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ABSTRACT

The molybdenum disulfide (MoS;) nanostructures such as nanosheets, nanoflowers, nanoparticles, and
nanoflakes are promising candidate materials for environmental pollution control. In this work, the effect
of sulfur precursors i.e. thioacetamide, thiourea, and elemental sulfur on the morphology of hydrother-
mally grown MoS, material was studied followed by their visible-light-driven photocatalytic activities
toward methyl orange (MO) dye degradation at ambient conditions. Interestingly under scanning electron
microscope (SEM) images, the morphologies of synthesized materials were seen to consist of systematic
nanosheets, aggregates, and agglomerates. Raman spectroscopy and XRD studies suggested that the grown
materials were composed of primarily 1T-2H mixed phase of MoS, along with a minor oxide phase of
molybdenum. Moreover, photocatalytic MO dye degradation activities exhibited by thioacetamide-grown
MoS, nanostructures were found to be better than those of elemental sulfur and thiourea counterparts.
The kinetic rates of degradation towards MO dye by materials synthesized with thioacetamide, elemental
sulfur, and thiourea were found to be 0.00804 min~!, 0.00614 min~!, and 0.00531 min~', respectively.
The relatively better photocatalytic activities exhibited by thioacetamide-grown MoS, material were at-
tributed to its predominant nanosheet morphology and the presence of a greater amount of MoS, con-
tents. This work will be helpful for a better understanding of morphological control hydrothermal syn-
thesis of MoS,-based materials and their subsequent organic dye degradation activities.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

meric 1, 2, and 3 in said crystal systems show the repetition of
a particular layer in a unit cell [8-10]. Interestingly, the 1T-MoS,

MoS, is the typical example of 2D transition metal dichalco-
genides (TMDs) material which has attracted the considerable at-
tention of researchers across the globe due to its diversified ap-
plications including optoelectronics, nanoelectronics, sensing, pho-
tocatalytic dye degradation, energy storage, and conversion [1-
7]. MoS, generally exists in three crystal structures i.e. 1T, 2H,
and 3R phases in which T, H, and R represent the tetragonal,
hexagonal and rhombohedral unit cells, respectively and the nu-
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phase is metallic which has been widely exploited for electro-
catalytic hydrogen evolution reaction (HER) [11,12]. On the other
hand, 2H/3R phases have semiconducting properties and are con-
sidered promising photocatalytic materials [13,14]. MoS, due to
its layered nature and high-temperature stability also finds use
in solid-state lubricants [15,16]. In addition to the unique crys-
tal structures of MoS,, the morphology of MoS, nanostructured
materials such as; nanosheets [17], nanoflowers [18], nanoflakes
[19], nanotubes [20] and nanoparticles [21] are also of consider-
able interests owing to their interesting photocatalytic dye degra-
dation properties [12]. For instance, Jaleel et al. [22] have synthe-
sized MoS, nanoflowers by hydrothermal method and used these
materials for malachite green (MG) dye degradation studies. Afsar
et al. [23] have grown MoS, nanoflakes by solid-state method for
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Fig. 1. Schematics for hydrothermal synthesis process for MoS, nanostructures.

photocatalytic methylene blue (MB) dye degradation. Chen et al.
[24] have shown nanosheets composed of MoS, for photocatalytic
rhodamine B dye degradation. Lee et al. [25] have studied the ef-
fect of pH over morphological control of MoS, nanostructures in
which they demonstrated that the nanoparticles, aggregates, and
nanoflowers of MoS, could be formed at acidic, neutral, and basic
pH conditions, respectively. Choi et al. [26] have demonstrated the
effect of temperature and pressure on the synthesis of MoS, and
used it as catalytic material for methanation reaction. Khan et al.
[27] have shown the effect of nickel doping on MoS, structure and
evaluated the performance towards photocatalytic dye degradation
methylene blue (MB), as well as rhodamine B (RhB), dyes under ul-
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traviolet light (UV) irradiation. In another metal-doped MoS, work,
Nazneen et al. [28] show the enhanced photocatalytic removal of
organic dyes by silver-doped MoS, nanostructures. The 3D-MoS,
nanoflowers have also been exploited for various organic dyes and
antibiotic pollutant materials by Singh et al. [29]. Recently, ultra-
thin layered MoS, nanostructures have been synthesized by Sahoo
et al. [30] for superior photodegradation properties towards methy-
lene blue (MB), Malachite green (MG), and Rhodamine B (RhB) or-
ganic dye pollutants under visible light irradiation. Thus, it was
found from the literature survey that the synthesis of MoS, nanos-
tructures with various morphologies has considerable research in-
terest in solving the environmental pollution problem caused by
common organic dyes.

In our previous studies, we have demonstrated the synthesis
of several carbon nanostructured materials for energy conversion
reaction such as OER/HER and adsorption studies [31-42]. Herein
motivated by fascinating and interesting morphologies of MoS,
material, we report the study on the effect of sulfur precursor on
morphology of MoS, material in typical hydrothermal growth con-
ditions followed by their photocatalytic activities towards methyl
orange (MO) dye degradation under visible light irradiation.

2. Materials and methods
2.1. Lab chemicals

Analytical reagent (AR) grade lab chemicals like ammonium
hepta molybdate tetrahydrate [(NH4)sMo070,4-4H,0], thiourea
[(NH)CS(NH,)], thioacetamide [(CH3)CS(NH,)], elemental sulfur
(S) granular powder; methyl orange (MO) dye, absolute ethanol,
etc. were purchased from Merck company. De-mineralized water
(DMW) was used for volume make-ups and washing of the prod-
ucts. All chemicals were used as-received without further purifica-
tion.

2.2. Characterizations

Synthesized materials were characterized by the secondary
electron microscope (SEM) model TESCAN at an operating voltage
of 20 kV, Raman instrument model Raman Micro Ramboss spec-
trometer with a solid-state laser (A = 532 nm), X-ray diffractome-
ter Bruker D8 Discover with Cu Ko radiation, Carbon-Sulfur Ana-
lyzer instrument model (CSi-Eltra) Germany and bench top visible-
spectrophotometer (wavelength range 380-900 nm).
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Fig. 2. Raman spectra (a) and XRD (b) of samples synthesized by hydrothermal method using different sulfur precursors.
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Fig. 3. (a), (b) low and (c) high magnification SEM images; (d) thickness distribution of nanosheets formed by hydrothermal method using thioacetamide.

2.3. Hydrothermal synthesis method for mos, nanostructures

The hydrothermal synthesis method for MoS, nanostructures
was adopted from previous works [43-46] with some modifica-
tions. Typically 1.5 gs of ammonium hepta molybdate tetrahydrate
and 1.5 gs of thioacetamide were taken in a 100 ml beaker fol-
lowed by the addition of 50 ml DMW. The mixture was allowed
to stir on the hotplate for 2 h to get a homogenized solution.
Afterward, the solution was transferred into a Teflon-lined stain-
less steel autoclave and heated in an electric chamber furnace at a
temperature of 180 °C for 6 h. The obtained powder material was
washed several times with DMW and ethanol followed by drying
in an oven at 110 °C for 2 h. The dried powder was then subjected
to annealing in an argon atmosphere at 300 °C for 1 h. Similarly,
the thiourea and elemental sulfur were used for the preparation of
the other two samples instead of thioacetamide as a sulfur precur-
sor. The schematic diagram for the complete synthesis process is
shown in Fig. 1.

2.4. Photocatalytic activity measurement

Homemade photocatalytic reactor setup was used as shown
schematically in supplementary information Fig. S1 by modifying
the standard methods reported elsewhere [47-50]. The photocat-
alytic dye degradation studies were carried out by monitoring the

decrease in the concentration of MO dye at regular intervals of
time by measuring the concentrations of standard and samples at
435 nm wavelength. The experiments under exposure to light and
without light were conducted in which the effect of photocatalyst
dosage was also studied. The procedure for recycling of photocata-
lyst was as follows: first used 100 mg of photocatalysts contained
in 100 ml of MO dye solution was centrifuged followed by decanta-
tion, washings with DMW, and drying in an oven at 110 °C for 2 h.

MO dye% removal was determined by using the following for-
mula:

%Removal = [(Co — Ct)/Co] + 100 — (1)
Where:

Ct = Concentration at a certain interval of time
Co = Initial concentration of MO Dye (5 ppm)

The rate constant “k” was determined by linear fitting the ki-
netic data into pseudo first order rate equation:
—InCt/Co = kt — (2)
Where;
k = Rate constant
Co = Initial concentration of MO dye

Ct = Concertation of MO at time t
t = Time interval
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Fig. 5. SEM images (a-d) and (e) diameter distribution of agglomerates formed by hydrothermal method using elemental sulfur.

3. Result and discussion in all three synthesized samples. It can be seen that sample syn-
thesized with thioacetamide has the highest amount of MoS,

The MoS, content in each sample was determined with the i.e. about 80% while the other two samples have relatively less
help of a carbon-sulfur (CS) analyzer which is the most reliable amount of MoS, contents. The molybdenum precursor i.e. ammo-
technique for sulfur determination in samples. Table 1 shows the nium molybdate and all other experimental parameters were iden-
results of sulfur contents along with corresponding MoS, amounts tical in three hydrothermal experiments, therefore, the role of sul-
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Fig. 6. Photocatalytic MO dye degradation curves (a,b) and corresponding% removals of dye (c, d) exhibited by three hydrothermally grown samples with catalyst dosages of

50 and 100 mg per 100 ml of 5 ppm MO solution.

Table 1
Sulfur and MoS, contents in synthesized sam-
ples with different sulfur precursors.

Sulfur (%)  MoS, (%)  Sulfur precursor
21.67 54.18 Thiourea

2391 59.78 Elemental Sulfur
31.98 79.94 Thioacetamide

fur precursor seems to be the predominant factor in the yield of
MoS,.

Fig. 2(a) shows the Raman spectra of samples synthesized by
the hydrothermal method at 180 °C temperatures for 6 h fol-
lowed by annealing at 300 °C in an inert argon atmosphere using
three different sulfur precursors. The main band positions for all
three synthesized samples were around ~235 cm~!, ~279 cm™!,
~333 cm~!, and ~373 cm~! with slight shifts. These Raman bands
are assigned to 1T-2H mixed phases by Saber et al. [51]. The minor
shifts in peak positions may be attributed to different sulfur pre-
cursors used in typical hydrothermal synthesis methods for each
sample. Fig. 2(b) shows the typical XRD patterns exhibited by the
three synthesized samples under similar experimental conditions
except for sulfur precursors. The sample synthesized with elemen-
tal sulfur, thioacetamide, and thiourea exhibit 26 peaks at ~10.11°
and ~18.34° which are indexed as (002) and (004) planes of MoS,
material, interestingly these are typically known for mixed 2H@IT
MoS, phase [52]. Fig. 2(b) also reveals the 26 peaks around 26° for
all three samples which are assigned to the oxide phase of molyb-
denum [53]. Thus, XRD and Raman’s spectroscopy confirm the pre-
dominantly mixed phase of MoS, (1T-2H) in synthesized samples
with a minor oxide phase.

Fig. 3(a) and (b) show the low magnification SEM images of the
sample synthesized by hydrothermal method using thioacetamide
as a sulfur precursor at 180 °C temperature for 6 h followed by
annealing in an argon atmosphere at 300 °C. It can be seen that
the overall morphology of the material is resembling assembled
flowers nested in a vase. Fig. 3(c) shows the high magnification
SEM image which clarifies that these assemblies are composed
of nanosheets having a thickness of hierarchical order. The sheet
thickness of the material was also determined which was found to
be in the range of 5-30 nm with the predominant sheet thickness
range lying in 11-25 nm. The sheet thickness distribution is shown
in Fig. 2(d). Since Table 1 shows that the hydrothermally synthe-
sized material with thioacetamide sulfur precursor contains about
80% of MoS, material, therefore these nanosheets are reasonably
assigned to be composed of MoS, nanosheets. Similar morphology
of nanosheets assigned to MoS, was observed in the work of Sun
et al. [17].

Fig. 4(a-e) shows the SEM images of the sample synthesized by
hydrothermal method using thiourea as a sulfur precursor under
similar experimental conditions to those of thioacetamide-grown
MoS, nanosheets. It can be seen in SEM images that the irreg-
ularly shaped aggregates of particles are predominant. Moreover,
aggregate particles seem to tightly adhere to one another showing
the dense cluster of particles that usually have strong interactions
and bonds. The diameter distribution of the particles is shown in
Fig. 4(f). It can be seen from the size distribution that the aggre-
gate particle lies in the 1-100 pm range. The micron-sized aggre-
gates are possibly composed of sulfides and oxides of molybdenum
since MoS, contents in this sample are about 54 wt% (Table 1). The
SEM observations along with MoS, contents determination in the
sample synthesized by thiourea as sulfur precursor suggest that
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using thioacetamide as a sulfur precursor under hydrothermal conditions.

the presented experimental conditions could yield a low yield of
MoS, material with rough aggregate morphology.

Fig. 5(a-d) shows the SEM images of the sample synthesized
by hydrothermal method using elemental sulfur precursor under
identical hydrothermal conditions to those of thioacetamide and
thiourea-grown MoS, materials. The increasing order of magnifi-
cation from Fig. 5(a) to (d) suggests that this particular sample
is full of loosely bound particles of micron-sized agglomerates i.e.
less dense clusters of particles. The diameter distribution of the ag-
glomerated particles is shown in Fig. 4(e). The diameter distribu-
tion of the agglomerated particles revealed that the micron-sized
particles are in the range of 10-100 pm with predominant sizes
from 10 to 40 pm. With the support of the amount of MoS, con-
tent results (Table 1), it may be assigned that the theses particles
are predominately composed of MoS, agglomerates while balance
material in the sample possibly is comprised of oxide impurity
which sometimes grows in hydrothermally synthesized MoS, ma-
terials as shown in the previous work [17]. Since all three samples
were synthesized in similar hydrothermal conditions yet the dif-
ference in MoS, contents and morphologies of the samples were
observed which is attributed to the molecular structure differ-
ence of sulfur precursor. Thioacetamide (CH3CSNH,) due to methyl
group presence in its structure possibly helped in reducing the
environment and thus resulted in greater content of MoS, while
thiourea (NH,CSNH,) and elemental sulfur (S) structures are de-
void of methyl group and thus resulted in to the relatively lower
amount of MoS,.

Fig. 6(a-b) show the photocatalytic dye degradation curves with
selected 50 mg and 100 mg dosage of photocatalysts under 200-
watt visible light bulb irradiation as well as in dark at different

time intervals. It can be seen that in dark the materials could re-
move about 20% MO dyes with respect to the initial 5 ppm con-
centration from the aqueous solution. The removal of MO dye in
the absence of light may be attributed to the adsorption process.
After 30 min time, all three synthesized materials degraded the
MO dye very quickly and reaches saturation value in about 2 h.
Fig. 6(c) shows the graphical representation of MO dye% removals
with a catalyst dosage of 50 mg per 100 ml of 5 ppm MO dye
and the% removals by samples synthesized using thiourea, thioac-
etamide, and elemental sulfur was found to be 65%, 72%, and 58%,
respectively. Fig. 6(d) shows the% removals of MO dye with a cat-
alyst dosage of 100 mg per 100 ml of 5 ppm solution. It was ob-
served that by doubling the amount of photocatalyst the%removal
of dye could increase up to 3-4%. It was also noticed that the MO
degradation curves exhibited by thioacetamide-grown MoS, mate-
rial showed relatively better photocatalytic performance than those
of the other two counterpart samples. The better performance of
said sample is presumably due to the presence of fine structure i.e.
nanosheets which are often endowed with exposed edges, greater
surface area, and facilitation of photocatalytic activities. Contrary to
that other two synthesized materials possess predominant coarser
structures i.e. agglomerate and aggregates, therefore these mate-
rials showed relatively low photocatalytic activities. Furthermore,
it was found from the literature that the MoS, heterostructures
are only capable of degrading MO dye over 90% [54]. But here,
we found overall low catalytic performance by three synthesized
samples i.e. (58-75%) which is possibly due to mixed-phase i.e.
2H/1T phase in which the 2H phase is the only semiconducting
phase that contributes toward MO dye degradation. The predicted
dye degradation mechanism as per previously published work [55-
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58] is shown in supplementary information Fig.-S2. According to
said published work when light falls on semiconductor material
the electrons from the valence band (VB) jump to the conduction
band (CB) thus leaving behind the negative and positive centers
at CB and VB, respectively. Moreover, electrons at CB have the po-
tential to reduce the free oxygen available in the system to super-
oxide (02-) molecules while VB has the potential to convert water
molecules into free radical (OH.) species. These superoxide and free
radical species are collectively known as reactive oxidative species
(ROS) which have enormous potential to decompose any of the or-
ganic dye into simpler compounds like CO, and H,0 [47]. We also
believe that in our study the mechanism of MO dye degradation
was of similar nature as discussed above.

Fig. 7(a-c) shows the experimental and linear fit of pseudo
first order kinetics revealed for the sample synthesized by the
hydrothermal method using three different sulfur precursors. The
rate constants for samples having predominant nanosheets, ag-
gregate, and agglomerate were found to be 8.04 x 10~2 min~!,
614 x 102 min-1, and 5.31 x 10=2 min~!, respectively which
clearly indicates that the rate of degradation of MO dye exhibited
by material composed of predominantly nanosheets is greater than
those of aggregate and agglomerate materials. The fast kinetics on
nanosheets is obvious because of its exposed edges and usually
high surface area. Fig. 7(d) shows the% removals of dyes exhibited
by a sample containing predominant MoS, nanosheets up to five
cycles under similar conditions. It was observed that material af-
ter 5th recycling showed just about a 7% decrease in removal ef-
ficiency toward MO dye from aqueous solution. Moreover, its XRD
spectra before and after the 5th recycle are shown in supplemen-
tary information Fig.-S3. There was no major change observed in
the phase or composition of thioacetamide-grown photocatalytic
material which is the hallmark of durable photocatalyst.

4. Conclusion

In the present work, the effect of three different sulfur precur-
sors i.e. thiourea, thioacetamide, and elemental sulfur on the mor-
phology of hydrothermally grown MoS, material was studied un-
der similar experimental conditions. The sulfur precursor thioac-
etamide was found to be better for the growth nanosheet-like
material while thiourea and elemental sulfur nucleated the ma-
terials composed of aggregate and agglomerates, respectively. The
amount of MoS, contents in thioacetamide, thiourea, and elemen-
tal sulfur-grown material was found to be about 80%, 60%, and
54%, respectively. XRD and Raman spectroscopy studies revealed
the presence of mixed-phase 1T-2H of MoS, in all three synthe-
sized samples. The MO dye% removal exhibited by thioacetamide,
thiourea, and elemental sulfur-grown materials were found to be
75%, 68%, and 62%, respectively under identical hydrothermal con-
ditions with a rate constant 0.00804 min-1, 0.00614 min-1, and
0.00531 min-1. Moreover, in this study, the morphologically con-
trolled hydrothermal synthesis of MoS,-based nanosheet material
was demonstrated using thioacetamide sulfur precursor.
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