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A B S T R A C T

The tungsten disulphide nanosheets (WS2) nanosheets have an exceptional ability to degrade hazardous organic 
pollutants due to strong UV and visible light absorption. Hence, WS2 nanosheets, which exhibited varying layers, 
were synthesized to study the influence of the number of layers and colour on the photocatalytic degradation of 
organic pollutants. The synthesized WS2 multi and few-layer layers were systematically characterized to 
determine structural, morphological, and optical properties. The as-synthesized materials were tested as pho
tocatalysts toward the degradation of methylene blue (MB) as a target pollutant in simulated water. The multi- 
layered WS2 and few-layered WS2 exhibited strong photocatalytic activity, with 99 % MB degradation efficiency 
in less than 30 min at pH 10.3. However, the few-layered WS2 demonstrated high stability after the fourth run, 
with an efficiency of more than 90 % and a decrease of 4 %. It was concluded that few-layered WS2 nanosheets 
are ideal photocatalyst materials due to the enhanced light absorption, recyclability, and photocatalytic activity 
in comparison with multi-layered WS2 nanosheets.

1. Introduction

The significant development in globalization and industrialization is 
the two main causes of environmental pollution. Rapid urbanization, 
shifting consumer behaviours, population growth, and quicker socio
economic development have all contributed to an increase in water 
pollution in the environment [1,2]. Water pollution is one of the world’s 
most prevalent pollutants, and there is an urgent need to eliminate 
contaminants from water bodies using new scientific technology ad
vancements [2]. Additionally, the concentration of pollutants, particu
larly organic pollutants, dyes, and other dangerous substances, has 
increased in the water bodies, however, this has a negative impact on 
both aquatic life and human health [3]. Industrial effluent water from 
the agrochemical, paper, and pharmaceutical industries are a common 
source of non-biodegradable and hazardous pollutants [4]. Methylene 
blue (MB), a cationic thiazine dye commonly used in the chemical and 
biological industries, can induce a variety of health concerns, including 
vomiting, nausea, excessive perspiration, restless breathing, eye 

discomfort, and mental abnormalities.
Photocatalysis is an effective method of removing a wide spectrum of 

contaminants [5]. It generates radicals from solar energy (hv) to oxidize 
these contaminants and catalyze their breakdown. Currently, many 
studies have been undertaken on the photocatalytic activity of different 
nanostructures. Metal oxide semiconductors, such as TiO2 and ZnO, are 
the most investigated photocatalysts; however, their wide bandgap re
stricts their UV, as they only capture 5 % of total sunlight [6]. The 
number of defects on nanostructured materials can be minimised to 
improve their energy conversion efficiency [7]. In nanostructured 
photocatalysts, the semiconductor is discrete; when energy exceeds the 
threshold for semiconductor absorption of light, the valence band (VB) 
and the conduction band (CB) separate from one another, causing the 
carrier separation of the semiconductor material and the interband 
transition of valence electrons to produce photoelectrons and holes [8].

After the discovery of graphene, various two-dimensional (2D) 
semiconductor materials were employed for photocatalytic reactions 
[9]. These materials offer superior physical qualities [10]. Transition 
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metal dichalcogenides (TMDs) have inspired interest in optoelectronics 
and catalysis since the 1970s. Due to their intriguing optical properties 
and surface chemistry. TMDs are composed of S-M-S layers with strong 
intramolecular interactions but low interlayer contacts due to van der 
Waals forces [11]. Their unique electrical, mechanical, and optical 
qualities have made them suitable for a wide range of applications. 
Among other TMDs, WS2 nanosheets, as emerging 2D materials, have 
recently attracted a lot of attention as catalysts due to their remarkable 
optical properties and monolayer or few-layer surface chemistry. How
ever, few layers possess additional properties as compared to their bulk 
counterparts, this is due to the confinement effect [12]. The WS2 
nanosheets are corrosion-resistant with a noticeable bandgap and offer 
unique features such as high surface area, excellent photocatalysts, good 
electrochemical activity, promising electrical characteristics, high 
mobility, and biocompatibility.

In recent years, various WS2-based photocatalysts have been used in 
the removal of pollutants in wastewater [13,14]. Fatima and co-workers 
used WS2 to degrade and detect pharmaceutical waste, and 90 % of the 
antibiotic nitrofurantoin (NFT) was degraded [15]. Xie and co-workers 
photodegraded rhodamine B (RhB) with highly dispersed WS2 nano
sheets, and high efficiency was observed [16]. The research focuses on 
improving the WS2 performance through metal doping and the forma
tion of heterojunction photocatalysts. Properties such as bandgap and 
electronic structure and improving absorption and charge carrier sepa
ration at the surface. Huang and co-workers employed WS2 and MoS2 
monolayers as co-catalysts in the hybrids to improve photocatalysis 
performance and the results enhanced optical absorption in the region of 
the ultraviolet-visible light [17]. Alhmanzani and co-workers used a 
heterostructure of InS/WS to degrade various parabens in water, and 
results show good photodegradation efficiency of more than 88.6 % of 
the pollutants were degraded in 90 min [18]. Shende and co-workers 
used a ternary composite WS2/GO/Au photodegraded 99 % MB for 
90 min [19]. Overall, these studies demonstrate the significant potential 
of WS2-based photocatalysts for various organic contaminants in water. 
The high photodegradation efficiency, ranging from 88 to 90 %, was 
observed, with the heterostructures or hybrid systems exhibiting 
excellent photodegradation performance. These findings highlight the 
viability of WS2 as a key component in the development of advanced 
photocatalysts for environmental remediation applications.

Different synthesis methods have been employed to improve the 
bandgap and the number of layers. Several techniques have been 
employed for the synthesis of WS2 nanosheets, such as the chemical 
synthesis method [20], Pulse laser deposition [21] and ball milling CVD 
[22]. However, their requirement of high temperature and complex 
systems restricts control number of control layers and size [23]. A 
combination of these techniques improves the material properties. 
Koinkar and co-workers used laser ablation in the liquid environment to 
reduce WS2 micro sheets into free-standing nanosheets [24], Koinkkar 
and co-workers used a hydrothermal method and incorporated TiO2 and 
Au to improve photocatalytic properties [25], On the other hand, 
femtosecond pulse laser was used to produce fewer layers of WS2 [26].

The novel and superior characteristics of ultrathin two-dimensional 
(2D) materials with graphene analogue, sustained research interest for 
a considerable time. In particular, the exfoliated and free-standing 
nanosheets of WS2 are noteworthy. Various exfoliation techniques, 
including mechanical cleavage and chemical exfoliation, have been 
employed; however, these methods may modify the material properties 
and result in the creation of lattice defects [27,28]. The presence of 
lattice defects may introduce unwanted electronic states, reduce charge 
carrier mobility and hinder effective charge separation, ultimately 
resulting in poor photodegradation efficiency. Hence, a lot of research 
has been focusing on alternative methods that can produce fewer lattice 
defects, thereby enhancing the photocatalytic properties. Ratha and a 
co-worker synthesized a few layers of WS2 through a chemical (liquid) 
synthesis method at 265 ◦C for 24 h, which is a long time for synthesis 
[29]. Furthermore, the thermal solid-state synthesis technique has been 

reported as a method that can produce exfoliated nanosheets, which 
have the potential for scaling up and producing high-quality free- 
standing layers with fewer defects. Gajić and co-workers used the solid- 
solid phase reaction to synthesize WS2 nanosheets by heating WO3 
powder and thiourea in a nitrogen environment at 850 ◦C. Similarly, 
Zhang and co-workers also synthesized ultrathin WS2 via a facile solid 
phase reaction method using WO3 and thiourea at 850 ◦C for 1 h [30] 
These methods minimise the lattice defects and enhance the photo
catalyst activities.

There have been efforts to combine both liquid and solid-based 
methods to further improve the material properties. Koinkar and co- 
workers used laser ablation in the liquid environment to reduce WS2 
micro sheets into free-standing nanosheets [24], Koinkkar and co- 
workers used a hydrothermal method and incorporated TiO2 and Au 
to improve photocatalytic properties [25], On the other hand, a 
femtosecond pulse laser was used to produce fewer layers of WS2 [26]. 
Despite the advancements, there is still a challenge in developing a 
simple, reproducible, and cost-efficient synthetic approach to generate 
ultrathin WS2 nanosheets. In this study, we have optimised reaction 
conditions (resident time, low temperature), which resulted in the for
mation of WS2 multilayer and few-layer nanosheets using the solid-state 
thermal synthesis method. The nanosheets displayed different colours 
and numbers of layers, demonstrating promising photocatalytic degra
dation of methylene blue. In this research study, A detailed comparative 
analysis was conducted to evaluate the photocatalytic characteristics of 
multilayered (G-WS2) in comparison to few-layered (B-WS2).

2. Materials and methods

2.1. Materials

Methylene blue was purchased from Sigma SA. Tungsten oxide 
(WO3) and Thiourea (CH4N2S, 98 %) were obtained from ACE Merck, 
hydrochloric acid (HCl) and sodium hydroxide (NaOH) were obtained 
from MERCK. All required chemicals were of analytical grade.

2.2. Synthesis of WS2 nanosheets

Thermal solid-state synthesis of WS2 nanosheets was adopted from 
Zhang and co-workers [31] and it was modified. In this study and WS2 
was achieved at a very low temperature of 600 ◦C, which is lower than 
what is reported in the literature. The first step, 1 mmol tungsten 
trioxide and 60 mmol thiourea were mixed in a mortar, and then the 
mixture was placed into a crucible. The temperature of a tube furnace 
was raised to 600 ◦C at a rate of 10 ◦C/min. The residence time was 
varied from 2 to 4 h. The products obtained at 2 h were grey in colour 
and the one at 4 h was black in colour. The obtained product was washed 
thrice with ethanol and then washed with DI water to remove any im
purities. The final sample was dried at 60 ◦C for 8 h. Sample naming was 
as follows: prefix colour and suffix is tungsten sulphite: i.e. G-WS2 and B- 
WS2.

2.3. Characterization of the as-synthesized nanosheets

The morphology of the catalysts was studied by high-resolution 
transmission electron microscopy (TEM). Phase identification was 
observed by X-ray diffraction (XRD) using Cu Kα X-ray radiation (λ =
1.5418 Å). UV–Vis spectroscopy (UV–Vis) was performed to observe the 
photocatalytic activity of the WS2 nanosheets against MB at a wave
length of 665 nm with a scan range of 550 to 750 nm. Functional groups 
and bonds were detected by FTIR. The surface area and pore size dis
tribution of WS2 nanostructures were determined experimentally by 
Brunauer–Emmett–Teller (BET) analyses. Nitrogen adsorption- 
desorption isotherms were measured at 77.4 K.
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2.4. . Procedure for photocatalysis

The as-synthesized catalyst was utilized to degrade MB under a 300 
W xenon lamp that was placed around 30 cm away. To investigate the 
photocatalytic degradation mechanism of MB, 20 mg photocatalytic 
samples were added to 40 mL of a 200 mg/L MB solution, WS2 samples 
in comparison to the G-WS2 and B-WS2 as catalysts. The solution was 
initially magnetically agitated for 30 min in the dark to obtain the 
adsorption–desorption balance. UV–Vis absorption spectra were recor
ded every ten minutes for G-WS2 and B-WS2 and every 30 min, with the 
first sample collected at 0 min and deionized water used as a contrast. 
The concentration of MB was determined using Lambert-Beer’s law. The 
photocatalytic efficiency eq. (1): 

η(100%) =
C
C0

×100% =
A
A0

×100%. (1) 

where C0 is the concentration before the reaction, and C is the concen
tration obtained 10 min after the reaction. A0 is the absorbance before 
the reaction, while A is the absorbance measured at (0, 5,10,15,30 and 
60 min) during the reaction.

A study compared the light degradation of G-WS2 and B-WS2 nano
structures against MB. A 200 mg/L solution containing 20 mg of each 
catalyst was produced and agitated for half an hour in the dark. Then, 
WS2 photo catalyst was added and mixed. In the ambient atmosphere, a 
dark blue solution was generated with a visible light wavelength of 665 
nm from a 300W Xe lamp. For 60 min, 5 mL of solution was obtained at 
(0, 5,10,15,30 and 60 min) time intervals, with the initial sample taken 
at 0 min representing the sample after 30 min in the dark. The pH (1.3, 

7.15 and 10.3) and loading of the catalyst (20, 40 and 60 mg) as factors 
affecting photo degradation were investigated.

3. Results and discussion

3.1. Characterization

3.1.1. TEM for WS2 Nano sheets
Scanning and transmission electron microscopy SEM and TEM were 

used to characterize the microstructures and morphologies of G-WS2 and 
B-WS2. The SEM images are displayed in Fig. 1(a and b). It is evident that 
the G-WS2 in Fig. 1(a) is made up of dense layered structures and B-WS2 
shows less dense sheet-like materials, as shown in Fig. 1(b). The TEM 
images are presented in Fig. 1(c and d). TEM confirms the sheet-like 
morphology observed in the SEM images. The TEM images also 
confirm that the B-WS₂ nanosheets are very thin and appear transparent 
under electron beam irradiation, further validating the sheet-like 
morphology observed in SEM. It is worth noticing that the resulting G- 
WS2 nanosheets are extremely thick, as shown in Fig. 1(c) and B-WS2 
nanosheets appear to be thin and appear transparent under electron 
beam irradiation, as shown in Fig. 1(d).

As residence time increased, the lateral and vertical dimensions 
increased; however, ultrathin nanosheets of B-WS2 are stacked 
randomly and appear transparent under the electron beam’s irradiation, 
implying that the obtained B-WS2 nanosheets are very thin. This is in 
agreement with what was reported in the literature [32].

3.1.2. XRD and FTIR for WS2 nanosheets
The FTIR spectra of WS2 samples synthesized at different residence 

Fig. 1. (a) and (b) SEM images of G-WS2 and B-WS2, respectively; and TEM images of G-WS2 and B-WS2 ((c) and (d)), respectively.
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times are illustrated in Fig. 2(a). Several peaks associated with signifi
cant vibration bands of tungsten disulfide were observed in both samples 
G-WS2 and B-WS2, i.e., vibration bands around 3208 cm-1, which match 
the stretching and bending vibration spectrum of W–S. It is obvious that 
the W–S bond is present [33]. Apart from the normal peak of bound 
ambient moisture content stretching vibration bands of -OH at 3208 and 
2884,2998,1640, 1407 cm− 1 [34]. The characteristic absorption bands 
at 1070, 805 and correspond to the S–S and W–S stretching vibrations 
[35]. For sample B-WS2, a new vibration peak appeared at 616 cm− 1, 
which corresponds to S–S, due to the additional load of sulphur as the 
residence time was prolonged. This confirms the formation of WS2 
nanosheets.

The XRD spectra in Fig. 2(b) for samples synthesized at 2 h and 4 h 
the spectra have similar crystallinity more amorphous. At a residence 
time of 2 h, it shows that the WS2 structure is formed. The characteristics 
peaks at round 15.20◦, 26.57◦, 27.88◦, 28.88,38.38◦, 40.10◦, 43.72◦, 
47.59,56.54,63.30,64.70 and 69.90◦, were indexed to (002), (0 0 4), 
(100), (101), (1 0 0),(102), (0 0 6), (1 0 5), (1 0 6)(110),(112) and (200), 
respectively. WS2 crystal structure with a group space P63/mmc. The 
index was adopted from JCPDS No.: 08–0237. However, as residence 
time increases from G-WS2 and B-WS2, the peaks broaden and a shift to 
higher theta angles, which might be due to the sheet rearrangements as 
more removal of the CO2, NH2 and OH during the sulfurization reaction 
of WO3 [36] as well as the thermal exfoliation of the sheets that occurred 
due to an increase in residence time [37]. The main tungsten disulphide 
peaks, which are consistent throughout from G-WS2 and B-WS2, were 
indexed at (200), (002), (004), and (105) [38]. This is in agreement with 
previous reports in the literature [39,40]. The average S–W–S interlayer 
distance (d) value was evaluated using the diffraction peak (002) at 2Ɵ 
= 27.560 and 27.880 for G-WS2 and B-WS2, respectively, using Debye- 
Scherer Eq. (2). 

d =
0.9λ

βcos(θ)
(2) 

where d is the interlayer distance, λ is the radiation wavelength 
(1.5406Å), θ is the diffraction angle, and β is the full width at half 
maximum.

The d spacing for G-WS2 was estimated to be 126.5 nm, which is 
approximately twice as much as the d spacing of 64.9 nm of B-WS2. The 
value of the d spacing of B-WS2 is close to the one reported in literature 
for Exfoliated WS2 nanosheets are mono-layered or few-layered [41]. 
and the d spacing of G-WS2 corresponds to a multi-layer structure [42].

3.1.3. Raman shifts analysis of the as-synthesized WS2 at different 
residence times

In Raman shift used to characterize the structural properties of the 
WS2 nanomaterial synthesized at different residence times is illustrated 
in Fig. 3 and Table 1. First order resonance of the bulk WS2, two 

characteristic peaks of the Raman active mode, the A1g occurs around 
419 cm− 1, which is due to the out-of-plane vibration of sulphur atoms 
and the E1

2g mode occurs around 352 cm− 1, corresponding to the in- 
plane displacement of both sulphur and tungsten atoms [43]. The ex
foliations of the sheets can be monitored by the redshift in the A1g 
mode, which is due to the lattice relaxation phenomenon as the number 
of layers decreases [44]. Additionally, the number of sheets can be 
estimated by the ratio of E1

2g /A1g [45,46]. The decrease in the ratio 
corresponds to the increase in the number of layers. When the E1

2g /A1g 
is greater than 2.2, it corresponds to monolayers, E1

2g /A1g less than 0.47 
correlates to the form of bulk WS2, and when E1

2g /A1g is between 0.47 
and 2.2, this signifies the presence of few-layer WS2 [46]. Table 1 shows 
the summary of the Raman peaks intensity ratios of G-WS2 and B-WS2.

The E1
2g /A1g ratios of G-WS2 and B-WS2 were calculated to be 1.415 

and 2.11, respectively. This confirms that B-WS2 has a smaller number of 
layers as compared to G-WS2. However, both samples seem to have 
layers of WS2. Thus, 2.1 (B-WS2) has than 3 layers [47] and 1.4 (G-WS2) 
consists of less than 5 layers [48]. This confirms that G-WS2 is a multi- 
layered structure and B-WS2 is a fewer-layer structure.

Fig. 2. (a) FTIR and (b) XRD spectra of the a-synthesized WS2 at different residence times.

Fig. 3. Raman spectra of the as-synthesized WS2 at different residence times.

Table 1 
The intensity ratio (E1

2g /A1g) G-WS2 and B-WS2.

Material E1
2g A1g E1

2g/A1g

G-WS2 14,883.23 10,517.99 1.415
B-WS2 29,021.94 13,753.29 2.110

L. Mampane et al.                                                                                                                                                                                                                              FlatChem 51 (2025) 100872 

4 



3.1.4. BET analysis for WS2 Nano sheets
The specific surface area of the as-synthesized-G-WS2 and B-WS2 

nanosheets was obtained by the Brunauer–Emmett–Teller (BET) tech
nique via nitrogen adsorption–desorption isotherms as shown in Fig. 4
(a), the measured specific surface areas BET, samples G-WS2 and B-WS2 
are 8.241, and 9.197 m2/g, respectively. The WS2 nanosheets synthe
sized at different residence times exhibit a mesoporous nature. The IV 
type form of isotherms with an H3-type hysteresis loop (P/P0 > 0.4) 
[49], following the International Union of Pure and Applied Chemistry 
(IUPAC) Nomenclature. Furthermore, a considerable decrease in WS2 
samples’ adsorption capacity with increasing residence time was 
observed.

The prepared G-WS2 and B-WS2 pore size distribution is presented in 
Fig. 4 (b), and Table 2 shows the summary BET analysis of all the 
samples. The pore size ranges from 5 to 50 nm, with averages of 26.2 and 
17,6 nm, respectively. This suggests the coexistence of mesoporous 
structures in the WS2.

3.1.5. UV–vis DRS and PL analysis of G-WS2 and B-WS2
The band gap energies of all WS2 samples synthesized at different 

residence times were determined using the Tauc plot. This is very 
important to examine the photo-physical and photo-chemical properties 
of the material this properties of material are well documented in 
literature since 1966 when Tauc proposed the way to utilise optical 
absorption spectra to estimate the band gap energies to reveal their 
photocatalytic properties and Davis and motto, developed the method 
further, due to the assumptions in Tauc’s methods, the photon energy is 
directly proportional to the coefficient (α) The absorption can be 
expressed by the following Eqs. (3). 

(α.hvv)0.5
= B

(
hv − Eg

)
(3) 

(

F(R∞) =
K
S
=

(1 − R∞)

2R∞
(4) 

(F(R∞).hv )
0.5

= B(hv − Eg) (5) 

Where, h is the Planck constant, ν is the photon’s frequency, Eg is the 
band gap energy, and B is a constant. The band gap energy is usually 
determined from diffuse reflectance spectra. According to the theory of 
P. Kubelka and F. Munk presented in 1931. The measured reflectance 
spectra can be transformed to the corresponding absorption spectra by 
applying the Kubelka− Munk function (F(R∞), Eq. (3), and finally, 
substitute the coefficient (α) of absorption with the (F(R∞), and Eq. (4)
was used to estimate the energy band gap using reflectance [50].

Fig. 5(a) illustrates the band gap energies of samples synthesized at 2 
and 4 h. The band gap energies increase with the increase in residence 
time. The G-WS2 and B-WS2 exhibited band gaps of 1.8 and 2 eV, 

respectively. As the thermal exfoliation takes place, the band gap in
creases. A similar trend was reported in the literature [51,52]. The band 
gap energy of (1.8 eV) G-WS2 synthesized at low residence time is 
comparable to the multi-layer WS2 bandgap [53]. However, as residence 
time increased to 4 h, the WS2 band gap increased (2.0 eV), which 
correlated to fewer layers, and this confirms that the exfoliation took 
place [51]; [54].

PL analysis was utilized to determine the optical properties of the as- 
synthesized WS2 nanosheets. Fig. 5(b) shows the PL of G-WS2 and B-WS2 
excitation wavelength of 317 nm for both samples. Photoluminescence 
plots reveal three separate characteristic emission peaks. It is note
worthy that the PL spectra’ main peak at around 432.04 nm was fixed for 
all the samples, with the shoulder peaks at around 400 and 460 nm, 
which may be attributed to a quantum-confined transition in the WS2 
nanosheets [53]. The fixed peak at 432.04 nm shows that the PL char
acteristics do not change with the increase in the thermal sulfurization 
period. The emission intensity increased with prolonged residence time. 
This was attributed to the decrease in the number of atomic layers and 
suggests exfoliation toward free-standing or thin layers [55]. To eval
uate the PL behaviour of the as-synthesized the Full-width-at-half 
maximum (FWHM) and the shift of the peak at around 460 nm were 
used. The PL peak of the B-WS2 sample is broader with FWHM 88.27 nm 
and is redshifted by 1.9 nm compared to the PL peak of the G-WS2 
sample, which exhibited a FWHM of 84.43 nm. This suggests a greater 
degree of exfoliation toward thinner. The PL analysis is in agreement 
with the calculated energy band gaps from UV. This was previously 
reported in the literature for the exfoliation of bulk WS2 using chemical 
methods [56]; [55].

Fig. 5(c) illustrates the UV–Vis spectra of G-WS2 and B-WS2 with the 
absorption in the range of 200–900 nm. Typically, the emergence of 
characteristic excitonic absorption bands in the visible range is expected 
for WS2 multilayered and exfoliated nanosheets, excitonic absorption 
caused to the small size effect [57]. The fewer layers of WS2 absorb in 
the slightly higher wavelength than multilayers. Both G-WS2 and B-WS2 
have their excitonic peaks appear as the most prominent absorption 
features in the near-UV region (λ ≈ 300 nm) for the as-prepared nano
sheets. This significant absorption is attributed to transitions occurring 
from the low-lying valence band to the conduction band in the exfoliated 
WS2 nanosheets, which is near 320 nm and can be explained by the 
quantum size effect. Similar behaviour of WS2 nanosheets was reported 

Fig. 4. The BET and pore volume analysis of the as-synthesized WS2 at different residence times.

Table 2 
BET analysis of G-WS2 and B-WS2.

Material Specific surface area m2/g Pore diameter (Å) Pore volume(Å)

G-WS2 8.241 268.56 0.052
B-WS2 9.197 174.53 0.040

L. Mampane et al.                                                                                                                                                                                                                              FlatChem 51 (2025) 100872 

5 



by Sharma and co-workers [58].

3.2. Photocatalytic degradation of MB under UV light

3.2.1. Effect of initial concentration on photocatalysts
The dark adsorption-desorption phenomenon was investigated for 

MB adsorption on the surfaces of G-WS2 and B-WS2 photocatalysts for 
30 min, by detecting the usual MB peak in UV–vis analysis 665 nm 
wavelength. Fig. 6 shows the photo degradation capabilities of G-WS2 
and B-WS2. The image demonstrates the photocatalytic breakdown of 
initial MB concentrations (300,250, and 200 mg/L), with 20 mg of G- 
WS2 and B-WS2 of the photocatalyst. Samples were collected at t = 0, 5, 
10, 15, 30, and 60 min to investigate time-dependent photocatalytic MB 
degradation. Where t = 0 corresponds to the sample of adsorption- 
desorption in the dark after 30 min.

The dark adsorption-desorption equilibrium spectra for both photo
catalytic materials reveal that MB adsorption on the catalyst surface 
decreases as the starting concentration increases, reaching equilibrium 
after 30 min, as illustrated in Fig. 6(a, c and d), the surface adsorption 
efficiency in the dark was determined to be 72.50 %, 80.35 %, and 85.45 
for G-WS2, on concentration 300,250 and 200 mg/L, respectively. The 
degradation of 200,250 and 300 mg/L on B-WS2 in Fig. 6(b, d and e), 
was found to be 76.99 %, 81.00 %, and 92.75 %, based on adsorption- 
desorption equilibria of B-WS2, which outperformed G-WS2. Table 3
shows the degradation efficiency calculated using Eq. (5). 

η =

(

1 −
C
C0

)

×100 (6) 

Where η is efficiency, C is the intensity at a time ‘t’ and C0 is the 
intensity at time ‘t0’.

Results show that low concentration exhibits fast degradation at 200 
mg/L, with a catalysis loading of 20 mg, at times t = 5,10, 15,20,30 and 

60 min are 85.45 %, 95.00 %, 95.06 %,97.50, 97.50 and 97.50 % for G- 
WS2, respectively. Similarly, the efficiencies obtained for B-WS2, are 
92.71 %, 99.50 %, 99.75 %, 99.78 %, 99.96 and 99.98 % respectively.

3.2.2. Kinetic and the mechanism
Fig. 7(a and b) depicts a plot of relative absorbance (C/C0) vs. time 

for different MB concentrations, with G-WS2 in Fig. 7(a) and B-WS2 in 
Fig. 7(b). The B-WS2 is more efficient in photodegrading dye solutions 
than G-WS2. C/C0 denotes the intensity at time’s’ vs the intensity at time 
‘t0’. As shown in Fig. 2(a and b), ~ 95.0 and 99.8 % of the dye was 
degraded in the first 15 min for G-WS2 and B-WS2, respectively. It was 
found that B-WS2 had a greater rate constant than G-WS2. Additionally, 
this shows that the response rate slows down as increasing concentration 
increases, which may be due to the less penetration and amplified light 
scattering [59].The photocatalytic degradation at very low concentra
tion is characterized by pseudo-first-order rate kinetics, as described in 
eqs. (6 and 7). 

C = C0e− kt (7) 

− In(C/C0) = kt (8) 

Where “k” is the rate constant of the reaction and “C” is the con
centration. Absorption intensity at time “t,” where “C0” is the initial 
absorbance at 0 min, and “t” is the time. The rate constant of the reaction 
can be obtained by graphing time against − ln(C/C0), and the corre
sponding slope can also be determined.

A graph of − ln(C/C0) against time can be used to determine the 
apparent rate constant, k (decolourization process’s rate). As the con
centration increases from 200 to 300 mg/L, the apparent rate constants 
for both WS2, G, and WS2, B decreased. These rate constants are pre
sented in Table 4 for all initial MB concentrations. The concentration is 
inversely proportional to the reaction rate [60]. Additionally, this shows 

Fig. 5. The band gap energy estimated through the Tauc’s plot and (b) PL relationship of as-synthesized WS2 nanosheets at an excitation wavelength of 317 nm (c) 
the UV–Vis absorbance spectra of the as-synthesized WS2 nanosheets.
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that the response rate slows down at increasing concentration [61]. 
Photocatalytic degradation efficiency at very low concentration fol
lowed the first-order kinetics model. The rate constants for B-WS2 and G- 
WS2 at an initial concentration of 200 mg/L were found to be 0.0906 
min− 1 and 0.0701 min− 1, respectively, based on the kinetic curve shown 
in Fig. 7(c and d). The rate constant of B-WS2 was observed to be higher 
than that of G-WS2; this might be due to the colour (black) and the high 
band gap enhances photo-catalytic performance as compared to grey 

[62] as one of the factors. The Raman E₁₂g/A₁g ratio was found to be 2.1 
for B-WS₂, compared to 1.4 for G-WS₂, while bandgap analysis revealed 
values of 2.0 eV for B-WS₂ and 1.8 eV for G-WS₂. The exfoliated WS2 
nanosheets (B-WS2) have a high surface area, which offers abundant 
active sites, and exhibit increased interactions between the photo
generated electron-hole pair and MB dye molecules. Furthermore, the 
increase in bandgap in the few layers is due to their quantum confine
ment effect, which, along with surface area, enhances the photocatalytic 
efficiency. The quantum confinement increases the energy band gap as 
the number of layers decreases in WS2 nanosheets. For bulk or multi- 
layer WS2, the band gap is indirect, where the electrons and holes are 
not easily able to recombine [20]. However, in monolayer or few-layer 
WS2, the material undergoes a transition from an indirect to a direct 
bandgap, which is crucial for many photocatalytic applications. The 
reduced thickness of the material confines the charge carriers, leading to 
enhanced optical and electronic properties [21].

At a high methylene blue (MB) concentration of 300 mg/L, intense 
competition among MB molecules for active sites on the catalyst surface 
occurs, potentially hindering the photocatalytic degradation efficiency, 
the rate constants were low, measuring 0.026 min− 1 for G-WS₂ and 
0.040 min− 1 for B-WS₂, with R2 values for pseudo-first-order kinetics 

Fig. 6. The surface photo degradation of initial concentrations of MB (200,250 and 300 mg/L) with 20 mg of catalyst at pH of 7.15. (a, c and e) for G-WS2 and (b, d, 
and f) for B-WS2.

Table 3 
The degradation efficiency of G-WS2 and B-WS2 with time for a concentration of 
200 mg/L at 20 mg catalyst loading.

Time (min) %degradation (G-WS2) %degradation (B-WS2)

− 30 85.45 92.71
5 87.50 99.50
10 95.00 99.75
15 95.06 99.78
20 97.50 99.96
30 97.50 99.98
60 97.50 99.98
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being 0.40 for G-WS₂ and 0.61 for B-WS₂ at the same concentration. This 
could be attributed to the saturation of photocatalytic active sites on the 
surface, resulting in a reduced degradation rate, which may also impair 
light penetration. Furthermore, B-WS₂ demonstrated higher efficiency 
than G-WS₂, achieving equilibrium in degradation after 30 min.

3.2.3. Effect of pH on photocatalysts
A negatively charged material surface enhances the degradation of 

methylene blue (MB) dye, especially in basic pH conditions. This is 
because the positively charged MB dye is attracted to the negatively 
charged surface, leading to increased adsorption and ultimately faster 
degradation. Optimal degradation is often observed at pH values above 
the point of zero charge (PZC) of the material, where the surface is more 
negatively charged. The effect of pH on MB degradation was studied in 
the pH range of 1.3 to 10.3, using a 200 mg/L MB dye concentration, and 
20 mg catalyst loading was evaluated in Fig. 8. Table 5 shows a summary 
of the surface charge of the catalyst and the point of zero charge. 
Furthermore, both G-WS2 and B-WS2 display a negatively charged sur
face potential at pH 7, with zeta potential measurements ranging from 
− 15.4 to − 15.9 mV, respectively. These findings indicate a favourable 
charge interaction with MB dye, as MB is characterized as a cationic dye. 
This is due to the positively charged MB dye being easily attracted to the 

Fig. 7. (a and b) relative absorbance (C/C0) vs. time plot and (c and d) − ln (C/C0) vs time of G-WS2 and B-WS2, respectively.

Table 4 
Photocatalytic Performance: first-order kinetics.

Concentration Rate constant G-WS2 

(K = min− 1)
R2 Rate constant B-WS2 

(K = min− 1)
R2

200 mg/L 0.07006 0.90 0.0906 0.90
250 mg/L 0.03304 0.70 0.0683 0.82
300 mg/L 0.02626 0.40 0.04013 0.61

Fig. 8. Photodegradation efficiency of MB at different solution pH (concen
tration- 200 mg/L, catalyst mass 20 mg, and volume 40 mL) of G-WS2 and 
B-WS2.

Table 5 
The summary zeta potential, surface charge and point of zero charge data.

Material Conductivity 
(mV)

Zeta potential 
(mV)

Zeta deviations 
(mV)

PZC

G-WS2 0.0216 − 15.46 4.89 1.9
B-WS2 0.0247 − 15.93 5.75 2.67
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surface of a negatively charged catalyst through electrostatic in
teractions [63]. This enhanced compatibility increases the adsorption 
capacity of MB on the catalytic surface, which could lead to better 
photocatalytic performance [64]. Optimum degradation was observed 
at pH above the point of zero charge of both G-WS2 and B-WS2. The point 
of zero charge (pHZPC) for G-WS2 and B-WS2 was 2.47 and 1.90, 
respectively. When the pH falls below the pHZPC of the catalyst, the 
surface of the catalyst becomes positively charged, hence, low degra
dation efficiency [65]. However, when the pH exceeds pHZPC, the 
catalyst becomes negatively charged [66]. MB is a cationic dye; there
fore, it is attracted to the catalytic surface of G-WS2 and B-WS2 between 
pH 7.15 and 10.3 [67]. As a result, photocatalytic degradation was 
found to be higher in more alkaline environments as compared to acidic 
environments.

According to the Coulombic forces, the repulsion of both negatively 
charged photocatalyst surfaces and hydroxide anions, may prevent the 
production of ⋅OH ions, which assists in the degradation of the cationic 
dyes [67,68]. The degradation efficiency increased by 42 % from pH 1.3 
to 10.3 for G-WS2. At high pH, the degradation of MB by B-WS2 reached 
completion. However, at low pH only 62 % of the dye was degraded. 
Further photocatalytic investigation was carried out at the optimal pH of 
10.3.

3.2.4. Effect of loading of the catalyst on photocatalysts
The discoloration increases with an increase in catalyst loading. There are 

no isosbestic spots in the optical absorbance of the solution for either catalyst, 

indicating that the MB has been completely degraded without the formation of 
intermediate complexes [69]. As shown in Fig. 9(a, c and d) degradation 
efficiency vs time plot shows the efficiency of 97.50 %,96.90 %, and 
94.99 % using 20 mg, 40 mg, and 60 mg of the G-WS2 photocatalyst, 
respectively.

Comparably, Fig. 9(b, d, and f) shows the same catalyst loading for B- 
WS2, with corresponding efficiency values of 99.98 %, 98.99 %, and 
98.00 %, respectively. The high photodegradation efficiency of MB was 
achieved with B-WS2 nanosheets (Table 6). However, as the loading 
increased from 40 mg to 60 mg, no change in the degradation efficiency 
was observed. Therefore, the optimum loading for all the catalysts was 
40 mg.

Fig. 9. Dosage loading of the photocatalyst (a and b), 20 mg, (c and d), 40 mg, and (e and f) 60 mg for G-WS2 and B-WS2, respectively.

Table 6 
Photo degradation efficiency on the loading of G-WS2 and B-WS2.

Time (min) %degradation (G-WS2) %degradation (B-WS2)

20 mg 40 mg 60 mg 20 mg 40 mg 60 mg

− 30 85.45 73.00 71.95 92.71 76.98 77.20
5 87.50 82.50 85.95 99.50 87.87 88.88
10 95.00 87.50 89.15 99.75 89.12 89.80
15 95.06 92.87 90.98 99.88 97.51 98.75
20 97.50 95.98 93.99 99.96 98.55 99.77
30 97.50 97.99 97.99 99.98 99.97 99.98
60 97.50 98.99 98.00 99.98 99.98 99.99
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3.3. Comparative study of the degradation efficiency

A comparative study was conducted to evaluate the performance of 
various WS₂ photocatalysts for methylene blue (MB) degradation, as 
reported in the literature, against the WS₂ synthesized in this study. The 
summary of this comparison is presented in Table 7. In this work, WS₂ 
nanosheets were thermally exfoliated using a solid-state synthesis 
method at different residence times to investigate their dye photo
degradation performance. The degradation efficiencies of G-WS₂ (98.3 
%) and B-WS₂ (99.8 %) observed in this study are significantly higher 
than those reported in previous studies. Literature reports indicate 
degradation efficiencies of 15 %, 93 %, 50 %, and 85 %, with corre
sponding band gaps ranging from 1.4 to 2.6 eV for multi-layer WS₂ 
synthesized using hydrothermal methods with an autoclave and chem
ical vapor deposition (CVD). However, the WS₂ used in this study for MB 
photodegradation under visible light demonstrated superior efficiency, 
outperforming the reported values in the literature. This observation 
suggests that the unique properties of WS₂ synthesized via the solid-state 
method, especially the exfoliated or few-layer B-WS₂, significantly 
contributed to its enhanced photocatalytic performance.

3.3.1. The mechanism of degradation
Fig. 10 presents the photodegradation mechanism for both G-WS2 

and B-WS2 nanosheets. The photodegradation mechanism occurs in 
three main steps, i.e., 1) the generation of an electron-hole pair, 2) redox 
reaction and 3) finally, the degradation of pollutants using the OH 
radicals. Eqs. 4 to 8 describe the photocatalysis mechanism in detail. The 
generation of electron–hole pairs in the photodegradation mechanism 
involves the migration of an electron (e− ) from the valence band to the 
conduction band, leaving behind a hole (h+), as described by Eq. (5). 
This mechanism occurs when the photocatalyst (WS2 nanosheets) is 
exposed to photons with energy equal to or greater than the photo
catalyst’s bandgap energy (Eg). Additionally, Eq. (6) shows that these 
holes (h+) combine with water molecules to produce an h+ ion and a 
hydroxyl radical (OH•) [74]. On the other hand, when oxygen molecules 
react with the electrons, the superoxide ions (O2

− ) are created [75] in Eq. 
7. In addition, these superoxide anions produce the superoxide anion 
radical (O2

⋅ ) through electron loss. According to eqs. (8) and (9) h+ ions 
and the superoxide anion radical (O2

⋅ ) react to produce H2O2, which then 
transforms into the hydroxyl radical (OH•) [76]. Fig. 10 shows the 
degradation mechanism. 

WS2 +hv→e− +h+ (9) 

H2O+h+→OH. +H+ (10) 

O2 + e− →O−
2 (11) 

O−
2 − +2H+→H2O2 (12) 

H2O2 + e− →OH. +OH− (13) 

3.3.2. Photostability and reusability
Fig. 11(a) shows the FT-IR before and after MB degradation; a 

noticeable peak shift to the lower wave number was observed in both G- 

WS2 and B-WS2 nanosheets after the photodegradation of MB dye. The 
peaks at 1464 and 2947.20 cm− 1 correspond to the C––C and N–H 
stretching vibrations in MB after adsorption onto the surface of WS2. For 
G-WS2, new peaks appeared, which were attributed to the trans
formation of MB molecules into intermediate products. Additionally, 
peaks at 2101, 1168 and 754 cm− 1 were identified, attributed to the 
C––O asymmetric stretching of CO2, C––O stretching of aldehyde, and 
S–O stretching of sulphate ions (SO4

2+). The observed new peak at 754 
cm− 1 corresponds to the vibration stretching of S–O and CO, indicating 
that the G-WS2 formed various intermediates, which were competing 
with MB for active sites, leading to a decline in photodegradation effi
ciency. However, in the case of B-WS2, only the CO2 peak was observed, 
indicating the formation of CO-based byproducts, which are less toxic, 
confirming mineralization. This shows that B-WS2 degraded the MB 
completely without forming intermediate products. it can be concluded 
that the high surface area of B-WS2 contributes to providing active sites 
for the reaction between electron-hole pairs and MB molecules. This 
enhances the degradation process and improves the photocatalytic 
performance.

To test reusability, G-WS2 and B-WS2 were washed with de-ionized 
water and oven-dried for 12 h at 50 ◦C. The same method was carried 
out for each run. Fig. 11(b) depicts the photo stability and reusability of 
G-WS2 and B-WS2 for MB photodegradation across four consecutive runs 
under ideal reaction conditions (200 mg/L of MB, pH of 10.3 and 40 mg 
of photocatalyst). The photodegradation efficiencies of B-WS2 were 99, 
97, 95, and 95 % for the first, second, third, and fourth runs, respec
tively; the efficiency decline is minor between runs. In a contract with G- 
WS2, efficiency dropped by 10 % after the third run, from 97 to 84 %. 
The slightly higher reduction in photocatalytic effectiveness may be 
attributed to the adsorption of MB onto the pores and layers.

4. Conclusion

The synthesis of multi-layer and fewer layers of WS2 nanosheets, 
denoted G-WS2 and B-WS2, was successfully synthesized using solid- 
state thermal synthesis techniques. Both G-WS2 and B-WS2 exhibit 
strong photocatalytic activity, with 99 % MB degradation in less than 30 
min at pH 10.3 and 40 mg of photocatalyst. The photodegradation ef
ficiency of G-WS2 and B-WS2 kinetics indicated that the reactions fol
lowed pseudo-first-order kinetics. However, the rate of degradation of B- 
WS2 was faster than that of G-WS2; this could be attributed to the fact 
that B-WS2 has a high specific surface area, bandgap due to the small size 
effect, hence photodegradation was faster. Furthermore, photo
degradation studies demonstrated excellent photocatalytic activity in 
very alkaline medium, pH ≥ 7.15, which is due to the coulombic 
repulsion between the negatively charged photocatalyst surface and the 
hydroxide anions. The reusability tests show that B-WS2 is highly stable 
even after the fourth run, with an efficiency of more than 90 % and a 
decrease of 4 %. In a contract with G-WS2, after the fourth run, efficiency 
decreased by 10 %. This approach is cost-effective, reproducible, and 
feasible for upscaling and is used in industrial effluent water 
remediation.

Table 7 
Comparative study of the photocatalytic performance on the degradation of MB on WS2 Photocatalyst.

Catalyst Optimum catalyst loading Pollutant Reactor (light source) Time (min) Bad gap (eV) Degradation 
Efficiency (%)

Ref.

WS2 5 mg MB 5 W LED bulb, 120 1.41 15 [70]
WS2-PANI 20 mg MB Visible light 90 2.6 93 [71]
WS2 20 mg MB 100 mW/cm2 from xenon arc lamp 60 1.3 50 [72]
WS2 50 mg MB 150 1.9 85 [73]
G-WS2 40 mg MB 300 xenon lamp. 60 1.8 98.99 This study
B-WS2 40 mg MB 300 xenon lamp. 60 2.1 99.99 This study
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