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The increase in environmental pollution has led to a novel ternary photocatalytic system for remediation.
These photocatalytic systems exhibit superior visible light active band gap of Mog.99Wo.005Cu0.00552-
A highly effective visible light active ternary heterojunction was fabricated using the hydrothermal
method. Herein, it reports the hydrothermal synthesis of MoS:~W-Cu as a photocatalyst, efficiently
exhibiting greater photocatalytic activity for wastewater treatment under visible light. The photo-
catalytic degradation of methylene blue in aqueous suspension has been employed to evaluate the
visible light photocatalytic activity of the prepared samples. The blue shift in the absorption onset
confirms the size quantization of pure and doped MoS2 nanoparticles, which act as effective and sta-
ble catalysts, making it possible to utilize visible light in photocatalysis. The as-prepared samples
were characterized using field emission scanning electron microscope, energy dispersive X-ray analy-
sis, X-ray diffraction, UV-visible, and UV-visible differential reflectance spectroscopy techniques. The
characteristic Bragg peaks of Moy.99Wo.005Cu0.005S2 are reduced, indicating the possible formation of
layered MoS,. The field emission scanning electron microscope morphologies of MoS2, M0g.99Wo.0152,
and Mog.99Wo.005Cuo.00552 are disordered, and nanorods were induced in the hydrothermal method.
The calculated band gap of the novel photocatalyst was found from the differential reflectance spec-
troscopy plot, which helped in understanding the photo-induced electron-hole pair’s recombination.
Moo.99Wo.005Cuo.00552 doping of ternary sample, which increases the photocatalytic degradation, was
studied in detail and the experimental result is reported.

(2024)
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1. Introduction

The unprecedented increase in industry and cul-
tivation may cause severe problems to the environ-
ment and economic life [1]. In the case of health and
the environment, some serious risks are present, like
an increase in pollutants, the use of large amounts
of toxic dyes, and the presence of unsafe medic-
inal compounds in wastewater worldwide [2]. In
day-to-day life, humans and the surrounding en-
vironment are exposed to tons of dangerous syn-
thetic pollutants, which are constantly discharged
from industries as well as from households and con-
tain a certain compound that is very hard to de-
compose [3]. This kind of toxic material weakens
the ecosystem and puts many species on the verge
of extinction. In overcoming these problems, some
methods can be helpful, like the microbial decom-
position method, flocculation precipitation method,
photocatalytic degradation method, etc. [4]. Among
them, the most efficient and easiest way to re-
move these types of pollutants from wastewater is
photocatalytic degradation since it is a technology
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with the potential to oxidize a great variety of
complex organic compounds into simple molecules.
It is equally important to find a suitable cat-
alytic material, which needs to be beneficial to
solve these problems and also needs to be en-
vironmentally friendly [5]. In the reformation of
the environment and purification of water, semi-
conductor photocatalyst materials are used due
to their good response [6]. Organic and inorganic
pollutants are eliminated by using photocatalytic
materials such as ZnO, Fe;O3, TiOy, CdS, and
MoS; [7]. Among these, MoS; has a better photo-
harvesting property and is a noble material, which
is earth-abundant, metal-free, easy to synthesize,
and has a morphological characteristic of deliver-
ing more active sites for pollutant observation [8].
Among the semiconductor materials, MoS, is the
assuring material due to its efficiency in photo-
catalytic degradation and degradation under visi-
ble light in a promising way, enabling the develop-
ment of a cost-effective and efficient photocatalyst
material [4]. Many synthesis methods were devel-
oped to fabricate the MoSs nanostructures, such as
hydrothermal method, chemical vapor deposition,
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ball milling, laser pulsed deposition, electrochemical
method, etc. Among these methods, the hydrother-
mal method has been preferred in the present study
due to its low-temperature reaction, large produc-
tion rate, and high purity of the obtained mate-
rial [9-12].

MoS, is a two-dimensional material that at-
tracts many researchers in industrial and scientific
fields due to its possible application in sensors,
photocatalysis, dye-sensitized solar cells, batteries,
etc. [13]. It has a hexagonal crystalline structure
of close-packed layered sulfur and molybdenum as
a center layer, which makes it look like a sandwich
structure, where Mo acts as an active catalyst site in
MoS; [14]. In the application of photocatalysis, un-
der the visible light region, the composites of molyb-
denum disulfide have maximum efficiency because
of its properties such as optics, high chemical reac-
tivity, and electrical carrier mobility, which is help-
ful in improving the absorption of light due to the
charge carriers and has high mobility and increased
surface area, thus making it a promising candidate
for photocatalysis under the visible light [15].

Hasija et al. [8] reported an overview of en-
hancement in the photocatalytic oxidative abil-
ity of MoSs for water purification in their work,
and they concluded that for better photo-oxidative
property and charge carrier separation staggered
type (II) MoSy-based heterojunction is the bet-
ter charge transfer method. Vattikuti et al. [16]
provided a detailed overview of the photocatalytic
performance of MoSs nanomaterials according to
their structural components (single component, het-
erostructured) and highlighted the doped MoS,
and their importance in the degradation of pollu-
tants from contaminated wastewater through solar
light irradiation. Mokari-Manshadiet al. [17] pre-
pared mesoporous MoS, nanostructures using the
facile hydrothermal approach for photodegradation
of methylene blue compared with bulk, and it shows
that within 15 min the mesoporous nanostructure
removes 99.6% yields of methylene blue under visi-
ble light compared with bulk. Huang et al. [18] syn-
thesized MoSs microspheres by the hydrothermal
method using sodium molybdate and L-cysteine as
the source materials and demonstrated the applica-
tion of MoSs photocatalyst in thermal barrier coat-
ings (TBC) degradation from environmental water
samples (lake and river water), demonstrating its
prospect in water treatment.

2. Experimental sections

2.1. Reagents

The synthesis of MoS; nanoparticles was
carried out as Mo;_,W,Cu,Sy (x,y=0) for
pure, Mo;_,W,Ss (z 0.01) for W-doped,
Mo;_;W;Cu,S2 (z,y=0.005) for Cu co-doped
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by ammonium heptamolybdatetetrahydrate
((NH4)6MO7024 . 4H20), thiourea (CH4NQS), sul-
phuric acid (H2SQO,), sodium tungstate dihydrate
(NagWOy - 2H50), copper(II) sulfate pentahydrate
(CuSOy4 - 5H50), oleic acid, and double distilled
water.

2.2. Experimental procedure

2.2.1. Synthesis of pure MoSs (molybdenum
disulphide)

In order to synthesize pure MoSs, certain param-
eters have to be maintained, such as the ratio of ma-
terials, solvent, optimized temperature, and timing
of the reaction. The precursors, ammonium hepta-
molybdate tetrahydrate (NHy)gMo7024 - 4H2O and
thiourea, were dissolved in 30 mL of distilled water
and continuously stirred for thirty minutes at 80°C.
The clear solution was then transferred to a 100 mL
stainless steel autoclave and maintained at 80°C for
20 h and then allowed to cool down naturally to
attain room temperature. The final product (black
precipitate) was then washed thoroughly with wa-
ter and ethanol to remove the impurities and kept
in the oven for 8 h at 180°C for complete drying.

2.2.2. Synthesis of W-doped MoSs

To synthesize tungsten (W)-doped MoSs
nanoparticles, a similar inexpensive hydrother-
mal technique is wused. Chemical precursors
(NH4)6Mo70294 - 4H50, thiourea, oleic acid, and
Nas WO, -2H50 were dissolved in 30 mL of distilled
water and stirred for thirty minutes. The above
solution was transferred into a 100 mL stainless
steel autoclave and kept at 100°C for 20 h in an
oven. The pressure inside the autoclave triggers the
nucleation reaction. The sediments were collected
and centrifuged with distilled water three to four
times and then dried at 180°C for 8 h in the oven.

2.2.3. Synthesis of W and Cu co-doped MoSs

Synthesis of tungsten and copper co-doped MoSs
nanoparticles was carried out by changing many pa-
rameters to identify suitable conditions by a hy-
drothermal method. Precursors, (NH,)gMo70O24 -
4H20, N32W04-2H20, CuSO4-5H20, and thiourea,
were dissolved in 30 mL of distilled water and
stirred for 30 min. The suspension was transferred
into a 100 mL stainless steel autoclave and kept
at 100°C for 20 h. The final black product was cen-
trifuged with ethanol and then allowed to dry for
8 h at 180°C in an oven.
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2.2.4. Characterization

The crystalline structure and phase purity of the
samples were studied by X-ray diffraction (XRD),
using Shimadzu XRD 6000 X-ray diffractometer
Cu K, radiation with A = 1.54 A in the 20 range
of 5-80° at room temperature with a scanning rate
of 0.06 deg/s. Fourier transform infrared (FTIR)
spectra were recorded using a Brucker Tensor 27
spectrophotometer with a resolution of 2 cm™! in
the range of 4000-400 cm~! at the regular KBr
phase. The JEOL JSM field emission scanning
electron microscope (FE-SEM) equipped with en-
ergy dispersive X-ray analysis (EDX) was used to
find the surface morphology and elemental com-
positions presented in the prepared materials. Op-
tical characterizations of the samples were per-
formed using UV-visible spectroscopy (PerkinElmer
UV/Vis/NIR spectrophotometer).

2.2.5. Photocatalytic activity test

The corresponding photocatalytic — activity
of synthesized pure MoSs, Moy g9Wq.0152, and
Mog.99Wo.005 Cug.00552 nanoparticles, prepared by
the hydrothermal method, was investigated via the
photodegradation of a chosen organic pollutant,
i.e., methylene blue dye, under the illumination
of visible light. The prepared samples containing
around 50 mg of a catalyst material were dispersed
in the ratio of 2:1 with methylene blue dye in an
aqueous solution, such as a dye solution of (20 ml)
within a quartz tube (40 ml). The respective sus-
pension was stirred for 60 min in order to achieve
adsorption equilibrium in the dark. Further, the
obtained suspension was continuously irradiated
under visible light. The process was continued
every 15 min, and changes in the concentration of
methylene blue in the suspension were monitored
using a UV-Vis spectrophotometer (Ocean Optics,
USA) in the range of 254 nm for short and 350 nm
for long wavelengths. The maximum absorption
of the chosen dye (methylene blue) was found to
be 665 nm. The linear degradation nature of the
proposed samples shows that the dye degrades in
the visible infrared region (665 nm).

3. Results and discussion

XRD patterns of MOSQ, MOO.QQWO'OISQ, and
MOO_99W0.0050u0.005SQ nanoparticles are shown
in Fig. 1. XRD peaks indexed at 20 of 9°, 13°,
16°, 19°, 25°, 29°, and 38° correspond to the (120),
(002), (100), (410), (221), (102), and (201) planes
similar to the standard cards: (i) JCPDS card
No. 37-1492, indicating that all diffraction peaks
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Fig. 1. XRD patterns of MoS2, Mog.99Wo.0152,
and Mog.99Wo.005Cuig.005S2 nanoparticles.

can readily confirm the hexagonal (2H-MoS,) crys-
tal structure [space group P63/mmc (194)] with lat-
tice constants a = 2.91 A and ¢ = 12.03 A [19], and
(ii) JCPDS card No. 87-2402, where the diffraction
peaks are matched to the monoclinic (WO3) crystal
structure [space group Pjc;] with lattice constants
a=527TA,b=5.16 A, and ¢ = 7.67 A.

The high and sharp diffraction peak (002) belongs
to as-prepared MoS,, and doped samples indicate
the formation of a well-stacked layered structure of
MoS, during the hydrothermal process [15, 20, 21].
Some impurity peaks were observed during the anal-
ysis. The average crystallite size of MoSs nanopar-
ticle was calculated by the X-ray line broadening
method using Scherrer’s equation, where MoSs has
a crystalline size of 4.8 nm, whereas Mog.g9Wg.0152
and M00_99W0,005CU0,005SQ have a crystalline size
of 6.7 nm and 4.8 nm, respectively. Some light shift
is observed in the peaks due to the size of the tung-
sten ion being larger than in pure molybdenum ion.

The morphology of the prepared MoSs,
Mog.99Wo.0152, and  Mog.99Wo.005Cug.00552
nanoparticles has been studied and confirmed
using a field emission scanning electron microscope
(FE-SEM). During hydrothermal synthesis, am-
monium heptamolybdate and thiourea served as
resources for molybdenum and sulfur. Therefore,
the obtained MoS, samples demonstrate the attain-
ment of optimized crystallinity. Moreover, in Fig. 2,
it is clear that from pure MoSs the particles are too
much larger, and they differ extensively in size and
shape [22]. The surface morphology of the prepared
Mog.9g9Wy.01S2 sample exhibits richer defects due
to the complete formation of ultra-thin nanosheets,
which leads to the incorporation of tungsten in the
sample [23]. In Fig. 2¢, sample Mog.g9Wg.01S2 has
a nanostructure in the richest form and has the
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(a) and (b) FE-SEM and EDAX pattern of MoS, nanoparticles, (¢) and (d) FE-SEM and EDAX

pattern of M00,99W0,01SQ, (e) and (f) FE-SEM and EDAX pattern M00,99W0,005CU0,00552 nanoparticles.

advantage that it covers a large surface area and
is suitable for catalytic activity and photo harvest-
ing property. The EDAX spectrum of the prepared
MoS;3, Mog.99Wo.01S2, and Mog.g9W.005Cuag.00552
nanoparticles show the composition and elemental
distribution in the sample. Figure 2b shows the
EDAX pattern of pure MoS,, which confirms the
presence of Mo and S, along with some impurities,
such as O and C, obtained during the calcination
process. Figure 2d shows the presence of the W
dopant in the spectrum, along with some impuri-
ties during the hydrothermal reaction, where larger
amounts of Mo atoms combine with S atoms to form
MOSQSQ.

Figure 3 shows the FTIR spectra of MoSs,
Mog.99Wo.0152, and Mog.99Wo.005Cu0.00552. The
band at 931.39 cm™! is due to the S-S bond [24].
The absorption band between 1100 and 1650 cm ™!
is due to the stretching vibrations of the hydroxyl

364

group. The bands at around 1200 and 1650 cm ™!
are due to the presence of Mo—O vibrations [25]. The
band at ~ 600 cm ™! is assigned to the Mo-S vibra-
tion [26]. S-S stretching is observed at 550 ¢cm™1,
and other bands at 660, 1050, and 1400 cm™! can
be assigned to sulphates [27].

Optical properties of MoSs, Mog.g9Wq.0152, and
Mog.09Wo.005Cug.005S2 nanoparticles were inves-
tigated by UV-Vis absorption spectroscopy. The
shoulder peak is located at 306 nm, which is as-
signed to the blue shift [28]. The UV-Vis optical ab-
sorption spectra were recorded at room temperature
in the wavelength range of 200-800 nm, as shown
in Fig. 4a. In addition, the broad-band absorption
centered at 270 nm (3.90 €V)-600 nm (2.75 eV)
for MoS2, 200 nm (3.90 eV)-350 nm (2.75 eV)
for MOo,ggW0.0lsg, and 200 nm (390 eV)7550 nm
(2.75 GV) for MOO.99W04005CUO_005SQ result from
transitions between regions with higher density of
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Fig. 3. FTIR spectrum of MoS2, Mog.99Wo.0152,

and Mog.09 Wo.005Cuo.00552 nanoparticles.

states [29]. The indirect band gap was calculated by
the Tauc equation using the optical absorption data
near the band edge, thus,

@:A(hy_Eg), (1)

where hv is the incident photon energy, and A
is a constant. Band gaps (E,;) are determined
by linear extrapolation of the fit onto the -
axis [25, 30]. From the diffuse reflectance spec-
troscopy (DRS) plot, the calculated indirect band
gap energies of the respected samples are 1.45 eV
for MOSQ, 1.6 eV for MOO.QQW0.0]_SQ, and 1.68 eV
for M00.99W04005CU.0_005S2. In ].931, P. Kubelka and
F. Munk presented a theory according to which the
measured reflectance spectra can be transformed to
the corresponding absorption spectra by applying
the Kubelka—Munk function

K (1-Ry)?

F(Re) = 5 = S5t 2)
where Roo = Rsample/Rstandard i the reflectance of
an infinitely thick specimen, while K and S are the
absorption and scattering coefficients, respectively.
Putting R instead of « into (1) yields the form

(3)

The photocatalytic reaction is performed under the
light radiation with an energy greater than or equal
to the band gap energy (E,). Then, there will be
a movement of electrons from the valence band
to the conduction band, thus leaving holes in the
valence band behind. Electrons in the conduction
band combine with Oy to form superoxide radi-
cals (O®). Subsequently, the holes in the valence
band oxidize with water to form hydroxyl radicals
(OH®). It leads to two possibilities: (i) due to the

(F(Roo)hz/y/w = B(hv - E,).
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Fig. 4. (a), (b) UV-Vis spectrum of MoS,,

Mo0.99Wo.01S2, and Moo.99 Wo.005C110.00552.

Fig. 5.

Schematic representation of the degrada-
tion of methylene blue dye.

absence of suitable electron scavenging, there will
be a recombination of the electron—hole (e —h™)
pair, which will produce thermal energy, and (ii)
redox reaction takes place by avoiding recombina-
tion. Although the lifetime of an e™—h™ pair is a
few nanoseconds, it is still long enough for pro-
moting/initiating redox reactions. Thus, the series
of chain oxidative-reductive reactions that occur



R. Leelavathi et al.

24 22

92 (@) —— 75 min (®) oS,

350 400 450 500 550 600 650 O 10 20 30 40 50 60 70 80
Wavelength [nm] 50 Irradiation Time [min]
©  EEwos, @ . mos,
40 40+
X —_
5301 O30+
k| =
© £
520 20+
[
(=)
10+ 10
0- T T T T T T T
20 40 60 80 0 10 20 30 40 50 60 70
Irradiation Time [min] Irradiation Time [min]

Fig. 6. (a) Photocatalytic activity of samples MoSz in MB dye degradation. (b) Kinetic curve for decompo-
sition of MB over the prepared MoS, heterostructure in the presence of visible light under optimized reaction
parameters. (c) Initial methylene blue (MB) concentration towards the degradation of MB under visible light
using MoS..
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Fig. 7. a) Photocatalytic activity of samples Mog.g9Wo.01S2 in MB dye degradation. b) Kinetic curve for
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optimized reaction parameters. (c) Initial methylene blue (MB) concentration towards the degradation of MB
under visible light using MoS..
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(a) Photocatalytic activity of samples M00.99 W 005Cuo.005S2in MB dye degradation. (b) Kinetic

curve for decomposition of MB over the prepared Mog.o9Wo.005Cuo.00552 heterostructure in the presence of
visible light under optimized reaction parameters. (c) Initial methylene blue (MB) concentration towards the
degradation of MB under visible light using M00.99 Wy .005Cu.005S2-

at the photon-activated surface lead to the degra-
dation of organic molecules present in the pollu-
tant [31, 32].

To calculate the absorption of methylene blue
(MB) dye, the measurement of its removal efficiency
of MoSs and doped mixtures were used at differ-
ent time intervals. From the initial values, its per-
centage derivatives were calculated to determine the
removal of pollutants using MoS, and doped mix-
tures [17]. Figure 5 shows the schematic represen-
tation of the degradation of methylene blue dye.

The reactions were performed at 15 min in-
tervals under visible light, and the absorption
peak of MB dye appears at 370 nm for MoS,,
605 nm for Mog.ogWo.0152, and 485 nm for
M00,99W0,005CUQ‘00582. At the time of reaction, the
absorbance shows no difference, but the dye concen-
tration is proportional to its absorption [2].

Degradation efficiency was determined by em-
ploying the equation
COC C (@)

0
where Cy is the MB concentration at the initial
state, and C' is the MB concentration after illumi-
nating under visible light at a specified time [33].
Using the MB dye as an organic pollutant, pho-
tocatalytic materials prove their efficiency through
a cationic dye, which has an organic compound of

degradation = x 100%,
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clear absorbance property in the visible light region,
which is helpful in removing the organic pollutants
from the water resources, thus making the whole
approach one of the most efficient methods [34].

The kinetics of a degradation process of methy-
lene blue was determined using a pseudo-first-order
kinetic model equation

1n<00> = kt, (5)

C
where Cy and C are the concentrations of MB before
and after exposure to natural sunlight, respectively,
k is the reaction rate constant acquired from the
slope of the graph, and ¢ is their radiation time for
the reaction.

Using MOSQ, MOO_QQW0.0:[SQ, and
MOQ_99W0_005C110,00582 as a photocatalyst ma-
terial, the MB dye was successfully removed by
around 45% to 83%, as seen in Figs. 6-8. In 75 min,
the degradation was increased up to 83% by adding
the suitable dopant material to the source material.
Using tungsten as a dopant material, the removal
was enhanced from 45% to 62%, as seen in Fig. 7.
At the same time, M00_99W0,005Cu0,005S2—d0ped
material shows a similar increase in degradation
efficiency, i.e., from 62% to 83% in Fig. 8. The
oxidation of MB is detected from the peak values
based on the relationship between In(Cy/C) and t.
From the pseudo-first-order Kkinetics equation,
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the estimated rate constant value for MoSs,
Mog.99Wo.0152, and Mog.g9Wo.005Cug.0055S2 sam-
ples were found to be 0.0409 min~—!, 0.1577 cm—!,
and 0.0393 cm !, respectively.

The total percentage of methylene blue
dye removal was calculated for MoSs (45%),
Mog.99Wo.0152 (62%), and Mog.g9 Wo.005 Cuig.00552
(83%). According to the plotted diagrams, it was
observed that the amount of photocatalytic degra-
dation for Mog.99Wo.005Cug.005S2 nanomaterials
has increased by 83% compared to pure MoSs
and Mog.goWg.0152. The results of the methylene
blue dye degradation under visible light irradiation
over the prepared samples are given in Figs. 6-8.
It can be found that Mog.99Wo.005Cug.00552
nanomaterials show higher photocatalytic activity.

4. Conclusions

Pure and doped MOO.QQWO,()]SQ and
M00499W0_005Cu0_00582 nanoparticles were  suc-
cessfully prepared using a hydrothermal method.
The effect of temperature and suitable dopants on
the morphology transformation has been reported.
The XRD results indicate that the diffraction can
be readily observed as hexagonal 2H-MoS; and
monoclinic WOs3 with lattice constants a = 5.27 A,
b = 516 A, and ¢ = 7.67 A. From the UV-Vis
spectra, the optical absorption data and optical
band gap energies were estimated, and there is a
change in the band gap of MoS, due to the addition
of W and Cu, which helps in its application. The
FTIR spectra show the fundamental vibrations of
the MoS, material and its doped samples. The pho-
tocatalytic behavior of the M00,99W0,005CU0.00582
nanoparticles increased from 45% to 83% due to the
suitable dopant added to the source material. In the
case of tungsten as a doping material, the efficiency
was enhanced from 45% to 62%, and at the same
time, the doped MOO.99W04005Cu0_005SQ material
shows the increasing efficiency in degradation, i.e.,
from 62% to 83%.
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