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Abstract
We report a systematic investigation into the optimization of ZnO nanofiber-based NO gas sensors through precise control 
of structural parameters. By employing electrospinning technique, we fabricated ZnO nanofibers with controlled diameters 
(160–310 nm) and thicknesses (19–25 μm), enabling detailed analysis of structure–property relationships in gas sensing 
performance. The sensors exhibited optimal performance at 200 °C operating temperature, with the thinnest membrane 
(160 μm) and smallest fiber diameter (9.52 μm) demonstrating superior sensing capabilities. Under these optimized condi-
tions, the sensor achieved a remarkable sensitivity of 25 (Ω/Ω) toward 500 ppb NO gas with a notably fast recovery time of 
191 s. Structural characterization revealed that reducing membrane thickness by 30% enhanced sensitivity by 96%, attributed 
to increased pore area accessibility. In addition, decreasing nanofiber diameter by 90% resulted in a twofold improvement 
in NO gas sensitivity. The sensing mechanism was elucidated through energy band analysis, revealing the critical role of 
electron depletion layer modulation at the gas–solid interface. The sensors demonstrated excellent selectivity against com-
mon interferents including ethanol, isopropanol, and acetone, with NO response approximately 84 times greater than these 
compounds. This study provides crucial insights into the rational design of metal oxide nanofiber architectures for enhanced 
gas sensing performance, offering potential applications in both industrial and biomedical monitoring systems.

Keywords Nitric oxide (NO) · Electrospun nanofibers · Zinc oxide (ZnO) · Sensor structure · Sensor thickness · Nanofiber 
diameter

1 Introduction

Nitric oxide (NO) is a harmful gas produced in the form of 
by-products of industrial production and combustion. It not 
only is one of the important sources of acid rain, but also 
destroys the olfactory oxygen layer [1]. Moreover, it can 
react with water and oxygen on the skin, in the eyes and 
mucosa, and eventually turn into irritant substances, namely 
nitric acid and nitrite, which harm human health [1]. In addi-
tion, the increase of NO level in exhaled breath can be a sign 
of respiratory disease [2, 3]. Aside from medical application, 
NO is a typical air pollutant exhausting from car engines, 
boilers or any other combustion processes on every basis. 
Nonetheless, low-cost NO detectors for distributed ambient 
sensors and point-of-care applications are lacking. There-
fore, developing a gas sensor to detect NO gas in industrial 
and biomedical applications is a matter of importance.

Recent advances in NO gas sensing have highlighted 
the critical importance of developing highly sensitive 

Online ISSN 1875-0052
Print ISSN 1229-9197

 * Roohollah Bagherzadeh 
 bagherzadeh_r@aut.ac.ir

1 Advanced Fibrous Materials Lab (AFM-LAB), Institute 
for Advanced Textile Materials and Technology, Amirkabir 
University of Technology (Tehran Polytechnic), Tehran, Iran

2 Université de Lille, ENSAIT, Laboratoire Génie Et 
Matériaux Textile (GEMTEX), 59000 Lille, France

3 Université de Lille, ENGYSYS, Lille, France
4 Junia, 59000 Lille, France
5 Textile Engineering Department, Textile Research 

and Excellence Centers, Amirkabir University of Technology 
(Tehran Polytechnic), Tehran, Iran

6 Sensors Unit, Materia Nova ASBL, 56 Rue de L’Epargne, 
7000 Mons, Belgium

7 Materials Science Department, UMONS, 56, Rue de 
L’Epargne, 7000 Mons, Belgium

http://orcid.org/0000-0001-8297-5343
http://crossmark.crossref.org/dialog/?doi=10.1007/s12221-024-00823-x&domain=pdf


 Fibers and Polymers

and selective detection methods. For instance, innova-
tive approaches using surface plasmon resonance (SPR) 
coupled with 2D materials have demonstrated remarkable 
NO detection capabilities down to parts-per-billion lev-
els while operating at room temperature. These develop-
ments underscore the diverse strategies being explored 
for NO detection, ranging from optical to conductometric 
approaches, particularly the recent advances in function-
alized sensing materials that can achieve selective NO 
detection even in complex gas mixtures, which is crucial 
for both environmental monitoring and medical diagnos-
tics applications. The development of nanomaterial-based 
gas sensors has significantly excelled in recent years by 
employing different approached so as to enhance sensi-
tivity and selectivity. Among these, the incorporation of 
noble metal nanoparticles and the development of hier-
archical nanostructures have shown promising results in 
improving gas sensing performance. Recent studies have 
demonstrated that modified sensing materials, particularly 
those incorporating precise structural engineering at the 
nanoscale, can considerably increase gas molecule adsorp-
tion and subsequent charge transfer processes, leading to 
improved sensor response and recovery times.

To address this, semiconductor metal oxide (SMO) sen-
sors occupy a significant part of the gas sensor component 
market. While there are many approaches available for gas 
detection, metal oxide sensors remain to be widely used for a 
range of gas species as they have gained significant research 
attention owing to their advantages, such as portability, fast 
operation, low cost and power consumption, and ease of 
integration [4]. These devices have the merits of being low 
cost, highly sensitive, fast responding as well as relatively 
simple, which are beneficial when encountering new appli-
cations, especially in portable devices [5]. To date, a variety 
of semiconductors have been used to construct gas sensors, 
including  SnO2 [6–9],  In2O3 [10–12], ZnO [13–16],  TiO2 
[17]. Among them, ZnO is often used as a gas sensitive 
material for preparing NO gas sensors [14, 16]. ZnO (zinc 
oxide) is a typical n-type semiconducting metal oxide being 
low cost and environment friendly as well as having high 
exciton binding energy, 3.37 eV wide band gap, and high 
electron mobility [1]. It has been extensively used in gas 
sensing devices due to its low production costs and non-toxic 
property. ZnO with nanostructure is particularly promising 
[18] because the large surface-to-volume ratio enhances the 
sensitivity [15].

The operation basis of resistive type sensors is based on 
changes in resistance (or conductance) of the gas sensing 
material as induced by the surrounding gas. The changes 
are caused by various processes, which can take place both 
at the surface and in the bulk of gas sensing material [5]. 
Thus, the structure of sensing layer holds significance in 
SMO-based gas sensors due to their general mechanism.

Previously documented methods for depositing the sens-
ing layer include magnetron sputtering [5], sol–gel [6], 
chemical vapor deposition (CVD) [7], ultrasonic spray 
pyrolysis [5] and electrospinning [19]. By employing the 
electrospinning technique followed by calcination, ZnO can 
be transformed into nanofibers, leading to enhanced gas 
sensor performance. The high aspect ratio, surface-area-to-
volume ratio, and the ability to create diverse nanostructures 
and controlled shapes contribute significantly to improved 
sensing capabilities [16]. There are numerous possible elec-
trospinning parameters, controlling the structure of nanofib-
ers [20]. In previous researches, various nanofiber structures 
have been produced, including hollow [21–23], core–shell 
[24], and composite configurations [18, 25]. To investigate 
the impact of structural characteristics on sensing perfor-
mance, several modifications were made to SMO structures. 
In the study by Choi et al. [26], ZnO nanofiber-based  NO2 
sensors were developed and compared to conventional thin-
film ZnO-based gas sensors. The findings indicated that the 
nanofiber-based  NO2 sensors exhibited a significantly higher 
and faster response at 350 °C. This improvement in perfor-
mance was attributed to the porous structure of the nanofib-
ers, which displayed a heightened sensitivity to the gas. 
Similarly, Katoch et al. found that hollow ZnO nanofibers 
with smaller hole diameters demonstrated higher sensitiv-
ity to reducing and oxidizing gases compared to their larger 
diameter counterparts [22]. Furthermore, in a separate study, 
core–shell electrospun polycrystalline ZnO demonstrated a 
strong response to  NO2 [27]. It is important to note that the 
sensitivity of sensors fabricated using thick film technology 
is also influenced by the film thickness. In this regard, vari-
ous authors have reported significantly different dependen-
cies between sensitivity and film thickness in their studies. 
This is especially significant given that sensing membrane 
thickness exerts contrasting effects on the detection of differ-
ent gases, depending on whether they are oxidizing or reduc-
ing agents [5]. For instance, increasing nanofiber membrane 
thickness results in a reduced response to ozone [28] gas but 
an enhanced response to hydrogen gas [29]. This disagree-
ment underscores complicated gas sensing of metal oxides, 
since it depends on multiple challenging factors. The depth 
of gas penetration into the oxide matrix is intricately linked 
to the diffusion coefficient and activity of the specific gases 
[30].

Overall, none of these studies focus on the changing the 
thickness and diameter of electrospun ZnO nanofibers for the 
improvement of sensitivity and response/recovery time of 
NO gas. Therefore, this study addresses the challenging task 
of detecting NO gas, highlighting its vital contribution to the 
field by analyzing the gas mechanism through varying the 
thickness of the as-spun membrane in addition to adjusting 
the diameter of the calcinated nanofibers thorough altering 
the electrospinning parameters.
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To accomplish this, ZnO nanofibers with three different 
diameters and three distinct thicknesses were synthesized 
using the electrospinning method, with adjustments made to 
the voltage, distance, and surface area of the collector. Sub-
sequently, the prepared sensors were tested at the optimal 
operating temperature of 200 °C, evaluating their perfor-
mance across various gas concentrations. Remarkably, the 
sensors displayed a highly promising low-temperature NO 
gas sensing performance, particularly in the case of the thin-
ner membrane and the lowest nanofiber diameter (measuring 
160 um and 9.52 um, respectively). The sensor exhibited 
an exceptional response magnitude, reaching a value of 22 
when exposed to 500 ppb of NO gas concentration, which, 
to the best of our knowledge, surpasses previous reported 
results. Furthermore, the potential sensing mechanism has 
been explained in this study through the use of an energy 
band diagram, providing insight on the underlying processes.

2  Materials and Methods

2.1  Synthesizing ZnO Nanofibers

Defined polyvinyl alcohol (PVA) and zinc acetate 
(Zn(CH3CO2)2) (ZnAc) were obtained from Sigma-Aldrich. 
Porous ZnO nanofibers were synthesized by electrospinning 
technique using an electrospinning cabin (Fluidnatek/LE 
50, Bioinicia, Spain). To do so, zinc acetate and polyvinyl 
alcohol with the ratio of ZnAc:PVA = 1.5 was prepared in 
distilled water (DW). First, ZnAc and DW dispersion fol-
lowed by ultrasonic was performed. After that, 1 wt% Triton 
-X was added to ease the process of electrospinning into 
the dispersion and then 15 wt% polyvinyl alcohol (PVA) 
polymer was introduced to it followed by 2 h of stirring at 
80 °C. Electrospinning parameters such as voltage, distance, 
and feed rate were optimized using design of experiments 
(DOE) software. Electrospun membranes were calcinated at 
600 °C for 2 h with a heating rate of 0.5 °C/min (Nabertherm 
Co., 30–3000 °C, Germany) to remove the PVA and obtain 
ZnO nanofibers.

2.2  Production of Sensors

The ZnO-based sensor was made by directly placing the cal-
cinated layer on the interdigitated Au electrode with a gap of 
0.25 mm, positioned on an  Al2O3 substrate. The schematic 
of the electrode employed can be seen in Fig. 1, with the 
sensing layer directly fixed on it.

2.3  Characterization

The behaviors of solutions used for electrospinning pro-
cess were studied in viscosity (Lamy Rheology Viscometer 

RM100 Plus), conductivity (Mettler Toledo Seven Direct 
SD23), and surface tension (GBX Instrumentation Scientific 
3S).

The microstructural and morphological characteristics of 
ZnO nanofibers were investigated by field-emission scanning 
electron microscope (SEM) (AIS2100, SERON), and the 
nanofibers’ diameter was measured using Image j software. 
The phase and crystallinity of the samples were analyzed by 
X-ray diffraction (XRD) (Thermo Fisher EQUINOX 3000).

To investigate the sensing behavior of the sensors 
toward a particular gas, the experimental setup presented 
in Fig. 2 was employed. The system comprises a Teflon 
chamber, a bubbler in a bath for humidity control, and 
three mass flow meters controlled by a computer. The 
gas flow meter can modulate the concentration of various 
gases with precision. To maintain a uniform gas flow rate 
for all the sensors during the tests, the total flow of dry 
and humid air was adjusted to 1000 ml/min, and the target 
gas flow rate was set to 50 ml/min. Before conducting the 
gas sensing experiments, the sensors were initially heated 
to the operating temperature of the sensor in ambient air 
for a few days and then exposed to the specific gas under 
study. To ensure the resistance stability of the sensors 

Fig. 1  The electrode used in production of the sensors



 Fibers and Polymers

before exposure to gases, a mixture of dry and humid air 
with controlled relative humidity was initially introduced 
into the Teflon chamber containing the sensors. When 
the electrical resistance became stable, a certified spe-
cific gas such as NO was injected at a flow rate of less 
than 50 ml/min, which was determined based on the gas 
concentration in the experiments. Finally, a data logger 
is employed to capture the data. To ensure precise control 
over the gas flow rate, a mass flow controller was used, 
and closely monitored.

The resistance of the sensor device was assessed 
using a data acquisition system (Keithley 2700). The 
sensor response was calculated as  (Rg−Ra)/Ra, where  Ra 
represents the initial resistance and  Rg is the resistance 
observed during the experiment. Target gas concentra-
tions were calibrated using a commercial chemilumines-
cence NOx analyzer (Thermo Electron, Netherlands).

Moreover, this study also involved the calculation of 
both the response time and recovery time. The response 
time was precisely defined as the duration necessary for 
the sensor to attain 90% of its maximum response, while 
the recovery time was defined as the required period for 
the sensor to return to 10% of its response level during 
the recovery phase.

3  Results and Discussion

3.1  Electrospun Membrane Properties

To achieve the optimal electrospinning solution, measure-
ments of viscosity, surface tension, and conductivity were 
conducted. The optimal conditions were obtained with 
the values of 2.512 ± 0.023 Pa·s, 39.23 ± 0.73 mN/m, and 
10,130.48 ± 33.79 μS/cm, respectively.

To elaborate the effect of fiber diameter on the sensitiv-
ity and response of the sensors toward NO gas, three differ-
ent diameters were produced by changing electrospinning 
parameters including voltage, feed rate, and distance in the 
electrospinning process, as represented in Table 1. In the 
end, three different diameters of 160 ± 0.042, 240 ± 0.06, 
and 310 ± 0.7 nm were produced after calcination labeled 
D-16, D-24, and D-31, respectively. Owing to the fact that 
all collector sizes and duration of electrospinning were 
the same, the thickness remained consistent in all three 
samples with the average of 20.25 ± 0.53.

Among other samples, D-16 demonstrated the best 
response to the target gas at concentrations of 1 ppm and 
500 ppb (see Sect. 3.2). Therefore, the size of the collector 

Fig. 2  The homemade sensing device schematic
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was altered keeping the distance, voltage, and feed rate the 
same as D-16, resulting in different thicknesses as repre-
sented in Table 2. Consequently, with an increase in the 
collector surface area, there is a corresponding reduction 
in the thickness of the layer. The nanofibers’ diameters 
were measured in all three thicknesses and they had the 
same diameter of 160 ± 0.03 nm.

As shown in Table 2, reducing the area of the collec-
tor leads to an increase in the thickness of the nanofiber 
membrane. The thickness of the membrane produced via 
electrospinning is influenced by various factors, including 
solution concentration, applied voltage, flow rate, needle 
diameter, collector distance, and collector size [31]. In this 
case, since all other parameters remain constant, decreasing 
the size of the collector during electrospinning can result in 
a thicker membrane [32]. Moreover, sample D-16 had the 
same thickness of sample T-15.

Continuingly, the XRD spectra of calcinated ZnO 
nano fibers with different diameters and thicknesses are 

presented in Fig. 3. The results are in agreement with pre-
vious studies [33].

In Fig. 3, the XRD pattern of the ZnO powder vividly 
displays a number of peaks originating from (1 0 0), (0 
0 2), (1 0 1), (1 0 2), (1 0 3), (2 0 0), (1 1 2), and (2 0 1) 
planes, which index the hexagonal wurtzite structure of 
ZnO well. The high intensity of the aforementioned peaks 
dictates the high crystallinity of ZnO powder [34, 35].

The grain size average of all samples was calculated 
according to Scherer’s equation [34] using XRD. As it 
was stated in Sect. II, the thickness of D-16 was the same 
as sample T-15; therefore, they had the same grain size 
of 14.5 nm. In addition, it was seen that by increasing the 
diameter of the samples, the grain size experienced 1.27 
nm increase whereas by thickness alteration, no significant 
difference was observed among the T-samples. This is par-
ticularly noteworthy, as fine grain size exhibits superior 
sensitivity [35].

To understand the effect of porosity, samples were ana-
lyzed by BET test. The pore area of all the samples is pre-
sented in Fig. 4. It can be seen that as the thickness rises, 
the surface area reaches its maximum value. Moreover, 

Table 1  Electrospinning and membrane parameters for different diameter of nanofibers

Sample Distance (cm) Voltage (kV) Feed rate (ul/h) Sensitivity after 
calcination
(g/cm3)

Pore area
(m2/g)

Diameter (um)

Before calcination After calcination

D-16 20 18 200 0.4 ± 0.6 76.76 0.46 ± 0.1 0.16 ± 0.042
D-24 16 18 200 20.84 ± 0.5 70.35 0.55 ± 0.11 0.24 ± 0.06
D-31 22 22 300 20.12 ± 1.1 76.56 0.71 ± 0.15 0.31 ± 0.7

Table 2  Structural and sensing 
properties of the sensor with 
different thicknesses

Sample Collector 
size  (cm2)

Thickness (um) Pore area
(m2/cg)

Grain size
(nm)

Density after 
calcination (mg/
cm3)Before calcination After calcination

T-5 5 × 5 43.0 ± 8.11 25.7 ± 3.56 33.89 14.20 0.44
T-10 10 × 10 33.9 ± 5.17 23.7 ± 5.7 52.15 14.6 0.42
T-15 15 × 15 27.2 ± 3.55 19.8 ± 5.45 70.35 14.68 0.35

Fig. 3  XRD spectra of XRD after calcination for different ZnO fiber 
diameters and thicknesses

Fig. 4  The pore area range of the sensors
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for all the diameters, the range of the pore area remained 
constant.

3.2  Diameter and Sensing Performance

The SEM images presented in Fig. 5 illustrate the nanofib-
ers both prior and post-calcination. It is noteworthy that the 
well-optimized nanofibers with different diameters feature 
a structure which is entirely free of beads and droplets, and 
above all, maintains a consistent and uniform formation. Fol-
lowing the calcination process, there is an evident reduc-
tion in the diameter of the nanofibers. This change can be 
attributed to the removal of the polymer. Furthermore, it 
is apparent that the calcination process induces a certain 
level of shrinkage, resulting in the creation of ZnO particles 
that resemble fibers. In addition, this shrinkage resulted in 
white spots, likely due to the collapse of nanofibers at the 
joints after the polymer was removed, leading to clusters 
of ZnO particles. Another contributing factor might be the 
evaporation of PVA from beads present on the web, which 
left these white spots behind. Moreover, in post-calcination, 
the long nanofibers experience a transformation into shorter 
segments.

The performance of metal oxide sensors, such as ZnO, 
in sensing is inherently influenced by the operating tem-
perature [36]. Hence, to determine the ideal temperature, 
D-16 was subjected to testing across a temperature range 

spanning from 50 to 350 °C, while exposed to 1 ppm con-
centration of NO. The reason for choosing this sample 
was based on previous experimental studies. As illustrated 
in Fig. 6, with the rise in temperature, initial resistance 
(Ra) decreases, signifying a shift toward semiconducting 
behavior. This phenomenon occurs due to an increased 
number of electrons transitioning into the conduction band 
(CB) of ZnO as the temperature increases [37].

As depicted in Fig.  7, the sensor (D-16) exhibited 
its interestingly highest response of 35.57 at the tem-
perature of 200 °C. Consequently, this specific tempera-
ture was selected for further investigation. As the tem-
perature increases, the response of the sensor to 1 ppm 
NO decreases. This effect may be due to changes in the 
kinetic energy at the surface. At higher temperatures, the 
adsorption and desorption of the gas occur too quickly for 

Fig. 5  SEM images of nanofibers before calcination (a–c) and after calcination (d–f) with regard to different diameters

Fig. 6  Initial sensor resistance in clean air versus temperature for 
D-16 sensor
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detection, causing some of the adsorbed NO molecules to 
desorb before being recognized.

Following the initial test, the sensors with three different 
diameters (D-16, D-24, D-31) were subsequently evaluated 
in the presence of 1 ppm and 500 ppb of NO gas at the 
temperature of 200 °C. First of all, as it is demonstrated in 
Fig. 8a, increasing the gas concentration results in increasing 
in the response, it can be because more gas molecules are in 

contact with the surface of the layer [38]. Moreover, increase 
in ZnO nanofiber diameter leads to response decrease toward 
the gas, depicted in Fig. 8b. The specific surface area likely 
plays a pivotal role in accounting for the distinct response 
behaviors exhibited by the ZnO nanofibers [22]. Nanofibers 
with small diameters can enhance the sensitivity of a ZnO 
gas sensor. This is because a smaller diameter increases the 
surface area and the number of active sites for gas adsorp-
tion and reaction. It also reduces the grain size and grain 
boundary resistance of ZnO, improving the electrical con-
ductivity and gas sensing mechanism of the sensor [39]. As 
observed, D-31 exhibits the lowest response to the target gas 
(Fig. 9), possibly due to its larger crystal size (as presented 
in Fig. 3). In comparing the sensors, there is less difference 
in response between D-16 and D-24, and this can be because 
of the white spots created in the D-16 membrane. These 
white regions are able to reduce the sensitivity of the sen-
sor as they act as a short circuit, allowing charge carriers to 
bypass them. As a result, when gas molecules adsorb onto 
these areas, no change in resistivity is detected.

Furthermore, response/recovery time for D-16 sensor at 
500 ppb of NO was 358 and 191 s, respectively (Fig. 9).

3.3  Thickness and Sensing Performance

The SEM images of different thicknesses are shown in 
Fig. 10. As depicted in the SEM images, when viewed from 
the side, all the samples exhibit nanofibers uniformly posi-
tioned on top of each other, forming a nonwoven structure. 
This specific structure results in the creation of significant 
porosity within the membrane which can play a crucial role 
in enhancing the sensitivity of gas sensors based on nanofib-
ers compared to other film generating techniques [14].

By increasing the thickness, more material was collected 
on the specific surface area thus, with respect to thickness 
of the samples and the following equation, the density can 
be calculated (Eq. (1)).

Fig. 7  Dynamic response curve for D-16 sensor in different tempera-
ture (50–300 °C) toward 1 ppm of NO

Fig. 8  a The dynamic response of NO in different diameters, and b 
the maximum response of NO toward 1 ppm in different diameters

Fig. 9  Response as the function of response/recovery time for three 
different diameters at 500 ppb
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where ρ is density, m is weight, and V is sample volume.
Here, the density for T-10 is the most which causes lower 

resistance. Henceforth, the initial resistance for higher den-
sity material is less as the current passes through more eas-
ily. It is in accordance with the dynamic curve of resist-
ance–time of thickness, as shown in Fig. 11.

The typical dynamic transient responses of the produced 
sensors at two different concentrations (1 ppm and 500 ppb) 
at 200 °C and the linear relation between the responses and 
thickness is plotted in Fig. 12a, b, respectively. As observed, 
the sensor with the least thickness exhibits the best sens-
ing performance, having the highest sensitivity at 45.74 
and 21.33 toward 1 ppm and 500 ppb of NO, respectively. 

(1)� = m∕V

Importantly, when the thickness is reduced, the crystal size 
remains almost constant while the pore area decreases as the 
thickness increases, as shown in Fig. 4. Therefore, the lowest 
response can be due to the lowest porosity in T-5 which has 
the highest thickness.

Moreover, the response and recovery time for all three 
thicknesses are shown in Fig. 13. When the gas is injected, 
penetration to the layers may not be as easy as thinner sub-
strate, so the bottom of the layer probably cannot be reached 
by the gas during injecting; thus, the resistance does not 
change.

Notably, it is observed that by increasing the thickness, 
recovery time reduces. According to previous studies, the 
response time and recovery time depend on several factors, 
such as the gas concentration, the operating temperature, the 
morphology and structure of the sensing material, and the 
thickness of the sensing layer [40]. The decrease in response 
time due to the thicker sensor can be attributed to the fact 
that gas molecules must diffuse through a greater thickness 
of the sensing material to reach the surface and interact with 
the adsorbed oxygen ions. This diffusion process may not 
happen completely, and the gas molecules could not pen-
etrate to the substrate, this can lead to a decrease in the 
recovery time. When the sensor is removed from the target 
gas, the gas molecules must diffuse back from the surface to 
the bulk of the sensing material. This process is inherently 
faster, thus aiding in the quicker recovery of the sensor [41].

According to the results, the sensor labeled as D-16 and 
T-15, with the smallest diameter and thickness, exhibited 
the highest response to 1 ppm and 500 ppb of NO gas at 
200 °C. Apart from sensitivity, stability and selectivity 
of the sensor are of great importance to its applicabil-
ity. In addition, the sensors were also tested in 70% and 
90% humidity and their response reduced to a little above 
half of when subjected to 50% humidity, in 90% humidity. 
Finally, selectivity and repeatability of the sensors were 

Fig. 10  The SEM images for different thickness of membrane of as-
spun ZnO from side view

Fig. 11  Dynamic resistance–
time curves for samples with 
different thicknesses to 1 ppm 
and 500 ppb NO at 200 °C
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evaluated. Figure 14a shows the selectivity graph of the 
sensor for NO, ethanol, isopropanol, and acetone. Target 
gases preparation followed a specific protocol. NO gas, at 
concentrations of 100 ppm in a nitrogen  (N2) atmosphere, 
was utilized. Volatile organic compounds (VOCs), used 
aqueous solutions following Henry’s law at 25 °C. The 
measurements were performed under the same conditions, 
with 10 min of exposure to the respective gases and 20 min 
of recovery time. The sensor response for NO gas is about 
84 times greater than for the other gases. This demon-
strates that the sensor is NO selective. Repetitive sensing 
tests for five reversible cycles for 500 ppb of NO were 
carried out at 200 °C, as shown in Fig. 14b. It is observed 
that the sensors responded ((Rg −  Ra/Rg)*100) = 22.95) 
instantly after the test molecules were introduced and 

rapidly returned to their initial state when exposed to air. 
In addition, after five cycles of continuous testing, the sen-
sors exhibited fairly stable response values, indicating its 
good stability.

The relationship between electrospinning parameters 
and sensing performance can be better understood through 
comparison with recent literature. While our D-16 sam-
ple achieved optimal sensing performance with 160 nm 
diameter fibers, this aligns with Wang et al.’s findings [42] 
where they demonstrated that controlling fiber diameter 
below 200 nm creates optimal surface-to-volume ratios 
for gas molecule interactions. Similar to their work, we 
observed that smaller diameter fibers provide more acces-
sible active sites for gas adsorption.

Our optimization of electrospinning parameters (volt-
age: 18 kV, distance: 20 cm, feed rate: 200 μL/h) resulted 
in uniform fiber formation without beading, comparable 
to results reported by Wang et al. [43]. However, our work 
extends beyond mere morphological control by demon-
strating how these parameters directly influence sensing 
performance. The enhanced sensitivity (25 Ω/Ω) achieved 
in our thinner membranes can be attributed to the opti-
mized porosity and interconnected fiber network structure, 
which facilitates efficient gas diffusion pathways.

The impact of fiber diameter on sensing performance 
can be contextualized with existing literature:

• Our 160 nm fibers demonstrated 96% higher sensitivity 
compared to 310 nm fibers.

• The faster recovery time (191 s) in smaller diameter 
fibers aligns with recent findings about surface reaction 
kinetics in nanostructured metal oxides.

Regarding thickness optimization:

Fig. 12  a) The dynamic response of NO in different thicknesses, and 
b) The maximum response of NO toward 1  ppm in different thick-
nesses at 200 °C

Fig. 13  Response as the function of response/recovery time for three 
different thicknesses at 500 ppb

Fig. 14  a Response as function of selectivity and b repeatability of 
the sensor for NO at 500 ppb
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• Our finding that thinner membranes (19 μm) outperform 
thicker ones correlates with recent theoretical models of 
gas diffusion in porous networks.

• The observed twofold improvement in gas sensitivity 
with thickness reduction provides quantitative support 
for the importance of optimizing layer thickness.

• The relationship between thickness and response time 
shows similar trends to those reported in recent literature, 
though our optimization achieves faster recovery times.

These comparisons demonstrate that while our fabrica-
tion approach builds on established principles, the system-
atic optimization of both diameter and thickness parameters 
achieves superior sensing performance. The interconnected 
effects of these parameters on sensor response and recovery 
times provide new insights for designing high-performance 
gas sensors.

3.4  Gas Sensing Mechanism

The most widely accepted explanation of the NO sensing 
mechanism in ZnO, an n-type semiconductor, involves a 
reaction occurring at the gas–solid interface (Fig. 15). When 
a ZnO gas sensor is exposed to air at 200 °C, the free elec-
trons from the conduction band are captured by the adsorbed 
oxygen atoms, forming adsorbed oxygen anions  (O2

−,  O−). 
This interaction in ZnO creates an electron depletion layer, 
leading to an increase in resistance. Upon exposure to NO, 
NO molecules adhere to the ZnO surface and react with the 
adsorbed  O2

− and  O− anions at the ZnO grain boundaries 
and the  O2

− disappears rapidly. Conclusively, more electrons 

are captured from the conduction band, causing an increase 
in resistance once again.

The oxygen species capture conduction electrons from 
the materials, which leads to a decrease in the electron con-
centration. Once the oxidizing gas NO was introduced into 
the testing chamber, as in Fig. 15, NO molecules will be 
absorbed on the ZnO surface. Electrons can be extracted 
from the conduction band of ZnO, leading to the rise of the 
resistance [44]. The corresponding possible reactions are 
described in Eqs. (2), (3), and (4) [45].

When a thin ZnO film with small diameter of nanofiber 
consisting of fine grains is exposed to air, the depletion layer 
would extend throughout the entire layer of ZnO film, and its 
resistance becomes extremely large. In an NO environment, 
the depleted layer will widen quickly as the gas takes more 
electron from the conduction band of ZnO-adsorbed oxygen 
reaction, and the resistance of the ZnO film would experi-
ence a large change. As it is depicted in Fig. 16, after being 
exposed to air or NO, due to the many channels formed in 
the ZnO-based nanofibers membrane, the gas could freely 
enter the inner parts of the sensing layer, resulting in an 
almost-complete depletion of the electrons of the whole ZnO 
membrane.

The ZnO sensor results emphasize the importance 
of these findings and suggest strong potential for future 
advancements in gas sensor technology, with the goal of 
achieving a more consistent and high-performance sensing 
capability relative to prior studies summarized in Table 3.

As observed in Table 1, the ZnO sensor presented in this 
study was of the lowest concentration of ppm, 5 ppm, the 

(2)NO(gas) + e− ↔ NO(ads)

(3)NO(ads) + e− ↔ NO−

(4)NO(gas) + O
2 (ads) + e− ↔ NO

2 (ads) + O(ads)

Fig. 15  Schematic of the proposed NO sensing mechanism of ZnO 
with band diagram ZnO in air and in NO Fig. 16  Thin membrane consisting of grain in a format of nanofibers
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lowest temperature among available ZnO sensors, 200 °C, 
and the high response of 84 to NO gas.

4  Conclusion and Perspectives

In conclusion, this study demonstrates the successful synthe-
sis of ZnO nanofibers with varied diameters and thicknesses 
through the electrospinning method. The resulting gas sen-
sors exhibit promising sensing performance, particularly 
the sensors with thinner membranes and smaller diameters. 
At the optimal operating temperature of 200 °C, these sen-
sors display an exceptional response magnitude of 20 when 
exposed to 500 ppb of NO gas concentration, surpassing 
previously reported results. In a nutshell:

• Controlling the structural properties of nanofibers to have 
the capability of reproducibility the sensing layer

• Increasing 30% of the membrane thickness leads to 
decrease the sensitivity by 96% regarding to reduction 
in pore area

• Decreasing 90% of the nanofiber diameter enhances the 
sensitivity to NO gas by two times

The research contributes to the understanding of the sens-
ing mechanism by incorporating an energy band diagram, 
providing insights into the underlying processes. The find-
ings underscore the importance of adjusting electrospinning 
parameters to optimize ZnO nanofiber structures to enhance 
NO gas detection, addressing a critical need for cost-effec-
tive and efficient gas sensors in both industrial and biomedi-
cal applications.
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