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In this work, Chemical spray pyrolysis (CSP) was used for producing nickel-doped TiO- nanostructured thin
films with a thickness of ~330 nm. XRD analysis confirmed a polycrystalline anatase phase with preferential
orientation along the (004) plane. Crystallite size increased from 11.53 nm for pure TiO: to 24.32 nm for
Ti02:3% Ni. Dislocation density and lattice strain decreased, indicating improved crystalline quality as the
dopant increased. AFM revealed that Ni doping increases the average particle size and reduces topography
parameters, suggesting modified surface morphology and grain distribution. UV—Vis spectroscopy showed
high transparency (90-95%) in the visible range and a decrease in band gap from 3.50 eV for undoped TiO-
to 3.40 eV for 3% Ni-doped films, attributed to defect states introduced by Ni. Gas-sensing measurements
toward NO: at 100 °C showed a decrease in sensitivity with increasing Ni content, from 35.22% for pure TiO:
to 12.14% for TiO2:3% Ni at 200 ppm, likely due to altered charge-carrier transport. In general, adding Ni

changes the physical properties of TiO- thin films, showing they could be useful for gas sensors.

1 INTRODUCTION

Titanium dioxide (TiO:) has garnered significant
attention due to its superior chemical and physical
characteristics [1]. These include non-toxicity [2],
excellent chemical stability [3], affordability [4], a
high dielectric constant [5], a refractive index [6], and
optical clarity in the visible spectrum [7]. Due to these
properties, TiO2 has found extensive use in many
technological fields such as pigments [8], gas
sensors [9], photocatalysts [10], dye-sensitized solar
cells [11], optical waveguides [12], optical
amplifiers [13], optoelectronic detectors [14], and
TiO>—SiO: Bragg mirrors [15]. Doping TiO: thin
films with transition-metal ions like Ni, Zn, Cu, Fe,
Cr, and Co has been found to improve their
photocatalytic efficiency [16]. This improvement is
usually associated with defects in the TiO: structure,
such as interstitial atoms or substitutional ions,
vacancies, or composite oxides [17]. The high
surface-to-volume ratio and strong interactions with
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gas molecules have prompted significant interest in
gas-sensing schemes employing Ti0O:
nanostructures [18]. More closely, the sensing
mechanism of TiO»-based materials is predominantly
due to changes in electrical resistance arising from
gas species adsorption and desorption on the sensing
layer surface [19]. It is known that transition metals
such as Ni positively influence sensing performance
through electronic-structure  changes, oxygen-
vacancy enrichment, and enhanced surface charge
transfer upon TiO: doping [20]. Through such
modifications, sensitivity, selectivity, and response—
recovery parameters are improved, rendering doped
TiO: nanostructures potential candidates for
applications in environmental monitoring and gas
detection [21], [22]. The present work aims to
synthesize Ni-doped TiO: nanostructures via
chemical spray pyrolysis in a systematic manner to
characterize how nickel incorporation affects all the
parameters under investigation.
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2 EXPERIMENTAL

CSP was applied to lay thin films of TiO2:Ni. The
solution was sprayed using a glass atomizer. At 400
°C, films were formed on glass bases. Redistilled
water was used to dissolve 0.1 M of NiClz (Sigma
Aldrich UK) and TiCl; (Merck Chemicals Germany).
Nickel was used at volumetric concentrations of 1%
and 3%. The best results were obtained at 8 second
spray duration and a one-minute break between pass
ups. The pressure of the transport gas (air) was set to
10° Pa, resulting in a 30 cm gap between the base and
the spout. Gravimetric measurements indicated a film
thickness of approximately 330 nm. XRD (Shimadzu
XRD-6000, Japan) was used for calculating structural
coefficients. Surface topography is studied using an
AFM (AA 3000 scanning probe microscope). Gas
response was determined by the change in electrical
resistance of the sensing film within a 8 cm radius by
17 em high cylindrical chamber.

3 RESULTS AND DISCUSSION

Figure 1 presents the X-ray diffraction (XRD)
patterns of the fabricated TiO. and Ni-doped TiO:
thin films with a thickness of 325 nm. The diffraction
patterns  exhibit several well-defined peaks
corresponding to the anatase phase of TiO.. The
observed reflections are indexed to the (101), (004),
(105), and (204) crystallographic planes located at
diffraction angles of 25.30°, 37.75°, 53.82°, and

preferred growth orientation. The diffraction peaks
are in excellent agreement with ICDD card No. 21-
1272, confirming the successful formation of
polycrystalline anatase TiO: thin films. A slight shift
in the diffraction peak positions is observed with
increasing Ni concentration, indicating the successful
incorporation of Ni ions into the TiO: lattice. This
shift is attributed to lattice distortion resulting from
the substitution of Ti*" ions by Ni ions with different
ionic radii [8].

The structural parameters obtained from the XRD
analysis are summarized in Table 1. The crystallite
size increases from 11.53 nm for the undoped TiO-
film to 19.73 nm and 24.32 nm for the films
containing 1% and 3% Ni, respectively. These results
indicate that increasing the nickel concentration
promotes grain growth and improves the crystallinity
of the deposited films [4]. The enhancement in
crystallite size also suggests better structural ordering
of the Ni-doped TiO- films, which can be attributed
to dopant-induced lattice modification that facilitates
atomic  rearrangement and reduces lattice
defects [25].

The dislocation density decreases from 49.2 x 104
to 30.86 x 10" lines/m? with increasing Ni
concentration, indicating a reduction in crystal
defects and an improvement in crystalline quality
[26], [27]. Likewise, the microstrain decreases from
37.45 x 107#t0 26.32 x 1074, reflecting reduced lattice
distortion and enhanced structural stability of the
deposited films [28], [29]. The structural parameters
are summarized in Table 1, while Figure 2 illustrates
the variation of FWHM, crystallite size, dislocation

62.58°, respectively. Among these reflections, the density, and microstrain as a function of
(004) plane exhibits the highest intensity, indicating a Ni concentration.
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Figure 1: X-ray diffraction (XRD) patterns of pure and Ni-doped TiO- thin films.
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Table 1: D, Eg and Spara of TiO2:Ni films.
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1 2
Doping Level (%) Doping Level (%)

Sample (hkl) Plane | 26 (°) | FWHM (°) | E,(eV) D (nm) 3 (x 10') (lines/m?) g(x 10%)
TiO, 004 37.75 0.72 3.50 11.53 49.2 37.45
TiOz: 1% Ni 004 37.41 0.67 3.45 19.73 37.38 35.91
TiOz: 3% Ni 004 37.38 0.62 3.40 24.32 30.86 26.32
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Figure 2: Structural parameters of the deposited TiO: thin films: a) FWHM, b) crystallite size (D), ¢) dislocation density (3),

and d) microstrain (g).
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Figure 3: AFM surface parameters of pure and Ni-doped TiO: thin films.

The surface morphology of the deposited films
was investigated using atomic force microscopy
(AFM), and the corresponding images are presented
in Figure 3. The AFM parameters are summarized in
Table 2. The average particle size increases from 32.6
nm for pure TiO2 to 58.3 nm and 78.2 nm for the films
doped with 1% and 3% Ni, respectively. In contrast,
both the average roughness (Ra) and the root-mean-
square (RMS) roughness decrease with increasing Ni
concentration, indicating that nickel incorporation
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produces smoother and more homogeneous film
surfaces.

The optical transmittance spectra of the deposited
films are presented in Figure 4. All films exhibit high
optical transparency in the visible region, with
transmittance values ranging from approximately
90.5% to 95.5%. Furthermore, the transmittance
increases toward longer wavelengths, indicating
reduced optical absorption in the near-infrared region.
This behavior is attributed to the relatively wide
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optical band gap of TiO: and the lower probability of
electronic transitions at lower photon energies [18].

Table 2: AFM TiO»-Ni film parameters.

Sample Pav Ra rms
(nm) (nm) (nm)

TiO, 32.6 7.87 8.76
TiO2: 1% Ni 583 4.82 7.89
TiO2: 3% Ni 78.2 3.19 4.20
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Figure 4: Optical transmittance spectra of pure and Ni-
doped TiO: thin films.

Figure 5 presents the optical absorbance spectra
of the pure and Ni-doped TiO: thin films. The
absorbance increases progressively with increasing
Ni concentration, while the undoped TiO: film
exhibits the lowest absorbance. The enhanced optical
absorption is mainly attributed to the incorporation of
nickel ions, which introduce additional localized
energy states within the TiO: band structure and
facilitate optical transitions [32], [33].
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Figure 5: Optical absorbance spectra of pure and Ni-doped
TiO: thin films.

Figure 6 illustrates the absorption coefficient
spectra of the deposited films. The absorption
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coefficient increases with increasing nickel
concentration,  indicating  improved  photon
absorption after Ni incorporation [34], [35]. A sharp
increase is observed near the absorption edge owing
to direct electronic transitions, whereas a gradual
decrease occurs at higher photon energies. The
increase in the absorption coefficient is attributed to
modifications in the electronic structure caused by
nickel incorporation, which introduces localized
defect states within the band gap [36], [37].

The optical band gap values are presented in
Figure 7. The band gap decreases gradually from 3.50
eV for the undoped TiO: film to approximately 3.40
eV for the film containing the highest Ni
concentration. This reduction is attributed to impurity
and defect states introduced by nickel incorporation,
which create additional energy levels within the
forbidden band gap and facilitate electronic
transitions at lower photon energies [38], [39]. The
observed band-gap narrowing is also associated with
structural disorder and defect formation induced by
Ni doping [40], [41].
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Figure 6: Absorption coefficient spectra of pure and Ni-
doped TiO: thin films.
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Figure 7: Optical band gap of pure and Ni-doped TiO: thin
films.
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Figure 8 shows the extinction coefficient spectra
of the deposited films. The extinction coefficient
increases rapidly in the ultraviolet region and
gradually decreases with increasing wavelength [42],
[43]. The non-zero extinction coefficient below the
fundamental absorption edge indicates the presence
of defect and impurity states that contribute to sub-
band-gap optical absorption [44]-[47].

The variation of the refractive index with
wavelength is presented in Figure 9. The refractive
index decreases systematically with increasing nickel
concentration throughout the investigated spectral
range. This behavior is attributed to changes in the
electronic polarizability and structural properties of
the films resulting from the incorporation of nickel
into the TiO: lattice [48], [49]. Similar behavior has
been reported in previous studies of Ni-doped TiO:
thin films [50]-[53].
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Figure 8: Extinction coefficient spectra of pure and Ni-
doped TiO: thin films.
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Figure 9: Refractive index spectra of pure and Ni-doped
TiO: thin films.

The gas-sensing performance of the fabricated
films was evaluated at an operating temperature of
100 °C. Figure 10 presents the dynamic resistance
response of the pure and Ni-doped TiO: thin films
upon exposure to 200 ppm NO: gas. The undoped
TiO: film exhibits the lowest electrical resistance,
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indicating more efficient adsorption of NO:
molecules on its surface [54]-[56]. In contrast, the
electrical resistance increases with increasing Ni
concentration, reaching its highest value for the film
containing 3% Ni. This behavior is attributed to
changes in the electronic structure and charge-
transport mechanism caused by nickel incorporation,
which reduce charge-carrier mobility and modify the
interaction between the sensing surface and NO:
molecules [57]-[60].

Figure 11 illustrates the NO: gas-sensing
sensitivity of the pure and Ni-doped TiO: thin films.
The sensitivity decreases systematically with
increasing nickel concentration [61], [62].
Specifically, the sensitivity decreases from 35.22% to
12.14% at 200 ppm, from 37.14% to 13.27% at 150
ppm, and from 38.54% to 14.53% at 300 ppm as the
Ni concentration increases from 0% to 3%. This
reduction in sensitivity is attributed to changes in the
electronic structure and enhanced charge-carrier
recombination, which reduce the number of free
carriers available for gas detection and consequently
weaken the sensing performance of the TiO: thin
films [63], [64].
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Figure 10: Electrical resistance response of pure and Ni-
doped TiO: thin films toward NO- gas.
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Figure 11: Sensitivity of pure and Ni-doped TiO- thin films
toward NO: gas.



Proceedings of the International Conference on Applied Innovations in IT (ICAIIT), July 2026

4 CONCLUSIONS

CSP was used to deposit both undoped and nickel-
doped TiO. thin films (1% and 3% Ni). A
polycrystalline anatase structure with a preferred
(004) orientation was verified by XRD investigation.
For undoped films, crystallite size was 11.53 nm; for
3% Ni-doped films, it was 24.32 nm. The decrease in
dislocation density and lattice strain indicates
enhanced crystalline quality and reduced structural
defects. AFM investigations revealed substantial
surface modifications, with both average roughness
and mean particle diameter decreasing as nickel
content increased, confirming nickel's crucial role in
tailoring surface morphology. Optical measurements
showed high visible transparency (90.5-95.5%) and
an increased absorption coefficient upon doping. The
optical band gap narrowed from 3.50 eV to 3.40 eV
with 3% Ni doping, ascribed to the development of
localized energy states within the band gap. Gas-
sensing measurements toward 200 ppm NO: at 100°C
revealed that nickel doping significantly influences
the electrical properties [65]. The 3% Ni-doped film
exhibited the highest resistance, while sensitivity
decreased from 35.22% to 12.14% as Ni content
increased.
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