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One-dimensional molybdenum trioxide nanostructures were prepared in three different approaches,
including thermal, microwave, and sonochemical methods. The physicochemical properties of the
obtained MoO3 nanoparticles were investigated by diffused reflectance spectroscopy, X-ray diffraction
analysis, field emission scanning electron microscopy, high resolution transmission electron microscopy,
and Brunauer-Emmett-Teller surface area analysis. Among the methods as investigated, sonochemical
synthesis gave well-dispersed fine MoO3 nanoparticles compared with the other approaches. All the
synthesized MoOs nanostructures were examined for the catalytic ozonation to degrade azo dye in
aqueous environment. Different performances were obtained for the catalyst prepared in different
methods and the catalytic efficiencies were found to be the order of sonochemical, microwave, and then
thermal methods. The sonochemical MoOs catalyst allowed the total dye removal within 20 min and its
good performance was justified according to their higher surface area with higher number of active sites
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that provide effective dye interaction for better degradation.
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1. Introduction

In recent years, numerous inspired schemes and pathways have
been developed for the synthesis of transition metal oxide
nanomaterials. These materials have been the focus of passionate
research because of their potential applications in diverse fields of
technology [1-3]. Among the intriguing transition-metal oxides,
molybdenum oxides and its derivatives are extensively attractive
due to their unique structural and optical properties [4-7].
Although molybdenum has oxidation states ranging from +2 to
+6, oxides exist mainly in two forms, such as molybdenum (IV) and
molybdenum (VI) oxide [8]. The existence of metal-like electronic
conductivity of molybdenum (IV) oxide has formulated them as
promising materials in energy related applications [8-10].
Molybdenum (VI) oxide (MoOs3), a wide band gap n-type
semiconductor with distinctive electrochromic, thermochromic,
and photochromic properties, has been widely investigated as
smart materials for catalysis [11,12], sensors [ 13-15], lubricants [5],
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lithium battery [16-18], organic solar cells [19,20], and display
materials [21]. Generally molybdenum (VI) oxide exhibits in three
forms, including orthorhombic (a-MoOs3), monoclinic (3-MoOs),
and hexagonal (h-Mo0Os3) [22-24]. The meta-stable 3-MoOs and h-
MoOs were intensively investigated than the thermodynamically
stable a-MoOj3 due to their excellent physicochemical properties
[25,26]. It is literally known that phase purity of MoOs relied on the
adopted synthetic procedure and experimental conditions [26,27].
Considerable progresses have been accomplished recently for the
size and phase controlled synthesis of MoOs; with optimized
catalytic properties [13,28]. Methods, such as flame synthesis [29],
thermal evaporation [30], sputtering process [31], chemical vapor
deposition [32], hydrothermal [13,21,27,33,34], infrared irradiation
[35], microwave methodology [36], electrochemical process [37]
and sonochemical approach [7,38], have been noted for the
successful synthesis of MoOs; nanostructures. However, the study
on the synthesis of MoOs nanostructures in different approaches
and their comparison for a catalytic process is still limited and
there remains much interest. Therefore, we attempted to prepare
MoOs nanostructures in this study by using three different
methods, including hydrothermal, microwave, and sonochemical
methods. This approach offers an opportunity to compare the
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influence of experimental methods on physicochemical properties.
In addition, their catalytic properties were examined for the
heterogeneous catalytic ozonation of orange II dye. To the best of
our knowledge, there is no report available for the degradation of
orange II dye under MoOs assisted catalytic ozonation processes.

2. Methodology
2.1. Materials

Ammonium heptamolybdate tetrahydrate (NH4)sMo050,4-4H,0,
nitric acid, and ethanol were purchased from Merck chemicals.
Orange Il was purchased from Acros chemicals. All the reagents and
chemicals used in this study were used as received without further
purification.

2.2. Instrumental

Microwave reactions were carried out in CEM Discover
microwave system (300 W) equipped with in-situ magnetic stirrer
and programmable microwave exposure time and temperature.
The preset profile (desired time and temperature) was followed by
automatically adjusting the applied microwave power. A horn type
(20 kHz SONICS sonifier) with a tip diameter of 1 cm was used for
carrying out sonochemical synthesis. The X-ray diffraction (XRD)
patterns were recorded using Rigaku Ultima III diffractometer
(Japan) with Cu-Ka1 radiation in the scan angle range from 10° to
90°. The morphologies of the catalysts were examined by using
JEOL ]JSM-7401F field emission scanning electron microscope
(FE-SEM). Prior to FE-SEM measurements, the samples were placed
on conductive carbon ink and then gold sputtering was performed.
High resolution transmission electron microscopic (HR-TEM)
images were recorded using JEOL JEM-2010 model. Samples for
HR-TEM were prepared as follows: a small amount of samples
were mixed with ethanol and ultrasonically dispersed for 5 min. A
drop of this suspension was placed onto the copper grid and then
drying in air. The UV-vis diffuse reflectance spectra were recorded
using Shimadzu UV-2600 spectrophotometer with integrated
sphere attachment and barium sulfate as a reference. The
absorbance of the dye was also measured by using the same
instrument with universal liquid cell attachment. In addition, the
Brunauer-Emmett-Teller (BET) surface area, pore size, and pore
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Fig. 1. Solid state UV-vis spectrum of MoOs nanoparticles synthesized in (a)
thermal, (b) microwave, and (c) sonochemical method. Inset shows the bang gap
graph obtained from UV data.

volume of the catalysts were measured by nitrogen adsorption
method using Micrometrics ASAP-2020 instrument. Prior to
analysis, 0.5 g of powder was degassed at 120°C for 15h.

2.3. Synthesis of MoO3 nanoparticles

MoOs nanoparticles were prepared according to the procedure
reported in the Ref. [13,34] but with a slight modification in the
current study. Briefly, 10 mL 0.2 M of ammonium heptamolybdate
tetrahydrate was used in the beaker and stirred for 10 min to obtain
a clear solution. Then 5mL of concentrated HNOs; was added
drop-wise to the above solution and stirred for 10 min. This mixture
was served as the common solution for all synthesized methods. For
hydrothermal method, the mixture was transferred to the autoclave
and heated to 100°C for 2 h. The heating rate was maintained at
10°Cmin~". After 2 h of heating, the autoclave was allowed to cool
down to room temperature. The resultant mixture was centrifuged
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Fig. 2. X-ray diffraction patterns of MoO5; nanoparticles prepared in (a) thermal, (b) microwave, and (c) sonochemical methods.
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Fig. 3. (a) and (b) SEM images, (c) TEM image, (d) SAED patterns, and (e) EDS spectrum of the MoOs nanoparticles synthesized in thermal method.

and washed several times with water and finally washed with
ethanol. The final product was dried at 70 °C in the oven for 12 h. For
microwave method, freshly prepared initial solution was irradiated
by the microwave for 10 min with a power of 70 W at 100 °C. Cooling
was then maintained throughout experiment. The final white
precipitate was filtered and washed several times with water and
finally with ethanol. The final solid white powder was dried in oven
for 12h at 70°C. For the sonochemical method, freshly prepared
initial solution was sonicated in a horn type ultrasonicator for 1h
with an amplitude of 30% and pulse cycle of 55s on and 5 s off. The
final milky white solution was centrifuged and washed several times
with water and finally with ethanol. The final solid white powder was
dried in the oven for 12 h at 70°C.

2.4. Evaluation of catalytic activity

A 500 mL capacity borosilicate glass reactor was used for the
catalytic ozonation experiments. The degradation of orange Il was

carried out at ambient conditions (25 42 °C) and natural pH (7.0).
The amount of catalyst and orange II dye used for all the
experiments was the same (250mg per 250 mL of 1.0 x 107*M
dye in aqueous solution). Prior to ozonation experiments, the dye
solution was stirred for 30 min with the catalyst to ensure
adsorption/desorption equilibrium. Ozone was purged to the
dye solution through a porous fritted diffuser that can produce
fairly fine bubbles with diameter less than 1 mm. Ozone was
produced from pure oxygen by corona discharge using an ozone
generator (ESCO). The gas flow rate was regulated at 50 mL min !
by a mass flow controller (Brooks 5850E) and the inflow ozone
concentration was adjusted to 5mgL~'. The gaseous ozone
concentrations were determined spectrophotometrically by the
absorbance of ozone measured in a 2mm flow-through quartz
cuvette at the wavelength of 254nm. A small amount of the
experimental solution was withdrawn at a regular time interval
and the degradation was followed by using UV-vis spectropho-
tometer at the absorbance maximum around A,.x=485nm. For
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Fig. 4. (a) and (b) SEM images, (c) and (d) TEM images, (e) HR-TEM image, and (f) SAED patterns of the MoOs nanoparticles synthesized in microwave method.

catalytic experiments, the catalyst was removed prior to the
analysis by centrifugation at 5000rpm followed by filtration
using a 0.45 wm polyvinylidene fluoride (PVDF) syringe filter. The
linear relationship between —In(C/Cp) vs. irradiation time gave the
first-order degradation kinetics.

3. Results and discussion
3.1. Characterization of the MoO3 nanoparticles

Optical properties and electronic structural features of the
synthesized MoOs3; nanoparticles were analyzed by solid state
UV-vis absorbance spectroscopy. Fig. 1 shows the diffused reflec-
tance spectra (DRS) of MoOs nanoparticles prepared in thermal
(Fig. 1a), microwave (Fig. 1b), and sonochemical (Fig. 1c) methods.
Absorbance edge positions of 440 nm, 430 nm, and 410 nm were
obtained for the samples prepared in thermal, microwave and
sonochemical methods, respectively. Such different absorbance
cut values and shift in absorbance onset values could be explained
based on the well-known quantum size effect of the semiconductor

nanoparticles reported elsewhere that the wavelength decreases
with reduce in size. Furthermore, it also indicates that the samples
prepared in different methods have dissimilar sizes.

According to the inter-band absorption theory, the absorption
coefficient near the threshold vs. incident energy can be related to
the following relation [39]

(ahy) = Ay (hy — Eg)"

where, A, is the probability parameter for the transition and E; is
optical energy gap. The coefficient ‘n’ is equal to 1/2 and 2 for
allowed direct transitions and indirect transitions, respectively.
Since (achy)'/? does not give a linear relationship, it suggests that all
synthesized MoO; nanoparticles have a direct gap. The E; value
corresponding to direct band gap transitions can be given by,

(ahy)® = A(hy — Eg)
The linear region of (achy)? vs. h, graph (inset of Fig. 1) was fitted

and the energy gap (Eg) values were derived from the slopes of the
plot. MoOs nanoparticles synthesized in thermal method show the
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Fig. 5. (a) and (b) SEM images, (c¢) and (d) TEM images, (e) HR-TEM image, and (f) SAED patterns of the MoOs; nanoparticles synthesized in sonochemical method.

energy gap of 3.05eV, which is in accordance with the
values reported literally. However, the microwave method for
synthesizing MoOs nanoparticles gave a slight increase in energy
values (3.11 eV), whereas the MoOs nanoparticles obtained from
sonochemical method gave the highest band gap energy (3.25eV).
This could be resulted from the quantum confinement effect of
smaller sonochemical product.

The phase and crystallographic structures of the synthesized
MoOs nanoparticles were examined by X-ray diffraction (XRD)
analysis. Fig. 2(a-c) shows the typical XRD patterns of the MoO3
nanoparticles obtained using different methods. The high degree
of crystallinity was confirmed from the well-defined sharp peaks
and all the three spectra were found to be as similar to each other.
The diffraction patterns are good in agreement with the hexagonal
phase MoOs; with lattice parameters of a=10.53 A and c=14.876 A
(JCPDS card no. 21-0569, space group P63). No obvious diffraction
patterns for other phases were found in all the three samples,
indicating the phase purity of the synthesized products. The
observed peak broadening is attributed to the size and strain effect.
The crystallite size can be estimated from the full width half
maximum (FWHM) values obtain from the predominant (021)

diffraction peak at 25.7 according to the following Debye-Sherrer
equation

kA
Bk €0

where K is the shape factor (0.9), A is the wavelength of
Cu-Ka1 radiation (1.5406A), and 6y is the Bragg diffraction
angle. The calculated crystallite size was around 94, 86, and 64 nm
for MoOs obtained in thermal, microwave, and sonochemical
methods, respectively. Sonochemical reactions arising from
acoustic cavitations phenomena [40] are the reason for the
formation of relatively smaller sonochemical MoOs.

Surface morphological changes were investigated by using
scanning electron microscopy and transmission electron micro-
scopic analyses. Fig. 3a and b shows the FE-SEM images of MoOs
samples obtained from the thermal method. It is clearly seen that
the sample consists of uniform hexagonal rod-like morphology. A
representative TEM image of the sample is depicted in Fig. 3c,
which obviously shows the formation of rods with few hundred
nanometers thickness and few micrometers in length. Selected
area electron diffraction (SAED) analysis was also conducted

Dy =
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Fig. 6. BET surface area analysis of the MoO3 nanoparticles prepared in (a) thermal, (b) microwave, and (c) sonochemical methods.

(Fig. 3d) and it shows the crystalline dotted patterns as an evident
for the formed hexagonal phase. The energy dispersive X-ray
spectroscopy analysis (EDS) also confirmed the elemental
composition of MoOs; and no other impurity was detected. The
FE-SEM (Fig. 4a and b) and TEM analysis (Fig. 4c and d) of
microwave synthesized MoOs nanoparticles also shows similar
hexagonal rod-like morphology. However, their rod thickness was
slightly decreased (200-300nm) compared to thermal prepared
MoOs. The clear lattice fringes of MoOs; can be observed from
HR-TEM analysis. In addition, SAED patterns show crystalline
dotted patterns corresponding to hexagonal MoOs. SEM images of
sonochemically synthesized MoOs; nanoparticles are shown in
Fig. 5a and b. Comparing to SEM images of thermal and microwave
synthesized MoO3; when ultrasound irradiation was used, finely
distributed rod-like MoO3 nanoparticles with shortened width and
length was obtained. TEM analysis further confirmed the dispersed
growth of rod-like MoOs crystallites (Fig. 5¢ and d) with the
approximate diameter of 50-70 nm and the approximate length of
200-400 nm. HR-TEM analysis (Fig. 5e) shows the clear lattice
fringes of crystallographic planes corresponding to the hexagonal
phase. Furthermore, obtained crystalline dotted SAED patterns
(Fig. 5f) support the formation of hexagonal MoOs nanoparticles.
Although crystalline phase change cannot be observed by using
different synthesis methodologies, it reflects on the change on
crystallite sizes, which critically influence their surface area and
provide a potential requirement in catalysis reaction.

The specific surface areas of the prepared MoOs nanoparticles
were presented as Brunauer-Emmett-Teller (BET) surface areas in
Fig. 6. The surface area measurements gave the surface areas of
043m?g ', 1.15m?g !, and 4.85m? g~ ! for the MoO5 synthesized
in thermal, microwave, and sonochemical methods, respectively.
Comparatively, MoO3 obtained from sonochemical method shows
a higher surface area than the other methods. This result is
consistent with the findings in crystallite size changes.

3.2. Catalytic ozonation of orange II dye

The catalytic activities of the prepared MoOs nanoparticles
were evaluated for the catalytic ozonation of orange II dye in
aqueous environment. The color removal rate of orange Il dye as a
function of reaction time is shown in Fig. 7. For comparison, the

color removal experiment in the absence of MoOs; catalyst was also
conducted, where the color removal increases with increasing
reaction time and reaches around 50%. In general, the color
removal is attributed to the breaking of azo bond present in the dye
molecule. As the results of direct ozonation and hydroxyl radicals
formed from ozone decomposition [41], the oxidation of dye
molecules takes place. In addition, Fig. 7 also shows the color
removal of orange Il in the presence of ozone and MoOs
nanocatalyst prepared by thermal, microwave, and sonochemical
methods, respectively. It is clearly seen in Fig. 7 that color removal
is completely achieved in the similar reaction time of 30 min in all
MoO3 catalyzed ozonation experiments. MoOs; nanoparticles
obtained from thermal and microwave method can initiate the
catalytic degradation reactions and result in complete color
removals in 30 min and 25 min, respectively. Whereas in the case
of sonochemical MoOs; catalyzed experiments, a very fast
degradation was achieved and complete color removal was
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—h— 0,-MoO -Thermal
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—— 03M003-Mic rowave
—v— Oa—MoOS—S onochemical
L 0.5
(@)
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Fig. 7. Color removal plot for the degradation of orange Il dye in absence and
presence of MoO3 nanoparticles prepared in different methods.



190 A. Manivel et al. / Materials Research Bulletin 62 (2015) 184-191

o o =g =0 =0 °=O, 0_+°OH

i & | ]I 0, | | s

OH OH OH 4 OH OH . OH OH
wnemgn mgm mgn

Fig. 9. Hydroxyl radical production by the interaction of ozone with MoOs.

brought out in a shorter time, 20 min. The color removal in the
presence of catalyst without ozone was also carried out as separate
experiment and insignificant degradation was noticed. The
degradation kinetics of the orange II dye was also investigated
by fitting the experimental data with Langmuir-Hinshelwood
model. Fig. 8 shows the plot of -In(C/Cy) against time ‘t" which
furnished a straight line fit with the correlation coefficient close to
unity (r*=0.99), indicated that the kinetics of the degradation
reaction was followed first-order rate law and the apparent first
order rate constants were calculated from the slope of the plot. The
degradation rate constant values of 2.775 x 10~4s~1, 1.160 x 103
s7! 1323x1073s7!, and 1.656 x10~3s~! were obtained for
without catalyst and with MoOs catalyst prepared in thermal,
microwave, and sonochemical method, respectively. The degrada-
tion kinetic rates increased when MoOs catalysts were used and
this may be attributed to the enhanced generation of hydroxyl
radicals on the catalyst surface to initiate and promote the
degradation of orange II [42]. The quantity of hydroxyl radical
generation and dye adsorption depends on the number of active
sites and oxygen vacancies present on the catalyst surface, which
greatly depends on the adopted synthetic procedure of the
catalyst. Although we use the similar starting materials for the
preparation of different MoOs catalysts, sonochemical method can
produce the MoOs nanoparticles with smaller size and high surface
area than the other thermal and microwave methods. In addition,
extreme sonochemical conditions would generate higher number
of active sites accompanied by the production of more surface area
of the catalyst for effective dye interaction. Therefore, ozone
molecules could combine with the surface OH functional groups on
the catalyst and accelerate the reactive radical formation that
enhances the degradation rate [43]. The pathway of hydroxyl
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Fig. 8. Plot of —In(C/Cy) vs. time for the degradation of orange II dye in absence and
presence of MoO3; nanoparticles prepared in different methods.

radical production was proposed by the interaction of ozone with
the MoOs catalyst as shown in Fig. 9.

4. Conclusions

In this study, we have effectively synthesized MoO;
nanoparticles using thermal, microwave, and sonochemical
methods. Their catalytic ozonation abilities were successfully
demonstrated for the degradation of an azo dye orange II. The
effects of synthesis methodology on the physicochemical
properties of the synthesized nanoparticles were analyzed and
discussed. Hexagonal rod-shaped MoOs; nanoparticles were
obtained in all procedures as used and the change in methodology
would not bring out any change in crystalline phase changes, but
change in crystallite size has been substantially noticed. The
catalytic ozonation experiments indicate that MoO3 nanoparticles
prepared in sonochemical method gave higher color removal and
degradation rate than the microwave MoOs, thermal MoOs,
and ozone alone. Nearly 6 fold enhancements in degradation rate
was observed when using sonochemical MoOs; nanoparticles
while thermal and microwave produce nearly 4 and 4.7 fold
enhancement than ozonation without catalyst. The higher
degradation rate may be attributed to the improved generation
of active radicals on the MoOs catalyst surface and also the
enhanced surface area of sonochemical MoOs with higher number
of active sites can provide effective dye interaction for the
enhanced degradation rate of dyes.
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