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Abstract: In this work we investigate the detection performance of nanofibers of tin oxide (SnO2) towards  
sub-0.1 ppm nitrogen oxide (NO2) and ozone (O3) in air. It is found that SnO2 nanofibers are more sensitive to O3 
than to NO2. and the optimal working temperature differs significantly between the two gases: 200 ºC (NO2) and 
350 ºC (O3). SnO2 nanofibers loaded with reduced graphene oxide (rGO) show higher sensitivity than nanofibers 
of pure SnO2 at low temperatures and the optimal working temperature diminishes by around 150 ºC for the two 
gases. The air humidity does not modify the optimum working temperature of rGO-loaded SnO2 nanofibers but it 
affects their sensitivity at temperatures below 150 ºC. Irradiation with UV light is a promising method to activate 
gas desorption from rGO-loaded SnO2 nanofibers so that this material could be used in chemiresistive sensors for 
low temperature detection of air pollutants.  
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1. Introduction 

 
Modern gas sensors are based on 

microelectromechanical system (MEMS) substrates 
coated with thick or thin films of metal oxide 
semiconductors (MOS) as sensitive material, which 
can be continuously heated to the optimal working 
temperature (<300 ºC) using a few tens of milliwatts. 
The power consumption and fabrication cost of MOS 
gas sensors need to be further reduced to enable their 
massive deployment in wireless sensor networks, and 
also sensing properties such as selectivity and 

sensitivity must be improved in the sub-0.1 ppm range 
for applications such as air pollution monitoring [1, 2]. 

Over the last decade, MOS nanostructures [3-6], 
especially one-dimensional (1D) nanostructures have 
being investigated for gas sensing because they large 
surface-to-volume ratio, high specific surface area, 
nano-size effects, superior stability, and ease of 
fabrication and functionalization [7-9]. Among 1D 
nanostructures, nanofibers have been identified as the 
most promising structures for use in gas sensors. They 
have higher surface-to-volume ratio than other 1D 
nanostructures due to the presence of a large number 
of nanograins and a web like configuration. Therefore, 
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their surfaces are readily exposed to gas molecules, 
resulting in high sensitivity and rapid response [10]. 
Although there are other techniques for the synthesis 
of nanofibers, most of MOS nanofibers for gas sensing 
applications are synthesized by the electrospinning 
method [11-13]. Nanostructured MOS layers prepared 
by electrospinning of polymer solutions containing 
metal precursors and subsequently calcined at high 
temperatures display unique fibrous morphologies. 
The combination of small grain size, high surface area, 
and high porosity that includes both small and large 
pores is ideally suited for gas sensing. From a 
commercial point of view, electrospinning is the only 
method of choice for the large scale preparation of 
nanofibers compared to other available methods, due 
to the easy handling, minimum consumption of 
solution, controllable nanofiber diameter, low cost, 
simple, and reproducibility in processing nanofibers 
[14, 15]. In addition, more recently, nanoscale MOS 
heterojunctions have received increasing attention as 
the most promising candidates to exhibit outstanding 
gas sensing performance, which is attributed to the 
adjustable highness of the potential barriers [16-18]. It 
has been found, for example, that the optimal working 
temperature of gas sensors using MOS/graphene 
heterojunctions is lower than that of MOS sensors, and 
eventually may be operated at room temperature  
[19, 20]. These results pave the way towards the 
industrial production of nanostructured MOS  
sensors by using affordable substrates such as 
polymers, and simple and easy to scale-up techniques 
like electrospinning. 

Tin oxide (SnO2) is the most well-known oxide 
and the most commonly used MOS in commercially 
available gas sensors for a wide variety of applications 
[21-25]. In this work, we assess the feasibility of 
electrospun SnO2 nanofibers as sensing material in 
chemiresistive sensors for detecting air pollutants. In 
particular, the detection performance of SnO2 
nanofibers towards low level (<100 ppb) nitrogen 
dioxide (NO2) and ozone (O3) in air is studied as a 
function of the sensor operating temperature and air 
humidity. In addition, the effect of adding graphene to 
SnO2 nanofibers and UV light irradiation are 
investigated in terms of the low temperature sensing 
behavior of SnO2 nanofibers. The work shows 
promising results regarding the suitability of sensors 
based on nanofibers composed of SnO2 and rGO for 
selective detection of NO2 and O3 at low temperature. 

 
 

2. Experimental 
 
2.1. Synthesis of Nanofibers 
 

Nanofibers of SnO2 were synthesized by 
electrospinning of an aqueous solution of polyvinyl-
alcohol (PVA) and tin tetrachloride pentahydrate 
(SnCl4⋅5H2O) followed by calcination of electrospun 
fibers, which results in solvent evaporation, polymer 
decomposition and tin oxidation [26]. The viscosity 

and the conductivity of the solution, and the process 
parameters were optimized as to control instability 
growth during electrospinning, which affects the 
morphology and structure of the nanofibers of SnO2 
[27, 28]. The composition and the method for the 
preparation of the solution, and the parameters for 
electrospinning are summarized in Tables 1 and 2, 
respectively. In addition, nanofibers of SnO2 doped 
with graphene were prepared by adding a suspension 
of reduced graphene oxide (rGO, Abalonyx AS, 
Norway) in isopropanol (0.1 mg⋅ml-1) to the precursor 
solution and sonicating for half an hour. The content 
of rGO in the solution was 0.1 %wt with respect to Sn. 

Samples of electrospun fibers of PVA loaded with 
tin were collected onto silicon (Si) substrates and 
calcined in ambient air at 500 ºC overnight. The X-ray 
diffractogram (XRD) of the as-prepared nanofibers is 
displayed in Fig. 1 (Malvern Panalytical Empyrean  
Cu LFF). The nanofibers exhibit pure SnO2 rutile 
structure (JCPDS file no. 41-1445) with (110) and 
(101) as preferential crystalline orientations.  

 
 

Table 1. Preparation of precursor solution. 
 

Compound %wt Solution Preparation 

DI 
H2O 
Quimipur 
231-791-2 

80 
#1 

DI H2O 
PVA 

magnetic stirring 
(50 rpm) & 

heating (90 ºC) 
30 min 

PVA 
Aldrich 
Chem. 
341584 

10 
#2 

DI H2O 
SnCl4⋅5H2O 

magnetic stirring 
(50 rpm) 
10 min 

SnCl4⋅5H2O 
Sigma 
Aldrich 
244678 

10 

#1 + #2 
DI H2O 

PVA 
SnCl4⋅5H2O 

mixing & 
magnetic stirring 

(50 rpm) 
overnight 

 
 

Table 2. Electrospinning parameters. 
 

Needle 
diameter 

(m) 

Flowrate 
(m3⋅s-1) 

Voltage 
(V) 

Distance 
(m) 

5×10-4 3.3×10-8 19×103 6×10-3 

 
 

 
 

Fig. 1. XRD pattern of SnO2 nanofibers on Si substrate. 
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Besides, the structure and the morphology of the 
SnO2 nanofibers were analyzed by SEM, as displayed 
in Fig. 2 (Hitachi S-4800, 0.5-30 kV). 

 
 

 
 

Fig. 2. SEM micrograph of electrospun SnO2 nanofibers. 
 
 

The nanofibers form a highly porous three-
dimensional mat network on the substrate. The 
diameter of the nanofibers varies between 10 and 
50 nm and it is rather uniform along the entire length 
of the nanofibers, of the order of tens of micrometers. 
The formation of SnO2 nanofibers by calcination of 
electrospun Sn-loaded polymer fibers has been 
described by other authors [29, 30]. In all cases, SnO2 
nanofibers showed a hollow core-shell tubular 
structure with a granular shell consisting of SnO2 

grains of a few nanometers in size, which can be 
observed in Fig. 2 as well. 
 
 
2.2. Preparation of Sensors 
 

Sensors were prepared by depositing electrospun 
PVA fibers loaded with either Sn or Sn and rGO from 
the gas phase on a square silicon platform 
(side∼4 mm) that is bonded to the surface of a circular 
TO8 header (diameter∼15 mm). A picture of the 
multisensor silicon platform including four 
microhotplates is shown in Fig. 3. A microhotplate 
consists of a dielectric membrane (SiO2/SiNx) and two 
metallizations (Ti/Pt), interdigitated electrodes (IDTs) 
and a resistor or heater, practiced on the surface of a 
silicon substrate. The design and the manufacturing 
process of the microhotplate, and the calibration  
curve (I-V) of the microheater have been reported 
elsewhere [31]. 

Tin loaded PVA fibers were produced by 
electrospinning in ambient air at room temperature. 
The process maintained stable during at least 
10 minutes, when the fibers deposited onto the surface 
of the TO8 header. Afterwards, the fibrous layer 
covering the IDTs (area∼0.2 mm2) was calcined by 
heating the layer with the help of the resistor  
lying underneath. 

 
 
Fig. 3. a) Camera picture of TO8 header with multisensor 
platform on the top; Optical microscopy images of  
b) multisensor platform, and c) microhoplate; d) SEM 
micrograph of electrospun SnO2 nanofibers onto 
microhotplate. 

 
 

2.3. Characterization of Sensors for Gas 
Detection  

 

We characterized the detection performance of the 
sensors based on nanofibers of SnO2 and on nanofibers 
of SnO2 loaded with rGO (hereinafter SnO2:rGO) 
towards two air pollutants: NO2 and O3. For that 
purpose, we used calibration cylinders of gas mixtures 
of NO2 in dry air, and generated mixtures of O3 in dry 
air by using a commercial ozone generator based on a 
UV lamp and an air cylinder. In a gas mixing unit,  
the mixture NO2-air from the cylinder or the mixture 
O3-air from the ozone generator were diluted with air 
from a cylinder to attain the desired concentration of 
the gas in the mixture. Optionally, moisture can be 
added to the gas by flowing the gas stream throuhg a 
bubbler and, then, the gas entered the sensor cell. The 
latter has a free volume of 0.58 cm3 and temperature 
and humidity sensors placed on its upper wall 
continuously monitored the ambient conditions inside 
the cell. The concentration of O3 in the gas mixture 
was measured downstream of the sensor cell by using 
a commercial ozone monitor. The facility is 
completely automated and controlled from a program 
based on the LabView software [26]. 

In the experiments, the gas flowrate was set to 
0.2 l⋅min-1, the concentration of NO2/O3 in the gas 
varied between 20 ppb and 200 ppb, and the air 
moisture ranged from 5 % to 80 % (relative humidity). 
 
 

3. Results 
 

3.1. Optimal Working Temperature 
 

Sensors were exposed to mixtures NO2-air  
and O3-air followed by clean air and operated at 
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temperatures between 25 ºC and 350 ºC. SnO2 behaved 
like an n-type semiconductor and its resistance 
increased in presence of the two oxidizing gases under 
study, in the range of sensor operating temperatures 
and gas concentrations covered in this work. As an 
example, Fig. 5 displays the evolution over time of the 
resistance of a sensor using nanofibers of SnO2 in an 
experiment with a mixture of O3 and dry air. A total of 
six adsorption-desorption cycles were completed for 
each sensor operating temperature.  

 
 

 
 

Fig. 5. Dynamic resistance curve of a sensor using 
electrospun SnO2 nanofibers exposed to a mixture air-O3 
(∼100 ppb) followed by clean dry air (≤5% RH) at different 
sensor operating temperatures (25-350 °C). 

 
 

It is seen in Fig. 5 that the resistance of the sensor 
in clean dry air (gas desorption phase) has a parabolic 
profile with the sensor operating temperature and 
reaches a minimum at a temperature of around  
150-200 °C. This result is consistent with 
measurements of the resistance of SnO2 films 
published in the literature [32]. The increase in the 
sensor resistance for temperatures beyond 200°C is 
attributed to the interaction of oxygen with the surface 
of the SnO2 nanofibers. Oxygen has a strong tendency 
to accept electrons from the metal oxide surface. 
Below 200 C, oxygen can accept one electron and 
above 200 °C, it can accept two electrons, with the 
consequent reduction in the electrical conductivity of 
the material [33]. Therefore, above 200 ºC atomic 
oxygen ions O- form on the surface of SnO2 
nanograins, as follows 

 	 2 , (1) 
 2 	 	2  (2) 
 
Here the sensor response is defined as the ratio 

Rg/Ra; where Ra stands for the sensor resistance in air, 
before the start of the gas adsorption phase, and Rg is 
the resistance of the sensor when exposed to the target 
gas, at the end of the gas adsorption phase. The 
response of sensors based on nanofibers of SnO2 and 
on nanofibers of SnO2:rGO towards NO2 and O3 in dry 
air is plotted as a function of the sensor operating 
temperature in Fig. 6. 

 
 

Fig. 6. Response of sensor using SnO2 nanofibers and rGO-
loaded SnO2 nanofibers to NO2 and O3 in dry air (≤5 % RH) 
versus sensor working temperature. 

 
 

It is seen in Fig. 6 that the optimal working 
temperature (i.e. the temperature at which the sensor 
response is maximum) of the sensors using SnO2 
nanofibers is of around 200 °C and 350 °C for NO2 
and O3, respectively. These results are consistent with 
results obtained with sensors using SnO2 thin films 
reported in the bibliography. As a rule, the maximum 
response of SnO2 sensors is observed at temperatures 
below 250 ºC down to ambient temperature for NO2 
and above 250 ºC up to 500 ºC for O3 [34, 35]. The 
kinetics of the interaction of NO2 and O3 with the SnO2 
lattice and with the chemisorbed oxygen ions on its 
surface has been described elsewhere [36, 37]. 

The response of SnO2 nanofibers to NO2 increases 
as the sensor operating temperature is raised from 
room temperature towards 200 °C. This result 
indicates that a thermally activated oxidation of SnO2 
surface is the dominant adsorption process in the low 
temperature range [38-40]. The predominant oxygen 
species on the SnO2 surface is molecular oxygen  
ion O2

¯. With NO2 molecules being unlikely to react 
with O2

¯ ions, a direct interaction with surface tin ions 
is likely 

 
 	  (3) 

 

As the sensor operating temperature is further 
raised, the availability of atomic oxygen ions O- on the 
SnO2 surface increases drastically, as a result of 
reactions (1) and (2). In such a situation direct 
ionosorption reaction (3) becomes improbable. With 
significant amounts of O- ions now being available on 
the surface, reactions such as 

 
 	 	 (4) 
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become possible [38-40]. This is a reducing 
interaction that leads to a decrease in sensor resistance 
and also consumes NO2. Then, in the high temperature 
range the sensor response is the result of the 
competition between reactions (3) and (4). 

Ozone is a highly unstable and reactive gas that 
readily donates its extra oxygen atom, even at low 
temperatures. The following oxidizing reactions can 
occur at the SnO2 surface under exposure to O3 

 	 , (5) 
 			 	  (6) 
 

however, by analogy with oxygen, which has a larger 
dissociation energy than O3, but already adsorbs 
dissociatively at the surface of SnO2 above 150 ºC; it 
is believed that dissociative adsorption of O3, reaction 
(6), is the preferred interaction above 100 ºC [37, 39]. 
In general, the maximum sensitivity to O3 of sensors 
based on SnO2 thin films has been observed in a 
temperature range when the SnO2 surface is free from 
molecular water (>100 ºC) and the concentration of 
chemisorbed atomic oxygen ion O- is still low. As the 
operating temperature of the sensor is raised, the 
concentration of O- ions also increases and the 
following reaction initiates 
 	 2 	 		 (7) 
 
a reducing interaction that results in a reduction of 
sensor response through the reduction of sensor 
resistance and the consumption of O3 available for 
surface reactions. 

As it can be seen in Fig. 6, by adding rGO to the 
SnO2 nanofibers the sensor response in the low 
temperature range increases considerably and the 
optimal working temperature reduces by nearly 
150 ºC, down to room temperature for NO2 and 200 ºC 
for O3. These results are attributed to the formation of 
local p-n heterojunctions between rGO flakes (p-type) 
and SnO2 nanograins (n-type) on the inner and outer 
surface of the hollow SnO2 nanofibers. A noticeable 
improvement of sensing performance towards NO2 
and other air pollutants has been found for SnO2-
graphene composite materials by other authors too 
[19, 41-46]. To the best of our knowledge, this is the 
first time that such behavior is reported for O3.  

Then, the effect of air humidity on sensor response 
was assessed. Fig. 7 compares the response of sensors 
using nanofibers of SnO2:rGO towards NO2 and O3 in 
dry air and in humid air.  

It can be seen that the optimal working temperature 
is not affected by air humidity, but it does affect the 
sensitivity of the sensor at low temperatures. Below 
150 °C the sensor response towards NO2 decreases as 
air humidity increases and the opposite occurs for O3. 

The effect of water vapor on the gas detection 
behavior of SnO2 thin films has been widely 
investigated [47-49]. SnO2 tends to absorb multiple 
layers of humidity from ambient air, forming a liquid 
water film on the surface. The active sensing layer in 

this case is the adsorbed water film, which responds 
only to gases that can easily dissolve and undergo 
electrolytic dissociation in water [50, 51]. Raising the 
substrate temperature towards 150 ºC, the water 
coverage drops and large patches of free SnO2 surface 
appear, providing adsorption sites for water vapor and 
other gases in the air (O2, NO2, O3). 

 
 

 
 

Fig. 7. Response of s sensor using RGO-loaded SnO2 
nanofibers to NO2 and O3 in dry air and in humid air  
(50 % RH) versus working temperature. The concentration 
of the gases is 50 ppb. 
 
 
3.2. Recovery Speed 
 

The results suggest using electrospun nanofibers of 
SnO2:rGO as sensing material for selective detection 
of NO2 and O3 in air. Acceptable operating 
temperatures are below 100 ºC for NO2 and between 
100 ºC and 200 ºC for O3. However, the slow recovery 
of MOS sensors at such low temperatures limits its 
suitability to air pollution monitoring.  

Fig. 8 shows the recovery behavior of a sensor 
using SnO2:rGO nanofibers after exposure to O3 in 
humid air at various working temperatures. The 
recovery time τrec is the time it takes for the change in 
the sensor response when exposed to the gas to be 
reduced by 90 % once the gas is removed. The 
recovery time is depicted as a function of the sensor 
operating temperature in Fig. 8 (inset).  

The recovery time decreases with increasing 
temperature and reaches values acceptable for 
practical applications (τrec<30 s) at around 200 ºC. 
Therefore, the sensors should be operated in dynamic 
(variable temperature) mode instead of isothermal 
(constant temperature) mode, i.e. at low temperature 
for gas adsorption and high temperature for gas 
desorption [52, 53]. 

Also, it has been demonstrated that the low 
temperature sensing performance of MOS sensors can 
be improved by irradiation with UV light [54-59]. 
Here we investigate UV irradiation for low 
temperature gas desorption from RGO-loaded SnO2 
nanofibers. To that aim, we use a UV-LED source with 
peak wavelength λmax at 356 nm (OSA Opto Light, 
OCU-400 UB355). The UV lamp is placed centered 
on the top wall of the sensor cell facing the surface of 
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the multisensor platform at a distance of nearly one 
cm. Sensors are subjected to adsorption-desorption 
cycles in which the sensor temperature is kept constant 
and the UV lamp is switched on only in the gas 
desorption phase. 

 
 

 
 

Fig. 8. Recovery behavior of a sensor using RGO-loaded 
SnO2 nanofibers after exposure to O3 (50 ppb) in humid air 
(50 % RH) at different working temperatures. Insert: Sensor 
recovery time (diamonds) and sensor heating power 
(crosses) versus working temperature. 
 

 

Fig. 9 shows the response and the recovery time of 
a sensor in a test with a mixture of O3 and humid air, 
the sensor operating and 100 °C, and the power of the 
UV source varying from null (lamp off) up to 55 mW. 
It can be observed that UV irradiation causes an 
enhancement of the sensor response and a reduction of 
the sensor recovery time, even at the lowest power of 
3.3 mW used in the tests. A kind of saturation stage is 
reached at around 20 mW with a recovery time in the 
order of 60 s.  

 
 

 
 

Fig. 9. Response (diamonds) / recovery time (crosses) of a 
sensor using RGO-loaded SnO2 nanofibers under / after 
exposure to O3 (100 ppb) in humid air (40 % RH) versus 
power of UV lamp in the desorption phase. The sensor 
operates in isothermal mode at 100 ºC. 

 
 

Finally, we assess the stability of the sensors 
working in  

1) Dynamic mode: 100 ºC for gas detection  
(Tads) and 200 °C for sensor recovery (Tdes), no  
UV irradiation;  

2) Dynamic mode: 100 °C for gas detection and 
350 °C for sensor recovery (Tdes), no UV irradiation;  

3) Isothermal mode: 100 °C for gas detection  
and sensor recovery, UV irradiation at 5 mA for  
gas desorption.  

The tests run for 16 h and consist of 50 cycles, each 
of a duration of 20 min: 10 min for gas adsorption 
(Tads), 5 min for sensor heating (Tads → Tdes) and gas 
desorption (Tdes), and 5 min for sensor cooling  
(Tdes → Tads). In 3) both Tads and Tdes are set to 100 °C. 
The evolution of the sensor response in tests with O3 
in humid air is displayed in Fig. 10. 

 
 

 
 

Fig. 10. Response of a sensor using RGO-loaded SnO2 
nanofibers under exposure to O3 (100 ppb) in humid 
air (40 % RH) over adsorption-desorption cycles. 
Sensor temperature for gas adsorption is 100 °C and 
for gas desorption: 200 °C (Pheat 25 mW), 350 °C (Pheat 
40 mW), and 100 ºC (Pheat 14 mW) with UV irradiation 
at 5 mA (PUV 17 mW). 

 
 

The sensor shows a rather similar response, both in 
value and stability, in tests 2) and 3). However, the 
power consumption of the sensor in the gas desorption 
phase is lower in test 3). Assuming that UV irradiation 
affects the four sensors equally, each sensor consumes 
around 18.25 mW for gas desorption in test 3), 
compared to 40 mW in test 2). 
 
 
4. Conclusions 
 

It has been demonstrated the feasibility of 
electrospun SnO2:rGO nanofibers for selective 
detection of NO2 and O3 in air at temperatures below 
100 °C with good sensitivity in the sub-0.1 ppm range. 
It has also been proven that thermal activation and UV 
photoactivation can effectively speed-up gas 
desorption from the nanofibers of SnO2:rGO at low 
temperatures. For practical applications it is still 
necessary to design and assess heating and UV 
irradiation strategies that guarantee the stability of the 
sensor in the long-term. 
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