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Abstract: It has been studied that both two-dimensional
(2D) MoS, and V,0s5, which are classified as transition metal
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dichalcogenides and transition metal oxides, are good
photocatalyst materials. For this purpose, the hydrothermal
method was practiced to synthesize V,053-yM0Sy) (X =
1-5% w/w) nanocomposites with different 1-5% w/w weight
percent of MoS, as a prominent photocatalyst under laser
irradiation for 2, 4, 6, 8, and 10 min to tune photocatalytic
degradation of industrial wastage water. The surface of the
2D molybdenum nanolayered matrix was efficaciously
decorated with V,05 nanoparticles. The crystal phase
and layered structures of the V,05¢-,)M0Sy) (X = 1-5%
w/w) nanocomposites samples were verified by X-ray
diffraction and scanning electron microscopy, atomic
force microscopy, X-ray photoelectron spectroscopy
respectively. In the range of the UV visible spectrum,
the increment in light absorption from 3.6 to
14.5Q'cm™ with an increase of active surface from
108 to 169 um? with increased MoS, doping percentage.
Furthermore, dielectric findings like the complex dielec-
tric function, tangent loss, electrical conductivity,
quality factors, and impedance of V;,054-xn)M0S;,) (X =
1-5% w/w) nanocomposites are studied. According to
photoluminescence studies, the intensity of peaks
decreases when laser irradiation time and doping per-
centages of MoS, are increased. As a result, a small peak
indicates a decrement rate of electron-hole pair recom-
bination, which increases the capacity for separation.
Thermo-gravimetric analysis and differential thermal
analysis results revealed that weight loss decreased
from 0.69 to 0.35mg and thermal stability increased
with increased doping concentrations. Methylene blue
was degraded in 150 min, proving that the prepared
MoS;-doped V,05 material was a stable and economically
low-cost nanocomposite for photocatalytic activity.

Keywords: laser irradiation, MoS,-doped V,05 nanocompo-
sites, 2D heterostructure, photocatalytic applications
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1 Introduction

The world population is increasing, so clean, purified
drinkable water demand is also increasing day by day
because clean water is essential for the survival of human
life. The establishment of industries is also increasing to
fulfill the requirements of the global population necessary
daily life things but their effluent contains different
organic and inorganic pollutants that affect the quality of
drinking water and eventually disturb the environment
and ecology system [1,2]. Among the different pollutants
of industrial discharge, non-biodegradable organic and
inorganic dyes are one of the effluents that cause water
pollution, which can have serious repercussions. To
address this serious problem, different physical, chemical,
and biological techniques were used to treat the water;
however, these efforts failed due to the hazardous contami-
nants could not be fully mineralized or expensive setup [3].
The failure of all approaches has caused researchers to
focus on the creation of simple, affordable, and innovative
techniques that have the potential to completely remediate
wastewater [4,5]. Consequently, photocatalysis based on
the advanced oxidation process has emerged as an efficient
and promising approach for the degradation of both
organic and inorganic pigments [6]. For photocatalytic
applications, researchers have focused on heterostructure
two-dimensional (2D) transition metal dichalcogenides
(TMDs) and transition metal oxides (TMOs) such as phos-
phates, sulfides, carbides, and nitrides [7-9].

The diverse range of applications of TMOs in super-
capacitors, sensors, transistors, and photocatalysis has gar-
nered significant interest. Vanadium pentoxide (V,0s) is
among the most extensive and potential materials consid-
ered as a TMOs. V,05 is a common TMO material that has
good ion or molecular interaction, is inexpensive, naturally
abundant, and has a high guest cation density [10,11]. How-
ever, low electrical conductivity, sluggish electrochemical
kinetics, poor electrochemical stability, and substantial
volume expansion during cycling are problems with bulk
V,05 with dense shapes [12].

Among the various 2D photocatalyst materials, layered
structured molybdenum disulfide (MoS,) has attained the
most attention due to earth-abundant composition,
increased stability, and proficient activity to the improve-
ment of various MoS,-based photocatalysts [13]. Neverthe-
less, the transition metal sulfides’ reduced stability and
active surface sites severely limited their efficiency to func-
tion as effective photocatalysts [14,15]. Therefore, MoS,, in
combination with other materials, like V,0s, forms hetero-
interfaces that benefit from the abundance of V=0 and
can enhance active intermediates (OOH*) by controlling
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the valence electron structure of V element and stabilizing
the oxygen sites within the atomic network [16]. This is
made possible by the subsistence of multivalent states of
the V element. TMD materials such as MoS, with the gen-
eral formula AX, where A is a transition metal such as Ni,
Cr, Co, Ru, and Mo, and X indicates Te, Se, or S. Many
studies have been found to reduce MoS, limitations by
creating a composite or heterogeneous structure to reduce
recombination rates, increasing conductivity by inclusion
with anion, and charge carrier transformation [17,18]. The
chemical formulation of MoS, is about 59.94% molyb-
denum (Mo) and 40.05% sulfur (S) with weight percentages,
respectively. MoS, is 5.069 g cm™ denser and possesses a
molar mass of about 160.07 g mol~*. MoS, can produce dry
lubricating coating and generally possesses outstanding
chemical and thermal stability [19,20]. The catalytic activity
of MoS, nanoparticles (NPs) is highly conductive, and their
physical characteristics are outstanding [21]. MoS, is more
reactive, has a greater adsorption capacity, and has a
larger active surface area than bulk materials. Although
MoS, material is stable in aqueous conditions, its applic-
ability in the solar spectrum is limited. An excellent photo-
catalyst must have the following essential characteristics:
maximal absorption with extensive surface active site area
in the visible light spectrum, ideal band edges for initiating
reactions, friendliness toward the environment, cheap
cost, good stability, and sustainability [22-25].

When V;05-,)M0S; (X = 1-5% w/w) nanocomposites
are bombed with a radiant light source (450 nm continuous
diode laser), the nanocomposites resistance becomes less
intense with small resistance to the nanocomposite pellets.
Excessive exposure to laser beams leads to tuning the dis-
tinctive properties [26]. The higher binding rate is due to
the higher energy given through laser exposure to the
nanocomposites, causing its chemical and structural
changes. The restructuring process may be enhanced by
incorporating MoS, NPs into the V,0s matrix for light
absorption due to tuning of energy bandgap.

Here, in the present research, the hydrothermal tech-
nique was used to synthesize 2D-layered heterostructure
V20501-M0S, (X = 1-5% w/w) nanocomposites with high
uniformity, homogeneity, and controllable size. The
novelty of this study is that a continuous diode laser has
been used to irradiate MoS,-doped V,05; nanocomposites
for 2, 4, 6, 8, and 10 min, respectively, to tune various prop-
erties by reconstructing material layers for enhancement
of photocatalytic applications. According to photocatalytic
studies, the large active sites for light absorption, decrease
in the electron-hole pair recombination rate, and increase
in charge transportation, respectively, enable the as-pre-
pared V,0s5¢-,nM0Syy (X = 1-5% w/w) composite catalysts
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to exhibit effective catalytic performance for water degra-
dation. When compared to its separate materials, the 2D
heterostructured layered V,05¢4-xnM0Syy (X = 1-5% w/w)
composite exhibits low over-potential and high stability.
Therefore, due to its excellent conductivity, highly exposed
catalytically active sites, and the cooperatively formed
reconstructed 2D-layered heterostructures MoS,-doped
V,0s, it exhibits superior activity that is easily reproducible
for a variety of applications such as carbon dioxide (CO,)
reduction, water splitting, hydrogen (H,) production,
nitrogen (N,) fixation, etc. Thus, synthesized layered het-
erostructures V,05-)M0S, (X = 1-5% w/w) nanocompo-
sites demonstrated exceptional increased electrochemical
characteristics and great photocatalytic applicability.

2 Experimental method and laser
setup

2.1 Preparation of sample

Hydrothermal process was used to synthesize a V;054-y
MoS; (X = 1-5% w/w) nanocomposite. For the preparation
of the MoS,-doped V,05 nanocomposite, MoS, and V,05 NPs
was prepared separately. First, dissolve 2.285 g ammonium
heptamolybdate tetrahydrate and 1.1 g thiourea in 70 mL of
de-ionized (DI) water, which was then agitated for 30 min.
With the use of a 500 mL Teflon line autoclave, the resul-
tant mixture was placed in the furnace at 180-200°C for
48h to eliminate residual solution, as shown in Figure 1.

Laser irradiated hydrothermally synthesized 2D layered heterostructure V,05(1-yM0Syy (X = 1-5%)
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After being allowed to cool to ambient temperature, the
obtained samples were cleaned with ethanol and DI water
and stored in centrifuge tubes. After being baked for 12 h at
60°C, the final MoS, precipitate samples were dried. For the
preparation of V,05 NPs, 1 g of salt ammonium metavana-
date NH,VO; was dissolved in 20 mL of hydrogen peroxide.
Furthermore, this mixture was Kept in a magnetic stirrer
for stirring for 60 min. After stirring, a homogeneous mix-
ture was obtained. The homogeneous mixture was auto-
claved for 48 h at 200°C, as shown in Figure 1. HNO; was
used to maintain the pH of the solution. The obtained
sample was placed in open air to cool. In the end, the
obtained precipitate was dried in the oven for about 6 h
at 80°C. The final product V,05; NPs was dried into nano-
powder form. For the synthesis of V;05q-xM0Syny (X =
1-5% w/w) nanocomposite, V,0s and MoS, were first
synthesized in a nanomaterial form. These nanomaterials
were dissolved in 20 mL ethanol solution. Furthermore, the
obtained homogeneous mixture was stirred using a mag-
netic stirrer for 12h at room temperature. After stirring,
the obtained product was placed in a sonicater for 2 h. The
obtained sample was dried in an oven at 60°C for 12h. In
the end, the nanocomposite of MoS,-doped V,05 precipitate
was calcinated for 3h at 250°C.

2.2 Laser exposure setup

The continuous diode laser had a maximum mean laser
power of 20 W. The continuous pulse produced visible light
with a wavelength of 450 nm, as shown in Figure 2. The
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Figure 1: Experimental diagram of hydrothermally synthesized V,05(1-)M0Sy (X = 1-5% w/w) nanocomposites.
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Figure 2: The experimental setup of laser irradiation into V,0s(-yM0Sy (X = 1-5% w/w) nanocomposite for tuning of different properties.

laser and MoS,-doped-V,05 nanocomposites pallets were
separated by 6 cm, allowing the continuous laser light to
cover almost 1 x 1 cm? of the pallet surface. The continuous
laser lights were irradiated at the MoS,-doped V,05 nanocom-
posite pallets. The duration of laser exposure was 2, 4, 6, 8,
and 10 min. Laser irradiation can tune the energy band gap
and light absorption for photocatalytic applications.

3 Results and discussion

3.1 XRD phase analysis

A Philips X-ray diffraction was used to capture X-ray dif-
fraction (XRD) patterns using Ni-filtered Cu-Ka radiation.
The average crystallite size and phase formation of laser-
irradiated pure V,05 and V;05q-5xM0Syi (X = 1-5% w/w)
nanocomposites were observed using a X-ray diffraction,
as shown in Figure 3. The crystallite sizes of pure V,05 and
MoS,-doped-V,05 nanocomposites decreased from 42.53 to
22.89 nm with increasing MoS, percentage as well as laser
irradiation exposure time, respectively, as shown in Table
1. The observed peaks at 20 values 10.12°, 16.45°, 20.15°,
24.45°, 29.06°, 33.32°, and 44.35° are well coordinated to
the (002), (200), (001), (101), (110), (400), (011), and (210)
hkl plane of MOS,-doped-V,0s5, which are in accordance
with JCPDS No. 37-1492 and No. 41-1426, respectively, as
shown in Figure 3. There were no impurity peaks, indi-
cating the purity of the V,0543-,yM0Sy09 (X = 1-5% w/w)
nanocomposites and their excellent crystalline nature.
Weight percentage increases caused the distinctive peaks
to shift toward a lower angle. The Debye-Scherrer
equation was utilized to determine the NPs’ crystallite
size [27].

KA

D= eost’ M

where f is the full width at half maximum (FWHM) of the
XRD peak that appears at the diffraction angle 6, D is
the crystallite size, 6 is the Bragg diffraction angle, and A
is the X-ray wavelength (Cu-Ka radiation = 1.54 A) [28]

A

= — 2
2sin@’

where 6 is the Bragg diffraction angle, A is the X-ray wave-
length (Cu-Ka radiation = 1.54 A), and d is the d-spacing.
Lattice constants values increased slightly due to the
increased weight percentage of MoS, in the V,05q-4
MoS; (X = 1-5% w/w) nanocomposites. Thus, an increase
in the lattice constant is associated with a lattice increment
in cell volume (V¢ep) as the weight percentage of MoS, in
the crystal structure increases.

Also, as observed by XRD peaks, the average particle size
of laser-irradiated pure V,05 and V,054-,0M0S; (X = 1-5%
w/w) nanocomposites tends to decrease, increasing surface
area and decreasing the rate at which electron-hole pairs
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Figure 3: The phase analysis pattern of laser irradiated V;,05(1-yM0Sy
(X = 1-5% w/w) nanocomposites.
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Table 1: Structural parameters of laser irradiated V,0s(1-»yM0Sy (X = 1-5% w/w) nanocomposite

Nanocomposites Irradiation time (min) 26 (°) FWHM

Miller indices (hkl) d-spacing (A) Average crystallite size D (nm)

Pure-V,05 0 13 0.1322
V20541-9»M0Sy (X = 1% w/w) 4 15 0.3685
V20541-9M0Sy (X = 2% w/w) 8 20 0.4557
V505(1-yM0Sy (X = 3% w/w) 12 26 0.7548
V505(1-9M0S (X = 4% w/iw) 16 31 0.8811
V50541-0M0Sy¢ (X = 5% w/w) 20 32 0.8956

002 2.6421 42.53
200 2.5341 36.66
001 2.34567 32.33
101 2.01489 28.44
400 1.96289 25.24
o1 1.95161 22.89

recombine. This increases photon light absorption and accel-
erates the degradation of organic dyes. As a result, photoca-
talysis would be more effective at gathering light and be
better able to break down industrial colors like methylene
blue (MB) in contaminated water.

3.2 Elemental compositional analysis (EDX)

The chemical compositions of laser irradiated pure V,0s
and V,05¢-»yMo0S;,y (X = 1-5% w/w) nanocomposites are
analyzed hydrothermally using EDX spectroscopy, as illu-
strated in Figure 4(a-f). The presence of vanadium (V),
oxygen (0), and gold (Au) with respective atomic weights
of 70.84, 28.36, and 0.80% is shown by the EDX peaks of
pure V,0s in Figure 4(a). The X-ray diffraction peaks in the
V,05 lattice system demonstrate that MoS, replacements
were successful, and this was validated by the acquired
EDX data. Vanadium (V), oxygen (0), aluminum (Al),
molybdenum (Mo), sulfur (S), and gold (Au) with atomic
weight percentages of 80.89, 16.25, 1.87, 2.09, and 0.90% are
displayed by the EDX peaks in Figure 4(b). The vanadium
(V), oxygen (0), aluminum (Al), molybdenum (Mo), sulfur
(S), and gold (Au) EDX peaks in Figure 4(c—f) demonstrate
that these elements have varying atomic weight percen-
tages as shown in Table 2.

3.3 X-ray photoelectron spectroscopy (XPS)

The surface texture of a MoS,-doped V,05 nanocomposite
was examined using XPS in relation to the presence of
various components, chemical structures, chemical oxida-
tion states, and electron movement. As seen in Figure 5(a),
MoS; has two peaks at 228.9 and 232.1 eV, which correspond
to Mo*" 3ds, and Mo** 3dsp, respectively. These peaks demon-
strate the presence of Mo**, which is an indicator of MoS,. The
shift in the binding energy of Mo 3d in MoS,-doped V05 com-
posite further indicates a strong synergistic effect between Mo

and V metals in MoS,-doped V,05 composite photocatalyst and
suggests a notable electronic structure difference in Mo
between MoS, and MoS,-doped V,0s composite photocatalyst.
The presence of S,_ in MoS, is demonstrated by the peaks for §
2psp, at approximately 161.7 eV and S 2py, at 162.9 eV in Figure
5(c). The four peaks are associated with the V 2p spectrum,
which is shown in Figure 5(b). Two of the peaks correspond to
the V** values V 2py, at 5245eV and V 2ps; at 516.9 eV. The
remaining two significant peaks, which are located at 523.1 eV
and 515.3 eV, respectively, are consistent with 2 p;, and 2 ps, of
V* in V,0s. It is possible to assume that V** predominates in
the synthesized nanocomposites since V** peak intensity and
area are much bigger than V** peak. Additionally, as demon-
strated in Figure 5(d), the notable peaks of O 1s at 529.7 and
531.2 eV are indicative of the presence of the V-0 functional
group of V,0s.

3.4 Morphological analysis

Using a JEOL IT800 model of field-emission scanning elec-
tron microscopy (FESEM) was used to analyze the surface
morphology and shape of hydrothermally prepared laser-
irradiated pure V,05 and V,05q-x\M0Sy) (X = 1-5% w/w)
nanocomposites, as shown in Figure 6(a—f). Before being
examined with a FESEM, the samples were polished to
boost the emissivity of the samples and then gold coated.
The samples of V,054-,)M0S, (X = 1-5% w/w) nanocom-
posites were shown to have layered structures in the scan-
ning electron microscopy images. The surface morphology
of pure V,05 and V,05¢-xMo0S,) (X = 1-5% w/w) nanocom-
posites shows that part of the V,05; nanospheres pierced
into the MoS; layered matrix, while the rest of the nano-
spheres are arranged in bunches on MoS, layers. The
average grain size of the laser-irradiated doped composites
V3050-9M0Syy (X = 1-5% w/w) decreased as the doping
fraction of MoS, increased, but the nanocomposites’ shape
did not change. Furthermore, small grains emerge as a
result of increased nucleation as the V,0s is integrated
into the MoS, layered structure. The non-homogeneous
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Figure 4: (a-f) The EDX of laser irradiated V;05(1-yM0S;,y (X = 1-5% w/w) nanocomposite.
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Table 2: The elemental mapping of laser irradiated V,0s(1-xM0Sy (X = 1-5% w/w) nanocomposite

Materials name V) (0) (Mo) (S) (Au)
Laser-irradiated-pure-V,0s 70.84 28.36 0.00 0.00 0.80
Laser-irradiated V,0s5(1-yM0Sy4 (X = 1% w/w) 78.89 16.25 1.87 2.09 0.90
Laser-irradiated V,051_yM0S;4 (X = 2% w/w) 75.89 19.25 213 2.09 0.64
Laser-irradiated V,0s5(1-yM0Sy (X = 3% w/w) 55.91 35.07 3.90 3.22 0.90
Laser-irradiated V,0s1-)MO0Sy (X = 4% w/w) 46.42 36.09 773 9.68 0.08
Laser-irradiated V,0s(1-)MO0Sy) (X = 5% w/w) 42.54 35.17 10.93 9.80 1.67

distribution of V,05 NPs on the MoS, layered structure’s
surface is seen in Figure 6(e-f), and this phenomenon
might be related to electrostatic attraction. Additionally,
as seen in Figure 6(e—f), the smaller grain size increases
surface area, which in turn causes a decrease in the rate at
which photogenerated charge carriers recombine and an
increase in photon light absorption, which accelerates the
degradation of organic dyes.

3.5 Photocatalytic performance under
UV-Visible light

The photocatalytic performances of laser-irradiated pure
V,05 and V,05-,)M0S,,y (X = 1-5% w/w) nanocomposites
for MB is shown in Figure 7(a-h), measured using a U-
3900H spectrometer. The absorption peaks of MB for 0,
30, 60, 90, 120, and 150 min are described in the UV-Visible

=
=

Intensity (a.u.)

A0 Rl
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224 228 232 236 512 516 520 524 528
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Figure 5: (a-d) XPS spectrum of V;05(1-yM0S;,) (X = 1-5% w/w) nanocomposite of (a) Mo 3d (b) V 2p (c) S 2p and (d) O 1s.
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Figure 6: (a-f) Surface morphology analysis of laser irradiated V,05(-yM0Sy, (X = 1-5% w/w) nanocomposite.

investigation. Approximately 95% of the MB was degraded
after 150 min, and the sharpness of absorption peaks stea-
dily decreased with increasing degradation time of the
organic dyes. The maximum MB absorption wavelength
shifted from 0 to 150min as the degradation time
increased, as seen by the UV-Visible absorption peaks.
This indicates that the structure of MB within 150 min
was degraded and the photocatalytic degradation of MB

is a mineralization process. To establish an adsorption—
desorption equilibrium before photocatalytic degradation,
the catalyst adsorbed MB for 30 min while being protected
from light. The “dark” tests’ findings indicated that the
small amount of MB degradation that takes place in the
absence of UV-Visible light is caused by photocatalytic
degradation. From Figure 7(a-h), it can be observed that
in the presence of a catalyst of pure V,05 and V,05q-y
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Figure 7: (a-h) Photocatalytic activity of laser irradiated V,054-,yM0S;4 (X = 1-5% w/w) nanocomposite.
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Figure 7: (Continued)

MoS, (X = 1-5% w/w) nanocomposites, the degradation
percentages of MB were 40.11, 51.40, 70.30, 80.75, and
95.40%, respectively. The degradation percentages of MB
are increased with an increase of the doping percentage of
MoS, from 1 to 5% w/w as well as laser irradiation.
According to this, the amount of MB that is degraded by
catalyst V5053-1MO0S;z¢9 (X = 1-5% w/w) nanocomposites is
more than it is when using pure V,0s. After 120 min of
remediation, the greatest deteriorated percentage
(95.40%) was tested using catalyst V,057-xM0Syy) (X =
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Figure 8: PL spectra of laser irradiated V,0s5(1-yMO0Sy) (X = 1-5% w/w)
nanocomposites.

1-5% w/w) composites. This nanocomposite demonstrated
improved photocatalytic activity. This is consistent in line
with the analysis’s conclusions, which are shown in Figure
7(a-h). Based on the simulated curve, there is a solid linear
connection between the degradation time and In(C/Cy). A
pseudo-first-order kinetic model with a degree of fit of
0.9501 (R? illustrates the photocatalytic degradation of
MB in the following formulas [29]:
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Figure 9: Functional group analysis of laser irradiated V;05(1-)M0Sy
(X = 1-5% w/w) nanocomposites.
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Table 3: Different functional groups of laser irradiated V,054-yM0S;¢ (X = 1-5% w/w) nanocomposites

Functional Laser-irradiated Laser-irradiated Laser-irradiated Laser-irradiated Laser-irradiated Laser-irradiated
groups pure- MoS,-doped-V,05 MoS,-doped-V,05  MoS,-doped-V,05  MoS,-doped-V,05  MoS,-doped-V,05
V,05 (cm™) (1%) (cm™) (2%) (cm™) (3%) (cm™) (4%) (cm™) (5%) (cm™)
O-H 843 846 849 853 856 859
V-0-V 633 636 640 646 654 658
o=V 456 459 461 465 467 470
Mo-S None 2,850 2,856 2,860 2,868 2,872
Mo=0 None 3,015 3,017 3,019 3,025 3,028
In G| _ Kt 3) crystal vibration modes of both laser-irradiated pure V,05
C, ’ and V,054-yMo0S,y (X = 1-5% w/w) nanocomposites.

where k is the rate constant, C, is the MB concentration at
time t, and C, is the MB starting concentration. The k value
of MB was calculated to be 0.0021min~" for complete
V5051-9MO0Syy (X = 1-5% w/w) samples.

3.6 Photoluminescence (PL)

PL characteristic was performed, as shown in Figure 8, to
investigate the ability of electrons (e”) and hole (h") pairs
separation. According to PL’s findings, a lower photocata-
lyst intensity (PL) peak is indicative of a slower rate of
electron-hole recombination, which increases separation
capacity. This result indicates that the dye-degrading capa-
city of laser irradiated V,053-,»MO0Syy (X = 1-5% wjw)
nanocomposites is growing with increasing substitution
percentage and shows well-organized charge transfer on
the photocatalyst surface. The laser irradiated V,05q-y)
MoS;, (X = 1-5% w/w) nanocomposites’ PL peaks clearly
show a decrease in intensity as the MoS, doping percentage
increases. This indicates that the laser-irradiated MoS,-
doped-V,05 nanocomposites have higher photogenerated
electrons (e”) and hole (h*) pairs, which enhances photo-
catalytic application.

3.7 Fourier transformation infrared
spectroscopy (FTIR)

A Perkin Elmer spectrum 100 FTIR spectrometer is used to
determine potential functional groups present in laser-
irradiated V,0543-,yMO0Syy (X = 1-5% w/w) and pure V,0s
nanocomposites. The crystal vibration modes and ion loca-
tions of laser-irradiated MoS,-doped-V,05 nanocomposites
may be determined using the FTIR approach. The FTIR
method may be used to determine the ion locations and

Figure 9 shows the FTIR spectra of laser irradiated pure
V,05 and V,054-yM0S,y (X = 1-5% w/w) that were
obtained between 250 and 3,200 cm™. Vanadium-oxygen
and molybdenum-sulfur bonds bending and stretching
correspond to the wunique characteristics of the
250-3,200 cm . The large band at 843-859 cm ™" is created
by the O-H stretching from water, whereas the absorption
bands at 941cm™ are ascribed to the OH bending. The
absorption bands at 1,014-1,025 cm™? are responsible for
the C-H bending. The small bands at 2,850-2,872 and
3,015-3,028 cm ™! are created by Mo-S and Mo=0 by the
MoS, are described by bending bands. The vanadium-
oxygen bonds were shifted by the MoS, doping and laser
irradiation. As shown in Table 3, the absorption peaks are
shifted toward higher wavelengths as a result of an
increase in MoS, doping concentration and laser irradia-
tion time. While doped MoS;-doped-V,0s5 is assigned to the
bands at 537 to 617 cm ™" range, associated with symmetric
stretching vibration of V-O-V is located at band
635-662cm™" for pure-V,0s. The optimal integration of
MoS, into the V,05 host material results in an increase in
transmittance intensities. The increase in intensities leads
to the stability of laser-irradiated V,05:3-MO0S;( (X = 1-5%
W/w) nanocomposites.

3.8 Atomic force microscopy (AFM)

The AFM results of laser irradiated pure V,05 and V,05_y)
MoS,, (X = 1-5% w/w) nanocomposites are seen in three
dimensions by using a BRUKER model dimension edge with
scan system as shown in Figure 10(a—e). Table 4 presents
the topographical characteristics, including image surface
area, image projected surface area, average roughness (R,),
and root mean square roughness (Rq). As shown in Table 4,
increasing the doping concentrations of V,054-,)M0Sy (X
= 1-5% w/w) results in a decrease in roughness of 58.70,
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Figure 10: (a-f) Surface analysis through AFM of laser irradiated V,05¢-y)M0Sy, (X = 1-5% w/w) nanocomposites.
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Figure 10: (Continued)
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Table 4: Different surface parameters of laser irradiated V,05(1-,iM0S;(, (X = 1-5% w/w)

Average roughness R, (nm)

Root mean square roughness Rq (nm)

Image projected surface area (um)?

Image surface area (um)?

Samples

71.33
35.41

58.70
41.36

32.1

100

108
125

Laser-irradiated pure-V,0s
Laser-irradiated V,0s,
Laser-irradiated V,05
Laser-irradiated V,05
Laser-irradiated V,05
Laser-irradiated V,05

100

1% w/w!

=

29.41

100

133

27.44
25.33
18.14

29.23

100

141

26.21

100

21.22

100

169

— o~ =~ =

=

=

=

=
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41.36, 32.11, 29.23, 26.21, and 21.22 nm. When MoS, doping
weight percent of MoS, is increased, the surface area of
layered structured nanocomposites increases from 108,
125, 133, 141, 151, and 169 um?. By increasing the weight
percent of MoS; in V,053-xM0S,,) (X = 1-5% w/w) nano-
composites, the number of layers is likewise growing.
According to AFM results, increment in active site surface
area, which in turn causes a decrease in the rate at which
photogenerated charge carriers recombine and an
increase in photon light absorption, which accelerates
the degradation of organic dyes.

3.9 Dielectric characteristics

An impedance analyzer called the keysight E49918 was
used to evaluate the sample’s electrical conductivity for
MoS;-doped-V,05 (about 76 mm thick and 13 mm diameter)
at a frequency range of 1 MHz to 3 GHz. The pressure was
adjusted by using Keysight 16453A with 1MHz-1GHz
dielectric material test fixture and +42 peak output. The
Keysight E4991B test head was used as an RF out port. The
conductivity measurements were completed at room tem-
perature by using o = d/AR. The values of ionic conductivity
were calculated using the formula where d is the sample
thickness, A is the electrode area, and R is the sample
resistance.

3.9.1 Dielectric constants

Generally, dielectric relaxation originates from the mobi-
lity of the electric dipole that the applied electric field
produces. The Debye—Scherer relaxation model has been
used to describe the effects of applied electric field on
dielectric materials. The following formula is used to cal-
culate the complex dielectric constant [30]:

e*=¢ +je". 4)

Dielectric materials can be used to improve the capa-
city of charge storage. As a result, the capacitance of the
material and its dielectric constant are proportionate [31].

e = C—d 5

€A
where A stands for area, C for capacitance, d for thickness,
and €, for the permittivity of free space. The thickness for
V3051-oM0Sz09 (X = 1-5% w/w) composite pellets with
doping different percentages 1-5% w/w were 1.58, 1.41,
1.68, 1.74, and 1.82 nm, respectively, measured by digital
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Figure 11: (a, b) Dielectric constants of laser irradiated of V,05_,M0S;, (X = 1-5% w/w) nanocomposites.

Vernier calipers. The variation of real dielectric function
(RDF) (¢) and imaginary dielectric function (IDF) (¢”) with
the frequency of laser irradiated of pure V,05 and MoSy-
doped-V,05 nanocomposites as shown in Figure 11. The
dielectric constant (RDF) ¢’ is quite high at low frequencies
and decreases sharply with increasing frequency and MoS,
doping percentages. Dipolar polarization, interfacial polar-
ization (IP), atomic polarization, and electronic polariza-
tion are the four polarization types that affect a material’s
dielectric behavior. Dipolar and IPs are highly dependent
on frequency and temperature, whereas electronic and
ionic polarizations occur at very high frequencies. Charge
carrier is affected by applied frequency variations because
these polarization processes have a distinct relaxation
time. All polarization processes are involved at low applied
frequencies, but as the frequency increases, polarization
decreases. As the frequency increased, the different dipoles
inside the V,05 and V,05¢-1M0S;,y (X = 1-5% w/w) nano-
composites were unable to follow the electric field; thus,
the polarization reduced and therefore € decreased. Laser-
irradiated pure V,05 and V;057-,nM0Sy0y (X = 1-5% w/w)
nanocomposites’ distinct dipoles were unable to follow the
electric field as the frequency increased, which resulted in
a decrement in polarization and dielectric constants (RDF)
€ decreased with increased of doping percentages. The
dielectric constant (RDF) &' values were found to be depen-
dent on the strength of the electrostatic interaction force
between the V,05 and V505 MO0S; (X = 1-5% w/w) nano-
composites (synthesized at varying doping percentages)
and the functional group in the blend chain of V,05 and
V3051-M0Sy (X = 1-5% wjw), which facilitates/restricts
molecular movement. As a result, in comparison to pure

V,0s, the doped nanocomposites’ effective dielectric polar-
ization at 5% was either enhanced/decreased.
Furthermore, the IP peak, also known as the
Maxwell-Wagner-Sillars effect, was visible in the lower
frequency range of the IDF (¢") of laser-irradiated V,0s
and V,0s5¢-xnMo0Sy (X = 1-5% w/w) nanocomposites. The
values of (IDF) &” were increased as laser-irradiated V,05
while they reduced as V;05q-xyM0S;y (X = 1-5% w/w)
nanocomposites at 5% of MoS, with irradiation of 5 min.
The decline in crystalline sizes created the interface area of
laser-irradiated V,05 and V,0s5¢-,)M0Sypy (X = 1-5% w/w)
nanocomposites which caused the IP reduced and hence
the ¢ improved. An external power supply source
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Figure 12: Tangent loss of laser irradiated of V,0s5(_x)M0Sy (X = 1-5%
W/w) nanocomposites.
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Figure 13: Electric conductivity of laser irradiated of V;,05(1-yM0S;(
(X = 1-5% w/w) nanocomposites.

connected to a parallel plate capacitor results in a phase
angle of 90° between the current and voltage, which leads
to current leakage and power dissipation. Thus, the fol-
lowing formula can be used to calculate the tangent
loss [32]:

tané = (6)

1
2fCyR,”
where tan 6 represents the loss tangent or dielectric loss,
C, is the parallel capacitance, Ry, is the parallel resistance,
and 27if is the angular frequency. Zero loss angle and zero
power consumption characterize the perfect capacitor.
Power dissipations, often called dielectric loss in commer-
cial capacitors, would be assessed. The variation in
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Figure 14: Quality factor of laser irradiated of V,05(1_yM0Sy (X = 1-5%
w/w) nanocomposites.

dielectric loss (tan &) as a function of frequency (f) for
laser-irradiated pellets that produced pure V,0s and
MoS;-doped-V,05 nanocomposites with varying MoS,
doping is shown in Figure 12. According to Koop’s Phenom-
enological Theory, these patterns are consistent with the
Maxwell-Wagner interface polarization model. The
smooth grain is more active at high frequencies, whereas
the grain boundary with insufficient conductivity is more
efficient in the low-frequency range due to internal mor-
phological defects. Figure 3 illustrates the relaxation peaks
for various components that appear at various frequen-
cies. Each polarization mechanism has a unique relaxation
frequency, and polarization resonance states that
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Laser Irradiated V,0,,, , MoS,,, (X=4%
Laser Irradiated V,0,, , M0S,,, (X=3%)
Laser Irradiated V,0y,, , MoS,, (X=2%]
Laser Irradiated V,0,, , MoS,,, (X=1%)
Laser Irradiated V,0,

5000 «

4000 4

-1000 «

-2000 +

Log Frequency [Hz|

30004
a 2 -3000 +
= G
N =
2000 + N 40004
¢ [~ Laser Iradiated V,0, , M0S.y, (X=5%)
1000 -5000 + i~ Laser Irradiated V,0y,, , MOS,, (X=4%)
A~ Laser Irradiated V,0,, , MOS,,, (X=3%)
6000 4 =¥ Laser Irradiated V,0,,, M0S,,, (X=2%)
49— Laser Irradiated V, 0, , MOS,, (X=1%)
04 —4~Laser Irradiated V,0,
T T T T -7000 T T T T
M 10M 100M 16 ™M 10M 100M 16

Log Frequency [Hz]

Figure 15: (a, b) Impedance analysis of laser irradiation into V,0s(-xM0Sy (X = 1-5% w/w) nanocomposite.
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Figure 16: (a-f) Thermal gravimetric and differential thermal analysis of laser irradiated of V,05(_M0Sy) (X = 1-5% w/w) nanocomposites.

17



18 — Muhammad Hasnain Jameel et al. DE GRUYTER

G resonance occurs when the relaxation frequency and
@ P - applied frequency are matched. Therefore, the relaxation
o w2 g o &£ o . .
2 g~ &~ = = " phenomena of studied samples are responsible for the
g existence of different component peaks. The relaxation
E’ E & & & B peak changes toward low frequency when the content of
— MoS; increases, suggesting that the relaxation duration
(=2}
E may increase. These findings of RDF (¢') and IDF (¢") and
2 tangent loss of laser-irradiated pure V,05 and MoS,-doped-
b= V,05 nanocomposites are appropriate for photocatalytic
(=2
g activity.
E o [0 ™ ~ n
1= O n ﬂ‘ m (a0]
- o o o o o o
3.9.2 Conductivity analysis
& The movement of a charge carrier in response to an
g applied field is known as conductivity. At lower 1MHz
,—i frequency, conductivity is at high 1.25 x 10" Sm™ for
8 pure V,05 and 3.6 x 107 Sm™ for V,054-,M0Sy,y (X =
-} . .
J 1-5% wj/w) nanocomposite for 5% doping percentage.
8 -;‘3 However, conductivity gradually decreases at higher fre-
g |5 quencies as shown in Figure 13. A small conductivity is
5 E found at higher frequencies due to the complex resistive
o 7]
§ o nature of grain boundaries. Jonsher’s Power Law can be
L;\ 35 used to determine the net conductivity of ceramic mate-
~ T E .
s s . ” rials [33,34].
£ ° al =82 ) m N <
2 il o ° ° o Ototal = Tgc ~ AW?, ™
Il a
>{ 13 where s is the exponent, A is the pre-exponential factor,
vg g and gy, is the DC conductivity. The entire design of Aw* is
5? %_. included in the term “ac conductivity.” The ac conductivity
O% g may be computed using the following formula [35]:
>r\1 —
s g O, = E'€pw tané. 8)
o -
B f Here, angular frequency is represented by (w = 27f).
° . . o s os
g 3;3_ Figure 4 displays a variation of conductivity (g,¢) versus
& E frequency (f) for laser-irradiated pure V,05 and V,054-y
§ g MoS, (X = 1-5% w/w) nanocomposites with different
£ g doping concentration of MoS,. The change in ac conduc-
‘g ] ™ o _ =) tivity is large at first, but as the frequency increases, the
S = ee e < ° =@ conductivity decreases gradually with an increment of
o . .
9 doping concentration of MoS,.
= 2 8 8 8 =¥
P — o~ m < wn
5 I 1 1 I 1
‘° = = = = =
2 = = = = = .
° S F F 5K 3.9.3 Quality factors
© o [=] [=] o [=]
2 <= = % = =
% z C% C.)% Oﬁv C;L'nv Oﬁv The Q factor fluctuation with frequency (f) for laser-irra-
- E. i i‘ T>: 1>; i‘ diated pure V,05 and V;054-,,M0Sy) (X = 1-5% w/w) nano-
% gg g g g ¢ composites with varying MoS, doping concentrations is
< 5 5 5 5 5 5 . . . . . .
[ I B8 8B ® B B displayed in Figure 14. The dielectric properties of samples
wn - [ = = = f B .
@ 5 T o o f T of nanocomposites were studied at a frequency of 1 GHz.
=2 k] RN R S S B . .
= s 8 "I/ I/I/ETRS The Q factor of laser-irradiated pure V,05 and MoS,-doped
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Laser irradiated hydrothermally synthesized 2D layered heterostructure V,0s(1-yM0Syy (X = 1-5%)
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Figure 17: The photocatalytic mechanism of laser irradiated V,0s/MoS, nanocomposites.

V,0s nanocomposites at higher frequency increases with
increasing MoS, doping weight percentage.

3.9.4 Complex impedance analysis

An effective method for investigation of the function of
grains and grain boundaries as well as the polarization
process is impedance spectroscopy. A material’s dielectric
response is mostly dependent on the resistance and capa-
citance values of its microstructures, which affect certain
solid characteristics. This method enables determining the
relaxation time and frequency as well as the resistance and
capacitance provided by the bulk and grain boundaries. In
complex form, the frequency dependency of impedance
may be expressed as [36,37]

Z* = Z/ + ]Z”, (9)
8// ZI
tané = — = —, (10
an - = 7 )
8// 8//
* = (11

+j .
Cow(glz + 8”2) ]Cow(elz + 8”2)

Figure 15 demonstrates the frequency dependence of
real impedance, which shows a diminishing trend as fre-
quency increases. Real impedance’s frequency dependency
is seen in Figure 15, where an increasing frequency is
accompanied by a decreasing trend.

As the frequency increases, the impact of conductive
grains causes it to decrease. According to the investigation,
as frequency and MoS, doping percentage increase,
Z’ magnitude decrement, suggesting that the sample’s
conductivity (oyqc) increases. Real impedance Z’ gradually

drops at low frequencies as MoS, substitution increases.
Furthermore, it is shown that the MoS, concentration
increases at low frequencies at which the real impedance
Z’ peaks meet. Conversely, Figure 15 shows that imaginary
impedance Z" at a higher value with the increment of the
frequency with MoS, doping concentration.

3.10 Thermogravimetric analysis (TGA) and
differential thermal analysis (DTA)

TGA and DTA are efficient studies to understand materials’
thermal stability and relative weight loss, respectively.
TGA is a quantitative and qualitative investigation of
mass to temperature or time as a function. Figure 16(a-f)
shows TGA thermograms of pure V,05 and 2D heterostruc-
tured layered V;054-,xM0S;¢ (X = 1-5% w/w) nanocompo-
sites. Thermal investigation revealed a three-phase loss in
weight. The first loss in weight below 685°C can be attrib-
uted to the removal of physisorbed water molecules and
other ions found in pure V,05 and V,054-,yM0Syy (X =
1-5% w/w) nanocomposites. The second thermal degrada-
tion occurs in between 687 and 710°C temperature range as
a result of the elimination of other ions and the dehydrox-
ylation of metal hydroxide. The oxidation and loss cause
the third thermal deterioration, which occurs between 712
and 1,000°C. The weight loss was decreased from 0.69 to
0.35 mg, and thermal stability increased with the increased
doping percentage in V,0543-,nM0S;y (X = 1-5%w/w) nano-
composites, as shown in Table 5. According to these find-
ings, the pure V,05 and V;,0543-yM0S, (X = 1-5% w/w)
nanocomposites were created stable at high temperatures.
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Figure 16(a—f) depicts the results of the DTA of pure
V,05 and V,05-9M0S,,y (X = 1-5% w/w), which demon-
strate the existence of one minor exothermic peak at 710°C
and two endothermic peaks at 677 and 712°C. The following
equation are related oxidation and decomposition [38]:

400-700°C
441 TN g5
[V ] Oxidation [ ]’ (12)
200-500°C 500-1,000°C
[MOSZ] Oxidation [MOOZ] decomposition [MOZOZ]' (13)

3.11 Mechanism of the photocatalytic
reaction

The generation of electrons (e”) and hole (h") pairs on the
photocatalyst’s surface and their transformation to the
active sites are produced by the fundamental mechanism
of the photocatalytic reaction. The hole (') in the valance
band (VB) and electron (e”) in the conduction band (CB)
when exposed to photons of UV light equal to or greater
than Eg. This can only be accomplished by having electrons
from the VB transfer into the CB. The electron (e7) in the CB
convert oxygen into superoxide ions (0;), whereas water
(H;0) in the organic dyes MB oxidizes to hydroxyl free
radicals ("OH) due to the positively charged hole in the
valance band. The oxidation of MB and the reduction of
oxygen do not occur at the same time throughout the reme-
diation process, as presented in Figure 17. Recombination
of electrons (e”) and positive hole (h*) is caused by the
concentration of (e”) in the CB The electrons are necessary
for the photocatalytic redox reactions to produce super-
oxide ions ('0;), and hydroxyl free radicals (-OH). As
during this degradation process organic dye molecules
split into CO, and H,0, and produced more —-OH and 'O,
due to newly generated active sites as powerful oxidizers
with increase of MoS; dopants in nanocomposites. Conse-
quently, MB remediation increases at a faster rate. The
photocatalytic mechanism’s schematic depiction may be
explained by applying formulae to determine the energies
of MoS, and V,05 VB and CB [39]

Evg =X ~ E. +(0.5),
ECB = EVB - Eg.

(14)
(15)

Free electron energy on the hydrogen scale, band gap,
CB, and VB edges are represented, respectively, by vari-
ables E., E,, Ecp, andEyg. Additionally, y represents the
electro-negativity of the material.

The possible mechanism of photocatalysts (MoSy-
doped-V,0s5) with p—n heterojunction subjected to sunlight.
Photogenerated carriers are kept apart in the p—n hetero-
junction by the n-type MoS, and the p-type V,0s. A

DE GRUYTER

depletion zone with positively and negatively charged
regions in the V,05 and MoS, sides, correspondingly, is
created at the heterojunction when n-type and p-type
nanocomposites are linked because of their Fermi levels
aligning. When sunshine photons are exposed to a semi-
conductor, photogenerated (e”) are moved from the V,05
VB to the MoS,-doped-V,05 CB. The superoxide radical (03)
is created when these electrons join with the oxygen mole-
cules in the dissolved solution. This radical then changes
into the highly reactive hydroxide radicals (-OH).
Nevertheless, hole transfer from the valance band of
V,05 to MoS,-doped-V,05 was impeded by the high poten-
tial barrier. The H,0 molecules oxidize into hydroxyl radi-
cals (—~OH) due to the holes in the nanocomposites. Strong
oxidizing radicals like these readily oxidize the chemical
molecules in MB. Compared to metal oxide equivalents,
MoS,-doped-V,05 nanocomposites show superior photoca-
talytic activity because of their enhanced efficiency of
photogenerated charge carrier separation. Based on the
above experimental results, a possible process for the
photocatalytic degradation of MB via MoS,-doped-V,05 is
proposed in equations (16)-(20) [40].

MoS,-doped-V;05 + hv(visible light)
- MOSZ (h+) e_) + VZOS (h+: e_),
MoS,(h', e7) + V,05(h", e7) - V,05(h") + MoSy(e”), (17)

(16)

e” + 0, — 03, 18)
h* + H,0 —» -OH, 19)
-OH + '0; + Methylene Blue — intermediates 20)

- CO, + H,0.

In the MoS,-doped-V,05 nanocomposites, the photo-
generated charge carriers increase because of the low
recombination rate as a consequence of injecting charge
carriers from materials with high band gaps toward the
small band gaps. These results demonstrate that the photo-
catalytic activity is boosted due to MoS,-doped-V,05
nanocomposites on MB degradation compared to other
separated single materials such as MoS, and V;0s.

4 Conclusion

It has been discovered that both 2D MoS, and V,0s5, which
are classified as TMDs and TMOs, are good photocatalyst
materials. The surface of the 2D molybdenum nanolayered
matrix was efficaciously decorated with V,05 NPs. In the
range of the UV visible spectrum, the increment in optical
conductivity from 3.6 to 14.5Q ' cm™ with an increase of
the active surface from 108 to 169 um? The synthesized
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nanocomposites show an increase in absorbance from 3 to
8.3 a.u. at wavelength 310 nm. According to PL studies, the
intensity of peaks decreases when laser irradiation time
and doping percentages are increased. As a result, a small
peak indicates a decrement rate of electron-hole pair
recombination, which increases the capacity for
separation.TGA and DTA results revealed that weight loss
decreased from 0.69 to 0.35mg and thermal stability
increased with increased doping concentrations. MB was
degraded in 150 min, proving that the prepared MoS,-
doped-V,05 material was a stable and economically low-
cost nanocomposite for photocatalytic activity.
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