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A B S T R A C T   

In this study, NiO thin films are prepared on Ni foil using thermal evaporation method and the effect of depo
sition conditions on structural, morphological and H2S gas sensing properties of NiO thin films is investigated. 
Structural analysis of the NiO films are conducted by means of X-ray diffraction (XRD), and the films are found to 
have the FCC phase with preferred (111) and (200) Bragg reflections. Based on XRD and scanning electron 
microscopy results, it is shown that the crystallite size and the size of homogeneous nanoclusters on the surface of 
the films increase after increasing oxidation temperature. Also, the EDS patterns of NiO films demonstrate a rise 
in the intensity of O peak upon increasing the oxidation temperature due to the enhancement of oxygen in the 
NiO films. The Raman spectrum of NiO thin films several bands correspond to Ni–O vibrations. The obtained gas 
sensing results demonstrate the sensing response to 20 ppm of hydrogen sulfide at 700 ◦C. Upon increasing the 
amount of hydrogen sulfide gas to more than 20 ppm, the fabricated sensors show no significant change in their 
response, indicating that no additional active sites were exist to interplay with hydrogen sulfide molecules for the 
higher concentration of hydrogen sulfide. The response of the sensors, recorded 10 s after H2S gas exposure, 
depended on the deposition temperature. The current study shows that NiO thin films-based sensors prepared by 
a simple thermal evaporation method are potentially useful for the detection of H2S gas.   

1. Introduction 

Nickel oxide (NiO) is a p type semiconductor [1], semi-transparent 
material with large direct bandgap between 3.6 and 4.0 eV [2], which 

make it an interesting candidate for optoelectronic and gas sensing ap
plications [3–6]. There are several deposition techniques to growth NiO 
thin films via different physical and chemical deposition methods, 
including Radio Frequency (RF) magnetron sputtering [3,7,8], Direct 
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Current (DC) magnetron sputtering [6], pulsed laser deposition (PLD) 
[9], chemical bath deposition [10], chemical vapor deposition [11], 
vacuum evaporation [12], sol–gel process [13–15], thermal evaporation 
[16], ion beam sputtering [17], spin coating [18], and electron-beam 
evaporation [19]. Because of its interesting properties such as high 
electrochromic efficiency, large dynamic range, good cyclic revers
ibility, and low material cost, the NiO is a promising material for many 
different applications. 

Semiconductor oxides has numerous advantages due to their prop
erties tenability for seversal applications [20–31]. Among them, NiO has 
numerous potential applications such as magneto-electronic devices [2], 
electro chromic display [3], super capacitors [4,20,24], resistive 
switching [9], and IR window [10] due to its semiconducting, semi
transparent, catalytic, excellent electrical, and thermoelectric proper
ties. In addition, nickel oxide in different crystal structures (such as thin 
film, nanoparticles, nanowire among others) have been studied as an 
attractive material for gas sensing and have shown propitious sensing 
features after exposing to different gases including CO, NO2, H2, and 
NH3 [32–35]. Due to its wide band gap and excellent electrical prop
erties, recently nickel oxide has been used for the detection of H2S gas as 
a poisonous, corrosive, and flammable gas [36]. Previous report 
demonstrated that the optimum temperature to obtain a sensitivity of 
94% is 150 ◦C for the NiO films [36]. C. Luyo et al. fabricated 
nano-crystalline NiO gas sensors using advanced reactive gas deposition 
and demonstrated the NiO can detect H2S and NO2 gases at ambient 
condition and the best acting temperature for achieving the highest 
sensitivity was from 150 to 162 ◦C [37]. As another example by S. K. 
Ganapathi et al. NiO NPs were prepared by a simple and cheap chemical 
coprecipitation route and the gas-sensing characteristics showed good 
sensitivity to H2S gas [38]. Among techniques used to deposit NiO thin 
films, thermal evaporation of Ni foil is a low cost and simple method to 
prepare high purity NiO films [39,40]. 

In this study, we report growth of NiO thin film with oxidation Ni foil 
at different oxidation temperatures. Thermal evaporation is considered 
as a facile method to prepare different metal oxide films on rigid sub
strate. This technique possesses multiple merits against other chemical 
methods including easy processing and mass production of nano
structured metal oxides in absence of dangerous chemicals [41]. We 
further investigated the influence of various oxidation temperatures on 
the structural and H2S sensing features of NiO thin films. There are 
limited studies on the gas-sensing behavior of NiO and the interaction of 
H2S with NiO. Herein, the characterization of NiO thin films as gas 
sensing material was accomplished against H2S and a correlation be
tween nanostructure and sensing properties of NiO thin films is dis
cussed in details. 

2. Experimental section 

2.1. Fabrication of gas sensors using NiO thin films 

Initially, the platinum (Pt) electrodes were prepared using a shadow 
mask by electron beam evaporator method before deposition of NiO thin 
films as the sensing materials on alumina substrates. Then, the Pt elec
trodes were annealed at 700 ◦C for 4 h. A second mask was fixed on the 
substrates which were located into a horizontal quartz tube for the 
oxidation in the air. Using thermal evaporation method, nickel oxide 
thin films were prepared in a horizontal quartz tube. Nickel foils (0.15 
mm thick and 99.999% purity) were cut into1cm × 1 cm pieces and 
used. The deposition temperature and the process of film growth were 
controlled by a thermocouple placed near the Ni foil. The black thin 
layers of NiO were formed on the substrates surfaces at different depo
sition temperatures 500, 600, 700, and 800 ◦C for 240 min duration (see 
Fig. 1 (e)). It should be noted that oxidation time is constant in all four 
conditions. It was found that at temperature T ≤ 900 K the oxidation of is 
a self-stabilizing process. 

2.2. Evaluation of gas sensing performance 

Fig. 1 demonstrates static gas sensing system which was used to 
evaluate. The sensing performance of the films. The test chamber is 
made of cylindrical stainless steel with a diameter of 30 cm and a height 
of 30 cm with viewing glass windows to view the testing process. The 
system is also equipped with a ceramic convection heater. It can also be 
programmed in stages (CYCLIC) from ambient temperature up to 500 ◦C 
to adjust the surface temperature of the gas sensor during testing. The 
system is equipped with a two-stage rotary oil vacuum pump to create 

Fig. 1. (a) and (b) Gas sensing system, and (c) and (d) the schematic repre
sentation of the sensor structure and gas sensing system and (e) horizontal 
quartz tube. 
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vacuum in the chamber. The system is equipped with two gas inlet 
channels and two gas mass flow controllers (MFC) to control the gas flow 
and concentration with a high accuracy. It is also possible to add 
moisture to the gases as well as step-by-step programming (CYCLIC) to 
the MFCs in terms of flow rate per unit time. The system has a tem
perature and humidity sensor in the testing chamber to monitor and 
control the temperature and humidity during the testing process. The 
system is equipped with stainless steel solenoid valves to control the 
concentration process manually. It is also equipped with automatic 
process control system, programmable logic controller (PLC) and a 
touch screen to fully control the testing process. All changes in tem
perature, pressure, humidity, and gas flow are recorded as data in Excel 
software. The system has an accurate dual-channel multimeter to read 
the changes of the gas sensor output (resistance, conductivity, and I–V 
changes). There is also dedicated software for reading the output with 
full features required for testing. From I–V characteristics, the change in 
resistance was noted. The change in current was recorded upon applying 
a constant voltage to the sensors while they were exposed to H2S gas. 
The sensor response is described as amount of conductance variation for 
the tested gas to the conductance in the air. Thus, the sensitivity of the 
sensors is estimated using equation (1): 

S=
Ra − Rg

Ra
(1)  

where Rg is the sensor resistance in existence of the tested gas and Ra is 
the sensor resistance in dry air. Additionally, the sensing response of 
sensors (R) at a constant operating temperature is considered as follow 
[39–41]: 

R=
Ra

Rg
= 1 + kCn (2)  

where, ‘C’ is the content of the target gas, and the response is denoted by 
the prefactor ‘k’, and exponent ‘n’. The response time is defined as the 
amount of time that a sensor requires to achieve 90% of the maximum 
variation in resistance upon exposure to the target gas and the amount of 
time that a sensor requires to get back to 90% of the initial resistance is 
called as the recovery time. These two important parameters are 
extracted from the graph of change in sensitivity against time (see our 
previous works [39,40]). 

2.3. Characterization techniques 

X-ray diffraction (STOE–XRD diffractometer) with Cu Kα radiation 
wavelength (λ) of 1.54060 Å was used to identify the structural prop
erties of the samples. The morphology of the samples was investigated 
using top view field emission scanning electron microscopy (FESEM, Leo 
440i). The elemental composition of NiO films was accomplished via 
energy dispersive X-ray (EDX) spectroscopy. Raman spectroscopy 
(Thermo Nicolet-Raman 960) with a helium neon (He, Ne) laser of 633 
nm wavelength, power Output: 17 mW without Plasma Line Rejection 
Filter was used to further corroborate the phase formation of the NiO 
samples. 

3. Results and discussion 

3.1. XRD analysis 

XRD characterization can give information about the crystallinity 
and crystallite size. The crystal structure of NiO thin films was deter
mined by using X-ray diffractometer. Fig. 2 delineates the XRD patterns 
of the NiO samples fabricated at various thermal evaporation tempera
tures. The diffraction peaks in the XRD patterns at 2θ = 37.25◦ and 
43.30◦ correspond to the (111) and (200) planes of the FCC phase of NiO 
(JCPDS No. 04–0835). In addition, the peak at 2θ = 51.3◦ is related to 
the FCC phase of Ni. The average crystallite size (D) is calculated using 

the Scherrer equation [42–45]: 

D= 0.9λ/ β cos θ (3)  

where, β is the half width of diffraction peak measured in radians. The 
NiO film thickness is evaluated by Detak3 surface profilometer and the 
results are presented in Table 1. It is clear that as the thickness increases, 
the XRD peaks intensity increase. The position of XRD peaks are 
impacted by the size of particle and their FWHM is reversibly related to 
crystallite size. The area of peaks represents integral intensity in the XRD 
analysis and their FWHM reduce when the crystallite size increases 
which results in a proportional growth to keep their areas constant. It is 
worth noting that the growth orientation of crystals influences the XRD 
peaks intensity. In the current research, the intensity of (200) peak is 
much higher than the other directions and the crystallites are oriented 
mainly along the (200) direction. From the XRD patterns, it is observed 
that all the films are polycrystalline, and the intensity of the (200) 
diffraction peak was observed higher compared with other peaks indi
cating the preferred orientation. Preferred orientation arises when there 
is a stronger tendency for the crystallites in a powder or a texture to be 
oriented more one way, or one set of ways, than all others. Since, the 
intensity of the X-ray diffraction line depends on the elemental 
composition of the sample and its preparation conditions, during the 
thermal evaporation process, the crystallites may take a certain direc
tion for their growing and samples may have a preferred orientation for 
their growth. 

Other development by Chen et al. showed that the thickness of the 
films has a vital role in crystallinity [2] and the crystallinity of the NiO 
film can be tuned upon raising the films thickness. As the oxidation 
temperature increases, the agglomeration of oxide scales increases 
therefore, the crystallite size increases (see Table 1). Also, as can be seen 
from Fig. 2, when the temperature gradually raises, the intensity of NiO 

Fig. 2. XRD patterns of samples at different oxidation temperatures (a) 500, (b) 
600, (c) 700, and (d) 800 ◦C. 

Table 1 
Crystallite size of samples at various oxidation temperatures of 500, 600, 700, 
and 800 ◦C for 240 min duration.  

Sample 
number 

Thermal evaporation 
temperature (◦C) 

Crystallite size 
(nm) 

Film thickness 
(nm) 

(a) 500 31 120 
(b) 600 38 156 
(c) 700 52 180 
(d) 800 73 210  
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(200) peak increases. 
The reason for this change in XRD patterns is that when temperature 

increases in the oxidation process, the Ni atoms at higher temperature 
have enough thermal energy to reach the Ni foil and form a mainly (200) 
crystallite orientation in NiO structure. It can be concluded from peak 
intensity in XRD pattern that NiO films grow preferentially along the 
(200) direction because the intensity of (200) is more than (111). It is 
evident from Table 1 and using equation (3), that the sample prepared at 
800 ◦C presents the highest value of crystallite size (73 nm) which 
confirms the development of nanostructure NiO sample. This enhance
ment of the grain size stemmed from a decrease in the lattice defects, 
which cases reduction of internal strain and dislocation density [39]. 
Moreover, it is reported that during the formation of NiO thin film, the 
oxygen solubility of the nickel matrix increases as the oxidation tem
perature increases [40]. 

Ni oxidation in oxygen atmosphere is composed of three steps at high 
temperature: a diffusion of the oxygen gas, a diffusion of the oxidizing 
species, and the reaction of these species with the nickel atoms. Notably, 
upon increasing temperature to 800 ◦C, the intensity of the NiO (200) 
peaks increases implying the development of NiO crystals and the 
improvement of Ni–O bonding to form a thin oxide layer on the Ni 
surface. This concept was previously confirmed by Valladares et al. for 
the thermal evaporation of Ni thin films prepared vis traditional thermal 
evaporation process [46]. The results showed that the oxidation and 
structure of NiO thin films depends on thermal evaporation tempera
ture. In other words, the oxidation nature of Ni thin films depends on the 
temperature. As another example, Pinnel et al. stated that the oxidation 
of Ni begins slowly due to the exposure to oxygen atmosphere [47]. A 
similar result was reported on thermally oxidizing an evaporated Ni thin 
film at 500 

◦

C and the effect of temperature was investigated system
atically [48]. 

3.2. SEM analysis 

Fig. 3a–d illustrates SEM images at 500 nm scale of NiO films pre
pared at different oxidation temperature (500, 600, 700, and 800 ◦C) for 
detail information about size, shape and mechanism of the grain growth. 
The SEM morphologies of almost all films appear to have spherical 

grains throughout their entire surface. It can be seen from Fig. 3 that the 
surface topography in all samples was nanoclusters without cracks and 
pinholes with random distribution of grain sizes and shapes. The poly
dispersity behavior of the grain size are possibly owing to the rate of 
particle growth and their incomplete nucleation. It has been reported 
that grain formation on the surface of metallic foils as a starting material 
in thermal evaporation process has been related to effective factors in 
growth mechanisms such as vapor-solid, solid-liquid-solid, diffusion 
limitations, and stress mechanisms [49,50]. Several morphologies have 
been observed in previous research related to NiO thin film such as 
nano-sheets [39], nano-wires [40], nano-fibres [41], cactus like 
nano-structure [42], hemisphere [43], nano-flowers [44]. The over
grown clusters in the smaller grains of NiO thin film prepared by spray 
method on glass and FTO substrate has been reported [51] and the re
sults showed that the deposition parameters of NiO film have an effect 
on the surface texture and grain size of the film. 

Also, thermal evaporation has been employed to prepare nano
crystalline NiO thin films on Ni foil with regular and small grains and the 
results showed that increase of annealing temperature caused to 
agglomeration of grains and hence enhancement of particles sizes 
[34–36]. In our work, the SEM micrographs demonstrate that the 
morphology largely depends on the oxidation temperature. Generally, 
parameters including O2 pressure, temperature of oxidation process, 
heating environment and the heat duration impact on the kinetics of 
oxidation reaction in metal oxide thin films. Moreover, the process of Ni 
oxidation occurs slowly right after the film deposition because Ni gets 
exposed to the air (Fig. 3). This process happens owing to two reasons: 
(i) transfer of electrons at the interface to develop a monolayer of an 
adsorbed oxygen ion at the surface and (ii) diffusion of oxygen anion 
into the metal film [39]. Initially, the oxygen anions occur to create a 
thin layer of oxide film on the surface of the nickel. The surface of nickel 
gets oxidized quickly to develop nickel oxide thin films. Moreover, the 
surface of nanostructured NiO contains the grains with clear boundaries 
distributed on the surface of the films which act as sensing material or an 
active area for the gas detection. The Ni atoms reoccupy to the preferred 
sites and interlay with the air in the first calcination step. The nucleation 
sites are mainly structural defects and available on the surface for nickel 
oxide and they have a lateral growth. The origin of these defects could be 

Fig. 3. SEM images of samples at various oxidation temperatures (a) 500, (b) 600, (c) 700, and (d) 800 ◦C.  
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dislocations, dust particles, grain boundaries, and other impurities 
[52–54]. 

It seems that an increase in the oxidation temperature leads to a rise 
in the number of nucleation sites and atoms, therefore molecules on the 
Ni surface can move and react with each other and as a result, seeds and 
nuclei formed on the surface and agglomeration of grains occurred. At 
higher oxidation temperature, there was stronger interaction between 
Ni substrate and O2 as ad-atoms. The high mobility of ad-atoms results in 
film with larger crystallites on the surface. With increasing oxidation 
temperature, the crystal quality of the films improved which is in a good 
agreement with XRD spectrum. Additionally, the size of nano-dots from 
SEM images are less than 100 nm, which are correlated with the 
calculated average crystallite size from XRD (see Table 1). Higher 
oxidation temperature leads to larger surface mobility and diffusion 
length of oxygen atoms on the Ni surface which improves the crystal 
quality [55]. 

3.3. EDS analysis 

EDS technique was used to identify the elemental composition of NiO 
thin films. In Fig. 4, the EDS results of NiO films prepared at different 
oxidation temperatures are demonstrated. As can be seen from Fig. 4, 
only Ni and O elements are present in all the EDS patterns. Since the area 
covered by an EDS peak is directly proportional to the abundance of 
specific element in the sample, it can be seen that by increasing the 
temperature the intensity of O peak increases which is related to 
enhancement of oxygen in the NiO films. For oxidation temperatures 
500, 600, 700, and 800 ◦C the peak intensities are 670, 980, 900, and 
1650 respectively, therefore maximum amount of oxygen with the 
highest peak intensity is observed at 800 ◦C. 

3.4. Raman analysis 

Vibrational property of NiO thin films has been studied by Raman 

study. Raman analysis was used to determine the molecular vibrations 
and the chemical structure and confirm the nature of inorganic com
pounds. Also, the phonon Raman scattering has been used to recognize 
the defect activated details. The Raman spectrum of nickel oxide thin 
films (Fig. 5) shows several bands that correspond to Ni–O vibrations. 
The Raman scattering in nickel oxide originates from one-phonon, two- 
phonon excitations as well as one-, two-, and four-magnon excitations. 
NiO is an antiferromagnetic material; it has two types of magnons 
associated with the spin of electrons in two types of atoms; one with 
spins up and the other with spins down. The nature of magnons depends 

Fig. 4. EDS analyses of samples at various oxidation temperatures (a) 500, (b) 600, (c) 700, and (d) 800 ◦C.  

Fig. 5. Raman spectra of samples at various oxidation temperatures (a) 500, (b) 
600, (c) 700, and (d) 800 ◦C. 
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on the structure of NiO at ground state [57]. The bands have been 
identified as one-phonon scattering (transverse optical (TO) phonon 
mode at 510 cm− 1), two-phonon scattering (2TO at 788 cm− 1, TO + LO 
(longitudinal optical) at 980 cm− 1 and 2LO at 1130 cm− 1 [56–59]). The 
appearance of LO phonon could be due to Ni vacancy defects. The 
strongest band at ~1555 cm− 1 corresponds to two-magnon excitations 
(2 M). All Raman active modes in NiO have the same frequency in 
relation to the LO mode because NiO crystallizes in a cubic form, which 
causes it to have its isotropy features. Also, the phonon scattering is due 
to the presence of lattice defects, that lower the symmetry around the 
atoms normally participating in the formation of phonons in a perfect 
single crystal; and the non-stoichiometry in the composition of oxygen is 
considered to be the major reason behind this phenomenon [59]. 
Appearance of the first-order phonon peak (1P) could correlate with 
crystal imperfections (or distortion) and its intensity is related to the 
quality of the films (by normalization of the first-order Raman peak (I1P) 
intensity to one of the second-order peaks (I2P)). The second-order 
Raman scattering (2p) in Raman spectra could correlate with perfect 
crystals [60]. It was suggested by Jiang et al. [61] and Wruck et al. [62] 
that the first-order LO phonon scattering in NiO indicating the presence 
the Ni vacancy defects or Ni3+ ions. The influence of different oxidation 
temperatures on nickel oxide thin films was detected by the changes in 
Raman modes intensity. The intensity of all Raman scattering modes has 
dramatic decrease with increasing oxidation temperature. Reduction of 
the first-order Raman peak (1P) intensity represents better crystal 
quality of NiO thin films with increasing oxidation temperature that 
showed by XRD results [63]. 

We can see that the 2P peaks have red-shift (shift to lower fre
quencies). It was ascribed by biaxial strain in the thin NiO films [59]. 
The 2 M Raman band showed significant broadening and reduction of 
intensity with a little shift to lower energy. Similar behavior was re
ported by Mironova-Ulmane et al. [64]. They reported that the 2 M peak 
intensity decreased with increasing particle size and showed a little shift 
to lower frequency and broadened. Also, Kumar et al. [65] found that 
with increasing annealing temperature, the 2 M Raman intensity 
decreased. Crystalline rearrangement can explain this affect and it is 
responsible for describing the preferential directions. The 2 M bands in 
crystalline NiO phase reveal relatively strong antiferromagnetic 
ordering. The broadening effect in 2 M bands can be related to decrease 
of antiferromagnetic spin correlations that are responsible for the tran
sition of antiferromagnetic-to-paramagnetic in nanosized NiO [66]. 

3.5. Sensing properties 

Based on the change in the conductivity or electrical resistance of 
thin film, the mechanism of gas sensing of NiO thin film is evaluated. 
The values of current are recorded after applying a constant voltage to 
the sensors based on NiO thin film under hydrogen sulfide exposure. The 
actual process of sensing evaluation goes like this: first, the air is passed 
through the chamber for 10 min. Next, the target gas is introduced in the 
system, and the variation in the resistance of sensor is recorded for the 
next interval of 10 min. Lastly, the target gas flow is stopped and only 
the air is passed through the chamber to clean it. Dynamic response 
curves of NiO thin film sensors at different H2S concentrations has been 
shown in Fig. 6. As expected, the value of sensor resistance is not con
stant while the target gas is exposed to the surface of the sensing ma
terials. The aforementioned cycle can be repeated and the variation in 
the resistance of the sensing materials can be recorded for a long period 
of time. 

In this way, the sensing of the sensor is recorded and compared to the 
reported values for the similar sensors based on NiO NPs [66–68]. The 
gas sensing response of the fabricated nickel oxide sensors to various 
concentration of hydrogen sulfide at elevated operating temperatures is 
demonstrated in Fig. 7. After exposing the surface of sensor to the target 
gas, adsorption and desorption phenomena happen on the surface of the 
sensor and at the interface between the sensing materials and the gas 

molecules, and as a result, the electrical resistivity of the sensing ma
terials become constant for the equal values of the absorption and 
desorption of the exposed gas. 

Upon exposing the NiO based sensor to hydrogen sulfide, an increase 
in the resistance of the sensor is recorded due to the fact the NiO is a p- 
type material and interactions between its molecules and hydrogen 
sulfide molecules lead to an adsorption of O2 molecules on the grains 
surface. In a typical p-type material including copper oxide and nickel 
oxide, negative charges are majority and electrons migrate from valence 
band to oxygen molecules which are adsorbed on the surface and result 
in the existence of a hole-accumulation layer at the grain boundaries 
[67,68]. It is well known that an n-type semiconductor has electrons as a 
major charge carrier and p-type semiconductor has holes as a major 
charge carrier. NiO is a p-type semiconductor, and the charge carriers 
are positive holes. And, the adsorption and desorption of the H2S on the 
surface of the NiO will result in the changes of electrical resistance. 
However, the sensor performance of NiO depends on the number of free 
electrons in the outermost shells, which is greatly influenced by the 
change in resistance of the sensor. NiO has a 3 d8 electronic 

Fig. 6. Dynamic response curves for various H2S concentrations for NiO thin 
film gas sensor. Data were taken at room temperature. 

Fig. 7. Sensor response vs. H2S concentration for NiO thin film gas sensors 
samples at various oxidation temperatures: 500, 600, 700, and 800 ◦C. 
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configuration, and its triply degenerate state (t2g) is filled with one free 
electron in a doubly degenerate (eg) state; these free electrons facilitate 
the electron transport mechanism. It can be seen from Fig. 7, the sensor 
prepared at 700 ◦C shows the best performance due to more active areas 
which can be seen from SEM image in Fig. 3 (c). 

Although the gas sensing response to hydrogen sulfide is more 
complex in Fig. 8. It is seen that the NiO sensing response increases for a 
low level of hydrogen sulfide content after raising the oxidation tem
perature. This phenomenon is less likely attributed to the raise in grain 
size, because the growth of grains is negligible till 700 ◦C. It is very likely 
that the interplays between nickel oxide and hydrogen sulfide is most 
likely low at ambient condition. It is believed that the nickel oxide 
nanoparticles possess enough reaction sites to generate a series of 
complete reaction, hence causing a rise in the sensor response for low 
amount of hydrogen sulfide gas as demonstrated in Fig. 7. It is evident 
that as the amount of hydrogen sulfide increased above 10 ppm, the 
sensor response experiences an improvement up to 700 ◦C. 

Although, a reduction in the sensor response is observed at oxidation 
temperatures of 800 ◦C for the same level of hydrogen sulfide. Such 
behavior is expected due to a reduction in the surface to volume ratio at 
oxidation temperature of 800 ◦C because of the augmentation in the 
grain size. In addition, a saturation in the sensing response of the sensors 
is pronounced upon further increasing the amount of hydrogen sulfide as 
delineated in Fig. 7, suggesting lack of additional active sites on the 
surface of the sensor to interplay with new hydrogen sulfide molecules 
when the amount of target gas increases. As the oxidation temperature 
increases the grain sizes of NiO thin films increase which are also 
consistent with the obtained results of the FESEM images and the XRD 
analyses. 

The concept of oxidation reaction and its impact on the sensing 
performance of the sensors based on NiO as sensing material exposed to 
hydrogen sulfide is important to be discussed. The level of interplays 
between the molecules of sensing materials and the molecules of the 
target gas is a function of the oxidation temperature and the size of the 
sensing materials grains. The sensing response of gas sensors based on 
semiconductor oxides and the sensors resistivity in impacted by the 
grain boundary potential barrier height at nano level, hence, gas sensing 
phenomenon is a surface-dependent event. When NiO is subjected to 
hydrogen sulfide, two primary reactions occur. The first is the oxidation 

of hydrogen sulfide with oxygen molecules that have been adsorbed and 
in turn result in an improvement in the resistance of NiO sensing ma
terials). Second, NiS formation as a result of the interactions between 
hydrogen sulfide molecules and nickel oxide molecules, that in turn lead 
to a decrease in the sensor resistance owing to the metallic nature of NiS. 

As an alternative to the advanced tools, the chemiresistive metal 
oxide-based semiconductor sensors offer advantages for H2S detection at 
low ppm level. Industrially accepted short-term and long-term threshold 
limit values for H2S gas are reported to be 10 and 15 ppm, respectively. 
Although, it can be easily detected by its characteristic rotten-egg smell, 
at relatively higher concentrations, H2S paralyzes the olfactory system, 
making it essential to monitor its presence. Fe2O3-loaded NiO nano
plates were reported to exhibit high response and excellent selectivity 
toward H2S. Au@NiO yolk− shell NPs prepared by Rai et al. showed a 
higher response of 108.92 at 300 ◦C for 5 ppm of H2S [69–71]. It has 
been reported the response of H2S gas sensors using low level gas: 

Poongodi et al. fabricated a tungsten oxide nanostructured thin film 
by the electro-deposition method for hydrogen sulfide gas sensing at low 
concentrations, ranging from 0.1 to 10 ppm. The resistance of the sensor 
decreased upon exposure to each H2S pulse and recovered completely to 
the initial value upon stopping the supply of H2S gas and exposure to air 
due to the reversible reaction of the film component with the gas mol
ecules [72]. The similar sensing behavior of increasing conductivity at 
the metal oxide film surface was observed with pure n-type barium 
titanate which gave a maximum response to hydrogen sulfide gas at an 
optimum temperature of 350 ◦C [73]. Tin oxide film resulted in a 48% 
response for 5 ppm H2S at 300 ◦C [73], thus indicating the high de
pendency of sensitivity on operating temperatures. 

Joshi et al. [74] prepared a polycarbazole (PCz) film-based chemir
esistor by the Langmuir–Blodgett technique on flexible bi-axially ori
ented polyethylene terephthalate substrate. They obtained very stable 
11, 35 and 71 Langmuir multilayer (ML) films with liquid expanded 
character. Among the deposited films, only 35 and 71 ML films were 
responsive as a typical p-type semiconductor to H2S at 10 ppm, which 
may be attributed to the absence of enough active sites for gas reactions 
on the surface of 11 ML film [75]. Liu et al. [76] developed a PANI 
nanofibers-based film using the electrochemical method. The film had 
no response to sample gas, while gold nanoparticles incorporating PANI 
nanofiber showed an 80% maximum response towards 1 ppm H2S gas. 
These are just a few examples where low-level of H2S detection is re
ported by other researchers. 

4. Conclusion 

Using thermal evaporation method, NiO thin films were synthesized 
on Ni foil and the effect of thermal evaporation from 500 to 800 ◦C on 
structural, morphological and H2S sensing property of the NiO thin film 
was investigated. The structural analyses from XRD patterns of the films 
indicate that they are polycrystalline and have a FCC structure. The SEM 
micrographs indicate that the morphology is highly sensitive to oxida
tion temperature and by increasing oxidation temperature, the drain size 
and crystal quality of the films improved. The obtained EDS spectra 
approve the existence of nickel and oxygen elements in the film. Also, 
the Raman spectrum shows several bands corresponds to Ni–O vibra
tions. Gas sensing properties showed that at lower H2S concentrations (5 
and 10 ppm), the gas response increases with increasing oxidation 
temperature. In addition, the sensor response of the NiO thin film which 
prepared on 700 ◦C oxidation temperature against 20 ppm H2S is more 
than other samples and showed excellent response which may be related 
to grain size and well-crystallized structure. Comparing the present re
sults with those in the literature [7–15], it stands out clearly that NiO 
thin film can be considered an excellent candidate for fabricating highly 
sensitive and selective H2S chemical gas sensors. This study demon
strates that NiO thin films-based sensors prepared by a simple thermal 
evaporationtechnique are potentially useful for the detection of H2S gas. Fig. 8. Sensor response vs. oxidation temperature for NiO thin film gas sensors 

at the shown H2 S concentrations. 
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