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Abstract 

We demonstate direct synthesis of SnO2 nanowire arrays on a glass substrate by using a 

ultrasonic spray pyrolysis method combined with sintering. The obtained products are 

characterized by the X-ray diffraction (XRD), the scan electron microscopy (SEM), the 

transmission electron microscopy (TEM) and the high resolution TEM. The results show that the 

SnO2 nanowire arrays consist of single crystalline nanowires with a diameter of 50-70 nm and a 

length of 5-7 µm. There are two different nanowire growth directions due to the oxygen defect 

growth. The growth mechanism for the formation of SnO2 nanowire arrays is investigated. We 

fabricated a platform gas sensor based on the SnO2 nanowire arrays. The sensor exhibits better 

sensitivity and selectivity to NO2 than that based on SnO2 nanoparticles. The gas sensing 

mechanism is also discussed. 

Introduction 

One-dimensional (1D) nanostructures materials have received much attention due to their 

special properties and applied potential, since the discovery of carbon nanotubes in the last 

century. Nanorod, nanowires, nanotubes, nanocables, and nanofibers have been extensively 

reported [1-6]. Arrays of vertically aligned nanostructures like nanowires and nanotubes have been 

found to have advantage of high specific area and fast electron transport. These properties 

normally increase the gas sensing performance of semiconductor materials [7,8]. 

SnO2 is a significant wide band-gap semiconductor with high chemical stability and good 

optical, electrical and mechanical properties [9]. It has been widely applied in various fields like 

gas sensors, transparent conducting electrodes and dye-sensitized solar cells [10-12]. In recent 

years, the synthesis of SnO2 one-dimensional structure widely reported. Normal synthesis methods 

include thermal evaporation [13], laser ablation [14], solution phase growth [15], chemical vapor 

deposition (CVD) [16], electrostatic spinning [17], electron-beam lithography (EBL) [18]. These 

methods are affected by extreme conditions and complicated procedures. 

As one of the conventional deposition techniques, the Ultrasonic spray pyrolysis (USP) 

method has been used to produce various nanostructures. The USP has advantages like low cost, 

minimal experimental apparatus and offers a great flexibility in a continuous flow process for the 

synthesis of oxide materials. To our best knowledge, there are few reports about the synthesis of 

SnO2 nanowire arrays using the USP. 

In this study, we use the USP method combining with sintering to synthesize SnO2 nanowire 

arrays. The effect of time and temperature is investigated and a possible mechanism of nanowire 

growth and assembly is proposed. The gas sensing properties of SnO2 nanowire arrays to various 

gases are studied. The material shows a good response to NO2. 

Experimental details 

1.1 Synthesis of SnO2 nanowires array using the USP system 

A schematic diagram of the ultrasonic spray pyrolysis (USP) system is shown in Fig 1a. The 

USP system is mainly composed of three parts. The first part has an aerosol generator and a flow 

controller. The atomized reactant generates by using an ultrasonic transducer (medical ultrasonic 

generator, YUYUE AI-502; ultrasonic frequency: 1.7 MHz, rate of atomization: 2.2 ml/hour). 

High purity nitrogen is used as the carrier gas. The gas flow rate is controlled by a flow controller 

(300 sccm-1000 sccm). The second part is the reaction zone which contains a sealed quartz tube 

and a heater (tubular sintering furnace, the error range of temperature is within 5 oC). The third 
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part is a conical flask to collect the residues from the reaction zone.  

Laboratory chemicals and reagents used in the analytical grade were purchased from the 

Sinopharm Chemical Reagents Co., China. There was no further purification processing. The 

practical operations were presented as follows. A prepared 10 ml aqueous solution of SnCl4·5H2O 

(3.54 g) was stirred for 20 min, and then 0.5 ml of 0.2 mol/L hydrochloric acid solution was 

dropped into the flask to form a homogeneous solution.  

The diameter of nebulized droplets was calculated to be 3 µm by Equation (1). Here, α is 

constant (for SnCl4 solution, α is 0.34). What’s more, σ stands for liquid surface tension 

(0.0859N/m); ρ is liquid density(about 1.16g/ml, at 25℃); f is the ultrasonic frequency (1.7 MHz).  
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   The precursor solution was then transferred into an ultrasonic transducer and changed to 

aerosol. The aerosol was sent into the reaction zone by the N2 carrier gas (500 sccm). The quartz 

substrates (5.5 mm*5.5 mm*0.5 mm) were placed in the reaction zone. The temperature in the 

reaction zone was 400 oC measured by a thermocouple. The reaction lasts for 2 hours at this 

temperature. The aerosol forms single-crystalline SnO2 nanowires arrays on the quartz substrate 

through heating, solvent evaporation, and pyrolysis. The SnO2 nanowires arrays were sintered for 

2 hours at 500 oC.  

1.2 Characterizations 

The X-ray diffraction (XRD) pattern was recorded with a Rigaku D/max-2500 diffractometer 

with Cu-Ka radiation (λ=1.5418 Å) in the range of 20-80o. Filed-emission scanning electron 

microscopy (FESEM) observations were performed with a JEOL JSM-7500F microscope, 

operated at an acceleration voltage of 15 kV. Transmission electron microscopy (TEM) and 

high-resolution transmission electron microscopy (HRTEM) measurements were obtained on a 

JEOL JEM-2100 microscope operated at 200 kV. Thermogravimetric (TG) analysis and 

differential scanning calorimetric (DSC) measurements were carried out using a NETZSCH STA 

449F3 simultaneous thermo-gravimetric analyzer under air in the temperature range from 30 to 

800 oC with a heating rate of 10 oC /min. 

1.3 Gas sensing experiments 

Gas sensing properties of as-produced SnO2 nanowires arrays were performed through a static 

state testing system. As described above, the SnO2 nanowires were formed on the square quartz 

substrate by the USP method. The structure of sensors are presented in Fig. 1b. The copper 

electrodes on the substrate were mounted by copper wire on phenolic resin socket. An integrated 

Pt heater was also printed on the back of the quartz substrate. The sensors based on SnO2 

nanowires were measured by the static system (Fig.S1), which contains an air chamber (volume 

50L) and a data analyzing system. The sensor was placed in the air chamber, and its resistance 

change was monitored by a multimeter (FLUK 8846A). The temperature and humidity in air 

chamber were controlled to be 25 oC and 10% RH. The response of the sensor was defined as 

Rg/Ra; with Ra and Rg being the resistances of the sensor in the target gas and air, respectively. 

Results 

1D SnO2 nanowires arrays were obtained by sintering for 2 hours at 500 oC. Figure 2 shows 

the X-ray diffraction (XRD) results of the synthesized SnO2 nanowires arrays. All diffraction 

peaks can be indexed to the rutile phase of SnO2 . The SnO2 lattice constants obtained by 
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refinement of the XRD data of the nanowires are a = 4.7382 and c = 3.1871, which are consistent 

with those of the bulk SnO2 (JCPDS file No. 41-1445). The main strong peaks were observed at 

26.02, 33.36, 37.8, 50.98 degrees assigned to (110), (101), (200) and (211) planes respectively. No 

other characteristic peaks can be observed. Such experimental results suggest that the products are 

of high crystalline and purity.  

The morphologies and microstructures of the calcined products were illuminated by FESEM 

observations. The low-magnification FESEM image in Fig. 3a shows the as-sintered products. At 

the lower part, the dense film is composed of nanoparticles and the film thickness is 500-700 nm. 

The nanowires with an average length of 5-7 µm grow on the film. No other morphologies are 

observed.This indicates that the obtained product is of a high purity. The FESEM image in Fig. 3b 

confirms the detailed morphology of the nanowires root. The nanowires grow in criss-cross and 

the diameter is about 50-70 nm. The high-magnification FESEM in Fig. 3(c) shows clear 

cylindrical structures at the top end of the nanowire, and the diameter is approximately 25-35 nm. 

The detailed structure of the nanowires array was investigated by using a transmission 

electron microscopy (TEM) and a high-resolution transmission electron microscopy (HRTEM) 

combined with the fast fourier transform (FFT) analysis. The typical TEM image in Fig. 4a shows. 

The results of the complete nanowire based on the FFT show that the nanowires from the USP 

products have two different crystal-lattice arrangements, as shown in Fig 4(b) and (c). The 

HRTEM images confirm the single-crystalline structures of the individual nanowires (fig. 4 (b1) 

and (c1)). The horizontal and vertical lattice fringe spacings were observed to be 3.34 ± 0.01 Å 

and 3.20 ± 0.01 Å, respectively. The FFT analytical results also confirm that they are in 

accordance with the (110) and (001) crystal face of anatase structures SnO2. In Fig. 4 (c1), the 

lattice fringe spacings are 3.35 ± 0.01 Å and 2.65 ± 0.01 Å, and the growth direction is consistent 

with the [112] direction. The difference of the growth direction may be caused by oxygen defects 

on the surface of the SnO2 nanoparticles which grow in the oxygen-deficient reaction zone. These 

defects can be observed in the HRTEM images. Such a result is similar to those of Zhang et al [19] 

and Xu et al [20]. 

To reveal the growth process and to explore the possible growth mechanism of SnO2 

nanowires, the study of the morphology evolution of SnO2 with different reaction time has been 

conducted at 400 oC with a fixed precursor concentration (1 mol/L) and a carrier gas flow rate 

(500 sccm). The corresponding results are presented in Fig. 5. This figure shows that the 

non-uniform film consists of nanorods and island shape particles when the reaction lasts for 10 

min. The length of nanowires is about 100-150 nm. In the latter stage of the USP (30 min, in 

Fig.5b), the film is entirely covered by island shape particles. The nanowires grow longer 

(300-500 nm), and scattered unequal. With the reaction carrying on (60 min), a uniform and 

compact film at the bottom was formed. The nanowires are of a 1 µm length and a 30-50 nm 

diameter with homogeneous micromorphology. After 2 hours of the USP, the nanowires 

significantly criss-cross grow, turned long and compactly cohered. The average length is 5-7 µm. 

 We propose the growth process of nanowires from the SEM and TEM images. Atomizing 

particles are deposited on the surface of substrates and form seed layer. The SnO2 nanoscale 

particles are distributed in the aerosol environment and deposited on the substrate gradually. The 

SnO2 nanowires grow from the high-surface-energy surface of the island shape nanoparticles. 

With the reaction going on, the seed layer becomes thicker and the nanowires grow long and 

dense. The time of the USP progress affect the size and density of the nanowire arrays. 
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It was inferred that the SnCl4 solution was dried up and yielded Sn(OH)4 crystal upon 

hydrolysis. To imitate the progress of the USP progress, the precursor solution (1 mol/l SnCl4) was 

evaporated to dryness in a water bath at 50 oC, and dried-up materials were analyzed by the 

TG–DSC (thermogravimetry-differential scanning calorimetry). Therefore, commercial 

SnCl4.5H2O and Sn(OH)4 were analyzed by the TG-DSC as references (curves (S2) and (S3)). The 

TG curves in Fig. 6 show four sections of mass losses, 16.8% (RT-200), 13.1% (200-350), and  

6.7% (350-590)，while the no mass loss appears over 600 oC in the fourth section. The 

characteristic endothermic peaks emerge at 175 oC, 300 oC, and 515 oC. The TG curve of Sn(OH)4 

in Fig. S3 reveals that the mass loss is about 18% in the section from 30 oC to 600 oC. The 

characteristic endothermic peaks occur at 138 oC，350 oC, and 520 oC. Crystal water was removed 

from hydration hydrogen tin oxide when the temperature rises to 138 oC. When heated to 350 oC, 

the Sn(OH)4 decomposes into SnO2 and water until the temperature reached 520 oC. The TG curve 

of SnCl4.5H2O in Fig. S4 shows that total mass reduces to 0% when the temperature rises from 30 

oC to 190 oC. The characteristic endothermic peaks appear at 74 oC and 190 oC. At 74 oC the 

endothermic peak shows that the waterofcoordination and water of crystallization in the 

SnCl4.5H2O were separated . The gasification of SnCl4 absorbs heat at 190 oC with suddenly 

decreasing mass.  

The morphology changes with various substrate temperatures are shown in Fig 7.(a-d). When 

the temperature was controlled below 150 oC, liquid precursors directly reached the substrate and 

the products were globular. When the temperature reached about 300 oC, the solution was dried. 

The amount of SnCl4 5H2O reduced, and the precursor (Sn(OH)4) began to break down to form 

SnO2 crystal nucleus on the surface of substrate. With increasing temperature (400 oC), SnO2 

nucleated and crystally grew. It thermally decomposed on the surface of the substrate and 

produced nanowires. At higher temperature (600 oC), most precursors were broke down before 

they reached the substrate and formed SnO2 particles, which were directly deposited onto the 

substrate and destroyed nanowires structures. The deposited film was formed by micro-particles 

instead of nanowires.   

According to Fig. 6, Fig. S3 and Fig. S4, there is reason to suspect that precursor in reaction 

was composed of SnCl4 and Sn(OH)4. As the temperature increases, SnCl4  is gradually 

vaporized. The amount of SnCl4 takes part in the reaction to produce SnO2 reduced. Sn(OH)4 is 

mainly precursor to produce SnO2 nanowires. Of all, temperature is a significant factor to decide 

the formation of nanowires. Under the proper temperature, Sn(OH)4 (liquid) produces SnO2 core 

as SnO2 seed for it grows larger on the surface of substrates. It is the precondition of the 

preparation of nanomaterials with special morphology. 

The proposed growth process of nanowires by the USP was divided into 6 phases (in Fig. 8).  

From Figs. 5-7, the growth progress and mechanism of nanowires prepared by the USP method 

were proposed as shown in Fig.8. 

(1) Micrometer-sized SnCl4 solution droplets isolated from others are obtained by 

high-intensity ultrasound. 

(2) SnCl4 solution droplets are hydrolyzed by the thermic effect and produce the mixture of 

SnCl4-5H2O and Sn(OH)4 (temp<150 oC). 

(3) SnCl4.5H2O is absolutely evaporated to dryness besides liquid Sn(OH)4. (150 oC 

<temp<300 oC) 

(4) Liquid Sn(OH)4 gradually produces SnO2 crystal nucleus. (300 oC <temp<350 oC) 
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(5) The materials reached the quartz substrate which is the highest temperature section. 

Liquid Sn(OH)4 is turned into islet-like SnO2 particles. (temp>350 oC) 

(6) The prolysis of Sn(OH)4 makes the SnO2 seed layer particles on the quatz substrate. The 

small nanorods assemble by the nanoparticles.  

(7) Nano-size SnO2 particles are deposited on the quartz substrate continuously over time.  

Aerosol arrives at islet-like SnO2 particles then oriented grows. At last, the SnO2 nanowires are 

obtained. After they are sintered at 500 oC, physical and chemical properties are improved.  

The special morphology based on the SnO2 nanowires may express better gas sensing 

properties than those of SnO2 particles. Two sensors based on SnO2 nanowires by the USP at 400 

oC and nanoparticles sintered at 600 oC were tested at 150oC, as shown in Fig.9a. Gas selectivities, 

especially for oxidizing gases: O3, SO2, Cl2, NO2 were investigated at 150oC. They show that the 

sensing property of sensor based on SnO2 nanowires is higher than SnO2 particles. The response 

of the sensor based on SnO2 nanowires to 2 ppm of NO2 is as high as 6.9, and higher than other 

test gases. These SnO2 nanowires allay materials turn out to possess fine sensing property to NO2. 

The responses of sensors using SnO2 with different structures to various concentrations of 

NO2 are compared in Fig.9b. The response of sensors based on SnO2 particles to NO2 almost do 

not change with increasing concentrations at 150oC. The response to 10 ppm of NO2 is 2.3. While 

the sensor based on SnO2 nanowires expressed increases with increasing concentrations of NO2, 

and the response to 10 ppm of NO2 is as high as 21.1. This indicates its remarkable sensing 

property. The transient response and recovery characteristic to 2 ppm of NO2 are illustrated in 

Fig.9c. When the sensor was exposed to NO2 at 150oC, resistance rises from 1.01 MΩ to 7 MΩ. 

The response and recovery time are 25 min and 45 min, respectively. Successive measurement 

show good repeatability. 

The widely accepted gas sensing mechanism of metal-oxide semiconductor is based on the 

depletion layer model. When the materials are in the air, oxygen is adsorbed on the surface of 

SnO2 nanowires, captured electron. Then depletion layer is formed. When they are exposed to 

oxidizing gas, competitive adsorption between oxidizing gas and oxygen occurred on the surface 

of the materials. The thickness of the depletion layer increases leading to the decrease of carriers. 

Hence, electrical conductivity decreased. 

The correlative factors of the increased gas sensing properties of SnO2 nanowires were 

analysed. During the progress of the USP and anneal, non-stoichiometric SnO2 nanowires were 

produced in anoxic environments. To maintain the electrical neutrality, Sn4+ gained electrons and 

turned to Sn2+. For SnO2 nanowires based sensors, oxygen vacancies (Vo• and Vo••) and mainly 

partially reduced cations Sn2+ are the surface basic sites (Sb)s for NO2 chemisorption[21-23]. The 

reaction at the surface basic sites is quite complex. The main reaction process is illustrated as 

follows.  

NO2,gas + Sn2+ → (Sn3+ + NO2
−
,ads)                              (2) 

or  

NO2,gas + e− → NO2
−
,ads                                                          (3) 

At lower oxygen chemical potentials, oxygen depleted surface phases become energetically 

favored. 

The vital factor to gas sensing properties of sensors based on SnO2 nanowires is explained. 

First, there was large amount of oxygen defects on the surface of nanowires at room temperature. 

NO2 can be selectively absorbed at the defect site and change the resistivity of the materials. 
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Second, the high surface to volume ratio of these nanostructures and excellent crystallinity 

enhanced contact area between sensing materials and gas atmosphere and provided highly 

reproducible transduction properties. Third, in contrast to the complex and random distribution of 

the inter grain barrier, resistance modulation in individual nanowires is straightforward. 

Nanowires have a larger contact area with gas, so they show a good response to NO2 at room 

temperature. 

 

Conclusion 

In summary, high purity vertically aligned SnO2 nanowire arrays were first prepared directly 

on a glass substrate via a ultrasonic spray pyrolysis method combined with sintering. The SnO2 

nanowire arrays consist of single crystalline nanowires with a diameter of 50-70 nm and a length 

of 5-7 µm. There were two different nanowire growth directions due to the oxygen defect growth. 

The gas sensing tests exhibit that the as-obtained SnO2 nanowire arrays show better sensitivity, 

selectivity and stability to NO2 than that based on SnO2 nanoparticles. The promising gas sensing 

performance are owing to the oxygen defects in the nanowire arrays. The result demonstrates that 

the SnO2 nanowire arrays can be used as a promising platform for sensing of NO2. 
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Figure 1 a) Schematic diagram of the ultrasonic spray pyrolysis system 

  

Figure 1 b). Structure schematic diagram of the device gas sensor 

 

 

Figure 2. The X-ray diffraction results of the synthesized SnO2 nanowires arrays. 
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Figure 3. The morphologies and microstructures of the calcined products are illuminated by 

FESEM,a) The low-magnification FESEM image,b) and c) The high-magnification FESEM. 

  

 

Figure 4.The detailed structures of the nanowires array with transmission electron microscopy 

(TEM) and high-resolution transmission electron microscopy (HRTEM) combined with fast fourier 

transform (FFT) analysis. a) The low-magnification TEM image, (b) and (c) nanowires of FFT from 

USP products have two different crystal-lattice arrangements, The HRTEM image nanowire (fig.4 

(b1) and (c1)) 
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Figure 5.Nanowires growth process with the reaction time, a)10min, b)30min,c)60min,d)120min. 

 

 

 

Figure 6. The TG–DSC (thermogravimetry–differential scanning calorimetry) results for the 

precursor. 
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Figure 7.(a-d)The morphology changes with various substrate temperature, a) 150
o
C, b) 300

 o
C, c) 

400
 o

C, d) 600
 o

C 

 

 

 

Figure 8. The proposed process of growth of nanowire by USP 
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Figure.9 Gas sensitive performance test curves at 150
o
C. a) selectivity,b) concentrations,c) 

response and recovery. 
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