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ABSTRACT

In the present paper, we have investigated the effect of plasmonic gold

nanoparticles (Au NPs) decoration on the photocatalytic efficiency of molyb-

denum disulfide (MoS2) nanosheets. The Au NPs are grown on the surfaces of

chemically exfoliated MoS2 nanosheets by chemical reduction method with four

different concentrations. The resulting Au-MoS2 nanostructures (NSs) are then

characterized by X-ray diffractometer, Raman spectrometer, absorption spec-

trophotometer, field emission scanning electron microscopy, energy dispersive

X-ray, and transmission electron microscopy (TEM). Sizes of the exfoliated MoS2
nanosheets are * 700 nm. In addition, the sizes of Au nanoparticles increase

from 8.02 ± 2.03 nm to 9.81 ± 3.18 nm with the increase in concentrations of Au

ions, as revealed by TEM imaging. Exfoliated MoS2 and Au-MoS2 NSs are used

to study the photocatalytic degradation of organic dyes, methyl red (MR) and

methylene blue (MB). Under UV–Visible light irradiation, pristine MoS2 shows

photodegradation efficiencies in the range of 30.0% to 46.9% for MR, and 23.3%

to 44.0% for MB, with varying exposure times of 30 to 120 min. However, Au-

MoS2 NSs with the sets having maximum Au NPs concentrations, show

enhanced degradation efficiencies from 70.2 to 96.7% for MR, and from 65.2 to

94.3% for MB. The degradation rate constants vary from - 0.5660 to

- 1.5551 min-1 for MR dye, and vary from - 0.3587 to - 1.2614 min-1 for MB

dye. The multi-fold enhancements of degradation efficiencies for both the dyes

with Au-MoS2 NSs, can be attributed to the presence of Au NPs acting as charge

trapping sites in the NSs. We believe this type of study could provide a way to

battle the ill-effects of environmental degradation that pose a major threat to

humans as well as biodiversity. This study can be further extended to other
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semiconducting materials in conjugation with two dimensional materials for

photocatalytic treatment of polluted water.

1 Introduction

Synthetic dyes are being excessively used in textile,

leather and other industries. These dyes contain

organic contaminants that are toxic in nature, and are

not completely degraded before getting released as

effluents in wastewater, thereby increasing toxicity of

water bodies as well as leading to harmful effects on

humans and biodiversity. Photocatalysis is an

advanced oxidative process (AOP), which leads to

quick formation of hydroxyl radicals that has the

capability of oxidizing wide range of pollutants pre-

sent in water without any preference of selectivity

[1, 2]. Even if complete mineralization of these con-

taminants or organic pollutants is not possible, this

AOP at least converts them into intermediate com-

pounds that are further biodegradable. Thus, to

tackle the menace of environmental degradation, it is

often necessary to develop photocatalysts which are

non-toxic, potentially stable and cost-effective for

large scale degradation of organic contaminants

present in water [3]. Traditionally, semiconductor

mediated photocatalysts such as TiO2, ZnO, ZnS,

SnO2, CdS, CuS, etc. [4–10] have been studied widely,

for complete mineralization of organic pollutants.

These semiconductors show high responsivity

towards photocatalytic process [11–18]. However,

fast recombination of electron–hole pairs in these

semiconductors, and the limited responsivity

towards UV excitation, restrict their applications as

good photocatalysts [2, 19–21]. In a typical photo-

catalytic process, excitation by photons creates charge

separation causing the electrons to overcome the

band gap of the material. An ideal photocatalyst

requires increased surface area for interfacial charge

transfer, tailored visible light absorption, tunable

band gap, enhanced defect sites for trapping of

charge carriers, etc., to enhance the efficiency of the

photocatalytic process [1, 12]. Thus, it has become the

need of the hour to develop an alternative candidate

for a photocatalyst, which can overcome the limita-

tions of pristine semiconductor photocatalysts and

can also show improved degradation capabilities.

In recent years, molybdenum disulphide (MoS2), a

well-known layered transition metal dichalcogenide

(TMDC), has gained significant attention in the field

of photocatalysis. MoS2 exhibits high chemical reac-

tivity, varied optical properties, enhanced surface

area, charge carrier mobility and strong absorption of

visible light [10, 22]. Its flexible band gap from 1.3 eV

in bulk to 1.9 eV in monolayer, exhibits an indirect to

direct transition, making itself suitable for light

absorption in a wide spectrum [23]. Unlike multi-

layered materials, presence of tightly bound excitons

in monolayer MoS2 produces favourable light

absorption properties within direct band gap, making

it a visible light assisted photocatalyst [24–26].

However, monolayer MoS2 has very low optical

cross-section, low number of active sites and fast

electron–hole recombination rate, which hinder

extensive light-matter interactions leading to weak

absorption. In order to overcome fast recombination

rate, MoS2 is often incorporated with other semicon-

ducting or noble metal nanoparticles. The incorpo-

rated material provides an additional path to the

photogenerated electrons and holes, which hinders

the recombination rate and thereby enhances the

photocatalytic efficiency [27–29]. Similar to noble

metals like Ag, Pd, Pt, etc., Au NPs also enjoy the

advantageous non-toxicity and excellent stability. Au

NPs are formed on defect sites of MoS2 and localized

by non-covalent bonds. The Au NPs act as a p-type

dopant in the MoS2 layer. This leads to strong

chemical bonding along the interplanar directions

acting as a spacer between interlayers of MoS2,

thereby prohibiting restacking of layers [3, 19, 30, 31].

Therefore, deposition of Au NPs on MoS2 nanosheets

serves as a sink for electrons, hindering the electron–

hole recombination and facilitating interfacial trans-

fer of electrons. This enhancement of charge trans-

portation between Au NPs and MoS2 increases the

stability of resulting nano-composites.

There are numerous studies on the growth of metal

nanoparticles on MoS2 and the application in sensing

and photovoltaic devices. But there are very few

studies on the photocatalytic application of metal,

especially Au NPs decorated MoS2 nanostructures

[4, 19, 32, 33]. In the present paper, we investigate the
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effect of plasmonic Au NPs decoration on the pho-

tocatalytic efficiency of MoS2 nanosheets. The Au

NPs are grown on the surface of chemically exfoli-

ated MoS2 nanosheets by solvent-surfactant assisted

liquid exfoliation chemical reduction method.

N-Methyl 2-pyrrolidone (NMP) is used as a reducing

agent for rapid reduction of metal ion (Au3?) to zero-

valent gold metal (Au0) in a very short time period.

Sodium dodecyl benzene sulfonate (SDBS) is used as

surfactant to provide stable dispersions [34]. This

solvent-surfactant assisted sonication method helps

in avoiding restacking of exfoliated sheets that

remain stable over many weeks. These nanostruc-

tures are then characterized by XRD, Raman spec-

trometer, UV–Vis absorption spectrophotometer,

field emission scanning electron microscopy, energy

dispersive X-ray and transmission electron micro-

scopy, and are used for studying the photocatalytic

degradation of organic dyes — methyl red (MR) and

methylene blue (MB).

2 Experimental

2.1 Materials

Molybdenum disulfide (MoS2) powder, n-methyl 2-

pyrrolidone (NMP), isopropyl alcohol (IPA), hydro-

gen tetrachloroaurate trihydrate (HAuCl4.3H2O),

sodium dodecyl benzene sulfonate (SDBS), methyl

red (MR) and methylene blue (MB) dyes were

obtained from Sigma Aldrich. All the chemicals were

used without further purification. Double distilled

water was used as solvent at various stages.

2.2 Chemical exfoliation of MoS2

nanosheets

Synthesis of MoS2 nanosheets have been done via

liquid-phase exfoliation method. For the synthesis of

MoS2 nanosheets, 20 mL of NMP, IPA and distilled

water (volume ratio 3:1:1) mixed solvent was taken

and 0.05 g of bulk MoS2 powder was dispersed in it.

This mixture was ultrasonicated at room temperature

continuously for 24 h. After 24 h of sonication, solu-

tion colour changes from dark greyish black to

greenish. The resultant green dispersion obtained

was kept for 30 min so that the un-exfoliated MoS2
settles down. Thereafter, 18 mL of clear supernatant

was collected, and five different sets each of 2 mL of

supernatant were taken out and 10 mg of SDBS was

added in each set. The solution was then allowed to

settle down for another 30 min.

2.3 Synthesis of Au-MoS2 nanostructures

For synthesis of Au-MoS2 nanostructures, a stock

solution of 10 mM Au salt (HAuCl4.3H2O) was pre-

pared. Four sets each of 2 mL dispersion of exfoliated

MoS2 nanosheets were taken for synthesis of Au-

MoS2 nanostructures. In these four sets, different

quantities of Au salt solution (2lL, 4lL, 6lL and 8lL)
were added and the mixtures were kept for aging for

48 h; these samples were named SET-I, SET-II, SET-III

and SET-IV, respectively. Thus the Au-MoS2 nanos-

tructures with varying concentrations of Au NPs

were synthesized.

2.4 Characterization techniques

The crystalline structure of as-prepared samples were

determined by a powder X-ray diffractometer (XRD)

with CuKa radiation (k = 0.154 nm) in the 2h range

of 20� to 70�. The absorption spectra of MoS2 and Au-

MoS2 nanostructures were recorded using absorption

spectrophotometer. The absorption spectrophotome-

ter (Labtronics, LT-2700, India) was used for the

photocatalytic study as well. The vibrational modes

of MoS2, and the effect of Au NPs on these modes,

were investigated using a confocal Raman spec-

trometer having an excitation source of 532 nm laser.

The morphologies of MoS2 and Au-MoS2 were anal-

ysed by transmission electron microscope JEOL 2100

Plus operated at 200 kV, and field emission scanning

electron microscopy (JSM6100 JEOL). The elemental

analysis of the pristine MoS2 and Au-MoS2 was done

using energy dispersive X-ray (EDX) measurement,

carried out on XMAX 80 T (Oxford Instrument

Company).

2.5 Photocatalytic test for dye degradation

Methyl red (MR) and methylene blue (MB) are

chemically stable and poorly biodegradable dye

contaminants in wastewater. In this work, we have

used these dyes (MR and MB) as model reactions to

evaluate the photocatalytic activity of as-prepared

photocatalysts — MoS2 and Au-MoS2 nanostructures.

The dye concentration used in this process was

50 mL of 100 ppm aqueous solution of MR and MB.
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The dye-solutions were treated with different sets of

photocatalysts in dark, as well as under UV–visible

light of Xenon lamp (1200 W). A fixed quantity of

1 mL of MoS2 dispersion and different sets of 1 mL

Au-MoS2 NSs were used as photocatalysts. In pres-

ence of photocatalysts, the dye solutions were

exposed for 30, 60, 90, and 120 min by using Xenon

lamp. After exposure, the solutions were centrifuged

for 10 min at 4000 rpm to remove the residuals of the

photocatalysts. Thus obtained dye solutions were

used to evaluate the photocatalytic properties of the

nanostructures.

3 Results and discussion

X-ray diffraction was used to characterize the crys-

talline structure and to count the microstructures of

material in large quantities. Figure 1 shows the X-ray

diffraction patterns of Au, MoS2 and Au-MoS2 NSs.

In these XRD patterns, diffraction peaks at 29.19�,
32.88�, 33.68�, 36.09�, 39.75�, 44.34�, 49.99�, 56.19�,
58.50�, 60.61� and 62.95� are observed which are

attributed to the lattice planes (004), (100), (101),

(102), (103), (006), (105), (106), (110), (008) and (107) of

MoS2 respectively (JCPDS No. 37–1492) [35]. After Au

NPs decoration, the Au-MoS2 NSs showed extra

diffraction peaks at 37.34�, 44.17� and 64.40� corre-

sponding to the (111), (200) and (220) planes,

respectively of Au phase (JCPDS No. 04–0784) [36]

indicating that FCC Au NPs had been successfully

decorated on MoS2 surface. A slight shift in the peak

positions of synthesized MoS2 and Au-MoS2 nanos-

tructures, as compared to that of standard XRD peaks

was observed, which is due to variation in conditions

of both the cases. As observed in Fig. 1, the intensity

of Au peak enhances as we increase the concentration

of Au, while the intensity of peaks of MoS2 decreases

accordingly in SET-I, SET-II, SET-III and SET-IV (with

increasing concentration of Au—2lL, 4lL, 6lL and 8

lL, respectively). Lowering in diffraction peak

intensity is due to decrease in the exposure area of

MoS2 nanosheets in presence of Au NPs. The crys-

tallite size of MoS2 is found to be 44.18 nm in case of

pristine, while in the SET-I, SET-II, SET-III, and SET-

IV, the values come out to be 39.01 nm, 37.34 nm,

35.85 nm and 34.88 nm, respectively, as calculated by

using Debye Scherrer’s formula [37],

D ¼ kk
b cos h

ð1Þ

where D is the mean size of the crystallites, k is a

dimensionless shape factor (* 0.9), k is the X-ray

wavelength (k = 1.5418 Å), b is the line broadening at

full width at half maximum (FWHM), h is the posi-

tion of the diffraction peak. As the dimension

decreases, peaks broaden, which shows that the NSs

lose their crystallinity with the resultant increase in

amorphous to crystalline fraction ratio. Thus, size-

dependent broadening and intensity of patterns can

be attributed to reduced crystallite size, in-built strain

in the MoS2 lattice due to edge effects, and loss of

crystalline fraction in small-sized NSs. The lattice

strain in MoS2 was calculated using peak broadening

analysis. The lattice stain e is given by following

equation [37]

e ¼ b
4 tan h

ð2Þ

Williamson-Hall (W–H) equation represents size-

induced and strain-induced broadening in the XRD

peaks, which is given by

b cos h ¼ kk
D

þ 4e sin h ð3Þ

The Williamson-Hall plots of pristine MoS2 and

Au-MoS2 are shown in Fig. 2.

The W–H analysis shows that the lattice strain in

MoS2 is of the order of 0.0018, while for Au-MoS2 it is

0.0015.
Fig. 1 XRD patterns of the Au, MoS2 and Au-MoS2
nanostructures (SET-I to SET-IV). (Asterisk represents Au and

black filled square indicates MoS2 XRD patterns)
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The optical absorptions of pristine MoS2 nanosh-

eets and Au-MoS2 nanostructures have been explored

using UV–Vis absorption spectrophotometer. The

absorption spectra of MoS2 and Au-MoS2 are shown

in Fig. 3. The absorption spectrum of MoS2 nanosheet

shows two small humps in the visible range, one at

670 nm and other at 620 nm, which are known as

A and B excitonic peaks, respectively. These peaks

arise due to spin–orbit interactions causing splitting

of valence band energy levels, and the excitonic

transitions between split valence bands and minima

of conduction band at the K-point of the Brillouin

zone [38]. Interlayer coupling also plays an important

role in valence band splitting. When a small aliquot

of gold precursor is added into chemically exfoliated

MoS2, a new absorption peak corresponding to the

Au plasmon band emerges at around 530 nm, sug-

gesting consumption of Au3? ions and formation of

gold nanoparticles. The extent of Au-ion reduction by

the spontaneous redox reaction can be estimated by

monitoring the absorption peak of Au3? and quan-

tifying the loading level of Au on the surface of MoS2.

As we increase the Au concentration, the surface

plasmon resonance (SPR) peak of Au experiences

both red shift and increase in intensity (as shown in

Fig. 3). The shift infers strong plasmon-excitonic

coupling between Au and MoS2. The surface plasmon

resonance strongly depends on shape, size and sep-

aration of the nanoparticles along with the sur-

rounding environment. In Fig. 3, it is observed that

when concentration of Au is low, the SPR peak is not

so prominent, which is due to smaller size and low

concentration of Au NPs.

Raman spectroscopy was used to investigate the

crystallinity and layer thickness of two dimensional

(2D) MoS2 in terms of the position and frequency

difference of two characteristic vibrational modes,

E1
2g and A1g. It is also used for finding the effects of

lattice strain, doping levels, and the van der Waals

interaction at the interface of 2D crystals [39]. The

E1
2g mode is attributed to the in-plane vibration of

Mo and S atoms, and this mode is sensitive to the

built-in strain of 2D MoS2. The A1g mode is related to

the out-of-plane vibration of S atoms which is a

reflection of interlayer van der Waals interaction.

The Raman spectra of MoS2 shown in Fig. 4 exhibit

two vibrational modes centred at 386.03 cm-1 and

Fig. 2 Williamson-Hall plots for pristine MoS2 and Au-MoS2
nanostructure. The linear variation of b cos h with respect to sinh
is depicted by fitting straight lines

Fig. 3 Absorption spectra of MoS2 and Au-MoS2 nanostructures

with different concentrations of Au

Fig. 4 Raman spectra of MoS2 and Au-MoS2 nanostructures
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411.22 cm-1, respectively. In case of Au-MoS2 NSs,

red shifts in E1
2g and A1g modes are observed. The

SET-IV, with maximum loading of Au NPs, exhibits

red shifts of E1
2g and A1g modes; these peaks are

observed at 384.64 cm-1 (shift * 1.39 cm-1) and

410.14 cm-1 (shift * 1.08 cm-1), respectively. The

shifting is attributed to the effect of lattice strain due

to curvature of the MoS2 shell. The frequency differ-

ence of E1
2g and A1g peaks for MoS2 comes out to be

about 25.19 cm-1 which renders exfoliation of few-

layers MoS2 sheets [23]. Similar frequency difference

was observed for Au-MoS2 sheets, i.e., 25.50 cm-1 for

SET-IV. Besides variation in Raman frequency, we

have also observed a significant enhancement of

Fig. 5 TEM images of a MoS2 and c Au-MoS2 nanostructures (SET-IV) along with their selective area electron diffraction patterns in

b and d, respectively; the scale bar in a is equivalent to 500 nm and in c it is equivalent to 200 nm

Fig. 6 The FESEM images of a pristine MoS2 nanosheets and b Au-MoS2 nanostructures

J Mater Sci: Mater Electron (2021) 32:6168–6184 6173



Raman peak intensity in the Au-MoS2 nanostruc-

tures. This can be attributed to the effect of localized

surface plasmon resonance (LSPR) of Au nanoparti-

cle, typically called surface enhanced Raman scat-

tering (SERS) [40]. Interaction of incident light with

Au NPs excites localized surface plasmons. When

there is resonance between the frequency of plasmon

oscillation and irradiation, a strong electromagnetic

field is formed on the surface. This electromagnetic

field leads to a significant increase in the intensity of

Raman mode as shown in Fig. 4. The intensity ratio of

A1g/ E1
2g, for exfoliated MoS2 is found to be 1.04.

However with the incorporation of Au NPs, the peak

intensity ratio increases from 1.23 (SET-I) to 1.30

(SET-IV). Previous study had shown that the increase

in A1g/E
1
2g peak intensity ratio is due to the p-type

doping caused in MoS2 by Au NPs decoration [41].

The shapes and sizes of MoS2 and Au-MoS2
nanostructures were investigated using transmission

electron microscopy (TEM). The TEM images of MoS2
and Au-MoS2 nanostructures along with their selec-

tive area electron diffraction (SAED) patterns are

shown in Fig. 5.

In Fig. 5a sheet-like structure is observed, which

corresponds to pristine MoS2. Sizes of these nanosh-

eets are * 700 nm. In MoS2, lattice spacing is of the

order of 0.27 nm, which corresponds to (100) plane.

The SAED pattern of MoS2 nanosheet is shown in

Fig. 5b. It consists of many bright spots, which cor-

respond to hexagonal lattice structure of MoS2. In the

present case, MoS2 is in few-layered structure and

each layer forms a hexagonal diffraction pattern;

hence many spots are observed. In case of Au-MoS2,

Au nanoparticles are found to be of spherical shape

of size 9.81 ± 3.18 nm, formed on the edges of

nanosheets along with some agglomerations of these

particles (Fig. 5c). The lattice plane spacing in the Au

nanoparticles corresponding to the FCC lattice of Au

is of the order of 0.22 nm, which corresponds to (111)

plane of gold lattice. The SAED pattern of Au-MoS2 is

shown in Fig. 5d. It shows diffraction patterns cor-

responding to Au and MoS2. In addition, SET-I is

explored under HRTEM. Figure S2 (in Supporting

Information) depicts histogram of Au-MoS2 nanos-

tructures (SET-I) revealing that the synthesized Au

nanostructures are of spherical shape with particle

Fig. 7 The elemental mapping of a-c MoS2 and d-g Au-MoS2 nanostructures
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size of 8.02 ± 2.03 nm. With the increase in concen-

tration of Au ions, there is an increase in size

(* 2 nm) with particle size 9.81 ± 3.18 nm, as

depicted from the histogram (Fig. S4 in Supporting

Information).

Morphology of MoS2 and Au-MoS2 nanostructures

were further investigated using field emission scan-

ning electron microscope (FESEM). The FESEM

images of pristine MoS2 and Au-MoS2 (SET-IV) are

shown in Fig. 6. The sheet-like structure of MoS2 is

depicted in Fig. 6a. From FESEM image of MoS2, it is

observed that the nanosheets consist of few layers

and these nanosheets are of varying sizes. Figure 6b

shows FESEM image of Au-MoS2 nanostructures. In

this image, it is observed that there are additional

particles of Au of different sizes, on the edge of MoS2
nanosheets. In case of FESEM, there is increase in size

(* 40 nm) as compared to TEM results, which might

be due to the agglomeration of Au nanoparticles and

forming clusters.

The elemental analysis of pristine MoS2 and Au-

MoS2 nanostructures was carried out by elemental

mapping of the samples. The elemental mappings of

these samples are shown in Fig. 7. Figure 7a–c cor-

responds to pristine MoS2. In Fig. 7a two distinct

coloured spots are observed. The green spots corre-

spond to Mo elements present in the sample, and red

spots correspond to S elements. These Mo and S

elements are shown in Fig. 7b and c, respectively, as

well. Figure 7d–g represent the elements present in

Au-MoS2 nanostructures. Here, three different

coloured spots are observed, which correspond to

three distinct elements, Au, Mo and S, respectively.

The EDX spectra of pristine MoS2 and Au-MoS2 are

shown in Fig. 8. The spectra consist of peaks corre-

sponding to the elements present in MoS2 and Au-

MoS2. In EDX spectra, additional peak around 8 keV

is observed, which is due to copper grid.

The as-synthesized MoS2 and Au-MoS2 NSs were

used for photocatalytic degradation of dye molecules.

A blank test in the absence of catalysts was done and

negligible self-degradation of dyes was observed.

The characteristic absorption peak of MR appears

at 523 nm. Figure 9a–e show the absorption spectra

of MR dye molecules under UV–Visible light irradi-

ation, in presence of MoS2; SET-I, SET-II, SET-III and

SET-IV are for different exposure times (30 -120 min).

A systematic decrease in the absorbance of the dye

molecules is observed with increasing exposure time

in presence of MoS2 (Fig. 9a). This is due to the

degradation of MR dye molecules. The degradation is

attributed to electron–hole pair generation in MoS2
nanosheets. These electron–hole pairs interact with

oxygen and water molecules, and thereby create

reactive oxygen species, which further interact with

the dye molecules and decompose them. In case of

pristine MoS2, photodegradation efficiency is limited

due to direct band gap of MoS2. The direct bandgap

causes fast recombination of photogenerated elec-

tron–hole pairs in MoS2. The degradation efficiency

of MoS2 can be enhanced by incorporating Au

nanoparticles in the MoS2 as presented in Fig. 9b-e. In

Fig. 9b–e, with incorporation of Au nanoparticles, the

characteristic peak of MR shows downshift (hypo-

chromic shift) as concentration of Au increases in Au-

MoS2 NSs. SET-IV exhibits maximum decrease in

absorbance of the dye molecules. The concentration

of dye was monitored with the aid of absorption

spectroscopy. According to Beer-Lambert’s law,

absorbance is proportional to concentration of dye

molecules, so its percentage degradation efficiency

can be calculated by following equation [30]

Fig. 8 Energy dispersive X-ray spectra of a MoS2 and b Au-

MoS2 nanostructure (SET-IV)
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R ¼ Co � C

Co
� 100% ¼ Ao � A

Ao
� 100% ð4Þ

where Co, C are concentrations and Ao, A are absor-

bances of dye at the initial time and after final time t,

respectively. For quantitative understanding of the

effect of photocatalysts on reaction kinetics of the

dyes, we have utilized the pseudo-first order reaction

mechanism model. The rate constant k of the degra-

dation was investigated using

ln
C

Co

� �
¼ �kt ð5Þ

Fig. 9 Absorption spectra of MR after exposure of UV–Vis light for different time in presence of a MoS2 nanostructures, b SET-I, c SET-

II, d SET-III and e SET-IV. (SET I-SET IV, increasing concentration of Au from 2 lL to 8 lL with the difference of 2lL)
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where Co is the initial concentration, C is the con-

centration at t exposure time, k is the pseudo-first-

order rate constant. The rate constants are obtained

from the regression line between ln(C/Co) and time

t. Figure 10a represents the percentage degradation

of MR with MoS2, with SET-I, SET-II, SET-III and

SET-IV as photocatalysts. It is found that degradation

efficiency of MoS2 enhances from 30.0 to 46.9%, while

varying the exposure time from 30 to 120 min. For

SET-I, the degradation efficiency enhances from 37 to

68%, for SET-II it enhances from 45.0 to 80.2%, for

SET-III from 55.0 to 89.3% and for SET-IV the

degradation efficiency enhances from 70.2 to 96.7%,

after irradiating with UV–Visible light and varying

the exposure time from 30 to 120 min. Thus, we

observe that with increase in Au concentration from

SET-I to SET-IV and varying the exposure time from

30 to 120 min, the degradation efficiency increases.

For longer exposure to UV–Visible light irradiation

(120 min), more electron–hole pairs are generated,

which causes enhanced degradation of dye

molecules.

The reaction kinetics corresponding to photocatalytic

degradation of MR are plotted in Fig. 10b. The rate

constant values calculated from the regression lines of

MR for MoS2, SET-I, SET-II, SET-III and SET-IV

are - 0.5660 min-1, - 0.7996 min-1, - 1.0693 min-1,

- 1.2832 min-1 and - 1.5551 min-1, respectively.

This enhancement in the magnitude of the rate con-

stant of the photocatalysts for MR signifies major

degradation of dye by SET-IV, as compared to other

photocatalysts. The percentage degradation of dye by

MoS2, SET-I, SET-II, SET-III and SET-IV along with

rate constant values for 120 min of irradiation time

are compiled in Table 1.

A pictorial image of MR dye under different pho-

tocatalytic treatment is presented in Fig. 11. From

image, it is clearly observed that increasing the Au

NPs concentration and the exposure time of UV–

Visible light irradiation, cause the colour of the dye to

Fig. 10 a Percentage degradation of MR with MoS2, SET-I, SET-II, SET-III and SET-IV, b kinetic graph of MR with photocatalysts MoS2
and different sets of Au-MoS2

Table 1 Percentage

degradation of MR with MoS2,

SET-I, SET-II, SET-III and

SET-IV along with rate

constants for 120 min of

irradiation time

Name of samples % Degradation of MR with irradiation time Rate constants

30 min 60 min 90 min 120 min (min-1)

MoS2 30.0 36.0 41.4 46.9 - 0.5660

SET-I 37.0 48.0 58.9 68.0 - 0.7996

SET-II 45.0 57.0 69.8 80.2 - 1.0693

SET-III 55.0 73.2 83.4 89.3 - 1.2832

SET-IV 70.2 80.7 88.9 96.7 - 1.5551
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fade out, which reflects degradation of dye

molecules.

Similar to MR dye molecules, we have also inves-

tigated the photodegradation of MB dye using MoS2
and different sets of Au-MoS2 NSs as catalysts, under

UV–Visible light irradiation. The characteristic peak

of MB is monitored at 663 nm by using a UV–Visible

spectrophotometer. In Fig. 12a, with MoS2 as photo-

catalyst, a downshift in the absorbance curve is

observed with increase in irradiation time. The

change in absorbance is moderate, which indicates

less efficiency towards dye decolorization due to

confined band gap of MoS2. Whereas, when different

sets of Au-MoS2 NSs are used as photocatalysts, as

shown in Fig. 12b–e, a noticeable decrease in absor-

bance with time is observed. From the absorption

data it is clear that coupling of Au with MoS2, espe-

cially for SET-IV among all four sets, provides better

degradation efficiencies as compared to MoS2 and

other sets of Au-MoS2.

To examine the percentage degradation of dye by

catalysts, Eq. (4) is applied and results are shown in

Fig. 13a. Figure 13a illustrates increase in percentage

degradation efficiency with different catalysts. For

MoS2, it increases from 23.3 to 44.0%; for SET-I from

32.0 to 65.2%; for SET-II from 39.2 to 78.2%; for SET-

III from 52.0 to 88.0%; and for SET-IV the efficiency

increases from 65.2 to 94.3% with exposure times

varying from 30 to 120 min. These results of per-

centage degradation confirm that SET-IV exhibits

much better degradation efficiency as compared to

other catalysts. The reaction kinetics corresponding

to photocatalytic degradation of MB are plotted in

Fig. 13b. The rate constant values obtained from the

regression lines of MB are - 0.3587 min-1 for

MoS2, - 0.5612 min-1 for SET-I, -0.7490 min-1 for

SET-II, - 0.9689 min-1 for SET-III,

and - 1.2614 min-1 for SET-IV. The increase in the

magnitude of rate constants of photocatalysts for MB

indicates major elimination of dye by SET-IV. The

percentage degradation of dye with different photo-

catalysts (MoS2, SET-I, SET-II, SET-III and SET-IV)

and consequent rate constant values are compiled in

Table 2.

Figure 14 illustrates the pictorial images of MB

degradation with different irradiation times. It is

observed that under UV–Visible light irradiation, the

dye colour changes. SET-IV exhibits maximum fad-

ing of colour, which correlates with lower absorption

spectra in Fig. 12e corresponding to maximum

degradation of MB in 120 min.

Due to enlarged surface area, two dimensional

MoS2 nanosheets enhance the interfacial charge

transfer processes between photocatalyst and oxygen

molecules dissolved in wastewater. Basal planes of

MoS2 are quite stable under photocatalytic activity

but the edge sites or defect sites participate actively in

the photocatalysis process. Au NPs nucleate at these

highly energetic defect sites, such as edges or line

defects, and enhance the charge transportation

between Au NPs and MoS2. Figure 15a shows the

mechanism of charge transfer from MoS2 to Au NPs

and Fig. 15b represents the energy level diagram of

Au-MoS2 interface. Figure 15b shows that the work

function of MoS2 is 5.03 eV whereas for gold it is

4.58 eV. The Fermi level of MoS2 is situated well

above the reduction potential (1.50 eV) of Au. The

electron–hole pairs are created under UV–Visible

light irradiation with photon energy greater than the

energy band gap (Eg) of MoS2 (Eq. 6). However, these

electron–hole pairs have a tendency of recombining

easily. Incorporation of Au NPs in MoS2 nanosheets

helps to provide an additional path to the photo-

generated electrons in the conduction band

Fig. 11 Pictorial representation of MR degradation in 0, 30, 60,

90, and 120 min with MoS2, SET-I, SET-II, SET-III and SET-IV

(SET-I to SET-IV increasing conc. of Au in MoS2 by the factor

2lL)
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(Ec = - 4.10 eV) of MoS2, and move on to the sur-

face of Au NPs (EF = - 4.58 eV). This accelerates

efficient splitting of charge carriers, which helps in

minimizing possible electron–hole recombination.

These Au NPs act as charge trapping centres. The

photogenerated holes in the valence band, which

Fig. 12 Absorption spectra of MB after exposure of UV–Vis light for different time in presence of a MoS2 nanostructures, b SET-I,

c SET-II, d SET-III and e SET-IV
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survive the process of rapid recombination, diffuse

into surface of the catalyst and reacts with water

molecules donating electrons to form free hyper-re-

active hydroxyl radicals (•OH) (Eq. 7). The surface

hydroxyl groups present on the surface of the catalyst

act as a trapping sites for holes (h?) from VB and

generate hydroxyl radicals. These hydroxyl radicals

then react with organic dye molecules or contami-

nants non-selectively, by adding to their aromatic

rings or through double bonds. The resulting com-

pound forms species with carbon centred radicals,

which then combine with oxygen molecules to pro-

duce compound radicals that are easily transformed

into CO2. On the other hand, the photoexcited elec-

trons accumulate on surface of Au NPs and create

superoxide radical anions (O2
-), which react with

oxygen molecules dissolved in wastewater (Eq. 8)

[42]. With increase in concentration of Au NPs, the

charge trapping centres are also increased, which

help to create more holes (h?) in MoS2 and electrons

(e-) on the surface of Au. These electrons and holes

act with water and oxygen molecules, and create

more reactive oxygen species (ROSs). The ROSs help

in photo-reduction of organic dyes (Eq. 9) causing

degradation of dye molecules. Thus, increasing the

concentration of Au NPs helps to enhance the

degradation efficiency. On the other hand, holes in

the valence band (VB) of MoS2 react with water

molecules to form hydroxyl radicals (•OH), which

stimulate the degradation of dye molecules (Eq. 10

and Eq. 11) by photo-oxidation process [43].

Au�MoS2 þ hm ! MoS2 hþ� �
=Au ðe�Þ ð6Þ

MoS2 hþ� �
þH2O !� OHþ Hþ ð7Þ

Au e�ð Þ þ O2 ! O�
2 ð8Þ

O�
2 þ H2O !� HO2 þ OH� ð9Þ

�HO2 þ H2O ! H2O2 þ� OH ð10Þ

Fig. 13 a Percentage degradation of MB with MoS2, SET-I, SET-II, SET-III and SET-IV, b Kinetic graph of MB with photocatalysts

MoS2 and different sets of Au-MoS2

Table 2 Percentage

degradation of MB with MoS2,

SET-I, SET-II, SET-III and

SET-IV along with rate

constants for 120 min of

irradiation time

Name of samples % Degradation of MB with irradiation time Rate constants

30 min 60 min 90 min 120 min (min-1)

MoS2 23.3 34.4 39.2 44 - 0.3587

SET-I 32.0 45.6 58.4 65.2 - 0.5612

SET-II 39.2 50.4 67.4 78.2 - 0.7490

SET-III 52.0 68.8 79.2 88.0 - 0.9689

SET-IV 65.2 77.2 86.4 94.3 - 1.2614
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H2O2 ! 2�OH ð11Þ

The noble metal (Au) is recognized to act as sink

for photo-induced charge carriers, promoting inter-

facial charge transfer processes, and hence enhances

the photodegradation efficiency of Au-MoS2 nanos-

tructures [44].

Figure 16a and b represent the molecular structure

of MR and MB, respectively. Colour of any dye

depends broadly on the chromophoric sites present

in that dye. MR and MB differ not only in their

molecular structure but also differ in their functional

groups attached, and their extent of ionization in any

aqueous solution. Both the dyes are basically cationic

by nature. Degradation of MR and MB with Au-MoS2
NSs depends upon the number of chromophoric sites

present in them, and their destabilization with free

radicals generated by photocatalysis mechanism

reaction [30]. MR has 1 chromophoric site, while 4

active sites are present in MB. The •OH or O2
- rad-

icals generated under irradiation by UV–Visible light

destabilize or break the chromophoric sites present in

MR and MB [45]. Comparing the molecular structure

of MR and MB, MB has 4 methyl groups in addition

to these chromophoric sites, which produce more

inductive effect and prevent the dye from degrada-

tion easily. This leads to lower degradation efficiency

for MB as compared to MR.

4 Conclusions

In summary, heterostructures of Au-MoS2 nanos-

tructures have been synthesized by the reduction of

[AuCl4]
- on the surface of MoS2. The Au-MoS2 NSs

have been found to improve the efficiency of

Fig. 14 Pictorial representation of MB degradation in 120 min

with different photocatalysts (MoS2, SET-I, SET-II, SET-III and

SET-IV; SET-I to SET-IV increasing concentration of Au in MoS2
by factor 2lL)

Fig. 15 a Charge transfer

mechanism in Au-MoS2
nanostructures and b energy

level diagram of the Au-MoS2
interface
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interfacial charge transfer process in photocatalysis.

The photocatalytic studies indicate the decolouriza-

tion of MR and MB dyes in presence of exfoliated

MoS2, and different sets of Au-MoS2 catalysts. It is

found that Au-MoS2 NSs improve the efficiencies of

photodegradation of organic dyes, MR and MB. The

degradation efficiencies increase up to 96.7% and

94.3% for MR and MB, respectively, have been

achieved with maximum concentration of Au in Au-

MoS2 NSs. The deposited noble metal NPs exhibit

interfacial electron transfer, which leads to suppres-

sion of recombination of charge carriers. This study

provides a detailed insight into the fabrication of UV–

Visible light active Au-MoS2 nanostructures with

enhanced photocatalytic performance and photo-

stability. As a result, Au-MoS2 nanostructures act as

favourable candidates for photocatalytic degradation

of toxic organic contaminants in wastewater, which is

beneficial for environmental remediation concern.
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