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Abstract: Mn₃O₄ thin films are valuable materials for gas sensors, optoelectronic and energy storage devices, where intended 

doping provides a means to optimize their structural and optical characteristics. In this work, the effect of 5 at.% cobalt 

doping concentration in Mn₃O₄ thin films synthesized via spray pyrolysis is studied. Both undoped and Co-doped films were 

deposited on glass substrates at 400 °C. The 20 mL precursor solution was sprayed at a 2 mL/min flow rate under an air 

pressure of 30 psi, producing uniform nanocrystalline layers. Structural properties were analyzed using X-ray diffraction 

(XRD), while optical properties were assessed using UV–Visible spectroscopy.  The absence of any extra peaks in the XRD 

pattern indicated the phase-pure formation of Mn3O4in both samples. Introduction of Cobalt resulted in a slight reduction 

in lattice parameters, which confirmed successful doping within the Mn3O4 structure. However, an increase in crystallite 

size upon doping indicated enhanced grain growth. Results of UV–Vis spectroscopy showed a minor decrement in bandgap 

energy from 2.58 eV for pure Mn₃O₄ to 2.34 eV for the 5% Co-doped film. Consequently, cobalt doping altered the electronic 

structure. Thus, the results show that spray pyrolysis is an effective route for the synthesis of high-quality Mn₃O₄ thin films 

with optimizable properties. 
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I. INTRODUCTION 

 

Transition metal oxides show fascinating electronic 

structures and strong lattice-charge-spin coupling, which 

enables various applications in energy, storage, sensing, 

optoelectronics and catalysis(Biradar et al., 2025; Raj et al., 

2009; Sahoo et al., 2024). Particularly, manganese oxides 

have attracted interest due to their earth abundance, 

environmental compatibility and mixed oxidation states 

(Mn²⁺/Mn³⁺), facilitating tunable redox chemistry and charge 

transport(Biradar et al., 2025; Raj et al., 2009). Hausmannite 
Mn₃O₄ forms a tetragonal spinel structure, which enables 

Mn³⁺ ions at octahedral sites and Mn²⁺ ions at tetrahedral 

sites(Raj et al., 2009). This creates a mixed-valence system 

with semiconducting properties suitable for sensors and 

optoelectronics. Here, cation replacement at Mn sublattices 

signifies an effective strategy to organize band configuration, 

crystal structure and the defect chemistry of Mn₃O₄(Ibrahim 

& Hammoodi, 2025; Najim et al., 2018; Rossi et al., 2024). 

Specifically, the incorporation of cobalt ions into the spinel 

lattice is particularly advantageous, as the substitution of Mn 

cations with Co facilitates localized electronic modifications 

that enhance charge transport and catalytic 

performance(Zhou et al., 2023).  

 

To tune the optical absorption, transmittance, and 

energy band gap, transition metal dopants can be used as they 

modify lattice parameters and alter the Mn²⁺/Mn³⁺ ratio(Rossi 

et al., 2024). Being a transition metal with an ionic radius of 

0.745 Å for Co²⁺ and 0.545 Å for Co³⁺, cobalt allows isovalent 

substitution in the spinel structure(Petit et al., 2023). 

Additionally, the redox reactions of Co²⁺/Co³⁺ induce lattice 
strain and oxygen vacancies, making cobalt an ideal dopant. 

These structural modifications significantly influence the 

crystallinity and internal stress of the host lattice, ultimately 

defining the material's suitability for high-performance 

electrochemical applications(Dahamni et al., 2021).  

 

To deposit the uniform nanocrystalline Mn₃O₄ thin 

films, the spray pyrolysis is an effective technique as it is 

cost-effective, scalable and provides parameter control(Raj et 

al., 2009). Although Li- and Ba-doped Mn₃O₄ films via spray 
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pyrolysis, as well as Co-doping by sol-gel and SILAR 

methods, are well-documented, the systematic studies on the 

correlation of result of XRD structural evolution, like peak 

shifting and microstrain, to UV-Vis optical properties of 

spray-pyrolyzed Co-doped Mn₃O₄ thin films are 

limited(Bayram et al., 2019). 

 
This study addresses this gap through the synthesis, 

structural and optical characterization of cobalt-doped Mn₃O₄ 

thin films. The results show how the cobalt incorporation in 

the Hausmannite structure shifts the peaks and changes the 

microstrain, along with the correlation of these changes with 

optical bandgap modification(Amara et al., 2016; Bayram et 

al., 2019).  

  

II. EXPERIMENTAL DETAILS 

 

Pure and cobalt-doped Mn₃O₄ thin films were spray 

pyrolysed on pre-cleaned glass substrates. To prepare a 
precursor solution with 0.1M concentration, analytical-grade 

MnCl₂·4H₂O and CoCl₂·6H₂O were used as precursors and 

double-distilled water was used to dissolve them. As a first 

step, a 0.1M Mn precursor solution was prepared by 

dissolving MnCl₂·4H₂O and magnetically stirring until the 

solution was homogeneous. Later, cobalt was introduced by 

adding apt volume of 0.1M CoCl₂·6H₂O into the Mn solution 

to get a cobalt content of 5 at.% with respect to total cations. 

The molar concentration was kept constant by adjusting the 

volume of 20 mL of the final solution. 

 
Commercial microscope glass slides were used as 

substrates and were first washed with Labolene, then rinsed 

thoroughly with tap water and then with double-distilled 

water. Subsequently, slides were immersed in chromic acid 

solution for surface etching. Then slides were repeatedly 

rinsed with double-distilled water and air-dried. To facilitate 

high-quality deposition, substrates were pre-cleaned with 

acetone and ethanol to remove organic residues, a 

fundamental requirement for the spray pyrolysis route 

employed in this study (Biradar et al., 2025). The substrates 

were mounted on the holder and kept at 400 ± 5 °C. The 

deposition was carried out using compressed air as the carrier 
gas. The nozzle to substrate distance was fixed at 28 cm, and 

precursor solutions were sprayed at a rate of 2mL/min, with 

carrier gas pressure at 30 psi. The entire solution was sprayed 

in 10 minutes; then the substrates were allowed to cool down 

naturally to room temperature.  

 

To assess the crystallinity, phase-purity and 

microstructural evolution, the structural characterization of 

pure and Co-doped Mn₃O₄ thin films, X-ray diffraction 

(XRD) was carried out(Biradar et al., 2025; Said et al., 

2017).  XRD patterns were recorded using Cu Kα radiation 

of wavelength λ = 1.5406 Å, scanning 2θ = 20–80° with the 

step size = 0.02°(Biradar et al., 2025). Phase identification 

was found to match JCPDS24-0734 (Hausmannite Mn3O4). 

To calculate the crystallite size Debye-Scherrer equation is 
used, where D is the average crystallite size, λ is the X-ray 

radiation wavelength (1.5406 Å), θ is Bragg’s angle of 

diffraction, 𝑘(0.9) is the shape factor, and β is the full-width 

at half-maximum. 

 

UV-Visible spectroscopy was employed to study optical 

properties over the range of 200–1000 nm. To compute the 

absorption coefficient, the following equation was used, 

where T is transmittance, film thickness d is derived from the 

weight difference. Then the direct band gap Eg was derived 

from the Tauc plot, i.e., vs hν and by extrapolating the linear 
absorption edge(Biradar et al., 2025; Vignesh et al., 2021). 

 

III. RESULTS AND DISCUSSION 

 

The pure and 5% Co-doped Mn₃O₄ thin film XRD 

pattern shows the formation of exclusive tetragonal 

Hausmannite and no secondary cobalt oxide phases. The 

primary diffraction peak confirms a preferred crystal 

orientation, aligning with the expected structural 

characteristics of spray-pyrolyzed Mn₃O₄ thin films (Raj et 

al., 2009; Said et al., 2017). Peak shifts indicate the lattice 

contraction upon 5% at. Co doping: a major shift of ~ 
(Saranya et al., 2022) 0.1–0.2° to higher 2θ, which further 

reduces the lattice parameters from a = 5.754 Å → 5.7236 

Å and c = 9.4361 Å → 9.4042 Å.  Additionally, the unit cell 

volume decreased from V = 312.51 Å³ to 308.08 Å³ upon 

doping as a result of the The substitution of Mn³⁺ (VI; 0.645 

Å) by Co³⁺ (VI; 0.545 Å) at the octahedral B-site provides the 

principal contribution to the lattice contraction observed upon 

doping, while partial replacement of Mn²⁺ (IV; 0.66 Å) at the 

tetrahedral A-site by Co²⁺ (VI; 0.745 Å) accounts for the 

slight increase in local microstrai(Petit et al., 2023; Zhang et 

al., 2021).  
 

The increase in crystallite size D shows the 

microstructural evolution; Debye-Scherrer analysis of the 

peaks suggests that Co alters the grain growth. Concurrently, 

the decrease in dislocation density and strain upon doping 

suggests Co stabilizes the Hausmannite structure by releasing 

the mismatch stresses(Saranya et al., 2022). 

 

Table 1: Crystallite Size, Dislocation Density, Strain, Lattice Parameters and Volume of Pure and Co-doped Mn₃O₄ thin Films. 

 Samples 

D 

(Crystallite Size) 

(nm) 

Dislocation 

Density 

(1016 lines. nm-1) 

Strain 
Lattice Parameters Volume 

(Å3) 
a=b (Å) C (Å) 

Pure 

Mn3O4 
13.2278 0.1442 0.0171 5.7548 9.4361 312.5116 

5% Co 

doped 
17.7675 0.0578 0.0067 5.7236 9.4042 308.0805 

(Petit%20et%20al.,%202023;%20Zhang%20et%20al.,%202021)https:/jenni.ai/citation?d=z%3AnVhNbxxJGR5HgJDgwN5gBVJJGyRbco%2BnZ8b2GIQgTsZJdhPZOFmHXUVE1d3V3WV3d3WquucjqxXWsie4IO0f4MpP8Jl%2FwIEfEHFHSHBAXHjeqp4v2xPQHjye6Xrrref9et63%2Bour1p1YaZnIYiMaK31x1fpOygNTaR5W0%2B%2B%2Bd6%2F5yo5HQjMj8MkzFomQR8JsM87GgmdVylTMMllhsaq1YCk3LBCigOBIVSJilWKh0lpkvJKqoMVqTOtVKliYilziFCkMqSnTaZYpIzMZ8gqPeIHtqZCahXpqKo7FRPMylSGrC1l5ocgyVnLNc4Hz2YhntTBt9pw0Lz2XhoU1EBRVNmW1AaYARuALnSkrw2bgCCvByvhUaK9Snv3CIkDkRSi2gRdKQ%2BjEE4DAdhIfcS1VbVjMc0C%2F1RQHKlgFxTOjLIQCD4Sp5rBkhbVMjQ3LBTfwag7ss9McJgB24ZBYM9ax5C1ZpFAFYTi1DhEQiPDovDYVqbAwcPDCeTPTWMgLHM%2FExIYcLoq1ytmvPM2nEIpjemo9hC%2Bw0K4Sms3O3tsvv%2Fppr4fPrRVJLRL6R6iCKeMVohzUlSwSuy%2FnEimyJF4KfsFUYIQeuaThrLPXgZY4E1Zim2WCR3a%2Fi9I8pVJZwrU%2FY3ttFhGgzpZzN5e5cxpMLnnpnI7NWoykgY%2BvK1nNzcDlE9tUmonXtcQvuHBrFobVALNN2RY49Xgbf8%2Bt0fh%2FDGnN0mmk1URGM6H5722mJtPFKm2ywYX9kaqDDMU0W9xaJFdTFE0ezCpoygJOmU0ep6wpGIxCimq4DKl5SrBVWPFURJQTwExGI6N5FtaUTBFD4d49hRtf5rxKVclemjpnLwuVyRxF8uoziTX%2F818XbJN9pl%2FJ9uSV%2FJxt3WXbbExJx%2BBe62BgWzm7cdiN0yFOtkzcNqrDXGVcI7ealFDEOwjGtHQ1dRM%2FoNz9f%2BA6qPTgLmuSI%2BIVMRhwhyqjFJvlvPXtgs9cVY1URmkZKPBdQQtUV1gx0wLyxAWG52UGnGMJESsXySXANmqgicWTWYU62655yKRCVA4oBOoMzjGpGlNlpBxE0XDdrGwzWVxgDSpVkYDkkOSniMtSwZhaVpxSCqICTkZ1QrEjDjQB4psZDFPVkXTaGoBtdg%2FLKyxuPRermsxSBIGXJZUCHSEhZ0qq2pGlWFIaSY9qYdUF1pNzkevmo8W4VAcjcoiBq8LaUJKDOjKZpJYSN%2F2tphyuEeI6tVbrZtftmktjFXUUgxWWOaAS4LulCF7XBc8crVT4rEqBndiVcqwJUYIstaVtK9QgLPAU4ki1ueRZG5%2B55Sv4Sq3AYVXTYG41rTnLNpRSo88gihJ5ucwOcMxkmoji7eVXrorwxT1xvDFrCc6058dLebDNqrFikLSevgV8hd4TNcmhRak0ECyH0S5wpF1SOJInfYv%2BBADosIU0OTKb1JpSFbMMJlyywDgy54N3RIeEcTqlqrPD9hzkp6VnG6Wps8Y2omXctisvwFtuAzWSgmZksEUyL3yrFW3LcjN1bVgG1iPEIsf5wIj%2BYMvWxiyocCIFBt6nSQLWQaejI5xDeBCvSKN4EEzUMjUbuEJQm4ZkDjaQoBpkCoiOFIHy7Ce6q7X3WR2mrjGA3eFIIqaJrKZWvzWvsJMZ1b2ByyuoQWxtzUqYMCV24No5%2FloVkDZ0PRtt8jmCqbCJ1NEYxAOkP06iCm36E9cJdUZqwssSOaZIGnRoBpBoQfCOsimuqNznSbbgqUWiAVbgKK5hwWuG0FSq6iRtGvxcwdz1JF%2BIGlZlNh8sVEemRGOYVuAnFkttKk%2FpCGbMMhzJJFGLlDzzIn5HPZDDV04N0wwTt0PZlPh85jEZ6nuWX0uwSclyRfMQR6wMQgooSjLCjlq2ASMdbFAW1OQYgooU65jNXb
(Petit%20et%20al.,%202023;%20Zhang%20et%20al.,%202021)https:/jenni.ai/citation?d=z%3AnVhNbxxJGR5HgJDgwN5gBVJJGyRbco%2BnZ8b2GIQgTsZJdhPZOFmHXUVE1d3V3WV3d3WquucjqxXWsie4IO0f4MpP8Jl%2FwIEfEHFHSHBAXHjeqp4v2xPQHjye6Xrrref9et63%2Bour1p1YaZnIYiMaK31x1fpOygNTaR5W0%2B%2B%2Bd6%2F5yo5HQjMj8MkzFomQR8JsM87GgmdVylTMMllhsaq1YCk3LBCigOBIVSJilWKh0lpkvJKqoMVqTOtVKliYilziFCkMqSnTaZYpIzMZ8gqPeIHtqZCahXpqKo7FRPMylSGrC1l5ocgyVnLNc4Hz2YhntTBt9pw0Lz2XhoU1EBRVNmW1AaYARuALnSkrw2bgCCvByvhUaK9Snv3CIkDkRSi2gRdKQ%2BjEE4DAdhIfcS1VbVjMc0C%2F1RQHKlgFxTOjLIQCD4Sp5rBkhbVMjQ3LBTfwag7ss9McJgB24ZBYM9ax5C1ZpFAFYTi1DhEQiPDovDYVqbAwcPDCeTPTWMgLHM%2FExIYcLoq1ytmvPM2nEIpjemo9hC%2Bw0K4Sms3O3tsvv%2Fppr4fPrRVJLRL6R6iCKeMVohzUlSwSuy%2FnEimyJF4KfsFUYIQeuaThrLPXgZY4E1Zim2WCR3a%2Fi9I8pVJZwrU%2FY3ttFhGgzpZzN5e5cxpMLnnpnI7NWoykgY%2BvK1nNzcDlE9tUmonXtcQvuHBrFobVALNN2RY49Xgbf8%2Bt0fh%2FDGnN0mmk1URGM6H5722mJtPFKm2ywYX9kaqDDMU0W9xaJFdTFE0ezCpoygJOmU0ep6wpGIxCimq4DKl5SrBVWPFURJQTwExGI6N5FtaUTBFD4d49hRtf5rxKVclemjpnLwuVyRxF8uoziTX%2F818XbJN9pl%2FJ9uSV%2FJxt3WXbbExJx%2BBe62BgWzm7cdiN0yFOtkzcNqrDXGVcI7ealFDEOwjGtHQ1dRM%2FoNz9f%2BA6qPTgLmuSI%2BIVMRhwhyqjFJvlvPXtgs9cVY1URmkZKPBdQQtUV1gx0wLyxAWG52UGnGMJESsXySXANmqgicWTWYU62655yKRCVA4oBOoMzjGpGlNlpBxE0XDdrGwzWVxgDSpVkYDkkOSniMtSwZhaVpxSCqICTkZ1QrEjDjQB4psZDFPVkXTaGoBtdg%2FLKyxuPRermsxSBIGXJZUCHSEhZ0qq2pGlWFIaSY9qYdUF1pNzkevmo8W4VAcjcoiBq8LaUJKDOjKZpJYSN%2F2tphyuEeI6tVbrZtftmktjFXUUgxWWOaAS4LulCF7XBc8crVT4rEqBndiVcqwJUYIstaVtK9QgLPAU4ki1ueRZG5%2B55Sv4Sq3AYVXTYG41rTnLNpRSo88gihJ5ucwOcMxkmoji7eVXrorwxT1xvDFrCc6058dLebDNqrFikLSevgV8hd4TNcmhRak0ECyH0S5wpF1SOJInfYv%2BBADosIU0OTKb1JpSFbMMJlyywDgy54N3RIeEcTqlqrPD9hzkp6VnG6Wps8Y2omXctisvwFtuAzWSgmZksEUyL3yrFW3LcjN1bVgG1iPEIsf5wIj%2BYMvWxiyocCIFBt6nSQLWQaejI5xDeBCvSKN4EEzUMjUbuEJQm4ZkDjaQoBpkCoiOFIHy7Ce6q7X3WR2mrjGA3eFIIqaJrKZWvzWvsJMZ1b2ByyuoQWxtzUqYMCV24No5%2FloVkDZ0PRtt8jmCqbCJ1NEYxAOkP06iCm36E9cJdUZqwssSOaZIGnRoBpBoQfCOsimuqNznSbbgqUWiAVbgKK5hwWuG0FSq6iRtGvxcwdz1JF%2BIGlZlNh8sVEemRGOYVuAnFkttKk%2FpCGbMMhzJJFGLlDzzIn5HPZDDV04N0wwTt0PZlPh85jEZ6nuWX0uwSclyRfMQR6wMQgooSjLCjlq2ASMdbFAW1OQYgooU65jNXb
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Fig. 1: X-Ray Diffraction Pattern of Pure and 5% Co-Doped Mn3O4 thin Films 

 

In pure Mn₃O₄, lattice contraction typically widens the band gap by strengthening Mn–O covalency. In our Co-doped films, 

however, the band gap narrows from 2.58 to 2.34 eV. This reversal is may be a associated with one of the three mechanisms reported 

for Co-doped Mn₃O₄: (i) sp–d exchange between Co²⁺/Co³⁺ 3d states and the host Mn 4s/4p states, (ii) the formation of oxygen 

vacancies to compensate for charge imbalance when Co²⁺ substitutes Mn³⁺, and (iii) defect-assisted Urbach tailing that extends sub-

band-gap absorption(Rossi et al., 2024). 
 

Despite the decrease in dislocation density and strain, the Co introduces vacancies for oxygen, which form defects that narrow 

the optical band gap(Rossi et al., 2024). Consequently, the absorption edge exhibits a red shift, which is consistent with the literature, 

where Co doping in small quantities has contributed to narrowing the Mn₃O₄ band gap despite lattice contraction(Rossi et al., 2024; 

Saranya et al., 2022). Thus, Co doping in Mn3O4 is ideal for optoelectronics as it provides versatility for band-gap optimization(Rossi 

et al., 2024). 

 



Volume 11, Issue 7, July – 2026                                               International Journal of Innovative Science and Research Technology 

ISSN No:-2456-2165                                                                                                                       https://doi.org/10.38124/ijisrt/26jul1094 

 

 
IJISRT26JUL1094                                                              www.ijisrt.com                                                                                         1584        

 
Fig. 2: Energy Band Gap Curve of Pure and 5% Co-Doped Mn₃O₄ thin Films 

 

IV. CONCLUSION 

 

Pure and 5 at.% Co-doped Mn₃O₄ thin films were 
successfully deposited on glass substrates by spray pyrolysis 

at 400 °C. X-ray diffraction confirmed phase-pure formation 

of the tetragonal Hausmannite structure (JCPDS 24-0734, 

space group I4₁/amd) in both films, with no detectable Co₃O₄ 

or CoO peaks (Ji et al., 2020). Cobalt doping produced 

measurable lattice contraction: the a parameter decreased 

from 5.7548 to 5.7236 Å and the c parameter from 9.4361 to 

9.4042 Å, lowering the unit cell volume from 312.51 to 

308.08 Å³. This contraction is consistent with the Shannon-

radius mismatch between VI Mn³⁺ (0.645 Å) and the smaller 

VI Co³⁺ (0.545 Å) at the octahedral B-sites. Debye–Scherrer 
analysis gave an average crystallite size that rose from 13.23 

nm in the undoped film to 17.77 nm after Co incorporation, 

accompanied by a fall in dislocation density (1.44 × 10¹⁵ → 

5.78 × 10¹⁴ lines nm⁻²) and in lattice microstrain (0.0171 → 

0.0067), a trend that has also been reported for Co-doped 

Mn₃O₄ prepared by jet-nebulizer spray pyrolysis. UV–Visible 

spectroscopy showed the direct band gap narrowing from 

2.58 eV for the undoped film to 2.34 eV after Co 

incorporation. Although lattice contraction alone would be 

expected to widen the gap through stronger Mn–O covalency, 

the observed narrowing is in line with sp–d exchange between 
Co 3d and Mn 4s/4p states and with oxygen-vacancy 

formation, both of which dominate over the band-widening 

effect in Co-substituted oxide thin films(Rossi et al., 2024). 

Taken together, the data indicate that 5 at.% cobalt enters the 

Hausmannite lattice without breaking the spinel framework, 

and the resulting films are useful candidates for 

optoelectronic and gas-sensing devices. 
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