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ABSTRACT

This paper focuses on the preparation and characterization of thin films of SiO.-NiO ceramic nanocomposite.
These films were synthesized using the sol-gel method and deposited onto a quartz substrate through spin coating
after hydrofluoric acid (HF) treatment for the glass substrate. The films synthesized using 70% SiO,-30% NiO
mole ratio. Subsequently calcined at three different temperatures: 500 °C, 700 °C, and 900 °C. The diagram
of X-ray diffraction (XRD) revealed the presence of large quantities of semiconductor NiO at 26 = 37.4°, 62.8°,
75.5°, and 79.4° in addition to the presence of SiO, in the structure, at 20 = 43.3°. The surface properties were
studied using scanning electron microscopy (SEM), and Fourier-transform infrared spectroscopy (FTIR). The test
results demonstrated structural and surface properties compatible with the requirements of sensing applications.
FT-IR spectra shows absorption bands of Si-O-Si, Ni-O and O-H. This coating has shown good sensitivity and ef-
fective response toward ammonia gas under various measurement conditions, including temperatures ranging from
50 to 200 °C. The film calcinated at 500 °C exhibited high sensitivity to NH, gas at room temperature due to the
presence of hydroxyl groups (OH-), which increased its ability to adsorb the gas. Additionally, the film calcinated

at 900 °C showed even higher sensitivity compared to the film calcinated at 700 °C.

Keywords: thin film, SiO,, nickel oxide, nanocomposites, electrical gas sensor, sol-gel method.

INTRODUCTION

Semiconducting nanostructured metal oxides
are desirable for creating inexpensive chemical
gas sensors that are sensitive to dangerous gases.
Metal oxide materials have a vast surface area
for contact with gaseous mediums due to their
small grain size and porous nature. This allows
for high sensitivity to diverse gases [1, 2]. Vari-
ous techniques are currently employed to produce
nano-materials, including wet chemistry, chemi-
cal vapor deposition (CVD) [3], and physical
vapor deposition (PVD) [4]. An essential aspect
of semiconductor gas sensors is the ability to ef-
fectively utilize nanoscale metal oxides that pos-
sess very consistent structural characteristics, and
physical characteristics (porosity, thickness, and
grain size). The fabrication technology can be
used for precise regulation of the process param-
eters. So far, different methods have been used to

make NiO thin films. These include pulsed laser
deposition [5], sputtering [6], heat evaporation
[7], sol-gel [8], and electrochemical deposition
[9]. The sol-gel method is one of the best because
it is easy to use, economical, and reusable process
[10, 11]. Also, it’s easy to make high-quality thin
films on top of a variety of substrates that come
in different forms. In particular, films made using
the sol-gel method have some important features,
such as high porosity and uniformity, as well as
good nano crystallinity [10]. These are all proper-
ties that are needed to make metal oxide semicon-
ductor (MOS) gas sensors better at sensing gases.
Nickel oxide, the metal oxide that was taken into
consideration for this work, possesses a number
of extremely intriguing qualities, including out-
standing electrical properties and strong chemi-
cal stability. As a result, it is commonly used as a
model for positive metal oxide materials (p-type)
[12, 13]. Thin films are created using different
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process such as sputtering pulsed laser deposition
or sol-gel techniques [14] that are on nanocrystal-
line scale. Nickel oxide is a material that provides
sensing properties when they are exposed to a va-
riety of gases, including NO, [15], CO [16], H,S
[17, 18], and HCHO (formaldehyde) [19, 20].
Usually, a change in the sensor’s electrical prop-
erties (resistance) is used to detect gas. However,
optical changes are also a choice [21].

This research aims to create a ceramic nano-
composite porous coating layer composed of
Si02-NiO. The goal is to use this coating in gas
sensing applications. The focus will be on study-
ing the coating’s structural, physical, and chemi-
cal properties, with an emphasis on the impact of
nanotechnology in enhancing sensitivity and ac-
curacy in detecting specific gases like ammonia.
The study will also test the coating’s response
in different environmental conditions including
variations of operating temperature, and analyze
its efficiency in detecting low gas concentrations.

EXPERIMENTAL

Sol-gel method was adopted to synthesize
nanocomposite thin film of NiO nanoparticles at
SiO, porous matrix by mixing two prepared so-
lutions: the silica precursors “matrix solution”,
and another containing the NiO precursor “dop-
ing solution” in volume ratio 70Si0,-30NiO. At
the outset, matrix solution of silica oxide (SiO,)
is prepared by combining tetraethylorthosilicate
(TEOS), methyltriethoxysilane (MTES), HCI
acid, ethanol (ETOH), and water. The molar ratios
for each component are as follows: H,O: ETOH:
HCL: TEOS: MTES (4:4:0.02:1:1). These ingre-
dients are then thoroughly mixed using a magnet-
ic stirrer at room temperature for a duration of 3
minutes. Secondly, the doping solution was pre-
pared by dissolving nickel chloride (NiCl,.4H,0)
in ethanol by stirring for 20 min at room tempera-
ture. 3-(2-aminoethylamino) propyltrimethoxysi-
lane (AEAPTMS) was then added in drops to the
doping solution during the mixing process. The
molar ratios for NiCl,.4H,0: AEAPTMS were
1:0.25, while the ethanol amount in the second
solution was added to reach a specific concentra-
tion in both solution (Solution 1+Solution 2) of
50 g/L. After that, the two solutions were cooled
using ice bath before mixing them together to
control the coating conditions. The coating pro-
cess is carried out by depositing nano-ceramic

358

films on a quartz substrate using a spin-coating
method. Then the substrate was placed in a hot air
oven for drying at 65 °C for 24 h. The calcination
process was done at different temperatures (500,
700, and 900 °C) at a heating rate of 5 °C/min.,
for 30 minutes.

CHARACTERIZATION

The structure of SiO,- NiO nanocomposite
coating layer synthesized via sol-gel process and
applied on quartz substrate through spin coating
has been determined by the X-ray diffraction, type
(“Shimadzo, XRD6000, diffractometer, Japan™)
using (Cu-Ka) with (30 kV, 40 mA) and wave-
length of (A = 1.5406 A) in the range 26 = 20-80°.
The XRD diffraction pattern was registered at
room temperature. The microstructure was inves-
tigated via (TESCAN VEGA3) scanning electron
microscope (SEM), while vibrational spectra in-
vestigated by FTIR, type (Iraffinity- 1Shimadzu)
model for condensed powder sample. All the ex-
amination was carried out at room temperature for
samples annealed at three temperatures: 500 °C,
700 °C, and 900 °C. Thin film composed of NiO
nanoparticle in SiO, matrix is examined for gas
sensor by using NH, gas and carried out at four
operating temperatures 50, 100, 150, and 200 °C.

RESULTS AND DISCUSSION

Characterization of microstructure

The XRD pattern of the nanocomposite SiO,-
NiO films processed by the sol-gel method-spin
coated on quartz substrate and calcinated at (500,
700, and 900) °C are shown in Figure 1. This fig-
ure shows the broad signal for SiO, at 20 = 29.9°,
45.4° and 53.2°. The broadening of this peak
decreases with increased temperature due to the
transformation of SiO, into crystalline phase, this
corresponds to (JCPDS cards # 01-080-2148), on
the other hand, we can observe peak position for
SiO,-NiO at 20 = 43.3° [22, 23]. The intensity of
this peak progressively increases as the annealing
temperature increases, indicating an increase in
the crystalline phase. The relative intensity of the
NiO peak at 260 = 37.4°, 62.8°, 75.5°, and 79.4°
also increases with temperature, corresponding to
the cubic phase of NiO (JCPDS cards # 00-047-
1049) [24]. This suggests that the NiO diffraction



Advances in Science and Technology Research Journal 2025, 19(2), 357-364

peak is dominant in these films. Additionally,
other peaks are observed in the XRD pattern at
20 = 34.8° and 72.3° for samples annealed at
500 °C and 700 °C, indicating the presence of
other metastable nickel oxide phases or nickel
hydroxide, which disappear at higher treatment
temperatures.

Determination crystallite size (D, ) of sam-
ples from XRD analysis using Scherrer’s equa-
tion as in Equation 1:

D, =0.894/p cosd (1)

where: 1 is X-ray radiation wavelength in A°, 0
is the angle of diffraction, and B is the full
width at half maximum (FWHM) in ra-
dians in the 20 scale [25]. The crystallite
size of Si0, and NiO at 500, 700, and 900
°C shown in Table 1.

Figure 2 shows the surface topography of
thin films of SiO_-NiO calcined at 500, 700, and
900 °C using a scanning electron microscope. At
a temperature of 500 °C Figure 2A, we notice the
presence of aggregates with an irregular surface

Table 1. Crystallite size with different calcination

temperature
26 T°C D (A°)
43.1448 500 2.09504
42.6119 700 2.12000
43.0100 900 2.10130

structure, and this indicates incomplete crystal-
lization. The film annealed at a temperature of
700 °C (Figure 2B) showed an improvement in
surface regularity, as some cracks and large voids
appeared, which indicates an increase in crystal-
lization of the material. As the temperature in-
creased, the surface regularity also increased when
the film was annealed at a temperature of 900 °C.
As shown in Figure 2C, there was a noticeable
improvement in surface regularity with the pres-
ence of clear and well-defined nanoparticles.

The changes that occur in the structure of the
Si0,-NiO nanocomposite at different annealing
temperatures (500, 700, and 900 °C) are shown in
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Figure 1. X-ray diffraction patterns of SiO2- NiO nanocomposite films at three calcination temperatures
(500, 700, 900 °C). Diffractograms were shifted arbitrarily for better visualization
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Figure 2. SEM images of SiO,- NiO nanocomposite films annealed at three temperatures:
a) 500 °C, b) 700 °C, and c) 900 °C
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Fig. 3 with the help of the FTIR spectra. The spectra
show the wavelengths in a range of (460—550) cm’!
which corresponds to Si-O-Si vibrations indicating
the presence of a silica phase [26]. Such vibrations
increase in intensity as the temperature increases.
The peaks around (550-600) cm™! are typically as-
sociated with the presence of Ni-O [26], indicating
the presence of nickel oxide. The shoulder at 1650
cm! detects an O-H stretching vibration, usually
present due to the absorption of water or hydroxyl
groups but the vibrations intensity decreases with
the increase in annealing temperature. O-H stretch-
ing vibrations are generally present in the range of
(3000-3500) cm'[27, 28]. It is within this range
where absorption at 500 °C is noticed but which
drops down at 700 °C and 900 °C owing to water
evaporation and hydroxyl group removal.

MEASURE AND CHARACTERIZE GAS
SENSOR PROPERTIES

A thin film of SiO,-NiO is examined using
NH, gas. The examination process is carried out at
four temperatures: 50, 100, 150, and 200 °C. The
examination process is carried out inside a cylin-
drical chamber with a size of 20 x 60 cm. It is
equipped with valves that are directly connected
to the NH, gas bottle to control the gas concentra-
tions entering the chamber with a heater placed
below the sample to control temperature changes
as shown in Figure 4. We measure the resistance
in the presence of air only, and when the resis-
tance stabilizes, we pump the gas to be tested,
where we notice that the resistance changes with
the change in testing temperature. Sensitivity
means the ability of the thin film to detect small
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Figure 3. FTIR spectra of SiO,-NiO nanocomposite films annealed at different temperatures

Figure 4. Gas sensing apparatus
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changes in gas concentrations in the surrounding
environment and its value can be known through
the following equation [29] Equation 2:

S (%) = |

Ry % 100%

)

where: Ra — is the sensor resistance in dry air and
Rg —is the sensor resistance in the gas test.

Figure 5 shows the dynamic sensitivity
curves of Si0,-NiO exposed to NH, gas. The film
showed high sensitivity in the presence of the gas
for samples annealed at 500 °C and 900 °C, but at
annealing temperature, of 700 °C showed lower
sensitivity because of losing of hydroxyl groups
(OH-), which was present at 500 °C and did not
form a regular crystalline surface like that found

at 900 °C this behavior agrees with FTIR results.
Both low and high calcination temperatures pro-
vide distinct surface properties that enhance the
sensor’s interaction with the gas.

Response time is one of the basic require-
ments in gas sensors devices. Figure 6 shows the
film prepared at 900 °C has a distinctive response
at 50 °C, which allows a rapid and stable interac-
tion with the gas. Furthermore, the reduction of
the response time compared to other films pre-
pared at 500 °C and 700 °C, which shows a faster
response with a higher examination temperature,
which leads to activation of OH and defects in-
creases the reaction with the gas. Figure 7 shows
the thin film prepared at 500 °C a good recov-
ery time using a sensor temperature of 200 °C,
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Figure 5. Sensitivity vs. operating temperature of SiO_-NiO nanocomposite films at the specified temperatures
for NH, gas. The lines connecting experimental points are the ‘eye-guide’ only
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Figure 6. Response time of SiO,-NiO thin films at different operating temperatures for NH, gas. The lines
connecting experimental points are the ‘eye-guide’ only

361



Advances in Science and Technology Research Journal 2025, 19(2), 357-364

36 —a=— 500
33 700
30 - —4&— 900

27
24
21
18
15 o
12 +
9

Recovery time (sec)

6 -
3

O T T T T T T T T
60 80 100 120 140 160 180 200

operating temperture (°C)

Figure 7. Recovery time of SiO,-NiO thin films at different operating temperatures for NH, gas. The lines
connecting experimental points are the ‘eye-guide’ only
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Figure 8. Electrical resistance evolution with time in the presence of NH, gas. Annealing and operative
temperatures are reported in the figure A — 500 °C, B — 700 °C, and C — 900 °C
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compared to films prepared at 700 °C and 900 °C
showed a lower recovery time. When examining
the resistance of the thin film in the presence of
ammonia gas “(Gas-on)”, which is a reducing
gas, a reaction occurs between the ammonia gas
and the NiO in a thin film, where the free electron
is reduced by NH, gas. This leads to a reduction
in the number of free electrons on the membrane
surface and an increase in the number of holes as
shown in Equation 3, which leads to an increase in
the electrical resistance of the thin film as shown
in Figure 8 (a, b, and c) we notice the change in
electrical resistance with temperature [30, 31],
After stopping the gas flow process “Gas-off”’, we
notice a decrease in resistance and return to the
original state.

(2/3) NH; + O0”"x «>H-0 +

+(1/3) N2+ 2e’+V O- 3)
In order to provide a comprehensive perspec-
tive, this study got a comparable result in perfor-
mance of the Si02-NiO films with recent research
results on nanomaterials used in gas sensing [32,
33]. The method used in this research ensures
high coating homogeneity and uniformity. Ad-
ditionally, this method is more cost and time ef-
ficient as it does not require expensive equipment
or lengthy processing times. The purpose of these
comparisons is to highlight advancements in gas
sensors and evaluate different fabrication meth-
ods in terms of soft film performance [34]. This
study offers a suitable material for highly efficient
and rapid gas sensing applications, contributing
to the development of environmental and indus-

trial gas-sensing technology.

CONCLUSIONS

Using the sol-gel method and spin coating,
this study successfully fabricated a hybrid nano-
composite ceramic coating of (SiO,-NiO). The
coating exhibited effective gas-sensing proper-
ties. The FTIR and XRD diagram revealed a cu-
bic structure with a high surface area and active
groups such as O-H, Si-O-Si, and Ni-O, indicating
the high quality of the thin film. The film met all
the requirements of good gas sensors. At an oper-
ating temperature of 50 °C, the films demonstrat-
ed high sensitivity to ammonia gas for thin films
annealed at 500 °C and 900 °C. This suggests that
both low and high temperatures enhance the sur-
face properties that promote interaction between

the sensitizer and the gas. Additionally, the films
exhibited good recovery times and response times
at high temperatures.

REFERENCES

1. Shimizu Y., Egashira M. Basic aspects and chal-
lenges of semiconductor gas sensors, MRS Bull.
(June) 1999, 18-24.

2. Bochenkov V.E., Sergeev G.B. Preparation and
chemiresistive properties of nanostructured materi-
als, Adv. Colloid Interface Sci. 2005; 116: 245-254.

3. Manawi, Yehia M., et al. A review of carbon nano-
materials’ synthesis via the chemical vapor depo-
sition (CVD) method. Materials 2018; 11(5): 822.

4. Shahidi, S., Moazzenchi B., and Ghoranneviss M.
A review-application of physical vapor deposition
(PVD) and related methods in the textile industry.
The European Physical Journal Applied Physics
2015; 71(3): 31302.

5. Brilis N., Foukaraki C., Bourithis E., Tsamakis D., Gi-
annoudakos A., Kompitsas M., Xenidou T., Boudouvis
A. Development of NiO-based thin film structures as
efficient H2 gas sensors operating at room tempera-
tures, Thin Solid Films 2007; 515: 8484-8489.

6. HotovyI., Rehacek V., Siciliano P., Capone S., Spiess
L. Sensing characteristics of NiO thin films as NO2
gas sensor, Thin Solid Films 2002; 418: 9—15.

7. Cattin L., Reguig B., Khelil A., Morsli M., Benchouk
K., Bernede J. Properties of NiO thin films deposited
by chemical spray pyrolysis using different precursor
solutions, Appl. Surf. Sci. 2008; 254: 5814-5821.

8. Sta 1., Jlassi M., Kandyla M., Hajji M., Koralli P,,
Allagui R., Kompitsas M., Ezzaouia H. Hydrogen
sensing by sol—gel grown NiO and NiO:Li thin
films, J. Alloy Compd. 2015; 626: 87-92.

9. Zhao L., SuG., Liu W, Cao L., Wang J., Dong Z.,
Song M. Optical and electrochemical properties of
Cu-doped NiO films prepared by electrochemical
deposition, Appl. Surf. Sci. 2011; 257: 3974-3979.

10. Soleimanpour A.M., Jayatissa A.H. Preparation of
nanocrystalline nickel oxide thin films by sol—gel
process for hydrogen sensor applications, Mater.
Sci. Eng.: C 2012; 32: 2230-2234.

11. Soleimanpour A.M., Hou Y., Jayatissa A.H. Evolu-
tion of hydrogen gas sensing properties of sol—gel
derived nickel oxide thin film, Sens. Actuators B:
Chem. 2013; 182: 125-133.

12. Kamal H., Elmaghraby E.K., Ali S.A., Abdel-Hady
K. Characterization of nickel oxide films deposited
at different substrate temperatures using spray py-
rolysis J. Cryst. Growth 2004; 262: 424-434.

13.Choi, Jeong-M., and Seongil Im. Ultraviolet

363



Advances in Science and Technology Research Journal 2025, 19(2), 357-364

enhanced Si-photodetector using p-NiO films. Ap-
plied Surface Science 2005; 244(1-4): 435-438.

14. Kareem, Shaimaa J., Asaad, W.M., Abbas, S., Al-
Ethari, H. Carbide cutting tool coatings character-
ization of 8Y'SZ. Advances in Science and Technol-
ogy. Research Journal 2024; 18(4).

15. Hotovy, 1., Rehacek, V., Siciliano, P, Capone, S.,
Spiess L. Sensing characteristics of NiO thin films as
NO, gas sensor. Thin solid films 2002; 418(1): 9-15.

16. Hotovy, J. Huran, P. Siciliano, S. Capone, Spiess L.,
Rehacek V. The influences of preparation param-
eters on NiO thin film properties for gas-sensing
application Sens. Actuators B 2001; 78: 126—132.

17. Hotov "y I., Huran J., Spiess L., Capkovic R., Hascik S.
Preparation and charac terization of NiO thin films for
gas sensor applications, Vacuum 2000; 58: 300-307.

18.Imawan C., Solzbacher F., Steffes H., Obermeier E.
TiOx -modified NiO thin films for H2 gas sensors:
effects of TiOx -overlayer sputtering parameters,
Sens. Actu ators B 2000; 68: 184—188.

19. Brilis N., Foukaraki C., Bourithis E., Tsamakis D.,
Giannoudakos A., Kompitsas M. T. Xenidou, A. Bou-
douvis. Development of NiO-based thin film struc-
tures as efficient H2 gas sensors operating at room
temperature, Thin Solid Films 2007; 515: 8489-8484.

20. Dirksen, James A., Duval K., and. Ring T. A. NiO
thin-film formaldehyde gas sensor. Sensors and Ac-
tuators B: Chemical 2001; 80(2): 106—-115.

21. Lee, C.-Y., Chiang C.M., Wang Y.H., Yu-Hsiang Wang,
Ma, R.H. A self-heating gas sensor with integrated NiO
thin-film for formaldehyde detection. Sensors and Ac-
tuators B: Chemical 2007; 122.2: 503-510.

22.Wang, J., Wei, L., Zhang, L., Jiang, C., et al. Prepa-
ration of high aspect ratio nickel oxide nanowires
and their gas sensing devices with fast response
and high sensitivity. Journal of materials chemistry
2012; 22(17): 8327-8335.

23. Takeuchi, K., Isobe, T., and Senna, M. Effects of
mechanical pretreatment of precursor sols and gels
on the formation of NiO/SiO, composites with a
controlled microstructure. Journal of non-crystal-
line solids 1996; 194(1-2): 58-62.

24.Kamyabi-Gol, Ata, Seyed Mojtaba Zebarjad, and
Seyed Abdolkarim Sajjadi. Fabrication of NiO/
SiO2 nanocomposites using sol-gel method and

364

optimization of gelation time using Taguchi ro-
bust design method. Colloids and Surfaces A:
Physicochemical and Engineering Aspects 2009;
336(1-3): 69-74.

25. Cullity, B.D. Elements of X-ray Diffraction, Adi-
son—Wesley Publ. Co., London 1967; 189.

26. Theil, J.A., et al. Local bonding environments of Si—
OH groups in SiO, deposited by remote plasma-en-
hanced chemical vapor deposition and incorporated
by postdeposition exposure to water vapor. Journal
of Vacuum Science & Technology A: Vacuum, Sur-
faces, and Films 1990; 8(3): 1374—1381.

27.Brunet-Bruneau, A., et al. Infrared ellipsometry
study of evaporated SiO 2 films: Matrix densifica-
tion, porosity, water sorption. Journal of applied
physics 1997; 82(3): 1330-1335.

28. Vallée, C., et al. Inorganic to organic crossover in thin
films deposited from O2/TEOS plasmas. Journal of
non-crystalline solids 2000; 272(2-3): 163—173.

29. Gautam, M., and Ahalapitiya H. Jayatissa. Gas sens-
ing properties of graphene synthesized by chemical
vapor deposition. Materials Science and Engineer-
ing: C 2011; 31(7): 1405-1411.

30. Schonauer, D., Nieder, T., Germany, K., Wiesner, K.,
Wiesner, K., Fleischer, M. Investigation of the elec-
trode effects in mixed potential type ammonia exhaust
gas sensors. Solid State Ionics 2011; 192(1): 38-41.

31. Schonauer, D., Moos, R., Wiesner, K., Fleischer
M. Selective mixed potential ammonia exhaust gas
sensor. Sensors and Actuators B: Chemical 2009;
140(2): 585-590.

32. Predanocy, M., I. Hotovy, and V. Rehacek. Gas sen-
sor based on sputtered NiO thin films. 2016 11th In-
ternational Conference on Advanced Semiconductor
Devices & Microsystems (ASDAM). IEEE, 2016.

33. Abd Shahoodh, M., Ibrahim, F.T. and Guermazi, S.
Investigations on TiO,-NiO@ In203 nanocompos-
ite thin films (NCTFs) for gas sensing: synthesis,
physical characterization, and detection of NO2 and
H2S gas sensors. 2023.

34. Alotibi, T., Shirbeeny, W.M., Alshahrie, A., Aida
M.S. Time-resolved sensitivity of a cadmium-doped
copper oxide thin film as a chlorine gas detector.
Advances in Science and Technology. Research
Journal 2024; 18(2).



