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Abstract
Tungsten disulphide  (WS2) nanostructures,  WS2 nanosheets  (WNS) and  WS2 nanorods  (WNR), were synthesized by varying 
the surfactant, N-cetyl-N, N,N-trimethyl ammonium bromide (CTAB), concentration using facile hydrothermal technique. 
Samples were characterized by high-resolution transmission electron microscopy (HRTEM) and field emission scanning 
electron microscopy (FESEM) for morphology, X-ray diffraction (XRD) to confirm their phase and crystal structure, pho-
toluminescence (PL) and Raman studies for the determination of defect density, Tauc plot for the determination of band 
gap, Fourier transform infra red (FTIR) spectroscopy for functional groups and bonds, and Brunauer–Emmett–Teller (BET) 
isotherms for the determination of pore size and surface area. A comparative study using  WS2 nanostructures  (WNS and  WNR) 
was conducted to observe the photocatalytic degradation efficiency (ƞ) and degradation kinetics on methylene blue (MB) 
and 4-chlorophenol (4-CP). The superior photocatalytic performance of  WNS over  WNR is attributed to enhanced pore size 
and reduced defect density. High-performance liquid chromatography was carried out for the determination of intermediate 
products during photocatalytic degradation.
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Introduction

Due to widespread industrialization, an increase in the 
level of contaminants in water bodies such as organic pol-
lutants, dyes and other toxic chemicals has been reported. 
These chemical effluents accumulate in water bodies and 
cause severe harm to the ecosystem as well as living beings 
(Bhuyan et al. 2015a). Reported by a global survey, potable 
water will be reduced to 15% in the next 15 years. The prob-
lem of water pollution exists worldwide and there is a dire 
need to remove the pollutants from water bodies using new 
scientific technological advancements (Singh et al. 2017a). 
4-chlorophenol (4-CP) is a commonly found non-biodegrad-
able and toxic pollutant generated as a chemical waste from 
agrochemical, paper and pharmaceutical industries (Kartal 
and Sökmen 2011; Rideh et al. 1997). Its consumption, 
when greater than 0.1 mg/ml can be hazardous to living 
beings (Aslam et al. 2015). Similarly, methylene blue (MB), 

a cationic dye, is widely used in the paper and textile indus-
tries; however, it has many drawbacks to its usage. Not only 
does this dye cause water pollution but also when consumed 
by living beings can be a major cause of increased heart rate, 
jaundice and tissue necrosis (Khodaie et al. 2013). Several 
methods have been adopted for the removal of these indus-
trial pollutants from water bodies, such as adsorption, enzy-
matic decomposition and microbial decomposition (Nguyen 
and Juang 2015; Yue et al. 2002; Theurich et al. 1996). It has 
been reported that photocatalysis is an effective method for 
the removal of wide range of pollutants. It uses solar energy 
(hν) as a source to form radicals that oxidize these pollutants 
and cause their catalytic degradation (Singh et al. 2018).

In the present case scenario, a lot of research has been con-
ducted on the photocatalytic activity of various nanostructures. 
Metal oxide semiconductors such as  TiO2 and ZnO are the 
most commonly studied photocatalysts; however, their wide 
bandgap limits their applications within the UV range and 
allows them to capture only 5% of the total sunlight (Sharma 
et al. 2017a, b). The energy conversion efficiency of nano-
structured materials can be enhanced by reducing the number 
of defects (Zhang et al. 2015a, b). For example, monocrys-
talline silicon provides the highest efficiency in all available 
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PV modules due to the presence of ultra-low defects (Wang 
et al. 2018). To reduce the defect layer thickness, nano-twinned 
surfaces (Zhang et al. 2016a, b), self-matching of stack faults 
(Zhang et al. 2018), mechanical chemical grinding (Zhang 
et al. 2017a), nanogrinding (Yu et al. 2013), very thin abra-
sives and fundamental mechanism underlying the abrasive 
machining are reported and used in wafering of solar cells; 
novel approach of scratching at m/s and nanoscale is pro-
posed and to control the defects, a new tetragonal phase of 
Si is discovered (Zhang et al. 2012, 2016a, b, 2017b, c; Guo 
et al. 2018).

Many nanocomposite photocatalysts have been developed 
to enhance the visible light-driven photocatalytic activity 
with reduced electron–hole recombination, yet it remains a 
challenge to attain very high efficiency with less complexity 
(Bhuyan et al. 2015a, b; Sharma et al. 2016). Recently, the 
equation has shifted towards 2D transition metal disulfides 
(TMDs) that consist of S–M–S layers connected via strong 
intramolecular bonds but weak interlayer interaction due to van 
der Waals forces. They have caught considerable attention in 
several applications such as photocatalysis, biosensors, drug 
delivery, and electronic devices due to their unique electri-
cal, mechanical and optical properties (Siddiqui et al. 2018; 
Singhal et al. 2018; Narang et al. 2018; Liu and Liu 2017; 
Chaudhary et al. 2018). Among all the TMDs,  WS2 can be 
considered as the promising material for photocatalysis due 
to (1) wide spectral range, from NIR to UV, (2) biocompat-
ibility, (3) high biodegradability, (4) strong W–S bond, (5) tun-
able morphology and (6) ease of synthesis (Peng et al. 2017; 
Sade and Lellouche 2018; Goldman et al. 2015; Vattikuti 
et al. 2016a, b).  WS2 nanomaterials have been synthesized by 
several methods such as CVD, thermal decomposition, laser 
ablation, exfoliation and sputtering; however, these methods 
require high temperature and harsh conditions which limits 
their applications (Wu et al. 2017; Tang et al. 2011). Hydro-
thermal synthesis, on the other hand, has been reported as an 
effective environment-friendly technique for the fabrication 
of various nanostructures owing to its advantages of low tem-
perature, large-scale production and facile synthesis (Narang 
et al. 2017; Cao et al. 2015). In this work, we report the hydro-
thermal synthesis of two different morphologies of  WS2 nano-
structures,  WS2 nanosheets  (WNS) and  WS2 nanorods  (WNR), 
by varying the surfactant (CTAB) concentration. A systematic 
comparative study is carried out to analyze the photocatalytic 
behavior of  WS2 nanostructures on 4-CP and MB. A detailed 
study on intermediate products formed during degradation is 
carried out through HPLC.

Experimental

Materials

Sodium tungstate dihydrate (Mw 329.86 g/mol, assay 96%) 
and thiourea (Mw 76.12 g/mol, assay 99.0–101.0%) were 
purchased from Thermo Fisher Scientific India Pvt. Ltd., 
Mumbai, India. Hydroxylamine hydrochloride (Mw 69.49 g/
mol, assay 98%), CTAB (Mw 364.45 g/mol, assay 98%) and 
polyethylene glycol (PEG) 4000 flakes/powder (average Mw 
3500–4500 g/mol) were purchased from Central Drug House 
(P) Ltd., New Delhi, India. MB (Mw 319.85 g/mol, assay 
96%) and 4-chlorophenol (Mw 128.56 g/mol, assay 99%) 
were purchased from Thermo Fisher Scientific India Pvt. 
Ltd., Mumbai, India.  TiO2  (Aeroxide®, P25 nanoparticles, 
Acros Organics) was used as the reference photocatalytic 
material.

Method of synthesis

For nanosheets, 0.005  mol of sodium tungstate 
 (Na2WO4·2H2O) was mixed with 0.02  mol of thiourea 
 (CH4N2S) and 0.01 mol of hydroxylamine hydrochloride 
 (NH2OH·HCl) in 30 ml of DI water under constant stirring. 
To this solution, 0.24 g of surfactant (CTAB) was added and 
the solution was stirred for an hour. A white color precipitate 
was formed and the pH of the solution was observed to be 
6.15. The contents were transferred to a 50-ml teflon-lined 
autoclave and placed in the reaction furnace at 180 °C for 
24 h. The autoclave was allowed to cool down under natu-
ral conditions till room temperature. The contents of the 
autoclave were subjected to filtration process where they 
were washed with DI water and ethanol and finally allowed 
to dry at 30 °C for 4 h. Similarly, for the synthesis of  WS2 
nanorods, 0.18 g of surfactant (CTAB) was used and pH of 
7.25 was observed.

The reactions for the synthesis are as follows:

Characterization of samples

The morphology of the catalysts was studied by high-
resolution transmission electron microscopy (HRTEM 
Techno, FEI) and field emission scanning electron micros-
copy (FESEM Zeiss, Sigma). Phase identification was 
observed by X-ray diffraction (XRD Smart Lab Guid-
ance, Rigaku) using Cu  Kα X-ray radiation ( � = 1.5418

Å). UV–Vis spectroscopy (UV–Vis Cary Series, Agilent 
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Technologies) was performed to observe the photocatalytic 
activity of the  WS2 nanostructures against MB and 4-CP. 
Functional groups and bonds were detected by FTIR (Ver-
tex 70V, Bruker) spectroscopy. The surface area and pore 
size distribution of  WS2 nanostructures were determined 
experimentally by Brunauer–Emmett–Teller (BET) and 
Barrett–Joyner–Halenda (BJH) analyses. Nitrogen adsorp-
tion–desorption isotherms were measured at 77.4 K using 
(NOVA-1000 version 370). The photoluminescence emis-
sion spectra were recorded at room temperature using a 
spectro-fluorometer (Edinburgh instruments-FLS 980) 
at excitation wavelength of 325 nm with a scan range of 
350–800 nm. The intermediate degradation products of 4-CP 
were determined by HPLC-Agilent Technologies (1260 ∞ 
series) Hi-Plex X column with DI water as mobile phase and 
a detector temperature of 35 °C and column temperature of 
65 °C along with a pump flow rate of 0.6 ml/min.

Procedure for photocatalysis

A comparative study was conducted to study the photodeg-
radation behavior of  WS2 nanostructures against MB and 
4-CP. A solution of 1 mg/100 ml each was prepared and 
stirred in dark for half an hour. To this,  WS2 photocatalyst 
was added and stirred. A dark blue solution was formed 
which was illuminated using an AM 1.5 solar illumination 
of 100 mW/cm2 from xenon arc lamp in ambient atmos-
phere. 1 ml solution was taken out at intervals of 10 min for 
1 h with the initial sample taken at 0 min. Two such studies 

were conducted, one with 50 mg of photocatalyst and the 
other with 20 mg of photocatalyst. The collected samples 
were centrifuged and the supernatant was separated. The 
UV–Vis spectra of supernatant were taken using DI water 
as reference. To further explore the photocatalytic activ-
ity of  WS2 nanostructures, 4-CP was selected as the model 
organic pollutant. An aqueous solution of 0.5 mg/100 ml was 
prepared to which 50 mg of the photocatalyst was added. 
1 ml of solution was taken out at intervals of 30 min for 2 
h and the samples obtained were analyzed using UV–Vis 
spectroscopy. Time-dependent UV–Vis spectroscopy was 
also carried out on MB and 4-CP without photocatalyst and 
with commercially available  TiO2 nanoparticles  (Aeroxide®, 
P25 nanoparticles, Acros Organics) as the reference mate-
rial (Fig. 1).

Results and discussion

Figure  2a, b shows the HRTEM micrographs of  WNS 
and  WNR (Fig. 2b insert shows magnified image of  WS2 
nanorods). Thus, clear change in morphology from 
nanosheets to nanorods with surfactant concentration is 
evidenced from TEM micrographs.

The FESEM was used to verify the morphology of  WS2 
nanostructures. Figure 3a exhibits the sheet-like structure 
of  WS2 nanostructures  (WNS) with average length ~ 600 nm 
and width ~ 350 nm. Figure 3b exhibits the rod-like struc-
ture of  WS2 nanostructures  (WNR). The average dimensions 

Fig. 1  Schematic representation of hydrothermal synthesis of  WS2 nanostructures:  WS2 nanosheets  (WNS) and  WS2 nanorods  (WNR)
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of the nanorods are; length ~ 500 nm and diameter ~ 100 to 
150 nm. Thus, FESEM study confirms that synthesized  WS2 
nanostructures possess sheet- and rod-like morphology in 
accordance with the TEM results (Fig. 2).

Synthesis mechanism of  WS2 nanostructures

During the synthesis of  WS2 nanostructures, addition of 
hydroxylamine hydrochloride  (NH2OH·HCl) to the mixture 
of sodium tungstate  (Na2WO4·2H2O) and thiourea  (CH4N2S) 
acts as a reducing agent, thereby causing the initiation of 
nucleation process. The nucleus then undergoes Ostwald 
ripening and it grows due to the assembly of other nuclei. 
The formed nuclei assemble in order to reduce high sur-
face energy. Surfactant (CTAB) plays a crucial role in the 
formation of different morphologies of  WS2 nanostructures 

formed due to its influence on interface energy and orien-
tation. When the concentration of CTAB was 0.18 g, the 
obtained  WS2 nanostructures were rod shaped. However, 
when the CTAB concentration was increased to 0.24 g, the 
synthesized  WS2 nanostructures possess sheet-like morphol-
ogy. In the case of nanorods, the CTAB molecules orient 
themselves in such a way that the hydrophobic tail points 
away from the micelle while the surfactant heads influence 
the particles of  WS4

2− ions to form nanorods by subsequent 
crystal growth. This is also supported by the interaction of 
CTA + and  WS4

2− ions. As soon as the concentration of sur-
factant comes up to a critical micelle concentration (CMC), 
the surfactant molecules align themselves in a lamellar ori-
entation to keep the energy of the system low. Thus, in the 
present study, critical micellar concentration leads to the 
formation of  WS2 nanosheets. The addition of a surfactant 

Fig. 2  HRTEM micrographs of 
a  WNS and b  WNR (insert shows 
the magnified image of  WNR)

Fig. 3  FESEM micrographs of a  WNS and b  WNR



1519Applied Nanoscience (2019) 9:1515–1529 

1 3

allows the crystal growth to occur in a three-dimensional 
assembly due to van der Waals forces (Cao et al. 2014; Tang 
et al. 2011). In addition to the surfactant concentration, the 
morphology of the  WS2 nanostructures also depends on dif-
ferent synthesis parameters such as temperature and time as 
shown in Table 1.

To determine the crystal structure of  WS2 nanostructures, 
XRD study was carried out as shown in Fig. 4a, b. The peaks 
were observed at 2θ (hkl): 14.39° (002), 23.09° (222), 28.15° 
(100), 30.22 (101), 34.8° (102), 38.32° (103), 44.94° (006) 
50.61° (105),  55.4 (106), 59.4° (110) and 65.27° (114) for 
synthesized  WS2 nanostructures (JCPDS no: 87-2417 and 
84-1398); however, there is a shift obtained in the peak posi-
tions of (103), (106). The peak at (222) is attributed to the 
presence of sulfur. A strong (002) peak indicates the highly 
ordered stacking of  WS2 nanostructures. The difference in 
the intensities of the peaks observed for hkl planes (105) and 
(101) may be attributed to the difference in the morphology 
of the  WS2 nanostructures. As evident from Fig. 4, the num-
ber of peaks in the XRD for  WNR is more than that for  WNS. 
This indicates that the  WNR possess more polycrystalline 

character and hence higher number of grain boundaries than 
 WNS. The increase in the number of grain boundaries leads 
to higher dislocation density and hence more structural dis-
orders (Vattikuti et al. 2016a, b).

The synthesis of  WS2 nanostructures was confirmed using 
FTIR spectroscopy as shown in Fig. 5a, b. The bands at 
571 cm− 1 and 626 cm− 1 are attributed to W–S bonds, while 
985 cm− 1 and 920 cm− 1 corresponded to S–S bonds in  WNS 
and  WNR, respectively. The bands obtained at 1410 cm− 1 
and 1617 cm− 1 are both attributed to stretching deformation 
of hydroxyl group. The small peaks obtained at 2924 cm− 1 
and 3534 cm− 1 for  WNS and 3033 cm− 1, 3164 cm− 1 and 
3523 cm− 1 for  WNR corresponded to OH vibration (Vattikuti 
et al. 2016b).

The bandgaps of the  WS2 nanostructures  WNS and  WNR 
are shown in Fig. 6a and b, respectively. A graph is plot-
ted between (αhʋ)1/2 and hʋ, where α is the absorption 
coefficient, defined as � = 2.303 A∕t , where ‘A’ is the 

Table 1  Properties of 
hydrothermally synthesized 
 WS2 nanostructures as a 
function of synthesis parameters

S. No. Morphology Temperature 
(°C)

Time (h) References

1 Hexagonal  WS2 platelets 150 12 Vattikuti et al. (2016b)
2 Mesoporous  WS2 nanosheets 180 6 Vattikuti et al. (2016a)
3 WS2 nanosheets 220 48 Piao et al. (2018)
4 WS2 nanorods 180 24 Tang et al. (2011)
5 WS2 nanosheets, nanorods, nanofibers 180 24 Cao et al. (2014)
6 WS2 nanosheets 265 24 Navale et al. (2015)
7 Hyacinth flower-like  WS2 nanorods 200 24 Wu et al. (2017)
8 WS2 nanosheets and nanorods 180 24 Present work

Fig. 4  XRD diffractogram of a  WNS and b  WNR

Fig. 5  FTIR spectra of a  WNS and b  WNR
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absorbance and ‘t’ is the thickness of the cuvette. A tangent 
is drawn on the graph to get the energy value of bandgap. 
The estimated bandgap is 1.99 eV and 1.92 eV for  WNS and 
 WNR, respectively.

The Brunauer–Emmett–Teller analysis was used to deter-
mine the surface area of the photocatalysts  WNS and  WNR 
by adsorption and desorption isotherms using nitrogen as an 
analysis gas. 0.03 g of each catalyst in the powder form was 
taken and degassed at 150 °C for 12 h under vacuum before 
each measurement. The catalysts were then subjected to 
outgassing for 1 h at 100 °C. The nitrogen adsorption–des-
orption isotherms obtained for  WNS and  WNR (Fig. 7a, b) 
were found to be of TYPE H4 according to BET classifica-
tion which forms a convex to the x-axis over its entire range 
with hysteresis observed which usually occurs in the case 
of mesoporous structures. The pore diameters of 3.118 nm 

and 1.614 nm for  WNS and  WNR suggest that the material 
is mesoporous (2 nm < size < 50 nm) (Leofanti et al. 1998) 
(Table 2).

A negligible change in the surface area of the catalysts 
is seen when morphology is changed suggesting that the 
surface area may not be the key factor responsible for the 
higher catalytic activity of  WNS over  WNR. In this case, a 

Fig. 6  Tauc plot of a  WNS and b  WNR

Fig. 7  N2 adsorption–desorption isotherm of a  WNS and b  WNR with Barrette–Joynere–Halenda (BJH) pore size distribution in the insert

Table 2  BET analysis of  WNS and  WNR

Sample Pore volume 
(cc/g)

Pore diameter 
(nm)

Surface 
area (g/
m2)

WNS 0.021 3.118 7.541
WNR 0.023 1.614 10.855
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larger pore size of  WNS is responsible for its higher photo-
catalytic activity as compared to  WNR. The larger pore size 
enhances the probability of active sites responsible for slow-
ing down the recombination process thereby causing more 
holes and electrons to react with the substrate molecules that 
are adsorbed on the surface, which in this case are MB and 
4-CP, at a faster rate. This confirms that  WNS shows greater 
photocatalytic degradation over  WNR (Moonsiri et al. 2004; 
He et al. 2015).

The photoluminescence plots of  WNS and  WNR are shown 
in Fig. 8a and b, respectively. Two major kinds of peaks, 
near-band edge (NBE) emission band or UV band and broad 
visible emission band also known as the defect level (DL) 
band, were observed. The peaks are obtained at 3.07 eV 
(403 nm), 2.89 eV (429 nm) and 1.907 eV (650 nm) for  WNS 
and at 3.26 eV (380 nm), 2.98 eV (415 nm) and 1.94 eV 
(636 nm) for  WNR, respectively. The peaks observed at 
1.907 eV (650 nm) and 1.94 eV (636 nm) are ascribed to the 
direct band edge transition from conduction band minima 
to valence band maxima. The peaks at 2.89 eV (429 nm) 
and 2.98 eV (415 nm) in  WNS and  WNR, respectively, are 
attributed to quantum-confined transition while the peaks 
observed at 3.07 eV (403 nm) and 3.26 eV (380 nm) for 
 WNS and  WNR, respectively, may be due to the defect state 
transition (Ghorai et al. 2016, 2017). A lower intensity is 
observed for  WNR which is due the excess defects present 
in the sample. As the number of defects increases, the PL 
intensity decreases as these defects act as non-radiative 
recombination trapping centres. They lead to an increase in 
electron–hole recombination rate (Sharma et al. 2017a, b; 
Baral et al. 2017).

Figure 9 shows the Raman spectra of  WNS and  WNR, 
which depict two active modes  E2g

1 and  A1g, the  A1g mode 
assigned to the S atoms which are moving in-phase and in 
out-of-plane directions while  E2g

1 mode arises from in-phase 

vibrations of W atoms vibrating in-phase in the opposite 
direction with respect to S atoms. In case of  WNS, peaks 
were observed at  E2g

1 mode at 353 cm− 1 and  A1g mode at 
418 cm− 1, whereas in  WNR,  E2g

1 mode at 354.9 cm− 1 and 
 A1g mode at 418.7 cm− 1. The ‘Δω’ values between  E2g

1 and 
 A1g modes are 65 cm− 1 and 63.8 cm− 1 for  WNS and  WNR, 
respectively.

FWHM is 12.95 cm− 1  (E2g
1) and 9.808 cm− 1  (A1g) for 

 WNR and 10.82 cm− 1  (E2g
1) and 8.2 cm− 1  (A1g) for  WNS 

which indicates peak broadening in case of  WNR, and the 
decrease in intensity of  WNR with respect to  WNS implied 
more defects in  WNR as compared to  WNS (Shi et al. 2016).

Photocatalytic activity

A comparative study was conducted to test the photocata-
lytic activity of  WS2 nanostructures against MB and 4-CP. 
The degradation of organic pollutant was studied as a func-
tion of time.

To study the photocatalytic degradation mechanism, first, 
the dark reaction (wherein the light source was removed) 
was carried out using MB aqueous dye solution, and  WNS 
and  WNR catalysts were allowed to react with the dye in dark 
conditions as shown in Fig. 10a and b, respectively. UV–Vis 
absorption spectra were recorded for time (t = 0 min and 
20 min) for both  WNS and  WNR (Fig. 10). As evident from 
the figure, no change in the intensity was observed even after 
20 min thereby confirming that no degradation of dyes has 
taken place in dark due to surface adsorption phenomenon.

Figure 11a, b depicts the photocatalytic degradation of 
MB using 50 mg of  WNS and  WNR, respectively. The sam-
ples were collected at times t = 0, 15, 30, 45 and 60 min to 
study the time-dependent photocatalytic MB degradation. 
Figure 11c shows a plot of relative absorbance (C/C0) vs 
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Fig. 8  Photoluminescence (PL) spectra of  WNS and  WNR

Fig. 9  Raman spectra of  WNS and  WNR obtained at laser excitation of 
514 nm
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Fig. 10  MB dark reaction with a  WNS and b  WNR

Fig. 11  Time-dependent UV–Vis spectra of MB dye using 50 mg of a  WNS, b  WNR and respective c C/C0 vs time plot and d −ln (C/C0) vs time 
plot
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time. It is observed that  WNS are more efficient in photo-
degradation of the dye solution as compared to  WNR. C/C0 
is the ratio of intensity at time ‘t’ and intensity at time ‘t0’. 
Photocatalytic degradation follows the first-order rate kinet-
ics, described by the following equation: 

where k gives the rate constant of the reaction, ‘C’ is the 
intensity of absorbance at time ‘t’, ‘C0’ is the initial intensity 
of absorbance at 0 min and ‘t’ is the time. The rate constant 
of the reaction is calculated by plotting a graph between 
−ln(C∕C

0
) and time and the corresponding slope was deter-

mined. The rate constants were found to be 0.1077 min− 1 for 
 WNS and 0.01364 for  WNR  min− 1 for 50 mg of the photocata-
lyst as shown in Fig. 11d. As evident from Fig. 11, ~ 95% 
of the dye was degraded in the first 15 min using  WNS and 
the rate constant was also observed to be ten times higher 
than that of  WNR. Time-dependent photocatalytic study was 

(3)
C = C

0
e
−kt

⇒ −ln(C∕C
0
) = kt

also carried out using lower concentration (20 mg) of the 
photocatalyst to study the catalyst efficiency.

Figure 12a, b shows time-dependent UV–Vis spectra 
of MB using 20 mg  WNS and  WNR. The aforementioned 
experiment was also repeated using commercially avail-
able  TiO2 nanoparticles (as reference) and without cata-
lyst too. A sharp decrease in the intensity of MB peak 
is observed for catalyst  WNS as compared to  WNR. Fig-
ure 12c shows a plot of relative absorbance (C/C0) vs 
time for  WNS,  WNR,  TiO2 and without photocatalyst. No 
significant decrease was observed without photocatalyst. 
The maximum photocatalytic activity was shown by  WNS 
followed by  TiO2 and then  WNR. Figure 12d shows the rate 
constant (k) of 0.09106 min− 1 for  WNS, 0.02334 min− 1 for 
 TiO2, 0.00958 min− 1 for  WNR and 0.00201 min− 1 without 
photocatalyst. The rate constant of  WNS was found to be 
~ 10 times that of  WNR in both the studies using 20 mg 
and 50 mg of respective photocatalysts. It is quite evident 
that higher the rate constant, better the degradation of pol-
lutant. Thus, from the above data, it can be concluded 

Fig. 12  Time-dependent UV–Vis spectra of MB dye using 20 mg of a  WNS, b  WNR, c C/C0 vs time plot and d photodegradation kinetics of MB 
catalyzed by  WNS,  WNR,  TiO2 and without photocatalyst
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that  WNS has a higher photocatalytic degradation rate as 
compared to others.

The photodegradation efficiency was calculated using 
the following formula:

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

As shown in Fig. 13a, b, the photodegradation efficien-
cies obtained using 50 mg of MB photocatalyst at times 
t = 15, 30, 45 and 60 min are 94.6%, 98.2%, 99.82%, and 
99.83% for  WNS and 24%, 42.5%, 46.1% and 57.3% for 
 WNR, respectively. Similarly, the efficiencies obtained 
using 20 mg of the  WS2 photocatalyst at times t = 10, 20, 
30, 40, 50 and 60 min are 55.9%, 79.4%, 96.9%, 97.9%, 

(4)� = {1 − [C∕C
0
]} × 100%

98.4%, 99.6% for  WNS and 15.6%, 27.47%, 35.81%, 
36.97%, 42.44% and 50.23% for  WNR, respectively.

A similar study was conducted to study the degradation of 
4-CP using  WNS and  WNR. UV–Vis absorption spectra were 
recorded for times t = 0 min and 20 min for both  WNS and 
 WNR as shown in Fig. 14a, b, respectively. The absorption 
peak for 4-CP is observed at 288 nm. As evident from the 
figure, no change in the intensity was observed even after 
20 min, thereby confirming that no degradation of 4-CP has 
taken place in dark due to surface adsorption phenomenon.

Figure 15a shows a plot of relative absorbance C/C0 vs 
time for  WNS,  WNR,  TiO2 and without photocatalyst. No sig-
nificant decrease was observed without photocatalyst. The 
maximum photocatalytic activity was shown by  WNS fol-
lowed by  WNR and then  TiO2. Figure 15b shows the photo-
catalytic degradation rate constant (k) of 0.04088 min− 1 for 

Fig. 13  Comparative degradation efficiency (ƞ) % vs time plots of  WNS and  WNR on the photocatalytic degradation of MB using a 50 mg and b 
20 mg of photocatalyst

Fig. 14  4-CP dark reaction using a  WNS and b  WNR
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 WNS, 0.01038 min− 1 for  WNR, 0.00106 min− 1 for  TiO2 and 
0.00002 min− 1 without using photocatalyst.

Figure 16 shows the degradation efficiency of 4-CP at 
times t = 30, 60, 90 and 120 min for  WNS as 69%, 98.6%, 
98.7% and 99.8% whereas for  WNR the efficiencies obtained 
are 15%, 49%, 60% and 69%, respectively. Thus, from the 
above data it can be concluded that  WNS has a higher pho-
tocatalytic degradation efficiency and rate as compared to 
 WNR.

HPLC

HPLC studies were carried out for the determination of 
intermediate products during photocatalytic degradation 
of 4-CP as shown in Fig. 17. The primary degradation 

products of 4-CP are hydroquinone (HQ) and 4-chlorocat-
echol (4-CC). The attack of the hydroxyl radical on the ortho 
position results in the elimination of a hydrogen ion that 
leads to the formation of 4-CC while an attack on the para 
position leads to the formation of HQ. HPR (hydroxyl phe-
nyl radical) resulting from hemolytic cleavage can form phe-
nol and bi-cyclic compounds such as hydroxyphenyl (HP), 
benzoquinone (BQ) and 2,5,4-hydroxyphenyl (2,5,4-HP). 
Similarly, the reactive species  (OH·,  O2

−,  HO2
−) formed by 

the irradiation of the photocatalyst undergo reactions such 
as radical abstraction, elimination, and recombination with 
these compounds which result in the formation of other deg-
radation products as shown in Fig. 17a (Rideh et al. 1997; 
Theurich et al. 1996; Li et al. 1999a, b).

Figure 17b, c shows HPLC plots (area vs characteris-
tic retention time) of respective intermediate degradation 
products of 4-CP. For  WNS, two intermediates at retention 
times of 6.3 and 8.8 min were observed for  WNS which are 
ascribed to (HQ) and (4-CC). In  WNR HPLC chromatogram, 
intermediates were observed at retention times of 2.2, 4.3, 
4.9, 5.8, 6.3, 7.5, 7.6, 9.2, 10.7, 12.3 and 14.5 min and were 
assigned to hydroxyhydroquinone (HHQ), hydroxyben-
zoquinone (HBQ), 2,5,4-hydroxyphenyl (2,5,4-HP), phe-
nol, hydroquinone (HQ), benzoquinone (BQ), 4-hydroxy-
phenolbenzoquinone (4-HPB), 4-chlorocatechol (4-CC), 
5-chlorobenzoquinone (5-CBQ), ring-opening product and 
4-chlorophenol(4-CP).

It can be observed from the HPLC chromatogram of  WNS 
that 4-CP was completely degraded within 20 min as no 
peak of 4-CP was observed but small peak of 4-CP was 
observed in  WNR with other intermediates that proves that 
the degradation mechanism of  WNS is faster than that of 
 WNR. This can also be confirmed using the photocatalytic 
analysis of 4-CP degradation as shown earlier in Fig. 15. The 

Fig. 15  Photodegradation studies of 4-CP by  WNS,  WNR,  TiO2 and without using photocatalyst: a C/C0 vs time plot and b −ln (C/C0) vs time 
plot

Fig. 16  Comparative degradation efficiency (ƞ) % vs time plot for 
4-CP using 50 mg of  WNS and  WNR
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study of photocatalytic degradation of MB by  WNS and  WNR 
also supports the above statement (Fig. 11). These studies 
provide evidence that  WNS and  WNR have proven to be a 
good photocatalyst for the degradation of dyes as well as 
organic pollutants (Table 3).

Mechanism of photocatalysis

WS2 nanostructures were used as effective catalysts to study 
the photodegradation of MB and 4-CP. When the incom-
ing photon has an energy greater than or equal to the band-
gap (Eg) of  WS2 (Fig. 18), the valance band electron  (e−) 
is promoted to the conduction band which leaves behind a 

hole  (h+) to react with  H2O to form hydroxyl radical  (OH·) 
and  H+ ion as shown in the following equations (Song et al. 
2018; Sharma et al. 2017a, b):

The efficiency of photocatalysis depends on the number 
of  (OH·) radicals formed as they are powerful oxidizing 
agents and play a crucial role in the degradation of toxic dyes 
and pollutants. Another factor responsible for the degrada-
tion of dyes and pollutants is the formation of superoxide 

(5)WS
2
+ hv → e

− + h
+

(6)H
2
O + h

+
→ OH

⋅ + H
+

Fig. 17  HPLC study for the degradation of 4-CP a schematic of intermediate by-products of 4-CP and b, c HPLC plots (area vs retention time) 
of intermediates using  WNS and  WNR, respectively
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anions  (O2
−) which are formed when the electrons in the 

valence band are accepted by oxygen molecules adsorbed on 
the photcatalyst surface as shown in the following equation 
(Sharma et al. 2016):

The superoxide anion radical then loses its electron to 
the holes present in the valence band to form superoxide 
anion radical  (O2

·). The hydroxyl radical  (OH·) and super-
oxide anion radical  (O2

·) together form the reactive oxygen 
species (ROS) and react along with  H+ ions to form  H2O2 
(Eqs. (6), (7)) reactive species which proceed with the pho-
todegradation of toxic dyes and organic pollutants and lead 
to the formation of harmless by-products (Singh et al. 2018):

Photocatalysis is enhanced when the time of separation 
between electrons and holes increases thereby causing a hin-
derance to the recombination process. The photocatalytic 
mechanism depends on the separation of reactive species to 
form radicals that are used in the degradation of pollutant. 

(7)O
2
+ e

−
→ O

−
2

(8)O
.

2
+ 2H

+
→ H

2
O

2

(9)H
2
O

2
+ e

−
→ OH

. + OH
−

Thus, recombination of holes and electrons due to defects 
causes a slower photocatalytic degradation of pollutants 
as observed in the case of  WNR, due to high defect density 
which was confirmed from PL and Raman studies. A higher 
intensity means less number of defects in the case of  WNS 
thereby causing it to have a faster photocatalytic degrada-
tion mechanism. This phenomenon is also confirmed by the 
higher pore size of  WNS as observed in BET analysis, thus 
responsible for a slower recombination process and higher 
intensity of  WNS in the PL spectra suggesting a lesser num-
ber of defects that cause faster photodegradation due to 
delayed recombination as discussed earlier in BET and PL 
analysis.

Conclusion

A systematic study was conducted to compare the morphol-
ogy-dependent photocatalytic activity of the  WS2 nanostruc-
tures,  WS2 nanosheets  (WNS) and  WS2 nanorods  (WNR), 
synthesized by the hydrothermal technique. Photocatalytic 
degradation efficiency (ƞ) and rate kinetics (k) of MB [(ƞ 
~ 100% with kNS = 0.1077 min− 1 by  WNS) and (ƞ ~ 50% 
with kNR = 0.01364 by  WNR)] in 60 min and for 4-chloro-
phenol [(ƞ ~ 100% with kNS = 0.04088 min− 1 by  WNS) and 
(ƞ ~ 69% with kNR = 0.01038 min− 1 by  WNR)] in 120 min 
were observed. Comparative HPLC studies in  WNS and  WNR 
samples were also carried out to determine the intermediate 
degradation products of 4-CP. The increased degradation 
efficiency of  WNS over  WNR is attributed to (1) large pore 
size (as evident through BET analysis) and (2) reduced num-
ber of defects (as observed in PL and Raman studies) of  WNS 
as compared to  WNR.
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