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A B S T R A C T

Acetaldehyde, a compound known for its cellular and genomic toxicity, poses a significant threat to both human 
health and environmental safety. This underscores the urgent need for cost-effective and highly sensitive sensors 
capable of detecting acetaldehyde at low concentrations. In this study, metal oxide semiconductor–based thin- 
film gas sensors were developed using pure and nickel-doped tungsten trioxide (WO₃). The thin films were 
fabricated via spray pyrolysis, a direct deposition technique that yielded crystalline monoclinic-phase WO₃ with a 
favourable surface morphology conducive to gas sensing. Among the samples, the 5 % Ni-doped WO₃ (WO₃:Ni-5) 
film exhibited the highest performance, delivering an impressive sensing response of 102.28 at room tempera
ture. The enhanced response was attributed to the incorporation of Ni2+ ions, which induced the growth of 
nanorods within a fibrous, flower-like microstructure, thereby increasing the active surface area. Comprehensive 
characterisation confirmed that the sensor has good selectivity towards acetaldehyde (25 S), sensitivity (5 ppm), 
repeatability, humidity tolerance, and long-term stability, establishing its strong potential for practical acetal
dehyde detection.

1. Introduction

The World Health Organization (WHO) estimates that indoor air 
pollution is responsible for approximately 4.2 million premature deaths 
annually, highlighting it as a critical yet often overlooked public health 
issue. In many developing countries, the use of solid fuels such as wood, 
coal, and dung for cooking and heating releases harmful pollutants into 
enclosed spaces. This issue is further compounded by indoor tobacco 
smoke, which contains numerous carcinogens; second-hand smoke 
alone is known to cause thousands of lung cancer-related deaths each 
year. While global efforts have led to noticeable improvements in out
door air quality particularly in reducing pollutants like nitrogen dioxide 
(NO₂) and sulphur dioxide (SO₂) indoor air pollution remains inade
quately addressed. In 2022 alone, indoor air pollution accounted for an 
estimated 3.2 million deaths. Additionally, commonly used household 
items such as cleaning agents, paints, adhesives, and synthetic furnish
ings release volatile organic compounds (VOCs) that further degrade 
indoor air quality [1–3].

VOCs are a major class of indoor air pollutants due to their ease of 
evaporation at room temperature and their prevalence in both natural 
and anthropogenic sources. Among these, acetaldehyde has emerged as 
a particularly hazardous compound. It is emitted from numerous indoor 
sources such as tobacco smoke, cooking emissions, and off-gassing from 
building materials and consumer products. Industrially, acetaldehyde is 
used as a precursor for acetic acid and in the manufacture of perfumes, 
paints, and food flavouring agents. At concentrations above 100 ppm, it 
gives off a strong, pungent odour, whereas at lower levels (below 50 
ppm), it smells sweet and fruity. Despite its widespread use, acetalde
hyde is classified as a probable human carcinogen, and its high volatility 
significantly increases the likelihood of inhalation exposure. To mitigate 
health risks, regulatory bodies such as the Occupational Safety and 
Health Administration (OSHA) have set an 8-h permissible exposure 
limit of 25 ppm. The European Flavour Association (EFFA, 2010) has 
also emphasized that chronic exposure to acetaldehyde can elevate 
cancer risk. These facts underline the urgent need for continuous and 
accurate monitoring of acetaldehyde in indoor environments [4–7].
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To meet this demand, Chemi-resistive gas sensors have emerged as a 
promising technology for efficient VOC detection, particularly for 
compounds like acetaldehyde. These sensors are well-suited for real- 
time, on-site monitoring due to their low manufacturing cost, ease of 
miniaturization, compatibility with electronic devices, and resilience to 
environmental changes [8]. Chemi-resistive sensors detect gases by 
converting chemical interactions at the sensor’s surface into measurable 
electrical signals. Among them, metal oxide semiconductor (MOS) sen
sors stand out for their high sensitivity, rapid response, and ability to 
detect low gas concentrations. Their application in detecting acetalde
hyde at room temperature offers a practical and energy-efficient solu
tion for addressing the growing challenge of indoor air pollution.

Transition metal oxides, in particular, offer enhanced sensing per
formance due to their narrow bandgap and variable oxidation states, 
which promote significant changes in electrical conductivity during gas 
interaction. Among these, oxides with d0 (e.g., TiO₂, WO3) and d10 (e.g., 
ZnO) electronic configurations have demonstrated especially high 
effectiveness in gas sensing applications, due to their favourable elec
tronic structures and surface reactivity [9]. N-type metal oxide semi
conductors are ideal for gas sensors due to their electron-dominated 
charge transport and Fermi level near the conduction band. Compared to 
p-type counterparts, they offer lower baseline resistance, simpler fabri
cation, and efficient operation at lower temperatures, making them 
highly suitable for sensor applications [10–13]. WO3 is a robustly 
researched n-type semiconducting transition metal oxide material that 
exhibits excellent stability in oxidative and corrosive environments 
[14]. WO3 is a great option for gas sensing applications because of its 
high sensitivity to both reducing and oxidising gases, as well as its long 
hole diffusion length and good electron mobility [15,16]. Its versatility 
and responsiveness to various gases highlight its potential for environ
mental and industrial monitoring [17]. Pure WO3 typically operates at 
high temperatures and suffers from limited selectivity, as well as slow 
response and recovery times. However, doping WO3 can introduce lat
tice defects, increase oxygen vacancy concentrations, modify the band 
gap, or introduce impurity levels within the band structure, all of which 
contribute to a marked improvement in its gas sensing performance 
[18,19]. Nickel (Ni) doping was specifically chosen to modify WO3 
based on its potential to enhance key gas-sensing parameters such as 
sensitivity, selectivity, and response/recovery time. Nickel oxide (NiO) 
is well-known for its high oxygen adsorption capacity compared to other 
metal oxides, making it an ideal material for chemical catalysts and gas 
sensors [20]. Nickel is one of the most favoured transition metal (TM) 
dopants for altering the optical and electrical characteristics of semi
conductors [18]. According to Singkammo. et al., when combined with a 
SnO2 sensor, a NiO p-type catalyst demonstrated a better sensing 
response, selectivity, and quicker reaction time towards sensing of vol
atile organic compounds [21,22]. This study has demonstrated that 
incorporating transition metals such as Ni into metal oxide semi
conductors can lead to the formation of defect states that improve 
charge carrier mobility and gas sensing response. Hence, Ni was used as 
a potential dopant in WO3 lattice. To optimise the concentration of Ni, 
WO3 thin films with different concentration of Ni (0.01, 0.03, and 0.05 
M) was prepared namely WNi-1, WNi-3, and WNi-5, respectively. To the 
best of the authors’ knowledge, few reports exist on studies employing 
WO3 thin film gas sensors operating at room temperature. We observed 
that Ni doping enhances the sensor performance under ambient condi
tions and lower detection limits (5 ppm) was also achieved in this study.

Present work discusses the development of an acetaldehyde gas 
sensor operable at room temperature using a single-step deposition 
technique. Inspired by the findings of Kuan Tian et al. [23], which 
demonstrated that WO₃/NiO bilayer gas sensors exhibit excellent 
sensitivity and response towards triethylamine (TEA) upon the incor
poration of NiO, the present work explores the fabrication and perfor
mance of pure and nickel-incorporated WO₃ thin films. These films were 
synthesized via spray pyrolysis with the aim of achieving efficient 
acetaldehyde detection under ambient conditions. Comprehensive 

characterisation techniques, including X-ray diffraction (XRD), field 
emission scanning electron microscopy (FE-SEM), and X-ray photo
electron spectroscopy (XPS), were employed to investigate the correla
tion between the films’ microstructural features and their gas-sensing 
performance. These analyses provided insight into how Ni incorporation 
influences crystallinity, surface morphology, and chemical states, ulti
mately contributing to enhanced sensing behaviour. Furthermore, both 
pure and Ni-doped WO₃ films were systematically analysed for their 
structural, optical, morphological, and gas-sensing properties, with all 
measurements conducted under ambient conditions at room tempera
ture (28 ◦C).

2. Experimental details

2.1. Preparation of intrinsic and Ni-doped WO3 thin films via spray 
pyrolysis

The synthesis process plays a key role in defining the microstructural 
characteristics, which have a greater influence on the performance of 
gas sensors. Spray pyrolysis, a cost-effective single-step technique, offers 
advantages over other deposition methods, including easy doping, 
moderate operating temperatures (100–500 ◦C), precise film thickness 
control, and compatibility with various substrates without requiring a 
vacuum. The spray deposition technique is employed to deposit both 
intrinsic WO3 and nickel-doped WO3, as illustrated in Fig. 1a. Tungstic 
acid (Sigma Aldrich 99 %) was added to a mixture of 20 mL ammonia 
solution and 40 mL deionized water. The precursor solution is stirred for 
1 h at 80 ◦C until a clear solution is obtained. This clear solution of 
ammonium meta tungstate is sprayed onto the soda lime glass substrate 
(7 cm × 2.5 cm) to obtain a WO3 thin film. While spraying, the substrate 
was maintained at 290 ◦C. Spray deposition was accomplished with an 
air-atomised spray gun. The precursor solution is sprayed using atmo
spheric air as a carrier gas with a moderate pressure ranging from 0.5 to 
1.5 bar. The thin films were deposited at a substrate temperature of 
290 ◦C using a spray gun positioned at a 45◦ angle. Ni-doped WO3 thin 
films are developed by adding three different concentrations of Nickel 
(II) chloride hexahydrate (NiCl2.6H2O), diluted in 10 mL DI water, to the 
ammonium meta tungstate solution. The films that resulted from vary
ing the nickel concentrations to 0.01, 0.03, and 0.05 M were dubbed 
WNi-1, WNi-3, and WNi-5, respectively. A thorough cleaning of the glass 
substrate is essential in order to guarantee the best possible adherence of 
the deposited material. The distance between the substrate and nozzle 
was fixed to be approximately 28 cm. The average flow rate of the 
precursor solution was ~1.37 mL/min. After 25 iterations of spray 
deposition cycles, the film was allowed to cool before being annealed for 
an hour at 500 ◦C (5 ◦C each minute). After that, the resultant films- 
WO3, WNi-1, WNi-3, and WNi-5 were characterised using the necessary 
methods.

2.2. Characterisation

Studies using powder-X-ray diffraction were conducted in order to 
ascertain the nanostructures’ crystal structure and crystallite size. Using 
Cu Kα radiation (λ = 1.5418 Å) at 30 kV and 20 mA, a Bruker diffrac
tometer (D8 advanced) was employed. A step size of 0.02◦ and a scan
ning range of 20–40◦ were used. The thin-film optical absorption spectra 
were acquired using ultraviolet-visible spectroscopy (JASCO-650-PC); 
the wavelength range was kept between 300 and 800 nm. To analyse the 
surface roughness, atomic force microscopy (AFM) was utilized to 
obtain 2D and 3D topographic images of the thin films (Nano surf easy 
Scan 2), operated in contact mode. A field emission scanning electron 
microscope (FE-SEM, Zeiss Sigma LV 300 model) was employed to 
examine the morphology of the thin films. The volatile organic com
pounds at room temperature were measured using a specially designed 
gas sensing setup, which consists of a chamber with gas input and outlet 
and a lead wired to link the film. A Keithley (6517B) source meter is used 

R. Xavier et al.                                                                                                                                                                                                                                  Results in Chemistry 18 (2025) 102891 

2 



to measure resistance or current flow.

2.3. Gas sensing setup

A gas sensing unit was used to test the prepared thin film sensor. 
Point connections were created on the surface of the sensor, using silver 
paste and copper wire with negligible resistance. The dimensions of both 
electrodes were fixed to 1.5 cm × 1.5 cm. The two electrode connections 
were separated by a distance of 1 cm. Crocodile clips were used to secure 
a high-resistance electrometer to the sensors. A Keithley electrometer 
(6517B) and a PC setup were connected to the thin film sensor to analyse 
data in real-time. After which, the thin film was placed inside the sensing 
chamber, which is equipped with a vapour outlet and a gas inlet.

A 5 V operating voltage was applied to the thin film sensor, and the 
resulting current was monitored until a stable baseline was established. 
Due to an increasing need for room temperature gas sensors, the entire 
setup was kept at room temperature. The necessity for room tempera
ture gas sensors can be attributed to various factors, including the high- 
power consumption and expenditure associated with microheaters. A 
schematic diagram of the gas sensing setup is shown in Fig. 1a. Using the 
following expression, the suggested concentration of the VOCs was 
calculated. 

∁(ppm) =
δ × VΓ × R × T × 106

M × Pb × Vb
(1) 

where, δ is the density of target molecules, VΓ is the volume of VOC 
purged into the chamber, R-gas concentration, T-absolute temperature, 
Vb- the volume of the chamber (L), Pb- chamber pressure (Pascal), M- 
molecular weight of VOC. The thin film-based sensor starts to react with 
gas molecules as soon as the gas is purged into the chamber [24]. A high- 
resistance electrometer measured the current change induced by the 
Chemi-resistive sensor surface. To return the baseline current to its 
original level, fresh air was introduced into the chamber after each 
measurement.

3. Results and discussions

3.1. X-ray diffraction (XRD)

Using the X-ray diffraction technique, the annealed samples were 
characterised for their structural properties, as shown in Fig. 2. The 
predominant peaks in the spectra are discernible at Bragg’s angle 2̟Ɵ =
22.4◦, 23.9◦, 24.7◦, 28.04◦, 33.39◦, 37.17◦, 50.54◦ and 56.84◦ respec
tively. These correspond to the (002), (020), (200), (112), (022), (202), 
(400), and (124) reflections of WO3 thin film. The peaks are well 
following (JCPDS Card no:01–072-1465) [25] of monoclinic phase with 
lattice parameters, a = 7.30 Å, b = 7.56 Å and c = 7.68 Å. In the WO3 
sample, (002) is the primary intensity peak. The incorporation of Ni into 
the WO₃ lattice can be rationalized based on ionic size compatibility and 
charge compensation effects. Although the substitution of Ni2+ for W6+

Fig. 1. Schematic representation of Ni-doped WO₃ thin film fabrication by spray pyrolysis and the gas-sensing measurement setup.

Fig. 2. X-ray diffraction pattern of the deposited thin films.
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is not charge-neutral, the modest difference in their ionic radii (Ni2+ ≈

0.69 Å; W6+ ≈ 0.60 Å) allows Ni to occupy octahedral sites with minimal 
lattice distortion. Charge neutrality is maintained through the formation 
of oxygen vacancies and partial reduction of tungsten to W5+, as sup
ported by XPS analysis. These oxygen vacancies are a common and 
energetically favourable mechanism in transition metal oxides, stabi
lizing Ni incorporation at low concentrations. At higher doping levels, Ni 
may also segregate locally or form NiO clusters, potentially introducing 
p–n type interfaces. The structural modifications align with the observed 
peak shifts and broadening in XRD patterns, thereby confirming the 
successful doping of Ni. [26–30]

It is noted that the intensity decreases with the introduction of nickel 
dopant. This change in intensity is attributed to the lattice distortion and 
strain induced by the substitution of W6+ ions with Ni2+ ions in the WO₃ 
lattice. The incorporation of Ni2+ in place of W6+ creates size and charge 
imbalance, which is compensated by the formation of oxygen vacancies 
and mixed W6+/W5+ valence states to maintain charge neutrality. These 
structural distortions alter the lattice parameters and crystal orientation 
preference, leading to a change in the growth direction of crystallites 
from the (002) plane to the (200) plane. [31] Thus, the shift and in
tensity variation in the XRD peaks confirm successful Ni doping and the 
resulting modification of the WO₃ crystal structure. These microstruc
tural changes are consistent with the FE-SEM images that show modified 
filamentous/rod growth when Ni is present. With increasing doping 
concentration, the crystallite size decreases from 44 nm to 24 nm. This 
occurs because dopant ions accumulate at the grain boundaries, raising 
the energy barrier for the diffusion of W6+ ions. This higher barrier re
stricts the crystal’s growth and expansion [32]. The crystallite size, 
dislocation density and micro strain are listed in the following Table 1.

3.2. UV- visible spectroscopy

UV–visible absorption spectra and the optical band gap of pure and 
Ni-doped WO3 thin films were investigated. Every sprayed film has 
notable absorption properties. The band gap of WO3 was estimated using 
the Tauc plot eq. (2), as shown in Fig. 3b. 

αhν = A (hν- Eg)2                                                                          (2)

Tauc’s equation relates the optical band gap (Eg), the minimum 
energy needed for an electron to move from the valence band to the 
conduction band. α is the absorption coefficient, hν = Photon energy 
(eV), where h is Planck’s constant and ν is frequency of incident light. 
The equation involves a temperature-independent constant (A). The 
band gap values for WO₃, WNi-1, WNi-3, and WNi-5 were determined to 
be 3.97 eV, 3.8 eV, 3.69 eV, and 3.61 eV, respectively. A decrease in 
band gap energy (Eg) is observed with increasing dopant concentration, 
as the optical band gap is influenced by dopant-induced modifications in 
the density of localized electronic states. This variation in band gap may 
also be attributed to the sp-d exchange interaction between band elec
trons and the localized d electrons of Ni ions.

In the case of absorbance spectra, a redshift is observed as the dopant 
concentration increases [33]. The absorbance peaks of the WO₃, WNi-1, 
WNi-3, and WNi-5 films were found to be 288, 298, 312, 315.7 nm, 
respectively in Fig. 3a.

Incorporation of Ni into the WO₃ lattice slightly modifies its elec
tronic structure, leading to possible band-gap narrowing. The doping 

process generates oxygen vacancies, which introduce defect states be
tween the valence and conduction bands, thereby reducing the band gap 
and improving electrical conductivity. With increasing Ni2+ concen
tration, oxygen vacancies and lattice distortions become more pro
nounced, generating defect-induced sub-band states that further 
decrease the optical band gap.

The consistent red shift observed in both absorption edge and band- 
gap energy confirms that Ni doping induces band-gap narrowing 
through the creation of defect states and electronic hybridization effects.

3.3. Atomic force microscopy (AFM)

The thin film topography was examined, and the surface roughness 
was measured using Nano surf easy Scan 2 in contact mode atomic force 
microscopy. The root mean square roughness was measured to be 896 
nm, 952.8 nm, 1004.9 nm, and 1111.2 nm for WO3, WNi-1, WNi-3, and 
WNi-5, respectively. As the dopant concentration increases, the surface 
roughness also upsurges, allowing more gas molecules to interact with 
the thin film surface through various adsorption sites. According to 
Fig. 4(a,b,d,e,g,h,j,k), 2D and 3D pictures of AFM, the spray-deposited 
samples were discovered to be densely packed, free of cracks, and 
rough on the surface. The microfibre patterns are illustrated in 2D AFM 
images. Spray pyrolysis involves several temperature-dependent pro
cesses affecting the aerosol, such as precipitation, chemical bond for
mation, nucleation, and diffusion. These processes contribute to the 
surface roughness of the film, enhancing its capacity to adsorb target 
molecules [4].

3.4. Field emission scanning electron microscopy (FE-SEM)

FE-SEM images of the deposited films are presented in Fig. 4(c, f, i, l). 
All the films have flower-like architecture with layers resembling petals 
encircling a pore-filled core.

The surface seems to have a roughness, which could help gas mole
cules adsorb and improve the sensitivity of the sensor [34]. The fila
mentous flower-like structures of the Ni-doped films seem to have 
nanorods [35,36] that are well-distributed throughout the thin film 
surface, which may enable a greater responsive surface area. The film’s 
comparable morphologies, which include larger holes and a rough sur
face, aid in the adsorption of gas molecules [37]. The pure film appears 
to have some visible pores in the middle and fewer nanorods on the film 
surface. This appears to be more pronounced on Ni-doped films with 
more surface roughness. The fibre’s network allows more gas molecules 
to penetrate between the layers, creating extended pathways for gas 
adsorption [34]. The roughness and fibrous structure of the films offer a 
superior surface-to-volume ratio, enhancing the interaction between the 
sensor surface and gas molecules [38]. The interaction of gas molecules 
with the film’s surface plays a crucial role in determining the sensor’s 
performance. Energy-dispersive X-ray Analysis (EDAX) was used to 
determine the elemental distribution within the samples. The results of 
this analysis are presented in Supplementary, and Fig. 3f, g, h shows the 
EDAX spectrum and mapping images of the WNI-5 film. The films consist 
of W, Ni, and O, with no unwanted peaks detected. The EDAX results for 
the doped samples indicate Ni weight percentages of 0.35 %, 0.44 %, 
and 0.89 % for WNi-1, WNi-2, and WNi-3, respectively. The atomic ra
tios of tungsten were 63.05 % for the pure sample, and 72.42 %, 78.49 

Table 1 
Average crystallite size, micro strain and dislocation density of the deposited WO3 and Ni-doped WO3 thin films.

Samples Crystallite Size (nm) Micro-Strain (x 10− 3 lines − 2 m4) Dislocation Density δ (x 1014 m2) Lattice constant 
a (Å)

Lattice constant 
b (Å)

Lattice constant 
c (Å)

β (◦)

WO3 44 4.7 5.1 7.211 7.435 7.999 96.03
WNI-1 34 6.4 8.6 7.147 7.433 7.997 96.05
WNI-3 29 6.7 11.8 7.209 7.401 8.163 97.06
WNI-5 24 6.9 17.3 7.231 7.437 8.037 97.05
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Fig. 3. (a)Absorption spectra of UV–Visible spectroscopy (b) Tauc plot from the UV–Visible spectroscopy of the deposited WO3, WNi-1, WNi-3, WNi-5 samples.

Fig. 4. 2D images (a, d, g, j) and 3D images (b, e, h, k) of the deposited film using atomic force microscopy and FE-SEM images (c, f, i, l) of deposited films.
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%, and 69.62 % for WNi-1, WNi-2, and WNi-3, respectively as shown in 
EDAX spectra.

3.5. X-ray photoelectron spectroscopy (XPS)

To evaluate the chemical state of atoms within films, X-ray Photo
electron spectroscopy was carried out on nickel-doped WO3 film (WNi- 
1) as shown in Fig. 5a of the XPS survey spectrum. The peaks at 35.5 eV 
(W4f7/2) and 37 eV(W4f5/2) show the presence of W6+, as shown in 
Fig. 5b [39]. The incorporation of Ni element into the host lattice is 
confirmed with its characteristic peaks at 857 eV corresponding to Ni 
2P3/2 of Ni 2+ state and 870 eV corresponding to Ni 2P1/2,as shown in 
Fig. 5d [26,40]. The deconvoluted peak at 530.9 eV corresponds to the 
O1S spectrum of oxygen in Fig. 5c, indicating the presence of oxygen in 
WO3 [41]. With BE standard adjustment, the computed binding energy 
of C–C is 284.8 eV, as shown in Fig. 5e, which shows a strong corre
lation with Vijayan et al [42]. This finding confirms that Ni ions have 
been successfully incorporated into the WO3 crystal lattice. Nickel 
doping in the films substantially altered the gas-sensing behaviour of 
WO3 by influencing the density of oxygen vacancies and the supply of 

oxygen ions on the WO3 surface [29].

3.6. Gas sensing mechanism and studies

Various reducing gases, such as ethanol, 2-butanol, benzene, 
ammonia, acetone, and acetaldehyde, were utilized for the selectivity 
test at a 10-ppm concentration. Among all the other VOC gases evalu
ated for selectivity, the WO3 thin film exhibited the highest sensing 
response towards acetaldehyde in terms of conductance (25.4), as 
illustrated in Fig. 6a for a 10-ppm concentration at a temperature of 
28 ◦C.

Ensuring a stable baseline current in clean air is essential. Once a 
stable baseline current is established, a redox reaction between the gas 
molecules and the metal oxide semiconductor surface is expected upon 
exposure to the VOC test gas. The film’s current changes as a result of the 
electrons being donated or accepted based on this reaction between the 
test gas and sensing material. Following each cycle of gas exposure, the 
baseline is re-established. One way of explaining the sensing process is 
that, in ambient circumstances, oxygen molecules adsorb onto the WO3 
sites on the surface, causing ionisation and the development of a 

Fig. 5. (a) Survey spectrum, (b) Tungsten, (c) Oxygen peak, (d) Nickel, (e) Carbon peaks from X-ray photoelectron spectroscopy and (f) the EDAX spectrum and (g) 
and (h) EDAX mapping images of the deposited film WNI-5.

R. Xavier et al.                                                                                                                                                                                                                                  Results in Chemistry 18 (2025) 102891 

6 



Fig. 6. The gas sensing (a) selectivity of the deposited WO3 film, respectively, (b)Transient response curve of WNI-5 sample, (c)Relative humidity vs sensor response 
and relative humidity vs baseline current of WNi-5 and (d) stability.

Fig. 7. Schematic representation of sensing mechanism.
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depletion region. The reaction kinematics of the deposited film and the 
gas molecule is explained with eq. (3). Upon exposure of the deposited 
thin films to acetaldehyde gas, the reducing gas may interact with the 
ionic oxygen species, 

O2 (adsorbed) + e− (material) → O2
− (adsorbed)                              (3)

2CH3CHO+ 5 O2
− → 4CO2 + 4H2O + 5e− (4)

As a consequence of the reaction between O2
− ions and acetaldehyde, 

CO2, H2O, and electrons are generated as by-products. The discharged 
electrons return to the conduction band. During the recovery process, 
acetaldehyde molecules detach from the film’s surface. This leads to a 
wider depletion region, which ultimately causes the sensor’s resistance 
to return to its original state [43]. A schematic diagram explaining the 
sensing mechanism with electron transition is shown in Fig. 7. The 
stability of the deposited films over 1–30 days was investigated and 
almost 97 % of the stability was achieved Fig. 6d. The repeatability of 
the gas sensor is a very important factor in determining the authenticity 
of the dynamic response value. The WNi-5 films show good repeatability 
as depicted in Supplementary.

Fig. 6b shows the dynamic sensing response of WO3 and Ni-doped 
WO3 thin films to acetaldehyde gas at concentrations ranging from 5 
to 25 ppm. The porous WO3 film showed a sensing response value of Igas/ 
Iair = 52.78 S for a 25-ppm concentration of acetaldehyde. For nickel- 
doped WO3 films, the WNi-1’s maximum response was found to be 
(Igas/Iair = 63.71 S) at 25 ppm, and it appears that this value rises as the 
dopant concentration does. For WNi-3 (Igas/Iair = 83.56 S) sensing 
response, and a maximum response value of (Igas/Iair = 102.28 S) was 
reported for WNi-5 film. This follows the morphology and surface 
roughness of the films. Filamentous flower-like structures, along with 
increased surface roughness as the doping concentration augmented, the 
gas sensing response. From FE-SEM analysis, the WNi-5 film seems to 
have a rougher texture with a greater number of visible nanorods on the 
surface as compared to pristine WO3 films, WNi-3 and WNi-1. For thin- 
film gas sensors, response and recovery times are crucial parameters. 
The response time is defined as the time required for the sensor to attain 
90 % of its maximum signal upon gas exposure. The recovery time is 
measured as the time taken for the sensor signal to decrease to 10 % of 
its peak value after the gas is removed [44]. The highest sensing 
response of the deposited films was 102.28 S for a 10-ppm gas concen
tration. The response and recovery times of the deposited WNi-5 film are 
illustrated graphically in Supplementary. The response and recovery 
time of deposited film WNi-5 were found to be ~933 s and ~ 11 s, 
respectively.

The high density of surface states in nanocrystal structures, as 
observed in FE-SEM, significantly increases the reactivity of the sensor 
surface, enabling strong oxygen adsorption even at low temperatures. 
This enhanced oxygen adsorption broadens the depletion zone at the 
oxide surface, leading to greater upward band bending. Consequently, 
an inversion layer forms, shifting the Fermi level (EF) below the intrinsic 
level (Ei) and replacing the conventional depletion layer typically 
induced by surface adsorption. These nanocrystals exhibit exceptional 
gas-sensing capabilities for both oxidising and reducing gases, even at 
low temperatures. The enhanced sensing performance can be attributed 
to their reduced surface area, which facilitates adsorption and oxygen 
ionosorption [29]. Some Ni ions can replace the W6+ ions in the lattice 
when Ni is doped with WO3; others can even create a local p-n junction. 
The gas sensitivity and resistance of the sensor will be controlled by the 
resistance of these p-n junctions, rather than the Schottky barriers at the 
WO3 grain boundaries. In the case of pure WO3, when the sensor is 
exposed to air, oxygen molecules stick on the surface and capture 
electrons from the sensor material. This reduces the number of free- 
flowing electrons in the sensor. When Ni is added to WO3, the result
ing doped sensor material has a larger depletion layer, trapping more 
electrons and leading to higher resistance than pure WO3. Electrons are 
released back into the sensor when reducing gas is introduced and reacts 

with the oxygen on the surface. The doped film’s Ni ions act as a barrier 
to stop the electrons from recombining and vanishing. The proportion of 
p-n junctions to Schottky barriers in Ni2+doped WO3 films depends on 
the concentration and distribution of NiO within the material [45]. 
Thus, their p-n junction can adjust the work function and band bending, 
altering the height of the Schottky barrier and enhancing the sensing 
response [46,47]. A comparative Table 2 has been provided, summari
zing the performance of existing Ni-doped WO₃-based gas sensor in 
terms of their sensing response and other key parameters. Among the 
studies reviewed, the present work highlights the acetaldehyde sensing 
performance of various gas sensor systems.

3.7. Relative humidity

The impact of the Relative humidity (RH) on the sensing capability of 
the WNi-5 film was tested. The sensors were exposed to 10 ppm CH3CHO 
at relative humidity (RH) of 11 %, 32 %, 52 %, and 75 %. Relative 
humidity was maintained using saturated salt solutions (LiCl, MgCl₂, Mg 
(NO₃)₂, and NaCl, respectively within a test chamber. A hygrometer 
(HTC Instruments, HD-306) was used to monitor the RH values [12]. 
Fig. 6c shows a significant increase in the sensors’ initial current with 
rising humidity (11 % to 75 %). This is probably due to the formation of 
a proton transfer layer as water molecules adsorb onto the sensor film, 
with subsequent water dissociation into H3O+ or H+ ions increasing 
conductivity and current. Fig. 4c further illustrates the effect of 
decreasing humidity on sensor response. At low RH (11 %), water 
vapour might enhance CH3CHO detection, possibly by facilitating the 
catalytic reaction and boosting the signal. However, higher RH corre
lates with decreased sensor response. This is likely because water mol
ecules occupy active sensor sites, thereby hindering CH3CHO 
adsorption. At higher RH, a dense water layer further impedes CH3CHO 
adsorption, affecting both the WNi-5 film’s response magnitude and its 
response/recovery times. The presence of hydroxyl groups reduces 
available reaction sites, limiting the acetaldehyde response. This effect is 
more prominent in WO₃, suggesting its greater reactivity with hydroxyl 
groups [51–53].

4. Conclusion

Tungsten trioxide (WO₃) and Ni-doped WO₃ thin films were suc
cessfully fabricated via spray pyrolysis and evaluated for acetaldehyde 
sensing at room temperature. Structural and morphological analyses 
revealed that Ni incorporation preserved the monoclinic crystal struc
ture while reducing crystallite size, increasing surface roughness, and 
inducing oxygen vacancies, which collectively enhanced surface reac
tivity. WO₃, WNi-1, WNi-3, and WNi-5 were found to have band gap 
values of 3.97 eV, 3.8 eV, 3.69 eV, and 3.61 eV, respectively. For WO3, 
WNi-1, WNi-3, and WNi-5, the corresponding root mean square rough
ness measurements were 896 nm, 952.8 nm, 1004.9 nm, and 1111.2 nm. 
Among the studied films, the 5 % Ni-doped sample (WNi-5) exhibited 

Table 2 
Comparison of Acetaldehyde sensing performance of various gas sensors.

Material Operating 
temperature

Sensing 
response

Gas 
(concentration in 
ppm)

Reference

Co-In2O3 300 ◦C 0.85a 100 [48]
Ru-SnO2/WO3 300 ◦C 10a 100 [49]
Rh-SnO2 350 ◦C 17.8a 40 [50]
NiO: WO3 

nanosheet 
heterojunction

250 ◦C 2184b 100 [30]

Ni doped WO3 Room 
temperature

102.28a 25 This 
work

a S=
Ra
Rg

, b S=
(Ra − Rg)

Ra 
× 100.
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the best performance, delivering an exceptionally high response of 
102.28 S at 25 ppm acetaldehyde, superior to previously reported WO₃- 
based sensors. The sensor further demonstrated excellent selectivity 
towards acetaldehyde over other VOCs, along with a response (933 s), 
quick recovery (11 s), good repeatability, and stability across multiple 
cycles and varying humidity conditions. The observed filamentous, 
flower-shaped structures with rod-shaped clusters significantly 
contributed to enhanced gas adsorption and charge transfer, explaining 
the improved sensing behaviour. These findings highlight Ni doping as 
an effective strategy to tailor the structural and electronic properties of 
WO₃, thereby enabling high-performance gas sensors. Overall, spray- 
deposited Ni-doped WO₃ thin films emerge as promising candidates 
for low-cost, energy-efficient, and reliable acetaldehyde detection sys
tems, with strong potential for integration into next-generation indoor 
air quality monitoring devices.
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