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Abstract:

Physics of thin films An essential subfield of solid-state physics is thin-film physics. The thickness of a thin 
film can be anything from tens of nanometers to one micron, and it can consist of a single or many layers of 
atoms of a certain substance. Prepare a solid substance into a thin film by depositing it onto a solid 
foundation (substrate) in very thin layers using physical or chemical processes, or electrochemical 
reactions. Research into the characteristics of NiO thin films informed the development of the gas 
detector in this study. It is dangerous for people's health and safety when combustible and poisonous gases 
like CO, CO2, CH4, NO2, etc. are present in the air. This calls for novel uses for gas sensors, such as 
tracking gases with potential environmental hazards, developing gas analyzers, sensors, and response/
recovery times. Excellent selectivity, rapid response, low operating temperature, little energy consumption, 
and long-term stability. Since metal oxide semiconductors (MOSs) are so sensitive to even trace amounts 
of gas, modern methods rely on them  for accurate gas detection.
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Introduction

A good understanding is provided of many of its physical properties, which differ from those of its constituent 
materials in their bulk state. [1, 2]. Research and studies on semiconductor materials have continued rapidly 
due to their physical properties, especially their electrical properties, which have a high possibility of 
modification and diversity of these properties. On the other hand, semiconductor materials have entered the 
field of study and application and have taken up a large and increasing area because they have excellent 
properties, which has led to the development of this science and the expansion of its applications in various 
scientific and technical fields [3,4] Thin films are of industrial and technological importance. They are 
involved in most applications, including: electronic applications such as magnetic memory devices, integrated 
circuits, detectors and transistors. [5] Optical applications: include the manufacture of solar cells, 
photodetectors, the manufacture of optical fibers, photography, the manufacture of ordinary and thermal 
mirrors, and reflective and non- reflective coatings [6].  As for magnetic applications such as electronic 
computers and laser CDs [7] . 

1.1 Metal oxide gas sensor 

MOS-based sensors work on the principle of changes in their resistance when exposed to target gases or 
moisture. Oxidizing gases such as NO2, Cl2, F2, and O3 increase the resistance of n-type semiconductors and 
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decrease the resistance of p-type semiconductors; While reducing gases such as H2, NH3, CH4, and CO do 
the opposite [9]. n-type MOS samples generally show a higher gas response than p-type; However, p-
type membranes have their own advantages such as high catalytic properties, low humidity and 
operating temperature dependence [10]

The sensing performance of a MOS gas sensor strongly depends on the operating temperature, humidity, 
crystal structure and surface properties. Some limitations such as high operating temperature, low 
responsiveness, low selectivity, high response time and recovery time are associated with gas sensors [11]. 
Many efforts have been made to improve sensor performance by using traditional manufacturing methods to 
produce low-cost, highly responsive sensors. Researchers have focused on studies to devise a highly sensitive 
gas sensor with low response time and recovery time by fusing two or more metal oxides together to create 
MO-MO composite materials that exhibit higher response than individual materials [12] .

The sensing performance of a metal oxide based gas sensor can also be improved by doping the metal oxide 
with metals such as platinum, aluminum and palladium. AM Soleimanpour et al. [12] showed a significant 
increase in the response of NiO film grafted with Pt nanoparticles even at low operating temperatures.

In this study, it is clarified how gas sensors respond, discusses how gases are absorbed on the surface of 
semiconductor materials and their effect on the properties of the semiconductor, and also focuses on the 
efficiency of the gas sensor made of nanomaterials in the form of thin films of NiO and processed under 
different conditions. Solution concentration used to prepare membranes for sensing different gas 
concentrations and different operating temperatures. [13].

1.2 Thin film deposition methods 

Over the years, various materials have been manufactured in the form of thin films due to their 
technological importance. There is a very wide range of applications and extends from coating several square 
meters on window glass. Based on the nature of the deposition process, the techniques used for thin film 
deposition can be classified into two groups, namely physical and chemical deposition processes. Methods 
include physical evaporation deposition (PVD), pulsed laser ablation, and molecular beam sputtering.

Figure 1.1: Schematic diagram of some chemical deposition processes.
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While chemical methods include methods of deposition of gas and liquid phases, as shown in Figure (1.1). 
Gas phase methods are chemical vapor deposition (CVD) and atomic layer enlargement (ALE), thermal 
spray  deposition, sol-gel, electrophoretic deposition and chemical bath deposition [14].

Nickel oxide thin films have been prepared by different techniques including: electron beam evaporation, 
magnetron sputtering, chemical precipitation, sol-gel solution and spray pyrolysis technique (SPT) [15]. 
Among the various methods, spray pyrolysis is the method through which films can be coated over a large area 
and this method is simple, low-cost and widely applicable. It gives high product purity for deposition of 
metallic and non-metallic materials [16].

In the present work, a thermal sputtering method was used to form NiO thin films.        

1.3 Basic properties of nickel oxide (NiO) 

Nickel oxide (NiO) is a p-type semiconductor and is well known for its excellent electrical and optical 
properties and chemical stability. It has a wide band gap of 3.6-3.8 eV and a weak absorption band in the 
visible region. It is in the form of a greenish-gray powder, depending on the method of preparation. It is a 
transition element and an antimagnetic substance. The Néel temperature is 523 K (which is the temperature 
that characterizes antiferromagnetic materials). Below this temperature, the sublattice atoms are spontaneously 
magnetized in a ferromagnetic lattice manner, a Curie temperature of less than 2000 K [17] .      

The antiferromagnetic arrangement of nickel oxide is related to the symmetry properties of the crystal 
(body-centered cubic, face-centered cubic structure, perovskite). Its high chemical stability and 
thermodynamics, is very resistant to oxidation [18]. Table (1.1) shows some general properties of nickel oxide.

There are many kinds of ways to prepare NiO. Among these, the most well-known method is thermal 
spraying of Ni 2+ compounds such as hydroxide, nitrate and carbonate, which results in a light green powder. 
Heating in oxygen or atmospheric air results in black NiO powder. The color change from green to black is 
due to the presence of Ni 3+ resulting from vacant sites in Ni [18].

The stable crystal structure of nickel oxide at high temperature is polymorphic bencinite. By cooling the 
crystal, the structure transforms into a diamond shape. It should be noted that these crystal structures are 
formed during thermodynamically stable transitions. Different manufacturing techniques produce 
heterogeneous structure [19].      

1.4 Crystallographic and structural properties 

The structure of NiO is similar to that of sodium chloride (NaCl), which is known as the rock salt 
structure as shown in the figure). 1.2) It has a cubic structure of type (FCC) This cubic structure consists of 
two identical sublattices A and B, such that each atom of sublattice A has only neighbors belonging to 
sublattice B and vice versa. The anionic sublattice (O 2 ) and cationic sublattice (Ni 2+ ) have an FCC 
structure. The (100) plane is a mixed plane composed of 50% nickel and 50% oxygen while the (111) plane is 

alternately pure Ni and pure O. Face

(111) is a polar face (unstable) vs. Face (100) is a non-polar face (stable) The interplanar spacing between two 
different planes is 0.12 nm and is approximately doubled between the nature of two similar planes[20]. 

Crystalline solids exhibit periodicity in their crystal structure. Perfect stoichiometric metal oxides are 
insulators but by introducing various defects inside the crystal, their electrical, optical and mechanical 

properties change. It should be noted that the presence of defects depends on the method of growth. [20]
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. ]20[ كلينلل ودسلأا ، كلينلا ديسلكأ يرولبلا بيركتلا 1.2: كلشلا

1.5 Nickel oxide gas sensors 

Many researches have been published on NiO gas sensor. Some research is on the manufacturing 
techniques, electrical and optical properties, and gas sensing properties of NiO gas sensor. Research shows 
that nickel oxide gas sensors are capable of detecting wide types of gases such as 2H, 3NH, 2NO, alcohol and 
4CH. The response is excellent, and the operating temperature depends on the surface characteristics and the 
type of gas. [21]

1.6 Objective of this study 

This study aims to achieve the following objectives:

• Installation of a homemade device that allows the preparation of thin films of metal oxides by the
thermochemical spray method. 

• Preparing nickel oxide nanomembranes and studying their structural properties.

• Manufacture of a sensor that works as a chemical sensor based on changes in electrical resistance.
This device was then used to study the allergic properties of nickel oxide films prepared for some toxic and 
flammable chemical gases. 

An overview of the theoretical side of this study and the ideas, scientific explanations, relationships and laws 
used to interpret the results obtained.

2.1 Classification of materials and characteristics of crystal structure. Crystalline materials can be 

divided into three types: monocrystalline, 
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polycrystalline and amorphous. The single crystal has a band arrangement
and the arrangement of atoms extends throughout the total volume of the substance, and the bond length 
and  angles between them are equal.

Polycrystalline materials are a combination of an array of randomly oriented crystals separated by well-
defined boundaries. These crystals are known as grains and are known as grain boundaries. Non-
crystalline or amorphous solids are characterized by a random arrangement of atoms or molecules [22]. 
Figure (2.1) shows  the three structural forms.

2.2 Thin film characterization techniques 

Nanostructured semiconductor materials are manufactured by various physical and chemical methods. The 
structural and electronic properties as well as the distribution of the primary particles depend greatly on the 
method of preparation. Once a suitable material has been installed, the first goal is to perform characterizations 
of that particular material. In order to do this in a systematic way, we need a variety of characterization 
techniques.

The different characterization techniques used are:

• Weight difference method for calculating film thickness.

• X-ray diffraction (XRD) technique.

• Atomic force microscopy (AFM).

• Scanning electron microscopy (SEM).

• Ultraviolet-visible spectroscopy (UV-Vis); In this research we will use only two techniques:

2.2.1 Weight difference method for calculating 

Film thickness is one very important feature to determine. The reason is that many membrane properties 
depend on the thickness of the membrane. There are different methods for measuring thickness, including the 
visual method (Michelson) and the weight difference method. In this work, the second technique was used. 
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Where (t) is the film thickness, (Δm) is the weight gain, (A) is the area of the coated pattern and (ρ) is the 
density of NiO which equals 6.67 g/cm3. 

2.2.2 X-ray diffraction (XRD) technique 

X-ray diffraction (XRD) is one of the most useful characterization methods because it can provide a great 
deal of information about the deposited material. X-ray diffraction can be used to study the crystalline 
properties of the prepared thin films such as determining the crystal structure, crystal orientation, crystal 

quality, and crystal sizes. [24]

Two important advantages of X-ray diffraction for thin film analysis are [25]:

.1 The wavelengths of X-rays are of the order of atomic distances in the material, which particularly qualifies 
their use.

2. X-ray techniques are non-destructive and leave the examined specimen intact without damage. X-ray

diffraction was used to determine the crystalline phases of materials based on Braque's law. As shown i

ngure 2.2, the case where diffraction occurs in a crystalline material satisfying Bragg's law is described as 
[25]

hklsinθ hkl2d = :nλ ........................................................................... (2.2)

Where (λ) is the wavelength of the , and n is an integer. Waves satisfying this condition interfere 
constructively and give rise to a reflecte reflected wave of large intensity. 

]25[ .كابر ننواق بسح ةينيسلا عةشلأا يودحل يطيطخت سمر 2.2: كلشلا

The weight difference method is simple and available. You only need an accurate electronic scale, and the 
thickness is measured in this way using the following formula [23]:
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The diffraction pattern is obtained by measuring the intensity of waves scattered by the material as a 
function of the scattering angle. Strong peaks, known as Bragg peaks, are obtained in the diffraction pattern 
at points where the scattering angles satisfy the Bragg condition and give information about the crystal 
structure, orientation, and average crystalline size of the films. [26]

Experimentally obtained diffraction patterns of the sample are compared with standard patterns of 
potential elements and compounds present in the sample. Based on this comparison, conclusions can be drawn. 

Crystal size 2.3.2.1 From the X-ray diffraction pattern, the view at a peak known as the mid- peak can be 
used )FWHM( (See Figure 2.3) to calculate the crystal sizes in a given direction for a(hkl) using Scherar's 
formula  [26], which is

D
0.9  .......................... 

2.3

given as follows hkl hkl cos :

hkl

Where (hklD) is the crystalline size taken from the peak (hkl), (λ) is the wavelength of the X-ray beam, 
(hklβ)  is the midpoint of the maximum intensity (hkl).
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The lattice constants in the cubic structure are equal, that is, a=b=c.

2.3 Characteristics of gaseous sensor 

In this section, the properties of gaseous sensors and sensing mechanisms in metal oxides are presented 
Responsiveness, operating temperature, response time and recovery time are very important characteristics of 
the sensor. These characteristics determine whether the sensor can be used for commercial use or not.

Other properties of sensors are stability and selectivity. 

A gas sensor is a system that converts chemical information, which arises from the physical and chemical 
interactions of gaseous samples with the sensor, into a usable electrical signal . 

A gas sensor consists of two main parts: a sensing element (the sensitive metal oxide membrane) to 
recognize the gas it is interacting with and a conversion system (transducer) that converts the interaction 
between the gas and the sensing element into a signal, usually an electrical signal. [28]
2.4 Physical and chemical properties of NO 2 gas. 

 One of the most dangerous air pollutants is continuous exposure to NO2 gas, even if the concentration is low 
at the ppb level, as it causes emphysema, chronic bronchitis, and respiratory tract irritation. Therefore, many 
countries have tried to control the concentration of nitrogen dioxide in the air, which is 21 ppb) and have their 
own annual ambient air quality standards. [29] Nitrogen dioxide (NO2) is volatile and its pungent odor can 
cause severe damage to the respiratory system even at remarkably low concentrations. Mostly, NO2 is created 
in multiple ways such as fossil fuel burning, automobile exhaust, and emissions from chemical industries. A 
diesel-powered vehicle generates a large amount of nitrogen dioxide which becomes a major concern. In 
addition, the volatile gas can cause acid rain when exposed to photochemical reactions with water.[30] 
Inhalation of nitrogen dioxide gas even at low concentrations results. Too low leads to nose or throat 
discomfort, fatigue, eye soreness, and lung tissue inflammation Therefore, it is very necessary to develop high-
response and selective NO2 sensors for air quality monitoring. Nitrogen dioxide is a reddish-brown, non-
combustible, toxic gas that has a strong, suffocating odor and the symbol NO Which leads to the formation of 
fog, and this oxide is emitted into the atmosphere through natural sources such as: [31] Decomposition of 
nitrogen-containing compounds in soil by bacteria and spores. Due to various human activities, such as the 
formation of fuel in cars and power plants, where large quantities are produced in a narrow space, which leads 
to high local concentrations, which makes it a polluting and harmful effect on the environment. Although the 
total amount of NO x gases emitted into the atmospheric air is about 1/6 the amount of carbon dioxide emitted 
into the air, the disadvantages of NO x gases are 22 times the harmful effects of CO gas. It is more toxic 
because it converts intermediate moisture into nitric acid, the inhalation of which causes major damage to the 
lungs and respiratory system, as well as the breakdown of nitrogen oxides in the presence of oxygen and light 

to produce ozone gas, and these gases cause serious damage to the respiratory system [32]. 
2.5 Gas sensor metrics 

The efficiency of a gas sensor is measured in several ways. In the literature, the “3S” paraeters are often 
referred to as sensitivity, stability, and selectivity.[33] Among these parameters, sensitivity is the most 

2.2.2.1 Lattice constants 

The values of the empirical lattice parameters (hkl a) for cubic systems can be calculated from the following 
equation using the Miller coefficients (hkl) and the atomic level spacing (hkld) [27].

dhkl ahkl ............. 2.4

https://doi.org/10.52845/CMRO/2024/7-7-29


Zainab Amer Talib Sahib et al. Manufacturing and Studying the Characteristics of the Toxic Gas Sensor

Current Medical Research and Opinion, Vol. 07, Issue. 07, Page no: 3337-3358 
DOI: https://doi.org/10.52845/CMRO/2024/7-7-30                      Page | 3345 

common. Selectivity is a key element in creating a commercially viable device. Some issues must be 
addressed, such as sensitivity, operating temperature, response time, and recovery time. All these factors are 
very important to produce a microsensor or microsensor array. These parameters are specified in this research, 

most of which will be applied[34]. 

2.5.1 Sensitivity (S) 

The sensor's response when a certain type of gas is introduced. (S) The most general concept of sensitivity 
applied to solid-state chemically resistant gas sensors is the change in electrical resistance (or conductivity) 
upon exposure to a reducing or oxidizing gas relative to the initial state (the ratio of change in resistance upon 
exposure to gases relative to resistance in air). For p-type semiconductors (NiO) and reducing gases such as 

HS, the responsivity S is given as: [34] 

aR−gR
 = ....................(2.4)S

aR

Where aR is the resistance of the membrane in air, and gR is the resistance of the membrane when exposed to 
gases. For n-type semiconductors such as (ZnO) and reducing gases, the response is, 

gR−aR
 = ............(2.5)S

aR

× 100 %

The response of a gas sensor is affected by several factors such as film thickness, crystal size, porosity, relative 
humidity, gas exposure time, and operating temperature. Smaller grain size tends to increase the responsiveness 
of the sensor, which is attributed to the large sensing active surface due to the high surface-to-volume ratio 

and thus the interaction between gas molecules and crystals increases [34] .

2.5.2 Selectivity 

Selectivity is defined as the ability to distinguish specific gas types from background atmospheric gases. This 
is important as metal oxide- based sensors face significant challenges and show poor discrimination between 

gas types. Selectivity was defined as the percentage of sensitivity to a particular gas. [34] 

SELA / B

GASB

During this study, only one gas was added in the context of dry air, so this ratio does not explain the ability of 
the sensor to select specific types of gases from a complex gas mixture. Selectivity has also been used to 
describe the ability of a sensor (or array) to detect and discriminate certain types of gases in a mixture 
containing multiple analyte gases. As with sensitivity, there are many factors that contribute to the selectivity 

of a sensor (e.g. temperature, gas flow rate etc. [35].

2.5.3 Stability 

Stability is the ability of a sensor to maintain sensitivity to certain gas types over time. Stability is calculated 
as shown in the following

equation. [35] D .........................(2.36)  .
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2.5.4 Response and recovery time 

The response time of a gas sensor (τ res) is defined as the time it takes for the sensor to reach 90 percent of 
the maximum/minimum conductivity value when the reducing/oxidizing gas is introduced [36]. Likewise, 
when the reducing or oxidizing gas flow is removed, the recovery period is described as the period necessary 

to recover within 10 percent of the original baseline. 

Figure 2.4 shows how this is measured from sensor data that plots conductivity as a function of time [37].

On the other hand, all the tools and devices used in this work and the gas sensors manufactured from NiO will  
be explained and described

3.1 Thermal chemical spraying technology (SPT) 

Thermochemical sputtering technique is the most popular today due to its applicability for producing a 
variety of conductive and semiconductor materials [38]. The basic principle involved in the thermal 
spraying technique (SPT) shown in Figure (3.1) consists of a sprayer (nozzle), solution, heater, substrate, 
temperature controller, air compressor and another gas source. Thin film deposition using this technique 
involves spraying a metal salt solution onto a preheated substrate. Droplets impact the surface of the 
substrate, spreading as a  thin film. The shape and size of the film depends on the temperature of the 
substrate.

https://doi.org/10.52845/CMRO/2024/7-7-29


Zainab Amer Talib Sahib et al. Manufacturing and Studying the Characteristics of the Toxic Gas Sensor

Current Medical Research and Opinion, Vol. 07, Issue. 07, Page no: 3337-3358 
DOI:https://doi.org/10.52845/CMRO/2024/7-7-30                      Page | 3347 

3.2 The influence of some main factors on the quality of deposited films. 

This section discusses the influence of some key SPT parameters on the properties of deposited films:

3.3.1 Effect of substrate temperature

The substrate surface temperature is the main parameter that determines the shape and properties of the 
film. By increasing the temperature, the form can change from a microscopic structure with cracks and defects 
to porous [39].
3.2.1 Effect of solution concentration 

The concentration of brine used for spraying is the second important variable. The solvent, salt type, salt 
concentration, and additives affect the physical and chemical properties of the prepared samples. 
Many properties of the deposited film can therefore be changed by changing the composition of the 
solution. Such  as film thickness, chemical composition, electrical and optical properties [40].

Effect of the distance between the spray nozzle and the substrate If the distance between the sprayer nozzle and 
the substrate is changed, there are three types of processes that may occur during deposition. In Process 1, 
the droplet splashes onto the substrate, evaporates, and leaves a dry precipitate in which decomposition 
occurs. In process 2, the solvent evaporates before the drop reaches the surface and the precipitate hits the 
surface where decomposition occurs. In process 3, the solvent evaporates as the drop approaches the 
substrate, then the solid melts and evaporates (or sublimates) and the vapor diffuses to the substrate to undergo 
a heterogeneous reaction  there.
3.3 Preparation of NiO thin films 

3.3.1 Preparation of spray solutions to prepare NiO thin films 

In this study, thin films were prepared using thermal spraying technology. Because of its simplicity, this 
technique is particularly attractive because it is fast, has simple instrumentation, and is suitable for producing 
films of large areas [41].
iO thin films were fabricated on a glass substrate (25 mm × 25 mm

× 1 mm). Different concentrations of NiO solution were prepared by dissolving:6H2O)3(Ni(NO) in 
distilled water, with continuous stirring for one hour at room temperature to obtain a homogeneous 
solution using a  magnetic stirrer (IKA® C-MAG HS7) as in Figure (3.2: a).

It weighs 0.29079 gm, 0.87238 gm, 1.445397 gm, 2.03555 gm and 2.9079 gm of dehydrated nickel nitrate: 
6H2O)3(Ni(NO). Each weight was dissolved in 100 ml to produce concentrations of (0.01, 0.03, 0.05,

0.07 and 0.1 Molarity) An accurate electronic balance (HR-200 A&D Co.) was used as shown in Figure (3.2: 
b). The weight of 6H2O) 3(Ni (NO) required for each concentration was determined using the following 

 equation [42]:

)3.1(………

Where M: is the molar concentration, W: the weight of the substance, MW: the molecular weight, V: 
the  volume of distilled water.
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3.3.2Thin film deposition

Figure (3.1) shows the spray system used in this work. Air gas is used as the carrier gas and an air compressor 
is used to atomize the mist. During spraying the substrate temperature is ~420±5°C. In order to avoid cooling 
of the substrate, spraying is done at intervals of about 12 seconds, followed by a wait of about 2 minutes, with 
a spray rate of 5 ml/h. The distance between the substrate and the spray nozzle was maintained at 30 cm in 
order to deposit thin films with uniform thickness.

Film thickness was determined using the gravimetric method as discussed in Chapter 2. Films deposited on 
clean glass slides had their mass previously determined. After deposition, it was weighed again to determine 
the amount of material deposited. By measuring the surface area of the deposited film, taking into account the 

density of the material, the thickness was determined using equation (2.1) and ranged from 350 to 400 nm. 

Compositional measurements (X-ray diffraction analysis)

Philips In the range of 20°–80° in the American Standard for Testing and Materials (ASTM)[43] cards of NiO 
the general structure of the thin films including the diffraction peaks, which show the peak positions and phase 
concentrations, and the corresponding atomic distance spacing (Å d hkl) , lattice constants, crystal size, and 
relative intensity (oI/I). Using the Scherrer equation, the strongest peak of the films was used to determine the 
average crystal size .

Gas sensor checks:

The sensitivity of gas sensors depends mainly on the grain size of the material exposed to the gas [44]. The 
grain size on a substrate of a given material is known to depend on the settling capacity of the substrate. It is 
believed that substrates with lower surface tension result in smaller grain size. Glass, which has the lowest 

surface tension, is best for obtaining the smallest grain size for the NiO thin film [45].

 Al Intergrade Electrodes (IDE):

He used thermal evaporation technology (Edward unit type E306A), which is used through a metal mask to 
thermally evaporate the aluminum layer on the NiO sample. Figure (3.3) shows the overlapping metal electrode 

masks (8 and 10 fingers) used in this work.
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Gas sensor inspection system: 

Figure 3.4 shows a schematic cross section of the gas sensor test rig. It consists of a cylindrical vacuum-tight 
stainless steel test chamber with a diameter of 163 mm and a height of 200 mm, with the base rotatable and 
sealed with an O-ring. The effective volume of the chamber is 4173.49 cc. It has an inlet to allow test gas to 

flow, and an air intake valve to allow air to evacuate. 
Another third port is given to measure the pressure rate inside the chamber. A multi-electrode feed at the 
base of the chamber allows electrical connections to be made to the heater assembly and sensor 
electrodes. The heater assembly consists of a hot plate and a k-type thermocouple inside the chamber to 
regulate the operating  temperature of the sensor.
There is also a multimeter connected to the PC that is used to measure the change in conductivity of the 
sensor subjected to a pre-determined mixing ratio between air and gas. The chamber can be emptied to 
approximately vacuum (1−3 bar) using a rotary pump. Gas mixing valves are integrated to control the 
mixing ratios of test carrier gases, and through the flow meter and valve arrangement, the air and test gas 
feed into the mixing gas accumulator. This mixing scheme is designed to ensure that the gas mixture 
entering the test chamber is mixed  in a way that gives true sensitivity.

For gas sensing tests, the chamber was equipped with a 500 W electric ceramic heater with computerized 
control. The chamber is supplied with a mixture of the target gas (NO2) and the air is adjusted in controlled 
proportions via two control valves/mass flow at 1000 cubic meters per minute during the test. A current source 
(2400 Source Meter, Keithley, Cleveland, Ohio, USA) was used to follow and record the changes in electrical 
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resistance of the samples during the sensing test and convert them into an electrical signal.
Results and Interpretation 

Results and interpretation of experimental measurements of NiO films that were prepared by thermal spraying 
on a glass substrate deposited at a substrate temperature of 420 degrees Celsius, the distance between the 
nozzle and the substrate is 30 cm, and the thickness of the films varies between 280 - 300 nanometers 
with focus. The composition of NiO films was tested for different concentrations (0.01, 0.03, 0.05, 0.07, 
0.1 M). The characteristics of the gaseous sensor were also tested for different gas (NO2) and operating 
temperature of the  sensor and the results we obtained are discussed.

4.1 Structural characteristics (X-ray diffraction analysis) 

The structural and lattice parameters of NiO films can be found by X-ray diffraction (XRD), which records 
the intensity as a function of the Bragg diffraction angle between 20 and 80 degrees.

 Figure (4.1). It can be seen that all samples for all concentrations showed three main peaks at about 37.7°, 
44.7° and 63.2° which correspond to Miller coefficients (111), (200) and (220) respectively, and this is in 
agreement with the ICC [43] data card number. Diffraction (ICDD) (04–0835) which corresponds to JCPDS 
(No. 47-1049) for nickel oxide . 

This pattern indicates that the formed film is polycrystalline with a cubic NaCl type (a=b=c) facet 
centered (FCC)) with a principal direction in the (111) plane [46] . No other clear peaks belonging to impurities 
or nickel metal appear. The thin film with a Nr concentration of 0.1 M has a higher and sharper diffraction 
peak (111), which indicates an improvement in the crystallinity of this film compared to other models 
deposited at lower  concentrations. It should be noted that other peaks appear at equals (200) and (220).

Weak peaks indicate that these films have a textural composition, and that the composition depends on the 
concentration of the spray solution used. These results attest that the texture composition of membranes is 
higher when the molar concentration is smaller. This can be attributed to the smaller nickel nitrate hydrate 
flux, which allows a better ordered growth process for the films. On the other hand, sharp peaks can be clearly 
seen, indicating significant crystalline order in this specific direction [47]. 

The results obtained fit well with published studies [48,49]. Average crystal sizes (D) estimated using the 
highest peaks, we observe the crystal size increasing from 10.67 nm to 28.46 nm as the molar solution 
concentration increases from 0.01 mol/L to 0.1 mol/L, with which the crystal size is likely affected, which 
could It is attributed to the decrease in voids and defects in the crystal structure. 
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The presence of nano-sized grains in polycrystalline materials to high density of grain boundaries. It is known 
that grain boundaries act as sites of electron transfer (oxygen uptake), leading to improved sensor 
efficiency. However, the sensitization mechanism is related to the grain density [50], since the 
electrochemical processes  and corresponding optical absorption mainly occur at the grain boundaries and on 
the grain surfaces [51].

4.4 Gas sensor measurements 

The basis of the work of the gas sensor is to convert the interaction with the gas into an electrical signal. NiO 
is a metal oxide that can perform this conversion. Due to the effect of the presence of gas molecules and their 
interaction with the surface of the membrane, this affects the electrical resistance of the membrane [52].
The sensor measurements are examined for samples with different concentrations when exposed to a gas 
with a concentration of 77 cubic centimeters of gas and at different operating temperatures ranging from (50, 
100, 150, 200, 250, 300) degrees Celsius to find the sensitivity of the sensor to the gas, the morphology of the 
membranes, the voids for oxygen, and the size of the particles. , and the nature of the gas are the key points 
of the gas sensing phenomenon [53].
4.4.1 Sensitivity and operating temperature 

The temperature at which a chemical reaction takes effect is called the operating temperature. Figure (4.2) 
shows the variation of sensitivity with operating temperature, as it is clear that sensitivity increases with 
increasing operating temperature. The best temperature that achieved maximum responses was found as shown 
in the figure around 200°C for NO2 gas. The sensitivity increases due to the increased rate of surface 
interaction with the gas .

The best sensitivity was obtained at a spray solution concentration of 0.03 M, where its value was about 
136%. This may be due to the small crystal size, large numbers of oxygen voids and surface morphology, 

which are the main factors responsible for increasing the sensitivity of the gas sensor [54]. For this 
reason, the effect of spray concentration on sensitivity was studied with the aim of finding the optimal 
concentration.
At low temperatures, the response of the sensor is limited by the speed of the chemical reaction. Gas 
molecules cannot have enough energy to become active, so the sensitivity of the sensor is limited. At a higher 
temperature, the diffusion speed of gas molecules is restricted. The increase in sensitization with temperature 
can be attributed to the fact that the thermal energy obtained was high enough to overcome the activation 
energy barrier for the reaction and the significant increase in electron concentration resulting from the sensing 
reaction.
At some intermediate temperatures, the speed values of the two operations become equal, at which point 
the response of the sensor has reached a maximum.[55] It has been observed that as the operating temperature 
increases further, the response decreases, which can be attributed to a decrease in the adsorption of gas 
molecules on the surface. For NiO thin films.

Table (4.3) shows the operating temperature values of the gas sensor and its change with concentration
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4.4.1Response and recovery time

The response time is the period of time during which the resulting signal is approximately 90% of the 
final value when the sensor is exposed to the gas concentration and the recovery time is the time required to 
return to the initial value of approximately 10% of its value. The response depends in particular on the 
characteristics of the sensor such as crystal size and electrode geometry. electrode position, etc. A faster 
response time indicates that the sensor is excellent.

Figure (4.3) shows the “response time and recovery time” of the sensor; With operating temperature

We note that the response time* of the sensor decreases with increasing operating temperature, and the lowest 
value of the response time for the sensor manufactured from NiO is about 2.68 seconds at the operating 
temperature of 200 degrees Celsius, and the recovery time at the same operating temperature is about 75.6 
seconds for the sample with a molar concentration of 0.03 M when exposed to NO2 gas. .

Therefore, we attribute the rapid response to the 0.03 M concentration to a decrease in activation energies, 
and this decrease in energy can be linked to the increase in oxygen vacancies resulting in the lattice.

 [56] NiO and oxygen adsorption increases with electrons in the near surface region, creating 
a surface electron depleted layer. This led to an increase in the number of active sites for adsorption and a 
rapid response time for the sensors. Also, the response time as mentioned above depends on the size of the 
crystals that occur at low concentrations as shown in the XRD results. Therefore, reducing the thickness of 
the film may be a suitable way to improve the response time, as the change in response and recovery times with 
concentration appeared in Figures (4.3) and (4.4), and all sensor parameters are mentioned in Table (4.2).
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Conc 

(M) 

S 

NO2

% 

Operating 

 temp NO2 (ºC

Response 

) me NO2

(Sec) 

Recovery 

 time NO2 

(Sec) 

1% 78 210 4.3 47.7 

3% 136 210 2.56 42.5 

5% 40 210 5.68 39.3 

7% 45 210 6.1 41 

10% 33 210 6.4 65.1 

Conclusions

The basis of this research is the improvement and characterization of nanostructured NiO thin films and their 
application in the field of gas sensing. Nickel oxide films were successfully prepared using thermal 
spray technology at different concentrations on glass substrates at temperatures around 420°C. In order to 
determine the optimal concentration for sample preparation, the effect of some preparatory variables such as 
the molarity of the solution and the thickness of the films on the structural properties was studied. And find 
which of these concentrations improves the properties. The most important results obtained can be 
summarized as follows: From the results of Gas sensor devices. From the gas sensor measurements: it can 
be concluded that the NiO gas sensors showed high sensitivity to gas. Also from the study it can be 
concluded that the optimal operating temperature is 200 degrees Celsius for all concentrations, and 
increasing concentrations did not affect the operating temperature. The most important conclusion is that 
we note that the concentration of 0.03 M for NiO membranes is much better than other sensors with 
concentrations higher and lower than this concentration, which means that despite the good 
sensitivity and good response and recovery time, the concentration of 0.03 M for the sensors is the best in 
general, as we obtained the best time. The response and recovery are within 2.86 seconds and 75.6 seconds 
respectively and the sensitivity is about 136% for NO2 gas for concentration 0.03 M. Therefore, NiO metal 
oxide is practical and suitable for obtaining a fast and sensitive gas sensor capable of detecting toxic and 
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Future work

Based on the results of this study, the following future studies are proposed: Study the effect of doping with 
elements such as Co or Cu to improve the properties of NiO thin films and sensors manufactured from them. 
The use of doped and undoped NiO thin films in photoelectric applications such as photodetectors and solar 
cells. Preparing NiO thin films using another technique, such as chemical deposition, and comparing their 
results with the results of other techniques.  Study of the current-voltage (I-V) properties of films deposited 
on another semiconductor to prepare a PN junction. Using NiO membranes as a photocatalyst and antibacterial.
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