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A B S T R A C T   

A mixed potential type yttria-stabilized zirconia (YSZ)-based NO2 sensor attached with NiO sensing electrode 
(SE) with efficient three-phase boundary (TPB) processed by electrospinning technology was fabricated. The 
effect of the structure and area of TPB on the gas sensing performance of the sensor was investigated system
atically. The YSZ nanofiber array was directly deposited on YSZ substrate by electrospinning method to construct 
efficient three-dimensional TPB. The sensor (S30) based on YSZ substrate processed by electrospinning method 
with the flow rate of 1.5 mL/h for 15 min and NiO-SE exhibited the highest sensitivity (77.4 mV/decade) to 
5–500 ppm NO2 at 510 ◦C, which was 2.6 times as the sensor (S00) with unprocessed YSZ substrate. The response 
value of S30 to 100 ppm NO2 could reach 109 mV at 510 ◦C, which increased about 51 mV comparing with S00. 
Moreover, the sensor (S30) also displays fast response and recovery rates, good repeatability, excellent selec
tivity, moisture resistance and long-term stability. The elevated NO2 sensing performance of the sensor is 
attributed to more active sites of electrochemical reactions by increased area of three-dimensional TPB.   

1. Introduction 

With the rapid development of automobile industry, automobile 
exhaust pollution has become one of the main causes of environmental 
and air pollution. And the main pollutants from the exhaust gas from 
automobiles include carbon monoxide (CO), hydrocarbons (HCs), ni
trogen oxides (NOx), sulfur dioxide (SO2), VOCs (benzene), lead com
pounds, benzopyrene and solid particles. Among the discharged exhaust 
gas, NOx can seriously damage the human health [1,2] and will cause 
photochemical smog and acid rain [3,4]. Studies have shown that 
exposure to air with a concentration of 9.4 mg/m3 of nitrogen dioxide 
for 10 min will cause dysfunction of human respiratory system. There
fore, it is necessary for the in-situ and real-time monitoring of the con
centration of NO2 in automobile exhaust to realize the detection and 
control of NO2 gas emissions [4,5]. 

In order to detect vehicle exhaust stably and efficiently, various kinds 
of solid electrolyte-based electrochemical NOx sensing devices have 

been invented and studied over the past decades [6–12]. Among them, 
the yttria-stabilized zirconia (YSZ)-based mixed potential type gas sen
sors generally have the advantages of high-temperature tolerance, good 
selectivity and great stability [13–17]. And NiO is one kind sensing 
material commonly used in the field of NO2 detection [18–20]. But the 
response values of these sensors to NO2 was not impressive. So it is 
necessary to further improve the sensing performance of the device. At 
present, two main strategies for improving the gas sensing performance 
of mixed potential type sensors are the development of new sensing 
electrode materials [21–25] and the construction of efficient 
three-phase boundary (TPB) [26–29]. Therein, TPB is the contact 
interface of gas, solid electrolyte and sensing electrode where electro
chemical reactions take place. The number of active sites of electro
chemical reactions is related to the structure and the area of TPB, which 
could affect the rate of electrochemical reactions. To date, many re
searches about the construction of TPB have been reported. Wang et al. 
fabricated the bowl-shaped structure on the YSZ substrate by 
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solution-dipping template strategy then constructed well-ordered TPB 
structure to improve the sensing performance [26]. And the mixed 
method was also used to form three-dimensional (3D) TPB by Liu et al. to 
make a high-performance NO2 sensor [30]. You et al. used low energy 
ion beam etching technology to construct microstructure on the surface 
of YSZ substrate and fabricated the improved NO2 sensor [31]. Among 
multitudinous preparation processes and methods, electrospinning is 
mostly used to fabricate nanofibers [32–34], which has the advantages 
of simple operation process, low cost and strong controllability of 
products’ morphology. However, for the mixed potential type sensor, 
electrospinning technology still has not been used to construct the 
efficient TPB to improve the NO2 sensing property. 

In this work, YSZ nanofiber array was directly deposited on the 
surface of YSZ substrate by electrospinning technology to construct an 
efficient three-dimensional TPB. The mixed potential type NO2 sensor 
based on YSZ-substrate with YSZ nanofiber array and NiO-SE was 
manufactured for monitoring NO2 in automobile exhaust gas. The 
detailed sensing behavior and its relationship with TPB as well as the 
sensing mechanism were all discussed. 

2. Experimental 

2.1. Fabrication of YSZ nanofiber array on YSZ substrate 

Firstly, 0.6588 g polyacrylonitrile (PAN, 150,000 MW, 1.184 g/mL) 
powder was dissolved in 10 mL N,N-dimethylformamide (DMF) then 
magnetically stirred at room temperature. After PAN powder was 
completely dissolved, 0.2836 g yttrium nitrate hexahydrate (Y 
(NO3)3⋅6H2O) was added into the solution with magnetic stirring at 
60 ◦C. After the solution became clear, 1.2159 g zirconium acetate hy
droxide (Zr(CH3COO)4− x(OH)x) was added into the solution under the 
same condition until the solution became transparent again. The sche
matic diagram of electrospinning equipment was shown in Fig. 1, which 
mainly includes a high voltage power supply, a pump, a spinneret, a 
roller collector and a speed controller. The prepared precursor solution 
was transferred to a 10 mL syringe with a spinneret. The YSZ substrate 
was firstly cleaned with ethanol and then fixed on the grounded roller 
collector of electrospinning equipment with conductive tape. During the 
electrospinning process, the DC voltage of 18.6 kV was applied between 
the spinneret and the collector. And the distance between them was 
fixed as 18 cm. The flow rate of the precursor solution was set as 0.5 mL/ 
h, 1.0 mL/h and 1.5 mL/h, respectively. And the collection time of 
nanofiber were 10 min, 15 min and 15 min. After being heated at 280 ◦C 
for 1 h and then calcined at 1000 ◦C for 2 h, the YSZ nanofibers were 
obtained. These YSZ substrates deposited with YSZ nanofiber array were 
separately labeled as Y1, Y2 and Y3. And the unprocessed YSZ substrate 
was labeled as Y0. It was worth noting that in order to increase the 
adhesion of YSZ nanofibers with the substrate, a few drops of deionized 
water was dropped on the surface of nanofiber array before calcination 
[35]. 

2.2. Fabrication and measurement of sensor with efficient three- 
dimensional TPB 

As shown in Fig. 2, it was the schematic diagram of the fabricated 
planar mixed potential type gas sensor. The strip-shaped Pt paste was 
coated on the substrate as the reference electrode (RE). The point- 
shaped Pt paste was coated on the other side of the substrate. Then Pt 
wires (Diameter of 0.02 mm) were attached to the RE and the Pt point as 
signal transmission lines. The substrate with Pt wires was heated at 
1000 ◦C for 0.5 h afterwards. And the strip-shaped NiO sensing material 
paste was coated over the Pt point as the sensing electrode (SE). The 
sensing material paste was made by commercial NiO nanoparticles 
(Shanghai Aladdin Biochemical Technology Co., Ltd.) mixed uniformly 
with deionized water. Next, the sensor was heated at 800 ◦C for 2 h. 
Then the Pt heater was adhered to the back side of the YSZ substrate by 
inorganic adhesive, and the heating current was used to provide a high- 
temperature working environment for the device. To explore the influ
ence of TPB on sensing performance, sensors were fabricated by using 
unprocessed substrate and YSZ substrates deposited with three different 
densities of nanofiber array, respectively. The sensor with Y0 was 
labeled as S00. Similarly, the sensors with Y1, Y2 and Y3 were labeled as 
S10, S20 and S30. 

X-ray diffraction (XRD) (Cu-Kα radiation wave length =

0.15418 nm) in the range of 20–85◦ was used to reveal the crystalline 
structure of YSZ nanofibers and commercial NiO sensing material. The 
properties of surface morphology of the YSZ nanofiber array on the 
substrate were characterized by field emission scanning electron mi
croscopy (SEM) using a JEOL JSM-6500 F microscope with an acceler
ating voltage of 5 kV as well as atomic force microscope (AFM; Being 
Nano-Instrument, Ltd., CSPM5500, China). Transmission electron mi
croscopy (TEM) and High-resolution TEM (HRTEM) images were ob
tained by JEM-2100 F electron microscope with the operating voltage of 
200 kV, so that to characterize the lattice spacing of uncalcined crys
talline materials and the size of nanoparticles of the uncalcined com
mercial NiO material. 

The sensing performance of the gas sensor was tested by statics 
measurement method [26]. When the device was exposed to the air or 
mixture gas, the potential difference between RE and SE was measured 
by a digital electrometer (Rigol Technologies, DM3054, China), and the 
data was recorded by the computer which was linked to the digital 
electrometer. The time for the device to be kept in the air was set to be 
three minutes. And the time for the device to be kept in the mixture gas 
was set as two minutes. The response value of the sensor was recorded as 
ΔV (ΔV = Vgas - Vair). 

Fig. 1. Schematic diagram of electrospinning equipment.  

Fig. 2. Schematic illustration of the fabricated planar mixed potential type NO2 
gas sensor with processed TPB. 
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3. Results and discussion 

3.1. Material and surface morphology characterization 

XRD measurement results of NiO sensing electrode material and YSZ 
nanofiber material were shown in Fig. 3. It was obvious that all the main 
peaks in Fig. 3(a) could be indexed to standard NiO (JCPDS#44-1159) 
without any impurity. And it can also be seen from Fig. 3(b) that the 
diffraction peaks of prepared YSZ nanofibers calcined at 1000 ◦C agreed 
well with the YSZ standard card (JCPDS#82-1244). From the TEM 
image of uncalcined NiO in Fig. 4(a), it could be calculated that the size 

of a single NiO particle is about 10 nm in a shape of ellipsoid. The 
HRTEM images of NiO as shown in Fig. 4(b) and (c) showed the lattice 
spacing was 0.244 nm and 0.209 nm, corresponding to the (101) and 
(012) planes of NiO separately. 

The surface SEM images of YSZ nanofibers before and after calci
nation at 1000 ◦C were shown in Fig. 5. The smooth surfaces of nano
fibers were observed before calcination. It can be seen from Fig. 5(a-c) 
that the diameter of nanofibers varied from 250 nm to 320 nm. From 
Fig. 5(d-f), it can be summed up that with the increase of the flow rate 
and collection time, the nanofibers calcined at 1000 ◦C that deposited on 
the substrate became much denser. The nanofibers deposited on Y1 were 

Fig. 3. XRD patterns of (a) commercial NiO powders sintered at 800 ◦C and (b) YSZ nanofibers sintered at 1000 ◦C.  

Fig. 4. (a) TEM image of uncalcined commercial NiO powders; (b, c) HRTEM images of single NiO particle and the inset of (b, c) are the HRTEM images of the area 
inside the dashed squares in (b) and (c). 
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very sparse and the average formed pores’ size was the largest as shown 
in Fig. 5(d), which was about several microns. And the pores formed by 
nanofibers on Y2 were also obvious as shown in Fig. 5(e). But the pore’s 
size became much smaller. When the flow rate further increased to 
1.5 mL/h, the average pores’ size was further reduced. It was only about 
1 µm as shown in Fig. 5(f). Remarkably, the surface of nanofibers 
became rough after sintering at 1000 ◦C (Fig. 5(g-i)). The diameter 
ranges of sintered nanofibers deposited on Y1, Y2 and Y3 were all about 
100–190 nm, indicating that the diameter of spinning nanofibers under 
the same condition was uneven. The difference between diameter ranges 
of nanofibers under different conditions was negligible. With the in
crease of the flow rate and collection time, the density of the pores also 
increased. 

To characterize the surface morphology of the unprocessed YSZ 
substrate and the YSZ substrates with YSZ nanofibers more intuitively, 
AFM test was performed. From the three-dimensional (3D) graphs of the 
Y0, Y1, Y2 and Y3 as shown in Fig. 6(a-d), the roughness of the substrate 
surface and the average depth of the pores could be measured. The test 
results of the AFM images of Fig. 6(a-d) could match with the SEM re
sults. Moreover, the relationship between the depth of pores and 
different Y0, Y1, Y2 and Y3 substrates deposited with nanofibers was 
illustrated in Fig. 6(e). With the increase of flow rate and collection 
time, the average pores’ depth of the YSZ array increased as well. The 
deepest average pores’ depth of Y3 was approximately 763 nm, and the 

smallest value of Y1 also could reach 354 nm. Fig. 6(f) showed the 
roughness average (Ra) of Y0, Y1, Y2 and Y3. It was evident that with 
the increase of flow rate and collection time, the Ra of the YSZ substrate 
also increased as the same situation of depth value. The Ra value of Y3 
reached the maximum, which was about 184 nm. The numerical value 
was much larger than the value of Y0, which was about 38 nm. And the 
changing trend of the Ra was consistent with the device’s sensitivity. 
Furthermore, our researches indicated that the substrate with larger Ra 
value is conducive to build larger three-dimensional TPB, because it 
could provide more active sites of corresponding electrochemical re
actions and it is conducive to the manufacture of a high-performance 
YSZ-based mixed potential type gas sensor [26,31]. Therefore, based 
on the above results, we have reasons to believe that small particle NiO 
with 10 nm could completely match and fill in the pore structure of YSZ 
nanofiber arrays on YSZ substrates. 

3.2. Sensing performance of sensors and discussion on sensing mechanism 

In order to explore the sensing performance of sensors processed 
with different electrospinning conditions, the linear dependence of ΔV 
of S00-S30 on the logarithm of NO2 concentration in the range of 
5–500 ppm at the working temperature of 510 ◦C was illustrated in  
Fig. 7(a). The above linear relationship was also used to prove that the 
sensor conforms to the mixed potential mechanism. The test results 

Fig. 5. Unsintered nanofibers under the conditions of (a) 0.5 mL/h and 10 min; (b) 1 mL/h and 15 min; (c) 1.5 mL/h and 15 min and the inset of (a, b, c) are the SEM 
images of unsintered nanofibers with high magnification; (d-f) Morphology of Y1-Y3 surfaces after calcination; (g-i) Y1-Y3 surfaces after calcination with high 
magnification. 
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showed that the sensitivities of S00, S10, S20 and S30 to 5–500 ppm NO2 
were 29.8, 41.3, 52 and 77.4 mV/decade, respectively. Obviously, the 
sensitivity value of S30 to 5–500 ppm NO2 was the maximal among S00- 
S30, which was 2.6 times as the sensitivity of the sensor (S00) with 
unprocessed YSZ substrate. The variation tendency of the sensitivities of 
sensors and the Ra of YSZ substrates was consistent as shown in Fig. 6(f), 
which proved that the improvement of sensing performance is related to 
the increase of the roughness of the substrate surface. And the depth 
value of pore of Y3 was also the largest as depicted in Fig. 6(e). It 
demonstrated that more NiO sensing material would be deposited in the 
nanofiber array on the processed Y3 substrate, which increased the 
contact area between the SE material and YSZ substrate material. These 
results all proved that the improvement of sensing performance is 
related to the construction of larger TPB. It leads to the increase of the 
density of active sites and the promotion of electrochemical activity of 
the sensing electrode, causing the raise of sensor’s sensitivity and 

response value to NO2 gas. Subsequently, to systematically explore the 
effect of constructed three-dimensional TPB on the sensing performance 
of sensors to NO2 and to verify the electrochemical activity of the 
sensing electrode under different TPB conditions, the complex imped
ance measurements (The RE2 and WE of SI 1287 were connected 
together and linked to sensor’s SE. The RE1 and CE of SI 1287 were 
connected together and linked to sensor’s RE; DC Potential: − 0.8 V; AC 
Amplitude: 100 mV; Initial Frequency: 106 Hz; Final Frequency: 0.1 Hz) 
of S00, S10, S20 and S30 were all carried out with 50 ppm NO2 at 
510 ◦C, as depicted in Fig. 7(b). Based on the previous reports [22,36], 
the interfacial resistance between YSZ substrate and sensing electrode is 
related to the degree of electrochemical reactions. The correlation value 
can be compared from the diameter of the semi-arc curve at lower fre
quency. It can be seen from Fig. 7(b) that the diameter of the semi-arc 
curve at lower frequency corresponding to sensors with unprocessed 
and processed YSZ substrates under diverse conditions was different. 

Fig. 6. AFM images of the (a) Y0; (b) Y1; (c) Y2; (d) Y3 substrate’s surface; (e) Variation tendency curve of the pore’s depth of different YSZ substrates; (f) Trend 
curves of Ra and the sensitivity of different sensors. 
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The diameter of the semi-arc curve at lower frequency corresponding to 
S30 was the smallest, indicating that S30 has the highest electro
chemical activity of the sensing electrode. From the characterization 
results of Y3, the contact structure between the sensing electrode and 
YSZ material had changed from two-dimensional planar structure to 
three-dimensional structure that results in larger TPB area. Moreover, 
larger TPB area represents more active sites of electrochemical reaction, 
further explaining the reason for the improvement of sensing perfor
mance of S30 to NO2 is the construction of extensive efficient 
three-dimensional TPB. Next, we will study the other sensing perfor
mances of S30 systematically. 

To establish the optimum operating condition of the fabricated 
sensor, the responses of S30 to 50 ppm NO2 at different operating 
temperatures in the range of 465–555 ◦C were measured and the cor
responding results were shown in Fig. 8. It can be seen that the response 
value first increased but then decreased with increasing operating 
temperature in the range of 465–555 ◦C. When the device worked at 
510 ◦C, the response of S30 to 50 ppm NO2 reached the maximum, 
which was 75.7 mV. Therefore, it could be concluded that the best 
working temperature of S30 is 510 ◦C and the other sensing perfor
mance tests of S30 would all be conducted at 510 ◦C. 

As shown in Fig. 9(a), the transient response and recovery of S30 to 
NO2 in the concentration range of 5–500 ppm were tested at 510 ◦C. The 
device showed good continuous response and recovery characteristics in 
the concentration range of 5–500 ppm. The response value of S30 to 
100 ppm NO2 was approximately 109 mV. And comparing with S00, the 
response of S30 to 100 ppm NO2 increased about 51 mV at 510 ◦C. Fig. 9 
(b) showed the response time (defined as the time required to reach 90% 

of the response value at steady state) and recovery time (also defined as 
90%) of S30 to 50 ppm NO2 were 17 s and 20 s at 510 ◦C. These results 
indicated that S30 showed excellent response and recovery character
istics to NO2 in the range of 5–500 ppm as well as fast response and 
recovery rates at 510 ◦C. In order to explore the influence of oxygen 
partial pressure on the sensing performance of the sensor, the relation
ship between ΔV of S30 to 100 ppm NO2 and the logarithm of O2 con
centration which was severally tested under the condition of 2, 5, 10 and 
21 vol% oxygen partial pressure was shown in Fig. 9(c). The response 
value and the logarithm of oxygen concentration can be fitted into a 
negative correlation linear relationship. The mixed potential value Vm 
could be expressed as Eq. (1) according to Butler–Volmer Equation: 

Vm = V0 − mA ln CO2 + nA ln CNO2 (1)  

Where V0, m, n and A are all constants. Fig. 9(d) showed a positive linear 
dependence of ΔV of S30 on the logarithm of NO2 concentration in the 
range of 5–500 ppm at 510 ◦C. Considering Fig. 9(c) and (d) together, 
the experimental results were consistent with the Eq. (1), which proved 
that the sensor follows the mixed potential sensing mechanism. And the 
comparison of the sensitivity to NO2 of S30 in this work and those 
different sensors reported previously in other literatures [12,24,26–28, 
31,37–40] is summarized in Table 1. Obviously, the sensor with best 
performance in this work showed better sensing property to NO2 than 
those sensors reported previously, proving that our strategy of con
structing efficient TPB to improve sensing performance is effective. 

However, in actual automobile exhaust environment, many other 
interfering gases may also exist at the same time. Therefore, the sensor’s 
good selectivity to NO2 is very important for the practical application of 
devices. The response values of S30 to NO2 and other gases that may 
exist in automobile exhaust simultaneously such as CO, C2H4, CH4, NH3, 
NO and benzene were tested at 510 ◦C and the results were shown in  
Fig. 10(a). It could be seen that S30 showed little response to 100 ppm 
CO, C2H4, CH4, NH3, NO, or benzene. But S30 showed obvious response 
to 100 ppm NO2, implying that the sensor displays excellent selectivity 
to NO2. The absolute value of response to 100 ppm other gases were only 
between 3 and 9. And selectivity coefficient K (K was defined as 
|ΔVNO2/ΔVother gas|) was used to describe the selective performance of the 
sensor. The higher the K value is, the better the selectivity will be. It 
could be calculated that the range of K was between 12 and 37 to 100 
ppm different interference gases. The response value of the sensor when 
it was in the gas cylinder which was filled with 50 ppm NO2, 100 ppm 
CO, 100 ppm CH4, 100 ppm NH3, 100 ppm NO, 100 ppm C2H4 and 
100 ppm benzene at the same time could also reach 50.7 mV, and the K 
value was 0.91 in this condition, indicating that the response changed 
little when the interfering gases coexisted with NO2. It could be 
concluded that S30 shows excellent selectivity to NO2 among gases such 
as CO, C2H4, CH4, NH3, NO and benzene at 510 ◦C. Fig. 10(b) showed 

Fig. 7. (a) Relationship between ΔV of S00-S30 and the logarithm of NO2 concentration in the range of 5–500 ppm at 510 ◦C; (b) Complex impedance curves of S00, 
S10, S20 and S30 to 50 ppm NO2 at 510 ◦C. 

Fig. 8. Responses of S30 to 50 ppm NO2 at different temperatures in the range 
of 465–555 ◦C. 
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the continuous response and recovery curves of S30 to 5 ppm and 
100 ppm NO2 with 7 alternative cycles at 510 ◦C. The response values of 
S30 for 7 continuous tests separately to 5 ppm and 100 ppm NO2 gas 
were pretty similar to each other at 510 ◦C. From the illustration in  
Fig. 11(b), it can be seen that the change of response values ΔVr (ΔVr =

[(ΔVm-ΔV0)/ΔV0 * 100%], where ΔV0 and ΔVm denote the response 
value of the first test and the mth test) was less than 7% for 100 ppm 
NO2 and was less than 24% for 5 ppm NO2. These test results proved that 
S30 shows good repeatability to low and high concentrations of NO2 
referring to other proposed NO2 sensor [8,9,22]. In real practical ap
plications, the sensor may work under relatively high humidified envi
ronments in automobile exhaust monitoring field. Therefore, the change 
degree of the sensor’s response values under different relative humidity 
(RH) within a certain range should be small enough. Here, Fig. 10(c) 
illustrated the response values and the change of response values (ΔVh) 
of S30 at 25%, 40%, 60%, 80% and 98% RH separately to 50 ppm NO2 at 
510 ◦C (ΔVh = [(ΔVx-ΔV0)/ΔV0 * 100%], where ΔV0 and ΔVx denote 
the response value under 25% and x% relative humidity). Since the 

maximum |ΔVh| value was 17.8% under the range of 25%− 98% RH to 
50 ppm NO2, proving that S30 displays good humidity resistance, which 
is very important for the practical application of the device. Further
more, a 27 days’ long-term stability of S30 that was undergoing 
high-temperature-aging of 510 ◦C during the whole 27-day test period 
to 5 ppm and 50 ppm NO2 gas were also measured under 510 ◦C and 
21 vol% oxygen partial pressure as depicted in Fig. 10(d). It could be 
concluded that the absolute value of the change of ΔV (ΔVD =

[(ΔVn-ΔV0)/ΔV0 * 100%], where ΔV0 and ΔVn denote the response 
value on the initial day and the nth day) to 5 ppm NO2 was less than 19% 
during the first 12 days. As for the condition of 50 ppm, the largest 
change ratio was − 13.2% during the first 12 days. As for the whole 
27-day test period, the |ΔVD| values of S30 to both relatively low and 
high concentrations of NO2 were less than 27%. These results showed 
that the long-term stability of the sensor could meet the requirements of 
practical application. 

From our previous research experience [30], polarization curves 
measurement could be used to verify device’s mixed potential model. 
Fig. 11 showed the modified polarization curves of S30 to air, 5 ppm and 
50 ppm NO2 at 510 ◦C. The corresponding anodic polarization curve of 
anodic reaction (2) was tested in air atmosphere. And the corresponding 
modified cathodic polarization curves of cathodic reaction (3) were 
obtained in 5 ppm and 50 ppm NO2 atmosphere then subtracted the air 
part.  

Anodic reaction: 2 O2− → O2 + 4e− (2)  

Cathodic reaction: NO2 + 2e− → NO + O2− (3) 

The estimated potential difference can be obtained from the inter
section of the anodic polarization curve and the modified cathodic po
larization curve [41–43]. The observed response values from the 
experiment and the estimated values of S30 to both 5 ppm and 50 ppm 
NO2 were very close, which further indicated that the sensor conforms to 
the mixed potential mechanism. 

Fig. 9. (a) Transient response and recovery of S30 to NO2 in the concentration range of 5–500 ppm at 510 ◦C; (b) Response and recovery transient of S30 to 50 ppm 
NO2 at 510 ◦C; (c) Relationship between ΔV of S30 to 100 ppm NO2 and the logarithm of O2 concentration at 510 ◦C; (d) Relationship between ΔV of S30 and the 
logarithm of NO2 concentration in the range of 5–500 ppm at 510 ◦C. 

Table 1 
Comparison of the sensitivity values of different sensors in this work and those 
reported previously in other literatures.  

Sensing material Sensitivity (mV/decade) Ref. 

La0.65Sr0.35MnO3  36.6 [12] 
Fe2O3-SnO2  43.5 [24] 
Co3O4-SnO2  8.6 [24] 
NiO  53.9 [26] 
NiCr2O4  55 [27] 
NiO  58 [28] 
NiO  40.7 [31] 
Cr2O3-WO3  25 [37] 
MnCr2O4  44.5 [38] 
Bi2W2O9  54.8 [39] 
SnO2-NiO  38.7 [40] 
NiO  77.4 This work  
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4. Conclusion 

In conclusion, a reformative mixed potential type YSZ-based NO2 gas 
sensor with efficient three-dimensional three-phase boundary processed 
by electrospinning technology was manufactured. Electrospinning 
technology was first applied for depositing nanofiber array directly on 
the YSZ substrate to fabricate efficient three-dimensional TPB, and the 
density of nanofibers was controlled by different experimental param
eters in electrospinning process such as flow rate and collection time. 
The S30 could detect 5–500 ppm NO2 with the maximum sensitivity of 
77.4 mV/decade at 510 ◦C, which was 2.6 times as S00. The response 
value of S30 to 100 ppm NO2 could reach 109 mV at 510 ◦C, which 
increased about 51 mV comparing with S00. The experimental test re
sults also showed that the sensor (S30) with efficient three-dimensional 
TPB displays fast response and recovery rates, good repeatability, 
selectivity, moisture resistance and long-term stability to NO2, ensuring 
the potential application of the device in automobile exhaust gas 
detection area. 
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Fig. 10. (a) Selectivity of S30 to various gases at 510 ◦C; (b) Response and recovery transient curves of S30 to 5 ppm and 100 ppm NO2 with 7 alternative cycles at 
510 ◦C. The inset is the variations of response values of S30 to 5 ppm and 100 ppm NO2 with 7 alternative cycles at 510 ◦C; (c) Response values and their variations of 
S30 under 25–98% RH to 50 ppm NO2 at 510 ◦C; (d) Long-term stability of S30 to 5 ppm and 50 ppm NO2 for 27-day period at 510 ◦C. 

Fig. 11. Modified polarization curves of S30 to air, 5 ppm and 50 ppm NO2 
at 510 ◦C. 
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