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The one-step synthesis of Mn3O4 nanoparticles at room temperature, without additional downstream processes,
was carried out by reacting a solution of MnClz in water or alcohol with NaOH at different concentrations for 30
min. Spherical nanoparticles with sizes ranging from 30 to 54 nm were obtained. The characterization by XRD,
Raman spectroscopy, and FTIR confirmed the spinel structure of Mn304. UV-VIS spectroscopy allowed to obtain
the band gap, ranging from 2.37 to 2.89 eV. Photoluminescence spectroscopy gave evidence of multiple
emission bands attributed mainly to structural defects. A greater influence of the type of solvent was observed
than that of the NaOH concentration.

1. Introduction

In recent decades, nanoscience and nanotechnology have advanced significantly, driven by improvements in
synthesis methods and the search for innovative applications. Nanomaterials stand out for their unique
properties derived from their small size, which depend on factors such as morphology, size, crystalline structure,
and composition. Therefore, precise control of synthesis is key to ensuring both the desired properties and
reproducibility. Manganese oxides have been widely investigated for their applications in supercapacitors,
batteries (Hou et al., 2022; Raj et al., 2019), catalysis, sensors (Sisakhtnezhad et al., 2023), OLED technologies
(Mandal & Choudhary, 2022), medicine (Mahmood et al., 2023; M. R. Shaik et al., 2021), and drug delivery.
(Chauhan et al., 2023; Mohammad et al., 2023) Among them, Mn30O4 stands out for its stability, low cost, non-
toxicity, and ease of synthesis. Although various methods exist for its production, many require complex and
time-consuming processes. Although Mn3O4 nanoparticles have been extensively investigated, most reported
synthesis routes rely on hydrothermal treatments, elevated temperatures (60 - 120 °C), long reaction times (9 -
24 h), or additional thermal treatments at high temperatures (300 - 500 °C) (Balamurugan et al., 2022; Dhaouadi
et al., 2010; Toufiq et al., 2014). In contrast, the present work introduces a simple, fast, and reproducible one-
step coprecipitation synthesis carried out at room temperature with a short reaction time of 30 min.

The ability to control crystallite size, band gap, and defect-related emissions through solvent selection makes
this synthesis strategy particularly relevant for applications in catalysis, optoelectronic devices, and energy-
related systems, where low-cost and scalable production routes are required.

In this study, the combined effect of NaOH concentration and solvent nature on the structural and optical
properties of Mn3O4 nanoparticles under mild conditions is evaluated. This approach provides insight into
property tunability without thermal treatments, offering a practical and scalable alternative to conventional
synthesis methods.
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2. Methodology
2.1 Synthesis of Nanoparticles

Two experimental variants were carried out using 96% ethanol and double-distilled water as solvents. The
reagents employed were MnCl2-4H20 and NaOH (Merck), with purities of 99.9% and 99%, respectively. The
reagent amounts were calculated for a total solvent volume of 50 mL. The nanoparticles were synthesized via
a one-step coprecipitation method at room temperature (T = 20 °C), with an aging time of 30 min and without
any post-synthesis thermal treatment. The resulting precipitate was washed three times with double-distilled
water, and the samples were dried in an oven at 70 °C for 12 h. Finally, the material was homogenized in an
agate mortar. Figure 1 shows a schematic representation of the experimental process.
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Figure 1: Schematic of Mn3O4 nanopatrticle synthesis

2.2 Nanoparticles Characterization

The crystal structure was analyzed by X-ray diffraction using a Rigaku Miniflex600 diffractometer (A = 0.154 nm,
20 range: 15-70°, scan rate: 2 °/min, and step of 0.02°), and the VESTA software was employed to simulate
the crystal structure and generate a theoretical diffraction pattern for comparison. FTIR spectra were acquired
using a Perkin Elmer Spectrum Two spectrometer. Raman analysis was conducted with a WITec Alpha 300R
confocal Raman microscope equipped with a 532 nm laser. Diffuse reflectance spectra were measured using a
Perkin Elmer Lambda 750 UV-vis-NIR spectrometer with a 60 mm Spectralon integrating sphere.
Photoluminescence spectra were recorded with a Perkin EImer LS55 spectrofluorometer using an excitation
wavelength of 380 nm. Additionally, the morphology of the nanoparticles was examined using a Thermo
Scientific Scios 2 Dual Beam scanning electron microscope.

3. Results and analysis
3.1 X-ray diffraction

The X-ray diffractograms of nanoparticles synthesized using water and alcohol (Figure 2) show the characteristic
diffraction peaks of Mn3Oa, confirming the formation of a tetragonal structure with the 1-41/amd space group.
The VESTA simulation (Figure 2(b)) was used to visualize the Mn3Os crystal structure, which is a normal spinel
with Mn2* and Mn3* ions occupying tetrahedral and octahedral sites, respectively.
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Figure 2: (a) X-ray diffraction (XRD) patterns of Mn;O, nanoparticles synthesized in aqueous and alcoholic
media; (b) simulated crystal structure of Mn;O, generated using VESTA software; (c) XRD patterns of Mn;O,
nanoparticles synthesized in aqueous and alcoholic media with 0.20 M NaOH, before washing.
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This structural model facilitated the generation of a theoretical diffraction pattern, which was subsequently
compared with experimental diffractograms and Cambridge Structural Database (CSD) reference data
(CSD:9001963).The analysis confirms a single crystalline phase, with no detectable secondary phases or
synthesis residues.The average lattice parameters calculated for the samples synthesized in water were a =b
=0.5760 nm and c = 0.9530 nm. In contrast, those synthesized in alcohol exhibited parameters a = b = 0.5766
nm and ¢ = 0.9601 nm; these parameters are similar to those reported by other authors, as is the diffraction
pattern (Bose et al., 2021; Bussamara et al., 2013). The most intense peak (211) in Figure 2(a) was used to
estimate the lattice parameters, crystallite size using the Scherrer equation, dislocation density, and crystalline
strain. The corresponding results are summarized in Table 1.

Table 1: Crystallographic parameters of Mn3O4 nanoparticles

Solvent NaOH D dhki ox10"4 c a=b c
Molarity (M) (nm) (nm) (lines/m?) nm) (nm)

0.10 23.94 0.2486 17.45 0.26 0.5761 0.9492

Water 0.20 25.41 0.2486 15.48 0.25 0.5760 0.9496
0.30 20.75 0.2487 23.22 0.31 0.5762 0.9529
0.10 9.68 0.2488 106.69 0.66 0.5766 0.9613

Alcohol 0.20 9.01 0.2487 123.29 0.70 0.5762 0.9567
0.30 10.67 0.2487 87.83 0.59 0.5764 0.9559

Crystalline strain (¢ = B/4tan6 ) indicates the structural order of the material: low values reflect a well-ordered
and stable lattice, while high values indicate defects and internal stresses. In the samples synthesized in water,
with crystallite sizes between 20 and 25 nm, the lower crystalline strain value confirms adequate crystal
formation, with minimal lattice distortions and good atomic order (Moestopo et al., 2023), consistent with the
dislocation density (5§ = 1/D?) values obtained. Conversely, the samples synthesized in alcohol exhibit
significantly smaller crystallite sizes, between 9 and 11 nm, but greater crystalline strain, indicating poorer
crystallization and a higher density of structural defects.The presence of NaOH during synthesis influences the
crystallite size, interplanar spacing, and lattice parameters of the nanoparticles obtained. The size variations
among samples synthesized with different solvents may be related to the formation of NaCl during the reaction
between manganese chloride and sodium hydroxide.

MnCl, + 2NaOH —— Mn(OH ), +2NaCl

In this first stage, Mn*2 ions react with 20H"" groups to form manganese hydroxide Mn(OH)z2. The Mn(OH)2
molecules are oxidized to Mn3O4 while atmospheric oxygen is reduced. (Dhaouadi et al., 2010)

6Mn(OH), + O, ——2Mn,0, + 6H,0
When NaCl is formed in an aqueous medium, it remains dissolved in water and does not crystallize; in contrast,
when it is formed in an alcoholic medium, NaCl does not dissolve due to its low or nearly negligible solubility in
alcohol, leading to the formation of salt crystals. This behavior is evidenced in Figure 2(c), where the presence
of NaCl is significant after recovery of the solid products from the synthesis and removal of the liquid phase.
Consequently, the formation of NaCl in an alcoholic medium may contribute to limiting crystallite growth by
promoting aggregation and localized nucleation processes. Although this mechanism is consistent with the
observed size reduction, further studies are required to directly confirm the role of NaCl during nanoparticle
growth.A comparison of samples synthesized at identical NaOH concentrations reveals that changing the
solvent from water to alcohol reduces crystallite size by approximately 50 - 60%, whereas variations in NaOH
concentration within the same solvent produce comparatively smaller changes, for synthesis in water 12% and
in alcohol 11% on average. This quantitative trend supports the conclusion that solvent nature plays a dominant
role over alkaline concentration in controlling crystallite growth.
Hu et al. propose that the coexistence of Mn*2 and Mn*3 favors the formation of Mn3Os4; the reduction of divalent
manganese to trivalent manganese occurs as follows (Hu et al., 2008):

AMn™ +2H,0+ 0, ——>4Mn" +40H "'
Leaving as a result a solution rich in Mn*2 and Mn*2 ions, giving way to the formation of Mn3Oa.

3.2 FT-IR and Raman Spectroscopy

Figure 3 (a) shows the FTIR spectra of the synthesized nanoparticles. The bands found are consistent with
those previously reported by other authors (Balamurugan et al., 2022; Mohamed et al., 2022; Sackey et al.,
2021). The lower band around 403 cm™ and the 476 cm™! band are associated with the asymmetric distortion
vibration and the narrowing mode of Mn*3-O ions in octahedral sites, respectively; the 593 cm™' band is attributed
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to the coupling of bond narrowing modes, bending vibrations of Mn*2-O in tetrahedral sites, and distortion
vibrations in octahedral sites of Mn*3-O bonds. The bands in the range 1070 - 1115 cm™ present in the samples
synthesized in water are attributed to the OH-! vibration indicator of the Mn3O4 — y-MnO(OH) transformation
(Risti¢ et al., 2013). However, this residue has not been detected by other characterization techniques,
indicating that its concentration is likely low. Figure 3 (b) shows the Raman spectra of the nanoparticles, which
exhibit the characteristic peaks of Mn3O4 corresponding to the Eq, T2g, and A1g vibrational modes, around 318
cm™, 372 cm™, and 658 cm™', respectively. No signs of impurities are observed, confirming the purity of the
material. The A1g band corresponds to the vibrations of the Mn*2 ions in tetrahedral coordination. The Eg and
Tag bands are attributed to the combined vibrations of the tetrahedral and octahedral oxygen atoms. In particles,
the Mn-O bending modes and the asymmetric narrowing of the oxygen bridge between manganese (Mn-O-Mn)
are observed. The Raman shift (AR) values of the samples from lower to higher NaOH concentrations are
consistent with reports from other authors (Deka et al., 2024; Diallo et al., 2021; Lan et al., 2019; Vignesh et al.,
2021).
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Figure 3: (a)FTIR and (b)Raman spectra of MnsO4 nanopatrticles are synthesized in water and alcohol.
3.3 UV-Vis Spectroscopy and Photoluminescence Spectroscopy

From the UV-VIS reflectance spectra, after applying the Kubelka-Munk function and the Tauc method (Figure
4.a), the band gap of the nanoparticles was determined. The band gap of bulk Mn3Os4 is 2.30 eV; the estimated
values exceed this value, which may be mainly due to quantum confinement. Other authors report band gap
values ranging from 2.37 to 2.89 eV. (Jarvin et al., 2021; D. P. M. D. Shaik et al., 2019; Vignesh et al., 2021).

The photoluminescence spectra in Figure 4.b, obtained under excitation at 380 nm, presents five emission
bands at 460, 490, 519, 541, and 589 nm, with the most prominent bands at 519 and 541 nm, in agreement
with what has been reported in other studies. Vignesh et al. and Taufiq et al. attribute the emissions around 500
— 543 nm to electronic transitions associated with oxygen vacancies (Toufig et al., 2014; Vignesh et al., 2021).

Balamurugan et al. assign the band near 585 nm to d—d transitions of Mn*? (Balamurugan et al., 2022).
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Figure 4: (a) Tauc plot lines obtained from UV-VIS reflectance of the nanoparticles, and (b) photoluminescence

spectra of Mn3O4 nanopatrticles synthesized in water and alcohol.
3.4 Scanning Electron Microscopy

Figure 5 presents representative SEM images of Mn3O4 nanoparticles synthesized at NaOH concentrations of
0.10 M, 0.20 M, and 0.30 M using water and alcohol as solvents. In all cases, the nanoparticles exhibit an
approximately spherical morphology. For samples synthesized in water, the average particle sizes are 47, 54,
and 46 nm, respectively, whereas those synthesized in alcohol show significantly smaller average sizes of 33,
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30, and 31 nm. At identical NaOH concentrations, the use of alcohol as a solvent lead to a particle size reduction
of approximately 30 - 45% compared to water, and between NaOH concentrations the average variation for
alcohol is 7% and for water is 14%, indicating that the nature of the solvent plays a dominant role in controlling
particle growth. In addition, nanoparticles synthesized in aqueous medium display a more uniform and well-
defined morphology, while those obtained in alcohol exhibit increased surface roughness and agglomeration,
consistent with the higher crystalline strain observed in XRD analysis.
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Figure 5: SEM images of Mn304 nanoparticles, a) 0.10 M, b) 0.20 M, and 0.30 M synthesized in water; d) 0.10
M, e) 0.20 M, and f) 0.30 M synthesized in alcohol.

4. Conclusions

High-purity spherical Mn3O4 nanoparticles with a tetragonal crystal structure were successfully synthesized via
a one-step coprecipitation method at room temperature and short reaction time. The nanoparticles exhibit band
gap values ranging from 2.37 to 2.89 eV and particle sizes between 33 and 54 nm, depending on the synthesis
conditions. A quantitative comparison demonstrates that the solvent nature has a more pronounced influence
on crystallite size and optical properties than NaOH concentration. These results highlight solvent selection as
a key parameter for tailoring the properties of Mn3O4 nanoparticles, enabling tunability through a simple,
scalable, low-energy synthesis route suitable for catalytic and energy-related applications.
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