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1. Experimental Section

1.1 Materials

Molybdenum trioxide (MoO3) (99%, Ottokemi), Thiourea (SC(NH2)2) (99% Fisher Scientific), 

L-cysteine (C3H7NO2S) (98.5% Loba Chemicals), Thioacetamide (C2H5NS) (98% Tokyo 

Chemical Industry) were used for the preparation of MoS2 samples. 

1.2 Synthesis of MoS2

The MoS2 samples were synthesized via a hydrothermal method using three distinct organic 

sulfur precursors, each with different sulfur ion release rates, as illustrated in Scheme S1. For 

each sample, MoO3 and the respective sulfur precursor (thioacetamide, L-cysteine, or thiourea) 

were weighed in stoichiometric ratios and dissolved in 70 mL of deionized water. The mixture 

was continuously stirred for 40 minutes to ensure proper dissolution and mixing. Subsequently, 

the solution was transferred to an 80 mL Teflon-lined stainless-steel autoclave and subjected 

to hydrothermal treatment at 180°C for 24 hours. After the reaction period, the autoclave was 

allowed to cool naturally to room temperature. The resulting black products were collected 

through filtration and purified by alternate washing with distilled water and ethanol. The 

washed products were then dried in an oven at 60°C for 10 hours. The final products were 

named as MoS2-I, MoS2-II, and MoS2-III, corresponding to samples prepared using 

thioacetamide, L-cysteine, and thiourea as sulfur precursors, respectively.

Scheme S1. Schematic illustration of the stepwise synthesis of MoS2 samples.



1.3 Characterization

The morphological features of MoS2 samples were characterized using scanning electron 

microscopy (SEM, EVO18 Carl Zeiss) and high-resolution transmission electron microscopy 

(HRTEM, Philips CM100). X-ray photoelectron spectroscopy (XPS, PHI 5000 Versaprobe) 

was used to analyze elemental composition and chemical bonding states. Functional groups 

were identified using Fourier transform infrared spectroscopy (FTIR, PerkinElmer). Structural 

characterization was performed using Raman spectroscopy (WiTec, Ar-ion laser λ = 514 nm) 

and X-ray diffraction (XRD, Cu Kα radiation, λ = 0.15406 nm). Surface area and porosity were 

measured by Brunauer-Emmett-Teller (BET) Autosorb iQ-x analysis under N₂ atmosphere. 

Thermal stability was evaluated using thermogravimetric analysis (TGA, EXSTAR SII 6300) 

from 32-700°C. Optical properties were analyzed using UV-visible spectroscopy (UH5300) 

and photoluminescence spectroscopy (Lambda 45 PerkinElmer at λex 532 nm). Electron spin 

resonance (ESR) was used for the analysis of paramagnetic properties. Electrochemical 

measurements were conducted using a Metrohm Autolab workstation with a three-electrode 

system (Pt counter electrode, Ag/AgCl reference electrode, and MoS2-modified carbon 

working electrode) in 0.1 M Na2SO4 electrolyte. 

1.4 Adsorption and Photocatalytic measurements

The photocatalytic experiment was conducted at ambient temperature (25 ± 2°C) by dispersing 

10 mg of the photocatalyst in 50 mL of MB solution (50µM). The mixture was firstly stirred 

in dark environment for 30 minutes to achieve adsorption-desorption equilibrium, and then 

exposed to natural sunlight for 90 minutes. Aliquots were taken at specific intervals, filtered, 

and analysed using a UV-vis spectrophotometer. To assess catalyst stability, the used MoS2 

sample was recovered through centrifugation and dried overnight at 60°C. The recovered 

catalyst underwent five consecutive photocatalytic cycles under identical conditions to evaluate 

its reusability. For adsorption studies, various experimental parameters were systematically 

optimized, including catalyst dosage, contact time, initial dye concentration, and solution pH. 

The adsorption (% Cads) and photocatalytic degradation (% Cdeg) efficiency of the photocatalyst 

was calculated using the following equations: 

 
%𝐶𝑎𝑑𝑠=

𝐶𝑖𝑛 ‒ 𝐶0
𝐶𝑖𝑛

× 100



 
%𝐶𝑑𝑒𝑔=

𝐶0 ‒ 𝐶𝑡
𝐶0

× 100

Where, Cin, C0, and Ct represent the concentrations of MB dye at the initial stage, after reaching 

adsorption–desorption equilibrium, and at time t, respectively.

Additionally, the photocatalytic mechanism was investigated through radical trapping 

experiments using specific scavengers: EDTA-2Na for holes (h⁺), benzoquinone (BQ) for 

superoxide radicals (•O2⁻), AgNO3 for electrons (e-) and isopropyl alcohol (IPA) for hydroxyl 

radicals (•OH). The radical trapping experiments were conducted following the same protocol 

as the degradation studies, with 1 mM of each scavenger added to the MB solution before 

introducing the catalyst. 



2 Lists of Figures and Tables

2.1 TEM-EDS

Figure S1. TEM-EDS mapping of MoS2 samples.



2.2 XPS spectra

Figure S2. XPS spectra showing Mo 3d (a-c) and S 2p (d-f) regions for MoS2-I, MoS2-II, and 

MoS2-III, respectively.

The high-resolution XPS spectra of all MoS2 samples showed characteristic peaks for both Mo 

and S.1 as shown in  Figure S2(a-c). MoS2-I showed peaks at 228.91 and 232.11 eV, MoS2-II 

at 228.90 and 232.15 eV, and MoS2-III at 228.68 and 231.91 eV, corresponding to Mo4+ 3d5/2 

and Mo4+ 3d3/2 states, respectively. The slight shift to lower binding energy observed in MoS2-

III indicates the presence of mixed-phase MoS2, also consistent with reported binding energy 

difference of 0.5-0.9 eV between 2H and 1T phases.2,3 Additional S 2s peaks were observed at 

226.33 eV (MoS2-I), 226.54 eV (MoS2-II), and 225.96 eV (MoS2-III). The S 2p spectra 

exhibited two main peaks corresponding to S 2p3/2 and S 2p1/2 orbitals, shown in Figure S2(d-

f). These peaks were observed at 161.965 and 163.04 eV for MoS2-I, 162.16 and 163.29 eV 

for MoS2-II, and 161.88 and 163.01 eV for MoS2-III, aligning closely with previous studies.4  

Thus, these spectral features indicate the formation of pure 2H phase in both MoS2-I and MoS2-

II samples and a mixed 1T/2H phase in MoS2-III.



2.3 FTIR Spectra
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Figure S3. FTIR spectra of MoS2 samples.

2.4 BET and TGA



Figure.S4 (a-c) N2 adsorption-desorption isotherms with BJH pore size distribution (shown 

in inset) of MoS2 samples. (d) Thermal decomposition profiles obtained from TGA analysis 

of MoS2 samples.

The specific surface area and porosity of MoS2 samples were examined using the N2 

adsorption-desorption method, which revealed a type IV isotherm pattern with H3 hysteresis 

loop (Figure S4(a-c)) indicating a mesoporous structure originated from the interstitial spaces 

created by the interconnected network of MoS2 nanosheets. Using the multipoint BET method, 

the specific surface areas were determined to be 26.1, 17.5, and 40.5 m²/g for MoS2-I, MoS2-

II, and MoS2-III samples, respectively. The corresponding pore size distribution, calculated 

from the desorption branch of the nitrogen isotherm (Figure S4(a-c), inset), showed a 

relatively broad range of mesopores. This relatively large surface area and porosity (listed in 

Table S1) can provide more active sites for the adsorption of pollutant molecules, which is 

beneficial for the rapid adsorption and transfer of adsorbates within the hierarchically porous 

structure. The TGA curves for MoS2 samples revealed distinct weight loss patterns across the 

temperature range up to 700°C, as shown in Figure S4(d). The initial weight loss up to 120°C, 

was corresponding to the evaporation of surface-adsorbed water molecules. The weight loss 

observed near 300°C, attributed to the oxidation of MoS2 to MoO3 and the decomposition of 

residual precursor materials.5 The total thermal decomposition process resulted in total weight 

losses of 26.94%, 29.32%, and 31.03% for MoS2-I, MoS2-II, and MoS2-III samples, 

respectively. These moderate weight loss values across the elevated temperature range 

demonstrate the robust thermal stability of all synthesized MoS2 samples.

Table S1. Surface area and Pore characteristics of MoS2 samples determined by BET analysis.

Sample Surface area (m2 g-1) Pore size (nm) Pore volume (cm3 g-1)

MoS2-I 26.1 3.4 0.03

MoS2-II 17.5 3.1 0.02

MoS2-III 40.5 3.2 0.05



2.5 Tauc plots

Figure S5. Tauc plots of MoS2 samples. 

Bandgap analysis using Tauc plots revealed varying energy gaps among the synthesized 

samples: 2.15 eV for MoS2-I, 2.17 eV for MoS2-II, and 2.02 eV for MoS2-III. The notably 

lower bandgap observed in MoS2-III can be attributed to the incorporation of the 1T phase 

within its structure.



2.6 Photocatalytic Degradation of MB dye by MoS2 Photocatalysts across three 

experimental batches

Figure S6. UV-visible absorption spectra showing the photocatalytic degradation of MB dye 

using MoS2-I, MoS2-II, and MoS2-III across three experimental batches.



2.7 Calibration curve for MB dye
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Figure S7. Standard curve for MB dye demonstrates various dye concentrations, including the 

equation and R-squared value.

2.8 Effect of various parameters on adsorption capacity of MoS2-III



Figure S8. Adsorption performance of MoS2-III for MB dye removal: effect of (a) contact 

time, (b) solution pH, (c) adsorbent dosage, and (d) initial dye concentration.

Effect of contact time. The adsorption behaviour was studied using 10 mg MoS2-III with 50 

ml of 50 μM MB solution over 60 minutes. As shown in Figure S8(a), the adsorption capacity 

showed rapid initial increase due to abundant active sites, gradually reaching equilibrium at 30 

minutes. This efficient adsorption suggests MoS2 as high-performance adsorbent due to its 

electrostatic attraction and π-π stacking interactions with MB molecules.6

Effect of pH. The pH-dependent adsorption behaviour of MoS2-III was investigated at pH 

values ranging from 3 to 13 at room temperature for 30 minutes. The results, illustrated in 

Figure S8(b), revealed a strong correlation between pH and removal efficiency, with the 

adsorption rate dramatically improving under basic conditions. Specifically, the removal 

efficiency increased more than tenfold, from 9% at pH 3 to 97% at pH 11 This behaviour is 

consistent with the cationic nature of MB dye, which favours basic environments.7 At lower 

pH, H+ ions compete with dye molecules for adsorption sites, while higher pH increases surface 

charge density, enhancing electrostatic attractions between dye and MoS2 surface.6

Effect of adsorbent dosage. MoS2-III dosage was varied from 5-15 mg at constant MB 

concentration (shown in Figure S8(c)). Higher adsorbent amounts improved MB removal 

efficiency due to increased adsorption sites. However, beyond 12.5 mg, the removal efficiency 

of MB in the solution by the adsorbent did not substantially increase, indicating 

underutilization of active sites at higher dosages.8 

Effect of initial dye concentration. The concentration dependence adsorption behaviour was 

examined using 50 mL MB solutions ranging from 50 to 150 μM with 12.5 mg MoS2 at pH 11 

for the optimal contact time of 30 minutes. Figure S8(d) shows that the removal efficiency 

decreased from 95.8 ± 0.8 % to 69.9 ± 1.7 % as initial concentration increased from 50 to 150 

μM. This inverse relationship between removal efficiency and initial concentration indicates a 

finite number of active sites available on the MoS2 surface for dye adsorption.



Table S2. Adsorption isotherm models along with their linear equations used in the present 

study.

Isotherm Model Plot Linear Equation References

Langmuir Ce/  vs. Ce
𝑞𝑒 𝐶𝑒

𝑞
=

1
𝑄𝑚𝑏

+
𝐶𝑒
𝑄𝑚

9

Freundlich ln  vs. lnCe
𝑞𝑒

𝑙𝑛𝑞=
𝑙𝑛𝐶𝑒
𝑛

+ 𝑙𝑛𝐾𝑓
10

Temkin  vs. lnCe
𝑞𝑒 𝑞= 𝐵𝑙𝑛𝐾𝑡+ 𝐵𝑙𝑛𝐶𝑒 11

In these isotherm models, q represents the equilibrium adsorption capacity, Ce is the 

equilibrium concentration, b is the Langmuir constant and Qm denotes the maximum 

adsorption capacity. For the Freundlich model, Kf and 1/n represent the adsorption capacity 

and intensity constants, respectively. In the Temkin model, B and Kt are Temkin constants.

2.9 Adsorption isotherm plots



Figure S9. Adsorption isotherms of MoS2-III fitted to (a) Langmuir, (b) Freundlich, and (c) 

Temkin isotherm.

Table S3. Comparison between MoS2 and other adsorbents used for the adsorption of MB dye.

Adsorbent Qm Ref

MoS2 nanostructure 208 mg/g 7

MoS2 nanoflowers 200 mg/g 12

MoS2 nanosheet 95.31 mg/g 13

MoS2 ultrathin nanosheets 146.43 mg/g 6

MoS2 nanosheet 297 mg/g 14

Graphene oxide 454.54 mg/g 8

Mesoporous activated carbon 364.2 mg/g 15

ZnCl2-activated carbon 156.25 mg/g 16

Mesoporous activated carbon 195.2 mg/g 17

MoS2 nanosheets 446.42 mg/g Present study



2.10 Kinetics of MB dye degradation
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Figure S10. Pseudo-first-order kinetics plots of MoS2 samples. 

Table S4. Comparing the MB dye degradation performance of prepared MoS2 samples with 

similar 2D photocatalysts

Photocatalyst Catalyst 

dosage 

(mg.L−1)

MB 

concentration 

(µM)

Light 

source

Time (in 

min)

Removal 

efficiency 

(%)

Ref

GO 200 50 Sunlight 120 99 8

GO 200 20 Sunlight 120 91 18

rGO 400 45 Visible 100 66 19

Water soluble 

Graphene

200 50 Visible 90 96% 20

MoS2 200 60 Visible 120 98 21

1T/2H-MoS2 100 15 Visible 180 80 22

Ti3C2Tx 

(MXene)

100 31 Sunlight 120 10 23

MoS2-rGO 1000 188 Visible 60 99% 24

MoS2-III 200 50 Sunlight 90 97.84% This work



2.11 Recyclability study

Figure S11. (a) Dye removal efficiency of MoS2-III after recovery.  (b) FTIR spectra after 

adsorption and photodegradation of MB by MoS2-III. (c) Raman spectra and (d) XRD patterns 

of pristine MoS2-III and the photocatalyst obtained after 5 degradation cycles.

The appearance of additional peaks in the FTIR spectra (e.g., 1489 cm-1 for C=C side ring 

stretching, 1330-1360 cm-1  for -CH2 or -CH3 stretching, 1250 cm-1 for -C-N,  1048 cm-1 for C-

S-C,  881 and 824 cm-1  for C-H out of plane bending etc. of MoS2-III sample after the 

adsorption of MB dye confirms the stacking of dye molecules onto the surface of MoS2.25 
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