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Abstract 

SnO2 is widely used for ethanol-sensing applications due to its excellent physicochemical 

properties, low toxicity and high sensitivity. However it is a challenge to construct 3D-

hierarchical structures with sub-5 nm primary grain particle, which is the optimized size for 

ethanol sensor. Herein, genetic tri-level hierarchical SnO2 microstructures are synthesised by 

the genetic conversion of 3D hierarchical SnS2 flowers assembled by ultrathin nanosheets. 

The SnS2 nanosheets are morphology genetic converted to porous nanosheets with sub-5 nm 

SnO2 nanoparticles during the calcination process. When used for the detecton of ethanol, the 

sensor exhibits a high sensitivity of 0.5 ppm (Ra/Rg = 6.8) and excellent gas-sensing response 

(Ra/Rg =183 to 100 ppm) with short response/recovery time (12 s/11 s). The excellent gas 

sensing performance is much better than that of the previous reported SnO2-based sensors. 

The highly sensitivity is attributed to the large surface area derived from the recrystallization 

and volume changes, which offers more active sites during the morphology genetic 

conversion from SnS2 to SnO2. Furthermore, the flower-like 3D structure enhances the 

stability of the materials and is beneficial for the mass diffusion dynamics of ethanol.  

Keywords: SnO2, 3D hierarchical microstructures, morphology genetic, ethanol gas-sensing performance, gas-sensing 

mechanism 

 

1. Introduction 

Ethanol is one of the most important solvents in many 

fields, such as cosmetics, textile and medicine industry. 

However, ethanol is volatile and dangerous because of its 

flammable nature and explosion limits of 3.3-19.0%(vol). 

Since early 2020, Medicinal alcohol has been widely used for 

work/home disinfection to prevent the spread of COVID-19. 

Simultaneously, eases of fire incidents were reported because 

of inappropriate use of ethanol.(1) Therefore, the efficient 

detection of ethanol is of vital importance.   

Gas sensors act as critical roles in recognizing different 

kinds of volatile and toxic gases.(2-4) Metal oxide-based 

semiconductors, such as ZnO, (5-7) TiO2, (8-10) In2O3 (11-

13) and Fe2O3, (14-16) are promising candidates for gas 

sensors thanks to their outstanding physical and chemical 
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properties, adjustable porous structure and good stability. 

The gas sensing mechanism of the metal oxide-based 

semiconductors is that the interaction between gases and 

metal oxide resulting in a thin electron-depletion layer, 

changing the resistance of the sensors. As a n-type 

semiconductor, SnO2 has gained enormous attention in 

detecting gases, such as ethanol, CO and CH4, because of its 

low toxicity, low cost and high response for its wide bandgap. 

(17-19)  

Generally, the specific surface area (6) and the grain sizes 

(20) of SnO2 are the two major factors affecting the gas 

sensing performance. The large specific surface area 

provides more active sites, enhancing the gas sensing 

performance. In terms of the grain sizes (D), (21) it is 

reported that when D < 2L (where L is the thickness of the 

depletion layer and L for SnO2 in air is about 3 nm.), (22) the 

surface of the grains tends to become the depletion region 

and the conductance is grain-controlled. This means the 

majority of the atoms are surface atoms that participate in 

surface reactions and  provide active sites to oxygen species 

and target molecules. (23) Accordingly, the construction of 

3D-hierarchical structures with large specifical surface area 

and small crystallite sizes is promising for effectively 

enhancing the gas sensing performance.  

Recently, the synthesis of one-dimension (1D), two-

dimension (2D) and three-dimension (3D) SnO2 materials 

have been reported. For example, Zeng et al. (24) prepared 

SnO2 nanomaterials with various morphologies and 

investigated their gas sensing performance. They concluded 

that lower-dimension SnO2 structures including SnO2 

nanorods, nanowires and nanosheets exhibited higher gas 

response than that of nanospheres. The SnO2 nanosheets 

showed the best performance among these nanostructures, 

attributed to the abundant porous structures providing 

enormous active sites and good ability to mass diffusion and 

adsorption/desorption dynamics. However, issues with 

particle aggregation in the low-dimension SnO2 materials 

result in poor stability. Three-dimension SnO2 materials 

assembled by 1D nanorods and 2D nanosheets have attracted 

more attention recently due to their large specific surface 

area and easy fabricaion process. (25, 26) Liu et al. (27) 

fabricated 3D hierarchical SnO2 nanostructures with the 

rational assembling of ultrathin 2D nanosheets. The materials 

exhibited the sensitivity of  44 to 100 ppm ethanol. However, 

the primary 1D and 2D building units of these 3D 

nanostructures show large grain sizes (>10 nm), limiting the 

enhancement of the gas sensing performance. The 

construction of 3D-hierarchical structures with large 

specifical surface area and small grain sizes (sub-10 nm) is 

still a challenge. 

Herein, 3D hierarchical SnO2 microstructures were 

fabricated by the conversion of 3D hierarchical SnS2 flowers 

using ultrathin nanosheets. The SnS2 nanosheets were in-situ 

converted to porous nanosheets assembled by sub-5 nm 

crystalline SnO2 NPs. The novel strategy not only enabled 

the materials to maintain the flower-like 3D  microstructures 

with large specific surface area, but also achieves the 

synthesis of small (sub-5 nm) grain sizes. Furthermore, the 

flower-like 3D structure enhanced the structural stability of 

the obtained materials and promoted the mass diffusion 

dynamics of ethanol. As a result, the SnO2 materials 

exhibited excellent gas-sensing response to 100 ppm ethanol 

(Ra/Rg =183) with short response/recovery time. In addition, 

the sensor of L-cys-3-SnO2 showed a high sensitivity to 0.5 

ppm ethanol (Ra/Rg = 6.8). These results can be significantly 

attributed to its large specific area and small grain sizes. 

 

2. Experimental sections 

2.1 Materials 

Stannic chloride pentahydrate (SnCl4·5H2O), L-Cysteine 

(L-cys), thiocarbamide (TAA), thioacetamide (Tu) were 

purchased from Sinopharm Chemical Reagent Co. Ltd. All 

chemicals were used as received without further purification. 

2.2 The synthesis of 3D hierarchical SnS2 

microstructures 

The 3D hierarchical SnS2 microstructures were 

synthesized by a traditional hydrothermal process. (28, 29) 

First, 5 bottles of 80 mL solutions were prepared, each 

containing  0.8 mmol SnCl4·5H2O and 3.2 mmol L-cysteine 

(L-cys), 0.8 mmol SnCl4·5H2O and 6.4 mmol L-cysteine (L-

cys), 0.8 mmol SnCl4·5H2O and 12.8 mmol L-cysteine (L-

cys), 0.8 mmol SnCl4·5H2O and 3.2 mmol thioacetamide 

(TAA) and 0.8 mmol SnCl4·5H2O and 3.2 mmol 

thiocarbamide (Tu). After stirring for 30 minutes, the 

solution was transferred into a Teflon-lined autoclave and it 

was heated and held at 180 oC for 9 h. After cooling to room 

temperature, the samples were washed with deionized water 

and ethanol. Finally, the samples were dried in a vacuum 

oven at 80 oC for 12 h. Samples were named as L-cys-1-SnS2 

(3.2 mmol L-cys), L-cys-2-SnS2 (6.4 mmol L-cys), L-cys-3 

SnS2 (12.8 mmol L-cys), TAA-SnS2 (3.2 mmol TAA) and 

Tu-SnS2 (3.2 mmol Tu).  

2.3 The synthesis of 3D hierarchical SnO2 

microstructures 

The 3D hierarchical SnS2 microstructures with different 

morphologies (L-cys-1-SnS2, L-cys-2-SnS2, L-cys-3 SnS2, 

TAA-SnS2 and Tu-SnS2) were placed in a muffle furnace. 

These samples were subsequently annealed in air at 400 oC 

for 30 minutes at a temperature ramp of 20 oC per minute and 

cooled to room temperature. The 3D hierarchical SnO2 

microstructures were then obtained. According to different 
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precursors, samples were named L-cys-1-SnO2 (3.2 mmol L-

cys), L-cys-2-SnO2 (6.4 mmol L-cys), L-cys-3-SnO2 (12.8 

mmol L-cys), TAA-SnO2 (3.2 mmol L-cys) and Tu-SnO2 

(3.2 mmol L-cys) respectively.  

2.4 Characterization 

The structures of the 3D hierarchical SnO2 microstructures 

were characterized by a Rigaku D/Max-2200PC 

diffractometer with Cu Kα radiation (λ =0.15418 nm) 

operated at 40 kV and 30 mA. Samples were scanned from 

10o to 80o while rotating rate at 6 deg per second under 

ambient conditions. The morphologies of 3D hierarchical 

SnO2 microstructures were obtained from a field emission 

scanning electron microscope (FESEM, JEOL JSM-7401F) 

and transmission electronic microscope (TEM, JEOL, JEM-

2100). Nitrogen adsorption–desorption measurement was 

performed at 77.7 K on a Micromeritics ASAP 2010 

analyzer. The nitrogen adsorption-desorption isotherms of all 

the obtained materials were carried out to investigate the 

specific BET (Brunauer-Emmett-Teller) surface area and 

BJH (Barrett-Joyner-Halenda) pore size distribution. X-ray 

photoelectron spectroscopy (XPS) spectra were acquired 

with the Axis UltraDLD spectrometer (Kratos Analytical-A 

Shimadzu Group Company) with a monochromatic Al Kα 

source （ hν = 1486.6 eV） and a charge neutralization 

system. The spectra were taken when the vacuum of the 

analysis chamber was less than 5×10–9 Torr. The X-ray 

source power was set to 105 W (15 KV; 7 mA) for both 

survey and high-resolution spectra acquisition. The pass 

energy of 160 eV and 40 eV were default values used for 

survey spectra and narrow scan spectra, respectively. The 

energy step size of 1 eV and 0.1 eV were chosen for survey 

spectra and narrow scan spectra, respectively. For a survey 

spectrum, the Binding Energy (BE) scanning range was set 

as 0-1200 eV. After the spectra were acquired, the binding 

energies correction was performed by setting C1s peak of the 

adventitious carbon on sample surface as 284.8 eV. Relative 

atomic concentrations of each detected elements were 

calculated based on the peak areas and relative sensitivity 

factors provided by the instrument manufacturer. Casa XPS 

was adopted to achieve the data fitting. 

2.5 Gas sensor fabrication and gas-sensing 

measurement 

The fabrication of the SnO2 gas sensors was illustrated as 

follows. Scheme 1 shows the schematic of the gas sensor. 

Firstly, the prepared samples were dispersed into ethanol to 

form a paste. Then the paste was applied to an alumina tube 

substrate, on which two Au electrodes and four Pt 

conducting wires were coated at each end. Finally, these 

sensors were placed into an oven to remove the dispersant. 

Our gas sensing performance was measured with a static 

system which was controlled by a computer (WS-30A, 

Winsen Electronics Co., China) and ethanol was introduced 

to the testing chamber by an injection. After each 

measurement, the sensor was exposed to the atmospheric air 

by opening the chamber. Sensitivity was defined [R(air)-

R(ethanol)]/R(ethanol), where R(air) and R(ethanol) 

represent the average resistance in air and gases, respectively. 

 
Scheme 1. Diagram of the gas sensor. 

3. Results and discussion 

As shown in Figure S1, SnO2 microstructures were 

synthesized by the controlled calcination of devised 3D 

hierarchical SnS2 microstructures, which were fabricated via 

a hydrothermal process. (29, 30) The SEM images of L-cys-

1-SnS2, L-cys-2-SnS2 and L-cys-3-SnS2 can be seen from our 

previous report (28) and Figure S2 shows the SEM images 

of TAA-SnS2 and Tu-SnS2. The crystal structures of 

prepared samples were characterized by X-ray diffractometer 

(XRD). According to the XRD patterns (Figure S3a), all the 

diffraction peaks (15.0 o, 28.2 o, 32.2 o, 41.9 o, 50.0 o and 52. 

4 o) of the L-cys-3-SnS2 match with a hexagonal Berndtite-2 

T structure (JCPDS card no.23-0677). No additional  peaks is 

observed, indicating the high purity of the samples. The 

calcining temperature is optimized firstly. The materials 

maintained the hexagonal Berndtite-2 T phase structure after 

calcining at 300 oC. When the temperature is increased to 

400 oC, all diffraction peaks (15.0 o, 28.2 o, 32.2 o, 41.9 o, 

50.0 o and 52. 4 o) from SnS2 structures disappeared and the 

diffraction peaks (26.5 o, 33.8 o, 37.8 o and 51.6 o) for 

tetragonal rutile SnO2 (JCPDS card no.41-1445) is observed. 

Moreover, the grain size (by the Scherrer formula) increased 

from ~5 nm to ~55 nm when the sample was calcined at 500 
oC for 30 minutes (Figure S3b). Figure 1a shows the XRD 

patterns of the calcined products. It is clear that all 

diffraction peaks in the XRD pattern agree well with SnO2 

and no crystalline impurity peak was detected. In addition, 

the grain sizes are calculated by the Scherrer formula. As 

shown in Figure 1b, the sample of L-cys-3-SnO2 exhibited 

the smallest grain size (4.5 nm) compared to that of other  
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Figure 1. (a) XRD patterns of L-cys-1-SnO2, L-cys-2-SnO2, 

L-cys-3-SnO2, TAA-SnO2 and Tu-SnO2; (b) The crystallite 

sizes of L-cys-1-SnO2, L-cys-2-SnO2, L-cys-3-SnO2, TAA-

SnO2 and Tu-SnO2. 

 

samples (5.6-24.1 nm), which leads to larger surface to 

volume ratio. 

The effects of calcining time were further investigated. 

When the SnS2 precursor microstructures were calcined at 

400 oC for 15 minutes, nanosheets with rough surfaces were 

obtained (Figure S4). The morphologies of flower-like SnS2 

structures were preserved after calcining at 400 oC for 30 

minutes (Figure 2a). after 60 minutes’ calcining process 

(Figure S5), 3D hierarchical microstructures were destroyed 

partially. Therefore, calcining at 400 oC for 30 minutes is 

optimal in this work. From Figure 2, One can see the 

structures of all five samples were maintained. The SEM 

images for L-cys-3-SnO2 (Figure 2a-b) shows that 3D 

hierarchical SnO2 microstructures were composed of 

intertwining SnO2 nanosheets with a thickness of about 18 

nm, while the thickness of L-cys-1-SnO2 (Figure 2c-d) and 

L-cys-2-SnO2 (Figure 2e-f) are ~50 nm and ~25 nm, 

respectively. In contrast, hierarchical structures were not 

 
Figure 2. SEM of the samples: (a, b) L-cys-3-SnO2; (c, d) L-

cys-1-SnO2; (e, f) L-cys-2-SnO2; (g, h) TAA-SnO2 and (i, j) 

Tu-SnO2. 

 

observed in TAA-SnO2 (Figure 2g-h), which were 

composed of dense nanoparticles with some cracks. Figure 

2i-j show the Tu-SnO2 consisting of nanoplates with a 

thickness of approximately 80 nm. The thickness of 

nanoplates for all the samples inherited from their precursors, 

indicating a successful morphology genetic conversion 

process. 

TEM and HRTEM were performed to study the structures 

and crystallographic properties of the obtained morphology 

genetic materials. Figure 3a shows the TEM image of the 

prepared L-cys-3-SnO2. The image in Figure 3a reveals that 

the porous nanosheets in hierarchical structures are 
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Figure 3. (a) Low-resolution TEM image of L-cys-3-SnO2; 

(b) High-resolution TEM image of L-cys-3-SnO2; (c) N2 

adsorption-desorption isotherm of L-cys-3-SnO2; (d) Pore 

size distribution of L-cys-3-SnO2. 

 

 
Figure 4. XPS spectra of the samples: (a) O 1s spectra of the 

five samples; (b) Sn 3d spectra of the five samples; (c) The 

percentage of O lattice in the SnO2 and the absorbed Ox
- 

species for the five samples. 

 

constructed by the aggregation of primary nanoparticles. The 

high-resolution TEM image (Figure 3b) shows clear lattice 

fringes. The distinct interplanar spacing of 0.337 nm agrees 

with the d spacing of (110) plane of SnO2 and 0.264 nm is 

assigned to the (101) plane of SnO2 (25, 31). Additionally, 

the TEM images of other samples are depicted in Figure S6. 

It is obvious that the samples of L-cys-1-SnO2, L-cys-2-SnO2 

and TAA-SnO2 consist of nanosheets with the thickness of 

20-80 nm, which is consistent with the FESEM images. 

However, only dense nanoparticles were observed in the 

sample of Tu-SnO2. All the nanosheets possess similar 

porous structures, which are derived from the 

recrystallization and volume changes during the morphology 

genetic conversion from SnS2 to SnO2. Figure S7 displays 

the HRTEM images and the size distribution of L-cys-1-

SnO2, L-cys-2-SnO2, L-cys-3-SnO2, Tu-SnO2 and TAA-

SnO2. Among these samples, L-cys-3-SnO2 shows the 

smallest grain size, in agreement with the XRD results. 

 
Figure 5. (a) Response versus the operating temperature of 

these five sensors exposed to 50 ppm ethanol; (b) Response 

curves of five sensors at 337 oC exposed to 50 ppm ethanol. 

 

The nitrogen adsorption-desorption isotherms of all the 

obtained materials were carried out to investigate the specific 

BET (Brunauer-Emmett-Teller) surface area and BJH 

(Barrett-Joyner-Halenda) pore size distribution. The BET 

surface area and pore volume of these samples are listed in 

Table S1. As depicted in Figure 3c-d and Figure S8, the 

sample of L-cys-3-SnO2 exhibited the largest BET surface 

area (101.7 m2 g-1) and largest pore volume of 0.459 cm3 g-1 

among all samples. According to our previous work, the 3D 

hierarchical SnS2 nanosheets have a BET surface area of 68.1 

m2 g-1 (28). It is obvious that the sample of L-cys-3-SnO2 

shows larger BET surface area than that of primary SnS2 

nanosheets, attributed to the morphology genetic conversion 

from SnS2 nanosheets to porous SnO2 nanosheets. The BET  
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Figure 6. (a) Response curves of five sensors at different ethanol concentrations; (b) Response and recovery time curves of 

the five sensors; (c) Response curves of five sensors at 0.5 ppm. 

 

results agree with the observation from SEM and TEM 

studies. 

To further identify the phase composition and chemical 

states of the sample surface, XPS analysis was employed. 

The XPS survey spectra of samples are shown in Figure S9, 

which demonstrates the presence of Sn and O for all samples. 

As illustrated in Figure 4a, O 1s can be divided into two 

peaks located at 531.2 eV and 532.4 eV, certified as O 

species in the SnO2 and the absorbed Ox
- species including 

O2-, O- and O2
-.(31, 32) L-cys-3-SnO2 shows a higher 

percentage of Ox
- species than that of L-cys-1-SnO2 and L-

cys-2-SnO2 (Figure 4b and Table S2). Although the 

samples of TAA-SnO2 and Tu-SnO2 possess a higher 

percentage of Ox
- species than that of L-cys-3-SnO2, they 

show lower specific surface area (Figure 4b and Table S1). 

Figure 4c displays the high-resolution Sn 3d spectra. The 

two typical peaks at 495.7 eV and 487.2 eV correspond to Sn 

3d 3/2 and Sn 3d 5/2 and the 8.5 eV of the energy gap 

between Sn 3d 3/2 and Sn 3d 5/2 is in agreement with 

previously reported values.(33)  

Considering the importance of operating temperature, the 

gas sensing responses to ethanol at 50 ppm for all sensors (L-

cys-1-SnO2, L-cys-2-SnO2, L-cys-3-SnO2, TAA-SnO2 and 

Tu-SnO2) were first investigated at different operating 

temperatures ranging from 259 oC to 397 oC. As shown in 

Figure 5a, the highest sensing responses for all five sensors 

to 50 ppm ethanol have emerged at the operating temperature 

of 337 oC. Below 337 oC, the response values of the five 

sensors increase with the rising of operating temperature, 

which could be ascribed to the higher activation energy 

barrier between ethanol molecules and the adsorbed oxygen 

species (31). Above 337 oC, the response values of the five 

sensors decrease gradually due to the promoted desorption 

effect. Figure 5b and Figure S10 show the response curves 

of five sensors at different temperatures exposed to 50 ppm 

ethanol. Obviously, the sensor of L-cys-3-SnO2 exhibited 
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higher response than that of L-cys-1-SnO2 and L-cys-2-SnO2, 

which could be attributed to the ultrathin hierarchical 

microstructures and larger surface area. Simultaneously, the 

sensor of Tu-SnO2 showed a high response value of 34.79 to 

50 ppm ethanol because of its high absorbed Ox
- species. 

However, the response value of TAA-SnO2 did not 

significantly change with the rising of operating temperature. 

This was probably because no hierarchical structureswas 

observed in the sample of TAA-SnO2, leading to fewer 

channels for gas adsorption/desorption. Figure S11 displays 

the variation in the resistance of five gas sensors at different 

temperatures exposed to 50 ppm ethanol. All of sensors 

exhibited a property that was typical of an n-type 

semiconductor gas sensor. When the sensors were exposed to 

ethanol, the resistance of the sensors decreased. When 

ethanol is absent, the resistance returned to its original value. 

Notably, the sensor of L-cys-3-SnO2 exhibited the highest 

sensitivity at 337 oC among all five sensors, (Figure 5). 

Therefore, the operating temperature of 337 oC is chosen for 

further gas-sensing experiments in this work. 

 Figure 6a illustrates the dynamic response curves of the 

five sensors at 337 oC. It can be observed that the response of 

L-cys-3-SnO2 sensor increases rapidly with the increase of 

the ethanol concentrations, much higher than that of other 

sensors. When the sensor of L-cys-3-SnO2 was exposed to 

ethanol with the concentrations ranging from 10 ppm to 100 

ppm, the response values ranged from 37 to 183. Notably, 

the response of the L-cys-3-SnO2 sensor to 100 ppm ethanol 

(183) was 8.3-fold, 6.5-fold, 3.3-fold and 2.7–fold higher 

than that of L-cys-1-SnO2 sensor, L-cys-2-SnO2 sensor, 

TAA-SnO2 sensor and Tu-SnO2 sensor, respectively. The 

excellent response of L-cys-3-SnO2 sensor was probably 

ascribed to its small grain size (4.5 nm) and hierarchical 

porous structures, which provided a large specific surface 

area. Figure S12 displays the concentration-dependent 

response behavior of the five sensors, which reveals good 

linear relationships. It’s noteworthy that the sensor of L-cys-

3-SnO2 exhibited a high response of 6.8 to 0.5 ppm ethanol, 

suggesting its excellent sensitivity (Figure 6c). To further 

study the gas-sensing performance, the response/recovery 

behaviors of the five sensors to 100 ppm ethanol are shown 

in Figure 6b. It is noticed that the responses changed sharply 

when the ethanol was pumped in or out. The response time 

was around 12 s for L-cys-3-SnO2 sensor, which was shorter 

than that of other sensors. Furthermore, the ethanol response 

of various materials in the literature are summarized in Table 

1, which presents that the response of L-cys-3-SnO2 sensor is 

much higher than that of the previous reported results in the 

literature. 

In addition, the experiment was performed to evaluate the 

selectivity of different sensors. Figure 7 shows the response 

of different SnO2 sensors to different gases at 337 oC. It is 

obvious that L-cys-3-SnO2 exhibited the highest response to 

 
Figure 7. Responses of sensors to 100 ppm different gases at 

337 oC. 

 

all gases among the five sensors, which can be attributed to 

the largest specific area and the effect of small grain sizes. 

Furthermore, the SnO2 materials showed higher response to 

ethanol than to other gases. 

The gas sensing performance of the n-type semiconductor 

can be ascribed to the resistance change induced by the gas 

adsorbed on the surface of the SnO2.(25) The mechanism of 

SnO2 nanosheets gas-sensing is summarized in Figure 8. 

When the sensors are exposed to air, oxygen molecules can 

be preferentially adsorbed onto the surface of the SnO2 

nanosheets and capture the electrons from the conduction 

band to generate oxygen species such as O-, O2- and O2
-,  

resulting in a thick electron-depletion layer.(23) The related 

reactions can be described as follows: 

O2→O2(ads)                                                                         (1) 

O2(ads)+e-→O2
-(ads)                                                         (2) 

O2
-(ads)+e-→2O-(ads)                                                        (3) 

O-(ads)+e-→O2-(ads)                                                         (4) 

In this process, the conduction band near boundaries can 

bend upward to generate potential barriers, increasing the 

resistance of SnO2 sensors. (6) When ethanol molecules are 

injected, they interact with oxygen species such as O- and O2
- 

on the surface of SnO2 nanosheets and release electrons to 

generate CO2 and H2O. Accordingly, these electrons are 

released to the conduction band of SnO2, leading to a thin 

depletion layer. Meanwhile, the height of the potential barrier 

is reduced and the resistance is lower.(34) The related 

process can be illustrated by the Reaction (5) and (6): 

C2H5OH(ads)+O2-(ads)→CH3CHO(ads)+H2O+O2-             (5) 

CH3CHO(ads)+5O2-→2CO2+2H2O+10e-                             (6) 

 

 



 

 

Table 1. The ethanol sensing performance of reference reported based on SnO2. 

Material type 

 

Ethanol 

concentration 

(ppm) 

Operating 

temperature 

(oC) 

Sensitivity Resp

onse 

time (s) 

Reco

very 

time (s) 

Ref 

3D-hierarchical 

SnO2 

100 337 182 12 11 This 

work 

SnO2 100 450 110.9 2 708 (35) 

SnO2 100 230 24.9 3 24 (36) 

SnO2 QDs (2.5nm) 100 240 75 - - (37) 

SnO2 QDs (4.0nm) 100 240 125 - - (37) 

SnO2 QDs (4.5nm) 100 240 100 - - (37) 

SnO2 nanowires 100 380 17 22 18 (38) 

SnO2/ZnO 100 300 78 25 9 (39) 

α-Fe2O3@SnO2 100 225 18.4 1 31 (40) 

NiO/SnO2 100 300 27.5 2.9 4.7 (41) 

SnO2/Zn2SnO4 100 250 30.5 2 114 (42) 

ZnO/SnO2 30 225 34.8 1 120 (43) 

SnO2 100 425 ~120 - - (44) 

SnO2 NWs 100 - 10.5 - - (45) 

ZnO/SnO2 100 300 <50 - - (46) 

 
Figure 8. The schematic illustrations of the gas-sensing mechanism. 

 

Based on the above results, the sensors fabricated by the 

L-cys-3-SnO2 exhibited excellent sensing performance to 

ethanol. One of the most important factors is that L-cys-3-

SnO2 possessed the largest specific surface area, which can 

provide more active sites on the surface of SnO2 nanosheets. 

Simultaneously, the porous structures are also beneficial for 

the mass diffusion of substrates. Moreover, the grain size (D) 

of SnO2 nanosheets has a great influence to the sensing 
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performance.(21) It is reported that when D < 2L (where L is 

the thickness of the depletion layer), the whole surface of the 

grains tends to become the depletion region and the 

conductance is grain-controlled.(23) The previous reports 

have demonstrated that the thickness of the L of SnO2 in air 

is about 3 nm.(20) In this work, XRD and HRTEM 

characterizations (Figure 3) indicate the petals are assembled 

by primary nanoparticles with an average size of ~5 nm, 

which is smaller than the Debye Length of SnO2, suggesting 

that the small SnO2 nanoparticles are depleted completely 

(Figure 8). The small size effect means that a majority of the 

atoms are surface atoms, which can participate in surface 

reaction and provide more active sites, leading to the 

enhancement of gas sensing performance.  

4. Conclusion 

In summary, Morphology Genetic 3D Hierarchical SnO2 

microstructures constructed by sub-5 nm nanocrystals were 

rationally designed and fabricated via a controlled 

calcination process for the detection of ethanol. Among these 

sensors, 3D flower-like L-cys-3-SnO2 sensor exhibited the 

highest sensitivity to 0.5 ppm ethanol (Ra/Rg = 6.8) and 

highest gas sensing response to 100 ppm ethanol (Ra/Rg =183) 

with short response/recovery time, which is much higher 

than that of the previous reported based-SnO2 sensors. The 

excellent gas sensing performance can be attributed to the 

synergistic effect of the large specific surface area and the 

small grain size. This work provides a facile and effective 

strategy for the morphology genetic preparation of 3D 

flower-like SnO2 microstructures with large specific surface 

area and small (sub-5 nm) grain sizes and highlights the 

potential of 3D flower-like SnO2 microstructures constructed 

by sub-5 nm nanocrystals for future use in the gas sensor 

field. 
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