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Abstract 

 Nanosized tin disulfide (SnS2) powder was synthesized through a simple and inexpensive process, then 
characterized via thermal, chemical, structural and morphological analyses. Conductometric gas sensors based 
on thick films of synthesized SnS2 were fabricated by means of screen-printing technology and their sensing 
properties tested vs. aldehydes, ketones and other gaseous compounds. We found that, at working temperature of 
300 °C, the SnS2 films showed a strong selectivity vs the carbonyl group of aldehydes and ketones, proving that 
they can efficiently be detected even in complex mixtures with interferers. In comparison with its oxide 
counterpart, SnS2 proved to be more stable, in term of the long-term drift of the signal. On the base of the 
obtained results, practical applications of such a sensor have been addressed. 
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Introduction 

      Tin (IV) sulfide is a mid-gap semiconductor (Eg = 2.35 eV), which can be synthesized as different types of 
nanostructures, e.g., nanoparticles, nanotubes, nanobelts, nanoflakes etc. [1-3]. The physical and chemical 
properties of this IV-VI semiconductor are very interesting due to their possible application, as solar cell 
material [4], lithium batteries [5], field-effect transistors [6] and optoelectronics [7].  
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Even though the list of application fields is undoubtedly wide, so far the literature lacks of investigations on tin 
disulfide as a material for chemical sensing. For this particular application, up to now, conductometric gas 
sensors are mostly based on metal oxides. Such materials have been extensively investigated in the last decades, 
highlighting their great potential as gas sensors, but also showing some drawbacks, as their lack of stability, 
repeatability and selectivity [8,9] that are still currently limiting their use. For these reasons, it is crucial to 
investigate on new sensing materials that can possibly overcome the main disadvantages of metal oxides [10-12]. 
Among the above mentioned limitations for metal oxides, stability attracted the attention of scientific community 
due to its crucial role for fabricating reliable devices. Indeed, long-term stability problem could be related to a 
typical and characteristic defect of metal oxides: the oxygen vacancies [13,14]. The mobility of these defects is 
linked to the lack of thermodynamic equilibrium of oxygen with environment and it may be the reason of metal-
oxides long-term instability. Therefore, the adoption of metal sulphide materials, where sulfur atoms take place 
of the oxygen one, can pave the way to an alternative, more reliable, sensing material for gas detection.  

As far as tin disulfide is concerned, the relationship between the chemical adsorption of molecules and the 
electrical properties has seldom been investigated [15]. Such a relationship is responsible for the intimate 
connection between the electrical conductivity of a film and the chemical composition of the surrounding 
atmosphere and it is enhanced in the case of nanostructured semiconductors. Indeed, chemical adsorption of 
molecules accumulates charge in surface states, generating an electrostatic potential. In case of nanostructures, 
the depletion region of the surface potential is comparable with the size of the whole nanostructure; this results 
in a strong influence on the electrical properties of the material, thus opening their possible exploitation for gas 
sensing applications.  

In order to investigate on the possible chemoresistive properties of this semiconductor, we synthesized nanosized 
SnS2 powders and characterized them with XRD, TG/DTG/DTA, SEM and TEM techniques. Then, we studied 
the electrical resistance of films based on the as-synthesized powders upon exposure to a selection of different 
gaseous compounds, to investigate the sensitivity and selectivity of the SnS2 sensors. The collected results are 
very interesting, since the samples showed an intense surface chemical activity which affects the resistivity of 
the material. In particular, they showed selectivity to molecules with ketone and aldehyde functional groups, 
proving the catalytic activity of SnS2 surface vs. particular reactions and the possibility to employ SnS2 as gas 
sensing material. Reproducibility and stability of the response was also tested for several weeks, with good 
results, whereas the response/recovery times were found in line with its oxide counterpart. 

 

Experimental details 

Synthesis of SnS2 powder and film deposition 

 The sensing powder was synthesized starting from Sigma Aldrich reagents. The product was obtained as 
a precipitate in aqueous solution at standard temperature and pressure. First, 2.3 mmol of SnCl4�5H2O were 
dissolved in a beaker with 2 mL of HCl (37% m/v). Afterwards, 30 mL of distillated water were added to the 
resulted suspension and the obtained solution of Sn4+ ions was stirred for 10 minutes. Then, 3.3 mmol of 
thioacetamide and 18 mL of water were added to this solution. The thioacetamide reacts with the water 
molecules leading to the formation of hydrogen sulfide [16,17], which is the source of S2- ions: 

(1) CH3C(=S)NH2 + H2O → CH3C(=O)NH2 + H2S 
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Then, the mixture was stirred again for 3 hours, forming a brown precipitate of SnS2. The amount of available 
S2- ions is controlled by pH, i.e. in an acid environment the H2S dissociation is reduced and, as a consequence, 
the S2- concentration. In this way, one can control the growth of the SnS2 crystallites. The precipitated product 
was isolated by vacuum filtration, washed with water and then with methanol. Finally, it was dried for 6 hours at 
40 °C in air.  

 The sensing paste was obtained by adding a proper amount of organic vehicles to the SnS2 powder and it 
was deposited on the alumina substrate by means of screen-printing technique.  The resulting film thickness was 
about 30 �m. The substrates were equipped with both pre-deposited gold electrodes to provide the electrical 
contact for applying the voltage to the film and a heater on the back-side to set the desired working temperature. 
Then, the screen-printed films were subjected to thermal stabilization at 180 °C in a muffle oven for 12 hours in 
air, to allow the evaporation of organic vehicles. The substrate was finally mounted on a suitable support to be 
interfaced with the electronic measuring system. 

 

Characterizations 

 Both the powder and the films were analyzed with Scanning Electron Microscopy and Energy 
Dispersive X-Ray spectroscopy (SEM-EDX spectroscopy) techniques, by means of a Zeiss EVO 40 microscope 
with an acceleration voltage of 30 kV, to investigate the morphology and chemical composition of the obtained 
material. TEM images were collected with a Hitachi H-800 model, equipped with a tungsten gun with maximum 
voltage of 200 kV.  

 The as-synthesized and heat treated SnS2 nanopowder were characterized by power X-Ray Diffraction 
(XRD)  using a Bruker D8 Advance diffractometer with an X-ray tube operating at 40 kV and 40 mA, and 
equipped with a Si(Li) solid-state detector (SOL-X) set to measure CuKα1,2 radiation. As-synthesized  powders 
after thermal treatments were side-loaded on an aluminum holder, and zero-background holder respectively. 
Measuring conditions were from 5 through 95 ° 2θ range, 0.02 °2θ scan rate, counting time per step 4 and 6 s  
for as synthesized  and thermally treated nanopowders, respectively. The phase identification was achieved by 
search-match using the EVA v.14.0 program by Bruker and the Powder Diffraction File database (PDF) v. 
9.0.133. The crystallite size of the as synthesized nanopowder was determined by the Rietveld method, as 
implemented in TOPAS v.4.1 program by Bruker AXS [18]. The fundamental parameters approach was used for 
the line-profile fit [19-21]. The determination of crystallite size by TOPAS was accomplished by the Double-
Voigt approach [22]. In particular, the crystallite size was calculated as volume-weighted mean column heights 
based on integral breadths of peaks.  

 Thermogravimetric (TG/DTG/DTA) curves of the screen-printing paste were recorded using a Netzsch 
409 PC Luxx TG/DTA thermal analyzer. About 70 mg of samples were filled in a nickel crucible and analyzed 
in the range 20-600 °C, with heating rate of 10 °C min-1 under air flow of 20 ml h-1. 

 

2.3 Gas measurements 

 The electrical conductance of the SnS2 sensors was measured in a test chamber by means of the flow-
through technique. The sensors were kept at their working temperature under a flow of synthetic air for a few 
hours before the gas measurements, in order to allow the surface of the SnS2 grains to reach a thermodynamic 
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steady state. Air and gases were from certified bottles, and the injection in the chamber was carried out by means 
of a PC-driven mass-flow-controller. The conductance of the films was constantly recorded during the gas 
measurements through proper electronics interfaced to a data-acquiring system. The responses of the sensors 
were investigated at operating temperatures between 150 °C and 300 °C. Much higher temperatures must be 
avoided with this material, since it oxidizes to SnO2 [23], whereas temperatures lower than 250 °C proved to be 
not sufficient to activate surface chemistry. The tested gases represent different categories of molecules, to test 
the surface reactivity of this semiconductor with respect to gas molecules with important chemical differences. 
Gas concentrations have been chosen taking into account the corresponding Threshold Limit Values (TLV). 
Tests were performed with CO (1 ppm, 10 ppm), benzene (5 ppm), methane (2500 ppm), H2S (1 ppm, 10 ppm), 
NO (10 ppm), acetaldehyde (1 ppm, 10 ppm) and acetone (1 ppm, 10 ppm). The same measurements were 
performed in  dry air carrier and wet air carrier, by means of a bubbling system. In wet air carrier, the humidity 
level was around 20% relative humidity (RH). After we verified that humidity levels larger than RH ~ 20% had 
no significant effects on the response of the samples, we opted to perform the wet measurements with this 
relatively low level of humidity, to have more leeway in the dry component of the carrier. 

 

 

3. Results and discussion 

 

3.1 Characterizations 

  

The results of XRD measurements of the synthetized nanopowder are shown in Fig. 1 (red curve). From phase 
matching analysis it turned out that the material is monophasic and the peaks correspond to Berndtite-2T (space 
group P-3m1), confirming that the synthesis method yielded very high purity SnS2. Crystallite size from Rietveld 
profile fitting resulted (6.2 ± 0.4) nm. 

 The results of SEM-EDX measurements are shown in Fig. 2. It can be noticed the presence of clusters 
with dimensions up to about one micron. The EDX peaks and the result of the chemical analysis confirmed the 
purity of the obtained product, since no other chemical elements have been observed.  

 TEM analysis, (see in Fig. 3), evidences that the clusters observed in SEM images are composed by 
structures with nanorod-like morphology. The average dimensions of nanorods are about 20-30 nm in length and 
5 nm thick. Such quite small dimensions are due to the acidic character of the synthesis environment, which 
allows a slow release of sulfur ions. The inset in Fig. 3 shows the SAED diffraction pattern, which confirms the 
crystal phase determination of XRD measurements. The interplanar distances were found to be 3.20, 2.74 and 
1.79 Å, based on �*L/R formula, where � is the wavelength of the electrons (0.037 nm at 100 kV), L is the 
camera length (40 cm) and R the radius of the diffraction rings.  

Fig. 4 reports the TG/DTG/DTA analyses performed on the as-synthesized SnS2 nanopowder. It can be observed 
an exothermic peak at about 120 °C, related to water loss until 135 °C. Another small weight loss starts from 135 
°C until 300 °C, probably due to the evaporation of the last residuals of organic vehicles. At temperatures 
exceeding 450 °C, SnS2 begins to transform into tin (II) oxide (SnS) and finally oxidizes to SnO2, which 
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corresponds to further weight loss [23]. Since the electrical characterizations showed better sensing performance 
at 300 °C as compared to lower temperatures, XRD analysis was carried out after six weeks of usage at 300 °C. 
The analysis, reported in Fig. 1 (blue curve on which only a negligible trace of cassiterite can be detected), 
showed the absence of any significant phase and chemical changes, thus proving the substantial stability of SnS2 
at this working temperature [24]. For this reason, we safely considered 300 °C as operating temperature for SnS2. 

 

3.2 Gas sensing results 

We firstly analyzed the films vs. the ”3S-rule” , i.e., sensitivity, selectivity and stability.  

The sensitivity is defined as the slope of the response vs. the gas concentration. For an n-type semiconductor, the 
response to a reducing agent is calculated as: 

(2)  

where Ggas and Gair are the conductance values in gas and in air, respectively. To compare the resistivity of the 
samples with that of the typical SnO2 nanostructures, the as-synthesized SnS2 powder is about three times more 
resistive.  We found the conductance values of the samples operating at 300°C being in the range 6-8�10-8 �-1. 

 Results of the experiments for a SnS2 sensor in dry condition are reported in Fig. 5. It can be noticed that 
at 250 °C the sensors were modestly responsive to the gases, R being in the range 0.05-0.5, and no particular 
selectivity was observed. Instead, at 300 °C, the responses were significantly improved. Indeed, at this operating 
temperature, the sensors strongly and selectively sensed the ketone and aldehyde functional groups, with an 
increase in response by almost two orders of magnitude. The responses to the other analytes under investigation 
were all negligible but hydrogen sulfide, for which a modest response (less than 8% with respect to acetone) was 
recorded.  

 The performance of the sensing material was tested vs humidity. Fig. 6a and 6b show the dynamic 
responses of a SnS2 thick-film sensor at 300 °C exposed to 10 ppm of acetone, 10 ppm of acetaldehyde and 10 
ppm of  H2S in dry and wet conditions, respectively. The temperature inside the text chamber was 28°C. In Fig. 
6c and 6d, the dynamic responses of the same sample in presence of 1ppm gas concentration are also shown. 
From this measurements it is clearly observed that  under wet conditions the response time is of the order of 
some minutes, whereas the recovery time is from 2 to 3 times longer, as under dry conditions, a feature similar to 
the behavior of traditional metal-oxide films [25-27]. Therefore, it is possible to conclude that humidity reduces 
the response by more than one order of magnitude. It is worth noting that the reduction factor was almost 
independent of the gas, therefore the presence of water vapor diminishes the sensitivity but does not alter the 
selectivity obtained in dry air. As a consequence of these measurements, it derives that the low detection limit 
for acetone falls in the sub-ppm range. 

 As in the case of metal-oxides, oxygen atoms are adsorbed on the surface of metal sulfides [28,29], and 
therefore they can be involved in the chemical reactions on the base of the transduction process [30]. Indeed, a 
possible chemical mechanism for the acetone detection by SnS2 could be based on the oxidation of the molecule 
on the semiconductor’s surface, involving an adsorbed oxygen ion and catalyzed by the semiconductor itself: 

(2)  CH3COCH3(g) + 8O-
(ads)  →  3CO2(g) + 3H2O(g) + 8e- 
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The function of the sulfur, in comparison to a metal, is to operate a different catalytic activity, resulting in 
different reaction steps and, as proved by the experiments, an improved selectivity. 

In presence of water vapor, the reaction (1) enters into competition with the reaction of acetone with a weakly 
physisorbed hydroxyl group OH- : 

(3)  CH3COCH3(g) + OH-
(ads)  →  CH3COO- + CH4(g) . 

In this case, since there is no surface/gas charge transfer, the total conductance change is reduced, thus 
explaining the much weaker responses under humidity conditions. Given the high working temperature and the 
catalytic action of the sensitive material, the reaction may proceed to a further oxidation to acetate.  

 In order to investigate on the possible cross sensitivity between acetone and other gases, few interference 
tests were carried out. In particular, we choose acetaldehyde since among the tested gases it yielded a 
considerable response. In this experiment, performed in wet condition, we measured the response to a mixture of 
1 ppm of both acetone and acetaldehyde. The result is reported in Fig. 7. As one can see, the presence of 
acetaldehyde hardly affects the response to acetone. This is a further proof of the very good selectivity of this 
sensing material to acetone, as well as of the importance of the non-linearity of the responses to different gases 
in conductometric gas sensors.  

  In order to verify the acetone response reproducibility over the time, SnS2 sensors were tested by 
exposing them to 10 ppm of acetone at different times, in a period lasting six weeks. The result is reported in 
Fig. 8 and they show quite interesting features of this material since both a modest response variation and the 
absence of a definite trend are the main characteristics.  

 It is remarkable to notice that the in-diffusion of oxygen in SnO2 annihilates oxygen vacancies, changing 
the doping level, whereas in SnS2 it replaces the sulfur atoms and annihilates sulfur vacancies, transforming the 
material in tin dioxide. Tin dioxide long-time drift may be associated to this phenomenon [13, 14], which could 
be a problem because in SnO2 the gas sensing achieves good performance at much higher working  temperatures 
(> 400 °C), where oxygen in-out diffusion is highly efficient. On the contrary, SnS2 shows very interesting 
performance at temperatures well below the critical temperature,  probably circumventing in-out diffusion-
related instabilities.  

 The observed SnS2 stability, both  during single and the long-term data acquisitions, can open its use as 
sensing material. The observed remarkable selectivity to ketones and aldehydes envisages some interesting 
applications. This may be exploited in industrial environment and health-oriented applications. As an example, 
during the industrial production of plastic bottles, acetaldehyde is produced by thermal degradation of plastic 
polymers and an accurate control over the unintentional production of this chemical compound is important to 
avoid food contamination. As far as possible use of these sensors in health related field, it could be employed for 
the evaluation of acetone in human-breath, to diagnose pathologies which result in ketoacidosis, a metabolic 
state associated with unusually high concentrations of ketone bodies. Patients with untreated type 1 diabetes 
mellitus, prolonged alcoholism, pancreas and liver diseases can potentially develop ketoacidosis, running the risk 
of facing various disorders, such as kidney damage, cramps, dehydration, cardiac arrhythmia [31]. Therefore, a 
selective sensor for ketoacidosis-related compounds could be highly valuable in order to conceive a portable 
instrument capable of performing non-invasive measurements (consider for example the children or patients with 
severe mental diseases). For a possible use in this field, the experimental results previously reported obtained 
with 1 ppm of acetone in wet environment, closely simulate the conditions characterizing human breath 
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composition, where acetone concentration ranges 200 ppb - 2 ppm [31] is present in a water vapor. After we 
verified that humidity levels larger than RH ~ 20% had no significant effects on the conductance of the samples, 
we opted to perform the wet measurements with this relatively low level of humidity, to have more leeway in the 
dry component of the carrier.   

 After these findings, the potential of tin disulfide as gas sensing material becomes quite clear, especially 
considering acetone detection for health applications. Indeed, the major components of human breath, apart from 
nitrogen, oxygen and water vapor, are carbon dioxide, nitric oxide, acetone and volatile sulfur compounds, like 
hydrogen sulfide, methyl-mercaptan and dimethyl sulfide, also responsible for halitosis. Carbon dioxide does not 
represent a possible interferer because CO2 shows very low reactivity with oxygen-covered semiconductor 
surfaces (a test was performed, confirming there is no interaction). Since the typical concentrations of these 
gases in human breath are 25-50 ppb for NO, 10-150 ppb for H2S [32-35], 200 ppb-2 ppm for acetone, it is 
evident that, comparing them to the tested concentrations, no interference to acetone detection can occur.  

  

4. Conclusions 

 

Tin disulfide nanorods were synthesized and characterized from the chemical, structural, thermal and 
morphological perspective, resulting a high purity material with a single crystal phase and thermal stability up to 
300°C. Conductometric gas sensors based on thick-films of SnS2 were tested with several gases in dry and wet 
conditions, showing the best results at an operating temperature of 300°C. From the comparison with its 
counterpart oxide, tin disulfide showed a much higher resistivity, but a better selectivity with lower operating 
temperatures. The repeatability of the performances has been tested over six weeks with satisfying results. Tin 
disulfide proved to have very interesting gas sensing properties, since it showed a very good selectivity to 
acetone and acetaldehyde at concentrations ranging 1-10 ppm, in both dry and wet conditions. Simultaneous 
presence of acetone and acetaldehyde in wet conditions resulted in almost the same response of acetone only, 
proving that acetaldehyde cannot interfere with acetone detection. Possible applications were suggested, 
including plastic bottle industry and health-based applications with portable devices. Moreover, a possible 
mechanism of reaction has been proposed. It will be study deeply through suitable analysis to verify if the 
supposed chemical reaction really occurs. 
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Figure captions 

 

Fig. 1: Red curve: XRD pattern of the as-synthesized SnS2 powder. The expected lines for  SnS2 (space group P-
3m1) as in PDF card no. 23-0677 are marked in red while the blue marks are those expected for Cassiterite, 
SnO2 (PDF card no. 41-1445). Blue curve: XRD pattern of the same powder after six weeks operating at 300 °C. 

Fig. 2: SEM image with EDX analysis of the synthesized powder. 

Fig. 3: TEM image with 200k magnification. The inset shows the SAED diffraction pattern. 

Fig. 4: TG/DTG/DTA curves measured on as-synthesized SnS2 powder. 

Fig. 5: Summary of the obtained responses in dry condition, at 250 °C and 300 °C. 

Fig. 6: Dynamic responses of a SnS2 film at 300 °C to 10 ppm and 1 ppm of acetone, acetaldehyde and H2S in 
dry and wet condition. The temperature inside the test chamber was 28°C. 

Fig. 7: Cross sensitivity of acetone (1 ppm) with acetaldehyde (1 ppm). 

Fig. 8: Repeatability of the response to 10 ppm of acetone. 
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Figure 1

http://ees.elsevier.com/snb/download.aspx?id=918506&guid=89ea51ae-c296-4d45-a498-8ccd47f7ed06&scheme=1
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Figure 2

http://ees.elsevier.com/snb/download.aspx?id=918507&guid=174028bd-0fa9-4778-99ad-daa2c0915b40&scheme=1
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Figure 3

http://ees.elsevier.com/snb/download.aspx?id=918499&guid=556c2259-f7f3-44aa-9309-ec51a42bb028&scheme=1
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Figure 4

http://ees.elsevier.com/snb/download.aspx?id=918500&guid=a78e7632-6a54-4448-8586-0759590efb91&scheme=1
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Figure 5

http://ees.elsevier.com/snb/download.aspx?id=918508&guid=b37e9cde-da75-4dbe-8633-898f18233c71&scheme=1
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Figure 6

http://ees.elsevier.com/snb/download.aspx?id=918501&guid=91a6c55e-5c2a-43f1-9851-6224acc91332&scheme=1
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Figure 7

http://ees.elsevier.com/snb/download.aspx?id=918502&guid=4eec51ae-bf08-432a-9f64-c754868dd22f&scheme=1
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Figure 8

http://ees.elsevier.com/snb/download.aspx?id=918509&guid=9ab95daf-9617-4e22-9cd7-1cba25d77f14&scheme=1



