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Nickel oxide doping impact on the NO2 sensing properties 
of nanostructured zinc oxide deposited by spray pyrolysis 
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In this study, zinc oxide was doped with varying Nickel oxide nanostructured thin film 
concentrations using spray pyrolysis at 400 °C. At low Ni content, the ZnO phase 
exhibited polycrystalline structures, whereas a high Ni concentration resulted in the 
development of an additional NiO phase. The morphological analysis indicates the 
presence of nano-spherical structures at lower Ni concentrations, with nanoflakes 
embedded at varying orientations. The density of the nanoflakes structure was observed to 
increase as the Ni content was increased, enhancing the surface-to-volume ratio, which has 
potential applications in gas sensing. The highest sensitivity was detected for the sample 
doped with the highest Ni content, which can be attributed to its superior effective surface 
area. The optimal sensitivity was 45.26% at 200 °C. 
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1. Introduction

Hazardous gases encompass gaseous substances with toxic, flammable, or 
environmentally harmful properties. In order to guarantee occupational safety, it is imperative to 
detect any potential gas leakage at the lowest concentrations feasible [1]. The capability to observe 
the environment from damaging gases using small and low-cost devices is a subject of countless 
attention in numerous studies. Metal oxide-based gas sensors, which are the head of this study, 
have good sensitivity, low cost, and high stability gas substances and are easy to measure using 
simple circuits [2,3]. Recently, metal oxide has been rewarded with more special treatment due to 
its diverse function and promising application in various fields [4,5]. 

The optimization of gas sensor performance necessitates a focus on the size and shape of 
nanostructures, as this impacts surface area and the number of atoms on the sensor surface [6]. 
Consequently, the primary objective is maintaining control of the size and shape of particles at the 
nanoscale to enhance gas sensor efficiency [7]. A variability of nanostructures has design 
comprised of different types of zero-dimension, one-dimension, and two-dimension structures [8]. 
The spray pyrolysis technique is a promising method for simply depositing large coating areas of 
numerous thin films such as metal oxides [2,9,10]. 

The process of oxygen absorption by metal oxide from the surrounding environment and 
its subsequent transformation into ion species through the capture of electrons from the material's 
surface leads to the formation of a surface depletion layer. The interaction of these ions with gas 
molecules causes variation in the depletion layer causing a fluctuation in gas resistance 
outstanding to the return or removed additional electrons [11]. These changes in the resistance can 
be converted as a signal to be detected in a gas sensor electronic device [12]. Upon exposure to an 
oxidizing gas, an n-type semiconductor undergoes catalytic reduction with the adsorbed oxygen 
species, resulting in the release of electrons back into the conduction band of the semiconductor 
surface [13].  
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Due to a reduction in charge carrier concentration or thickening of the depletion layer 
which in turn reduces charge carrier mobility, this process reduces the sample conductivity of n-
type semiconductors [14]. This study investigates the structural characteristics, surface 
morphology, and nitrogen dioxide detection capabilities at low concentrations of NiO-doped ZnO 
films developed via the chemical spray pyrolysis technique. The present study aimed to investigate 
the impact of varying concentrations of nickel oxide doping on the gas-sensing properties of the 
synthesized films at various operating temperatures when exposed to different NO2 
concentrations. 

 
 
2. Experimental 
 
2.1. Materials and thin films characterization 
Nickel chloride (NiCl2) and Zinc chloride (ZnCl2) of 99.9% purity are provided by Sigma-

Aldrich company to synthesize thin films gas sensors. The structural properties of the deposited 
(ZnO)1-x(NiO2)x thin films at varying NiO molar ratios (x=0.01, 0.02, 0.03, and 0.04) were 
determined using the X-ray diffraction (XRD) technique, specifically the SHIMADZU XRD-6000. 
Meanwhile, the surface morphology of the thin films was examined using scanning electron 
microscopy (SEM), specifically the Jeol JSM 6335F. The gas sensing analysis was investigated 
within a glass chamber placed on a hot plate with a controlled temperature. The controlled 
electrical valve allows the entry of the gas-air mixture into the chamber, measured by a flow 
meter. The temporal evolution of the sample's resistance was investigated under the gas presence 
(Gas ON) and absence conditions (Gas OFF), utilizing a multimeter that was interfaced with a 
computer. 

 
2.2. Samples preparation 
Thin films of NiO-doped ZnO were deposited on glass substrates at 400 °C using the 

spray pyrolysis technique. The deposition was carried out from an aqueous mixture of zinc 
chloride and nickel chloride with varying NiO molar ratios, at a concentration of 0.1 M. The pH of 
the solution was adjusted at pH=5 by adding a few drops of hydrochloric acid. The solution was 
sprayed by a fine atomizer installed 30 cm above the substrate. The experimental protocol 
involved the implementation of a spray duration of 5 seconds and a stop duration of 10 seconds, 
with a spray rate of 2 ml/min, utilizing compressed air at a pressure of 5 bar. After the 20 ml spray, 
the sample is finally allowed to remain on the substrate for 20 minutes at the same temperature 
before being removed after cooling. Thermal evaporation under a high vacuum Edward coater was 
used to deposit appropriate aluminum electrodes on the sample surface, as shown in Fig. 1. 

 
 

 
 

Fig. 1. Gas sensor electrode dimensions. 
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3. Results and Discussions 
 
The x-ray diffraction spectra of the ZnO:NiO thin films on glass substrates at varying NiO 

atomic ratios at a temperature of 400 °C are depicted in Fig. 2. The investigation of the structural 
properties indicated that the deposited films exhibited a polycrystalline nature. Furthermore, it was 
observed that the ZnO phase dominated when the NiO dopant ratio was low (x=0.01). This 
observation suggests that the Ni atoms were incorporated into the host lattice without substantially 
altering its structure. Four peaks appeared at diffraction angles 31.8002°, 34.3056°, 36.2126°, and 
47.5427° corresponding to the (110), (002), (101), and (102) plains, respectively, for hexagonal 
ZnO structure. An increase in the NiO ratio was caused by the advent of the NiO phase addition to 
the ZnO one, and this phase crystallinity was enhanced while the  ZnO phase reduced with 
increasing the NiO content. The structural parameters of the prepared films are shown in Table 1. 

 

 
 

Fig. 2. XRD diagram of ZnO:NiO thin films at different x-molar ratios. 
 
 

Table 1. XRD characteristics of ZnO:NiO thin films at various NiO (x-contents). 
 

x-contents  2θ (Deg.) FWHM (Deg.) dhkl (Å) C.S (nm) Phase hkl 
0.01 31.8002 0.2992 2.8117 27.6 Hex. ZnO (110) 

34.3056 0.2991 2.6119 27.8 Hex. ZnO (002) 
36.2126 0.4114 2.4786 20.3 Hex. ZnO (101) 
47.5427 0.4113 1.9110 21.1 Hex. ZnO (102) 

0.02 31.7628 0.4113 2.8149 20.1 Hex. ZnO (110) 
34.3056 0.4113 2.6119 20.2 Hex. ZnO (002) 
36.1752 0.4114 2.4811 20.3 Hex. ZnO (101) 
43.3921 0.5983 2.0837 14.3 Cubic NiO (200) 
47.6175 0.3365 1.9082 25.8 Hex. ZnO (102) 

0.03 31.6880 0.4113 2.8214 20.1 Hex. ZnO (110) 
34.3056 0.4861 2.6119 17.1 Hex. ZnO (002) 
36.2874 0.3740 2.4737 22.4 Hex. ZnO (101) 
43.4669 1.0844 2.0803 7.9 Cubic NiO (200) 
47.5053 0.5609 1.9124 15.5 Hex. ZnO (102) 

0.04 31.6880 0.4861 2.8214 17.0 Hex. ZnO (110) 
34.3429 0.5983 2.6091 13.9 Hex. ZnO (002) 
36.2500 0.4488 2.4761 18.6 Hex. ZnO (101) 
37.4092 0.6730 2.4020 12.5 Cubic NiO (111) 
43.3921 0.6356 2.0837 13.5 Cubic NiO (200) 
47.3932 0.5235 1.9167 16.6 Hex. ZnO (102) 
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The scanning electron microscope images of ZnO:NiO thin films at different NiO 
concentrations are illustrated in Fig. 3. This illustration shows an extended surface with attached 
40 nm-diameter nanoparticles. Additionally, the deposited films had an average diameter of 200 
nm and a 40 to 50 nm thickness, growing in a flake-like structure into the bulk surface, increasing 
the surface area of the sample. Increasing the NiO concentration causes to increase in the 
nanoflake numbers in the unit area, till it becomes of high density and intertwined with each other 
at the highest NiO contents. These nanoflakes belong to the structure of nickel oxide, as many 
studies have shown the possibility of NiO deposition in the form of nanoflakes. The surface 
characteristics of the gas sensors and the shape of the nanostructure are influential factors in 
improving the properties of the prepared sensors, as they display a large surface-to-volume ratio 
and thus contribute to enhancing the sensor properties by increasing the number of gas molecules 
interacting with the surface of the sensor [15,16]. 

 

 
 

Fig. 3. SEM micrographs of ZnO: NiO nanoflakes thin film at different NiO concentrations. 
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Fig. 4 depicts the temporal evolution of electrical resistance for a ZnO:NiO thin film 

sensor at varying concentrations of NiO and a constant operating temperature of 200 °C, as 
illustrated in. The sensor's electrical resistance increases when exposed to NO2 (green arrow) at a 
concentration of 50 ppm. Still, it returns to the baseline when the gas is removed (red arrow), 
demonstrating the prepared thin films' n-type electrical conductivity [17]. The results suggest that 
the sensitivity was significantly impacted by the NiO doping ratio, which can be attributed to the 
observed alterations in surface morphology, as confirmed by the SEM analysis. The sample doped 
with 0.04 NiO exhibited the most significant sensitivity, owing to its larger surface area resulting 
from the unique nano-flake structure behavior. The gas sensitivity was determined from the 
relation [18]: 

 

𝑆𝑆% =
Rgas − Rair

Rair
× 100% 

 
where Rair and Rgas  represents the sample resistance when exposed to clean air and the target gas 
respectively. 
 
 

 

 
 

Fig. 4. Electrical resistance variation of the ZnO: NiO nanoflakes gas sensor against 50 ppm NO2. 
 
 
The operating temperature is another significant feature of thin film sensors. Fig. 5 depicts 

the variation of the electrical resistance for the ZnO:NiO thin films at a NiO doping ratio of 0.04 
when exposed to 50 ppm NO2 at various operating temperatures ranging from room temperature 
(27 °C) to 300 °C. The electrical resistance of the sample was more varied at high temperatures. 
This variation in sensitivity with temperature is due to changes in the dominant reactions between 
the NO2 gas and the oxygen ions species adsorbing on the sample surface. 
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Fig. 5. Electrical resistance at different working temperatures of the (ZnO)1-x: (NiO)x 
 gas sensor against 50 ppm NO2 at x=0.04. 

 
 
Fig. 6 illustrates the variation in the sensitivity of the ZnO: NiO thin film gas sensor 

against 50 ppm NO2 at varying temperatures of operation. The optimal sensitivity was observed at 
200 °C, which may be attributable to the variety of oxygen ion species adsorbing on the active 
surface and reacting with the target gas. At low temperatures, O2

−
ads is the predominant species that 

attracts electrons from the conduction band of the semiconductor's surface region. The equation 
that governs the reaction is O2

−
ads + e− = 2O−

ads [19], which attracts more electrons from the sample 
as the temperature rises. At higher temperatures, gas molecules desorb from the sample's surface, 
reducing the sensitivity [20]. 

 
 

 
 

Fig. 6. Variation of the gas sensitivity with the operating temperature against 50 ppm NO2 gas. 
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Fig. 7 depicts the variation of ZnO: NiO thin film gas sensor sensitivity against 50 ppm 

NO2 at various NiO concentrations. As a result of the variation in surface morphology, increasing 
the NiO content to 0.04 increased the gas sensitivity [21]. Tables 2 and 3 lists the results of ZnO: 
NiO nanoflake-based gas sensor analysis at various operating temperatures and NiO 
concentrations. 

 
 

 
 

Fig. 7. Variation of the gas sensitivity with NiO ratio at 200 °C operating temperature against 50 
ppm NO2. 

 
 
The response and recovery time are critical elements that limit the performance 

requirements of gas sensors. Response/recovery time is defined as the time required to attain a 
90% / 10% resistance variation upon exposure/removal of the gas target. The response time of the 
ZnO: NiO-based sensor at 200 °C operating temperature was shorter than the recovery time of the 
other samples, as depicted in Table 2. The shorter response/recovery time is potentially due to 
slower surface reactions, such as desorption and de-ionization, relative to the fast adsorption 
process [22]. 

 
 

Table 2. The specifications of gas sensors based on ZnO: NiO nanoflakes at various  
operating temperatures. 

 
Temp. (°C) Sensitivity % response time (sec) recovery time (sec) 

30 5.455 30 52 
100 15.000 25 45 
200 45.263 22 30 
300 7.143 28 40 

 
 

Table 3. The specifications of gas sensors based on ZnO: NiO nanoflakes at different 
NiO concentrations. 

 
x-ratio Sensitivity % response time (sec) recovery time (sec) 
0.01 2.444 32 39 
0.02 16.038 28 36 
0.03 25.532 25 33 
0.04 45.263 22 30 
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4. Conclusions 
 
The NO2 gas sensor was fabricated based on ZnO: NiO nanoflakes deposited by spray 

pyrolysis technique in one step, using doping chloride aqueous solutions at different NiO 
concentrations. Structural examination shows polycrystalline ZnO structure, and increasing the Ni 
content caused an additional evident phase of NiO. Microstructure analysis confirmed extended 
structures composed of nanoflake-like systems orientated randomly. This number of nanoflakes 
structure per area increased with increasing the Ni content, enhancing the surface features for gas 
sensing applications. The related sensing properties confirmed this performance since the gas 
sensitivity improved with increasing the NiO content due to increasing the effective surface area 
exposed to the target gas. 
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