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Abstract
Titanium dioxide (TiO2) thin films were deposited at 350 °C on thoroughly cleaned substrates using an economical spray
pyrolysis process. The film’s structural, morphological, compositional, optical, and electrical properties were examined
using XRD, Raman spectroscopy, XPS, FTIR, SEM, EDS, UV-Vis-NIR, and Hall-effect methods. The XRD analysis
reveals the anatase nature of the film, with a reduction in peak intensities observed in the sample annealed at 450 °C. The
EDX investigation reveals that the film is composed only of Ti and O, which has been confirmed by XPS analysis. FTIR
studies confirmed the existence of Ti-O-Ti stretching bonds. The Raman spectra indicate the existence of microstress and
anatase phases. SEM images suggest recrystallization during annealing may result in a slight rise in grain size within the
crystalline films. The optical study reveals that air annealing is a useful technique to tailor a film’s porosity. The Hall effect
study indicates the n-type material conductivity of films. Four distinct target gases-nitrogen dioxide (NO2), carbon dioxide
(CO2), ammonia (NH₃), and hydrogen (H2) were used to study the gas selectivity of the TiO2 nanostructured-based metal
oxide sensor at various operating temperatures. The sensor exhibits excellent stability, NO2 gas selectivity, and response.
The sensor’s optimum operating temperature was determined to be 250 °C and at this temperature, a response time of 53 s
and a recovery time of 125 s were observed for a 5 ppm NO2 gas concentration. The developed sensor may find use in
medical and industrial fields.
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Highlights
● Isochronal air annealing enhances the structural, morphological, and optical properties of spray-deposited TiO2 films.
● The proposed sensor demonstrates remarkable selectivity for NO2 in comparison to H2 and NH3 gases.
● The sensor’s response is significantly influenced by the nature and concentration of the target gas.
● The optimum operating temperature and concentration for NO2 gas are 250 °C and 5 ppm, respectively.
● The spray-pyrolyzed TiO2 nanostructured sensor device offers a viable platform for high-performance NO2 detection in

medical and industrial applications.

1 Introduction

Automobile emissions, industrial activity, and agricultural
practices are significant sources of atmospheric pollution,
which has consistently risen since the early twentieth cen-
tury. Urban and rural areas see sporadic increases in air
pollutants such as ozone (O₃), nitrogen dioxide (NO2), and
carbon monoxide (CO). Extended exposure to low con-
centrations of NO2 can lead to respiratory problems, chest
pain, and chronic pulmonary diseases, while environmen-
tally, it contributes to acid rain through the formation of
nitric acid. The World Health Organization (WHO) recog-
nizes NO2 as a significant air contaminant due to its sub-
stantial health impacts. The 2021 World Health
Organization Global Air Quality Guidelines specify that
nitrogen dioxide (NO2) exposure should not surpass an
annual mean concentration of 10 μgm−3 or a 24-h mean
concentration of 25 μgm−3.

In this context, NO2 sensors are crucial for real-time air
quality monitoring by measuring nitrogen dioxide levels,
enabling pollution evaluation, assuring regulatory adher-
ence, and protecting public health and the environment.
Common materials employed for NO2 detection are metal
oxides, including tin dioxide (SnO2) [1], zinc oxide (ZnO)
[2], tungsten trioxide (WO₃) [3], copper oxide (CuO) [4],
titanium dioxide (TiO2) [5], and graphene [6]. The above
studies suggest titanium dioxide (TiO2) is a suitable sensing
material for NO2 gas detection.

Titanium dioxide (TiO2)-based sensors are extensively
utilized for the detection of nitrogen dioxide (NO2) gas,
owing to the many essential characteristics of TiO2 that
render them particularly effective for gas sensing applications
[5]. TiO2 exhibits exceptional sensitivity to NO2 gas owing to
the strong interaction between the gas molecules and the TiO2

surface, particularly in its nanostructured variants. TiO2 is a
wide-bandgap semiconductor, and its electrical resistance
varies markedly with the adsorption of NO2 molecules. This
feature enables the measurement of NO2 gas concentrations
via quantifiable alterations in electrical conductivity. The
NO2 molecules can adsorb electrons of TiO2 surface. This
interaction modifies the charge carrier density in TiO2 film,

facilitating effective detection. TiO2 exhibits thermal stability
at elevated temperatures, enabling its functionality in extreme
conditions where NO2 is commonly present, such as indus-
trial environments or automotive exhaust systems. Titanium
dioxide (TiO2) may be synthesized into various nanos-
tructures, including nanoparticles, nanorods, and nanotubes,
which offer a high surface area-to-volume ratio, hence
improving gas adsorption and sensor efficacy [5]. TiO2 sen-
sors can be optimized for selective detection of NO2 among
other gases through suitable doping or surface modifications,
hence improving their performance in mixed-gas environ-
ments [7]. The characteristics of TiO2-based sensors render
them very effective, reliable, and versatile for NO2 gas
detection in environmental monitoring, industrial operations,
and automotive systems. Israa Akram Abbas et al. have
reported that the fabricated air annealed TiO2-based sensors
not only had better NO2 gas sensitivity but also exhibited
reproducible and stable results [8].

Diverse synthesis methodologies, including hydrothermal
[9], chemical bath deposition (CBD) [10], physical vapor
deposition [11], ultrasonic dispersion [12], and spray pyr-
olysis [13], have been utilized to fabricate TiO2 thin films.
Spray pyrolysis is a versatile and widely used technique for
the deposition of titanium dioxide films, presenting many
benefits for a range of applications [14]. It produces uniform
and smooth TiO2 coatings across large areas [15], ensuring
consistent performance essential for sensors, photovoltaics,
and photocatalysts. The method is exceptionally scalable,
rendering it appropriate for industrial-scale production [16].
Spray pyrolysis enables systematic regulation of film com-
position by changing the precursor solution. Critical factors
like substrate temperature [17], precursor concentration, and
spray rate can be adjusted to enhance the thickness, crystal-
linity, porosity, and functional characteristics of the TiO2

films. The process is suitable with several substrates,
including glass, metals, ceramics, and flexible polymers;
hence increasing its flexibility.

In the present study, by employing a simple, cost-
effective, homemade spray pyrolysis technique, TiO2 thin
films were deposited. The objective of this study is to
explore the effects of air annealing temperature on the
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structural, morphological, optical, and electrical properties
of nanostructured TiO2 thin films. Then utilize optimized
TiO2 thin films to fabricate NO2 gas sensor and study its
performance as a function of gas concentration and oper-
ating temperature.

2 Materials and methods

2.1 Materials used

The precursor solution of 75ml was prepared by combining
titanium isopropoxide (Sigma Aldrich, 99.5% purity), acet-
ylacetone (Sigma Aldrich), and ethanol (Sigma Aldrich) at a
volumetric ratio of 1:1.5:22.5 (3 ml + 4.5 ml + 67.5ml). The
prepared solution’s pH was found to be 6.4. The quartz and
glass substrates, having an area of 1 cm2, were pre-cleaned
using acetone, chromic acid, and deionized water. The p-type
Si substrates of resistivity 5-10 Ω cm and thickness 525± 25
microns with (100) orientation of area 1 cm2 were pre-cleaned
utilizing the RCA-1 and RCA-2 techniques [18, 19]. The RCA
technique refers to a widely-used semiconductor cleaning
process to remove organic, inorganic, and particle impurities.

2.2 Experimental methods

A homemade spray pyrolysis setup is employed for the
deposition of TiO2 film on various precleaned substrates.

The schematic representation of the homemade spray pyrolysis
setup used in the current work is shown in Fig. 1. The substrate
and spray nozzle were positioned at a specified distance of
30 cm, with the air pressure was adjusted to 4.2 kgcm−2. The
substrate temperature was maintained at a constant 350 °C
throughout the deposition processes. To achieve TiO2 film of
desired thickness it was planned to perform spray for a time of
180 s, in 36 cycles, at an optimized rate of 5 s spray per cycle
followed by a 30 s pause cycle, to sustain a substrate tem-
perature of 350 °C. Different substrates, such as silicon, quartz,
and glass of 1 cm2 area, were employed for spray deposition at
the specified conditions.

The TiO2 thin films, prepared on various substrates,
underwent air annealing for one hour at specified tem-
peratures of 400 °C, 450 °C, and 500 °C to analyse the
influence of annealing on their microstructural, morpholo-
gical, compositional, optical, and electrical properties. The
optimal annealing temperature range for the synthesis of
pure and stable anatase TiO2 films is 400 to 500 °C; hence,
this range was used for annealing in the present study [20].
The TiO2 films deposited on Si substrates were utilized for
XRD, Raman, FTIR, SEM, XPS, and EDS characterizations
due to their compliance with these methodologies. Silicon
substrates are better for X-ray diffraction (XRD) studies
than glass because silicon’s crystal structure gives clear,
sharp peaks, which makes it easier to identify the sample’s
peaks, while glass is not structured and creates wide, less
useful patterns.

Fig. 1 Schematic diagram of homemade spray pyrolysis set up Inset. 1. Air Compressor, 2. Pressure Gauge, 3. Humidifier, 4. Gas Inlet, 5. Spray
Nozzle, 6. Substrate, 7. Heater, 8. Hot Plate, 9. Precursor Solution, 10. Power Supply with Temperature Unit
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Silicon substrates are chosen for Scanning Electron
Microscopy (SEM) and Energy-Dispersive X-ray Spectro-
scopy (EDS) studies instead of glass because they conduct
electricity and heat better, are stronger, and do not react
with chemicals, which helps reduce issues like sample
charging, overheating, and contamination.

The TiO2 films deposited on quartz substrates were uti-
lized for optical studies over glass due to their superior
optical properties, particularly high UV transmission,
exceptional thermal and chemical resistance, and high
purity, making them ideal for applications requiring precise
light transmission and stability. The TiO2 films deposited on
a glass substrates were employed for electrical studies, as
glass is an insulator, making it suitable for measuring the
electrical properties of thin films without substrate inter-
ference. Furthermore, the TiO2 film annealed at 500 °C on a
glass substrate was employed for gas response studies.
Hereafter, the as-deposited TiO2 film will be referred to as
T1, while those subjected to air annealing at 400 °C,
450 °C, and 500 °C will be referred to as T2, T3, and T4,
respectively.

Structural analysis of both the as-prepared and air-
annealed TiO2 thin films was carried out using an X-ray
diffractometer (Rigaku Smart Lab XRD) with a Cu Kα
X-ray source, a 2θ scan range of 20

�
to 80

�
, a scan speed of

2:4
�
per minute, and a step size of 0:01

�
. An X-ray photo-

electron spectrometer (Kratos-Axis Ultra DLD) equipped
with a monochromatic Al Kα source (1486.6 eV) together
with a charge neutralizer to prevent static charge accumu-
lation was used for XPS research. The Perkin Elmer-
Frontier MIR with a spectral range 400–4000 cm−1 and a
spectral resolution of 1 cm−1 was used for the FTIR
investigation. The Raman Spectrometer (Horiba-Lab RAM
HR), employing a 532 nm laser, was used for Raman study,
which involves a spectral resolution of 0.3 cm−1 per pixel
and a scan range of 60 to 1200 cm−1. For the optical
investigation, a UV-3600 MPC-3100 UV-Vis-NIR spec-
trometer of a scan range 200 nm to 1200 nm with 1 nm
increments was employed. The EDS investigation, which
offers elemental characterization of the samples, was con-
ducted using MIRA 3 (FESEM) and Quantax 200 (EDS),
along with Evactron XEI (plasma cleaner) (TESCAN and
Bruker). For electrical studies, DC Probe Station-2 [Semi-
conductor Device Analyzer B1500A (SDA) with Micro
Tech PM5] and a Polytronic HEM-150 electromagnet pro-
ducing a 1 T magnetic field were utilized. The TiO2 sensor’s
gas-detecting response was studied using a gas-sensing
calibration setup at IISc in Bangalore, India. The procedure
used for studying the target gas response is explained below.

The sensor response quantifies the proportionate rise (or
fall) of the sensor output signal in the presence of a certain

concentration of target gas when compared to pure synthetic
air. Synthetic air refers to a man-made gas combination that
has a predetermined proportion of 80% nitrogen and 20%
oxygen so that it closely mimics the composition of natural air.
Gas sensors are calibrated using synthetic air to ensure precise
measurements. Synthetic gas of 500 standard cubic centimetres
per minute (sccm) is purged onto the sensor at the working
temperature until the baseline stabilizes. Once a stable baseline
is established, the sensor is subjected to a purging process using
a target gas, which can be either an oxidizing or reducing gas,
with a prescribed concentration (a target gas concentration of
5 ppm is utilized in the current study) until sensor resistance
reaches a stable state. Subsequently, the target gas is deactivated,
and the synthetic gas of 500 sccm is once again purged till the
sensor recovers its normal operation and its resistance aligns
with the baseline value. The same process is iterated for the
selected target gases, maintaining the uniform gas concentration
at various operating temperatures. This study aims to estimate
the ideal operating temperature and the target gas with the
maximum sensor response. For the ppm cycle, the target gas
that exhibits a strong response at an optimal temperature is taken
into account. The sensor response for the selected target gas is
examined by gradually increasing its concentration in the range
of 1–5 ppm, with increments of 1 ppm. The sensor’s stability is
assessed by repeating the ppm cycle after 30 days using the
selective target gas, NO2 at an optimal temperature of 250 °C.

The gas sensor typically produces an electrical output
signal upon exposure to a test gas. The interaction with gas
molecules alters the electrical properties of the sensor
material, referred to as the sensor’s response S. When the
oxidizing target gas reacts with the n-type metal oxide gas
sensor (e.g., TiO2), the gas molecules are going to drain the
electrons by chemically reacting with the sensor material; as
a result, the sensor’s resistance increases. The gas response
S is calculated using the relation given below [21].

S ¼ ðRg � RaÞ=Ra ð1Þ

where Ra and Rg denote the equilibrium values of sensor
resistances in the synthetic air and target gas, respectively.

When the reducing target gas interacts with the n-type
metal oxide gas sensor, the gas molecules release electrons
by chemically reacting with the sensor material; as a result,
the sensor’s resistance decreases. The gas response S is
calculated using the relation given below [21].

S ¼ ðRa � RgÞ=Ra ð2Þ
In general, the gas response in percentage is calculated

using the relation given below.

S %ð Þ ¼ Rg � Ra

� �
=Ra

�� ��� 100 ð3Þ

Journal of Sol-Gel Science and Technology (2025) 116:1114–1131 1117



3 Results and discussions

3.1 XRD analysis of TiO2 films

The structural characteristics of the spray-deposited TiO2

films were examined using X-ray diffraction (XRD), as
shown in Fig. 2. The primary peaks were found at 2θ= 25°,
48.1°, 55.2°, 62.8°, 70.6° and 75.37° corresponding to the
diffraction planes (101), (200), (211), (213), (220) and
(107) respectively, indicating a tetragonal crystal structure
in the anatase phase, as confirmed by JCPDS cards [00-001-
0562, 96-900-9087]. Table 1 presents the estimated struc-
tural parameters obtained from the XRD spectrum.

This structural analysis was contrasted with previous
research findings [22–24]. Previous studies have described
the anatase-rutile mixed phase; however, our research
identified the anatase phase as predominant, suggesting that
the primary pressure influences the orientation of crystalline
structure development. This may be associated with the fact
that the anatase phase possesses reduced surface energy,
elevated cohesive energy, and diminished bulk modulus
[25, 26]. Consequently, this outcome can be exemplified by
the presence of anatase as a stable phase in the low-pres-
sure, low-temperature area of the P-T diagram [27]. The
observed drop in peak intensity beyond 400 °C may be due

to the development of internal stress in the films [28]. The
newly observed peak at 2θ ¼ 51� on p-type (100) silicon
substrate corresponds to the (112) plane of SiO2 [29].

Table 1 displays the calculated structural parameters of
spray-deposited TiO2 thin films in relation to annealing
temperatures. The analysis indicates that the interplanar
spacing slightly increases with temperature. The dislocation
density and microstrain initially decrease, reach a minimum,
and then increase; however, both crystallite size and crys-
tallinity were found to be at their maximum at 400 °C. The
rise in crystallinity for the T4 sample may result from the
emergence of new peaks in the T4 spectra, whereas the
reduction in crystallite size for the most prominent peak
(101) of T4 is attributed to elongation stress, leading to an
increase in the FWHM (β) value, potentially related to the
formation of new peaks.

3.2 XPS analysis of TiO2 films

Figure 3 illustrates the XPS spectra of both as-deposited and
air-annealed TiO2 films across the whole binding energy
range, revealing the typical peaks of C 1 s, O 1 s, and Ti 2p.
It is found that the increase in temperature results in a
corresponding increase in the intensities of the XPS peaks.

The increment of peak intensity with temperature may be
attributed to the growth of TiO2 crystals, resulting in a more
ordered and crystalline structure. TiO2 can exist in different
phases, such as anatase, rutile, and brookite, and annealing
can influence the phase transformation and the relative
abundance of each phase [30]. Annealing can also lead to
changes in the surface morphology and composition of
TiO2, potentially affecting the intensity of XPS peaks [31].

The Ti 2p spectra (inset display in Fig. 3) reveal two
prominent symmetric peaks at approximately
464.3 ± 0.2 eV and 458.5 ± 0.2 eV, corresponding to Ti 2p1/
2 and Ti 2p3/2, respectively. The 5.8 eV peak separation
observed in the Ti 2p doublet aligns well with the energy
documented for anatase phase TiO2 nanoparticles [32, 33].

During air annealing, the binding energies of Ti 2p were
shifted towards 459.5 ± 0.2 eV for Ti 2p3/2 and towards
465.2 ± 0.2 eV for Ti 2p1/2, in accordance with other reports
[34]. This transition may result from the reduction of Ti4+

ions to Ti3+ deficient states, typically associated with a loss
of oxygen from the TiO2 surface.Fig. 2 XRD patterns of spray deposited TiO2 films

Table 1 Estimated structural
parameters of as deposited and
air annealed TiO2 films for the
most intense (101) XRD peak

Sample 2θ degree FWHM(β) Crystallite
size(D) nm

Interplanar
distance(d)
nm

Dislocation
density(δ)
nm−2

Microstrain (ε) Crystallinity %

T1 25.37 0.5897 14.1732 0.3507 0.0050 0.0212 44.77

T2 25.37 0.5392 15.5006 0.3507 0.0042 0.0194 98.69

T3 25.37 0.5461 15.3004 0.3508 0.0043 0.0202 79.96

T4 25.35 0.6181 13.5025 0.3511 0.0055 0.0248 90.20
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A secondary inset in Fig. 3 displays a magnified O 1 s
XPS spectrum. Two oxygen chemical species were identi-
fied in the as-deposited and air-annealed TiO2 films. The
primary peak of TiO2 lattice oxygen (Oα) accounted for the
reduced binding energy (BE) at around 529.7 ± 0.2 eV,
while the surface weakly bound (or adsorbed) oxygen (OH
and molecular O2 species-Oβ) was indicated by the addi-
tional peak at 532.8 ± 0.2 eV [35].

All films exhibited a C 1 s peak with a binding energy of
284.6 eV. The presence of C 1 s is linked to organic surface
contamination due to the sample’s exposure to air [20].

In the present study, TiO2-XPS analysis reveals char-
acteristic indication of surface oxygen vacancies as a result
of peak shift in the O 1 s spectrum and also the existence of
Ti³⁺ in the Ti 2p spectrum for films annealed at 500 °C (T4).
The O 1 s peak intensity is seen to be maximum at this
temperature [36]. This may be one of the causes for better
gas-sensing performance of T4 gas sensor [37].

3.3 FTIR analysis of TiO2 films

The typical FTIR spectra of the air-annealed and as-deposited
TiO2 films are displayed in Fig. 4. This shows that the pri-
mary bands were detected around 3400–3800 cm−1 and at
2963, 2322, 1454, and 1106 cm−1 respectively [38–40]. The
stretching vibrations of hydroxyl (O-H) groups were observed

at 3400 cm−1. The bending vibrations of coordinated H2O
and Ti-OH produced a peak at 1106 cm–1. It is commonly
observed in infrared spectroscopy studies of titanium-
containing materials, particularly in the context of Ti-O
bonds and associated water molecules. Furthermore, when
the film was annealed, the results showed a dominant
feature that was centered around 438 cm–1, which is

Fig. 3 XPS spectra of spray deposited TiO2 films

Fig. 4 FTIR spectra of spray deposited TiO2 films. The region marked
within the dashed rectangles were explained in the text
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typical of the anatase [41]. For the sample that was air-
annealed at 350 °C, this peak was extremely weak. When
the sample was annealed at 500 °C in air, peak became
stronger and more pointed in accordance with the pub-
lished literature [42].

3.4 Raman spectral analysis of TiO2 films

Figure 5 displayed the Raman spectra of as deposited and
air annealed spray-deposited TiO2 films. The Raman modes
at 144 cm−1, 397 cm−1, 519 cm−1, and 639 cm−1 validated
the purity of anatase TiO2 and no brookite phase was
observed. The anatase phase at 144 cm−1 exhibits a peak in
all the TiO2 films. It emerged that as the annealing tem-
perature was increased, so did the intensities of the anatase
phase peaks. However, as the annealing temperature
increased, the anatase phase peak positions shifted from
144 cm−1 to 146 cm−1 [43]. Raman spectral investigations
reveal the presence of six active Raman scattering bands in
anatase-TiO2: 144 cm−1 (Eg), 399 cm−1 (B1g), 513 cm−1

(A1g), 519 cm
−1 (B1g), and 639 cm−1 (Eg) [44]. One minor

peak at 302 cm−1 was due to the Si-Si stretching mode of
the substrate, and another strong peak at 521 cm−1 is
superposed with two TiO2 peaks around 519 cm−1 again
demonstrating the Si-Si stretching mode of the substrate
[45]. The intensity of the band shows that the crystalline
TiO2 anatase structure is on the Si surface after oxidation.

3.5 SEM analysis of TiO2 films

Fig. 6 displays the surface morphology of the TiO2 films.
Table 2 reveals that recrystallization due to annealing leads
to a considerable increase in grain size from 41.91 nm to
49.13 nm. Conversely, it seemed as though the surface

roughness increased monotonically as the annealing tem-
perature was increased. The grains became more crystalline
as the annealing temperature increased. This agrees with the
XRD results, which indicated that elevating the annealing
temperature increased the crystallinity of the films, as pre-
viously observed [46].

3.6 EDS analysis of TiO2 films

To test the composition of the titanium dioxide film,
an energy dispersive spectrometer (EDS) is used.
Figures 7 and 8 depict the EDS spectra and elemental
mapping of as-deposited and air annealed TiO2 films.
Table 3 presents an EDS analysis of the titanium dioxide
films, confirming the presence of the major elements such as
oxygen and titanium. No other contaminants were found in
the films. The coexistence of native oxide in SiO2 on silicon
substrates may cause excesses of oxygen weight% in
Table 3 of TiO2 films [47]. The elemental mapping shows a
homogenous distribution of titanium within the substrate, as
well as the presence of oxygen in Fig. 8.

3.7 Optical properties of TiO2 films

The optical analysis was conducted on all the TiO2 films
using a UV-Vis-NIR spectrophotometer in a wavelength
range of 200-1200 nm. Figures 9a and b display the
absorbance and transmittance spectra, while Fig. 9c shows
the Tauc’s plots of the as-deposited and air-annealed TiO2

films. The absorbance spectra show a slight red shift of
absorption edge as a result of variation of crystallite size
with relation to temperature. The absorbance has been
found to be higher in the ultraviolet portion of the spectrum.
The transmittance spectra reveal that transmittance increa-
ses with air annealing beyond 300 nm. This may be due to
an increase in film porosity.

Table 4 provides the computed optical parameters for as-
deposited (T1) and air-annealed (T2, T3, T4) TiO2 films.
The optical investigations revealed that both the film
thickness and the optical indirect band gap of the TiO2

decreased after air annealing. The grain densification with
annealing may be responsible for the decrease in the film
thickness [48]. The residual stress due to annealing on the
film can also account for the thickness variance [49]. This
work found that a decrease in film thickness led to a con-
sistent increase in UV region absorption. This variance was
observed to affect hydrophilic properties and hence the self-
cleaning properties of glass [50]. The SEM histogram
analysis clearly shows an increase in grain size with
annealing temperature. This variation may be responsible
for the decrease in the film’s optical band gap [51].

Table 5 presents the estimated parameters that outline the
optical properties of TiO2 films, which include refractive

Fig. 5 Raman spectra of spray deposited TiO2 films
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index (n), porosity (ϕ), extinction coefficient (k), optical
susceptibility (χ), optical conductivity (σ), packing density
(p), real part of the dielectric function (εr), and imaginary
part of the dielectric function (εi). The data were gathered
using UV-Vis transmittance data at 600 nm. With the film
air annealing, the porosity was found to increase, which
could be related to the formation of smaller crystals inside
the film. However, the reduction in film thickness resulted
in a reduced refractive index, optical susceptibility, packing

density, and real part of the dielectric constant, thereby
increasing the material density within the film. At 400 °C,
the extinction coefficient, optical conductivity, and ima-
ginary part of the dielectric constant begin to decrease. It
turns out that the film, which is air-annealed at 500 °C, has
the maximum porosity. Highly porous films may be utilized
as gas sensors [52, 53]. The films with higher porosity will
improve gas sensing due to their ability to facilitate the
diffusion of reaction gases in and out of the film. This
enhances the sensor’s response and reduces its recovery
time [54].

3.8 Electrical studies of TiO2 films

Table 6 shows the electrical parameters of as deposited, and
air annealed TiO2 films. To estimate film resistivity (ρ),
sheet charge concentration (ns), bulk charge concentration

Fig. 6 SEM images of spray deposited TiO2 films

Table 2 Estimated particle size from SEM Histogram of TiO2 films

Sample Grain size (nm)

T1 41.91

T2 44.81

T3 46.05

T4 49.13
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Fig. 7 EDS spectra of spray deposited TiO2 films

Fig. 8 Elemental mapping of
spray deposited TiO2 films

1122 Journal of Sol-Gel Science and Technology (2025) 116:1114–1131



(nb), and mobility of charge carriers (μ), the below men-
tioned equations were employed.

ρ ¼ Rs � t ð4Þ

ns ¼ 1=ðRH � eÞ ð5Þ

nb ¼ ns=t ð6Þ

μ ¼ 1=ðRs � ns � eÞ ð7Þ

where Rs, t, RH , and e are sheet resistance, film thickness,
Hall coefficient, and charge of the electron, respectively.

The Hall effect studies show that all the films possess
n-type conductivity. Both mobility and film thickness were
found to decrease with temperature. The mobility due to
charge carriers can be further changed by UV light irra-
diation, and the films may be further used for photocatalysis
also [55]. At 400 °C, sheet resistance, resistivity, and Hall
voltage were observed to be high. However, at 450 °C, the
bulk electron concentration was high due to a minimal Hall
coefficient. Doping can further reduce the electrical char-
acteristics, such as sheet resistance, of TiO2 films [56, 57].

4 Gas sensing studies

Out of the four TiO2 films deposited on a glass substrate, the
T4 film (air annealed at 500 °C) is chosen for gas sensing
due to its distinctive characteristics resulting from air
annealing. The T4 sample exhibited a combination of
reduced crystal size, thickness, energy gap, and packing
density, alongside enhanced crystal quality, porosity, flaws,
stress, and grain size. The amalgamation of these qualities,
coupled with variations in oxygen levels, porosity, optical
conductivity, imaginary dielectric constant, and sheet

Table 3 EDS Analysis of TiO2 films

Sample Elements Weight % Atomic % Ti:O
Ratio

T1 Oxygen 57.32 80.08 0.25

Titanium 42.68 19.92

T2 Oxygen 59.87 81.7 0.22

Titanium 40.13 18.3

T3 Oxygen 56.79 79.73 0.25

Titanium 43.21 20.27

T4 Oxygen 60.08 81.83 0.22

Titanium 39.92 18.17

Fig. 9 a Absorbance spectra,
b Transmittance spectra and
c Tauc plot of spray deposited
TiO2 films
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resistance, enable the film to function effectively as a gas
sensor [58].

TiO2 films annealed at 500 °C often exhibit improved
sensing response, likely due to changes in crystal structure
[23] and morphology (porosity, nano structures) that
enhance the material’s interaction with target gases [8].
Annealing at higher temperatures promotes grain growth
and improved crystallinity, leading to a more ordered and
stable material [59].

Hence, the TiO2 air-annealed film (T4), prepared at
500 °C on a 1 cm2 glass substrate, was employed as a metal
oxide sensor for the current gas sensing study, owing to its
above cited salient features (Tables 1, 2 and 5).

Two silver (Ag) electrodes were applied to the T4 sample
using silver paste to establish an electrical contact, enabling
measurement of the sensor’s resistance variation during gas
exposure. To achieve proper ohmic contact between the
silver metal and the oxide surface, the T4 sample was
subsequently heated at 60 °C for 30 min. The metallic
probes of the sensing unit were designed to contact silver
electrodes during gas detection. Consequently, it serves as
an economical means of investigating gas sensing without
undergoing expensive metallization costs. The gas sensing
studies of the TiO2 sensor was performed using a calibrated
gas sensing setup at the CENSE laboratory, IISc
Bangalore, India.

Figure 10 illustrates the schematic representation of the
gas sensor setup. A metal oxide gas sensor has been placed
within a gas-sensing chamber measuring 39 cm × 33 cm ×
23 cm. Alica 500 SCCM MFCs regulated the gas flow
within the chamber. In contrast, the Keithley 2450 Source
Monitor Unit assessed the current traversing the device,
while the Eurytherm 2400 Temperature Controller regulated
the sensor temperature.

Applying a voltage across the sensor causes current to
flow through the circuit. When a target gas is purged into
the chamber, the gas molecules interact with the TiO2

semiconductor oxide surface, which results in the creation
of chemical or van der Waals bonds across the gas mole-
cules and the oxide, an adsorbent material. Consequently,
there exist two categories of adsorption processes that
describe how molecules adhere to the surfaces, namely
physisorption and chemisorption. Physisorption is caused
by weak van der Waals forces. Chemisorption occurs when
the chemical bonds are formed (covalent or ionic). During
the purging of oxidizing gas (e.g., CO2, NO2) on an n-type

Table 7 Comparison of the present study with TiO2 and other metal oxide sensors for NO2 gas at a concentration of 5 ppm

Sensing Material Experimental Method Substrate Response Time (s) Recovery Time (s) Reference

TiO2 Spray Pyrolysis Glass 53 125 Current Work

TiO2 NRs hydrothermal method FTO-coated glass 114 125 [71]

TiO2 Sol–gel route Quartz substrate 120-180 240-300 [72]

ZnO Hydrothermal method Glass 100-120 115-120 [73]

SnO2 Sol–gel Silicon 80 3600 [74]

Table 6 Electrical properties of
as deposited (T1) and air
annealed (T2, T3, T4) TiO2

films

Sample Rs (MΩ) t (nm) ρ (Ω m) VH (volt) RH (m3C−1) ns 10
16(m−3) n 1023 (m−2) μ

10−3

(cm2/V-s)

Material
Type

T1 322 171.9 55.36 −0.133 −73.24 −8.5 −4.96 −2.27 n

T2 417 158.1 66.02 −0.203 −29.44 −22 −13.43 −0.71 n

T3 267 139.5 37.26 −0.109 −10.16 −61 −44.07 −0.38 n

T4 313 130.4 40.79 −0.079 −11.61 −54 −41.25 −0.37 n

Table 5 Estimated optical parameters by of TiO2 films at 600 nm

Sample n Φ (%) K χ σ (x1013) p εr εi

T1 2.40 40.5 0.006 0.38 0.69 0.90 5.74 0.03

T2 2.40 40.5 0.002 0.38 0.03 0.90 5.74 0.01

T3 2.35 44.00 0.01 0.36 0.06 0.89 5.52 0.02

T4 2.30 47.69 0.07 0.34 0.77 0.87 5.29 0.31

Table 4 Film thickness and optical bandgap of TiO2 films

Sample Film Thickness (t) nm Optical bandgap (Eg) eV

T1 171.88 3.325

T2 158.13 3.226

T3 139.54 3.181

T4 130.45 3.142
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sensing material (e.g., TiO2), electrons migrate from the
sensor surface to the molecules of the adsorbed gas. Con-
sequently, the electron concentration on the sensor surface
declines, leading to a decrease in conductivity and an
increase in sensor resistance. Conversely, when reducing
gas (e.g., H2, NH3) is purged on an n-type sensor, electrons
transfer from the adsorbed gas molecules to the sensor
surface, resulting in an increased conductivity and a sub-
sequent decrease in sensor resistance. Vice versa happens
for p-type sensors (e.g., CuO) [60].

Upon interaction with NO2 gas, TiO2 films facilitate the
adsorption of NO2 molecules on their surface, resulting in a
reduction in resistance due to the establishment of a con-
ductive pathway through electron transfer. The chemical
reaction [61, 62] is represented by

NO2 gð Þ þ e� ! NO2
� adsð Þ ð8Þ

By computing the electric current (I) through the film and
knowing the voltage V across it, the sensor resistance can
be estimated using conventional Ohm’s law. As the absolute
change in resistance fails to provide any information on the
sensitivity of the sensor, the relative change in resistance is
determined using an Eq. (3).

When a target gas is purged into the gas sensor chamber, the
main mechanism by which the semiconductor or oxide reacts
to an oxidizing gas is the modification of the adsorbed oxygen
species concentration. Adsorbed oxygen reduces the sensor
surface’s resistance. Rising electron density on the semi-
conductor surface further creates Schottky potential barriers at
grain boundaries. Oxidizing gases raise the concentration of
surface oxygen, thereby increasing the sensor resistance. The
varying stability of surface oxygen species across different
temperature ranges implies that this process is temperature
dependent. Doping the semiconductor with noble metals or
other catalytic materials can further modify the conductance
temperature profiles, which are ascertained by the distinct
optimal oxidation temperatures of the various gases [63].
Therefore, the gas sensor is heated to the optimal oxidation
temperature, which increases its gas response (S), as the
operating temperature of a sensor determines its gas response.

Figure 11a depicts the schematic diagram of TiO2 metal
sensor. Figure 11b represents the schematic energy-band
diagram of the Ag/n-TiO2/Ag heterostructure. Silver has a
Fermi level (EF) that is lower than the conduction band of
n-type titanium dioxide. Electrons in TiO2 possess higher
energy levels compared to those in Ag. Upon contact with
the TiO2 film, electrons transferred from TiO2 to Ag to
equalize the Fermi levels, as n-type TiO2 possesses a greater
abundance of free electrons. This establishes Schottky
barriers at both metal-semiconductor interfaces. This energy
barrier prevents electron transfer from Ag to TiO2. Electrons
can traverse these barriers when subjected to excitation,
such as gas adsorption during gas purging.Ta
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The gas selectivity of the TiO2 metal oxide sensor (T4)
for a 5-ppm gas concentration was evaluated using two
reducing gases, namely hydrogen and ammonia, and two
oxidizing gases, namely nitrogen dioxide and carbon
dioxide, as target gases at different operating temperatures.

At various operating temperatures, different kinds of
oxygen species dominate on the TiO2 surface, each parti-
cipating in specific surface reactions with target gases.
Before interacting with target gases, oxygen is adsorbed and
ionized on the TiO2 surface. At lower temperatures, the
weak adsorption of oxygen species restricts their reactivity,
leading to a decreased sensor response. In contrast, at
intermediate temperatures, the abundance of O⁻ species
increases surface reactivity, enabling optimal gas sensing
performance. The adsorption and transformation of oxygen
species on TiO2 occur under changing temperatures as
follows [64, 65]: At below 100 °C temperatures,

O2ðgÞ ! O2ðadsÞ ð9Þ
At intermediate temperatures (100–200 °C),

O2ðadsÞ þ e� ! O2
�ðadsÞ ð10Þ

At elevated temperatures (>200 °C),

O2
�ðadsÞ þ e� ! 2O�ðadsÞ ð11Þ
The NO2 gas can interact with surface-adsorbed oxygen

with the interaction [62],

NO2 þ O2
� þ 2e� ! NO2

� þ 2O� ð12Þ
From room temperature up to 140 °C, the T4 sensor

exhibits no response for the target gases. However, upon
exposure to target gases at 150 °C, it produces a slight
response for H2, NH3 and NO2, with the exception of CO2.
TiO2 is not inherently sensitive to CO2 gas for a few rea-
sons: it has a large band gap of 3.2 eV, low affinity and
hence poor CO2 adsorption and activation, and fast
recombination of photogenerated electrons and holes
[66, 67].

Hence, the gas-selective study was repeated at 200 °C,
250 °C, and 300 °C for the remaining gases (H2, NH3 and
NO2). Figure 12 illustrates the gas response of the T4 sensor
for the target gases at various operating temperatures. The
selectivity graphs (Fig. 12) indicate that the TiO2-based
(T4) sensor is more effective in detecting NO2 gas than H2

Fig. 10 Schematic diagram of the gas sensing setup

Fig. 11 a Schematic diagram of TiO2 gas sensor b Schematic energy-band diagram of Ag/n-TiO2/Ag heterostructure
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and NH3 gases at all operating temperatures. The TiO2

based (T4) sensor shows a gradual increase in gas response
with increasing operating temperature and reaches a max-
imum at 250 °C (Fig. 12) for a 5 ppm NO2 gas con-
centration [68]. The possible explanation for the sensor’s
enhanced response to NO2 could result from its enhanced
surface functionalization with oxygen groups and the sub-
sequent degradation of those groups [69]. Hence, 250 °C is
used as the optimum operating temperature for the
T4 sensor for further characterization.

The ppm cycle with NO2 gas for the T4 metal oxide
sensor was examined at 250 °C by varying the gas con-
centration from 1 ppm to 5 ppm. The NO2 gas was purged
for three minutes at each concentration, with a four-minute
break between each concentration step. Figure 13a shows
the variation of the sensor’s resistance with NO2 gas con-
centrations. The gas response of the T4 sensor confirms
electrical investigation (refer to Table 5), indicating that
TiO2 behaves as an n-type semiconductor, since resistance
increases with the entry of oxidizing gas. Figure 13b
illustrates the computation of response for each ppm,
revealing an increase in response with a surge in gas con-
centration. The sensor sensitivity, represented by the slope
of the response versus NO2 gas concentration [Fig. 13b],

determined using least squares fitting, and was found to be
314.59 ± 24.24%.

Figure 14 illustrates the variation of response and
recovery times of the T4 gas sensor at various NO2 con-
centrations. A minimum recovery time of 53 s and a
response time of 125 s were observed at 5 ppm. The
response and recovery times of a gas sensor might vary
based on the gas type, concentration, and the sensor tech-
nology employed [70].

The TiO2-based sensor’s (T4) stability was tested by
repeating the ppm cycle with NO2 gas after 30 days at an
operating temperature of 250 °C. Figure 15 displays the
variation of T4 sensor gas response as a function of time at
various gas concentrations both upon fabrication and after a
duration of 30 days. The gas response of the TiO2 metal
sensor has reduced marginally after 30 days. The change in
the sensor’s response for each gas concentration (ppm) was
found to be less than 2% after 30 days.

The present study’s comparison with existing chemir-
esistive (Tables 7 and 8) NO2 sensors indicates that the
developed undoped TiO2 sensor is economically advanta-
geous, which is attributed to the utilization of an affordable
glass substrate, a self-constructed spray pyrolysis setup for
the film coating, and a single-step electrode development

Fig. 12 Gas response of TiO2 metal oxide sensor (T4) for various target gases as a function of operating temperature
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with silver paste. The gas detection of T4 sensor was tested
for the gas concentration range from 1 to 5 ppm. The pro-
duced TiO2 metal oxide gas sensor exhibits good selectiv-
ity, sensitivity, speed, and stability, despite avoiding the
necessity for costly deposition techniques and doping
materials such as SnS2, Au, poisonous chromium, fluorine,
and expensive gold and platinum electrodes. However, the
speed of the gas sensor can be further improved by
adjusting the various spray deposition parameters.

5 Conclusion

The present study utilized a cost-efficient chemical method,
specifically spray pyrolysis, to deposit TiO2 nanostructured
films under an ideal condition. The impact of air annealing
temperature on the structural, morphological, composi-
tional, optical, and electrical characteristics of TiO2 films
was examined. The XRD study of TiO2 film indicates an
anatase structure and enhanced crystallinity at 400 °C;
nevertheless, subsequent annealing results in a further

reduction of crystallite size. XPS and EDS analyses confirm
the existence of only titanium and oxygen elements in the
films. The SEM histogram indicates an increase in grain
size in accordance with the rise in crystallite size with
temperature as per XRD. The optical investigations reveal a
decrease in the optical band gap with temperature. FTIR and
Raman modes confirm the existence of TiO2 in the film. The
UV-Vis-NIR analysis shows that the indirect band gap of
TiO2 thin film decreases with increasing annealing tem-
perature. Hall effect investigations demonstrated the n-type
conductivity of the films. The TiO2 film air-annealed at
500 °C exhibited increased porosity and reduced sheet
resistance, prompting us to evaluate its efficacy as a gas
sensor. Further the 500 °C annealed film is examined as a
metal oxide TiO2 nanostructured-based gas sensor, and its
gas-sensing properties are evaluated with different target
gases at varied operating temperatures. The TiO2 metal
oxide sensor shows optimal response towards the oxidizing
target NO2 gas in comparison to reducing hydrogen and
ammonia gases at temperatures of 150 °C, 200 °C, 250 °C,
and 300 °C. The composition and type of gas impacted the

Fig. 13 a Resistance response of
TiO2 metal oxide sensor with
NO2 gas concentration and
b Response of TiO2 metal oxide
sensor as a function of NO2 gas
concentration(ppm)

Fig. 14 Response and recovery time of TiO2 metal oxide sensor with
NO2 gas concentration Fig. 15 Stability study of TiO2 based sensor as a function of time at

various NO2 gas concentration (ppm)
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response and recovery time of the gas sensor. The sensor
demonstrates optimal gas response for NO2 at an operating
temperature of 250 °C, with a minimum response time of
53 s and recovery time of 125 s at 5 ppm. Engineered TiO2

nano-structured metal oxide NO2 gas sensors may be
employed in industrial and medical applications.
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