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Abstract 

The controlling and precise detection of nitrogen dioxide (NO2) gas is important in many industrial processes such 
as medical, petrochemical, and agriculture. Therefore, this study investigates the gas sensing performance of zinc 
oxide (ZnO) nanosheets prepared using a hydrothermal approach. The morphology and structure of the as-prepared 
material were analyzed using analysis techniques, including transmission electron microscope (TEM), scanning elec-
tron microscope (SEM), X-ray photoelectron spectroscopy (XPS), and X-ray diffraction (XRD). The ZnO ink was spray 
printed in a square design onto an oxidized silicon wafer substrate, which includes a lithographically designed inter-
digitated pattern. ZnO nanosheets exhibited superior gas sensing performance, which is 5298% for sensor response 
and 96 and 600 s for response and recovery times, respectively, at 150 °C and 100 ppm of NO2 gas. The previous 
results emphasize applying the proposed spray printing technique in different applications because of straightfor-
ward, versatile for different substrates, and cost-effective.
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Graphical Abstract

Introduction
Nitrogen dioxide (NO2) is considered the most harmful 
gas, as emphasized by various published research articles 
and global organizations such as the American Confer-
ence of Governmental Industrial Hygienists (ACGIH), 
the American Lung Association (ALA), and the National 
Air Quality Monitoring Network (NAQMN) [1–8]. To 
illustrate,  vehicle emissions, petrochemical industries, 
power plants, and the burning of fossil fuels are the 
sources of NO2 gas, which is emitted to the outdoor envi-
ronment. According to previous organizations, long-time 
exposure to NO2 leads to health problems such as respir-
atory and cardiovascular diseases; moreover, it can con-
tribute to environmental issues [4, 7, 9]. Therefore, the 
accurate detection and monitoring of NO2 are critical for 
minimizing its harmful effects and ensuring compliance 
with environmental standards [6, 10–12].

The gas sensors with highly sensitive to NO2 gas 
indoors or outdoors play a critical role in industrial 
safety and healthcare applications. Therefore, zinc oxide 
(ZnO) stands out among the materials used due to its 
high electron mobility, chemical stability, and strong 
affinity for gas molecules [3]. For fabrication,  printing 
technologies have emerged as a promising approach 
for fabricating high-quality thin films, including those 
used in supercapacitors [13–15], and gas sensors [16–
19], compared to vacuum filtration and drop casting. 
Moreover,  the printing technologies are economical 

and scalable and can create uniform and smooth films 
on surfaces of different shapes and sizes. They provide 
precise control over the thickness and structure of the 
films, which is essential for enhancing sensor function-
ality. Additionally, spray printing, which is one of the 
printing technologies, can support the incorporation of 
a wide range of functional materials, fostering innova-
tion in sensor technology [20–24].

Our present study focuses on the synthesis of ZnO 
nanosheets fabricated via a hydrothermal approach and 
testing it towards NO2 gas. The as-prepared ZnO was 
morphologically and structurally  analyzed using dif-
ferent techniques such as transmission electron micro-
scope (TEM), scanning electron microscope (SEM), 
X-ray photoelectron spectroscopy (XPS), and X-ray 
diffraction (XRD). To evaluate the gas sensor perfor-
mance, the fabricated ZnO sensor was tested under 
different temperatures of 25, 100, and 150  °C with 
different NO2 concentrations of 20, 40, 60, 80, and 
100 ppm to ensure the capability of the sensor to detect 
the gas. The sensor showed remarkable response, 
achieving a 5298% response with response and recov-
ery  times of 96 and 600  s, respectively, at 150  °C and 
100 ppm NO2. These findings highlight the potential of 
ZnO nanosheets as an effective NO2 sensor, addressing 
critical needs in environmental monitoring by offering 
high performance and selectivity.



Page 3 of 11Belal et al. Micro and Nano Systems Letters           (2025) 13:10 	

Materials preparation
Materials
Thermo Scientific and Sigma-Aldrich, USA, supplied 
zinc nitrate hexahydrate (Zn(NO3)2·6H2O), polyvinylpyr-
rolidone (PVP, Mwt. 40000), and Triton X-100. Moreo-
ver, the PVP was used as a binder and stabilizer in the ink 
formulation, which utilized laboratory-grade isopropanol 
(IPA) sourced from Fisher Scientific, USA, as the main 
solvent.

Synthesizing of ZnO nanosheets and ink formulation
The synthesis of ZnO nanosheets started with the prepa-
ration of a solution containing 0.05  M Zn(NO2)2·6H2O 
dissolved in 25  mL of deionized water (DI). To this 
solution, 0.8 M KOH was dissolved in 25 mL of DI and 
added dropwise under vigorous stirring for 1 h to ensure 
proper mixing. The resulting mixture was relocated into 
a 100  mL Teflon-lined autoclave and hydrothermally 

treated at 120  °C for 6  h. After synthesis, the ZnO 
nanosheets were washed three times through centrifu-
gation to remove any residual materials. The washed 
nanosheets were then dried at 80  °C for 6  h to obtain 
the final product. To formulate the ZnO nanosheet ink, 
the nanosheets were dispersed at a concentration of 
10 mg·mL−1 in IPA to optimize surface tension and wet-
tability. PVP (2 mg·mL−1) and Triton X-100 (10 µL·mL−1) 
were added to ensure uniform distribution of the ZnO 
in IPA. The formulated  ink  was subjected to sonication 
for 60 min to enhance the dispersion and stability of the 
ZnO.

Experiments
Materials characterization
The synthesized ZnO nanosheets were subjected to full 
analysis utilizing various techniques to examine their 
morphology, structure, and composition. The XRD 
technique identified the crystal structure of the materi-
als using the XRD, M/S Rigaku Mini Flex 600, Japan, 
which utilized Cu-Kα radiation with a wavelength (λ) of 
1.5418  Å. We used a dual-source Thermo VG Escalab 
250Xi to conduct XPS  test of materials composition. 
The X-ray source was a monochromatic Al-Kα line, and 
the base pressure was 10–7 mbar. This allowed us to get a 
good look at the surface chemistry and elemental compo-
sition. The surface morphology and elemental mapping 
were investigated using TEM (JEOL JEM 2011) and SEM 
(model SU-8230, Japan), respectively, in conjunction 
with energy-dispersive X-ray spectroscopy (EDX) analy-
sis from Oxford Instruments. The vacuum gas-sensing 

Fig. 1  Schematic diagram of the NO2 gas sensing system

Table 1  Target NO2 gas concentrations and adjusting of flow 
rate using the MFC

Target NO2 gas 
concentration in NO2/N2 
cylinder (ppm)

NO2/N2 (SCCM) Pure N2 
(SCCM)

Total 
flow 
(SCCM)

100 100 0 100

80 80 20 100

60 60 40 100

40 40 60 100

20 20 80 100
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probe station manufactured by MS-TECH in Korea 
was used to conduct gas-sensing measurements on the 
ZnO gas sensor, which connected with a source meter 
(Keithley 2400c, USA).

Spray printing
The spray printing of ZnO ink over an interdigitated 
electrode (IDE) prepared by  lithography technique over 
an  oxidized silicon wafer is important to achieve con-
sistent deposition and accurate control of the thickness. 
The ZnO was spray printed in a square pattern onto the 
IDE device of dimensions 4  mm in width and 5  mm in 
length with an area of 0.2 cm2, using a solution contain-
ing 10  mg·mL−1 of ZnO. It was essential to maintain 
a distance of roughly 5  cm between the spray gun and 
the substrate to achieve a uniform film with a pressure 
of 20 PSI of the air compressor to control the thickness 
of the printed ZnO. The thickness of the printed mate-
rial was precisely regulated by modifying the distance 
and the volume of ink dispensed from the nozzle, which 

was approximately 500 µL with a mass loading of around 
5 mg in an area of 0.2 cm2.

Gas sensing measurements
The gas sensing setup, depicted in Fig. 1, consisted of N2 
and NO2/N2 gas sources, with controlled concentrations 
of NO2 flow to the gas chamber via mass flow control-
lers (MFCs) as seen in Table 1. The NO2/N2 gas mixture 
cylinder contains NO2 at a concentration of 100  ppm, 
whereas the N2 cylinder contains pure nitrogen. Within 
the chamber, the ZnO sensor was positioned on a block-
shaped heater, and its temperature was regulated using a 
temperature controller module. The performance of the 
sensor was evaluated at the optimal operating tempera-
tures of 25, 100, and 150  °C, with NO2 concentrations 
ranging from 20 to 100 ppm. To assess the performance 
of the chemiresistive gas sensor, the baseline  resistance 
(Ra) and the resistance in the  presence of NO2 gas (Rg) 
were measured at 80 V of bias. These measurements were 

Fig. 2  Surface morphology and nanostructure characterizations of ZnO: a Transmission Electron Microscopy (TEM), b Scanning Electron 
Microscopy (SEM), c Particle size distribution (PSD), d X-ray Diffraction (XRD), e X-ray Photoelectron Spectroscopy (XPS) survey, and f–i SEM color 
mapping and atomic percentage (at%) of the ZnO
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used to calculate gas sensor response (SR%) to baseline’s 
resistance and response/recovery times. SR% was deter-
mined using Eq. 1 [25–29], providing a quantitative eval-
uation of the sensor’s effectiveness in detecting NO2 Eq. 2 
[30].

Results and discussion
TEM analysis reveals that the ZnO is composed of 
nanosheet structures. This robust interaction plays a 
critical role in enhancing sensor performance, Fig.  2a. 
The ZnO nanosheets exhibit a uniform morphology with 
an average size of approximately 113  nm, as shown in 

(1)

SR% =
Rg − Ra

Ra
∗ 100% n-type sensor Oxidizing gases

(2)

SR% =
Ia − Ig

Ig
∗ 100% n-type sensor Oxidizing gases

Fig.  2b. Additionally, the ZnO displays sheet-like struc-
tures with sizes ranging from 50 to 250 nm, as illustrated 
in Fig. 2c.

XRD analysis shows the crystalline structure and phase 
composition of ZnO nanosheets, as shown in Fig. 2d. The 
XRD pattern revealed distinct peaks at 31.98°, 34.69°, 
36.58°, 47.76°, 56.82°, 63.10°, 68.17°, and 69.35°, corre-
sponding to the planes (100), (002), (101), (102), (110), 
(103), (112), and (201) respectively. These peaks align 
with the hexagonal wurtzite structure of ZnO (JCPDS 
No. 36-1451), confirming its crystalline nature [31].

XPS is a powerful tool for investigating the intrica-
cies of a material electronic structure. XPS probes the 
electronic states of a solid by exciting electrons and 
measuring their kinetic energy. However, the interac-
tion between the produced hole and mobile electrons 
can influence the resulting spectra, thus providing valu-
able information about the material’s structure beyond 
its basic electronic states. Due to its potential for reveal-
ing detailed structural and electronic properties, XPS 
has been extensively used to study ZnO, particularly in 

Fig. 3  ZnO ink and printed thin film: a Digital photo, b Surface tension, c Contact angle, d Digital photo of printed ZnO nanosheets on an oxidized 
silicon wafer, and e–f Optical microscope image of printed ZnO nanosheets
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its nanophase form. In these nanostructures, XPS offers 
unique insights into how various dopants and defects 
modify electronic structures [32, 33]. The survey spec-
trum of ZnO (Fig. 2e) confirms the presence of zinc and 
oxygen as the primary elements, indicating minimal 
impurities.

The elemental composition of ZnO was quantified 
using EDX spectroscopy, Fig.  2f. The EDX spectra cor-
responding to pure ZnO were identified as zinc (Zn) 
and oxygen (O), with weight percentages of 76.25 and 
23.75 wt.%, respectively. The elemental analysis and map-
ping revealed the visual distribution of elements of ZnO, 
which were crucial for improving their gas-sensing prop-
erties, Fig. 2g–i.

To formulate the ZnO ink, we used PVP as a binder to 
increase the stability of the ZnO film on the top of IDE, as 
discussed by Markos et al. [34]. Figure 3a–c shows the digi-
tal photo of our ZnO ink and its physical properties, such 
as surface tension and contact angle, which are 21.1  mN 
m−1 and 31.57°, respectively. Figure 3d–f presents the digi-
tal photo and optical microscope image of ZnO thin film. 
The ZnO sensor demonstrated exceptional sensor response 
towards NO2 gas, primarily due to its high electron mobil-
ity and chemical stability compared to previously reported 

work, Table  2. However, the  sensor response was sub-
stantially affected by both the operating temperature and 
the nature of the recovery gas [35]. In general, achieving 
adequate response and selectivity for NO2 detection with 
pure ZnO requires high operating temperatures, typically 
around 300 °C as reported in the literature [3]. Figure 4a–f 
shows the raw data of the ZnO sensor in electrical cur-
rent and resistance, which were used to calculate the SR%. 
The normalized data of the ZnO nanosheet sensor have 
been shown in Fig.  5a–f in electrical current and resist-
ance which indicated the high performance of our sensor 
towards different concentrations of NO2 gas. In our work, 
the  gas sensor’s performance test was conducted across 
three different temperatures of 25, 100, and 150  °C with 
varying NO2 concentrations (20, 40, 60, 80, and 100 ppm), 
and the response was calculated from current accord-
ing to Eq.  2 [30]. At these temperatures, the adsorption 
and desorption of NO2 on the ZnO surface are enhanced, 
improving the efficiency. The minimum detectable gas con-
centration is a key indicator of a gas sensor’s performance. 
The limit of detection (LOD) is calculated using the LOD 
(ppm) = (3*rms)/slope, where “rms” represents the root-
mean-square value of the baseline signal noise. As shown 
in Fig. 6a, the full response of ZnO sensor to varying NO2 

Table 2  Comparison table of NO2 gas sensing performance of our work and reported works in literature

Materials Fabrication Technique NO2 (ppm) Temp (°C) Response
SR1 = (ΔR/Ra) × 100% or 
SR2 = Ra/Rg or SR3 = Rg/
Ra

Response/Recovery 
time (s)

Reference

ZnO nanosheets Spray printing/ photoli-
thography

100 150 SR1 = 5298 96/600 This Work

ZnO nanosheets Spray printing/ photoli-
thography

100 RT SR1 = 867 136.8/1723 This Work

ZnO Mesoporous sheets Photolithography/spin 
coating

1 RT SR1 = 130 180/150 [37]

ZnO-decorated MWCNTs Spray printing 10 300 SR2 = 1.023 93.1/285.2 [38]

ZnO/CNTF-500 – 20 100 SR2 = 1.086 –/– [39]

ZnO nanorods-ZnO:6 Dip-coating 100 175 SR1 = 580% 30/150 [29]

1 wt.%FMWCNT@ZnO Sol–gel/spin coating 120 150 SR1 = 90 –/374 [40]

ZnO/m-SWCNTs Spray Printing 15 RT SR1 = 67.5 95/– [41]

ZnO hierarchical nano-
structure

Photolithograph/ physical 
vapor deposition

20 RT SR3 = 32
SR3 = 2.5

72/69 in N2 gas for recov-
ery
1200/900 in air for recov-
ery

[42]

MWCNT/ZnO film CVD 25 60 SR1 = 10.5 –/– [43]

SnO2/graphene composite Spray printing 5 150 SR3 = 72.6 129/107 [44]

ZnO@rGO In-situ growth thin-film 10 RT SR2 = 6.77 150/113 [45]

ZnO/Pd Spin coating 1 RT/UV SR1 = 1060 25/29 [46]

3D Graphene Nanotubes 
(GNT)@ZnO

– 50 RT/UV SR1 = 47.5 300/200 [47]

ZnO nanorod/Au 1 RT SR3 = 4.66 –/– [48]

ZnO/SWCNTs (1:1) Spray printing 5 RT SR2 = 7 220/385 [49]



Page 7 of 11Belal et al. Micro and Nano Systems Letters           (2025) 13:10 	

gas concentrations was evaluated. Linear fitting analysis of 
the response yielded a slope value of 3.6, 4.22, and 25.2 at 
25, 100, and 150  °C, respectively. Based on this, the LOD 
was determined to be 107, 68, and 1 part per billion (ppb), 
highlighting the capability of the sensor to detect NO2 
gas in different temperatures and concentrations in ppb 
and ppm ranges. Hence, what we noticed is that when the 
temperature increases, the LOD reduces due to the ther-
mal activation energy, and this can be clearly seen in the 
effect of increasing temperature on the fast response and 

recovery, Fig.  6b, c. Therefore, the ZnO sensor demon-
strated its highest sensitivity of 867, 1333, and 5298% at a 
NO2 concentration of 100  ppm with the  operating tem-
peratures of 25, 100, and 150 °C, respectively, as shown in 
Fig.  6a. The corresponding response and recovery times 
were 137/1742, 114/733, and 96/600 s at 100 ppm for 25, 
100, and 150  °C, respectively, as illustrated in Fig.  6b, c. 
Figure 6d presents the selectivity towards 100 ppm of NO2 
with EtOH, isopropanol (IPA), methanol (MeOH), and 
acetone, which gives evidence of the high selectivity of the 

Fig. 4  Electrical resistance and current response of ZnO gas detection towards NO2 gas at 80 V in Bias: a–b 25, c–d 100, and e–f 150 °C
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ZnO sensor toward NO2 at RT. As discussed by Shan et al.
[36], joule heating increases the performance of the ZnO 
towards NO2 gas due to oxidation–reduction reaction at 
ZnO surface. Additionally, Fig. 6e highlights the consistent 
performance of the ZnO sensor across 10 cycles of expo-
sure to 100  ppm NO2 gas, which shows that the perfor-
mance increases with increasing the number of cycles due 
to the activation of the ZnO surface by the introduction 

of NO2 gas. Temperature-induced activation of the ZnO 
material, which enhanced its gas sensing and recovery per-
formance, was responsible for the variation in response and 
recovery times. Figure 6f explains the reaction mechanism 
of ZnO with NO2 gas. Upon exposure to NO2 gas, the ZnO 
surface efficiently adsorbs the gas at its active sites, allow-
ing it to capture electrons from the ZnO surface. This pro-
cess is described by Eqs. 3, 4, and 5 [27], underscoring the 

Fig. 5  The gas sensing performance of ZnO nanosheets sensor towards NO2 gas: Normalized Current and resistance change percentage 
to baseline and gas at a–b 25, c–d 100, and e–f 150 °C at different concentrations of NO2 (20, 40, 60, 80, and 100 ppm)
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Fig. 6  Gas sensing performance of sensitivity, recovery and response times, selectivity, stability testing, and sensing mechanism: a Sensitivity 
at different concentrations of NO2 gas (20, 40, 60, 80, and 100 ppm) at 25, 100, and 150 °C, b–c Response and recovery times at different NO2 gas 
concentrations, d Selectivity of NO2 gas sensor towards EtOH, IPA, MeOH, and Acetone at RT, e Gas sensing stability at 100 ppm and 150 °C for 10 
cycles, and f Schematic illustration of gas sensing mechanism towards NO2 gas
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high efficiency and response of the sensor. ZnO nanosheets 
demonstrate exceptional potential as NO2 sensors, offering 
enhanced performance and operational efficiency for real-
time monitoring.

Conclusions
This study extensively evaluated a NO2 gas sensor 
based on ZnO nanosheets using a range of analytical 
techniques, including TEM, SEM, EDX, XRD, XPS, 
and gas sensing performance. ZnO demonstrated high 
sensor response towards NO2 gas due to its excel-
lent electron mobility and chemical stability. However, 
achieving optimal performance typically requires high 
operating temperatures, which limited its practical-
ity. By utilizing ZnO nanosheets, the sensor achieved 
enhanced response, fast response and recovery times, 
and efficient operation. XRD analysis confirmed the 
crystalline structure of the ZnO nanosheets and their 
successful functionalization, while EDX mapping veri-
fied the uniform distribution of elemental components. 
The gas sensing performance of the ZnO nanosheets 
was particularly noteworthy, with a sensitivity of 5298% 
and response/recovery times of (96/600  s) at 150  °C 
and  100  ppm NO2. These results highlight the poten-
tial of ZnO nanosheets as a highly effective NO2 sensor, 
addressing the critical need for real-time monitoring 
with improved performance and operational efficiency.
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