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Nanostructured thin films of cobalt oxide (Co3O4) were deposited on glass 
substrates using chemical spray pyrolysis at a substrate temperature of 673K. The 
deposited films were annealed at 773K for 60, 90, and 120 minutes to investigate 
their physical and gas sensing properties. X-ray diffraction results showed that the 
as-deposited films were amorphous, while the annealed films exhibited a 
polycrystalline cubic structure. The crystallite size increased from 51.74 to 55.33 nm 
with increasing annealing time. Microstrain and dislocation density were also 
evaluated. Atomic force microscopy analysis was used to examine the surface 
topography of the films. Optical properties were studied using UV-visible 
spectroscopy, revealing two direct band gaps: Eg1 ranging from 1.98 to 2.09 eV and 
Eg2 from 2.5 to 3.4 eV. Gas sensors fabricated from annealed and unannealed films 
showed improved sensitivity with operation temperature at 200°C for NO2 and at 
100°C for H2S gases. 
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1. Introduction 

Thin films of transparent conducting metal oxides 

(transparent conducting oxides – TCOs), such as In2O3, 

Co3O4, CdO, ZnO, and SnO2, as well as tin oxide, have 

garnered significant attention due to their crucial role in 

the development of gas sensor devices. Because of their 

effective role in detecting environmental pollution 

caused by toxic, flammable, and hazardous gases that 

pose serious risks to human health, chemical gas 

sensors hold great significance in modern sensing 

applications. Among the most notable gases are CO, 

CO2, CH4, H2, NH3, H2S, NO2, and SO2, in addition to 

alcohols such as methanol (CH3OH) and ethanol, as 

well as volatile organic compounds (VOCs) [1-6], all 

of which represent a direct threat to human life. 

Cobalt oxide (Co3O4) is characterized by an indirect 

energy gap in the range of 1.6-2.2 eV [7] and is 

classified as a p-type semiconductor. In indirect 

electronic transitions, electrons move between the 

conduction and the valence band with the assistance of 

phonons to satisfy the conservation laws of energy and 

momentum. For these properties, Co3O4 is, in principle, 

a suitable material for gas sensing applications, as the 

sensing process is associated with thermal changes. The 

sensitivity of cobalt oxide increases with temperature 

until it reaches an optimum value due to increased 

oxygen uptake and activation of surface reactions [8]. 

Cobalt oxide is one of the semiconducting materials 

that has received significant. This material has attracted 

significant attention due to its unique physical and 

chemical properties. It presents antiferromagnetic 

behavior and contains two types of energy band gaps. 

Moreover, its distinguished by its high efficiency and 

excellent chemical stability, making it an important 

material for photovoltaic (PV) applications [9-12]. 

Co3O4 has a face-centered cubic (FCC) crystal 

structure, in which Co2+ ions occupy the tetrahedral 

sites (8a) and Co3+ ions reside in the octahedral sites 

(16d). In contrast, oxygen ions are positioned within the 

face-centered cubic lattice (32e sites) [13]. Co3O4 is 

involved in many electro-optical applications, such as 

the selective absorption of solar energy in solar cells, 

lithium batteries, supercapacitors, and gas sensors, in 

addition to its applications in biomedical fields and 

pharmacology. 

In this study, a gas sensor based on pure Co3O4 was 

fabricated, and its sensing properties were 

systematically investigated [14,15]. 

 

2. Experimental Part 

Cobalt (III) oxide (Co3O4) nanostructured films 

were prepared using spray pyrolysis on clean glass 

substrates. Cobalt nitrate hexahydrate, with a purity of 

97.5% (Oxford Laboratory Chemicals), was used as a 

precursor to prepare Co3O4 films at a molar 

concentration of 0.06 M. The molar concentration of 

the saline solution and the mass of the salt used were 

calculated using the relationship [14,15]: 

𝑀 =
𝑊𝑡

𝑀𝑤𝑡

1000

𝑉
    (1) 

where M is the molar concentration (mol/L), Wt is the 

mass of solute (g), and Mwt is the molar mass 

The precursor was made at room temperature; 

0.1746 g cobalt nitrate hexahydrate was dissolved in 10 
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mL of distilled water. The resulting solution was then 

continuously stirred for 30 minutes. The glass substrate 

was cleaned in a series in an ultrasonic cleaner using 

ethanol for 15 minutes, then rinsed with deionized 

water for 15 minutes to eliminate contaminants. 

Subsequently, the substrates were heated at 673 K. The 

distance between the spray nozzle and the glass 

substrate was maintained at 24 cm. The spraying 

process took 3 s, followed by a 57 s pause to allow the 

base to return to its desired temperature. The spraying 

process included 12 cycles, spray rate of 0.166 ml/s and 

air pressure of 105 Pa. Finally, the prepared samples 

were annealed at 773 K for 60, 90, and 120 minutes 

using a KSL-1100 X furnace. After the power was 

switched off, the annealed samples were left within the 

furnace for the entire night. 

The thickness of the prepared thin films was 

determined using optical interferometry with a He-Ne 

laser at a wavelength of 0.632 μm. The film thickness 

(d) was calculated by the following equation [16]: 

𝑑 =
𝛥𝑥

𝑥

𝜆

2
     (2) 

where x is the bright fringe width, Δx is the distance 

between two adjacent fringes, and λ is the wavelength 

of the He-Ne laser 

Using PHILIPS X-ray diffractometer, the X-ray 

diffraction (XRD) patterns were employed to determine 

the crystalline structure of the Co3O4 films. A 

SHIMADZU UV-visible spectrophotometer was used 

to study optical properties of the prepared films. 

Surface topography was examined using atomic force 

microscope (AFM). To fabricate the gas sensor to 

detect gases (NO2 and H2S), aluminum electrodes were 

thermally evaporated onto the sample surface in a comb 

pattern. The wires were then connected using a silver 

paste. Test gases were detected as the sample was 

placed in a locally manufactured chamber. The gas 

sensor readings were taken at different operating 

temperatures. 

 

3. Results and Discussion 

Figure (1) illustrates three peaks, which correspond 

to cobalt oxide (220), (311), and (440). This indicates 

that the prepared thin films are polycrystalline with 

cubic phase. The obtained results are in conformity 

with the standard ICDD card (00-037-0630). It is 

evident from Fig. (1) that the reflection sharpness and 

intensity increase with increasing annealing times due 

to elevated annealing time supplying energy to the 

crystallites graining, sufficient energy to occupy proper 

equilibrium sites, leading to enhanced crystallinity and 

better film orientation. This is consistent with the study 

[16]. The XRD results of the Co3O4 films are displayed 

in table (1). 

The crystallite size (D) was calculated for three 

peaks using the following equation for thin films [18-

20]: 

𝐷 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
    (3) 

Here, β represents the full-width at half maximum 

(FWHM) 

 

 
Fig. (1) XRD patterns of Co3O4 thin films with various annealing 

times 

 

The micro-strain (ε) and the density of dislocation 

(δ) were determined by following equations [21-24]: 

𝛿 =
1

𝐷2     (4) 

𝜀 =
𝛽𝑐𝑜𝑠𝜃

4
    (5) 

Table (1) shows the effect of annealing time (60, 90, 

and 120 minutes) on the structural properties extracted 

from XRD. We note that the crystallite size (D) 

increases from 63.346 to 67.884 nm with increasing 

annealing time for the (220) direction, from 51.74 to 

55.334 nm for the (311) direction, and from 48.768 to 

52.94 nm for the (400) direction. This is due to grain 

growth and improved crystallinity resulting from 

increased energy for atomic utilization. When the 

average crystallite size for all directions was taken for 

each time, the pore size also increased from 54.619 to 

58.721 nm. Conversely, the dislocation density (δ) 

decreased from ≈4.2 to 3.57×10¹⁴ lines/m² due to its 

inverse relationship with grain size, according to Eq. 

(5) indicating a decrease in crystal defects and an 

improvement in structural quality. A decrease in 

microstress (ε) was also observed with increasing 

annealing time, indicating relaxation of internal 

stresses following the arrangement of atoms within the 

crystal lattice. Furthermore, the convergence of d-

spacing values with standard values and the slight 

offset at the 2θ angles indicate improved regularity of 

the crystal lattice, while the constant evolution along 

the (220), (311), and (440) directions remained 

unchanged [25]. 

Figures (2) to (5) and table (2) show that the pre-

annealed sample had a high average grain diameter of 

80.34 nm with moderate surface roughness, resulting 

from agglomeration and surface irregularity. During 

annealing for 60 minutes, the grain diameter decreased 

significantly due to the breakdown of these 

agglomerates and the onset of recrystallization. At 90 



 
IRAQI JOURNAL OF APPLIED PHYSICS 
Vol. 22, No. 3, July-September 2026, pp. 525-532 

ISSN (print) 1813-2065, (online) 2309-1673 © ALL RIGHTS RESERVED  PRINTED IN IRAQ   527 

minutes, it increased due to the dominance of grain 

growth driven by atomic diffusion. Finally, at 120 

minutes, the grain size decreased again, accompanied 

by a marked improvement in surface smoothness, 

attributed to the reorganization of the surface structure 

and increased homogeneity. This behavior is consistent 

with recent studies of Co3O4 films that indicate a 

balance between nucleation and granulation processes 

during annealing [26]. 

 
Table (2) The AFM parameters 

 

Annealing 
Time (min) 

Mean 
Diameter (nm) 

Roughness 
(nm) 

R.M.S. (nm) 

As deposited 80.34 18.99 37.44 

60 37.46 35.33 72.45 

90 67.12 31.62 70.36 

120 59.12 6.99 9.73 

 

 
 

Fig. (2) AFM results for the un-annealed Co3O4 thin film 

 

 
 

Fig. (3) AFM results for Co3O4 thin film annealed for 60 min. 

 

 
 

Fig. (4) AFM results for Co3O4 thin film annealed for 60 min. 

 

 
Fig. (5) AFM results for Co3O4 thin film annealed for 120 min. 

 

The optical characteristics of the prepared Co3O4 

films, including the transmittance, were determined in 

the spectral range of 300-1100 nm. Figure (6) shows the 

transmittance of the as-deposited Co3O4 films heat-

treated for different times. It can be seen that the 

transmittance improves with increasing annealing time. 

This increase in transmittance can be explained by the 

relatively better crystallinity of the annealed films. 

Figure (6) also shows two sharp absorption edges. 

The energy band gap (Eg) of the Co3O4 films was 

determined from the transmittance using Tauc’s 

method as [27-29] 

(𝛼ℎ𝜈)2 = 𝐴 (ℎ𝜈 − 𝐸𝑔)   (6) 

where A is a constant. The energy band gap (Eg) was 

calculated by extrapolating the linear region of the 

curve to the hυ axis 

 

 
Fig. (6) Transmission spectra of Co3O4 thin films before and after 

annealing 

 

The Co3O4 thin films show two direct band gaps, 

which are in good consistency with reference [30]. Two 

distinct Eg values are extracted because, in optical 

measurements (UV-visible), two absorption edges 

often appear, since absorption does not represent just 

one “valence→conduction” transition, but rather the 

sum of charge-transfer transitions associated with both 

Co2+ and Co3+ [31]. Eg2 decreased with increasing 

annealing time as different oxidation states of cobalt 

ions and surface defects play a key role in modifying 
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the electronic structure of Co3O4, which explains the 

observed changes in the band gap energy of Co3O4 thin 

films. These findings were confirmed by the study of 

Bessinger et al. [32]. The first energy gap increases 

after annealing time of 60 min and then decreases with 

increasing annealing time, which is attributed to 

improved crystallinity and reduced defect levels. This 

leads to a reduction in the quantum confinement effect. 

 

 
Fig. (7) (αhυ)2 vs. photon energy for Co3O4 thin films; as-

deposited, and annealed at 773K with different annealing times 

 
Table (3) The energy gap values of Co3O4 

 

Sample Eg1 Eg2 

As-deposited 2 3.4 

60 2.15 3.2 

90 2.1 3.05 

120 2 2.5 

 

The consistency between the XRD patterns and 

UV-visible results confirms that grain size control and 

crystalline structure optimization are key factors in 

adjusting the bandgap energy and electronic properties 

of nanostructured Co3O4 thin films. 

The sensing mechanism in Co3O4 thin films relies 

on the adsorption of oxygen onto the surface and the 

formation of active ionic species such as O⁻. When the 

film is exposed to a reducing gas such as H2S, it reacts 

with the adsorbed oxygen according to the following 

reaction: 

H2O2 + O⁻ → H2O2 + S2O2 + e⁻ 

This leads to release electrons and a decrease in hole 

concentration, thus increasing resistance. When 

exposed to an oxidizing gas such as NO2, it is adsorbed 

onto the surface and attracts electrons according to the 

following reaction: 

NO2 + e⁻ → NO2 

This leads to an increase in hole concentration and 

a decrease in resistance. Therefore, the sensor's 

behavior depends on the nature of the gas (reducing or 

oxidizing) and the type of semiconductor (p-type or n-

type), and Co3O4 is a p-type semiconductor. The sensor 

was investigated before and after annealing to (NO2 and 

H2S) at different operating temperatures (RT, 100, 

200°C). The sensitivity of Co3O4 thin films for NO2 gas 

by [30, 33-35] 

𝑆 =
𝑅𝑎−𝑅𝑔

𝑅𝑔
× 100%   (7) 

where Ra and Rg are the resistance of the Co3O4 thin 

films in air and in presence of gas, respectively 

Figure (8) and table (4) show that the sensitivity of 

the Co3O4 thin film sensor increases with increasing 

operating temperature for all models, rising from low 

values at room temperature to a maximum at 200°C. 

This is attributed to the activation of chemisorption of 

NO2 gas and increased surface reactivity, leading to the 

removal of more electrons and an increase in hole 

concentration, thus reducing resistance and increasing 

sensitivity [36]. Optimal performance was observed at 

a preparation time of 60 minutes, resulting in the 

highest sensitivity (17.355%), indicating that the 

surface structure is more favorable at this time (larger 

surface area and more effective sites). Sensitivity 

decreases at 90 and 120 minutes due to particle growth 

or agglomeration, which reduces the effective surface 

area and the number of adsorption sites [37]. The 

response time improves (decreases) with increasing 

temperature up to approximately 100°C due to the 

accelerated reaction, while at 200°C it fluctuates due to 

the balance between adsorption and decomposition. 

Recovery time improves at higher temperatures due to 

accelerated gas removal from the surface [38]. The 

sensitivity of Co3O4 thin films for H2S was estimated 

by [39-41]: 

𝑆 =
𝑅𝑔−𝑅𝑎

𝑅𝑎
× 100%   (8) 

 

Table (4) Parameters of Co3O4 thin film gas sensor for NO2 gas 

at different operating temperatures 

 

Sample 
Operating 

Temperature 
(°C) 

Sensitivity 
(%) 

Response 
time (s) 

Recovery 
time (s) 

As 
deposited 

RT 0.208 28.8 57.6 

100 3.832 26.1 61.2 

200 5.061 24.3 44.1 

60 min 

RT 1.857 27.9 83.7 

100 10.633 18.9 63.9 

200 17.355 24.3 62.1 

90 min 

RT 0.519 29.7 87.3 

100 6.926 23.4 89.1 

200 10.023 27 60.3 

 
 

120 min 

RT 0.796 22.5 89.1 

100 2.404 23.4 63 

200 4.283 30.6 59.4 

 

Figure (9) shows the results obtained from table (5). 

The Co3O4 thin films sensor for H2S gas has an optimal 

operating temperature (≈100°C), where equilibrium 

between adsorption and surface reaction is achieved. At 

200°C, the sensitivity decreases due to de-adsorption. 

The highest sensitivity was recorded at 100°C for the 

sample annealed for 90 min (18.78%) because the 

optimal surface structure is achieved at this time [37]. 
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The response time decreases with increasing 

temperature (reaching 13.5 s at 200°C) due to the 

accelerated reaction. The recovery time improves at 

higher temperatures due to the accelerated removal of 

gas from the surface [36]. 

 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

Fig. (8) Variation of sensitivity, response and recovery times of 

Co3O4 thin films for NO2 gas at different working temperatures 
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Fig. (9) Variation of sensitivity, response and recovery times of 

Co3O4 thin films for H2S gas at different working temperatures 
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Table (5) Parameters of Co3O4 thin film gas sensor for H2S gas 

at different operating temperatures 

 

Sample 
Operating 

Temperature 
(°C) 

Sensitivity 
(%) 

Response 
time (s) 

Recovery 
time (s) 

As 
deposited 

RT 0.283 31.5 57.6 

100 1.449 25.2 62.1 

200 1.519 22.5 49.5 

60 min 

RT 4.528 23.4 90 

100 14.882 26.1 88.2 

200 9.428 25.2 61.2 

90 min 

RT 3.848 24.3 89.1 

100 18.7898 25.2 90.9 

200 14.171 13.5 57.6 

120 min 

RT 1.207 27.9 85.5 

100 5.957 29.7 59.4 

200 1.441 27.9 59.4 

 

4. Conclusions 

Co3O4 thin films were deposited at 400°C and 

annealed at 500°C for different times. The Co3O4 thin 

films have nanostructures and polycrystalline structure 

with cubic phase after annealing. The preferential 

orientation is around (311). The crystallinity improves 

with annealing time. Therefore, these films can be used 

for gas sensing applications. The annealing led to a 

decrease in transmittance and an increase in 

absorbance. The prepared thin films have two energy 

gaps due to two absorption edges often appearing since 

the absorption represents the sum of charge-transfer 

transitions associated with both Co2+ and Co3+. Gas 

sensitivity was at maximum for Co3O4 thin films 

annealed for 60 min for NO2 and H2S gases, and the 

sensitivity increases with operating temperature. 
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Table (1) Structural characteristics of Co3O4 thin films 

 

Annealing Time (min) 2θXRD 2θstd Crystallite Size (D) (nm) 
δ×1014 

(line/m2) 
Stress 

(𝜺) *10-3 
d-spacing 

(Å)XRD 
d-spacing 

(Å)std 
(hkl) 

60 

31.373 31.272 63.346 2.49 0.57 2.849 2.858 (220) 

36.934 36.853 51.742 3.74 0.699 2.432 2.437 (311) 

65.309 65.238 48.768 4.2 0.74 1.428 1.429 (440) 

90 

31.339  66.009 2.3 0.55 2.852   

36.901  54.308 3.39 0.67 2.434   

65.275  51.033 3.84 0.71 1.428   

120 

31.306  67.824 2.17 0.53 2.855   

36.867  55.334 3.27 0.65 2.436   

65.242  52.944 3.57 0.68 1.429   

 

 

 


