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Abstract
This study presents the development and application of a novel sol-gel spin coating technique for the deposition of nickel oxide
(NiO) thin films on glass substrates. The newly designed spin coating device operates without the need for a vacuum, providing
a cost-effective alternative to traditional methods. NiO thin films were prepared using a sol-gel process, with various thicknesses
and rotation speeds tested to idealize film quality. Structural and morphological analyses were conducted using X-Ray
Diffraction (XRD) and Field Emission Scanning Electron Microscopy (FESEM), revealing that the 6-layer sample coated at
3000 rpm exhibited the best crystallization and surface homogeneity. Gas sensor tests were performed to evaluate the sensitivity
of the NiO thin films to ethanol, NO2, and H2 gases. The results showed that the sensor responded stably and reproducibly over
multiple gas exposure cycles. It also demonstrated the potential for reliable gas detection applications.
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Highlights
● A novel cost-effective and vacuum-free sol-gel spin coating device was developed for NiO thin film deposition.
● NiO thin films produced at 3000 rpm with 6 layers showed the best crystallization and surface homogeneity based on

XRD and FESEM analyses.
● The films demonstrated sensitive, stable, and repeatable performance in detecting ethanol, NO2, and H2 gases.
● The structural and surface properties of NiO thin films significantly influenced gas sensing performance, with the 6-layer

series yielding the best results.
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1 Introduction

Today, environmental pollution has become a source of
concern as it not only has negative effects on human
health but also prevents the consumption of natural
resources [1–3]. One of the environmental pollutants is air
pollution. Harmful gas emissions are one of the leading
factors that cause air pollution [4]. Sensors with sensing
and warning features are used to detect all these harmful
gases [5–9]. One of the most widely used sensors is
semiconductor sensors [10–13]. Semiconductor materials
coated as thin films are obtained with the help of different
deposition processes [14–19]. Different methods such as
dip coating [20, 21] spin coating [22–25] spray pyrolysis
[26], chemical bath deposition [27–29], physical [30, 31]
and chemical vapor deposition [32] are applied both sin-
gly and in hybrid form [33, 34]. The wide variety of these
methods allows coating the surfaces of materials with
different structural and surface properties [35–37]. It is of
great importance to choose the most ideal method
according to the function of the material to be coated as a
thin film and to ensure that the parameters of this method
provide optimum conditions for deposition [38, 39]. Apart
from the methods, the substrates and deposition materials
to be used in thin film deposition applications are also of
great importance for the course of the study [40–42]. In
the production of semiconductor sensors, oxide films are
frequently used as semiconductor materials [43, 44]. In
particular, metal oxide semiconductors are preferred for
their fast production processes, easy integration on dif-
ferent surfaces, economical and portable [45]. Nickel
oxide (NiO) is widely used in photovoltaic [46–48] and
sensor studies in the field of electronics [49–51]. In this
study, an innovative approach to the spin coating method
widely used in the literature has been introduced. The new
low-cost and vacuum-free spin coating device developed
offers results that are compatible with the speed, perfor-
mance and sensitivity values of existing methods. Thin
films deposited with the new spin coating mechanism
developed as an alternative to conventional methods can
be used in different applications such as sensors, optoe-
lectronic materials, photovoltaics. In this study, NiO thin
films were originally deposited with different parameters
with the new method developed for both device design
and different thin film applications. The structural and
morphological properties of NiO thin films deposited on
glass substrates were analysed by X-Ray Diffraction
(XRD) and Field Emission Scanning Electron Microscopy
(FESEM). The thin films were also tested as gas sensors
against ethanol, NO2, and H2 gases. Therefore, the study
is considered to be an innovative and important con-
tribution to the fields of both materials science and sensor
technology.

2 Material and method

NiO metal oxide semiconductor solutions were prepared
and thin film deposition was carried out on the surfaces of
glass samples. NiO thin films were coated on glass samples
with the new alternative spin coating method we developed.
The chemical synthesis recipe used in the study was created
by examining reference studies in the literature on metal
oxides (NiO etc.) thin film production and passing through
certain optimization processes [52–57]. Nickel(II) Nitrate
Hexahydrate [Ni(NO3)2 ⋅ 6H2O] was selected as the starting
material for the production of NiO thin films. This material
was preferred due to its high purity and ease of solubility
and processing. While preparing the solution, nickel nitrate
was dissolved in 2-Methoxyethanol and some Mono-
ethanolamine was added to the solution to provide stabili-
zation. Monoethanolamine both increases the homogeneity
of the solution with its ability to chelate metal ions and has
an improving effect on the crystallization of the films.
Chemical calculations were carried out to produce 0.5 M
NiO thin film as a product of the reaction. 7.27 g of
Nickel(II) Nitrate was added to 50 ml of 2-Methoxyethanol
in a beaker to form 0.5M NiO solution. The mixture was
stirred together at 60 ∘C for 30 min. Then, 4 drops of
monoethanolamine were added to the mixture. Stirring
continued at 60 ∘C for 2 h. The prepared solution was kept
at room temperature for 1 day and was ready for deposition.
NiO thin films were prepared by spin coating on glass
substrates by sol-gel technique. Samples of various thick-
nesses (3, 6 and 8 layers) were prepared at different rotation
speeds (2000, 3000 and 4000 rpm). As a result of the
experiments, 9 different samples were obtained. Each
repetition was performed by spinning for 30 s, with a 2-min
intermediate annealing process after coating. The samples
were finally annealed in air at 400 ∘C for 2 h for calcination.
The serial names of these samples and the applied processes
are shown in Table 1.

There are different studies on the decomposition of
nickel nitrate hexahydrate to nickel oxide. The common
view of these studies is the simultaneous loss of water and
nitrogen oxides (N2O5,NO2) during decomposition. Firstly,
dehydrated nickelnitrate products are obtained by heat
treatment. On the other hand, if some water remains in the
ambient, the products gradually form basic nickel nitrate
complexes such as Ni(NO3)2:Ni(OH)2 during the heat
treatment. When the ambient pH is measured, it is reported
that NiO is formed as a result of hydropyrolytic reactions
gradually throughout the heat treatment. In the magnetic
spin coating process, the process that takes place between
the solution and the substrate is physisorption. The fact that
this physisorption is strong before annealing is due to the
gradual decomposition products affecting the ambient pH in
the first step reaction. As a result of hydropyrolytic
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reactions, basic nickel nitrate species are formed [58].
Nickel(II) Nitrate Hexahydrate is often used as a precursor
in the formation and preparation of NiO thin film. The
decomposition reactions for NiO film formation are given in
the following equations. In these equations, the mechanism
of NiO production on glass substrate by a two-step reaction
approach is proposed. The first reaction is the hydro-
pyrolytic decomposition reaction in sol-gel solution and the
second reaction is the calcination process decomposition
reaction. The second reaction is complementary to the first
reaction and is the calcination step necessary for the for-
mation of the NiO crystalline phase [59].

1st step: hydropyrolitic reaxions.

2nd step: calcination reaxion.

Ni3ðNO3Þ2ðOHÞ4
400°C; 2h

! 2NiO þ 4NO2 þ O2 þ 12H2O

The original spin coating device developed in this study
was provided by taking into account the speed ranges of the
motors in conventional devices and other parameters of the
coating processes. The experimental setup for the applica-
tion of the custom-designed spin coating technique was
prepared in detail and this mechanism is shown in Fig. 1.
Firstly, a 12V powered micro DC motor that can operate at
different speeds up to 6000 rpm was determined. The main
carrier body where the mechanism will be placed was

created. A special slot for the motor and channels for motor
connections were created in the main body. The motor
spindle shoe part was added to the motor. This part consists
of two parts. The shoe that fits the motor perfectly and the
rotation stand that this shoe will be placed into. A gap
compatible with the shoe was left at the bottom of the
rotation stand. On the upper part of the rotation stand,
channels were created for substrate holder equipment where
the substrate to be coated can be placed. Then the substrate
holder part was added. The substrate holder consists of four
adjustable holders (substrate clamping jaws) that will ensure
the substrate is fixed in a balanced manner. The substrate
clamping jaws are adjusted according to the size of the
substrate by moving within the channels of the rotation
stand. The jaws can be fixed and locked from above. Thus,
the substrate is prevented from being thrown and displaced.
The flexibility of the substrate holder mechanism allows
different materials to be held by compression. Supporting
part was placed on the main body and around the rotating
stand in a way that would not prevent the stand from
rotating. A protection cover was produced on this equip-
ment to cover the entire system. A hole was left at the top
center of the protection cover, which was large enough to
drip the coating material. This cover allowed the coating
material to drip onto the substrate surface and prevented the
coating material from splashing out due to speed or excess.
The motor was connected to an adjustable power supply via

the connection channels on the main body. In this way,
parameters such as the operating speed and operating time
of the motor controlled and adjusted. Increasing the number
of coated layers and changing the spin coating speed can
affect not only the film thickness but also the morphologi-
cal, crystallographic and surface properties of the film. In
this study, the effects of different coating parameters on the
crystallization, surface smoothness and nanoparticle dis-
tribution of NiO thin films were investigated. Thanks to the
method we developed, which is an alternative to the spin
coating techniques used in the thin film deposition process,
we have introduced a new low-cost, vacuum-free spin
coating technique to the literature.

Gas sensor tests were carried out in the gas chamber
control system shown in Fig. 2. Here the gas inlet and outlet

Table 1 Layers and RPM for different serial samples

Serial Number of layers Rotation speed (Rpm)

3-2 3 2000

3-3 3 3000

3-4 3 4000

6-2 6 2000

6-3 6 3000

6-4 6 4000

8-2 8 2000

8-3 8 3000

8-4 8 4000

2NiðNO3Þ2 � 6H2Oþ CH3OCH2CH2OH

60°C; 30min

!
NiðNO3Þ2 � 4H2O þ NiðNO3Þ2 � 2H2O þ Ni2ðNO3Þ2ðOHÞ2 þ Ni3ðNO3Þ2ðOHÞ4 þ Ni ðOHÞ2
� �

MEA; 60°C; 2h

! 2NiO þ 4NO2 þ O2 þ 12H2O
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lines are located on both sides of the chamber. The gas
chamber is specially designed to ensure that the gas mole-
cules interact with the sensor to give accurate and repeatable
results. The volume of the designed gas chamber is 500
cm3. With the gas inlet and outlet lines, the gas is evenly
distributed in the chamber, reaches the sensor surface

evenly and is discharged by the outlet valve after the tests.
While the blower controls the gas flow, the flowmeter
ensures precise measurement of the gas. When gas enters
the chamber, the gas molecules moving towards the outlet
side spread homogeneously in the chamber and then the
outlet valve is opened and the gas is discharged. For the
production of target gases, pure gases (ethanol, NO2 and
H2) were obtained from commercially available cylindrical
gas cylinders. Gas concentrations can be adjusted from 10
ppm to 500 ppm to monitor sensor reactions.

Figure 3 shows the electronic circuit diagram used for the
gas sensor measurement performance evaluations. This
circuit contains a microcontroller board (MCU) based
measurement system and allows precise measurement of
data from sensor samples in the gas chamber. The circuit is
supplied with +5V and the measurement accuracy is pro-
vided by resistor elements (R1 and R2) that interact with the
sensor. The voltage from the MCU first passes through the
R1 resistor, then through the sensor sample and completes
the circuit by following the path connected to the R2 and
MCU board paths. Depending on the gas supplied to the
chamber, the contact time, the resistances in the system and
the sensors on the circuit, the variable data received ana-
logue from the MCU are digitally transferred to the com-
puter system. Here, sensor measurement result data are

Fig. 2 Schematic representation of integrated gas chamber control
system for gas sensor applications

Fig. 1 Custom-designed spin coating mechanism for thin film deposition
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converted into graphs. The resistance and voltage values
used in the circuit are designed to be adjustable depending
on the needs or specified conditions. In this way, the system
is made sensitive to small changes in the nanostructured
NiO thin film sensor resistance in the presence of gas. In
this study, the reaction changes of NiO coated glass samples
against ethanol, NO2 and H2 gases were monitored by
means of this system and the measurement performances of
the gas sensor were evaluated.

3 Results and discussion

In order to determine the crystal structure of NiO thin films,
X-Ray Diffractometer (XRD) measurements were carried
out using Panalytical Empyrean device. Measurements were
made with Cu-Kα (λ = 1.5406 Å) irradiation for high
sensitivity in defining the crystal phases of thin films and
evaluating the crystallization quality. The scans were per-
formed in the range 20∘≤2θ≤70∘. and at a scanning speed of
2∘/min. The XRD spectra of all series are given compara-
tively in Fig. 4. The spectra of the thin films were examined
by comparison with the ICSD (Inorganic Crystal Structure
Database) Number of: 98-009-2132 card of NiO in hex-
agonal structure. According to this examination, it is seen
that all series are formed in polycrystalline structure, peaks
belonging to hexagonal NiO are present in the spectrum and
there is no other impurity peak different from the NiO
structure in the spectrum. When the series are compared
within themselves, it is understood that the crystallization in
the series produced in 3 layers and 8 layers is lower than the
series produced in 6 layers. In the 3-layer series, the (012)
and (104) peaks are present in the series produced at 2000
rpm and 3000 rpm belonging to the hexagonal NiO struc-
ture, and only the (104) peak is present in the series pro-
duced at 4000 rpm. The intensities of these peaks are lower
than in the series produced with 6 layers. The peak numbers
and intensities in the 8 layer series are also lower than in the

6 layer series. In addition, the full width half maximum
(FWHM) values of the peaks in the 8 layer series are larger.
These results also mean that crystallization is low.
According to the same results, it was understood that 3
layers were not enough for good crystallization and 8 layers
were too much. When the 6 layer series showing the best
crystallization were evaluated among themselves, it was
understood that the best crystallization was in the 6-3 series
produced at 3000 rpm. This series contains the peaks (002),
(101), (012) and (104) belonging to the hexagonal NiO
structure, respectively. These comparisons confirm that the
NiO films produced by the method used in the present study
are consistent with the structural properties reported in the
literature [60–65]. The only series in which these four peaks
are present in the spectrum is the 6-3 series. The intensities
of the peaks are higher and the FWHM values are lower
than the other series.

The surface morphology and nanoparticle distribution of
NiO thin films were examined with a Zeiss Supra 40 VP
model Field Emission Scanning Electron Microscope

Fig. 3 Electronic circuit diagram
for gas sensor response analysis

Fig. 4 XRD results of sensor samples
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(FESEM). The instrument provides high resolution allow-
ing the study of nanoscale features on the surface. During
imaging, surface features such as surface homogeneity,
particle distribution and agglomeration were evaluated.SEM
images (30kx magnification) are shown in Fig. 5.

Images from the FESEM device were processed, color-
ized and 3D surface maps were created using Gwyddion
software. with this software, surface roughness was detailed
and topographic examinations were performed. These
images are given in Fig. 6. In addition, average surface
roughness values were calculated and their suitability for
sensor applications was evaluated. When the images are
examined, it is seen that the surfaces are not completely
homogeneous in the 3 layer and 8 layer series, and that
agglomerations occur in the formation of the 8 layer series.
In the 6 layer series, it is seen that the thin film surface
consists of nano particles, the particles are almost homo-
geneously distributed on the surface and there are no
agglomerations. It is also noteworthy that the nano particles
formed on the surface are formed in the needle-like struc-
ture of the NiO structure. The results obtained from these
images support the conclusion that the best crystallization
occurs in the 6 layer series, as determined in the XRD
spectrum.

The average surface roughness values calculated for all
series are shown in Table 2. The effects of the number of
layers and rotational speed used during coating on the
surface roughness were analysed. The average surface
roughness was measured as 275.8 nm and 370.8 nm for
samples 3-3 and 6-3, respectively. This indicates that a
higher number of layers and an optimum rotational speed of

3000 rpm increase the roughness, providing a more suitable
surface for sensor applications. Samples with 8 layers and
4000 rpm coating showed a decrease in roughness to 268.7
nm due to clustering or surface irregularities. These values
are consistent with the roughness ranges reported in similar
studies. [66–68] The average roughness value calculated as
approximately 325 nm is a suitable value for sensor appli-
cations, which is another stage of our study.

When the +5V voltage given to the gas chamber control
system passes through the semiconductor NiO sensors and
reaches the MSU, the first voltage value on the system is
read. Here, it is understood that the sensor is at a stable
basic resistance level and there is no gas exposure. In all
processes in gas sensor measurements, no gas is entered into
the gas chamber for the first 180 s. Gas is supplied to the gas
chamber for the next 180 s. In the next process, gas is
discharged for 180 s and gas is entered again for the next
180 s. Gas entry and exit cycles were performed with 3
repetitions. In other words, the periods when gas is entered
are the 180th second, 540th second and 900th second. As a
result of gas sensor measurements, only stable and repea-
table data was obtained in the 6-3 series. The poor perfor-
mance of other series is due to factors such as surface
agglomeration and poor crystallization. These factors
negatively affected the interaction mechanism between the
sensor surface and gas molecules. A reaction was obtained
from this sample against 3 different gases [69–74]. Figure 7
shows the ethanol gas sensor measurement results for
sample number 6-3. During the initial phase, up to 180 s,
the sensor exhibited an average voltage of approximately
2.26 V and a resistance of 8.2 × 103Ω. When the first

Fig. 5 SEM images of series
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Fig. 6 AFM images of series
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ethanol gas was introduced at 180 s, the voltage and
resistance values rose rapidly. During the time the gas was
in the chamber, the voltage approximately increased to 4.39
V and the resistance increased to 7.7 × 105Ω. This increase
occurs because the NiO-based sensor is a p-type semi-
conductor. When ethanol gas interacts with NiO, it donates
electrons and the hole concentration on the surface
decreases, which causes the resistance to increase. [75–78]
This process continues until the 360th second and a peak is
seen in the graph at around 4.54 V. At the 360th second,
ethanol gas is started to be discharged. In this case, the
resistance of the sensor gradually decreases. During gas
evacuation (360–540 s), the average resistance and voltage
decreased to 9 × 103Ω and 2.36 V, respectively, returning to
their baseline levels. This decrease in resistance shows the
process of the sensor surface returning to its original state as
the gas is removed from the chamber. From the 370th
second onwards, the value obtained from the port has

approached the average voltage values before the gas was
first introduced. However, these values are slightly higher
than the initial level. This indicates that the sensor shows a
slight increase before reaching full equilibrium. In the
second (540–720 s) and third (900–1080 s) gas
introduction-evacuation cycles, the sensor response became
more stable compared to the first cycle. In these cycles, the
voltage was consistently stable around 4.60 V during the
gas presence and the resistance stabilized at about 12.3 ×
105Ω. The initial cycle showed minor instability, but the
subsequent cycles demonstrated a more homogeneous
reaction, with the sensor providing a stable response. In
each cycle, resistance increased during gas introduction and
decreased during evacuation, indicating the sensor’s reliable
and repeatable performance.

Figure 8 shows the changes in the voltage and resistance
response of the NiO-based gas sensor with NO2 gas over
time. Initially, the output voltage on the resistor was
observed to be approximately 2.33 V and the resistance was
approximately 8.7 x 103Ω, indicating the baseline condi-
tions before NO2 exposure. At 180 s, when NO2 gas was
introduced into the test chamber, a rapid decrease in the
resistance and voltage values occurred. Adsorption of NO2

onto the NiO surface interacts with the oxygen vacancies on
the surface, increasing the hole density. This process leads
to a decrease in the electrical resistance of the sensor, and
thus the presence of NO2 can be detected quickly and
sensitively [79–83]. The sensor response reaches a negative
peak but gradually stabilizes with time. This stabilization is
probably due to the saturation of the active adsorption sites
on the sensor surface, which slows down further reaction.
The cyclic nature of the experiment, where NO2 gas is

Table 2 Average roughness measurements for different serial samples

Serial Average Roughness (nm)

3-2 288.4

3-3 275.8

3-4 411.9

6-2 299.8

6-3 370.8

6-4 381.6

8-2 288.7

8-3 344.0

8-4 268.7

Fig. 7 Ethanol gas sensing
response for sensor sample 6-3

Journal of Sol-Gel Science and Technology (2025) 114:386–398 393



periodically removed and reintroduced (every 180 s),
demonstrates the repeatable and reversible response of the
sensor. Each NO2 introduction results in a similar voltage
and resistance decrease, highlighting the stability and
repeatability of the sensor. Importantly, this cyclic pattern
highlights the reliability of the sensor in detecting NO2 gas,
as the response remains consistent across multiple gas
exposure cycles. The observed resistance values decrease
from an average of 8 x 103Ω to approximately 4-5 x 103Ω
during gas exposure, further confirming the sensitivity and
response of the sensor.

Figure 9 shows the interaction of the NiO-based sensor
with the introduction of H2 gas into the gas chamber system.
While a smooth voltage and resistance graph is observed for
the first 180 s, these values increased from the moment H2

gas was introduced to the gas chamber. Afterwards, until
the 360th second, approximately 2.2 V voltage and 8 x
103Ω resistance values were observed. This increase was
again due to the reducing properties of H2 gas, as in ethanol
gas [84–87]. With the discharge of the gas from the med-
ium, the sensor took values close to its initial values. These
cycles were repeated in a similar way. While approximately

Fig. 8 NO2 gas sensing response
for sensor sample 6-3

Fig. 9 H2 gas sensing response
for sensor sample 6-3
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3.5 V voltage and 2.4 x 104Ω resistance values were
observed in the total periods when there was gas inlet, the
voltage took an average value of 2.3 V and the resistance
took an average value of 8.6 x 103Ω during the periods
when there was no gas in the gas chamber.

Structural and morphological properties of the material are
decisive on sensor performance. From XRD analyses, it was
observed that NiO films in the 6-3 series crystallize optimally
on the surface. This allowed gas molecules to interact more
effectively with the surface. AFM and SEM results confirm
that this sample has homogeneous surface structure and
suitable roughness value. The sensor results show that as a
result of these structural and surface properties, stable mea-
surability and reproducibility of gas sensing in the 6-3 series
were detected. This correlation explains that the gas sensing
mechanism is directly linked to the material properties. In the
study conducted on the gas sensing performance of NiO thin
film sensors, it was determined that the resistance and voltage
change trends of the sensors against gases with reducing
properties (ethanol and H2) followed a similar course over
time, but their reaction intensities differed. In particular, it
was observed that the sensors exhibited the highest change in
terms of reaction percentage when exposed to ethanol gas.
Ethanol was followed by H2 and NO2 gases, respectively. In
this context, the response of 6-3 series NiO thin film sensors
can clearly distinguish between the presence and absence of
gas against three types of gas. This behavior indicates that the
gas detection performance of the sensor is reliable and
remains stable over repeated cycles. In addition, the fast
detection and recovery times of the 6-3 series increase the
potential of the sensor to be used both in dynamic gas sen-
sing conditions and in long-term applications. In conclusion,
this study highlights the sensitivity of NiO thin films to gases
such as ethanol, H2 and NO2 in terms of gas sensing per-
formance and especially the positive effect of optimized
structural features of 6-3 series on sensor stability. These
findings indicate that NiO-based gas sensors may have a
wide range of potential applications.

4 Conclusion

In this study, NiO thin films were successfully deposited on
glass substrates using a novel spin coating technique, which
was developed as a cost-effective and vacuum-free alter-
native to traditional methods. The structural and morpholo-
gical analysis of the films, as assessed by XRD and FESEM,
revealed that the optimal crystallization and surface homo-
geneity were achieved with the 6-layer sample coated at 3000
rpm. This sample demonstrated good crystallization with
distinct NiO peaks and well-distributed nanostructures, con-
firming the effectiveness of the new spin coating method.
The gas sensor tests performed on the 6-3 sample showcased

its sensitivity and repeatability in detecting ethanol, NO2, and
H2 gases. The sensor exhibited a stable response across
multiple gas exposure cycles, highlighting its potential for
reliable gas detection applications. The NiO sensor’s ability
to distinguish between different gases and return to baseline
resistance after gas removal indicates its practicality for use
in environmental monitoring and other industrial applica-
tions. Overall, the results suggest that the newly developed
spin coating device is a viable alternative to conventional
spin coating techniques, offering comparable performance
with added benefits of lower cost and operational simplicity.
This advancement opens up possibilities for broader appli-
cations in thin film deposition and gas sensor technology,
contributing valuable methodologies to the existing literature.
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