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ABSTRACT
Fe-doped manganese oxide nanoparticles were successfully produced using the chemical precipitation method. The generated nanoparticles were characterized by XRD, SEM, EDAX, FTIR, and UV. The average crystallite size of the sample was examined using the XRD method. The Fe-doped MnO2 NPs crystallite size was determined to be 11.56 nm. The morphology and grain size were ascertained using SEM images. They exhibit tiny granules that range in size from 10 to 40 nm. The elemental composition of Fe-doped MnO2 NPs was confirmed by EDAX to be 77.20 Fe, 20.60 Mn, and 2.20 O2. The FTIR tests reveal high absorption peaks for many functional groups, including C=O, CO2, NH+, O-H, and MnO2. In the UV spectra, the optical band gap was calculated between 1.5 and 5.0 eV. XRD examination revealed that the average particle size of Fe-doped MnO2 nanoparticles was 11.56 nm. The produced nanoparticles were appropriate for the photo-catalytic degradation of the colour indigo blue. 
Keywords: Chemical precipitation, Manganese Oxide nanoparticles. XRD, SEM, EDAX,      
                   FTIR, and UV, Photocatalytic activity, Indigo blue dye.

Introduction
Due to its amazing and intriguing applications in the fields of chemistry, pharmacology, agriculture, textiles, optoelectronics, physics, and more, the use of nanostructured materials has expanded during the past several decades (Indumathi, 2022). When compared to their majority counterparts, nanostructures disclose innovative and greatly better physicochemical characteristics and processes, which can lead to amazing understanding of materials and technology. Because of their special capabilities, nanomaterials will be widely used in a variety of applications and have vastly different qualities beyond what they demonstrate at the macro or micro levels. Nanotechnology is a field of science, engineering, and technology that works with atomic or molecular-scale dimensions and tolerances of less than 100 nm. Because of their special size-dependent characteristics, nanoparticles are widely used. Because of its many uses, including immobilization of proteins and enzymes, bio-separation, immunological tests, drug delivery, and biosensors, magnetic nanoparticles have drawn a lot of attention. Because of their small size, nanoparticles have a high surface-to-volume ratio, which makes them particularly unique (AlZubaidi, 2025). Nanoparticles' distinct chemical and physical characteristics make them ideal for creating novel and enhanced sensing devices, particularly biosensors and electrochemical sensors. Biomolecules can be immobilized, electrochemical reactions can be catalyzed, electron transport between electrode surfaces and proteins can be improved, biomolecules can be labeled, and nanoparticles can even act as reactants (Sonawane, 2026). Metal oxide nanoparticles are typically inorganic (Krishnaraj, 2021). Fe, Ni, Co, Mn, and Zn nanoparticles are widely used magnetic materials for a variety of applications, including microwave absorbers, magnetic sensors, recording devices, telecommunications, and magnetic fluids. Manganese dioxide is a significant transition metal oxide of P-type emiconducting materials among other metal oxide nanoparticles. Physical vapor deposition, chemical vapor deposition, aerosol processing, sol-gel, reverse micelle, and mechanical milling have all been used to create nanoparticles. Due to their affordability, wet chemical techniques such hydrothermal sol-gel, emulsion, and the traditional co-precipitation process are employed extensively in commerce. Manganese oxides are recognized to be potent metal ion adsorbents and are found naturally in soils, aquifers, and sediments (Deshpande, 2026). They are significant materials having a wide range of uses in several industries, including microelectronics, rechargeable batteries, ion sieves, chemical sensing devices, magnetic devices, environmental pollution absorbent, catalysis, and hydrogen storage media. (Mahamude, 2022).Nanoparticles can be created using a variety of techniques, including vapor deposition, electrochemical synthesis, combustion, colloid thermal synthesis, microwave irradiation, thermal oxidation, pulsed wire explosion, precipitation, and solgel (Sindhushree, 2022). One of the most significant and well-known methods for creating nanoparticles is the electrochemical method. Manganese oxides are recognized to be potent metal ion adsorbents and are found naturally in soils, aquifers, and sediments (Deshpande, 2025). 

 2. Materials and Methods
2.1 Chemicals and Reagents
For this experiment, analytical reagent grade manganese chloride, ferric chloride, and NaOH were utilized. The experiment was conducted using double-distilled water as a solvent.
2.2 Synthesis of MnO2 nanoparticles
A magnetic stirrer was used to dissolve 4 g of manganese chloride in 50 ml of distilled water for 30 minutes. To keep the pH at 8, the 3 g of NaOH pellets that had been dissolved in 20 ml of distilled water were then added to the mixture. The brown precipitate was obtained and filtered via filter paper after five hours of stirring (Subbiah, 2024). For ten minutes, the collected precipitate was heated to 75 W in a microwave oven. After that, it was dried for four hours at 400OC in a muffle furnace. The dry nanoparticles were ground into a powder using a mortar (Otunla, 2019). The prepared powdered is of MnO2 nanoparticles was used for further process.
2.3 Synthesis of Fe-doped MnO2 nanoparticles
Dissolved 4 gm of The aforementioned powder in 20 ml of distilled water  and add 1 g of ferric chloride diluted in it. Then after five hours of stirring the dark brown precipitate was obtained. Filter the precipitate with filter paper. The precipitate was collected and stored for ten minutes at 75 W in a microwave oven. After that, it was dried for four hours at 4000C in a muffle furnace. The dried Fe-doped MnO2nanoparticles were ground into a powder using a mortar and use the powder for further characterization.
3. Results and Discussion
3.1 XRD Analysis
Figure 1 showed the XRD pattern of the Fe-doped MnO2 nanoparticles. While the peaks corresponding to 2θ = 36.2°, 56.1°, 58.2°, and 62.4° represented the hexagonal shape and the miller indices (101), (110), (220), and (103), respectively, the narrow peaks of the XRD pattern showed the crystalline structure of the nanoparticles, (Muhammad, 2025). The crystallite size of the Fe-doped MnO2 nanoparticles was found to be 11.56 nm, as indicated in Table 1 (Aleksandra, 2020). The crystallite size of the particles was calculated using the Debye-Scherrer formula, D=k λ ̸ β cos θ.
 Where D stands for crystallite size,
 λ for X-ray source wavelength (1.5406 Å), 
β for whole width at half-maximum of the diffraction peak,
 k for Scherrer's constant (0.9 to 1), and 
θ for Bragg̕ s angle.
Table 1. XRD result of Fe-doped MnO2 nanoparticles
	Sample
	2 θ
	FWHM
	Crystalline Size
	Average Size

	
Fe-doped MnO Nanoparticles
	36.2
	0.790
	10.50
	
11.56 nm

	
	56.1
	0.521
	16.85
	

	
	58.2
	0.780
	11.50
	

	
	64.4
	1.20
	7.40
	








Figure 1. Fe-doped MnO2 nanoparticle XRD pattern.
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3.2 FT-IR Analysis
By generating an infrared absorption spectrum, Fourier Transform Infrared Spectroscopy (FTIR) was utilized to determine the chemical bonds within a molecule. As seen in Figure 2, it was used to examine the functional groups and other contaminants found in the Fe-doped Manganese Oxide nanoparticles. Fe-doped manganese oxide's FT-IR spectra were obtained in the 400-4000 cm-1 region. The different stretching of functional groups is revealed by the absorption spectra in the bond excitation shown in Table 2 (Ballal, 2022).
Table 2. FTIR peaks of Fe-doped MnO2 nanoparticles.
	Band Range (cm-1)
	Stretching Frequency
	Intensity

	1635
	C=O
	Strong

	2331
	CO2
	Strong

	2359
	NH+
	Strong

	3260
	O-H
	Strong

	515
	MnO
	Strong



Figure 2. FTIR spectrum of Fe-doped MnO2 nanoparticles.
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3.3 UV Visible Spectroscopy Analysis
UV absorbance was used to calculate the samples' optical characteristics and band gap energy. Figure 3, displayed the Fe-doped MnO2 nanoparticles' UV visible spectra. The spectra were captured between 200 and 900 nm (Soaad, 2025) . At 225 nm, the absorbance peak reached its maximum. The Fe-doped MnO2 nanoparticle has a band gap energy (Eg) of 1.5 to 5.0 eV. The band gap energy was determined using the formula Eg = hʋ= hc / λ, (Kumar, 2022).  . 
 Where h = Planck's constant (6.626 × 10-34 m kg/s),
 λ = wavelength (nm), 
 ʋ = frequency, and
 c = the speed of light (3 × 108 m/s) 

Figure 3. Absorption spectra of Fe-doped MnO2 nanoparticles.
[image: ]
3.4 SEM Analysis
SEM imaging of Fe-doped materials typically shows a transition from sheet-like or mixed structures to more ordered, high-surface-area 1D nanostructures (nanowires/nanorods) or intricate 3D urchin-like morphologies intended for improved catalytic or electrochemical performance. (Sharma, 2022).  The particles had shapes that were almost spherical, as shown in Figure 4. The produced Fe-doped manganese oxide NPs were found to be between 10 and 40 nm in size.

Figure 4. SEM images of Fe-doped MnO2 nanoparticles.
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3.5 EDAX Analysis
The elemental composition of the sample is determined via EDAX analysis. Fe-doped MnO nanoparticles were detected by the manganese (Mn), oxide (O), and iron (Fe) peaks in Figure 5, (Kashif, 2023). The elemental composition of synthesized NPs was shown in Table 3.
Table 3 EDS analysis of the element percentage of the Fe doped MnO2 NPs samples
(Atomic %)
	Element
	X = 0 
	X = 0.05
	X = 0.10
	X = 0.15

	Fe
	77.20
	76.80
	64.70
	66.50

	Mn
	20.60
	19.80
	29.50
	28.0

	O
	2.20
	3.40
	5.80
	5.5



Figure 5. EDAX analysis for Fe-doped MnO2 nanoparticles.









4. PHOTOCATALYTIC DEGRADATION OF INDIGO BLUE (MB) DYE
As shown in Figure 6, we have investigated the photocatalytic degradation of Indigo blue dye using synthesized manganese oxide nanoparticles (MnO2 NPs) under ultraviolet (UV) light irradiation. A UV lamp served as the radiation source in the experimental setting. When the self-degradation behavior of Indigo blue dye was first evaluated without the synthetic photocatalyst (MnO2 NPs) (Abdulrahman, 2026). The photocatalytic activity of synthesised MnO NPs was then assessed, showing effective degradation of Indigo dye under UV light irradiation for 120 minutes (Alaa, 2026). It was observed that the observed photocatalytic activity matched the average efficiency within the UV lamp irradiation spectrum. Additionally, Figure 7 shows the proportion of Indigo blue degradation over time. The experiment used a single sample at a concentration of 45 parts per million (ppm) (Chaudhari, 2023). The Figure 7, show a definite direct relationship between time and the percentage of Indigo blue dye degradation. About 93% breakdown after being exposed to produced MnO2 nanoparticles for a maximum of 120 minutes. This demonstrates how effectively and potentially the produced nanoparticles can break down Indigo blue (Rathia, 2024).


Figure 6. MnO2 nanoparticles' investigation of Indigo blue breakdown under UV light

[image: ]

Figure 7. Shows the percentage of Indigo blue dye degradation by produced MnO2 NPs.
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5. CONCLUSION
The chemical precipitation method was used in this study to create the pure and Fe-doped MnO2 nanoparticles, which were subsequently analyzed by XRD, SEM, EDAX, FTIR, UV. Fe-doped MnO2 nanoparticles made by chemical precipitation had a hexagonal shape and a crystallite size of 11.56 nm. The SEM pictures revealed a morphological structure that was almost spherical in shape. EDAX verified the existence of elemental composition. The different functional groups found in the produced sample were validated by the FTIR analyses (Sathasivam, 2025). The band gap energy of the Fe-doped MnO nanoparticle was found to be in the range of 5.60 nm in UV analysis. The Synthesized Fe-doped MnO2 (manganese oxide) nanoparticles usually show a narrower, adjustable optical band gap, frequently reported in the range of 1.5 eV to 5.0 eV. In order to improve visible light absorption, Fe-doping usually lowers the bandgap of manganese oxide from higher UV ranges (such as 3.0 eV or 5.5 eV) to lower values. (Sani, 2024).
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