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INTRODUCTION

Applications for molybdenum disulphide (MoS2), a multi-
layer transition metal chalcogenides material that looks graphite,
include sensing, catalysis and batteries [1,2]. MoS2 nanostruc-
tures have typically been synthesized by hydrothermal and
gas-phase processes. There are evidences obtained from present
study stating the remarkable performance of 2D MoS2 modi-
fied electrodes in a polymer electrolyte membrane fuel cell as
reaction catalyst for the oxidation-reduction which is platinum-
free [3,4]. These electrodes comprise an extensive framework
of modifing Mo and S atoms. Over the past few years, there has
been a significant replacement of natural objects with chemical
alternatives, as chemically derived products have become increa-
singly prevalent in our lives. While the numerous chemical goods
make life easier for individuals, they also pollute our environment.
For instance, a number of dyes and organic compounds that
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makes water polluted were let out to rivers and other waterbodies
by the chemical, pharmaceutical, artificial manufacturers, tropical
applications sectors, etc. It is difficult to degrade these pollutants,
which are harmful to the environment, however, getting rid of
these pollutants is quite difficult.

Visible-light photodegradation technology has recently
emerged as a viable strategy in the realm of environmental
protection [5-7]. Several technologies such as photocatalysis,
HER, OER, photo-Fenton, UV-H2O2 and catalytic ozonation
utilize renewable energy sources to efficiently degrade pollu-
tants. Over the course of the past few years, catalysts related
to transition metals have garnered a lot of attention due to the
fact that they have an electronic structure that is similar to that
of metals [8-12]. The energy required for almost perfect H2

adsorption is present in MoS2, a typical transition metal dichalco-
genide (TMD). Therefore, because of their usual availability,
edge binding composition and outstanding catalytic activity,
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they considered as powerful choice by water electrolysis [13].
However, due to its inferior electrical conductivity and decre-
ased availability of proactive edge sites to the nano sheet
stacking dissociation energy barrier, MoS2 catalytic activity is
severely constrained. Likewise, high-activated water to solve
these shortcomings, a variety of techniques have been tried,
including designing the crystallinity and morphology, linking
heterogeneous materials, indicating increased active sites,
promoting electron movement and lowering the initiated water
dissociation energy barrier [14-18]. The majority of the materials
utilized to decorate MoS2 currently are 2D carbon compounds,
which are noble metals. These materials have the potential to
increase the co-catalytic activity of MoS2. Noble metals, on
the other hand, are expensive and scarce on earth and metal
oxides are susceptible to instability in acidic environments [19].

Several state-of-the-art oxidation methods for photocatal-
ysis have been more important in technology over the past
few years. Improved transformation advancements, including
metal-air batteries, fuel cells and water electrolysis, are essen-
tial to this growth [20-22]. Nonetheless, to comprehend the
advanced energy equipments however recognization of the
underlying ideas, essentials and expertise of electrocatalysis is
necessary. Electrochemical reactions on the surface of electrode
materials can be sped up by a process called heterogeneous
electrocatalysis. The water cycle and the carbon cycle are typi-
cally the two major energy cycles for energy related applica-
tions in electrocatalysis [7,23-27]. A number of electrocatalytic
activities involving hydrogen and oxygen are crucial to the water
cycle process. However, the contaminated water is frequently
diaphanous and highly concentrated in multiple locations, which
makes it challenging for light to flow through. Wastewater and
photocatalysis have limited capacities [28]. As a result, it has,
according to sources, the semiconductor based sonocatalysis
has reportedly ex applications for dye removal benefit from a
number of benefits thanks to ultrasonic technology. Any water
medium can allow waves to exist and propagate. Given their
high toxicity, endurance and refractoriness in the environment,
organic contaminants have recently been the focus of a lot of
environment friendly research [29].

Carbon-based nanomaterials are being used to increase
the photocatalytic efficiency of semiconductors, including
carbon nanotubes (CNTs) with band gaps of 0.5 eV, fullerenes
having band gaps of 1.77 eV, graphene possessing zero band
gaps and carbon nanofibers having band gaps of 0.7 eV [30].
Due to its tunable electrical properties and its ability to modify
the surface active sites, we focused on reduced graphene oxide
(rGO). Other carbon based compounds are expensive and diffi-
cult to synthesize in comparison to rGO. Molybdenum disulfide
(MoS2), a p-type semiconductor, posses conventional 2D material
structure where the covalent bonds amongst the Mo and S atoms
create the S-Mo-S layer and the feeble van der Waals attraction
interacts with the surrounding S-Mo-S structure. This unique
layered structure can efficiently move reactants, intermediates
and products from one layer to the next while allowing for high
photo absorption of incoming sunlight through multiple reflec-
tions. Its structural features and the suitable band energy of
1.8 eV make it a good co-catalyst option [31,32]

Reduced graphene oxide (rGO) in combination with semi-
conductors promotes electron dissociation and speeds up the
breakdown of carcinogenic dyes caused by solar radiation. In
this one-pot hydrothermal method for producing a hierarchical
structure of nanosized MoS2/rGO [33]. In recent work,
prepared MoS2/rGO composite sites’ microstructure was studied.
The characterization results show that the MoS2 nanosheets
may be anchored into and evenly distributed on rGO on both
sides, which is advantageous for a well-ordered MoS2 layer as
opposed to unfavourable multilayer MoS2 stacking. In particular,
the template growth approach based on GO forms a hierarchical
structure to offer a wide surface area and increase the efficiency
of electrical conduction, in addition to expanding the inter-
layers of MoS2 and exposing a bigger percentage of the catalyti-
cally active sites. As a result, including GO in composition can
increase the effectiveness of sonocatalysis conversion [34,35].

A straightforward, affordable and time-saving method for
creating MoS2 and silk G nanocomposite materials is provided
in previous study [36]. Together with supercritical fluid (SCF)
nanocomposites of silk G, MoS2 was synthesized. A homo-
genous dispersion was produced by the easy intercalation of
the charge transfer made possible by the silk G short size. The
conductivity of silk G considerably increased when MoS2 was
added and these materials with larger conductivities had rising
band gap characteristics. The MoS2/silk G composites exhibit
effective degradation of methylene blue dye, displaying their
compatibility with the environment, as biodegradable
materials. The prepared composite shows high electrocatalytic
interaction with oxygen resulting high cyclic stability.

EXPERIMENTAL

Synthesis of silk G (silk cocoon graphene): The cocoons
were mechanically crushed in a mortar and pestle before being
pyrolyzed for 2 h at 400 ºC in a tube furnace utilizing 3 g of
ground Taser silk cocoon. The final black solid was collected
under conventional conditions and utilized to retain raw carbon
powder on Whatman filter paper. After washing raw carbon
powder with petroleum ether followed by acetone, filter paper
was used to filter the carbonized cocoon. Finally, brown mass
was carefully washed with distilled water and preserved for
further use.

Silk graphene and MoS2 composite synthesis: MoS2 2D
material was prepared by using 0.1 mL of hydrofluoric acid
and ammonium heptamolybdate. Then 10 mL of deionized
water was taken to disperse the above mixture and swirled
continuously under normal conditions. Intially, the prepared
MoS2 material was put into a 10 mL stainless steel supercritical
autoclave. This interaction was performed in the muffle furnace
at 400 ºC. The compound was collected from furance and cooled
in ice water after 30 min of interaction [37]. To remove the
inorganic contaminations, the resultant material was repeatedly
washed using ethanol and deionized water. To obtain a pure
MoS2 sample, centrifuged washed material was dried in a hot
air oven at 60 ºC for 12 h [38]. The composite sample was pre-
pared using the same procedure by adding 100 mg of graphene
from a silk cocoon to the precursor MoS2.
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Visible-light photodegradation of methylene blue dye:
The photocatalytic activity of synthesized MoS2 and the MoS2/
silk G of varied time were investigated under the 10 ppm
methylene blue light and 250 W Xe arc lamp in additional to
UV cut-off filter (400 nm) and a UV-Vis spectrometer. The
intensity of the visible light was scattered upon the reaction
solution and then measured. Following the standard procedure,
four separate 100 mL methylene blue solutions having 10
pppm were prepared. Prior to introducing the photocatalytic
nanocomposites, the optical density of aqueous methylene blue
can be measured using a UV-Vis spectrophotometer, both in
the absence of light and in the presence of freshly prepared
aqueous methylene blue containing 50 mg of MoS2 and 50
mg of MoS2/Silk G.

Oxygen evolution reaction (OER) studies: The electro-
chemical experiments were conducted using a Biologic EC
lab SP-300 system, with a three-electrode cell configuration
and 1 M KOH electrolyte solution. The working electrode prep-
aration has been done using the same procedure as reported
earlier [11]. In brief, synthesized sample (2 mg) was dispersed
in ethanol having 150 µL and later 20 µL of Nafion-117 was
added. The solution was ultrasonicated for 20 min and drop-
wise coated on the nickel foam (1 cm × 0.5 cm). The prepared
electrode was dried at 80 ºC using hot air oven for 12 h. The
platinum (Pt) paired with Ag/AgCl electrode were employed
as counter and reference electrodes. Later, with 10-2 to 102 Hz
width of frequency was used for the evaluation of electroch-
emical impedance by spectroscopy (EIS). The significant results
were modified to suit the reversible hydrogen electrode (RHE)
according to the subsequent equation:

E (vs. RHE) = E (vs. Ag/AgCl) +
Eº Ag/AgCl (reference) + 0.0591 pH (1)

Characterization: The surface morphology and textures
of silk G, MoS2 nanoparticles and their composite were exa-
mined using an electron microscope (SEM) (ZEISS EVO 18).
The phase and crystallographic data were determined by diffra-
ction indications of X-ray utilizing XRD (Rigaku SmartLab2)
and Raman spectroscopy (Thermo-Fisher DXR). Using the
JEOL Japan JEM-2100 Plus, the HRTEM and SAED patterns
of as-fabricated silk G, MoS2 nanoparticles and their composite
samples were examined. The EC Lab Biologic device was used
for all electrochemical supercapacitor tests to measure the OER
and EIS of synthetic sample-based electrode materials (Biologic
VSP-3e) and also visible-light photodegradation studies iden-
tified by UV-VIS spectrophotometer (LABMAN LMSP-UV
1900) by home made visible-light photodegradation setup.

RESULTS AND DISCUSSION

The XRD patterns of pure silk-graphene (silk G), pristine-
MoS2 and MoS2/Silk G composite materials are shown in Fig.
1, respectively. In silk G sample, the distinctive broad peak
was indexed at 2θ = 23.7º, which indicate the amorphous nature.
The principal distinctive peaks of pure MoS2 sample were
located at 2θ 14.2º, 33.6º, 39.2º and 58.1º, respectively. These
coordinates correspond to the (hkl) planes of (002), (100), (103)
and (110) [39]. In both pristine and composite samples of silk
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Fig. 1. XRD patterns of silk-based graphene (silk G), pristine MoS2 (MoS2)
and MoS2/Silk G nanobiocomposite

G/MoS2, a hexagonal MoS2 crystal structure with a molybdenite
phase has been identified. The MoS2 sample had crystallo-
graphic characteristics of a = b = 3.190 Å and c = 14.879 Å,
which matched the P63/mmc, 194 space group. The broad diffr-
action pattern of silk G at 2θ = 23.7º and the similar major
characteristics of pristine form of the silk G/MoS2 composite
sample, which correspond to the (hkl) (MoS2) of (002), (100),
(103) and (110), respectively, confirmed the formation of silk
G/MoS2 composite without secondary phase formation or
impurity.

Furthermore, the functional groups of silk G, MoS2 and
the MoS2/silk G composite were identified from FTIR spectro-
scopy. Spectrum obtained from FTIR of silk G (Fig. 2) reveals
a band at 3448 cm-1 as a result of O-H stretching. The stretching
peak at 1650 cm-1 is due to the presence of C=C, whereas the
C-O stretching band appears at 1201 cm-1. It demonstrates that
in contrast to silk G, the C-OH and C=O bonds in the elongated
silk G disappears, which is due to the effective reduction of silk
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Fig. 2. FTIR spectra of silk-based graphene (silk G), pristine MoS2 (MoS2)
and MoS2/Silk G nanobiocomposite
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G in the composite. The peak appears at 620 cm-1 is attributed
to the Mo-S stretching vibration, while the sulfate groups can
be responsible for the several peaks at 615 cm-1. In contrast,
absence of a C=O peak at 1650 cm-1 shows that graphene has
only undergone a minimal amount of oxidation [40]. Since
silk G does not exhibit a peak in its XRD pattern, this accords
support to that pattern. Interestingly, the intercalate related
peaks for the MoS2/silk G composite exhibit a decrease in
intensity, indicating that the intercalates have been removed
from the interlayer structure as a result of the different surface
chemistry between silk G and MoS2.

To further understand the formation process of silk G/MoS2

composite, the Raman spectra of both the composite and pristine
samples were analyzed (Fig. 3). The laser excitation at 488 nm
was used to perform all of the Raman characterizations at room
temperature. The main distinguished Raman bands in the silk
G/MoS2 composite have been appeared at 271 cm-1 and 428
cm-1, which correlates to bands in pristine MoS2 and simultan-
eously at 1345 cm-1 and 1400 cm-1 that indicates the distinctive
silk G bands [41]. The fabrication of a silk G/MoS2 composite
was confirmed based on the Raman band positions and its stru-
ctural features, which were consistent with previous investigations.

The neat silk-cocoon layers were folded with distinct and
smooth surface textures and 2D morphology, as seen in the
electron microscopic images of Fig. 4a-b. Figs. 4c-d and 4e-f
illustrate the structures present on the surfaces of the MoS2

sheets that were employed. Similarly, the surfaces of silk-G/
MoS2 sheets also exhibited the layered networks resembling
those observed on MoS2 sheets. The presence of Mo and S in
the EDS spectra was confirmed by the composite sample at
the same time, indicating that all elements were present with
almost the requisite percentage composition.
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Fig. 3. Raman spectra of silk-based graphene (silk G), pristine MoS2 (MoS2)
and MoS2/Silk G nanobiocomposite

Fig. 5a-f displayed the transparent layered structure of the
silk G sheet, while Fig. 5b-c clearly showed the heterojunction
formed between synthesized MoS2 layers and silk G sheet and
forming silk G/MoS2 composite. Fig. 5f indicated the HRTEM
monographs of composite displaying the lattice fringes of the
sample with interplanar spacings of 0.27 nm and 0.62 nm corres-
ponding to the MoS2 lattice. Carbon-based silk G is amorphous
in nature and hence, in the SAED pattern (Fig. 5f) also, it can
be observed that the SAED lattice planes are not visible in its
composite structure.

The photocatalytic behaviour of MoS2 and the MoS2/silk G
composite was examined under ambient temperature using a
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Fig. 4. (a,b) SEM micrographs of bare folded-silk cocoon layer, (c,d) SEM micrographs of MoS2 layer, (e-f) SEM micrographs of MoS2/Silk G
composite
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Fig. 5. (a-e) HRTEM images different magnification of MoS2/Silk G composite and (f) SAED pattern of MoS2/Silk G composite

250 W Xe arc lamp equipped with a UV dissociated filter (400
nm) and a UV-Vis spectrometer. The standard approach invo-
lved the preparation of four different 100 mL aqueous methylene
blue (10 ppm) dye solutions. A UV-Vis spectrophotometer was
used to measure the absorbance of aqueous methylene blue
solution before the addition of photocatalytic nanocomposite
(Fig. 6b-c). In dark condition, a solution containing 50 mg of
MoS2 and 50 mg of MoS2/silk G was prepared by dissolving
them in aqueous methylene blue solutions that were freshly
prepared. To achieve the equilibrium of adsorption-desorption,
this mixture was shaken rigorously for 30 min. The pH of aqueous
suspension was measured and found to be 7.2. Prior to the sample
being analyzed with a UV-Vis spectrophotometer, each beaker
was filled with a solution mixture that was approximately 5 mL
in volume and then centrifuged. This suspension was additionally
exposed to visible light while being continuously stirred to assess
the photocatalytic reaction at different   interval of time peroids
(10, 20, 30, 40, 80, 100 and 120 min) and results of their absor-
bance were analyzed from UV-Vis analysis (Fig. 6b-c).

Absorption of visible light by these materials resulted in
the production of a single electron pair, surpassing the bandgap
of 1.6 eV as observed in Fig. 6a for silk G-MoS2 nanocomposite.
After passing through the holes in the valence band (VB) of
the material, the charged electrons travel to the conduction band
(CB). Due to the electron-hole partitioning caused by photo-
induced electrons captured from silk G, the recombination
process was slowed down. The redox reaction was taken up in

the MoS2/Silk G nanocomposites solution. The hydroxyl radical
is generated due to the oxidation of hole by water molecules
which was present above the layer of MoS2/Silk G nanomaterials.
Anionic superoxide radicals are developed when oxygen absorbs
the stimulated electron in conduction band of MoS2/Silk G nano-
composites, which subsequently produces incredibly reactive
hydroxyl radicals (OH•) after being combined with a proton
to produce O2H•. By interacting with the aromatic ring, break-
ing up the azo link and hydroxylating the ring, the OH• is
broken down by methylene blue to create CO2, H2O, SO4

2–,
NO3

– and NH4
– ions. Fig. 7 illustrates the potential means for

photocatalytic degeneration of organic dye made using MoS2/
Silk G nanobiocomposite.

The electrocatalytic OER characteristics of the as-synthe-
sized materials were assessed using a three-electrode setup.
The LSV curves of MoS2 and MoS2/Silk G (Fig. 8a) clearly
indicates that the MoS2/Silk G requires lower over-potential
than pure MoS2, which is due to the highly conductive structure
of silk MoS2. The MoS2 and MoS2 silk show an overpotential
of 608 mV vs. Ag/AgCl (865 mV vs. RHE) and 855 mV vs.
Ag/AgCl (1.112 V vs. RHE) operating at the current density
of 10 mA cm-2, respectively. The MoS2 silk composite indicates
a lower Tafel slope of 157.2 mV dec-1 than MoS2 (165.2 mV
dec-1) (Fig. 8b), which indicate that the higher electrochemical
activity of MoS2 silk are because of higher band gap [42,43].

Electrochemical studies: The synthesized nanobiocom-
posite silk G/MoS2 shows the better electrochemical perfor-
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mance than most of the reported catalysts as shown in Table-1,
moreover, stability is another crucial parameter for an electro-
catalyst. The stability of the samples has been assessed through
cyclic voltammetry curves for 800 cycles. The CV curves of
the sample up to 800 cycles are shown in Fig. 9. The negligible
change in the current density values at 0.95 V for both samples
indicates the high cyclic stability of the samples.

To estimate the electrochemical active surface area (ECSA),
the CV curves were recorded at varied scan rates. The CV curves
of MoS2 silk and pure MoS2 are shown in Fig. 10a-b. The electro-
chemical double layer capacitance (Cdl) is directly proportional
to the effective surface area (ECSA). MoS2 silk signifies the
increased ECSA content of 0.30 mF cm-2 than the pure MoS2

(0.24 mF cm-2) sample that are in well accord for our LSV findings
(Fig. 10c). To get more understanding of the electrochemical
mechanism of samples, the electrochemical impedance spec-
troscopy (EIS) has been investigated. From the Nyquist plots
of the samples (Fig. 10d), MoS2 silk composite possesses smaller
semicircle than pure MoS2, which indicates the low Rct value
[11]. The lower charge transfer resistance of MoS2 silk is res-
ponsible for high electrochemical performance.

TABLE-1 
COMPARISON OF MoS2/SILK G WITH  

OTHER REPORTED ELECTROCATALYSTS 

Catalyst Electrolyte Tafel slope 
(mV dec–1) 

Ref. 

MoS2/Slik G 1 M KOH 157.2 This work 
Commercial RuO2 0.1 M HClO4 69.5 [44] 
Co-B NS/G 1 M KOH 160.0 [45] 
BiVO4  0.5 M KOH 221.0 [46] 
13X/PANI-15 1 M KOH 168.0 [47] 
NiO(OH) KOH solution 180.0 [48] 
NiCo(OH)x 1 M KOH 109.0 [49] 
FeP-rGO (50:50) on 
carbon fiber paper 

1 M KOH 174.9 [50] 

Cu metal-organic 
framework (MOF) 

0.5 M H2SO4 211.0 [51] 

 
Conclusion

To summarize, the supercritical fluids and chemical vapor
deposition (CVD) techniques to fabricate a MoS2 and silk G
composite as photocatalytic materials. The prepared composite
was characterized for there structure and morphology using
XRD, TEM, SEM and FTIR techniques. Furthermore, the
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optical properties of MoS2/Silk G composite were enhanced
with the implementation of silk G, resulting in a modification
of the band gap, which increased to 1.85 eV. This enhanced
bandgap would have a significant impact on generating an
increased number of electron-hole pairs under visible light.
Therefore, silk G improves the rapid mobility of photo-induced
charge entities by suppressing the recombination process. Also,
it exhibits high electrocatalytic reaction, in addition to low
over potential of 603 mV defined with 10 mA cm-2 current
density and low Tafel slope of 157.2 mV dec-1. Thus, the incor-
poration of silk G into the MoS2 host resulted in a 13% increase
in photocatalytic property and a nearly 5% increase in electro-
catalytic activity compared to MoS2 nanoparticles.
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