and dissolution of the solid. To check this in our work, one same portion of SnS2 was recycled five times 

in the photocatalytic formic acid degradation reaction using the full unfiltered light of the Xe lamp, restoring the formic 

acid concentration after each 5 h run by addition of the pure compound to the solution. The HCOOH concentration 

was measured before and after each 5 h irradiation (no aliquots were taken in the intermediate times, to minimize 

solid losses). The result of this test is displayed in Fig. 5, which shows that even after the fifth cycle the photocatalyst 

continues being highly active, as it is seen in the figure comparing the formic acid concentration remaining after the 

first run (0.7%) with the value for the fifth run (6.2%). When the same experiment was carried out using CdS the loss of 

activity was more important, since the concentration of formic acid remaining in solution after 5 h of irradiation 

increased from 21% in the first run to 47% in the fifth one. After the last of these runs the SnS2 sample was tested 

again for photoactivity; the initial apparent constant was then k = 0.0175 min−1 , i.e. lower by ≈29% than that measured 

for the fresh sample. In the case of CdS, the same experiment gave for the rate constant at the last run a value k = 

0.0041 min−1, evidencing a decrease from the initial one (by 53%) which is significantly higher than for SnS2. 

In a related experiment, after each 5-h run the solid was separated from the liquid by decanting and centrifugation 

and the total content of metal and sulphur in the solution was analyzed, while the recovered solid was added to a fresh 

formic acid solution and the irradiation cycle was carried out again on this suspension; this was repeated several times. 

The accumulated amount of each element that had passed into solution after each run is represented in Fig. 6. It 

shows that SnS2 is photocorroded much less than CdS under these oxidative conditions, in spite of its higher specific 

surface. 

Noting that, although only very small amounts of SnS2 components have been dissolved, there is some decrease in the 

photocatalytic activity, an XPS analysis of the SnS2 surface was undertaken to check if there is any relevant change in its 

composition or redox state. Table 1 and Fig. 7 show the results of this analysis, comparing the SnS2 sample before and 

after performing the cycle tests depicted in Fig. 5. The fresh sample displays a Sn(3d) doublet with 3d5/2 binding energy 

(487.3 eV) close to the value (487.0 eV) reported in the literature for SnS2 [48]. The overall ({O + S}/{Sn}) ratio is 



however lower than expected for a Sn4+ compound, suggesting that some reduction of Sn has occurred at the surface 

before or during the exposure to the X-ray beam. This is not manifested by the observation of new peaks at the Sn(3d) 

peaks, but it must be noted that the difference in EB between SnS and SnS2 is small, and even has opposite sign to that 

between SnO and SnO2 [48]; therefore the said partial reduction (of Sn4+ to Sn2+, presumably) does not necessarily have 

to be discernible as a distinct peak in the Sn(3d) spectrum, especially in the presence of some oxygen. On the contrary, 

the used photocatalyst displays a small new component at EB = 488.5 eV. EB values above 488 eV are infrequent in Sn 

compounds, but have been found in scarcely covalent salts like SnF4 [49]; thus it may be ascribed to Sn bound to a 

ligand with lower electron donating ability than oxide or sulphide. 

In the S(2p) region the fresh photocatalyst displays a single doublet with EB = 162.3 eV, a value approaching that 

presented by other layered heavy metal disulphides like MoS2 [50] or WS2 [51]. On the other hand the used 

photocatalyst shows in the S(2p) region a new small contribution having EB = 163.6 eV in the 2p3/2 peak. This increase 

suggests some oxidation but is certainly too small to allow an assignment to SO4
2− or SO3

2− species; it is rather similar to 

that of CS2 [52], suggesting the possible formation of a bond with formic acid, while the C(1s) shows a significant 

increase in a peak at EB≈ 286.8 eV that may be due to C-O or C-S bond containing species. Although a definitive 

interpretation of these changes cannot be given here, a moderate degree of modification of the surface is evidenced 

which might imply the formation of C-S bonds (due e.g. to trapping of holes at surface S atoms followed by attack to 

dissolved formate ions) and a change of the ligands of some surface Sn atoms, changing the photocatalytic properties 

of the SnS2 material even if no dissolution of its components takes place. Further studies will be required to fully clarify 

this point. 

The effect of these changes on the photocatalytic activity is however moderate, and smaller than for CdS, as shown 

by the results in Fig. 5. This higher stability observed for SnS2 may well be due to the cohesive energy of the sulphide 

lattice, which is expected to be higher for the SnS2 structure thanks to the higher charge and higher number of M-S 

bonds on the cation (Sn cations are octahedrally coordinated while Cd ones are tetrahedral in CdS), leading to a higher 

Madelung lattice energy. Thus the S− (radical) and/or Cd+ species that may transiently form at the surface of CdS upon 

irradiation due to charge carrier trapping (or, in the first case, to attack by O2
− or related species formed from the 

dissolved O2) may be less strongly retained by the rest of the solid and detach from it to become finally dissolved 

species. 

 

4. Conclusions 

It was possible to synthesize pure SnS2 nanoparticles simply via hydrothermal reaction between SnCl4·5H2O and 

thiourea in a 5 vol% Triton aqueous solution. The synthesized SnS2 material exhibited higher photocatalytic activity in 

degrading aqueous formic acid as well as higher resistance to photocorrosion than the much studied CdS. We also 

provide evidence, not given before, that the full range of photons absorbed by SnS2 (up to λ≈600 nm, i.e. all those with 

energy close to or above its 2.2 eV bandgap) is active to promote the photocatalysis process. These aspects, together 

with the low toxicity and the relatively high natural abundance of Sn in comparison to Cd, make SnS2 a good candidate 



alternative to CdS for a range of photon absorption-related applications. 
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Figure captions 

Fig. 1. (a) Powder XRD diagram (indicating the Miller indices of the hexagonal phase reflections) and (b) UV-vis-NIR 

absorption spectrum (given as Kubelka–Munk transform of the diffuse reflectance) of hydrothermally synthesized SnS2 

Fig. 2. (a) Powder XRD diagram (indicating the Miller indices of the hexagonal phase reflections) and (b) UV-vis-NIR 

absorption spectrum (given as Kubelka–Munk transform of the diffuse reflectance) of hydrothermally synthesized CdS. 

Fig. 3. Decay of formic acid concentration upon irradiation with the full light spectrum of the Xe lamp in suspensions of 

SnS2 or CdS, measured from the absorbance of the solution at λ = 205 nm. The decay curve in the dark (with SnS2) is 

also given. 

Fig. 4. (a) HCOOH concentration decay in an aqueous suspension of SnS2, irradiated through bandpass filters of 

different wavelengths λ; the decay observed with unfiltered light is also shown. (b) Effective first-order rate constant k, 

measured from the initial slope of the decay curves obtained with the different filters, compared with the Vis-NIR 

spectrum (given as negative logarithm of the diffuse reflectance R) of the SnS2 material used. 

Fig. 5. Total HCOOH concentration decay in five successive 5 h irradiation runs (adding to the suspension a new portion 

of solid HCOOH at the start of each run) carried out with one same SnS2 portion. 

Fig. 6. Plot of the total accumulated amount of photocatalyst constituents gone into the solution due to 

photocorrosion during five successive 5 h photocatalysis runs on fresh HCOOH solutions, with intermediate separation 

of the solid, comparing the results obtained with SnS2 and CdS. 

Fig. 7. XPS spectra of the SnS2 sample obtained before and after 5 cycles of irradiation with full Xe lamp light spectrum 

in HCOOH suspension. 
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