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Abstract: Using spray pyrolysis technique, crystalline nanostructured Nickel Oxide (NiO) films were
synthesized on glass substrates with different molarities of hydrated nickel chloride salt precursors
solution (NiCl2.6H20) at various substrate temperatures. Characterizations of synthesized nanostructured
NiO films were investigated by using X-Ray Diffractometer (XRD), UV-Visible Spectrophotometer (UV-
Vis), and Field-Emission Scanning Electron Microscopy (FESEM) with Energy Dispersive X-ray
Spectrometer (EDX). Based on XRD analysis, the molar concentration and substrate temperature of the
prepared films were optimized as 0.2 M and 400 °C, respectively. The XRD result showed to the formed
cubic polycrystalline structure films with preferred orientation along (111) direction. The UV-Vis
spectrophotometry analyzing showed the band gap of NiO films varied from 3.630 eV to 3.85 eV. The
surface morphology analysis revealed that the nanoparticles are extra-fine, with an average particle size
of 68.838 nm. The stoichiometric elemental composition ratio of NiO was confirmed by EDX analysis. The
overall results of this study suggested that the synthesized high quality crystalline nanostructured NiO
films would be highly suitable for gas sensing applications.
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1. Introduction

Compared with their bulk properties, recently nanostructured materials have received attracted
extensive interest in various fields due to their unique physical and chemical characteristics which
depend on their structure, shape, size, and specific surface area (Kate, Khalate, & Deokate, 2017). The
high surface area to volume ratio in nanostructured materials leads to excellent chemical reactivity and
strength (Chen, Lu, & Hwang, 2005). Due to these excellent properties, nanomaterials show great
advantages over conventional materials in many applications in different life sciences (Chen et al.,
2005). In general, semiconductors metal oxides such as V20s, ZnO, TiO,, ZrO,, SnO,, NiO.... have
remarkable optical and electrical properties and they are extensively used for a different opto-
electronic devices application (Vera et al., 2005). Most of the traditional metal oxides usually is n-type
conductivity, while notwithstanding there is lack of p-type metal oxide. In contrast with other types of
the available nanostructured semiconductors metal oxides, nickel oxide (NiO) is a promising p-type
metal oxide with a properties of wide gap energy of (3.4-3.8) eV, good adsorptive, non-toxicity and
excellent chemical stability (Desai, Min, Jung, & Joo, 2006). However, Nanosized NiO demonstrated
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excellent optical and electrochemical properties (Yang, Lai, & Chen, 2005).

NiO promising candidature for many applications such as gas sensors, solar thermal absorber,
photocatalysis, UV photo-detector and electrochromic device (Gonzélez-Leal, Prieto-Alcén, Angel,
Minkov, & Mérquez, 2002). A variety of physical and chemical techniques have been employed for
synthesizing NiO nanostructure, including vacuum evaporation, electron beam evaporation, atomic
layer epitaxy, sputtering, chemical deposition, sol-gel technique and spray pyrolysis method (Raut,
Pawar, Chougule, Sen, & Patil, 2011). Among these techniques, spray deposition is suitable technique
for the fabrication of NiO films (Tauc, 1968; Tauc, Grigorovici, & Vancu, 1966). Spray deposition
has many advantages compared with the other techniques such as low cost, simple deposition
equipment, and the films can be coated for large area (Jlassi, Sta, Hajji, & Ezzaouia, 2014).

However, due to their good electrical conductivity and high optical transparency, in the past years NiO
was used as a membrane in a gas sensing device (Wang, Zhou, Lu, Wei, & Zeng, 2019). In this work,
nanostructures NiO thin films have been synthesized using spray pyrolysis method. The main target
of the study is to obtain optimized NiO nanostructured NiO film with high quality used for sensing
applications. Noteworthy, further work is underway to synthesis great sensitivity gas sensor based on
the prepared NiO thin films, the study which will be reported in the future.

2. Experimental Details
2.1 Spray Deposition System

The spray pyrolysis system which was used for preparation the samples in this work mainly consists
of an atomizer, a solution container, heater, and temperature controller an. Further, to improve the
quality of the prepared samples, improvement of atomization and solution flow rate control added into
the basic system. Schematic diagram of the spray pyrolysis system is presented in Figure (1).
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Figure 1: Schematic illustration of spray pyrolysis system

Moreover, moving arrangements were used to obtain uniform large area deposition, herein the
substrate, the nozzle, or both of them are moving. The system was kept inside an aluminum vacuum
and provided with a fan to remove the gases inside the vacuum, which was produced from the solvent
vapor. The sprayed droplet undergoes pyrolytic decomposition and forms a single crystalline or a
cluster of crystalline when reaching the hot substrate surface, while the other volatile escape as a vapor
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form. The hot plate provides the heat to the sample substrate for the thermal decomposition of the
constituent and their recombination, and followed by sintering and recrystallizing which gives rise to
a continuous sample with the final state.

2.2 NiO Thin Films Preparation

NiO nanostructure films were prepared onto chemically and ultrasonically cleaned and preheated glass
substrates with the dimensions (76.2 mm x 25.4 mm x 1 mm) by spray pyrolysis technique equipment
at a various substrate temperature of (300°C to 450°C). The glass substrate was put on a hot plate and
provide by a heat through an electrical heater, where the substrate temperature was controlled by using
a thermocouple. The spraying solution contains NiCl2.6H20 in addition to the deionized water which
was used as the solvent. First, the spraying solution was mixed and heated at 30 °C for 20 min to
prevent sedimentation. During the deposition processes, all the deposition parameters like molarity of
the solution, nozzle to substrate distance (37 cm), spray rate of the solution (5 ml/min), spraying time
(10 sec), and time interval between successive spraying (10 sec) were kept constant for all the
experiment measurements. However, nitrogen was used as a carrier gas with a pressure of 2 bar for
the solution spraying process. Furthermore, the thickness of the films was measured by using weight
difference method considering the density of the bulk nickel oxide. The fine aerosols of aqueous NiCl2
solution was sprayed through an atomizer undergo evaporation, solute precipitation and pyrolytic
decomposition, onto the preheated glass substrates thereby forming a NiO film according to the
reaction below (Gowthami, Meenakshi, Anandhan, & Sanjeeviraja, 2014):

NiCl, .6H,0 (heat) = NiO + 2HCI T+ 5H,0 1 [1]
2.3 Characterization Technigques

The structural, optical and morphology with chemical concentrations of the NiO samples obtained at
optimized preparative parameters were investigated. The structural of the NiO nanostructures were
analyzed by X-Ray Diffraction (XRD) by a PAN analytical X' Pert PRO (Cu Ka =1.5406 A°). The
optical measurements of the thins films are determined from the absorbance and transmittance spectra
at normal incidence over the wavelength range (200 — 800) nm, by using UV-VIS spectrophotometer
type (SHIMADZU) (UV-1600/1700 series). The surface morphologies of the samples were
characterized by using Field-Emission Scanning Electron Microscopy (FESEM) type Quanta 450. The
elemental analysis of NiO nanostructures thin films were determined by electron dispersive X-ray
spectroscopy (EDX) type Quanta 450 (FEI, America).

3. Results
3.1. Structural Properties

In order to reach the optimum condition for formation of NiO nanostructure sample, first, different
samples of NiO were prepared at a constant substrate temperature with different concentrations of
NiCl2 precursor solution. In the next step, after the sample’s characterization by XRD, samples were
syntheses at various substrate temperatures with the optimized molarity value.
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3.1.1 Prepared samples with Different NiO Concentrations
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Figure 2: XRD patterns of NiO films prepared with various molar concentration at the same substrate

temperature

The XRD spectra of sprayed NiO samples prepared with different molarities of (0.05, 0.10, 0.20) M
at a substrate temperature of 400 °C are shown in Figure (2). All the patterns of the deposited films
are polycrystalline in nature with cubic phase having a preferred orientation along (111) plane which
was located at the position of Bragg angle 260 = 37.30, with two others weak reflection along the (200)
and (220) planes located at the positions 26 = 43.40 and 630, respectively. There were no peaks related
to any impurities in the spectra.

However, all the indexed peaks are consistent with the cubic crystalline structured of NiO (JCPDS 00-
004-0835). It is clear from XRD pattern, with increasing the molarities the intensity of the peaks
increased, while the full-width half-maximum (FWHM) value of the peaks decreased. The strong and
sharp peaks indicated to the highly crystalline of NiO nanostructure. The results showed that the
crystallization of NiO nanostructure was significantly improved at NiO concentration of 0.2 M, which
means that 0.2 M is the optimum molar concentration result. Additionally, further information was
obtained regarding the structural quality of prepared NiO thin film at optimum condition such as the
interplanar spacing (d), the average crystallite size (D), microstrain (€) and dislocation lines per unit
volume (L) were calculated as below (Erdogan, Kundakg1, Kasapoglu, & Giir, 2018).

From the XRD spectrum, the interplanar spacing (d) which defines the crystalline, structure
information was determined from the position of the peaks (Bragg peaks). The lattice constant (a) of
the preferred orientation (111) plane for cubic NiO crystalline structure was calculated through the
following relation (Akaltun & Cayir, 2015):

a
4= Tt 2
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Where h, k and [ are the miller indices of the planes.

a = d/(h? + k2 + [2) [3]

However, the average crystallite grain size (D) of the films was calculated using Scherrer’s formula

(Patterson, 1939).
2
b=k B cos 6 [4]

where A is the wavelength of the used X-ray (A = 1.5418 0A), K is the shape factor equal to 0.94 for
the unknown shape of grain size, 0 is the angle of diffraction peak (Bragg’s angle), and f is the FWHM
of the diffraction peak which has the maximum intensity. The microstrain structural defect parameter
(€) was estimated from the equation below (Erdogan et al., 2018):

B cos 6
4

€= [5]

Moreover, the dislocation (L) was determined using the relation below (Erdogan et al., 2018):

L =— [6]

D2

Variations of all the observed structural parameters prepared for NiO thin film at optimum condition
are given in Table (1).

Table 1: XRD results identify the structure parameters for prepared NiO thin film at optimum

condition
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0.05 | 37.260 | 2.411 | 805.27 | 0.2496 | 35.035 | 0.3444 | 0.8146 | 3.230

0.1 | 37.309 | 2.410 | 1382.01 | 0.2558 | 38.134 | 0.3160 | 0.6876 | 3.306

0.2 | 37.175 | 2.418 | 1525.02 | 0.2814 | 34.458 | 0.3509 | 0.8421 | 3.651
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3.1.2 Prepared Samples at Different Substrate Temperatures

Afterward, to know the effect of substrate temperature on the crystalline properties of NiO films, the
substrate temperature varied between 300 °C and 450 °C. XRD spectra of sprayed NiO prepared at
various substrate temperatures of (300, 350, 400, and 450) °C with the optimized NiO concentration
of 0.2 M is shown in Figure (3). All the prepared samples have a polycrystalline nature with cubic
phase having a preferred orientation along (111) direction. The sample which was prepared at
temperature of 400 °C exhibits highly intense peaks. The high intensity of the (111) plane and its
narrowing with increasing the substrate temperature up to 400 °C indicates the improvement in the
crystallinity of the film, and it can be assumed that at this temperature the atoms enable to move to the
stable sites and in turn improve the crystallinity. Conversely, the degree of crystallinity decreased for
the film was prepared at higher substrate temperature (400 °C). Accordingly, optimum condition for
formation of NiO was found to be at a substrate temperature of 400 °C with NiO molarity of 0.2 M.
The formed sample at this condition was the most suitable to be used for synthesis the final NiO
sample.
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Figure 3: XRD patterns of NiO films prepared at various substrate temperatures with the same molar
concentration (0.2 M)

3.2 Optical Properties

NiO films prepared at various temperatures between (300 to 450) °C with optimized molarity were
investigated for studying the optical properties in the spectrum wavelength region (200 to 800) nm.
Figure (4) depicts the optical spectra of the NiO samples deposited under optimized molarity condition
of 0.2 M at different substrate temperatures. The optical spectrum of the prepared samples showed
high dependence on the substrate temperature. Using the optical absorption spectra, the value of the
energy band gaps (Eg) of the nanocrystalline NiO were determined and presented by the following
equation for direct allowed transition (Ganjoo & Golovchak, 2008).
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« (hv) = A(hv — Eg)1/2 [7]
where

& is the absorption coef ficient, hv is the photon energy,and A is an energy
— independent constant.

To determine the band gap energy, a(hv)? was plotted versus (hv). Then, by the extrapolation of the
linear regions on the energy axis (hv) to zero absorption coefficient (o= 0), the band gap energies were
found as shown in Figure (4). The band gap values were found to be 3.630 eV, 3.60 eV, 3.375 eV and
3.85 eV for the samples deposited at substrate temperature 300 °C, 350 °C, 400 °C, and 450 °C,
respectively. The lower value of the band gap was found for the sample prepared at 400 °C. The
obtained minimum band gap value for the prepared sample at 400 °C can be attributed to the
improvement in the crystal structure of the film.
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Figure 4: Variation of [a (hv)]? versus (hv) of NiO samples prepared at various substrate
temperatures

The determined band gap energies are found to be in good agreement with the values reported in
literature (Akaltun & Cayir, 2015).

3.3 Morphological Properties

Investigation of the surface morphology of the prepared films is needed because the surface
morphologies of the samples effect on their properties which are important in the applications for the
sensing devices. The morphological study is a convenient method for knowing the shape, size and
grain growth mechanism of the nanostructure’s films. The morphology of the optimum NiO film
grown with NiO concentration 0.2 M at 400 OC substrate temperature was investigated by the FESEM
at different magnifications, as shown in Figure (5). The results show the homogenous and high-quality
formation of nanostructures NiO thin film with different shapes and oriented randomly. Furthermore,
the film is good adhered to the substrate with no cracks or aggregation of grain growth on the deposited
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layer surface. The size distribution of the particles is illustrated in the inset of Figure (5). From the
results of FESEM analysis, the average particle size was found to be (68.838) nm.

Average Particle Size (68.838 nm)
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M 40 &0 = 100 120
particle Size (nm)

Figure 5: FESEM images of the optimized prepared NiO film and average particle size

3.4 Elemental Analysis (EDX)

The corresponding chemical composition of the elements presented (the atoms ratio of Ni to O) in the
optimized NiO film was investigated by the EDX, as shown in Figure 6. The result revealed to the Ni
and O elements are presented in the nanostructures NiO samples with no impurity. Besides that, some
of Au element is existing in the EDX spectrum which may be due to coating the NiO film with a thin
layer of gold to improve the morphology of the film. The measured atomic percentage for the elements
Ni and O were found to be 42.890 % and 57.109 %, respectively.

Element Nickel (Ni) | Oxygen (O)

Atom([%] 42.890367 | S57.109633

Figure 6: EDX spectrum with elemental atomic ratio of optimized nanostructured NiO film
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The atomic percentage ratio of the optimized Ni to O film was found to be 0.75. This result indicates
the stoichiometric ratio of Ni: O and the quantitative element distribution in atomic percentage is
tabulated in the inset of Figure (6). Further, the two different colors of the EDS in Figure (6) spectrum
confirm the stoichiometry of the nanostructured NiO. The EDX results indicated the successful
preparation of the NiO thin films and supported the XRD data analyses.

4. Conclusion

In this study, nanostructured NiO films were synthesized successfully on glass substrate by using spray
pyrolysis method. The influences of NiO molar concentration and substrate temperature on structural,
morphological, and optical properties of the films were investigated. XRD analysis showed that a cubic
polycrystalline NiO nanostructure films with preferred orientation along (111) plane were observed at
all sprayed films and minimum crystallite size of 62.43nm was attained. The optimum condition for
formation of NiO was found to be with NiO concentration of 0.2 M at 400 °C. The formed sample at
this condition showed the best crystallinity structure. The optical studies showed the estimated band
gap varies between 3.630 eV to 3.85 eV was infused by NiO molarity and substrate temperature.
FESEM analysis revealed that the nanoparticles are extra-fine, with an average particle size of about
68.838 nm. The EDX analysis showed the elementals value of NiO is close to the stoichiometric ratio.
From the obtained results of the present work, it can be suggested that the developed NiO
nanostructured thin films is an excellent material promising for gas sensing applications.
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