
ORIGINAL PAPER

Impacts of substitutional Mn-doping on the structural, morphological,
optical, and photocatalytic properties of MoS2 nanoparticles synthesized

by hydrothermal method

M A M Hussien1,2* and A Abu El-Fadl1,2

1Physics Department, Faculty of Science, Assiut University, Assiut 71516, Egypt

2Lab. of Smart Materials for Energy Futures, Physics Department, Faculty of Science, Assiut University, Assiut 71516, Egypt

Received: 27 January 2026 / Accepted: 02 June 2026

Abstract: In this article, pure and manganese (Mn)-substituted molybdenum disulfide (Mo1-xMnxS2) nanostructures were

synthesized using the hydrothermal method for photocatalytic activity. A number of characterization techniques were

employed to examine the impact of Mn incorporation on the morphological, structural, optical, and photocatalytic char-

acteristics of MoS2. The samples were analyzed using field emission scanning electron microscopy, which revealed an

aggregated nanoflower-like structure in the recorded images. X-ray diffraction technique was performed to examine the

crystal structure of pure and Mn-doped MoS2 samples, and the results confirmed the formation of the 2H-MoS2 polytype in

all the as-prepared nanostructures, with a reduction in the average crystallite size by increasing the dopant concentration.

Edge-terminated active sites in the Mn-doped samples were indicated by Raman analysis. Also, further investigation of the

structure was carried out using Fourier transform infrared spectroscopy, confirming the presence of the characteristic Mo-S

band. The elemental composition of pure and Mn-doped MoS2 nanoflowers (NFs) was verified by energy-dispersive X-ray

spectroscopy. Brunaure-Emmett-Teller surface analysis was performed to find out the impact of Mn doping on the surface

area. The optical properties were observed through ultraviolet–visible spectroscopy, demonstrating allowed direct tran-

sitions with an optical energy bandgap that gradually decreased with increasing Mn concentration. The photocatalytic

performance of undoped and Mn-doped MoS2 NFs was evaluated through the degradation of methylene blue (MB) dye

under visible-light irradiation. This study demonstrates that high photocatalytic efficiency (96% MB degradation in 60 min

under visible light) is achieved at a low Mn concentration (1.5%), highlighting that controlled Mn incorporation enhances

charge separation without excessive doping.
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1. Introduction

In the last century, the rapid growth of industry led to

significant economic prosperity, which facilitated life for

human beings and made it more accessible. However, from

another point of view, this growth led to a rise in the level

of pollutants, which severely harms the ecosystem. For

example, several industries, such as those producing tex-

tiles, paper, plastics, and cosmetics, release large amounts

of wastewater containing organic dyes and pollutants into

water sources. Most of these pollutants are extremely toxic

and, therefore, cannot be easily degraded naturally [1].

Even trace amounts of organic pollutants and dyes dis-

charged into water streams can affect humans and living

organisms in a very dangerous manner. Therefore, it has

become essential to degrade organic pollutants and toxic

dyes from their sources before they arrive the water drains.

In this context, developing a stable, effective, and inex-

pensive method to wastewater treatment is very important.

Compared with various methods for removing organic

dyes, photocatalytic degradation is considered a sustain-

able, environmentally friendly, and low-cost solution

[2, 3]. Titanium dioxide (TiO2) and zinc oxide (ZnO) have

been widely used as photocatalysts, and they are thought to

have outstanding photocatalytic activity against different

dyes and have been extensively researched [4–6]. How-

ever, because of their relatively large energy bandgap, their
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practical application is limited and confined to the ultra-

violet region (4–5% of natural light) [7–10]. Thus, the aim

of this research is to develop new and efficient materials

that can effectively utilize the visible part of the electro-

magnetic spectrum to degrade organic pollutants.

Visible-light-activated photocatalysts have attracted

significant research attention due to their remarkable abil-

ities in energy generation and environmental applications.

Nanostructures engineered to be responsive to visible light

have been proven to capture light effectively [11–13]. For

innovative and advanced applications, visible-light-driven

photocatalytic materials are crucial, as they must absorb a

substantial portion of the sunlight’s visible spectrum [14].

Since Fujishima’s remarkable breakthrough in water

splitting in 1972, semiconductor-based photocatalysts have

emerged as one of the most promising approaches for

degrading organic pollutants through light illumination

[15]. But the low surface area and inadequate light

absorption of these semiconductor-based photocatalysts

restrict their overall performance and ability to achieve

high efficiency. 2D transition metal dichalcogenides

(TMDCs) have attracted considerable attention as photo-

catalysts in recent years due to their large surface-to-vol-

ume ratios, porous structures that increase the number of

active catalytic sites, and an adjustable bandgap that

facilitates the movement of charges [16]. Their unique

optical and electronic characteristics are due to their fun-

damental layered structure. MX2 is the general formula for

TMDs, where M is a transition metal element from group

IV (Ti, Zr, or Hf), group V (V, Nb, or Ta), or group VI (Mo

or W) in the periodic table, and X is a chalcogen element

from group VI (S, Se, or Te) [17, 18]. M is attached to X

via weak Van der Waals force [19, 20].

Among the aforementioned materials, MoS2, which has

been extensively explored as a visible-light photocatalyst,

is considered to be a superior member of TMDCs due to its

layered crystal structure, similar to that of graphene, and it

is also an abundant and cost-effective semiconducting

substance [21–23]. It is made up of layers arranged in a

trigonal prismatic pattern with one atomic plane of

molybdenum (Mo) sandwiched between two atomic planes

of sulfur (S) [24]. Each Mo and S atom is attached to each

other via a strong covalent bond, while the layers them-

selves are linked to each other by weak Van der Waals

forces [25]. According to the variance of the atomic

stacking order and atomic coordination, there are three

recognized polytypes of MoS2: 1T, 2H, and 3R. The 1T

phase has tetragonal symmetry containing one S-Mo-S

layer for each cell with octahedral coordination of Mo and

S atoms; it exhibits metallic behavior with space group

P3m1, where T refers to the trigonal structure. The 2H-

MoS2 polytype (space group: P63/mmc) has two layers of

S-Mo-S per unit cell, where each Mo atom is surrounded

by six S atoms in a trigonal prismatic shape; H here refers

to the hexagonal structure. The 3R phase corresponds to

rhombohedral symmetry consisting of three S-Mo-S layers

per unit cell and displays trigonal prismatic coordination; R

here refers to the rhombohedral structure. The 2H polytype

is the most stable and has semiconducting properties, while

the 1 T and 3R polytypes are less stable [26]. Figure 1a

shows the three-dimensional illustration of the layered

MoS2 structure, and the three MoS2 polytypes are pre-

sented in Fig. 1b as designed using VESTA software

[27, 28].

Bulk MoS2 is classified as an n-type semiconductor with

an indirect bandgap of approximately 1.2 eV, which is

unsuitable for activating the photocatalytic process and

separating charge carriers [29]. However, because the

number of MoS2 layers has a substantial effect on its

optoelectronic characteristics [30], previous reports indi-

cate that layered MoS2 has a direct optical bandgap of

around 1.9 eV, high mobility of charge carriers, and

excellent absorbance in the visible-light zone, which makes

it suitable for photocatalysis [31, 32]. In spite of these

advantages, the use of MoS2 as a photocatalyst is still

restricted because charge carrier recombination occurs

quickly and the number of active edge sites is limited [33].

According to previous research, the photocatalytic activity

of MoS2 strongly depends on its edge sites [22]. Hence,

many strategies have been suggested to increase the num-

ber of edge sites and, therefore, boost the photocatalytic

activity of MoS2 [34]. Some of these strategies include

chemical doping or modification, incorporation with other

traditional photocatalysts, forming heterostructures with

other semiconductors, and so on. For example, some pre-

vious studies used MoS2/TiO2 [35, 36], MoS2/ZnO

[37, 38], MoS2/FeZnO [39], MoS2/WO3 [40], and MoS2-

RGO/ZnO as photocatalyst heterostructures for MB dye

degradation [41]. However, there are limited publications

on doping with transition metal ions in semiconducting

p-type MoS2 to remove organic pollutants, such as Ni–

MoS2 [42], Ag–MoS2 [43], Cd–MoS2 [44], and Mn–MoS2
[45]. According to these studies, adding metal atoms can

create more sites that are active for catalysis, thereby

enhancing the photocatalytic performance.

Experimentally, MoS2 can be manufactured via various

techniques such as RF magnetron sputtering [46], chemical

vapor deposition [47], spin coating [48], ultrasonic spray

pyrolysis [49], sol–gel [50], sulfurization [51], decompo-

sition of ammonium tetrathiomolybdate [52], and

hydrothermal method [53, 54]. The hydrothermal tech-

nique is highly advantageous to conventional and non-

conventional synthesis techniques because of its inexpen-

sive cost, simplicity, and fewer precursor materials [55].

Through the hydrothermal method, specimens are directly

collected from the solution, resulting in a regular and
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uniform rate of nucleation, nanoparticle size, and mor-

phology without requiring high temperatures or complex

procedures [56, 57].

Manganese (Mn) is one of the transition metal dopants

that are best suited for substitutional incorporation into the

MoS2 lattice because of its ionic radius (Mn2? &
0.08 nm), which is similar to that of Mo2? (& 0.079 nm)

[58]. This allows for lattice substitution with minimal

structural disruption while also causing controlled lattice

distortion and defect formation. The density of catalytically

active centers is known to be increased by such substitu-

tion, thereby produces more active edge sites and raises the

concentration of sulfur vacancies [59, 60]. From an elec-

trical point of view, adding Mn can modify the electronic

properties of MoS2, making it behave more like a semi-

metal, which makes it easier for charge carriers to transport

by introducing localized impurity states into the band

structure [61]. Mn is an effective electron-trapping center,

which means it slows down the fast recombination of

electron–hole pairs that are photogenerated and makes

charge separation much more efficient [59, 62]. Multiple

oxidation states (Mn3?/Mn4?), which facilitate interfacial

charge transfer between the Mn sites and the MoS2 lattice,

are often associated with this trapping phenomenon

[59, 60]. Mn doping has a significant effect on the optical

properties of MoS2 [59, 62] because it makes the bandgap

narrower and creates defect-related energy states that

extend optical absorption into the visible range. These

defect states improve the ability to harvest solar light and

enable the absorption of photons with energies below the

bandgap. Both of these effects are important for photo-

catalytic applications. It has also been noted that Mn

incorporation increases the exposed surface area, porosity,

and surface roughness, all of which help reactant molecules

stick to the surface and speed up the photocatalytic reaction

[60, 63]. Mn doping is a highly effective strategy to

improve the photocatalytic performance of MoS2-based

systems because it combines defect engineering, band

structure manipulation, enhanced visible-light absorption

and improved charge carrier separation.

Previous studies on Mn-doped MoS2 photocatalysts

have demonstrated that performance is highly dependent

on dopant concentration, irradiation conditions, and reac-

tion time. For instance, a relatively high Mn loading (20%)

achieved complete degradation of MB within 90 min under

a low-power 25 W lamp [59], while another study using

3% Mn-doped MoS2 required a prolonged irradiation time

of 240 min to reach only 40.9% degradation of rhodamine

B dye under compact light illumination [58]. Although

higher efficiency (91%) was reported for 3% Mn-doped

MoS2 within 55 min, this was achieved under a high-

Fig. 1 (a) Schematic

representation of layered MoS2,

(b) different MoS2 polytypes
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intensity 150 W Hg lamp [45], indicating the strong

influence of irradiation conditions.

Here, we report the preparation of both undoped and

Mn-doped MoS2 nanoparticles (Mo1-xMnxS2) with differ-

ent Mn concentrations (x = 0.005, x = 0.01, and

x = 0.015) by a facile and cost-effective one-step

hydrothermal method to investigate their photocatalytic

activity for MB under visible light irradiation. The present

work demonstrates that a significantly lower Mn doping

concentration (1.5%) can achieve a high photocatalytic

efficiency of 96% MB degradation within 60 min under

visible light irradiation using a moderate 150 W halogen

lamp. This result highlights that optimized low-level Mn

incorporation is sufficient to achieve superior performance

without relying on excessive dopant concentration or high-

intensity irradiation conditions.

2. Experimental details

2.1. Materials

Ammonium molybdate tetrahydrate

((NH4)6Mo7O24�4H2O), manganese (II) acetate tetrahy-

drate ((CH3COO)2Mn�4H2O), thiourea (CH4N2S), ethyl

alcohol (CH3CH2OH), methylene blue dye (C16H18CIN3S),

and distilled water. All of these chemicals were purchased

from the ALPHA CHEMIKA company with extra purity

(99.9%) without any further purification.

2.2. Hydrothermal preparation of pure and Mn-doped

MoS2 nanoparticles

Pure MoS2 nanoparticles were synthesized via the

hydrothermal method. Briefly, 1.24 g of ammonium

molybdate tetrahydrate and 1.645 g of thiourea were mixed

(NH4)6Mo7O24·4H2O

+
CH4N2S

+
(CH3COO)2Mn·4H2O H2O

Stirred for 1 h Transferred to
50 ml autoclave

H
eated

at210
°C

 
for

24
h

Cooling to room

temperature

Centrifuged and washed
with ethanol and D.I

Final product

Precursors

Mo1-xMnxS2 nanoparticles

Fig. 2 Diagrammatic representation of the preparation procedure of Mo1-xMnxS2 nanoparticles

Fig. 3 XRD patterns with indexed peaks of the hydrothermally

synthesized Mo1-xMnxS2 NFs
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with 35 mL of distilled water and stirred for 1 h to obtain a

clear solution. The mixture was transferred into a 40-mL

Teflon-lined autoclave and heated to 210 �C for 24 h. The

autoclave was then cooled naturally to room temperature,

and the black precipitate was separated by centrifugation at

3000 rounds per minute and washed several times with

distilled water and ethyl alcohol before being ground to

produce pure MoS2 nanoparticles. Mo1-xMnxS2
(0.005 B x B 0.015) nanoparticles were prepared follow-

ing the same procedure used to synthesize pure MoS2 by

using (CH3COO)2Mn�4H2O as the precursor of Mn with

stoichiometric weight ratios in the reaction. Figure 2

illustrates the schematic representation of the Mo1-xMnxS2
nanostructure synthesis process, and the following chemi-

cal reactions (Eqs. 1, 2, and 3) illustrate the reactions that

occurred through the synthesis process to get pure MoS2
nanoparticles [64].

CH4N2Sþ 2H2O ! CO2 " þ2NH3 " þH2S ð1Þ

ðNH4Þ6Mo7O244H2Oþ 28H2Sþ 8NH3

! 7ðNH4Þ2MoS4 þ 28H2O ð2Þ

5O2 þ 2N2 þ 2C6H8O7 þ 2ðNH4Þ2MoS4
! 2MoS2 þ 12CO2 þ 4ðNH4Þ2S ð3Þ

2.3. Degradation experiment

The photocatalytic activities of pure and Mn-doped (Mo1-

xMnxS2) NFs were evaluated through the degradation of

MB dye in an aqueous solution under visible light irradi-

ation (150 W halogen lamp). In a typical experiment,

10 mg of the catalyst was added to a 100 mL MB solution

at a concentration of 10–5 M under continuous stirring at

room temperature. To achieve the adsorption–desorption

equilibrium of MB molecules on the photocatalyst surface,

the solution was agitated in the dark for 1 h prior to the

irradiation process. At regular time intervals, 3 mL of the

solution was collected and centrifuged to eliminate the

catalyst, and the residual concentration of MB was mea-

sured using a UV–Vis spectrophotometer in the wavelength

range of 400–700 nm.

Fig. 4 Calculated W–H plots of (a) pure, (b) 0.5%, (c) 1%, and (d) 1.5% Mn-doped MoS2 NFs

Impacts of substitutional Mn-doping on the structural, morphological, optical, and photocatalytic



3. Characterization methods

The crystalline phase and the structural properties of the as-

prepared photocatalysts were examined through a Philips

X-ray diffractometer (model PW 1710, Holland), employ-

ing Cu–Ka radiation (k = 0.15405 nm) at an applied volt-

age of 40 kV and a current of 0.03 A. The vibrational and

bonding properties of pure and Mn-doped MoS2 samples

were evaluated using a Raman spectrometer (Jobin–Yvon

LabRam HR80). FESEM (ZEISS Sigma 500 VP) was used

to examine the morphology of the prepared catalysts. FTIR

analysis of the synthesized samples was conducted utiliz-

ing the NICOLET FTIR 6700 spectrometer through the use

of the KBr pellet technique across the wavenumber range

of 400–4000 cm-1. An energy dispersive spectrometer

(Model ULTRADRY QUANTA Field Emission Gun 250)

connected to a scanning electron microscope unit was

utilized to find out the elemental composition of the pre-

pared samples. The analysis of the specific surface area was

conducted through a Quantachrome surface area/pore size

analyzer (NOVA 3200e) based on the BET method. Prior

to the measurements, the samples were degassed under

vacuum at 250 �C for 120 min. Subsequently, nitrogen

adsorption–desorption isotherms were recorded at

-196 �C. Computerized JASCO V-770 UV–Vis-NIR

spectrophotometer was used to record the absorbance of

the as-synthesized pristine and Mn-doped MoS2 nanos-

tructures within a range of 300–800 nm.

4. Results and discussion

4.1. X-ray diffraction

Powder XRD analysis was performed to investigate the

crystal structure of the as-prepared Mo1-xMnxS2 (0 B x

B 0.015) nanoparticles. All samples of pure and Mn-doped

MoS2 reveal a single hexagonal 2H-MoS2 phase with space

group P63/mmc as indexed in JCPDS file no. 37–1492.

This is evident in Fig. 3, where the prominent diffraction

peaks detected at 2h = 13.9�, 32.6�, 33.5�, 39.46�, and

58.50� correspond to (002), (100), (101), (103), and (110)

crystallographic planes, respectively [65]. The (002) plane,

which has the lowest energy surface, showed the main peak

of pure MoS2, indicating that the S–Mo–S layers are well

stacked along the c axis [66, 67]. All Mn-doped samples

exhibited diffraction patterns similar to that of pure MoS2
without the appearance of secondary impurity phases such

as MnO2, Mn2O3, Mn3O4, Mo2O3, or MoO3. This obser-

vation confirms the successful incorporation of Mn ions

into the MoS2 lattice without altering the hexagonal crystal

structure and indicates that the Mn concentration remains

within the solubility limit and that the doped samples are

formed in a polycrystalline single phase. Mn ions can

diffuse into the Mo ion matrix to occupy the lattice sites

without altering the hexagonal phase due to the comparable

structures of Mn and Mo atoms [68]. The variation in the

broadening (FWHM) of the reflected peaks, which ranging

from 1.26� to 3.28� across various hkl reflections, can be

explained by the existence of tiny grains compared to

others [68]. In addition, it is noted from the diffraction

pattern that the intensity of the diffraction peaks slightly

decreases by increasing the doping ratio, implying that the

crystallinity of the Mn-doped samples is reduced by

increasing the Mn concentration in the MoS2 lattice [45].

To further comprehend how Mn ions affect the lattice

characteristics of undoped MoS2, the microstructural

properties of the Mo1-xMnxS2 (0 B x B 0.015) were

examined using the Williamson-Hall (W–H) model repre-

sented in Eq. (4). This model was employed to estimate the

average crystallite size (D) and the nanocrystals’ micro

strain (e) [69]. In order to do that, Eq. (5) must be used to

remove the instrumental broadening from the X-ray

diffraction peak pattern, which consists of the instrumental

broadening and crystallite size broadening. Hence, the

whole broadening caused by strain and size for a specific

peak that had a hkl value can be defined by Eq. (6) [69]. It

is worth mentioning here that Eq. (4) is a straight-line

relation called the uniform deformation model (UDM)

[69]. By plotting 4 sinh on the X-axis and bhkl cosh on the

Y-axis, the intrinsic strain and the average crystallite size

were determined from the slope and the intercept of this

line, respectively, as shown in Fig. 4a–d.

Fig. 5 Change of the average crystallite size (DXRD) and lattice

volume (V) with Mn concentration for Mo1-xMnxS2 NFs
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bhkl cosh ¼ ksk
D

þ 4e sinh ð4Þ

b2measured ¼ b2size þ b2instrumental ð5Þ
bhkl ¼ bsize þ bstrain ð6Þ

where b is the full-width at half maximum of the diffracted

peak measured in radians, ks is the shape factor assigned to

be 0.94, k is the wavelength of Cu Ka radiation measured

in nm, and h is Bragg’s angle in radians.

Obviously, as shown in Fig. 5, the average crystallite

size gradually decreased with increasing Mn concentration

whereas the lattice volume exhibited a slight increase,

although the same preparation steps were followed during

the synthesis process. Thus, the crystallite size decreased as

a result of Mn ions being swapped by Mo ions. According

to measurements, the samples’ average crystallite size was

between 5 and 7 nm. The slight expansion in the lattice

volume can be explained by the difference in ionic radii

between Mo?4 and Mn?3 ions, as the ionic radius of Mn?3

(0.072 nm) ion is larger than that of Mo?4 (0.065 nm).

The lattice parameters (a and c) and the unit cell volume

(V) for all the prepared samples starting from x = 0 (pure

MoS2) to x = 0.015 (1.5% Mn-doped MoS2) were com-

puted using CellRef software [70]. Equations (7) and (8)

were also used to calculate the dislocation density (d) and
theoretical density (q), respectively [71].

d ¼ 1

D2
ð7Þ

q ¼ ZM

NaV
ð8Þ

where Z is the number of molecules per unit cell (Z = 2 for

MoS2), M is the molecular weight, and Na is Avogadro’s

number. All the calculated structural parameters are sum-

marized in Table 1.

4.2. Raman spectroscopy

Figure 6 shows the Raman spectra of pure and Mn-doped

MoS2 samples recorded using a 532 nm excitation laser.

The main characteristic peaks for the pure sample that

matched the E1
2g and A1g vibrational modes were at

379.71 cm-1 and 405.78 cm-1, respectively, confirming

the 2H-MoS2 phase. In the E1
2g mode [53, 72], the Mo atom

vibrates in the opposite direction and the sulfur atoms

vibrate in the same plane. In the A1g vibrational mode

[66, 73], only the sulfur atoms vibrate out-of-plane. The

longitudinal acoustic mode A2u, is also responsible for the

single, lower-intensity peak that was found at 454 cm-1

[74]. As the Mn doping percentage increases from 0.5 to

1.5%, the intensities of both the E1
2g and A1g peaks grad-

ually decreased. This behavior is explained by the fact that

Mn incorporation into the MoS2 lattice reduces crys-

tallinity, which is in line with XRD findings.

In addition to the MoS2 peaks, Mn-doped samples dis-

played two additional peaks at 353.3 cm-1 and 489 cm-1.

These peaks notably became more prominent in 1% and

1.5% Mn-doped samples. These newly observed peaks

correspond to the vibration of Mn atoms [75]. This peak

becomes more intense as the ratio of Mn increases. The

number of exposed edges in MoS2 nanoparticles is deter-

mined by the intensity ratio of the A1g mode to the E1
2g

mode [76]. The ratio is observed to be largest for 1.5% Mn-

doped MoS2, indicating a higher density of edge terminated

structures [77, 78]. The chance of exposed active sites is

increased by these edge-terminated structures, leading to

higher catalytic activity [79].

4.3. Morphology and microstructure

The morphological properties of the as-synthesized Mo1-

xMnxS2 samples were examined using FESEM in order to

examine the morphology of pure MoS2 and detect any

morphological changes due to the Mn doping process. As

shown in Fig. 7a, pure MoS2 (x = 0) exhibits a compact

hierarchical nanoflower-like structure, and each flower is

composed of intertwined MoS2 closely packed petal-like

thin nanosheets. Mn doping did not impact the flower-like

nanostructures of MoS2. This can be clearly observed in

Fig. 7b–d, which reveal that the recorded SEM images for

x = 0.005, x = 0.01, and x = 0.015 for 0.5%, 1%, and

1.5% Mn-doped MoS2, respectively. The absence of sig-

nificant morphological changes may be attributed to the

relatively low Mn doping concentrations employed in the

Table 1 Calculated structural parameters of pure and Mo1-xMnxS2 nanoflowers obtained from XRD analysis

X a (Å) c (Å) V (Å3) q (gm/cm3) DXRD (nm) e 9 10–3 d 9 10–3 (nm2)

0 3.137 12.53 106.80 4.978 6.64 7 22.68

0.005 3.141 12.54 107.11 4.938 6.11 8.4 26.76

0.01 3.150 12.54 107.68 4.869 5.51 2.9 32.97

0.015 3.152 12.60 108.44 4.793 5.46 4.4 33.50
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present study [58]. Sasi and his colleagues [45] reported in

their study that the morphology of the as-synthesized

pristine and Mn-doped MoS2 (up to 3% Mn) is composed

of thin sheets that have a petal-like shape and a close

packing aggregate to form structures that are hierarchical

flower-like, indicating that the Mn doping had no effect on

the flower-like nanostructures of MoS2.

The lack of influence on the morphology of MoS2 upon

Mn doping was not limited only to the Mn element as a

dopant; other previous research confirmed the preservation

of the characteristic MoS2 morphology by adding some

other transition metal elements such as Ni, Co, and Cu. For

example, Mosconi et al. [80] found in their research that

similar lamellar morphology is maintained for all the dif-

ferent ratios of Ni-doped MoS2 (up to 15%) which exam-

ined via SEM. Chacko et al. [81] showed in their paper that

the as-synthesized and Ni-substituted MoS2 samples of the

Mo1-xNixS2 nano-system (0.01 B x B 0.03) have a 2D

hierarchical curly sheet-like architecture (10–15 nm thick-

ness) after being studied by FESEM. Lu et al. [82] reported

in their work that cobalt-doping did not produce noticeable

morphological changes of Mo1-xCoxS2 compared to pure

MoS2. Similarly, Zhu et al. [83] found that the recorded

SEM images exhibited nearly identical morphology

between pure MoS2 and Cu-doped MoS2.

4.4. FT–IR spectroscopy

FT-IR analysis is a crucial technique for quickly and effi-

ciently identifying the chemical molecules and functional

groups present in the investigated specimen [84, 85]. The

FT-IR spectra of Mo1-xMnxS2 (0 B x B 0.015) NFs were

examined in order to verify the formation of nanostructures

as well as to detect any changes that arise because of the

doping process. As shown in Fig. 8, the undoped MoS2
spectrum shows absorption bands centered at 590 cm-1,

750 cm-1, 900 cm-1, 1040 cm-1, 1400 cm-1, 1630 cm-1,

3120 cm-1, and 3440 cm-1. The absorption bands posi-

tioned at 590 cm-1 and 750 cm-1 are credited to Mo–S

vibration mode [86, 87]. The band at 900 cm-1 corre-

sponds to the S–S bond vibrations [88], and the absorption

band at 1040 cm-1 is ascribed to the S–O (sulfoxide)

asymmetric stretching or C–O stretching bond associatedFig. 6 Raman spectra of Mo1-xMnxS2 NFs

Fig. 7 FESEM images of (a)
pure, (b) 0.5%, (c) 1%, and (d)
1.5% Mn-doped MoS2 NFs
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with alcohol groups [89–91]. In addition, the band at

1400 cm-1 is due to the S–Mo–S bending vibration peak

[92]. The stretching vibrations of O–H groups and the

twisting vibration modes of the water molecules on the

surface of molybdenum disulfide caused the strong peak at

1630 cm-1 and the wide bands at 3120 cm-1 and

3430 cm-1, respectively [89, 93]. There are no additional

characteristic bands related to the Mn element were

appeared in the FTIR spectra of Mn-doped MoS2 samples

due to the relatively low Mn doping concentrations.

4.5. Energy dispersive X-ray spectra

In order to further investigate the chemical composition of

the synthesized pure and Mn-doped MoS2 NFs, the high

spatial resolution EDX measurements were conducted. As

shown in the EDX spectra of pure MoS2 (Fig. 9a), distinct

peaks corresponding to Mo and S elements were detected,

confirming the formation of MoS2 without the presence of

impurity elements. The peaks related to the Mo element are

detected at 2470 eV, due to the La and Lb characteristic

lines, while the S element peak is detected at 2480 eV,

indicating the Ka characteristic line [94]. These peaks

overlap because the energy levels of S and Mo are so close

together [44]. For Mn-doped Mo1-xMnxS2 (0.005 B x

B 0.015) samples, an additional Mn elemental peak

appeared in the spectra (Fig. 9c–d). Furthermore, the

quantitative elemental composition analysis presented in

Table 2 confirmed that the 0.5%, 1%, and 1.5% Mn-doped

samples have a relevant ratio of Mn, confirming that Mn

has been successfully incorporated in the MoS2 lattice.

4.6. Surface area

To study how Mn doping affects the catalyst surface area,

N2 adsorption–desorption isotherms were analyzed for all

the prepared Mo1-xMnxS2 samples via the Brunaure-

Emmett-Teller (BET) surface analysis. Figure 10a and b

depict the isotherms for nitrogen adsorption and desorption

in both pure MoS2 and 1.5% Mn-doped MoS2, respec-

tively. The shape of the isotherm indicates that the pho-

tocatalysts exhibit type IV behavior according to the

IUPAC classification, characterized by the presence of a

hysteresis loop [82]. The pure MoS2 had a BET surface

area of 196,800 cm2 g-1, while the catalyst doped with

1.5% Mn exhibited a higher surface area of

241,000 cm2 g-1. These findings demonstrate that incor-

porating Mn can alter the structure of MoS2, boost the

surface area, and elevate active sites, which improves the

photocatalytic activity. The measured values of surface

area are collected in Table 3, and these values show a

gradual slight increase in the surface area with increasing

Mn concentration. This confirms that the samples have a

mesoporous quality, as they exhibit the growth of sub-

stantial slit-shaped pores.

4.7. UV–Visible spectroscopy

In order to investigate the optical properties of the fabri-

cated undoped and substituted Mn-doped MoS2, UV–Vis

absorption spectra were recorded for the Mo1-xMnxS2
(0 B x B 0.015) NFs dispersed in deionized water. The

obtained absorption spectra are presented in Fig. 11. Three

characteristic absorption bands in the range of 300–700 nm

were clearly detected for pristine and Mn-doped samples.

The broad band centered in the range of 400–500 nm is due

to the direct transition from the depth of the valence band

to the conduction band corresponding to C exciton

[27, 81, 89]. In addition, two absorption bands with

remarkably lower intensity were detected in the visible

light range around 600–700 nm, which are the B and A

excitonic bands due to direct-gap excitonic transitions from

the split valence band to the lowest points of the conduc-

tion band at the K point of the Brillouin zone for MoS2
nanosheets [89, 95]. When flower-like Mn-doped MoS2 is

exposed to visible light irradiation, the absorption band

around 600 nm for pure MoS2 gradually shifted towards

higher wavelengths with increasing the doping ratio,

causing edge position redshift. This shift enhances visible-

light absorption and promotes the generation of electron–

hole pairs, which can contribute to the improved photo-

catalytic activity of the Mn-doped samples [44]. This

behavior which can be attributed to quantum confinement

and edge effects, is a good indication that substituted Mn-

doped MoS2 has more absorption ability than the pure one

Fig. 8 FTIR spectra of Mo1-xMnxS2 NFs
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Fig. 9 EDX spectra of Mo1-

xMnxS2 NFs (a) pure MoS2, (b)
x = 0.005, (c) x = 0.01, and (d)
x = 0.015
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[96, 97]. The few-layered hybrid structure of MoS2 pre-

pared by the hydrothermal technique reflects why MoS2
has a prominent absorption peak rather than a sharp one in

the UV–Vis zone [98].

Furthermore, the energy band gaps of the synthesized

Mo1-xMnxS2 (0 B x B 0.015) nanosystem samples were

estimated using the Tauc Plot relation (Eq. 9) in terms of

the calculated absorption coefficient a (Eq. 10) [99–101].

ðahmÞ ¼ Bðhm� EgÞm ð9Þ

a ¼ 2:303q� 103

lcM
A ð10Þ

The average optical bandgap (Eg) for each sample was

determined by plotting (ahm)m on the Y-axis versus the

photon energy (hm) on the X-axis and extrapolating the

linear region of the curve to the X-axis (i.e., (ahm)m = 0).

Where h is Planck’s constant, m is the photon frequency, m

is the exponent that may equal 1/2, 2 and 1/3, 3 for direct,

indirect allowed transition, and direct, indirect forbidden

transition, respectively, B represents a constant relative to

the materials and unaffected by photon energy, q is the

theoretical density of each specimen, A is the absorbance,

L is the optical path length inside the solution, c is the

concentration, and M is the molecular weight.

As shown in Fig. 12, the direct bandgaps of Mo1-

xMnxS2 NFs are determined to be 1.88 eV, 1.78 eV, and

1.7 eV for x = 0.005, x = 0.01, and x = 0.015,

Fig. 10 N2 adsorption–desorption isotherms of (a) pure and (b) 1.5%
Mn-doped MoS2

Fig. 11 UV–Vis absorption spectra of Mo1-xMnxS2 NFs

Table 3 BET specific surface area of the Mo1-xMnxS2 nanoflowers

Sample Specific surface area (cm2/g)

Pure MoS2 196,800

Mo0.995Mn0.005S2 234,000

Mo0.99Mn0.01S2 236,000

Mo0.985Mn0.015S2 241,000

Table 2 Elemental composition (atomic %) of pure and Mn-doped

Mo1-xMnxS2 nanoflowers determined by EDX spectroscopy

Sample Atomic %

Mo S Mn

Pure MoS2 34.2 65.8 0

Mo0.995Mn0.005S2 29.9 69.8 0.3

Mo0.99Mn0.01S2 34.3 64.9 0.8

Mo0.985Mn0.015S2 37.7 60.9 1.4
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respectively, which are lower than that of pure MoS2
(Eg = 1.93 eV). Figure 13 further demonstrates that a

gradual reduction in the optical bandgap by 0.23 eV has

been accomplished for 1.5% Mn-doped MoS2. This

reduction, which is compatible with previous theoretical

calculations based on density functional theory (DFT), can

be explained by the introduction of Mn as a transition metal

ion, which reduces the bandgap by lifting the valence band

edge due to some energy levels created within the bandgap

by the dopant element [44, 102]. Hence, it is expected that

Mn-doped MoS2 nanoparticles will have more effective

photocatalytic performance than pure MoS2.

4.8. Photocatalytic studies

4.8.1. Methylene blue degradation

To study the photocatalytic activity of pristine and Mn-

doped MoS2 NFs, an aqueous solution of MB dye pho-

todegradation was evaluated under visible light irradiation

(k[ 420 nm) at room temperature in the presence of the

synthesized Mo1-xMnxS2 (0 B x B 0.015) NFs. The

degradation of MB molecules was followed up by moni-

toring the gradual decrease of the characteristic peak,

which is centered at 664 nm in the time-dependent

absorption spectra of MB, detected by a UV–Vis spec-

trophotometer [103]. As shown in Fig. 14a, there is no

noticeable decrease with time in the maximum absorbance

intensity, which means that the photolysis of MB dye in the

absence of a photocatalyst is negligible and the degradation

process relies entirely on the presence of the photocatalyst.

In contrast, when Mo1-xMnxS2 (from x = 0 to x = 0.015)

powder samples were used as photocatalysts, a relatively

rapid and consistent reduction in MB concentration was

observed with increasing irradiation time from 0 to 60 min,

as shown in Fig. 14b–e.The efficiency (E%) of dye

degradation was calculated via Eq. (11) [104].

Fig. 12 Tauc-plot for direct bandgap of Mo1-xMnxS2 NFs

Fig. 13 Change of the optical bandgap with Mn ratio of Mo1-xMnxS2
(0 B x B 0.015) NFs
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E% ¼ A0 � At

A0

� 100 ¼ C0 � Ct

C0

� 100 ð11Þ

where A0 and At are the absorbance recorded at kmax at 0

min and at irradiation time t, respectively, while C0 and Ct

represent the initial and final dye concentrations,

respectively. The obtained results reveal that the calculated

degradation percentage using pristine MoS2 photocatalyst

has the lowest dye removal percentage (E = 78%) within

60 min, which can be attributed to its limited absorbance in

the visible region of electromagnetic radiation. For Mn-

doped MoS2 photocatalysts, it was found that the

Fig. 14 UV–visible spectra measured at different time intervals of MB degradation under visible light exposure in the presence of: (a) MB dye

(control), (b) pristine MoS2, (c) 0.5% Mn-doped MoS2, (d) 1% Mn-doped MoS2, and (e) 1.5% Mn-doped MoS2
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degradation process became more effective and enhanced

to 91.7%, 93%, and 96% for 0.5%, 1%, and 1.5% Mn-

doped MoS2, respectively. The doped samples have a

higher degradation percentage when compared to the pure

ones, which is a direct indication that the photocatalytic

activity has been enhanced gradually by increasing the Mn

concentration. This enhancement can be mainly attributed

to the progressive reduction in the optical bandgap from

1.93 eV for pure MoS2 to 1.7 eV for 1.5% Mn-doped

MoS2 [105]. Also, the doping process boosts the number of

active sites of MoS2 by controlling its morphology and

suppresses electron–hole pair recombination [43, 106].

The enhanced removal efficiency with 1.5% Mn doping

is attributed to the increased presence of Mn atoms that

promote MB adsorption onto the MoS2 surface, potentially

resulting in the formation of additional active sites on the

catalyst surface. Nevertheless, further investigations

involving different organic pollutants are still required to

comprehensively evaluate the effectiveness and applica-

bility of Mn-doped MoS2 photocatalysts toward the

removal of various environmental contaminants.

To further examine the photocatalytic performance of

MoS2 and the impact of Mn doping on its photocatalytic

activity rate, the relative absorbance Ct/C0 versus time was

plotted as shown in Fig. 15a for blank MB solution and

Mo1-xMnxS2 (0 B x B 0.015) photocatalysts, where x = 0

for pure MoS2 (control sample). The Ct/C0 calculated ratios

during the period of light irradiation are listed in Table 4. It

is clear from the tabulated data that the synthesized Mn-

doped MoS2 nanoparticles are more effective for MB

degradation than the pure ones. Moreover, to explore the

kinetic reaction of MB photocatalytic degradation by the

understudied prepared materials. The Langmuir–Hinshel-

wood (L–H) model, which is considered a pseudo-first-

order model, was employed for the estimation of the

degradation rate constant (j) from Eq. (12) that can easily

be converted to Eq. (13) through the application of the Ln

function for both sides [45].

Ct ¼ C0 e
�jt ð12Þ

ln
C0

Ct

� �
¼ jt ð13Þ

As shown in Fig. 15b, the estimated recombination rate

constant for pure MoS2 was found to be 0.022 min-1 and

gradually increased with increasing the Mn-dopant ratio

reaching 0.051 min-1 for 1.5% Mn-doped MoS2. The

recombination rate constants for all the examined samples

are tabulated in Table 4, which indicates that the Mn-

doped MoS2 has a higher j values compared to the pure

one due to their lower energy bandgaps, charge transfer,

improved absorption of visible light, and reduced charge

carrier recombination [107]. Notably, these results

demonstrate that the rate constant of the 1.5% Mn-doped

MoS2 sample is 2.3 times greater than that of MoS2,

confirming the substantial enhancement in photocatalytic

activity achieved through Mn incorporation.

Fig. 15 (a) Ct/Co plot versus duration of irradiation, (b) First-order
kinetic decay plots of Mo1-xMnxS2 catalysts for degrading MB

Table 4 Photocatalytic degradation efficiency (E), relative absor-

bance (Ct/Co), recombination rate constant (j) and correlation coef-

ficient (R2) of pure and Mn-doped Mo1-xMnxS2 nanoflowers

Photocatalyst E (%) Ct/Co j (min-1) R2

MB 0.3 0.99 - 7.25 9 10–5 –

Pure MoS2 78 0.22 0.022 0.953

Mo0.995Mn0.005S2 91.7 0.08 0.038 0.979

Mo0.99Mn0.01S2 93 0.07 0.043 0.969

Mo0.985Mn0.015S2 96 0.04 0.050 0.901
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The study presented here demonstrates that the as-pre-

pared Mn-doped nanostructures are capable of decompos-

ing MB dye molecules under visible-light stimulation. As

shown in Table 5, the photocatalytic performance achieved

in this work is competitive to that of the MoS2-based

nanostructures recently reported in the literature. Most

previous studies required longer irradiation times, higher

dopant concentrations, or the use of higher-intensity light

sources to achieve comparable degradation efficiencies for

organic pollutants.

4.8.2. Photocatalytic mechanism

The photocatalytic degradation mechanism of MB over

MoS2 under visible-light irradiation can be explained based

on the reaction mechanism, band structure, and charge-

transfer processes of the photocatalyst, as illustrated in

Fig. 16. The positions of the conduction band (C.B) and the

valence band (V.B) for MoS2 can be computed by using

Eqs. (14) and (15) [112].

ECB ¼ v� Ee � 1

2
Eg ð14Þ

ECB ¼ EVB � Eg ð15Þ

where ECB and EVB represent the potential of the C.B and

the V.B edge, respectively, v refers to the semiconductor

electronegativity, which is equal to 5.32 eV in the case of

MoS2, Ee is known as the energy of unbound electrons on

the hydrogen scale (4.50 eV), and Eg is the energy bandgap

(1.9 eV for MoS2) [107]. Based on Eqs. (14) and (15), the

values of ECB and EVB for pristine MoS2 are equal to

-0.13 eV and 1.77 eV, respectively. These values can be

altered by introducing transition metal ions through the

doping process. First, when the photocatalyst and the dye

are mixed in the absence of light, they have a sufficient

interaction that causes the dye molecules to attract and

stick to the photocatalyst surface. Next, when the dye

solution is exposed to visible light and the incident photons

with energies equal to or greater than the optical bandgap

of the photocatalyst, electron (e-)–hole (h?) pairs are

generated. The generated holes in the V.B play the most

important portion of MB degradation as they interact with

H2O molecules to form OH� (hydroxide radical) and H?

ions. Also, superoxide radicals O�
2� are formed when the

oxygen that sticks to the catalyst surface reacts with the

electrons in the C.B. Then H2O2 is produced when H? ions

combine with the superoxide radicals O�
2� . After that, H2O2

Table 5 Comparison between the photocatalytic performance of Mn-doped MoS2-based catalysts reported in previous studies and the present

work

Photocatalyst Dye Catalyst mass

(mg)

Light source Irradiation period

(min.)

Degradation efficiency

(%)

Refs.

MoS2 nanoflowers MB 30 25 W Murphy LED 180 91 [108]

MoS2 nanosheets MB 5 22 W B22 LED bulb 720 85 [109]

MoS2 multi-wall

nanotubes

RhB 10 50 W mercury lamp 60 98 [110]

MoS2 nanoflowers MB 20 Sun light 20 99.3 [8]

MoS2 nanostructures MB 20 25 W Murphy lamp 150 89.87 [59]

5% Ni-doped MoS2 MB &

RhB

10 500 W Hg lamp 240 96 [42]

5% Cd-MoS2 MB &

RhB

10 visible light 180 94 [44]

3%Ag-MoS2 MB &

RhB

10 500 W Hg lamp 230 69 [43]

20% Mn-MoS2 MB 20 25 W Murphy lamp 90 100 [59]

N-doped MoS2 RhB 20 175 W halogen lamp 70 99 [111]

3% Mn-MoS2 RhB 100 compact light (60 W–

220V)

240 40.9 [58]

3% Mn-MoS2 MB 10 150 W Hg lamp 55 91 [45]

MoS2 NFs MB 10 150 W halogen lamp 60 78 This

workMo0.995Mn0.005S2 91.7

Mo0.99Mn0.01S2 93

Mo0.985Mn0.015S2 96
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decomposes into hydroxyl radicals OH� and OH-. Finally,

these produced hydroxyl radicals interact with the organic

pollutants in MB and break down into CO2 and H2O [113].

Sahoo et al. investigated this photocatalytic mechanism

using free radical trapping experiments with various

scavenger reagents [59]. The following reactions

(Eqs. 16–21) summarize how MoS2 degrades a dye:

MoS2 þ Visiblelight ! MoS2ðe� þ hþÞ ð16Þ

MoS2 hþð Þ þ H2O ! Hþ þ OH� ð17Þ
MoS2 e�ð Þ þ O2 ! O��

2 ð18Þ

O��
2 þ 2Hþ þ e� ! H2O2 ð19Þ

H2O2 þ e� ! OH� þ OH� ð20Þ

OH� þ Dye organic pollutantsð Þ
! CO2 þ H2O ðdegradation productsÞ ð21Þ

5. Conclusion

Mo1-xMnxS2 NFs were successfully synthesized via a

simple one-step hydrothermal method using ammonium

molybdate tetrahydrate, manganese (II) acetate tetrahy-

drate, and thiourea as the source materials in the absence of

any surfactants, from x = 0 for pure MoS2 up to x = 0.015

in steps of 0.005 for Mn-doped MoS2 samples. The

hexagonal crystal structure of the 2H-MoS2 polytype was

confirmed to be present in all the prepared samples by

XRD analysis, with no other foreign oxides or impurities

detected. With increasing the substituted Mn ratio, it was

found that the lattice parameters increased and the average

crystallite size decreased to be in the range of 5–7 nm.

SEM images verified that both pure and Mn-doped samples

have flower-like microspheres consisting of 2D nanosheets,

while the overall morphology remained nearly unaffected

by the Mn doping process due to the relatively low dopant

concentration. The characteristic vibrational modes located

between 400 and 900 cm-1 in the FT-IR spectra were due

to the characteristic vibration bands of the MoS2 structure.

The enhancement in the catalyst’s surface area by

increasing the Mn doping concentration is confirmed

through BET surface area analysis. The proposed forma-

tion of Mo1-xMnxS2 NFs is confirmed using energy dis-

persive X-ray spectroscopy (EDX). UV–visible

examinations implied that Mn ion doping reduced the

optical bandgaps significantly from 1.93 eV for pristine

MoS2 to 1.70 eV for 1.5% Mn-doped MoS2, which is

related to the development of sub-levels between the

energy bandgaps. Among all investigated samples, the

1.5% Mn-doped MoS2 achieves a maximal photocatalytic

degradation of 96% MB in 60 min. Mn doping in MoS2
significantly improves photocatalytic activity, creating new

possibilities for 2D photocatalysts.
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