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ABSTRACT

In this study, porous MoS> nanoflowers (NFs) were synthesized using a simple hydrothermal
method and tested for their photocatalytic efficiency in degrading methyl orange (MO) under
simulated sunlight. The MoS> NF's possess a hierarchical structure formed by ultrathin nanosheets,
which provide a large surface area and active edge sites, enhancing light absorption and
facilitating efficient charge separation. Photocatalytic experiments demonstrated an impressive
degradation efficiency of more than 60% for MO dyes after 120 minutes of reaction with a
degrading rate of 2.51 x 107 min™. The enhanced photocatalytic performance is attributed to the
high crystallinity, a large surface-to-volume ratio, and efficient charge carrier dynamics provided
by the porous MoS: nanoflower structure. These findings suggest that MoS> nanostructures are
highly promising as efficient and stable photocatalysts for practical applications in wastewater
treatment under solar irradiation, offering potential for sustainable environmental remediation.
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1. INTRODUCTION

The increasing discharge of synthetic dyes into water bodies, particularly from textile and
printing industries, poses a serious environmental threat due to their toxicity, persistence, and
resistance to natural degradation [1, 2]. Among these, methyl orange (MO) is widely used as a
model pollutant in photocatalytic studies because of its structural stability and high solubility in
water [3].

Conventional wastewater treatment methods are often ineffective in removing persistent
organic pollutants such as methyl orange (MO), especially at trace concentrations [4]. Among
emerging technologies, advanced oxidation processes (AOPs), particularly photocatalysis, have
garnered significant attention due to their ability to generate highly oxidative hydroxyl radical
('OH), enabling the effective degradation of persistent organic pollutants without producing
secondary contaminants [5].

Photocatalytic degradation using semiconductor materials has attracted widespread attention
as a green and effective approach for treating dye-containing wastewater. Molybdenum disulfide
(MoS>), a transition metal dichalcogenide (TMD) with a layered structure, has gained significant
attention as a multifunctional material for photocatalytic applications due to its moderate
bandgap (1.2-1.9 eV), high surface-to-volume ratio, tunable electronic structure, and chemical
stability [6, 7].

Recent studies have shown that the photocatalytic performance and HER of MoS, can be
significantly improved by engineering its morphology into hierarchical nanostructures, such as
nanospheres, nanosheets, and nanoflowers [8, 9]. Among these, flower-like MoS, structures are
particularly attractive because they offer a large specific surface area and abundant edge sites,
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facilitating light absorption and charge separation [10]. Specifically, three-dimensional (3D)
nanostructures, such as flower-like and ultrathin nanosheet assemblies, provide enhanced
performance by offering a larger number of exposed edge sites, improved light-harvesting ability,
and more efficient separation of photoinduced electron—hole pairs [11]. For instance, Xian Yan et al.
[6] reported that the integration of 3D MoSy nanoflowers with CoP nanoparticles significantly
improved HER performance by generating dual proton-adsorption sites. Similarly, Ya Yan et al. [7]
demonstrated that ultrathin MoS, nanosheets with high edge density were better at photocatalytic
activity than bulk MoS; due to their expanded surface area and higher density of unsaturated sites.

Among various synthesis methods, the hydrothermal approach stands out for its ability to
produce MoS: nanostructures with high crystallinity and uniform morphology under mild reaction
conditions, while offering scalability and cost-effectiveness. Solution-based synthesis enables
precise control over the morphology and size of nanostructures, such as nanowires, nanotubes, and
nanosheets, through a simple and reproducible process, making it suitable for fabricating high-
purity nanocrystals [12].

Several studies have reported the photocatalytic degradation of methyl orange (MO) using
MoS; synthesized by different approaches. For instance, Yang et al. (2022) achieved up to 93.8%
removal of MO within 60 min using hydrothermally prepared MoS, nanoflowers [17]. Tien et al.
(2022) developed MoS,/Co30,4 nanohybrids that degraded 95.6% of MO in 170 min with good
recyclability [18].

In this study, porous MoS, nanoflowers were synthesized via a hydrothermal route and their
photocatalytic performance in degrading methyl orange under simulated sunlight was evaluated.
The effects of synthesis conditions on the morphology and photocatalytic activity of the materials
were systematically investigated, with the aim of developing an efficient, low-cost photocatalyst
for wastewater treatment.

2. EXPERIMENTAL METHODS

2.1. Materials

Ammonium molybdate tetrahydrate (NH4)¢Mo0,0,4-4H,0 (99%) was supplied from Tianjin
Kaihua Chemical Reagent Factory (China), Thiourea CH4N>S (99%) was purchased from Xilong
Scientific (China), Centyl trimethylammonium Bromide CTAB (99%) was obtained from
Adamas-beta (China), Methyl Orange (MO).

2.2. Synthesis of MoS: nanoflowers

MoS; nanoflowers were prepared via the hydrothermal method. (NH4)sMo07024.4H,0 (0,617 g),
CH4N2S (0,76 g) and CTAB were dissolved in 40 mL deionized water. The mixture was
magnetically stirred for 15 minutes and then subjected to hydrothermal treatment at 200 °C for 24
hours using a Memmert furnace (Germany). The obtained precipitated product was collected by
centrifugation at 4000 rpm for 5 minutes and washed several times with distilled water and ethanol
to remove residual solvent and impurities on the surface. The product was subsequently dried at
80 °C overnight, followed by annealing under an inert nitrogen atmosphere at 350 °C for 3 hours,
with a heating rate of 2 °C min™" [19].

2.3. Material characterizations

The morphological, compositional, and optical properties of the flower-like MoS,
nanostructures were characterized using various advanced techniques. Field-emission scanning
electron microscopy (FE-SEM, JEOL JSM-7600F) and high-resolution transmission electron
microscopy (HRTEM, JEOL 2100F) methods were applied to reveal the surface morphological
characteristics of the as-prepared material. The EDS (Energy-dispersive X-ray spectroscopy,
Bruker D8 Advance, Cu-Kqi, A = 1.54056 A) analysis confirmed the elemental compositions.
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Raman (Renishaw InVia confocal micro-Raman) and Photoluminescence (PL, iHR550, Horiba,
A = 325 nm) spectroscopy were employed to investigate the vibrational features and
photoluminescence behavior of the material.

2.4. Photocatalytic experiments

The photocatalytic performance was evaluated via the time-dependent degradation efficiency
of methyl orange (MO), photodegradation kinetics, and kinetic studies under simulated sunlight
irradiation for 120 minutes.

The degradation kinetics of MO were investigated using a pseudo-first-order model based on
the Langmuir-Hinshelwood mechanism, which is commonly applied to heterogeneous
photocatalysis. The linearized form of the kinetic equation is:

—In(C/Co) = k.t (1)
Where: k is the apparent rate constant (min™);
t is the irradiation time (min);
Co and Ct are the dye concentrations at time 0 and ¢, respectively.
3. RESULTS AND DISCUSSION

3.1. Morphological and microstructural characterization

LR 3y

Figure 1. SEM images of MoS: nanoflowers obtained after annealing
at 350 °C under a Nitrogen atmosphere.

Figure 1 presents SEM images of the synthesized MoS, material at two magnifications. At
x50,000 magnification (figure 1a), the material exhibits a distinctive nanoflower-like morphology,
consisting of multiple thin nanosheets stacked and interconnected into a three-dimensional
hierarchical structure. The average diameter of the nanoflower assemblies is approximately 500 -
800 nm.

At x100,000 magnification (figure 1b), the nanosheets forming the “petals” display wrinkled
surfaces and a loosely stacked arrangement - typical features of two-dimensional layered MoS,.

This hierarchical morphology not only provides a large specific surface area and a high density
of active edge sites but also enhances light-harvesting capability and facilitates mass transport.
Furthermore, the multi-tiered porous architecture can improve the separation and transport
efficiency of photogenerated electron—hole pairs under illumination, thereby significantly
promoting the photocatalytic performance of the material.

Figures 2a and 2b (low-magnification TEM images) reveal that the MoS, nanosheets are
ultrathin, wrinkled, and loosely stacked, forming a nanoflower morphology consistent with the
SEM observations. The lateral dimensions of these nanosheets range from several tens to several
hundreds of nanometers, and the contrast variation indicates their few-layered nature. The high-
resolution TEM (HRTEM) image in figure 2c¢ distinctly displays the stacked-layer arrangement of
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MoS, nanosheets, with interlayer spacings clearly visible at the sheet edges. This spacing matches
well with the characteristic value of the 2H-phase MoS,. In figure 2d, well-resolved lattice fringes
are observed with an interplanar spacing of approximately 0.62 nm, corresponding to the (002)
crystal plane of hexagonal MoS,. The results confirm the high crystallinity and the well-preserved
layered structure of the material.

Figure 2. TEM images of MoS> nanoflowers obtained after annealing at 350 °C under nitrogen.
Such morphological and structural characteristics are expected to enhance photocatalytic
activity by providing a large specific surface area, abundant active edge sites, and efficient charge
transport channels.
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Figure 3. EDS spectrum of MoS> nanoflowers obtained after annealing at 350 °C
under a nitrogen atmosphere.

Figure 3 shows the EDS spectrum of the synthesized MoS, nanoflowers, confirming their
elemental composition. Two distinct peaks are observed, corresponding to molybdenum (Mo) and
sulfur (S) - the primary constituents of MoS,. The strong peak at approximately 2.3 keV is
attributed to sulfur, while the adjacent peak at slightly lower energy corresponds to molybdenum.
No significant signals from other elements are detected, indicating the high purity of the
synthesized product. Quantitative analysis reveals weight percentages of 34.74% for Mo and
65.26% for S, with corresponding atomic percentages of 61.43% for Mo and 38.57% for S.
Overall, the EDS results confirm the successful synthesis of high-purity MoS, with good elemental
stoichiometry and negligible contamination.

Figure 4 illustrates the Raman spectrum (figure 4a) and photoluminescence (PL) spectrum
(figure 4b) of the MoS; nanoflowers. In the Raman spectrum, two prominent peaks are observed
at approximately 382 cm™ and 407 cm™", corresponding to the in-plane E,g' and out-of-plane A; g
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vibrational modes of the 2H-phase MoS;, respectively. The frequency difference of ~25 cm™
between these peaks is indicative of few-layer MoS,. The sharp and intense peaks confirm the
high crystallinity of the nanostructures. In figure 4.b, the PL spectrum exhibits two broad emission
bands centered at 503 nm and 715 nm. The 503 nm emission is attributed to the direct bandgap
transition in few-layer MoS,, while the 715 nm peak is likely related to defect-mediated
recombination and trap states within the band structure. The overall low PL intensity suggests
efficient separation of photogenerated electron - hole pairs - an advantageous feature for
photocatalytic applications.
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Figure 4. Raman and PL spectra of MoS> nanoflowers obtained after annealing
at 350 °C under a nitrogen atmosphere.

3.2. Photodegradation activity

1442 —=—0 min 1.0 =—a=I052 nanoflowers (0)

—+—20 min
12
—+ 40 min 08

Lo —»— 60 min 08
—+— 80 min

—«—100 min

C/Cy

038 0.7

0.6 4

vos=t— 120 min 0.6

04

Absorbance (a.u.)

0.5

0z
04

0.0

350 400 450 500 550 600 0 20 40 60 SO 100 120
Wavelenght (nm) Time (min)
05
o

=
=

=
[

@ MoS2 nanoflowers
= Linear Fit

=
N

@

-Ln(C/Cq)

=
[

(3

'
k=251x10"2 min1

=
=}

20 40 60 80 100 120
Time (min)

Figure 5. (a) Time-dependent photocatalytic degradation efficiency of MO
using porous MoS> nanoflowers, (b) photodegradation kinetics,
and (c) kinetic study under simulated sunlight irradiation over 120 min.

The photocatalytic performance was evaluated based on the degradation of MO under visible-
light irradiation. In this study, the initial concentration of MO was 0.02 ppm. All experiments were
conducted under magnetic stirring at a temperature of 20 — 25 °C, and pH was maintained between
5.0 — 6.0 to ensure stable reaction conditions. The characteristic absorption peak of MO at ~ 465 nm
gradually decreased with increasing irradiation time (figure 5a), indicating the cleavage of azo (-
N=N-) bonds, which are responsible for the color and structural stability of the dye molecules [13].
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The C/C, versus time plot (figure 5b) shows that the C/Co value decreased from 1.0 to
approximately 0.43 after 120 minutes of irradiation, corresponding to a degradation efficiency of
about 57%.

As described in Eq.01, the plot of —In(CyCo) versus time (figure 5c) yields a straight line, with
the slope representing the rate constant k.

In this study, the calculated value of k is:
k=2.51x 102 min !

This relatively high rate constant indicates higher photocatalytic efficiency compared to
previously reported MoS,-based catalysts [14, 15].

The enhanced activity is attributed to multiple synergistic factors, including:

(i) efficient light harvesting by the layered MoS,,

(i) effective charge separation enabled by the thin nanosheet structure,

(iii) a large number of exposed active edge sites,

(iv) possible generation of reactive oxygen species (ROS) such as *OH and *O,~ during the
photocatalytic process [16].

4. CONCLUSIONS

In this study, porous MoS, nanoflowers were successfully synthesized via a simple
hydrothermal method and evaluated for photocatalytic degradation of methyl orange (MO) under
simulated sunlight irradiation. Morphological and structural analyses revealed that the material
consists of ultrathin nanosheets assembled into a three-dimensional hierarchical architecture,
offering a large specific surface area, abundant active edge sites, and strong light absorption
capability. Raman, PL, and EDS analyses confirmed the high crystallinity, few-layer structure, and
high purity of the synthesized MoS,, while TEM/HRTEM observations verified the interlayer
spacing consistent with the 2H-MoS, phase. These structural features contributed to improved
charge separation and transport, effectively suppressing electron—hole recombination.
Photocatalytic tests demonstrated that the porous MoS; nanoflowers achieved a degradation
efficiency of ~57% for MO after 120 minutes, with a rate constant of 2.51 X 1072 min™" - superior
to many MoS,-based photocatalysts reported in the literature. This enhanced performance is
attributed to the synergistic effects of efficient light harvesting, ultrathin nanosheet morphology,
high density of active edge sites, and the generation of reactive oxygen species (ROS) during the
photocatalytic process.
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TOM TAT

Hoat tinh quang xtc tic phan hity methyl orange ciia vét lidu ciu tric xop MoS;
dwoi chiéu xa anh sang mat troi mo phong

Trong nghién ciru nay, vt liéu MoS> dang cau triic “hoa nano” xép (NFs) dd duoc tong
hop bang phwrong phdp thity nhiét don gian va khao sdt hoat tinh quang xiic téc phan hiy
phdm nhuém Methyl Orange (MO) dudi anh sang mat troi mo phong. Cdu triic MoS» NFs
dwoc hinh thanh tir cac nanosheet siéu mong, cung cap dién tich bé mdt I6n va nhiéu vi tri
hoat tinh, giup tang cwong kha ndang hap thu anh sang va thic ddy tach tai dién hiéu qua.
Thi nghiém quang xiic tac cho thay hiéu sudt phan hiy MO vieot 60% sau 120 phit phan
ing, véi hang sé toc dé phdn hity dat 2,51 x 102 phit ™. Hiéu qua phdn hity MO ciia vat
lieu duoc ly gidi boi do két tinh cao, tylé bé mat/thé tich 1ém va dong hoc truyén tdi dién
tich t6i wu ciia cdu tric hoa nano x0p. Nhitng két qud nay cho thdy cdc cdu triic nano MoS,
la vt lidu quang xiic tac tiem ndng vmg dung hiéu qud va on dinh trong xur ly nuoc thai dudi
dnh sdng mdt troi, gép phan vao cdc gidi phdp xir Iy méi truong bén viing.

Tir khéa: MoS; hoa nano; Quang xuc tac; Methyl orange; Gbe oxy hoat tinh; Chiéu xa mat troi.
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