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Solution combustion-synthesised MoO3 nanoparticles for dual photo-catalytic
and antibacterial applications in sustainable agriculture
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Molybdenum trioxide nanoparticles were synthesised via a simple and cost-effective
solution combustion method. XRD confirmed an orthorhombic crystalline phase with an
average crystalline size of 56.6 nm. UV-Vis spectroscopy indicated a direct bandgap of 2.9
eV, while RAMAN spectra revealed Mo = O and Mo-O stretching vibrations. SEM-EDAX
analysis confirmed nanoscale morphology and a uniform Mo-O distribution. Photocatalytic
studies, under direct sunlight, degraded 92% methylene blue dye within 120 min, following
pseudo-first-order kineticsS. Furthermore, dose-dependent antibacterial activity was
exhibited against . coli and S. aureus. These findings highlight MoO3; NPs for sustainable
agriculture by degrading pollutants and controlling microbes in irrigation systems.
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1. Introduction

Nanotechnology has rapidly emerged as a leading research field, offering innovative
strategies for fabricating functional materials with applications in catalysis, drug delivery,
environmental remediation, agriculture, energy storage, sensor technologies, and biomedicine [1, 2].
Transition metal oxides are widely studied for their tunable band gaps, high surface areas, and
reactive oxygen species (ROS) generation, making them excellent candidates for photocatalysis and
antimicrobial applications [3, 4].

Molybdenum trioxide nanoparticles (MoO3 NPs) are wide-band-gap semiconductors (2.7
to 3.8 eV) with excellent structural stability, high oxidising potential, and chemical robustness [5].
These properties make them suitable for applications in Photocatalysis, gas-sensing, electrochromic
devices, and antimicrobial coatings [6, 7]. Recent studies indicate that MoO3 NPs can effectively
degrade organic dyes and inhibit microbial growth through ROS-mediated mechanisms [8—10].
Such multifunctional properties render them valuable for environmental and biological applications.

Agricultural productivity is increasingly challenged by the excessive use of agrochemicals,
such as pesticides and fertilisers, which lead to soil and water contamination [11, 12]. In addition,
pathogenic bacteria, including Escherichia coli and Staphylococcus aureus, pose a threat to crop
yield and food safety [13, 14]. Conventional remediation strategies are often inefficient, costly, or
environmentally harmful. Developing a single nanomaterial capable of simultaneously degrading
chemical pollutants and controlling microbial growth offers a sustainable approach for improving
water quality and crop protection [15, 9].

Among various synthesis techniques, the combustion method provides a rapid, cost-
effective, and energy-efficient route to produce metal oxide NPs with high crystallinity and large
surface areas. Comparing hydrothermal and sol-gel approaches, combustion synthesis allows faster
processing and greater scalability [16].
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In this study, MoO3 NPs were synthesised via the combustion method and characterised
using XRD, UV-Vis spectroscopy, Raman spectroscopy, and SEM-EDAX. The breakdown of
methylene blue, used as a reference organic pollutant, was monitored to evaluate photocatalytic
efficiency, while antibacterial activity was evaluated against Gram-positive and Gram-negative
bacteria.

2. Experimental Section
2.1 Synthesis of MoO3 Nanoparticles

MoO3 NPs were synthesised using the Solution Combustion Synthesis (SCS) method.
Ammonium heptamolybdate tetrahydrate (NH4)6Mo07024.4H20) (1g) was used as the precursor.
Calcination was carried out at 600°C for 1 hr using a muffle furnace [17]. The precursor thermally
decomposed to yield MoO3 NPs as shown below:

600°C
(NHy)6M07044.4H,0 —> 7M003 + 6NH3 T +7H,0 1

After calcination, the nano powder was cooled to ambient temperature and subsequently
kept in an Eppendorf tube for further use.
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Fig. 1. Solution Combustion Synthesis (SCS) of MoO3z NPs.

2.2 Characterisation of MoO3 Nanoparticles

XRD analysis was performed using a Bruker D2 Phaser diffractometer. UV-Vis spectra
were recorded with a Systronics 2202 spectrophotometer (India). Raman spectra were obtained
using an EZRaman system (Enwave Optronics, USA). SEM-EDAX analysis was carried out at
2000x magnification and 20 kV using a CARL ZEISS EVO 18 model.

2.3 Procedure of photocatalytic experiment

For the photocatalytic degradation study, 10 mg/L Methylene blue (MB) solution and 0.1 g
of MoO3 NPs were added to 100 mL of Distilled water. The mixture was then exposed to direct
sunlight, and 5 mL aliquots were withdrawn at 20-minute time intervals. Each aliquot was
centrifuged at 5000 rpm for 10 minutes to separate MoO3 NPs, and the absorbance of the obtained
supernatant was recorded at 664nm using a Systronics 2202 UV-Vis spectrophotometer.
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The efficiency of photocatalytic degradation was determined using the formula:
Degradation ef ficiency (%) = % x 100 (1)
]

Cy: Initial dye concentration (mg/L).
C¢: Dye concentration at irradiation time t (mg/L) [18].

2.4 Procedure of antibacterial activity

2.4.1 Test Organisms

Bacterial strains used for antibacterial testing, Escherichia coli and Staphylococcus aureus,
were sourced from Microbial Type Culture Collection and Gene Bank (MTCC), Chandigarh, and
maintained on Nutrient Agar (NA).

2.4.2 Nutrient Broth Preparation

Pure cultures were streaked onto a Nutrient Agar plate and maintained for 24 h at 37 °C.
Fresh cultures were inoculated into sterile 0.145 M saline (2 ml), and the cellular count was adjusted
to 0.5 McFarland turbidity, yielding a concentration of 1.5x108 CFU/ml [19]. This standardised
suspension was employed for antibacterial studies.

2.4.3 Antibacterial Test

Mueller-Hinton Agar (38 g/L) was dispersed in distilled water and autoclaved at 250 F under
15 psi for 15 min (pH 7.3). The media was cooled, mixed thoroughly, and dispersed at 25 mL per
Petri plate. Plates were subsequently streaked with cultures of the pathogenic bacteria, Escherichia
coli and Staphylococcus aureus. Ciprofloxacin (5 png) discs served as Positive controls, and empty
sterile discs as negative controls. Sterile discs (6 mm) were prepared by pipetting varying
concentrations of the test sample onto them. After incubation for 24 h at 37°C, the diameters of
growth inhibition zones (including disc) were measured in millimetres using a transparent ruler [20—
22].

2.5 Statistical analysis

The study included three independent replicates for each test, and the mean = SD was used
to quantify the overall findings. The photocatalytic degradation efficiency was analysed by plotting
C/CO0 versus irradiation time and fitting the data with a pseudo-first-order kinetic model (In(C0/C)
=kt). Statistical significance of experimental results was determined using one-way (ANOVA), with
p <0.05 considered significant.

3. Result and Discussion

3.1 X-ray diffraction analysis

XRD pattern for the synthesised MoO3 NPs is shown in Figure 2, which is in accordance
with the (JCPD card no. 05-0508). The reflections observed at 23.3°,25.7°,27.3°,28.3°, and 33.6°,
which correspond to the (022), (211), (170), (080), and (171) planes of orthorhombic a-MoO3 NPs
correspond to lattice parameters (a = 3.962 A, b = 13.858 A, ¢ = 3.697A). The sharp and intense
peaks confirm the crystalline structure, with a degree of crystallinity of 82.1 %. Using the Debye-
Scherrer method, the calculated average crystalline size was 56.6 nm.

_ KA
- LcosO

2)

D: Crystalline size of nanoparticles,

K: Scherrer constant (0.98),

A: wavelength (1.54)

B: Full width at half maximum (FWHM)

Absence of any secondary peaks confirmed its phase purity [23].
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Fig. 2. XRD pattern of MoOj3 nanoparticles synthesised by the solution combustion method.

3.2 UV-visible spectroscopy

The UV-Visible analysis for the synthesised MoO3 NPs are shown in Figure 3a. It exhibited
a strong absorption band at 240nm, confirming the formation of MoO3 NPs.The peak is due to d-d
transitions of Mo6+ ions in the oxide lattice [24]. Tauc's method was employed to estimate the
optical band gap (Eg) of the synthesised MoO3 NPs. As shown in Figure 3b, (ahv)? is plotted
against photon energy (hv) For direct transitions. According to the Tauc equation:

(ahv)™ = A(hv — Ey) 3)

Where,

A: proportionality constant

. .. . 1 o
n: electronic transition(n = 2 for direct, n = > for indirect).

The bandgap of 2.9 eV was determined using the x-axis intercept from the linear fit of the
plot [25].
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Fig. 3. a) UV absorbance spectrum of the synthesised MoOs; NPs, b) Tauc plot of the synthesised
MoOs3 NPs.

3.3 RAMAN
The Raman analysis of MoO3 NPs is illustrated in Figure 4. A strong peak ~900 cm-1

attributed to Mo = O stretching vibration, confirming the orthorhombic a-MoO3 phase. Peaks at
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~820 cm-1 correspond to Mo-O-Mo stretching vibrations, indicating the layered Octahedral
structure [23]. Weaker peaks ~666 cm-1 and ~472 cm-1 arise from stretching and bending
vibrations of Mo-O-Mo in edge-sharing MoO6 octahedra of the orthorhombic MoO3 phase [26].
Low-frequency bands below ~ 200 cm-1 correspond to lattice vibrations or translational
displacements of Mo atoms [27]. The observed Raman peaks and relative intensity are consistent
with those previously reported. @-MoQO3 nanostructures, minor shift or peak broadening may result
from nanoscale structural defects or crystal lattice strain.
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Fig. 4. RAMAN spectra of synthesised MoOj3 NPs.

3.4 SEM-EDAX

SEM analysis of the synthesised MoO3 NPs (Figure 5) reveals an irregular and porous
morphology with agglomerated nanograins of diverse sizes. At lower magnification (5.00KX), the
particles appear as loosely distributed clusters across the surface. Higher magnifications (10.00KX
and 40.00KX) reveal plate-like and flake-shaped structures marked by rough surfaces. The
agglomeration results from the high surface energy of the nanoparticle, which induces clustering
during the process. Such morphology provides a greater surface-to-volume ratio, providing more
active sites for photon absorption and ROS generation.

2 um EHT = 20.00 kv Signi = SE1 1 um EHT = 20.00 kv/ Sigl E1 300 nm EHT =20.00 kv Signal A = SE1
WD = 10.0 mm Mag = 5.00 KX WD = 10.0 mm Mag= 10.00K X WD = 10.0 mm Mag = 4000 K X

Fig. 5. SEM morphology of the synthesised MoOs NPs at different magnifications, a) 5.00KX, b)10.00KX C)
40.00KX.

The elemental composition of MoO3 NPs was further confirmed by the EDAX figure 6,
which shows only Mo and O peaks. The absence of secondary peaks indicates the high phase purity
of the sample.
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Fig. 6. a) EDAX spectrum of the synthesised MoQOj3 NPs.

Fig. 6. b) Overlay plan view element map (EDAX) of the surface of the synthesise MoOs3; NPs. O = red, Mo
= blue. Scale bar is 20 um.

Table 1. Elemental analysis of MoOj3 NPs.

OK 43.0 81.9 10.1 0.0762

MoL 57.0 18.1 1.7 0.5021

3.5 Photocatalytic activity

The photocatalytic activity of MoO3 NPs was performed under direct sunlight using MB
dye. The dye concentration decreased progressively over time, reaching approximately 92 %
removal within 120 minutes. The degradation kinetics obey the pseudo-first-order kinetic model,
with a rate constant of k = 0.0185 min-1, as indicated by a linear trend, confirming consistent dye
breakdown. One-way ANOVA revealed a significant increase in degradation efficiency with
increasing irradiation time (p < 0.05).
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The excellent photocatalytic performance of MoO3 NPs is attributed to their porous
morphology and the ability of surface oxygen atoms, which facilitate the production of ROS (*OH,
02e-) responsible for dye degradation. The bandgap between 2.7- 3.0 eV enables efficient absorption
of visible light, promoting electron-hole pair formation and enhancing photocatalytic activity [28].
These results demonstrate the potential of MoO3 NPs as effective photocatalysts for the degradation
of agricultural residues [29].
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Figure 7. Degradation profile: a) Percentage degradation with time, b) Change in absorbance maxima with
time of light exposure, c) Linear fitting of the absorbance spectra.

3.6 Antibacterial activity

Antibacterial properties were assessed using an agar well diffusion technique, wherein
nutrient agar plates inoculated with Escherichia coli and Staphylococcus aureus were loaded at
varying concentrations of the nanoparticles. The zone of inhibition is summarised in Table 2.

Table 2. Antibacterial activity of MoOjz NPs against E. coli and S. aureus at different concentrations.

0.25 mg/ml
9 +0.3°mm

1 mg/ml
17 + 0.5 mm

0.5 mg/ml
13 + 0.4° mm

28 £ 0.7¢mm NZ

14 £ 0.4°mm 11+0.3* mm 9+0.2°mm 27 +0.6°mm NZ

The findings reveal that the inhibition was concentration-dependent. The maximum Zone
of inhibition was observed at higher concentrations, 1 mg/mL, measuring 17 £ 0.5 mm for E. coli
and 14 + 0.4 mm for S. aureus. At 0.5 mg/mL, the inhibition zones decreased to 13 = 0.4 mm and
11 £ 0.3 mm, respectively, while at 0.25 mg/mL, the zones further reduced to 9 + 0.3 mm for E. coli
and 9 + 0.2 mm for S. aureus (p < 0.05). The positive control (ciprofloxacin) exhibited significantly
higher activity (28 = 0.7 mm for E. coli and 27 + 0.6 mm for S. aureus), while the negative control
(NZ) showed no inhibition. These findings confirm the efficacy of MoO3 NPs as an eco-friendly
antibacterial agent.
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In addition to ROS-mediated toxicity, the antibacterial efficacy of MoO3 NPs is governed
by their intrinsic acidity, as hydrated MoO3 can release molybdic acid (H2MoO4), leading to
acidification of the surrounding environment [30]. Moreover, the release of Molybdate ions
(Mo0O42-) disrupts essential enzymatic pathways, particularly those involved in nitrogen and sulfur
metabolism, thereby impairing bacterial growth [31]. These combined mechanisms highlight the
potential of MoO3 NPs as an eco-friendly and sustainable approach for controlling microbial
contaminations in agricultural applications [32].

Figure 8. Antibacterial activity ofnthesised MoOj; NPs against a) E. coli and b) S. aureus at different
concentrations.

4. Conclusion

Combustion-synthesised MoO3 NPs exhibited high crystallinity, visible-light activity, and
dual functionality as photocatalysts and antibacterial agents. Their ability to degrade organic
pollutants and inhibit pathogenic bacteria suggests strong potential for sustainable agricultural
applications.
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