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Abstract: This study investigates the role of Ti doping on the properties of Co₃O₄ nanostructured thin films deposited 

via chemical spray pyrolysis on glass substrates at 400 °C. X-ray diffraction analysis confirmed a 

polycrystalline spinel cubic structure with a predominant (220) orientation. Crystallite size increased from 

12.91 nm for undoped films to 24.13 nm for 4% Ti-doped samples, indicating enhanced grain growth. Atomic 

force microscopy revealed reduced surface roughness and particle size with Ti incorporatio n, suggesting 

improved film uniformity. Optical measurements demonstrated high visible transmittance (85.5–80.6%) and 

a bandgap narrowing from 2.68 to 2.58 eV, attributed to defect-state formation within the band structure. 

Additionally, absorption and extinction coefficients varied with doping concentration, while the refractive 

index exhibited a decreasing trend. Gas sensing tests toward NO₂ at 100 °C showed a progressive sensitivity 

decline with increasing Ti content, implying that doping adversely affects the sensing response. Overall, these 

findings indicate that Ti incorporation systematically tailors the structural, morphological, optical, and gas-

sensing characteristics of Co₃O₄ thin films. 

1 INTRODUCTION 

In public safety, human health, emissions 
management, and environmental protection, sensors 
are crucial [1]-[3]. For almost 50 years, research on 
metal oxide semiconductor (MOS) gas sensors has 
been conducted [4]-[8]. MOS sensors can detect 
flammable or poisonous gases, such as CO, NO₂, 

CH₄, and VOCs [9]-[11]. Their process is based on 
the adsorption of reducing or oxidizing gases on MOS 
films, which alters electrical conductivity [12],  [13]. 
Due to its unique electrical and visual electrocatalytic 
capabilities, cobalt oxide (Co₃O₄), a significant 
transition-metal oxide, has played a key role in 

research efforts [14]-[16]. Because of its straight 
optical band gaps of roughly 1.48 and 2.19 eV, it has 
significant potential for use in gas sensors, catalysts, 
and optoelectronic devices [17]-[20]. Adapting Co3O4 

with appropriate dopants has been considered a viable 
way to improve both structural and functional 
qualities in recent years [21], [22]. Doping titanium 
in this way has been proposed as a potential means to 
alter the physical and sensing properties of metal 
oxides [23]. In addition to increasing the number of 

active surface sites and the sensing material's contact 
with target gases, these modulations can facilitate 
charge transport [24]. Adsorbed oxygen species from 
the atmosphere usually line the surface of metal oxide 
semiconductors. These oxygen molecules cause p-
type semiconductors to form a hole-accumulation 

layer and n-type semiconductors to form an electron-
depletion layer, as they trap electrons in the  
material [25], [26]. This research aimed to investigate 
how Ti doping alters the physical properties of CoO₄ 
and enhances the material's sensing capabilities 
across a range of applications. 
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2 EXPERIMENTAL 

CSP was used to deposit undoped cobalt oxide and 
Co3O4:Ti thin films on glass substrates. Cobalt 
chloride (0.1 M) is present in the solution. 2% and 4% 
of (Co (CH3COO)2·2H2O) was used as a dopant 

agent. To obtain Ng of 1% and 3%, 0.1 M of titanium 
chloride (TiCl2.6H2O) was used as the doping 
material. Following numerous experiments, the ideal 
conditions were determined to be 400°C for the 
substrate and 30 cm between the spout and the 
substrate. To avert cooling, the spray rate was 8 

seconds, followed by 1.30 minutes, with an average 
flux of 6 mm³/min. Nitrogen was the carrier gas. Cu 
Kα radiation (λ = 0.15406 nm) was applied in XRD 
(Shimadzu, model: XRD-6000, Japan) to determine 
structural data. The surface morphology of the 
deposited thin films was characterized by atomic 

force microscopy (AA 3000 Scanning Probe 
Microscope). The UV-Vis spectrometer instrument 
analyses transmittance and absorbance spectra over 
the 300-900 nm wavelength range. A cylindrical 
cylinder, 17 cm high and 8.5 cm in radius, is 
commonly used to measure gas sensitivity. 

3 RESULTS AND DISCUSSION 

Figure 1 presents the X-ray diffraction (XRD) 
patterns of pure and Ti-doped Co3O4 thin films 
deposited by chemical spray pyrolysis (CSP) at 400 

°C. Four dominant diffraction peaks are observed at 
20.27°, 31.76°, 38.97°, and 68.87°, corresponding to 
the (111), (220), (222), and (351) crystallographic 
planes, respectively. These reflections are consistent 

with the standard JCPDS card No. 42-164, 
confirming the successful formation of 
polycrystalline Co3O4 with a cubic spinel crystal 
structure. Among the observed reflections, the (220) 
plane exhibits the highest intensity, indicating a 
preferred growth orientation. 

The structural parameters obtained from the XRD 
analysis are summarized in Table 1. The crystallite 
size increases from 12.91 nm for the undoped Co3O4 
film to 17.05 nm and 24.13 nm for the films 
containing 2% and 4% Ti, respectively. This increase 
indicates that titanium incorporation promotes crystal 

growth and enhances the crystallinity of the deposited 
films [28]. 

The dislocation density decreases from 67.41 × 
10¹⁴ to 40.95 × 10¹⁴ lines/m² as the Ti concentration 
increases, indicating a reduction in crystal defects and 
an improvement in the crystalline quality of the films 

[29], [30]. Similarly, the lattice strain decreases from 
31.72 × 10⁻⁴ for the undoped Co3O4 film to 24.32 × 
10⁻⁴ for the film containing 4% Ti. The reduction in 
lattice strain suggests improved structural ordering 
resulting from the incorporation of Ti ions into the 
Co3O4 lattice [31], [32]. The corresponding 

structural parameters are listed in Table 1, while 
Figure 2 illustrates the variation of FWHM, crystallite 
size, lattice strain, and dislocation density with Ti 
concentration. 

Figure 1: X-ray diffraction (XRD) patterns of pure and Ti-doped Co₃O₄ thin films. 

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

594



δ 

Figure 2: Structural parameters of pure and Ti-doped Co₃O₄ thin films: a) FWHM, b) crystallite size (D), c) lattice strain (ε), 
and d) dislocation density (δ). 

Table 1: Structural parameters of pure and Ti-doped Co₃O₄ thin films.. 

Specimen 2  (o) (hkl) Plane FWHM (o) Eg (eV) D (nm) 𝛿 × 1014 (lines/m2) ε ×10-4 

Co3O4 31.76 220 0.59 2.68 12.91 67.41 31.72 

Co3O4: 2% Ti 31.74 220 0.56 2.63 17.05 63.52 28.98 

Co3O4: 4%  Ti 31.70 220 0.50 2.58 24.13 40.95 24.32 

Figure 3: AFM surface morphology of pure and Ti-doped Co₃O₄ thin films. 
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The surface morphology of the pure and Ti-doped 
Co3O4 thin films was examined using atomic force 
microscopy (AFM), and the corresponding images 
are presented in Figure 3. All films exhibit a 

homogeneous nanostructured granular morphology 
with uniformly distributed grains across the surface. 
The average particle size decreases from 88.0 nm for 
the undoped film to 41.8 nm for the film containing 
4% Ti, indicating that Ti incorporation suppresses 
particle growth. The extracted AFM parameters are 

summarized in Table 2. The average surface 
roughness (Ra) decreases from 9.85 nm for the 
undoped film to 5.30 nm and 4.25 nm for the films 
containing 2% and 4% Ti, respectively. Likewise, the 
root-mean-square (RMS) roughness decreases from 
7.76 nm to 5.85 nm and 4.23 nm with increasing Ti 

concentration. The reduction in particle size and 
surface roughness indicates that Ti incorporation 
modifies the nucleation and growth mechanisms 
during film deposition, resulting in denser and more 

uniform Co3O4 thin films [33]. 

Table 2: AFM parameters of pure and Ti-doped Co₃O₄ thin 

films. 

Samples Pav nm Ra nm RMS nm 

Co3O4 88.0 9.85 7.76 

Co3O4: 2% Ti 78.7 5.30 5.85 

Co3O4: 4% Ti 41.8 4.25 4.23 

The optical transmittance spectra of the pure and 
Ti-doped Co3O4 thin films are presented in Figure 4. 
All films exhibit high optical transparency in the 

visible region, with transmittance values ranging 
from 82.5% to 85.6%, indicating good optical quality 
and uniform film deposition. Furthermore, the 
transmittance increases toward longer wavelengths in 
the near-infrared region, suggesting reduced photon 
absorption at lower photon energies [34]. 

Figure 5 shows the optical absorbance spectra of 
the pure and Ti-doped Co3O4 thin films. The 
undoped Co3O4 film exhibits the lowest absorbance, 
whereas the absorbance gradually increases with 
increasing Ti concentration. This enhancement is 
attributed to Ti-induced modifications of the 

electronic structure and the formation of localized 
energy states that promote photon absorption within 
the films [35]–[38]. 

The absorption coefficient spectra are presented in 
Figure 6. The absorption coefficient increases with 
increasing Ti concentration, reaching values on the 

order of 10⁴ cm⁻¹, indicating strong optical absorption 
by the deposited films [39]. A pronounced increase is 
observed near the absorption edge, followed by a 
gradual decrease at higher photon energies. This 

behavior is characteristic of direct interband 
electronic transitions and confirms the excellent 
optical absorption capability of the Ti-doped Co3O4 
thin films [40], [41]. 

Figure 4: Optical absorbance spectra of pure and Ti-doped 
Co₃O₄ thin films. 

Figure 5: Optical transmittance spectra of pure and 

Ti-doped Co₃O₄ thin films. 

Figure 6: Absorption coefficient spectra of pure and 
Ti-doped Co₃O₄ thin films. 

The optical band-gap values derived from the 

absorption spectra are presented in Figure 7. The band 
gap decreases gradually from 2.68 eV for the undoped 
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Co3O4 film to 2.58 eV for the film containing the 
highest Ti concentration. This reduction is attributed 
to the formation of Ti-induced impurity and defect 
states within the forbidden band gap, which facilitate 

electronic transitions at lower photon energies [42]–
[44]. The observed changes in both the absorption 
coefficient and the optical band gap demonstrate that 
Ti incorporation effectively modifies the electronic 

band structure of Co3O4 thin films. 

Figure 7: Optical band-gap (Tauc) plots of pure and 

Ti-doped Co₃O₄ thin films. 

Figure 8 presents the extinction coefficient spectra 
of the pure and Ti-doped Co3O4 thin films. The 
extinction coefficient increases rapidly in the 
ultraviolet region and then gradually decreases with 

increasing wavelength. The non-zero extinction 
coefficient below the fundamental absorption edge 
indicates the presence of localized defect states and 
impurity levels that contribute to sub-band-gap 
optical absorption [45], [46]. 

Figure 8: Refractive index spectra of pure and Ti-doped 
Co₃O₄ thin films. 

The variation of the refractive index with 
wavelength is shown in Figure 9. The refractive index 
decreases systematically with increasing Ti 

concentration throughout the investigated spectral 
range. This behavior is attributed to changes in the 
electronic polarizability and structural modifications 
induced by Ti incorporation into the Co3O4 lattice 

[47]–[49]. 

Figure 9: Extinction coefficient spectra of pure and 
Ti-doped Co₃O₄ thin films. 

The gas-sensing performance of the fabricated 

films was evaluated at an operating temperature of 
100 °C, which was selected based on preliminary 
measurements showing the highest sensor response. 
Figure 10 presents the dynamic resistance response of 
the pure and Ti-doped Co3O4 thin films upon 
exposure to 240 ppm NO₂ gas. The undoped Co3O4 

film exhibits the lowest electrical resistance, 
indicating more effective adsorption of NO₂ 
molecules on its surface. In contrast, the electrical 
resistance increases with increasing Ti concentration, 
reaching its highest value for the film containing 4% 
Ti. This behavior is attributed to Ti-induced 

modifications of the electronic structure and the 
interaction between the sensing surface and NO₂ 
molecules, which reduce charge-carrier mobility and 
consequently increase the electrical resistance [50]–
[54]. 

Figure 11 illustrates the NO₂ gas-sensing 

sensitivity of the pure and Ti-doped Co3O4 thin 
films. The sensitivity decreases systematically with 
increasing Ti concentration [55], [56]. Specifically, 
the sensitivity decreases from 45.97% to 21.57% at 
140 ppm, from 47.80% to 22.89% at 190 ppm, and 
from 49.31% to 24.65% at 240 ppm as the Ti 

concentration increases from 0% to 4%. This 
reduction is attributed to changes in the electronic 
structure, reduced charge transfer efficiency, and 
enhanced charge-carrier recombination, which 
decrease the number of free carriers available for gas 
detection and consequently weaken the sensing 

performance of the Ti-doped Co3O4 thin films [57]. 
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Figure 10: Dynamic resistance response of pure and  
Ti-doped Co₃O₄ thin films toward NO₂ gas. 

 

Figure 11: NO₂ gas-sensing sensitivity of pure and  
Ti-doped Co₃O₄ thin films. 

4 CONCLUSIONS 

Crystallite size in our study went from 12.91 nm 
(undoped) to 24.13 nm (4% Ti) which also saw 

dislocation density and microstrain go down which in 
turn improved crystalline quality. Also we saw via 
atomic force microscopy that surface roughness went 
down and average particle size decreased with 
increase in Ti content which in turn improved film 
uniformity. Also we found via optical 

characterization that we have high transmittance in 
the visible region (85.5–80.6%) and a direct band gap 
which reduced from 2.68 to 2.58 eV which we 
attribute to Ti induced defect states. Also we noted 
that the absorption coefficient went up with doping 
but the refractive index went down. At gas sensing we 

looked at NO₂ at 100 °C and saw that sensitivity went 
down as we increased Ti doping which we think is 
due to titanium’s effect on the electronic structure. 
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