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6.1 Introduction 

The chapter presents the effect of SO3H/SO3 functionalized 2D-MoS2 synthesis and their 

structural characterizations followed by application in photocatalysis. Layered 2D 

semiconductors like transition metal di-chalcogenides (TMDs) have become a research 

hotspot due to their unconventional physiochemical, electronic, and optical properties.[1-6] 

Among these 2D layered materials, molybdenum sulfide (MoS2) has garnered immense 

interest due to its variety of use in sodium and lithium-ion batteries[7, 8], photocatalysis[9, 

10], lubrication[11], optoelectronics[12], supercapacitors[13], transistors[14], hydrogen 

evolution reaction (HER)[15, 16], sensors[17], and biomedical applications[18]. In particular, 

2D MoS2 exhibits tunable bandgap (1.2 eV to 1.8 eV, visible to near-infrared), high chemical 

reactivity, low toxicity, more catalytically active sites, a large surface-to-volume ratio, and 

high charge-carrier mobility with broad absorption in the visible light range, which makes it 

an excellent catalyst for visible-light-driven redox reactions [19-23]. The crystalline MoS2 

consists of basal and edge planes, where the former is inherently and thermodynamically 

favored to have higher surface exposure [24]. Despite this, the photocatalytic activity of 

MoS2 is often limited as a result of its dependency on the availability of edge sites [10]. 

Therefore, many studies have been devoted to improving the exposure of MoS2 edge sites 

through nano-engineering (size, morphology, number of layers, defect) [25-27], composition 

tuning (doping with foreign transition metals, P, N, O, and alloying) [15, 28, 29], phase 

conversion (2H to 1T) [30], expansion of the interlayer distance [31], and molecular 

functionalization [32]. 

On the other hand, the interlayer engineering of MoS2 nanosheets could have extraordinary 

potential in improving catalytic activity, and the area is yet to be exploited.
 
Specifically, 

expansion of the interlayer spacing of 2D-MoS2 not only significantly improves diffusion 

kinetics of ions but also increases catalytically active-sites for the charge transfer, enhances 
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the surface area, fine-tunes electronic structure, and reduces diffusion barriers [33, 34]. For 

example, Gao et al. synthesized interlayer expanded MoS2 (9.4 Å) by microwave-assisted 

method with tailored electronic structure and electrical conductivity. They showed that MoS2 

interlayer expansion incorporates higher number of catalytically active edge-sites, which can 

lead to improving the performance of MoS2 for hydrogen evolution reaction (HER) [35]. 

Similarly, Zhou et al. reported the solvothermal synthesis of oxygen incorporated MoS2 

nanosheets with expanded interlayers (8.4 Å), which was favorable for intercalating foreign 

ions (OH
-
), thereby, improved pseudo-capacitive performance [36].  Also, Lai et al. showed 

interlayer expanded MoS2 where and the layer-expanded MoS2 exhibited high photocatalytic 

activity [21]. However, the chemical functionalization of MoS2 nanosheets are still limited 

and can be accomplished by various means of modifying non-covalent or covalent bonding 

interaction with metal, non-metal as well as with other organic molecules [37]. In specific, it 

is always worthwhile to functionalize 2D-MoS2 for enhancing catalytic activity while 

creating an expanded interlayer-structure and increased bandgap for improving its 

functionalities from catalysis to photocatalysis. 

Acids are an important class of chemical species characterized by the unique ability to either 

donate H
+
 ions or form a covalent bonding with an electron pair [38]. Sulfonic acid (-SO3H) 

groups are especially attractive catalysts due to their metal free composition, low cost, high 

environmental stability, strong acidity, and non-oxidizing [39]. Functionalization of MoS2 

layers with the large molecules like -SO3H could have a promising choice to increase the 

interlayer spacing of 2D-MoS2 and modify the electronic structure of 2D-MoS2 and enhance 

the photocatalytic activity. Bitaraf et al. reported that chemically grafting of -SO3H functional 

group on the surface of photocatalyst materials can provide the required H
+
 during the 

reaction and improved the photocatalytic activity [40]. Hyun Gu Kang et al. reported that the 

methylene blue (MB) dye degradation by using the -SO3H/-SO3
-
 functional group due to the 
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electrostatic attraction and the cation exchange process between the organic building block of 

-SO3H/-SO3
-
 functional group and methylene blue molecules [41]. 

In this work, we demonstrate the synthesis of sulfonic acid/sulfur trioxide (SO3H/SO3)
 

functionalized MoS2 nanosheets by a one-pot hydrothermal method. The structure and 

morphology were investigated by Raman, X-ray diffraction (XRD), scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), while chemical composition, 

bonding, and degree of functionalization was confirmed by using X-ray photoelectron 

spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR). Furthermore, we 

demonstrate the photocatalytic activity of SO3H/SO3-MoS2 in Methylene Blue (MB) aqueous 

solution as a function of time and dye concentration. Also, we determine the catalytic activity 

of the SO3H/SO3-MoS2 by calculating the rate kinetics of the dye degradation followed by 

establishing the mechanism of the light-driven redox process. Finally, we compared the 

efficacy of the 2D SO3H/SO3-MoS2 nanosheets with other pristine 2D-MoS2 nanosheets and 

commercially available bulk MoS2 along with their kinetics of the redox process under an 

identical environment.   

6.2 Results and discussions 

The sulfonic acid/sulfur trioxide (SO3H/SO3)
 
group functionalized 2D-MoS2 was synthesized 

using a one-pot hydrothermal synthesis method as discussed in detail in the section 2.1.9 of 

chapter 2. The as-obtained functionalized 2D-MoS2 nanosheet was characterized using 

various spectroscopic and microscopic techniques (e.g., FTIR, UV-Vis, Raman spectroscopy, 

TEM/HRTEM, SEM, etc.) as discussed in-detail in chapter 2 (section 2.2).   

The Fourier transform infrared (FTIR) measurement was carried out to obtain the bending 

and stretching vibration of the SO3H/SO3
 
functional group present in MoS2 nanosheets as 

shown in Figure 6.1a. Absorption bands observed at 460 cm
-1

 and 593 cm
-1

 are refers to the 

Mo-S stretching vibration [42]. Absorption band at 1056 cm
-1

 corresponds to S=O (SO3
-
) 
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stretching modes of the SO3H [43, 44]. Another two absorption bands at 1227 cm
-1

 and 1405 

cm
-1

 are associated with the O=S=O stretching mode of the SO3H
 
[44, 45]; while the two 

absorption bands at 1159 cm
-1 

and 1198 cm
-1 

are indicating the presence of SO3 molecule 

[40]. A band at 1626 cm
-1

 (O-H) are corresponding to the surface absorbed water molecule. 

The FTIR spectrum indicates that the as-prepared MoS2 sample exhibits the Mo-S bands, and 

the formation of the SO3H/SO3
 
group (S=O and O=S=O) signifies the functionalization of the 

SO3H/SO3
 
functional group on the surface of MoS2 nanosheets. Raman spectrum in Figure 

6.1b shows successive peaks at 376.75, 404.67, 452, 585.5, 744.10, and 814 cm
-1 

assigned to 

the E
1

2g, A1g, 2LA, E1g, 2E2g, and A1g band of 2D MoS2 ,respectively; while the and 1013 cm
-

1
 corresponds to the SO3H/SO3

 
vibration mode [46, 47]. The vibration at ~1013 cm

-1 
in MoS2 

demonstrates the signature of the SO3H
 
group, which is covalently bonded with the 2D-MoS2 

[48]. Figure 6.1c shows the XPS spectrum of S 2p, which represents the S 2p3/2 and S 2p1/2 

spin-orbit doublets at their respective positions of 162.08 eV and 163.26 eV [15, 49]. Figure 

6.1c also shows a broad and low-intensity XPS peak at higher binding energy and after 

deconvolution, two successive peaks of S 2p3/2 and S 2p1/2 were obtained at 168.8 eV and 

169.8 eV, respectively. Such S 2p3/2 and S 2p1/2 peaks at high binding energies suggest the 

formation of S-OH and S=O bonding, which are a typical signature of SO3H chemical group 

covalently attached to the MoS2 nanosheets, while another peak at higher binding energy at 

166.6 eV are corresponding to the SO3 group as discussed in FTIR section [40, 50].  On the 

other hand, O 1s spectrum shown in Figure 6.1d depicts two oxygen peaks at 532.01 eV and 

533.18 eV implying the existence of S-OH and S=O bonds, respectively. In this regard, such 

S-HO and S=O bonds again validate the SO3H/SO3 groups covalently attached to the MoS2 

nanosheets [51]. This further justifies the successful formation of sulfonic acid/sulfur trioxide 

functionalized 2D-MoS2 during the one-pot hydrothermal process. 
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Figure 6.1: Shows (a) Fourier transform infrared (FTIR) spectrum of SO3H/SO3-MoS2; (b) 

Raman spectra of the SO3H/SO3
 
-MoS2 nanosheets; (c) & (d) high-resolution S 2p XPS 

spectrum and O1s XPS spectrum, respectively.  

The crystal structure and phase analysis of as-synthesized SO3H/SO3-MoS2 nanosheets were 

analyzed using the low-angle X-ray diffraction (XRD) method as shown in Figure 6.2. The 

SO3H/SO3-MoS2 nanosheets exhibit distinct diffraction peaks (blue colure Figure 6.2) at 

9.46ᵒ, 17.90ᵒ, 32.88ᵒ, 57.47ᵒ, which confirms characteristics 2D-MoS2 planes of (002), (004), 

(010), and (110), respectively. It was found that the (002) peak of pristine 2D-MoS2 is shifted 

towards lower angle in SO3H/SO3-MoS2 as shown in Figure 6.2. The corresponding d-

spacing of the (002) plane was found to be 9.4 Å as calculated via Bragg‟s equation. The 

difference between the d-spacing indicated the formation of a new lamellar structure with the 
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enlarged interlayer spacing of 9.4 Å compared with 6.3 Å in pristine 2D-MoS2 (P-MoS2) 

(green colure Figure 6.2) [31]. A new peak emerges at 17.90° in SO3H/SO3-MoS2 (blue 

curve) corresponds to the characteristics plane of (004) of 2D-MoS2, which could be due to 

the successive expansion of interlayers [31]. It is assumed that the (002) d-spacing 

enlargement is primarily due to the adsorption and intercalation of the SO3H/SO3
 
functional 

group between successive MoS2 layers as demonstrated in the TEM part in the next section. 

Besides, two higher angle peaks of 32.78° of (010) and 57.44° of (110) (blue colure Figure 

6.2) indicates that the MoS2 crystal structure remains intact (specifically, the basal planes) 

even after the SO3H/SO3 functionalization. 

 

Figure 6.2: XRD diffraction pattern of as-synthesized MoS2 (Pristine MoS2) with the 

interlayer spacing (d) of 6.3 Å and SO3H/SO3-MoS2 with the interlayer spacing (d) of 9.4 Å. 
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Figure 6.3: Shows (a) SEM images demonstrating morphology of SO3H/SO3
 
functionalized 

MoS2 nanosheets; (b) the bright-field transmission electron micrograph of as-synthesized 

SO3H/SO3-MoS2; (c) electron diffraction pattern; (d) & (e) illustrate HRTEM depicting the 

interlayer d-spacing of functionalized 2D-MoS2; (f) line intensity profile of the line drawn in 

the inverse FFT image.  

 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were 

performed to investigate the morphology and structure of as-synthesized SO3H/SO3-MoS2. 

Figure 6.3a shows the nanoflower-like morphology of as-synthesized 2D SO3H/SO3-MoS2 

with a flaky petal-like morphology of 2D nanosheets. The sharp edge of SO3H/SO3-MoS2 

nanosheets exhibits more active electron transfer sites, which we believe take part in a faster 

light-driven redox process, thus, imparting the high-performance catalytic activity. Figure 

6.3b shows the transmission electron micrograph of SO3H/SO3-MoS2 nanosheets illustrating 

the flaky 2D layered morphologies with entangled structure. The TEM image (Figure 6.3b) 

also demonstrates the ultrathin nanosheets of SO3H/SO3-MoS2 contain ripples and 
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corrugations in its structure. Figure 6.3c shows the SAED pattern with the characteristic 

diffraction planes of (010), (013), and (011), suggesting the simple MoS2 lattice as elucidated 

in XRD data. The high-resolution TEM (HRTEM) image shown in Figure 6.3 d-f 

demonstrates the layered crystalline structure of a few-layers of 2D-MoS2 nanosheet with an 

increased interlayer spacing of 9.4 Å, which are 3.1 Å larger than the pristine counterpart of 

2D-MoS2 as interpreted in Figure 6.4 from Figure 6.4b SAED data endorse that there were no 

significant changes occurred in the 2D-MoS2 basal plane after bonding of SO3H/SO3
 

molecules to the MoS2 basal plane. The enlarged interlayer spacing of the (002) plane of 

MoS2 nanosheets is because of the intercalation of the SO3H/SO3
 
functional group through 

the MoS2 inter-layers during the synthesis process. 

 

Figure 6.4: Shows (a) Transmission electron micrograph of pristine 2D-MoS2 (i.e., P-MoS2); 

(b) SAED pattern of pristine 2D-MoS2 depicts characteristics crystal planes of (110), (013), 

and (010); (c) the HRTEM images of typical few-layered 2D-MoS2 with an interplanar 
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distance of 6.3 Å; (d) line intensity profile of the line drawn in the inverse FFT image 

(GATAN Inc., USA).  

 

The photocatalytic activity of SO3H/SO3-MoS2 was investigated in organic methylene blue 

(MB) dye solution (10 ppm) under visible light irradiation and all the experiments were 

conducted with different solutions of methylene blue (MB) dye concentrations and various 

MoS2 samples (e.g., The Bulk MoS2, Pristine 2D-MoS2, and SO3H/SO3-MoS2). About 5 mg of 

various catalysts were added to aqueous solutions of MB dye (e.g., 5 ml of 5 ppm, 5 ml of 10 

ppm, and 5 ml of 15 ppm). The entire assemblies were kept inside of a laboratory-based 

closed light-chamber with visible white LED source (light intensity: 2 W/m
2
, and light 

spectrum: 360 to 700 nm). Before irradiation, the mixture was stirred under dark condition 

for a few minutes to attain adsorption-desorption equilibrium and then put them inside of the 

visible-light chamber. The known amount of solutions have been collected as a function of 

time, centrifuged, and separated out from the catalysts. Further, the absorption spectra of as-

separated solutions were measured in UV-Vis spectrophotometer (JASCO V-770, Japan).  

The as-obtained UV-Vis absorption spectra of dye solutions (collected as a function of time) 

are shown in Figure 6.5. From UV-Vis spectral data of MB solutions after photocatalytic 

treatment by SO3H/SO3-MoS2, the peak intensity decreases with increasing exposure time 

and is extremely low (near zero) after 50 minutes of time exposure (for 10 ppm solution), as 

shown in Figure 6.5a. Figure 6.5b shows the pictographic images of the series of MB dye 

solutions obtained as a function of time after the photocatalytic reactions with SO3H/SO3-

MoS2.  It could be seen that with increasing the time of reaction, the blue color of the MB 

solution became colorless (Figure 6.5b). Also, the photocatalytic activities of SO3H/SO3-

MoS2 were performed by varying dye concentrations (e.g., 5 ppm and 15 ppm of MB dye 

solution) while keeping the amount of catalyst and solution volume constant. It was found 
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that the catalytic activity proportionally changes with varying dye concentrations, as shown 

in Figures 6.5c and Figures 6.5 d. Figure 6.5c depicts that the 5 ppm dye solution degraded 

within 10 min, while the 15 ppm dye took 80 min (Figure 6.5d) to degrade after reacting with 

SO3H/SO3
 
-MoS2 samples under the equilibrium conditions.   

 

 

Figure. 6.5: Shows (a) UV-Vis absorbance spectra of SO3H/SO3-MoS2 as a function of time 

in 10 ppm MB dye solution; (b) the representative photographic images were taken for 

studying the comparative photocatalytic activity of SO3H/SO3-MoS2 as a function of time for 

10 ppm solution; (c) and (d) illustrates UV-Vis absorbance spectra of SO3H/SO3-MoS2 at 5 

ppm & 15 ppm MB dye solutions.   
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A similar experiment was carried out to establish the efficacy of SO3H/SO3-MoS2 in 

comparison with pristine 2D-MoS2 (P-MoS2) and commercially available bulk MoS2 (B-

MoS2) (Sigma-Aldrich, India). Figure 6.6 show the UV-Vis data indicating the photocatalytic 

activities of B-MoS2 and P-MoS2 as a function of time. It was obtained that while reacting 

with the B-MoS2 and P-MoS2, the 10 ppm dye solutions were not completely degraded even 

after 240 min (i.e., 4 h) (Figure 6.6). The peak intensity of both B-MoS2 and P-MoS2 

decreases slowly with increasing light exposure time, however, the characteristic peak 

intensities manifest that the bulk and pristine samples were degraded the MB dye even after 

240 min photocatalytic reaction time. Thus, it can be considered that the SO3H/SO3-MoS2 

shows better light-driven catalytic activity than B-MoS2 and P-MoS2. 

 

Figure 6.6:  UV-Vis absorbance spectra as a function of time of (a) B-MoS2; and (b) P-MoS2 

in 10 ppm MB dye.   

To determine the rate kinetics of the photocatalytic reactions, we have plotted the normalized 

intensity plots from the UV-Vis data as a function of time and calculated the rate kinetics.  

Figure 6.7a shows normalized intensity (I/I0) vs. time data where the slope of the curve 

illustrates the comparative rate of dye degradation as a function of time for different 

concentrations (ppm-level) of dye, e.g., 5 ppm, 10 ppm, and 15 ppm [52]. The slope of the 

normalized curves (I/I0) (Figure 6.7a) suggests that the redox process of dye degradation 
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decreases with increasing dye concentrations. It is widely reported that initial concentrations 

of dye pollutants limit the active catalytic sites at the photocatalyst surface. For instance, 

lower dye concentration occupies fewer active sites leading to effective degradation 

performance. Furthermore, while comparing the SO3H/SO3-MoS2 with other stereotype MoS2 

samples (i.e., pristine 2D-MoS2, and commercially available bulk MoS2) it seems that the 

catalytic performances degraded gradually from functionalized 2D-MoS2 to pristine 2D-

MoS2 to the bulk MoS2 as shown in Figure 6.7b.  

 

Figure 6.7: Shows (a) the comparative normalized intensity as a function of time illustrating 

the rate of MB dye degradation at 5, 10 & 15 ppm solution; (b) comparative normalized 

intensity plots for SO3H/SO3 -MoS2, P-MoS2, B-MoS2 and as a function of time illustrating the 

MB dye degradation rate in 10 ppm dye solution; (c) the comparative rate kinetics plots of 

photocatalytic dye degradation reactions using the 10 ppm dye solution using SO3H/SO3-
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MoS2; (d) demonstrates the rate kinetics plot of photocatalytic MB degradation using SO3H/ 

SO3-MoS2, P-MoS2, and B-MoS2.  

The rate kinetics of MB-dye degradation using various MoS2 samples is shown in Figure 6.7c 

and was calculated via Equation 6.1 [52].          

                                     (
  

 
)                                             (6.1) 

Where A0 and A were the initial and residual absorbance at different time intervals, “t” and 

„k‟ is the first-order rate constant. For SO3H/SO3-MoS2 (Figure 6.7c) the kinetic rate plot 

shows the highest catalytic activity at 5 ppm dye solution (k =0.39331 min
-1

). In comparison, 

lowest for 15 ppm solution (k =0.05165 min
-1

), and this is obvious that the rate of dye 

degradation under equilibrium conditions varies as a function of dye concentrations (while 

the amount of catalyst and volume of the liquid is constant). Similarly, the photocatalytic 

activity performance was evaluated with various catalysts (i.e., SO3H/SO3-MoS2, P-MoS2, 

and B-MoS2) as shown in Figure 6.7d. The as-calculated k-values for bulk-MoS2, pristine 

2D-MoS2, and functionalized-MoS2 are obtained as 0.00394 min
-1

, 0.01027 min
-1

, and 

0.06728 min
-1

, respectively, which further manifests the faster electron transfer in SO3H/SO3-

MoS2.  

In order to understand the better catalytic performance of SO3H/SO3 functionalized MoS2, 

compared to pristine MoS2, BET surface area and pore size distribution of both samples were 

evaluated by nitrogen adsorption isotherm measurements. Both the samples exhibited typical 

type IV isotherm with H3 hysteresis loops attributing mesoscale pores in the materials. The 

BET surface area for sulfonated MoS2 is 23.5 m²/g, which is higher compared to the pristine 

MoS2 (19.7 m²/g) as demonstrated in Figure 6.8a. The higher accessible surface area with 

additional surface functionality makes the SO3H/SO3 functionalized MoS2 catalytically more 

active for organic dye degradation compared to pristine MoS2. Further, the enhancement in 

functionalized 2D-MoS2 surface area is primarily because of the intercalation of the 
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SO3H/SO3 functional groups through the interlayer as demonstrated earlier of this chapter 

[i.e., intercalation of functional groups through the (002) layers as discussed in the 

TEM/HRTEM, and X-ray diffraction section]. To this end, it is obvious that the 

improvements in the surface area of 2D-MoS2 play a vital role in catalyzing the faster redox 

process of MB dye degradation.  

 

Figure 6.8: Illustrates (a) the comparative N2 adsorption/desorption isotherms data of 

SO3H/SO3-MoS2 and P-MoS2 obtained during the BET measurement; (b) shows the 

comparative Tauc plot of P-MoS2 and SO3H/SO3-MoS2. 

Since the P-MoS2 exhibited higher catalytic surface area than B-MoS2, thereby it shows 

enhanced catalytic performance than B-MoS2. On the other hand, SO3H/SO3-MoS2 shows 

much faster photocatalytic activity compared to P-MoS2 and B-MoS2 due to its expanded 

interlayers and functionalized SO3H/SO3 molecules covalently attached to 2D-MoS2, which 

together accelerate the light-driven electron transfer to the MB-dye for rapid degradation. The 

bandgap of SO3H/SO3-MoS2 was measured as 1.76 eV compared to the P-MoS2, which was 

1.52 eV as depicted in Figure 6.8b. The widening of MoS2 bandgap could be due to the 

covalent functionalization of the 2D-MoS2 using SO3H/SO3 molecule.  
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Figure 6.9: Schematic illustrating the mechanism of dye degradation using functionalized-

MoS2 samples. 

 

Following the above results, a possible mechanism is interpreted and shown in Equations 6.2 

to Equations 6.7 [53-55]. In the first step, when visible light was irradiated on the MoS2, the 

photons were absorbed, and the electrons were excited from the valence band (VB) to the 

conduction band (CB), as explained in Equation 6.2 and illustrated in Figure 6.9. The 

resultant photoelectron at the CB and the holes at the VB further migrate through the surface 

of MoS2, which can participate in the respective reduction and oxidation reactions. Here, the 

chemisorbed H2O molecules and OH
- 

ions interact with conduction band electrons that 

produce superoxide anion radicals O2
•- 

as shown in Equation 6.3. In the next step, valence 

band holes are responsible for forming OH
•
 radicals as given in Equation 6.4 (Figure 6.9).  

                               
              

                        (6.2) 

                       
            

                                    (6.3) 

   
                                               (6.4) 
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Finally, various forms of active oxygen species such as O2
•-
, OH

•
, OH

•-
, OH

-
, HO2

•
, and H2O2 

are produced from the following successive processes, which could be responsible for the 

degradation of MB dye as demonstrated in Equation 6.5, Equation 6.6, and Equation 6.7.                        

    
            

                                     (6.5) 

     
                                                (6.6) 

                 
   →                                          (6.7) 

 

The efficiency of MoS2 photo-degradation is primarily improved by inhibiting photo-induced 

e
-
 and h

+
 pair recombination and extending absorption to the visible-light region as 

demonstrated in Figure 4c. The higher band gap of SO3H/SO3-MoS2 favors the separation of 

electrons and holes, which facilitates SO3H/SO3-MoS2 to be performed as a high-

performance photocatalyst. The rate-enhancement in photocatalytic dye degradation kinetics 

of SO3H/SO3-MoS2 apparently due to the following reasons: (i) the bandgap widening results 

in the more light absorption followed by the low charge-recombination, (ii) the expanded 2D-

MoS2 interlayers introduce more catalytically active edge-plane like sites; (iii) the improved 

surface adsorption/desorption of organic compounds owing to the surface SO3H/SO3 

molecules; and (iv) the enhanced redox properties as a results of the faster charge-transfer. It 

seems that the higher the SO3H/SO3 surface coverage, the more effective charge transfer 

occurs, resulting in the better oxidation of the catalyst itself [41]. We believe that the 

SO3H/SO3
 
functionalized 2D-MoS2 surface can provide the required H

+
 during the reaction 

and improve the photocatalytic activity compared with bulk-MoS2 and pristine 2D-MoS2. 

 

6.3 Chapter summary   

In summary, we have successfully demonstrated the enhanced catalytic activity of sulfonic 

acid/sulfur trioxide (SO3H/SO3) functionalized 2D-MoS2 nanosheets to degrade methylene 
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blue dye. The SO3H/SO3-MoS2 nanosheets were synthesized via hydrothermal method 

followed by structural and spectroscopic characterizations. Functionalization of 2D-MoS2 

was confirmed by Raman spectroscopy, FTIR, and XPS and found that the SO3H/SO3 

molecules were covalently attached with the MoS2 nanosheets. X-ray diffraction associated 

with SEM, HRTEM, and SAED illustrated that no significant changes occurred in the 2D-

MoS2, except the expansion of (002) interlayers of ~3.1 Å. The photocatalysis experiments 

show that the SO3H/SO3-MoS2 exhibits enhanced activity of the redox reaction, which is 

primarily due to the widening of MoS2 bandgap, enhanced surface area, introduction of a 

large amount of active catalytic sites, successively increased free electrons, and above all, the 

functional group attached to the MoS2 nanosheets. The mechanism of faster rate kinetics in 

SO3H/SO3-MoS2 was elucidated and found that possibly various active oxygen species 

formed followed by light-driven charge transfer to the organic dye to degrade it. We believe 

that the expanded interlayer in SO3H/SO3-MoS2 improves the ion diffusion kinetics in 

aqueous solution, increases surface area and catalytically active surface sites while reducing 

the diffusion barriers, thereby faster the light-driven charge transfer for the redox reaction. 

We believe that SO3H/SO3 functionalized 2D-MoS2 with expanded interlayers could open up 

enormous possibilities of other 2D materials functionalization for wider applications, such as 

the removal of toxic pollutants, catalysis of organic molecules, heavy metal ions adsorption 

or removal, hydrogen evolution, enhanced redox process for electrochemical devices 

(psuedocapacitors, batteries), biomedical devices, and so on. 
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