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INTRODUCTION

Inrecent years, the researchers have focused on the metal
oxides applications due to its diverse properties and structures.
The electrochromic effect [1] exhibited by the thin films of
the transition metal oxides such as molybdenum oxide (MoQs)
finds applications because of its chemical, electrical and optical
properties [2-6]. Due to the rapid technological advancement
in recent years in the field of mobile miniature size, search
of new materials as electrodes in rechargeable batteries and
chromogenic coatings have gained much importance. In a
secondary lithium battery, Julien et al. [7] made use of MoOs
thin films as a cathode. The material has gained much interest
due to its electro-, photo- and gaso-chromic effects, which has
led to the development of smart windows [8], display devices
[9,10] and optical switching coatings [11]. Molybdenum oxide
films have also found applications in sensors and lubricants
[12-16].
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Molybdenum trioxide was used as a precursor for the deposition of thin films of varied concentrations onto the glass substrate by ultra- |
spray pyrolysis technique. Solutions of different concentrations viz. 0.05 M, 0.025 M, 0.0125 M were prepared and the substrate temperature |
varied to study the structural properties like XRD, UV-visible spectroscopy and FESEM of the MoO; thin films. Being transition metal
oxide molybdenum oxide (Mo0QOs), exhibits fascinating chemical, structural, electrical and optical properties. The samples were prepared |
at different temperatures of 150, 250 and 350 °C with the spray concentrations varying between 0.05 M, 0.025 M and 0.0125 M while the |
other spray operating parameters were fixed at their optimum values. X-ray diffraction technique was used to determine the crystalline |
size and nature of the films. For the substrate temperature 150 °C, the films obtained are amorphous in nature while the films deposited at
250 and 350 °C were found to be crystalline in nature giving a-MoOs phase, which is evident from the X-ray diffraction pattern. The size |
of the crystal varied from 43 to 65 nm for the prepared samples. The band-gap energy by plotting Tauc plots was found to be in the range |
2.51-3.01 eV. FESEM revealed two different types of morphological structures viz., spherical and nanorods. The photocatalytic activity of |
thin films obtained was estimated from their ability to degrade methylene blue (MB) under UV irradiation with excellent results. Antibacterial |
activity of thin films was checked against Pseudomonas aeruginosa for 1, 6, 10 and 96 h. |
|
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It has been observed that the synthesis and optimization
of the growth conditions to obtain MoO; thin films work as an
important parameter. Various techniques viz. electrochemical,
physical, efc. have been used so far for the preparation of MoO;
thin films. Li & El-Shall [17] prepared web like aggregates of
MoO:; by laser vaporization controlled condensation technique.
Ponomorev et al. [18] have reported cathodic electro deposition
of hydrated molybdenum oxide thin films. Patil et al. [19]
used the electrosynthesis method for the preparation of MoOs.
To meet the required end application structured tailoring is
important, thus the production of molybdenum oxide thin films
in the required form plays significant role. Recently Alex et
al. [20] studied the effect on optical, structural and photo-
catalytic activity of the temperature dependent substrate deposited
using spray pyrolysis method where transparent molybdenum
trioxide (MoQs) thin films were obtained.

Nanostructures show a considerable antimicrobial property
and are extensively studied as promising applicant in bio-
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medical applications. Among nanomaterial MoOs is gaining
importance as antimicrobials due to its non-toxic properties
and various studies report bactericidal activity of molybdenum
oxide nanoparticles [21]. Further, towards development of
functional surfaces and materials studies on antibacterial
activity of molybdenum coated inanimate surfaces is reported
[22,23]. Antibacterial activity of nanocomposite containing
coatings of MoO; microparticles is reported by Centa et al. [24].

In this study, a simple, cost-effective ultra-spray pyrolysis
method is used to prepare thin films of molybdenum oxide on
the glass substrates, which is also a mass production technique.
The conditions for the formation of MoOs; thin films were
optimized and the so formed films were studied for their comp-
ositional, structural and optical properties along with the photo-
catalytic and antimicrobial activity. The photocatalytic and
antibactericidal activity of highly crystalline MoOs thin films
prepared on glass surface were studied for their ability to
degrade methylene blue under UV irradiation with excellent
results. The molybdenum thin films were tested to check its
biocidal effect to reduce Pseudomonas aeruginosa ATCC 9027/
NCIM 2200 contamination on inanimate surface.

EXPERIMENTAL

Thin film deposition and characterization: The method
used is ultra spray pyrolysis method (SONOTECH TOP 5300).
The number of processes that occur during the deposition of
thin films by ultra spray pyrolysis method are: atomization of
the precursor solution, transportation of the droplet, spread
on the substrate and evaporation. Some of the atomizers used
in the ultra spray pyrolysis method are: ultrasonic, air blast
and electrostatic. The atomizer used is ultrasonic type, thereby
making it a distinctive ultra-spray pyrolysis technique.

The parameters which play vital role in the spray pyrolysis
method are dimensions and shape of the nozzle, the precursor
used and its concentration, rate of flow of the solution, distance
between the substrate and the nozzle orifice, temperature of
the substrate and spray time. The thin films were deposited by
controlling all the above parameters and finding the optimum
condition to get adherent and homogenous films. The optimal
parameters followed for the deposition were: distance between
the substrate and the nozzle: 20 cm, dried compressed air 5 N
cm?, rate of flow of the solution: 0.38 mL/s, quantity of the
solution used: 50 mL and the precursor used ammonium
molybdate tetrahydrate (chemically pure 99.3%)

The system used by ultrasonic atomizer. The thin films of
molybdenum oxide were deposited onto the glass substrate
using the ultra-spray pyrolysis method. Ammonium molybdate
tetrahydrate powder (AR grade Loba Chemie) was dissolved
in double distilled water at room temperature. The precursor
concentrations of 0.05 M, 0.025 M and 0.0125 M were
prepared and studied. The samples deposited for various
concentrations 0.05 M, 0.025 M and 0.0125 M were denoted
by M1, M2 and M3, respectively. The chemical reaction is as
follows:

(NH4)6M07024'4H20 + HzO —
7MoO; (film) + 6NH;T + 8 H,OT

Rigaku Miniflex 300 X-ray diffractometer was used to
obtain the XRD of the synthesized MoO; films. The absorption
spectra of the thin films was recorded using UV-visible JASCO
V-630 at room temperature.

Photocatalytic activity: The photocatalytic activity was
evaluated by methylene blue reduction using UV light (100
watt UV lamp wavelength of 365 nm) in aqueous media.
Methylene blue solution at 100 mg/L concentration was taken
in a closed container and mixed with a thin film sample and
exposed to UV lamp at distance of 12 cm for 2 h at room
temperature with the control experiment carried out in a dark
environment. Sample of solution were drawn at 10 min interval
and decolorization of methylene blue solution was detected
spectrophotometrically. The experiment was conducted to
evaluate the photolysis reaction in the absence of a catalyst
and the presence of UV light. Effect of changing concentrations
i.e. 0.05M, 0.025 M and 0.0125 M of MoO; were studied.

The results of photodegradation of methylene blue dye
was calculated based on equation below, in which the initial
concentration of methylene blue (C,) and the concentration
after the irradiation time (C,).

Photodegradation (%) =

S ~Civi00
CO

Antibacterial activity: A bacterial suspension (50 puL)
of Pseudomonas aeruginosa ATCC 9027/NCIM 2200 with
2 x 10*® CFU/mL was spread over 2 cm x 2 cm area on test
thin film prepared by deposit in 0.05 M, 0.025 M and 0.0125
M and designated as M1, M2 and M3, respectively. After
drying, the surface was scrapped using sterile swab moistened
with sterile saline and then suspended in 1 mL saline, vortexed
for 1 min. The suspensions were mixed with molten Muller
Hinton agar and plated. The colonies were counted after 24 h
incubation at 37 °C. The cell count was taken after 1, 6, 10 and
96 h as described by Picarra et al. [23].

RESULTS AND DISCUSSION

XRD studies: Molybdenum oxide is an n-type transition
metal oxide and has exceptional properties with relatively wide
band gap of 3.1 eV. It has three common crystalline phases a,
B and hexagonal. The diffracting angle for XRD was varied
between 10 to 80°. The obtained XRD patterns were confirmed
with the standard JCPDS card file no. 005-0508. Films obtained
were polycrystalline with well defined peaks along the 0 2 0,
04 0and 0 6 0 planes.

From the XRD patterns, it is evident that (0 4 0) plane
appears with relatively higher intensity. Moreover minor peak
along (0 2 1) plane is also observed. The grain size was found
to be 43 nm, 46 nm and 49 nm for the samples 0.05 M (M1),
0.025 M (M2) and 0.0125 M (M3) solutions. The XRD spectra
of the films obtained did not reveal (0 k k) orientations but
only (0 k 0) orientations representing pure 0.-MoQO; phase films.
The films grown at 350 °C show predominantly (0 k 0) orien-
tation. In Fig. 1, the lines at (020), (040) and (060) are clearly
observed. It appears that these films grow with their planes
parallel to the surface of the substrate [25]. The films obtained
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Fig. 1. XRD patterns of MoOs films obtained at 250 and 350 °C

at 250 °C were crystalline (Fig. 1a) but did not enhance the
optical properties. It is observed that the films grown at 350 °C
have shown good crystallinity and films grown at 150 °C were
found to be amorphous. The increase in substrate temperature
for the precursor enhanced the formation of the single phase.
As the atom mobility increased, the phase 0.-MoOj; having the
greater thermodynamic stability was obtained. From Fig. 1, it
is observed that for the low concentration of the solution the
performance of the thin films improved.

The variation in the average crystallite size with the varia-
tion in the substrate temperature is tabulated in Table-1. As
the substrate temperature increased from 250 to 300 °C, the
crystalline size decreased owing to the recrystallization of MoO;
[25]. At higher concentration of MoOsi.e. at 0.05 M, crystallite
size reduced to 43.3 nm while at lower concentration size was
49.6 nm. This may be due to higher concentration of MoOs.

Absorbance: To record the absorption spectra of thin films
prepared UV-visible JASCO V-630 spectrophotometer was
operated in the wavelength range 220-1100 at room tempera-
ture. It is observed that molybdenum oxide thin films prepared
by ultra spray pyrolysis technique have a direct gap as indicated
by linear rise near absorption edge [26]. Fig. 2 shows the plots
of (athv)* versus (hv) for the MoO; thin film samples prepared
for different molarities. The band gap energy value can be
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TABLE-1
EFFECT OF SUBSTRATE TEMPERATURE
ON CRYSTALLITE SIZE
Deposition Average crystallite size (nm)
temperature (°C) 0.05 M 0.025M 0.0125 M
150 NA NA NA
250 53.8 58.4 65.2
350 43.3 46.6 49.6

*NA indicated thin film formed in cracking form

estimated by the extrapolation of linear portion of the curve to
the zero-absorption coefficient. The experimental value of band
gap varied from 3.01 to 2.51 eV when the molarity of the
solution was changed. For 0.05 M the energy gap is 2.51 eV
while it increased to 2.62 eV for 0.025 M until it increased to
3.01 eV for 0.0125 M. This increase in E, with decrease in
molarity can be due to the partial fulfilling of oxygen vacancies.
As the molarity of solution increased, the E, value started to
decrease till 2.51 eV as the oxygen vacancies are more [26].
This opens up the possibility to construct MoOs thin films with
low concentration with optical properties, which can be tuned
using the ultra spray pyrolysis method.

FESEM studies: The FESEM images of nanostructures
formed with different morphologies were obtained for samples
of different molarities (Fig. 3). In this study, grain structures
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Fig. 2. Plot of (cthv)? versus (hv) of samples M1, M2 and M3
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Fig. 3. FESEM images for samples (a) M1, (b) M2, (c) M3 and (d) EDAX for sample M3

of two different types were observed for molybdenum oxide
films obtained. One is the spherical type of structure while the
other in the form of nanorods; average rod width for M3 sample
was found to be 93.38 and for M2 sample 56.34. Although the
geometry of granular structures differed, the film coating was
uniformly speeded over the entire area of the glass substrate.
Cheng et al. [27] reported that the photocatalytic perfor-
mance of catalysts is also mainly dependent on the morpho-
logy. Rough surface and pores facilitate higher adsorption in
catalysts and thereby providing more available vigorous sites
for photocatalytic reaction. Also, it has been reported that tensile
strain in thin films stimulates the growth of longer nanorods
while compressive strain favours the formation of compara-
tively smaller nanorods [28]. It was noted that smaller concen-
tration inhibited tensile strain hence there was formation of
nanorods while for higher concentration compressive strain
increases hence it did not exhibit formation of nanorods.
Photocatalytic studies: The photocatalytic activity of
0.05 M, 0.025 M and 0.0125 M of MoO; was conducted by
the photodegradation of methylene blue. The total reaction
time was 120 min. During the photodegradation of methylene
blue, changes in the reaction were recorded by the absorption
spectrum. Methylene blue showed the maximum absorbance
band at 664 nm and the decrease in its intensity indicated that
dye was degraded by UV irradiation gradually. a-MoOs is
considered a best photocatalyst due to its layered anisotropic

structure due to its band gap of 2.9 eV, which means that the
4d, conduction band of molybdenum is considered vacant and
its valence band is composed mainly of O 2p states [29-31].
Observed results are interpreted in Fig. 4. For 0.0125 M
concentration, the degradation efficiency was 82%, further it
was reduced to 74% and 60% for 0.025 M and 0.05 M MoOs3
samples, respectively. The adsorption and subsequent photo-
degradation presented a good performance. For 0.025 M and
0.05 M MoO; samples, photodegradation efficiency was decre-
ased monotonically as concentration of MoO; has increased.
Various studies have suggested that photocatalytic activity of
MoO; removes methylene blue and may be accounted to the
formation of photogenerated pairs and consequent formation
of superoxide anions, O," and hydroxyl radical species, OH".
These electrons and hydrogen ions will react with oxide
radicals to form product hydrogen peroxide which in turn help
to form the OH" (hydroxyl radical). This formed radical will
then degrade the methylene blue adsorbed on the thin film.
The photochemical reactions are detailed below [32-34];

MoO;+hv——> e +h*
h* + H,O—— H* + OH’
e+0,— 0,"

0, +e +2H"'— H,0,
H,0, +e — OH" + OH"
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Fig. 4. Variation in photodegradation efficiency with respect to concentration

0.0125

The photodegradation activity for MoOs film indicated
that the film at 350 °C with 0.0125 M concentration showed
better photocatalytic activity and can be used for various photo-
catalytic applications as an attractive material.

Antibacterial activity: The thin films prepared using
molybdenum oxide showed inhibitory activity towards P.
aeruginosa in time dependent manner upto 96 h of time and
varied with changing concentration. Inhibitory action of thin
films can be concentration dependent and increased with chan-
ging concentration of MoOs i.e. 0.05 M, 0.025 M and 0.0125 M.
Antibacterial activity was time dependent and was found to
be highest at 6 h contact time between test Pseudomonas and
MoOs thin film. For higher concentration the antibacterial
activity was not quite significant, hence was not considered.
Inhibitory action increased with decrease in the concentration
of MoO:s. Further, the coating is efficient in reducing viable
cell number as fast as in 6 h of contact time. In addition to the
inhibitory activity of coating, drying is additional factor that
may affect the cell viability on glass surface. Increasing the
time of exposure causes drying of the coated surface and reduces
water available to bacterial cells that form extra stress condition
for cell survival. No drastic reduction in bacterial cell count
was noted when the contact time was extended to 10 h, 96 h,
although minimum inhibitory activity was reported (Fig. 5).
The antibacterial activity can be accounted to morphological
structure of nano crystals. The perfect rodshaped nano crystals
were formed with increasing the temperature and are active
against bacteria [35]. However, no inhibitory activity was seen
against spores of Bacillus, which germinated forming colonies
and mat lawn on plating.

1.4
1.2
l Antimicrobial activity of M2; MoO,0.05 M
1.0
l Antimicrobial activity of M3; MoO,0.125 M
0.8
0.6
0.4
0-2 I
.l u . ]
1h 6h 10h 96 h

Fig. 5. Antibacterial activity of MoOs thin film agains P. aeruginosa

Conclusion

MoO:; thin films were obtained using ultra spray pyrolysis
technique on glass substrates with molarity changing from
0.0125 M to 0.05 M at constant temperature of 350 °C. Highly
crystalline MoOs thin films at comparatively low temperature
as reported to others, Few literature reported crystalline films
at much higher temperatures by the distinctive ultra spray pyro-
lysis technique. The films exhibited orthorhombic structure at
250 °C as well as 350 °C. The band gap energy was found to
be increased for low concentration of the solution. For 0.0125
M, the band gap energy was found to be 3.01 eV. The photo-
degradation efficiency at 0.0125 M at 350 °C was higher than
other studied concentrations. The spray pyrolysis deposited
thin films of molybdenum oxide showed antibacterial activity
against P. aruginosa 9027ATCC and appeared to be promising
method to protect inanimate surfaces against the bacterial
contamination. This study highlights the need to check the
activity of nanomaterial against the dormant forms of bacteria.
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