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Abstract
Manganese oxide nanoparticles (MnO₂-NPs) were biosynthesized using an aqueous extract of
Lagerstroemia speciosa leaf powder. The plant is rich in phytochemicals such as phenolic compounds,
alkaloids, α-amino acids, steroids, organic acids, terpenoids, reducing sugars, glycosides, carbohydrates,
saponins, starch, flavonoids, and tannins. The phenolic compounds acted as both reducing and capping
agents. The synthesized nanoparticles were characterized using UV–Vis–IR spectroscopy, X-ray
diffraction (XRD), field emission scanning electron microscopy (FESEM), thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), and Fourier-transform infrared spectroscopy (FTIR). The
UV–Vis–IR spectrum revealed a distinct absorption peak at 365 nm, confirming the formation of MnO₂-
NPs. FESEM images indicated rough, spherical, randomly oriented particles with sizes ranging from 83–
400 nm. XRD analysis confirmed a pure tetragonal structure with preferential (110) plane orientation.
The photocatalytic performance of the MnO₂-NPs was assessed via the sunlight-driven decolourization
of methyl orange (MO) and bromocresol green (BCG) dyes.

1. Introduction
In nanotechnology, particle size plays a crucial role in determining the material’s properties.
Nanoparticles exhibit unique structural, magnetic, and optical behaviours, governed by their size, shape,
morphology, and composition [1]. Morphology and dimension are particularly important, as they
contribute to the stability and functionality of nanoparticles [2, 3]. Due to their high specific surface area
and distinct electronic, chemical, and physical properties, metal nanoparticles especially manganese
oxide nanoparticles—have broad applications in batteries, catalysts, water treatment, molecular sieves,
optoelectronics, and magnetic materials [4, 5].

Manganese oxide nanoparticles (MnO₂-NPs) are also being explored for solar cell applications due to
their promising electronic and optical properties [6]. These nanoparticles can be synthesized via several
techniques, including femtosecond laser ablation [7], reflux treatment [8], redox reaction [9], green
synthesis [10], co-precipitation [11], and sol–gel methods [12].

Among these, green synthesis has gained attention as a sustainable, eco-friendly approach. This method
utilizes plant parts leaves, stems, roots, bark, seeds or microbial agents like fungi, yeast, and bacteria.
The metal ions are reduced by natural biomolecules such as flavonoids, tannins, saponins, terpenoids,
steroids, and alkaloids [13–15]. Manganese oxide nanoparticles are particularly attractive due to their
cost-effectiveness, environmental compatibility, and potential in various applications including photo
catalysis, biomedicine, sensing, and optoelectronics, owing to their surface reactivity and
physicochemical characteristics.

Despite significant studies focusing on the electronic properties of MnO₂-NPs, their photocatalytic
performance especially under sunlight has been less explored. This work investigates the green
synthesis of MnO₂-NPs using Lagerstroemia speciosa leaf extract, with particular emphasis on their
ability to decolorize methyl orange and bromocresol green dyes under solar irradiation.
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2. Materials and Methods

2.1 Preparation of Plant Extract
Fresh, mature leaves of Lagerstroemia speciosa were collected, thoroughly washed with distilled water
to remove dirt and impurities, and then air-dried. Five grams of the dried leaves were finely ground into
powder and extracted with 100 mL of Milli-Q water by boiling the mixture in a water bath for 30 minutes.
The extract was filtered through Whatman No. 1 filter paper to remove solid residues. The resulting
aqueous extract was stored at 6°C until further use.

2.2 Synthesis of Manganese Oxide Nanoparticles (MnO₂-
NPs)
Manganese acetate (Mn(CH₃COO)₂) was used as the precursor salt for nanoparticle synthesis. A 0.1 M
solution was prepared by dissolving 1.73 g of manganese acetate in 100 mL of distilled water. The
synthesis was carried out by adding 100 mL of Lagerstroemia speciosa leaf extract dropwise to the 100
mL of 0.1 M manganese acetate solution preheated to 60°C under continuous stirring. The mixture was
then heated at 80°C for 30 minutes. The gradual colour change from colourless to dark brown or black
indicated the formation of MnO₂ nanoparticles. After cooling to room temperature, the solution was
centrifuged at 15,000 rpm for 15 minutes. The supernatant was discarded, and the collected
nanoparticles were dried in an oven at 60°C for further characterization.

3. Materials Characterization

3.1 Structural Properties: X-ray Diffraction (XRD) Analysis
The structural properties of manganese oxide nanoparticles (MnO₂-NPs) were analysed using X-ray
diffraction (XRD) on a Bruker D8 Advanced model (Germany) equipped with Cu Kα₁ radiation (λ = 
1.54056 Å). Data were collected over a 2θ range of 20°–80° with a scanning speed of 0.5°/min. The
detector used was a fast-counting silicon strip (Bruker Lynx Eye). XRD measurements were performed
both before and after calcination. The uncalcined manganese oxide sample showed no discernible
diffraction peaks. After calcination at 600°C for 2 hours, distinct peaks appeared at 2θ values of 28.74°,
37.46°, 41.28°, 42.30°, 47.35°, 57.60°, and 59.50°, corresponding to the (110), (101), (200), (111), (210),
(211), and (220) lattice planes, respectively. The diffraction pattern confirmed a polycrystalline nature of
the sample.

The XRD pattern was indexed to the tetragonal phase of manganese oxide, consistent with JCPDS card
No. 24–0735, with lattice parameters a = b = 9.81 Å and c = 2.84 Å [17]. No additional peaks from
impurities were observed, indicating high purity and crystallinity of the synthesized nanoparticles.

The average crystallite size was estimated using the Scherrer formula applied to the main diffraction
peaks, yielding a size of approximately 25.3 nm [16].
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3.2 Field Emission Scanning Electron Microscopy (FESEM)
Field emission scanning electron microscopy (FESEM) was employed to investigate the surface
morphology and microstructure of the manganese oxide nanoparticles. FESEM images were obtained
using a Hitachi S-4800 instrument (Hitachi High Technologies Corporation, Japan).

Figure 3 (a–c) presents FESEM images of manganese oxide nanoparticles calcined at 600°C, captured
at different magnifications (100×, 20,000×, and 50,000×). The images reveal that the nanoparticles
exhibit polymorphic morphology, with predominantly irregular, spherical, and randomly oriented particles
formed via the Lagerstroemia speciosa leaf extract-mediated synthesis.

Particle aggregation is evident, which can be attributed to high surface energy, electrostatic interactions,
and polarity effects [18]. Such aggregation may enhance adsorption properties, beneficial for dye
removal applications, due to the increased surface area and reduced particle size [19]. Furthermore, the
reduction in particle size can be credited to the capping effect of active organic compounds in the plant
extract, which inhibit excessive particle growth [20]. The nanoparticles show a size distribution ranging
from approximately 83 nm to 400 nm. The presence of voids among the particles suggests potential
sites for doping or further functionalization to enhance structural and functional properties.

3.3 Fourier Transform Infrared Spectroscopy (FTIR)
Fourier transform infrared spectroscopy (FTIR) was used to identify the functional groups present in the
manganese oxide nanoparticles and to understand the modes of vibration of chemical bonds within the
nanocomposites. The FTIR spectrum of the MnO₂ nanoparticles was recorded in the range of 4000 − 400
cm⁻¹, as shown in Fig. 4.

A prominent absorption peak at 579 cm⁻¹ corresponds to the Mn–O bond, indicating the Mn–O
stretching vibration characteristic of the O–Mn–O framework in MnO₂ [21–23]. The absorption band at
1032 cm⁻¹ is attributed to O–H bending vibrations coupled with Mn atoms, while the peak at 1416 cm⁻¹
corresponds to the C–N stretching of amine groups. The peak observed near 1557 cm⁻¹ is assigned to
nitrate groups [24].

Additional absorption bands at 2324 cm⁻¹, 2829 cm⁻¹, 2943 cm⁻¹, and 3745 cm⁻¹ correspond to the
stretching vibrations of C–OH, C ≡ C, C–H, and –OH groups, respectively [25–27]. These functional
groups likely originate from various phytochemicals in the Lagerstroemia speciosa leaf extract, such as
flavonoids and alkaloids, which act as both reducing and capping agents during nanoparticle synthesis
[28, 29].

3.4 Thermogravimetric Analysis (TGA/DTA)
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were conducted to evaluate
the thermal stability and decomposition behaviour of the synthesized manganese oxide nanoparticles.
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The TGA/DTA curves are presented in Fig. 5 (a, b). The heating process was initiated at room
temperature and increased to 850°C at a rate of 10°C/min under a nitrogen atmosphere.

The initial weight loss observed between 20°C and 100°C corresponds to the removal of physically
adsorbed water and water of crystallization, indicating dehydration of the manganese oxide surface. A
second minor mass loss was observed between 100°C and 260°C, which can be attributed to the release
of unreacted organic molecules originating from the Lagerstroemia speciosa leaf extract used during the
biosynthesis process.

A significant mass loss occurred between 300°C and 320°C, accounting for a total weight reduction of
approximately 65–69%. This is likely due to the decomposition of organic compounds and partial
crystallization processes. The sustained thermal stability observed beyond 550°C suggests the
formation of stable manganese oxide phases, particularly α-MnO₂, characterized by enhanced ionic
bonding and lattice ordering.

No appreciable weight loss was detected in the temperature range of 550–850°C, indicating that the
MnO₂ nanoparticles exhibit high thermal stability and are resistant to further decomposition [30, 31].

The DTA curve shows a prominent endothermic peak around 455°C, which is attributed to the melting
behavior associated with the nanocrystalline nature of the material. A broader peak at approximately
600°C is ascribed to a phase transition from α-MnO₂ to another polymorphic form of MnO₂.

3.5 Optical Properties: UV - Visible Spectroscopy
UV-Visible spectroscopy was employed to investigate the optical properties of the biosynthesized
manganese oxide (MnO₂) nanostructures. The absorbance behaviour is influenced by several factors,
including impurity centers, surface roughness, oxygen vacancies, and band gap energy.

Figure 6 illustrates the UV-Vis absorption spectrum of MnO₂ nanoparticles recorded at room
temperature. A distinct absorption peak is observed at 365 nm, which corresponds to the electronic
transition characteristic of MnO₂ nanostructures. This absorption is indicative of the formation of well-
defined nanoscale manganese oxide particles.

The optical band gap of the synthesized MnO₂ nanoparticles was estimated using the Tauc plot method
and found to be approximately 3.39 eV. This wide band gap suggests that the nanomaterial is
semiconducting in nature and possesses strong potential as an efficient photo catalyst in environmental
remediation and other photocatalytic applications.

Mn(CH3COO)2 2H2O ⟶ Mn3O4 + 4 CO2 + C8H18 + 6H2O ↑

Mn3O4 + 4 CO2 + C8H18 ⟶Mn3O4 + C8H18 + 4 CO2+ ↑

Mn3O4 + C8H18 ⟶ C8H18 ↑

Mn3O4 ⟶ 3 MnO + 1/2 O2 ↑
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4. Photocatalytic Activity of MnO₂ Nanoparticles
The photocatalytic performance of the synthesized MnO₂ nanoparticles was evaluated through the
degradation of two organic dyes methyl orange (MO) and bromocresol green (BCG) under natural
sunlight irradiation. In each experiment, approximately 10 mg of MnO₂ NPs was added to a solution
containing 10 mL of dye (25 mg/L concentration) and 1 mL of NaBH₄ solution (3 × 10⁻2 mol/L). The
reaction mixtures were placed in screw-cap vials, thoroughly mixed, and then exposed to direct solar
radiation. UV–Visible spectra were recorded at regular intervals over a period of 60 minutes to monitor
the extent of decolourization.

The catalytic efficiency of MnO₂ NPs in degrading MO and BCG is illustrated in Fig. 8. A noticeable
decrease in the absorption intensity of the dyes was observed, indicating significant photocatalytic
degradation. The efficiency of degradation was calculated using the equation:

where C0​ (mg/L) and Ct (mg/L) represent the dye concentrations at time zero and time t, respectively.

After 60 minutes of irradiation, the MnO₂ NPs demonstrated a high photocatalytic activity, achieving
approximately 90% decolourization of methyl orange and 93% of bromocresol green at neutral pH. These
results confirm the efficiency of the biosynthesized MnO₂ nanoparticles as effective photo catalysts.

The photocatalytic degradation mechanism involves the excitation of electrons from the valence band
(VB) to the conduction band (CB) upon absorption of photons with energy equal to or greater than the
band gap energy (Eg). This excitation results in the formation of electron-hole pairs. These charge
carriers migrate to the nanoparticle surface, where they interact with molecular oxygen (O₂) and water
(H₂O) to generate reactive oxygen species (ROS), including hydroxyl (•OH) and superoxide (O₂⁻•) radicals,
which contribute to the degradation of dye molecules.

Kinetic analysis of the photocatalytic degradation was carried out by plotting ln(A₀/At) versus time
(Figs. 8 and 10). The linear relationship indicates that the degradation follows a pseudo-first-order
reaction model. The rate constants (k) for MO and BCG degradation were calculated to be 0.020 min⁻¹
and 0.026 min⁻¹, respectively.

Additionally, the degradation of dyes with NaBH₄ in the absence of MnO₂-NPs was also examined.
Although NaBH₄ is a known reducing agent and thermodynamically favourable for breaking azo bonds in
MO and BCG to form amino derivatives, the reaction proceeded very slowly due to kinetic limitations. In
contrast, the presence of MnO₂ NPs provided an alternative reaction pathway with a lower activation
energy, thereby enhancing both the thermodynamic and kinetic feasibility of dye degradation.

These findings suggest that biosynthesized MnO₂ nanoparticles possess excellent photocatalytic
capabilities and are promising candidates for environmental applications such as wastewater treatment.

colour removal (%) = (C0 − \raisebox1ex$Ct$/\raisebox−1ex$C0$) x 100
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4.1 Methyl Orange (MO):

4.2 Bromocresol green (BCG)

5. Conclusions
In this study, manganese dioxide (MnO₂) nanoparticles were successfully synthesized via a green
synthesis route using Lagerstroemia speciosa leaf extract as a natural reducing and stabilizing agent.
The X-ray diffraction (XRD) analysis confirmed that the synthesized nanoparticles exhibit a
polycrystalline tetragonal phase with an average crystallite size of 25.3 nm, as calculated using
Scherrer’s equation. Field Emission Scanning Electron Microscopy (FESEM) revealed that the MnO₂

nanoparticles possess irregular, aggregated, and roughly spherical morphologies, with particle sizes
ranging from 83 nm to 400 nm. The observed aggregation is attributed to the high surface energy and
polarity of the nanoparticles, along with electrostatic interactions. These morphological features
contribute to an increased surface area, which enhances the adsorption efficiency of the nanoparticles
for dye degradation.

The UV visible spectroscopy results showed a strong absorption peak at 365 nm, corresponding to the
MnO₂ nanostructures, with a calculated optical band gap of 3.39 eV, indicating their potential for visible-
light-driven photo catalysis. Photocatalytic degradation experiments demonstrated that the MnO₂

nanoparticles efficiently degraded both methyl orange and bromocresol green dyes within 60 minutes,
achieving near-complete decolourization. The reduction in absorbance at 460 nm further confirms the
complete degradation of the dye molecules.

Overall, the biosynthesized MnO₂ nanoparticles exhibit promising structural, optical, and photocatalytic
properties, highlighting their potential for application in environmental remediation, particularly in the
treatment of dye-contaminated wastewater.
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Figure 1

Formation of manganese oxide nanoparticles (MnO₂-NPs) during the synthesis process.
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Figure 2

XRD- Diffractograms of Manganese Oxide Nanoparticles
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Figure 3

(a to c):FE-SEM Images of Manganese Nanoparticles.
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Figure 4

FTIR spectrum of Manganese oxide Nanoparticles

Figure 5

(a to b): TGA/DTA curves of the Manganese Oxide Nanoparticles
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Figure 6

UV-Vis spectra of plant extract, Mn solution, and biosynthesized Mn nanoparticles

Figure 7

UV-Visible Absorbance Spectrum of Methyl Orange & MnO2 NPs Reaction Mixture
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Figure 8

Calibration Curve [Ln (At/Ao) vs. time

Figure 9
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UV-Visible Absorbance Spectrum of Bromocresol Green & MnO2 NPs Reaction Mixture

Figure 10

Calibration Curve [Ln (At/Ao) vs. time
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