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A B S T R A C T   

Two-dimensional SnS2 with stable electron transport capacity, high specific surface area, and high surface ac
tivity due to defects such as sulfur vacancies, is a suitable candidate for gas sensors at room temperature. Here, 
ultra-thin SnS2 nanopetals are synthesized and planar type sensors are obtained through coating SnS2 on a 
substrate with interdigitated electrodes. Samples annealed at different temperatures were characterized and their 
gas-sensing properties were compared. The sensor annealed at 200 ◦C in the air of the muffle furnace (SnS2-200) 
exhibits the best sensing performance with the high response of 24.20 to 100 ppb NO2 at RT and ultra-low 
detection limit of 5 ppb NO2. Moreover, the SnS2-200 sensor also possesses good repeatability, selectivity and 
long-term stability. The excellent sensing performances prove that the SnS2 holds excellent application prospects 
in the detection of trace-level NO2.   

1. Introduction 

The trace-level nitrogen oxides (NOx) come from a wide range of 
sources, such as natural gas burning, smoking, and heating supply sys
tems [1,2]. The secure standard of NO2 is set to 21.25 ppb by the World 
Health Organization (WHO) [3]. Recent researches show that long-term 
exposure to NO2 even at low concentration increases the risk of car
diovascular diseases, and especially respiratory diseases in humans [4, 
5]. Therefore, it is essential to develop portable gas sensors with a low 
detection limit (LOD) to meet the requirement for trace-level NO2 
detection. 

Gas sensors based on metal oxides semiconductors have gained 
widespread attentions due to the advantages of simple structure, high 
portability, low cost, and low power consumption [6,7]. Recently re
searchers have found that the sulfur vacancies (Sv) in metal sulfide 
semiconductors also have a strong adsorption capacity for NO2, which 
makes the sensors based on sulfide more suitable for detecting NO2 
regardless of the presence of oxygen in the environment [8,9]. On the 
other hand, two-dimensional (2D) material holds great potential as the 

candidate for gas sensors due to its unique geometry, large surface area 
and quantum size effect. Tin sulfide (SnS2) is a common 2D material [8, 
10] with excellent properties including high specific surface area, 
tunable layer-dependent electronic properties, and surface affinity that 
are beneficial for surface reaction in gas sensing process [11,12]. 

There have been some studies on the application of SnS2 in gas 
sensors at room temperature (RT). Gu et al. fabricated the sensors based 
on disorderly stacked SnS2 nanosheets to detect ppm-level NO2 with the 
green light activation [11]. EOM et al. found that SnS2 nanoflowers 
exhibits more stable and excellent gas sensitivity under blue light [6]. 
However, the LOD of sensors cannot meet the requirements of 
trace-level NO2 detection in these works, and additional photoexcitation 
is required to realize the sensing. Effective strategies are still needed to 
improve the sensing performance of SnS2 at RT. It has been demon
strated that the gas-sensing properties of 2D materials increase with the 
decrease of thickness [13,14], and the surface defect density of SnS2 
controlling by low-temperature annealing also affect the gas-sensing 
properties [15,16]. Therefore, minimizing the thickness of SnS2 nano
sheets and increasing the content of surface-active sites by 
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low-temperature annealing are very likely to be effective strategies to 
improve the sensitivity of SnS2 to NO2. 

In this work, SnS2 flowers composed of ultra-thin nanopetals are 
obtained through the one-step solvothermal method and gas sensors are 
fabricated by coating SnS2 on substrates with interdigitated electrodes. 
The sensitive characteristics of the sensors annealed in the air of the 
muffle furnace at different temperatures to NO2 are investigated and 
discussed. What’s more, the properties of sensors are also investigated 
when exciting by the green light, and the gas-sensing mechanism of the 
sensors is discussed and analyzed using the adsorption model. 

2. Experimental 

2.1. The fabrication of gas sensors based on SnS2 materials 

According to the method in ref [17], pristine SnS2 was obtained by 
hydrothermal synthesis at 180 ◦C for 12 h. Pristine SnS2 were mixed 
with ethanol to form a slurry and then brushed to the Al2O3 substrates 
(10 mm × 10 mm) with 15 pairs of Au interdigital electrodes, which 
were shown in Fig. S1. The brushed ceramic substrates were dried in an 
oven of 60 ◦C and then annealed in the air of the muffle furnace 
(YFX7/12Q-GC, SHANGHAI Y-FENG ELECTRICAL FURNACE CO., LTD) 
at 100 ◦C, 150 ◦C, 200 ◦C, 250 ◦C, 300 ◦C, and 400 ◦C with the heating 
rate of 10 ◦C/min for 1 h and the obtained sensors were labeled as 
SnS2-100, SnS2-150, SnS2-200, SnS2-250, SnS2-300, and SnS2-400, 
respectively. 

2.2. The measurement of gas sensors based on SnS2 materials 

A static method similar to ref [18] was employed to evaluated 
sensing properties of these sensors. The relative humidity (RH) in the 
testing room was kept at 50 % ± 10 %, and the temperature was about 
25 ± 5 ◦C. Firstly, the sensor was placed in an air chamber. When the 
resistance came to be stable in a 1 L air chamber, the sensor will be 
transferred into another 1 L gas chamber filled with a certain concen
tration of NO2, which was prepared by injecting a certain volume of NO2 
standard gas through the injection syringe into the chamber. After the 
resistance reached high enough and was stable again, the sensor will be 
returned into the air chamber immediately. The gas response was 
defined as S = Rg/Ra to the oxidizing gases and S = Ra/Rg to the reducing 
gases, where Rg and Ra were the stable resistance values in gas chamber 
and air chamber, respectively. The time of response (tres) or recovery 
(trec) could be read from the resistance curve, which was defined as the 
time that it took to reach 90 % variation of resistance upon exposure to 
gas and air. In addition, when the sensor was tested under the 520 nm 
light, LEDs as the light source (purchased from LG Electronics Company 
in Korea) were installed 1.5 cm right above the sensor. The light 

intensities of the LEDs were 0.12 mW/cm2, measured by a light irradi
ation meter (UV-313/340, Zhuhai Tianchuan Instrument Company, 
China). The RH values in the two chambers (30 %− 90 % RH) were 
provided by the humidity cabinet with the setting temperature of 25 ◦C 
(Shanghai ES PC Environment Equipment Corporation, China). During 
the process of investigating the effect of humidity on sensor perfor
mance, both chambers were placed in the humidity cabinet to keep for 
ten minutes. After the humidity in chambers was near to the cabinet, 
NO2 gas would be injected into one of the chambers and the following 
test steps are the same as described earlier. In addition, the sensors are 
heated by the ceramic heating plate. Two leads of the heating plate are 
connected to the DC power supply, and the working temperature of the 
sensors can be controlled at 50 ◦C, 100 ◦C, and 150 ◦C by adjusting the 
voltage of the power supply. 

2.3. Characterization of samples 

The crystal structures of samples were characterized by a powder X- 
ray diffractometer (XRD, Rigaku D/Max-2550 VX-ray diffractometer) 
assembled with Cu Kα radiation (λ = 0.15418 nm and 2θ = 10◦− 80◦). 
Ultraviolet-visible (UV–vis) diffuse reflectance spectra were performed 
by a UV–vis spectrophotometer (shimadzu UV-2550, Japan). Fourier 
transform infrared spectrometer (FTIR) spectrum was tested using a 
Nicolet iS10 FT-IR spectrometer. Field emission scanning electron mi
croscope (FESEM, JEOL JSM-7500 F, operating at an accelerating 
voltage of 15 kV) and high-resolution transmission electron microscope 
(TEM, on a JEOL JSM-2100 F operating at an accelerating voltage of 
200 kV) were applied to analyze the morphology and structures. The X- 
ray photoelectron spectroscopy (XPS) was performed by Thermo Fischer 
ESCALAB 250Xi to examine the chemical binding energy of the ele
ments. All binding energies were calibrated with the saturated hydro
carbon C 1 s peak at 284.8 eV. The current-voltage (I–V) curves of 
samples were studied using an electrochemical workstation (CHI611C, 
Shanghai Instrument Corporation, China). 

3. Result and discussion 

3.1. The characteristics of samples 

The XRD patterns of samples are shown in Fig. 1. The diffraction 
peaks of Pristine SnS2, SnS2-100, SnS2-150, and SnS2-200 completely 
conform to the standard card of hexagonal phase SnS2 (JCPDS No. 
75–0367), and there are no peaks of other phases indicating the purity of 
the materials. In the pattern of SnS2-250 and SnS2-300, several charac
teristic peaks of SnO2 weakly appear at 33.87◦, 54.75◦ and 61.88◦, 
which proves that a small amount of SnS2 have been oxidized at 250 ◦C 
and 300 ◦C. However, the diffraction peaks of SnS2-400 are accordance 

Fig. 1. (a) The XRD patterns of different samples including the PDF file No.71–0652 of SnS2, and the PDF file No.75–0367 of SnO2; (b) the UV–visible absorption 
spectra and the optical bandgap (inset) of samples; (c) FTIR spectra of samples. 
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Fig. 2. (a-b) The SEM pictures of SnS2-200 and SnS2-400; (c-f) the TEM pictures of SnS2-100, SnS2-150, SnS2-200, and SnS2-250 (the insets are the thickness dis
tribution of nanosheets in samples, respectively); (g) the diagram of SnS2 nanosheets thickness change. 
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with the standard card of SnO2 (JCPDS card No.71–0652) without 
characteristic peaks of SnS2. This result is consistent with the results of 
TG curve in ref [19], where a significant weight loss occurs from 200 ◦C 
to 450 ◦C, indicating the transition of SnS2 to the lighter SnO2 in this 
temperature range. Therefore, the annealing temperatures in the air of 
the muffle furnace can be controlled below 200 ◦C to prevent SnS2 from 
being partially oxidized. 

SnS2 is a kind of narrow bandgap semiconductor whose optical 
bandgap can be obtained by absorption spectra and Tauc plot in Fig. 1 
(b). The absorption band edges of samples are at about 560–590 nm. 
Obviously, Eg varies slightly for the samples annealing at different 
temperatures which is attributed to the defects levels near to conductive 
band (CB) in the crystal introduced by defects such as Sv in the samples 
[20,21]. The Eg of SnS2-200 is the minimal, may be related to the most Sv 
it contains. 

The FTIR spectra is shown in Fig. 1(c). The peaks appeared at 678.85, 
and 534.21 cm− 1 were due to Sn-S and Sn-O bonds, respectively [22]. 
The appearance of the peaks at ~1232.34 and ~1401.57 cm− 1 are 
attributed to the C-OH and C-H stretching vibration, respectively [23, 
24]. In addition, the absorption peak at ~1632.07 cm− 1 is attributed to 
C––O stretching vibrations of amide, which is derived from raw material 
of thioacetamide (TAA) and the absorption peak at ~1579.48 cm− 1 

belongs to the stretching vibrations of amine groups (− NH2) [25,26]. 
The bands at 1081.43 and 898 cm− 1 are respectively corresponding to 
the stretching vibration and bending vibration of C–N bond [23]. By 
comparisons, with the increase of annealing temperature, the vibration 
intensity of the amide group on the sample surface gradually decreases, 
indicating the disappearance of the amide group. The disappearance of 
this group corresponds to the TG result from 30 ◦C to 200 ◦C in ref [27]. 
Annealing at a proper temperature can not only improve the crystallinity 
and Sv density of the material to a certain extent, but also effectively 
control the content of residual functional groups on the surface to 
improve the stability of the sensors in air. 

The SEM and TEM pictures of SnS2 are shown in Fig. 2(a-f) and 
Fig. S2. The synthesized SnS2 presents flower-like structure which are 
made up of the 2D ultra-thin nanopetals. The formation process of 
flowers could be analyzed as follows. TAA will hydrolyze with trace 
water contained in the solution to slowly produce H2S, which will reacts 
with Sn4+ to generate SnS2 crystal nuclei [28]. Due to the crystal 
anisotropy and its intrinsic characteristics, the SnS2 crystal nucleus will 
further nucleate in supersaturated salt solution and slowly grow into 
ultra-thin 2D nanosheets during the process of hydrothermal reaction 
according to the Gibbs-Thomson law [29,30]. In addition, SnS2 nano
sheets will aggregate and form flower-like structures at the gas-liquid 

interface using the generated H2S bubbles with high energy as 
self-assembly templates for minimizing the interface energy [21].  

CH3CSNH2 + H2O → CH3CONH2 + H2S                                          (1)  

Sn4+ + 2H2S → SnS2 + 4H+ (2) 

As shown in the SEM pictures in Fig. 2(a-b) and Fig. S2, the 
morphology of nanopetals changes faintly with the increase of temper
ature from 100 ◦C to 300 ◦C. However, the surfaces of the nanopetals are 
no longer smooth until the temperature rises to 400 ◦C, with many small 
SnO2 particles appearing, which is caused by the oxidation of abundant 
SnS2 on the surface. As can be seen from the TEM pictures in Fig. 2(c-f), 
the thicknesses of SnS2-100, SnS2-150 and SnS2-200 are mainly 
distributed at about 15–25 nm, 20 nm, and 15 nm, respectively. Obvi
ously, with the increase of temperature, the thickness of the nanosheets 
tend to be thinner in the temperature range from 30 ◦C to 200 ◦C. 
However, the thickness will become thicker when the temperature 
reaches 250 ◦C because of the surface oxidation. When SnS2 was sub
jected to thermal shock in air, the heat between the layers will dissipate 
slowly, causing the sublimation of upper layer and the decrease of 
nanosheet thickness [31–33] and Fig. 2(g) shows the diagram of SnS2 
nanosheets thickness change. 

The XPS results of four samples are shown in Fig. S3 and Fig. 3. Fig. 3 
(a) shows the two characteristic peaks of Sn 3d5/2 and 3d3/2 at about 
486.7 and 495.2 eV. The distance was about 8.5 eV between the two 
peaks, which indicates the presence of Sn4+ [34]. The characteristic 
peaks of S 2p 3/2 and 2p 1/2 are respectively at 161.7 and 162.9 eV with a 
peak splitting of 1.2 eV, which are related to the S2- [29]. The contents of 
Sn and S elements in four samples are shown in Table 1, and the ratios 
were 1: 1.97, 1: 1.97, 1: 1.92 and 1: 1.18, respectively. Deviations from 
the stoichiometric ratio also demonstrate the presence of Sv. In addition, 
element of O in samples is also considered, and the peaks of lattice ox
ygen (OL), absorbed oxygen (OA), and other oxygenated gas molecules 
such as CO2 and H2O (OC) are obtained at about 531.02, 532.30 and 

Fig. 3. XPS spectra of samples: (a) Sn 3d; (b) S 2p; (c) O 1s.  

Table 1 
The atomic ratio of elements including Sn, S, and O (OL, OA, OC) in samples.  

Samples Sn ( %) S ( %) Sn: S O 

OL ( %) OA ( %) OC ( %) 

Pristine SnS2  32.79  64.76 1: 1.97  0  1.89  0.56 
SnS2-100  31.74  62.50 1: 1.97  0  4.34  1.42 
SnS2-200  31.31  60.06 1: 1.92  0  7.15  1.48 
SnS2-300  32.19  37.84 1: 1.18  20.70  8.22  1.05  
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533.06 eV, respectively [35]. For SnS2-300, the high content of OL re
sults from the fact that most of SnS2 on the surface is oxidized to SnO2, 
and the absence of OL in other samples suggests the purity of SnS2 ma
terials. In fact, the presence of SV and adsorbed oxygen both participate 
in gas sensing process, while SV plays more important role in sulfide 
semiconductors [8,9]. 

3.2. The gas-sensing properties of samples 

The responses of pristine SnS2, SnS2-100, SnS2-150, SnS2-200, SnS2- 
250 and SnS2-300 sensors to 25–150 ppb NO2 are shown in Fig. 4(a). 

SnS2-200 displays highest sensitivity with the maximum response of 
24.2 to 100 ppb NO2. SnS2-250 and SnS2-300 are less sensitive to ppb- 
level NO2, which is related to the partial oxidation of SnS2 during 
annealing. The surface catalytic activity of SnO2 is not as good as that of 
SnS2 and SnO2 also prevents the gas adsorption on the surface of SnS2 
[36,37]. What’s more, the initial resistance values of several samples 
have been shown including one hundred data points in Fig. 4(b), 
respectively. It can be found that the resistance first increases and then 
decreases with the increase of annealing temperature. During low tem
perature annealing, there are still amino groups that remain on the 
surface, which acts as electron donors to improve the conductivity of 

Fig. 4. (a) The responses of six sensors to different concentrations of NO2; (b) The base resistance of five samples at RT in air; (c) The dynamic resistance curves of 
SnS2-200 to 5-150 ppb NO2 (the inset is the enlarged view to 5 and 10 ppb NO2); (d) the linear fitting of responses; (e) the repeatability to 100 ppb NO2; (f) the 
selectivity of SnS2-200. 
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SnS2 [38]. With the increase of annealing temperature, the number of 
amino groups decreases leading an increase of the resistance. However, 
when the temperature is further increased, SnO2 with higher conduc
tivity will be formed. However, a small amount of SnO2 and SnS2 form a 
heterojunction, the resistance will be slightly increased, and when the 
content of SnO2 is greatly increased, the resistance decreased signifi
cantly. In addition, the presence of amino groups also affects the sta
bility of sensors. For the pristine SnS2, three dynamic resistance curves 
are tested repeatedly, as shown in Fig. S4. When the sensor exposed to 
NO2, the amino group will attract and rapidly aggregate NO2 under the 
action of hydrogen bonds, and a high response can be obtained quickly 
even with a low content of SV. However, the surface groups will be 
gradually consumed due to the instability, resulting in an increase in the 
basic resistance and a decrease in the response [39–41]. Therefore, 
considering the influence of various factors including content of SV, 
surface groups and thickness of nanopetals, SnS2-200 is considered to 
have the greatest advantages for the NO2 gas sensing. 

Fig. 4(c) shows the dynamic resistance curve of SnS2-200 to 5-150 
ppb NO2 and the linear fitting curve between the responses and NO2 
concentrations is exhibited in Fig. 4(d). Notably, the lowest detection 
limit of SnS2-200 sensor is as low as 5 ppb with a response of 1.71. Such 
an ultra-low detection limit of the sensor is due to the fact that the 
depletion layer thickness is closer to that of nanopetals and abundant SV 
[42]. Besides, the repeatability of SnS2-200 to 100 ppb NO2 is shown in 
Fig. 4(e). During 5 consecutive test cycles, the dynamic resistance curve 
maintains good consistency indicating good repeatability of the 
SnS2-200 sensor. The properties of sensors based on SnS2 in previous 

work are collected and compared in Table 2, which indicated the sensor 
in this work has an outstanding gas sensing response and an extremely 
low detection limit. 

The selectivity of SnS2-200 is depicted in Fig. 4(f). The responses of 
SnS2-200 to interference gases such as 100 ppm NH3, CO, SO2, C2H2, n- 
pentanol, formaldehyde, benzene, acetone and 1000 ppm H2 and CH4 
are much lower than that to 100 ppb NO2. The influence of humidity on 
response is also explored in the RH range of 30 %− 90 % in a humidity 
cabinet with setting temperature of 25 ◦C and the result is shown in  
Fig. 5(a). As the humidity increases, the response value decreases due to 
the adsorption of water molecules, while the sensor still has enough 
capacity to detect 100 ppb NO2 even at the high humidity condition. 
Moreover, the humidity in the indoor environment is easily controlled in 
a relatively stable range, so the influence of humidity can be easily 
controlled to a certain extent. 

The sensing properties of SnS2-200 at 50 ◦C, 100 ◦C and 150 ◦C are 
compared with that at RT in Fig. S5. It can be seen that with the increase 
of temperatures, the basic resistance decreased significantly and the 
response/recovery speeds are greatly accelerated. However, due to the 
faster dynamic equilibrium process of NO2 adsorption and desorption on 
the surface, the responses greatly decreased [43,44]. Therefore, the 
SnS2-200 sensor is more suitable for working at RT, which can not only 
ensure sufficient response, but also helps to prolong the lifetime of the 
sensor. 

In addition, previous studies indicate the illumination also has 
varying degrees of influence on the responses and response/recovery 
speeds of the sensors [45,46], which is expected to be used for the 
improvement of response/recovery speeds. According to this, the 
response curves of SnS2-200 are measured to 0.1–8 ppm NO2 under 
520 nm light that close to the edge of SnS2 absorption band, as shown in 
Fig. S6(a). The response is 2.30 to 100 ppb NO2, and the response/r
ecovery time are 179 s and 782 s in Fig. S6(b), respectively. Although 
the response is not enhanced under light irradiation, the speeds of 
response and recovery are greatly improved. Compared with response 
and recovery time without light (12.9 min and 33.9 min, respectively), 
that under light are respectively reduced by 4.3 times, and 2.6 times. I-V 
characteristic of SnS2-200 has good linearity with the voltages from 
− 3–3 V, indicating good ohmic contact between the material and the 
electrode in Fig. S6(c). Compared with no illumination, SnS2-200 per
forms a dramatic enhancement of conductivity under the green light. A 
large number of photogenerated carriers not only greatly increase the 
conductivity of the material, but also improves the surface gas-sensing 
reaction rate. Therefore, high response and fast recovery speed can be 
obtained at the same time by controlling the light off and on, as shown in 

Table 2 
The comparison of gas sensing properties of sensors based on SnS2 in this work 
and other reported in literatures.  

Materials LOD 
(ppm) 

Concentrations 
(ppm) 

Response Conditions 

RH 

Al@SnS2[51] 0.250  2  5.1 RT 30 % 
SnO2 nanoflowers 

[6] 
0.320  5  9.92 Blue 

light 
30 % 

SnO2@SnS2[52] –  0.2  5.30 Blue 
light 

85 % 

g-C3N4@SnS2[53] 0.125  1  5.13 RT 30 % 
MoS2@SnS2[54] 0.050  100  25.9 RT 30 % 
SnS2 nanosheets 

[11] 
0.038  8  10.8 Green 

light 
Dry 
air 

ZnO@rGO[55] 0.100  10  6.77 RT 30 % 
SnS2 nanopetals 

(this work) 
0.005  0.1  19.71 RT 60 %  

Fig. 5. (a) The influence of different humidity on the response and the initial resistance of SnS2-200 (relative humidity is provided by the humidity cabinet with the 
setting temperature of 25 ◦C); (b-c) the stability of SnS2-200 at RT in a month under relative humidity. 
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Fig. S6(d). For the long-term stability, the responses of sensor to 100 ppb 
NO2 are recorded every 2 days during a month (Fig. 5(b-c)). The base 
resistance of the sensor, as well as the response value, fluctuates within 
acceptable limits. Despite the sensor being stored for 5 months, it still 
exhibits consistent response and recovery characteristics (Fig. S7). 

3.3. The gas sensing mechanism 

The excellent sensing properties of NO2 sensors based on SnS2 are 
attributed to three aspects. On one hand, the content of SV has a great 
influence on the gas sensing properties. SnS2 crystals often exhibit the 
characteristics of N-type semiconductors because of the existence of 
trace defects especially SV, which improves the catalytic activity of the 
surface of SnS2 and becomes a reaction site during chemical adsorption. 
SV not only adsorbs O2 to produce oxygen ions (mainly O2

- at RT [47]) 
which reacts with NO2, but also induces the strong adsorption between 
NO2 and SnS2, which plays a major role in the gas-sensing process [8,9, 
48]. From XPS and UV–vis spectroscopy results, it can be seen that the 
calcination temperature will affect the content of SV in SnS2, resulting in 
different gas-sensing responses. On the other hand, the thickness of SnS2 
nanosheets can be regulated by different calcination temperatures, 
leading to the lower detection limit. The depletion layer through the 
adsorption of NO2 molecules is close to the thickness of the nanosheets, 
and the resistance will have a drastic change when exposed to trace-level 
NO2 [42,48]. Furthermore, NO2 as a paramagnetic gas can easily 
adsorbed on the SnS2 surface by the interface electron exchange at RT 
and NO2 sensors always tend to exhibit excellent selectivity compared to 
other non-paramagnetic gases sensors [8]. 

The schematic diagrams of reactions on the SnS2 surface are 
exhibited in Fig. 6. In air, O2 will adsorb on the SV and takes electrons 
from the surface of SnS2 to form O2

-
(ads) [49]. The resistance of SnS2 in

creases due to the formed depletion layer on the surface. In the presence 
of NO2 gas, NO2 molecules will partially react with O2

-
(ads). Most of them 

will interact with SV to obtain electrons from the conduction band of 
SnS2, which deepens the depletion layer width resulting in the signifi
cant increase of resistance [8]. As shown in Fig. 6(a-b), compared with 
the SnS2 in air, the ions adsorbed on the surface changed to NO2

- in NO2 

atmosphere, and the thickness of the surface depletion layer of SnS2 
grains increased due to the presence of NO2

- and the energy band 
bending was deepened so that the resistance of the material increases 
significantly. Meanwhile, a handful of NO2

–
(ads) will combine with the 

holes and change back to NO2. Eventually, the reactions reach equilib
rium, and the resistance of the material increases to a relatively stable 
state. The reaction equations are as follows:  

O2(air) + e–→ O2
–
(ads)                                                                          (3)  

NO2(ads) + e– → NO2
–
(ads)                                                                   (4)  

NO2(ads) + O2
–
(ads) → NO2

–
(ads) + O2(gas)                                                 (5)  

NO2
–
(ads) + h+ → NO2(ads)                                                                  (6) 

Under light conditions, the reaction process can be expressed by Eqs. 
7–10 [11]. A large number of photogenerated carriers improve carrier 
density and electron transfer speed, increasing the reaction rate with 
NO2. Besides, O2

-
(hυ) adsorbed on the surface are more active than O2

- , so 
the response time will be also significantly improved [18,50]. However, 
more h+

(hυ) will combine with NO2
–
(ads) to lead to the photodesorption of 

NO2 molecules and reduce the sensitivity of the sensors (Eq. 10). The 
surface reactions without or with the light were comparatively shown in 
Fig. 6(c-d).  

O2(air) + e–
(hυ) → O2

–
(hυ)                                                                       (7)  

NO2(ads) + e–
(hυ) → NO2

–
(ads)                                                                (8)  

NO2(ads) + O2
–
(hυ) → NO2

–
(ads) + O2(gas)                                                  (9)  

NO2
–
(ads) + h+(hυ) → NO2(ads)                                                              (10)  

4. Conclusions 

The SnS2 flowers with ultra-thin nanopetals were synthesized by a 
facile one-step solvothermal method. The sensors were annealed in the 
air of the muffle furnace at different temperatures and their sensing 

Fig. 6. The schematical illustration of gas sensing analysis: (a-b) in air and NO2; (c-d) without and with the light.  
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properties to NO2 were compared and investigated. As a result, the 
sensor annealed at 200 ◦C in the air of the muffle furnace exhibits best 
sensing characteristics with highest properties. The optimal annealing 
temperature of 200 ◦C can not only reduce the thickness of nanopetals, 
but also help to generate a higher number of SV thus making the sensor 
to realize the detection of trace-level NO2 at RT. In addition, the re
covery speed can be greatly improved under the excitation of green 
light. The good sensing characteristics makes the sensor based on SnS2 
flowers with ultra-thin nanopetals a promising candidate for the trace- 
level NO2 detection. 
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