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A B S T R A C T   

Wastewater emanating out of industrial units is loaded with hazardous organic dyes. The hindrance in sunlight 
penetration into the water by this dye-loaded wastewater has led to disruption in an aquatic ecosystem. Along 
with these carcinogenic pollutants, biological pollutants such as noxious bacteria are present in wastewater 
posing serious health problems. Fabrication of narrow bandgap visible light active photocatalysts is crucial these 
days. Metal tungstates and metal sulphides are mainly being sought due to their unique tailorable optical and 
chemical properties. In the present study, silver tungstate-MoS2 supported on graphene oxide was synthesized 
utilizing the ultrasonic-assisted hydrothermal method. The as-synthesized ternary nanocomposite was charac-
terized by XRD, FTIR, SEM-EDS, TEM, XPS, BET, PL, and UV-vis techniques. The photocatalytic activity of 
prepared nanocomposites was evaluated using methyl orange degradation under visible light. The ternary 
nanocomposite showed improved photoefficiency, attaining 93 % methyl orange degradation in 90 min under 
various optimized conditions of solution pH = 5, initial dye concentration of 10 ppm, and catalyst dose of 50 mg/ 
100 ml. The modelization and optimization for assessing the interaction effect amongst several variables were 
evaluated employing Response Surface Methodology (RSM). The antibacterial activity of synthesized binary and 
ternary hybrid nanocomposites was determined by the inactivation of gram-negative (Escherichia coli) and 
gram-positive (Staphylococcus aureus) bacteria. The improved photocatalytic and antimicrobial activities of 
ternary nanocomposite may be credited to the synergistic effect of heterojunction among three components.   

1. Introduction 

Water contamination is caused by tones of organic pollutants 
particularly various harmful dyes released from industrial units like 
textiles, pharmaceuticals, paper, and the leather industry. Textile dyes 
are amongst the most recalcitrant pollutants which are resistant to 
degradation posing various health hazards to living beings. Along with 
these organic pollutants, several waterborne pathogens are hazardous to 
human health and are responsible for spreading various infectious dis-
eases like cholera, typhoid, and diarrhea [60]. Hence, it is highly 

desirable to synthesize effective heterogeneous systems based on envi-
ronmentally friendly semiconductor materials that could harness sun-
light effectively for the eradication of dyes and noxious bacteria from 
wastewater [61]. 

The numerous traditional wastewater treatment technologies for the 
removal of pollutants and disinfection for the eradication of pathogenic 
bacteria include chlorination, ozonation, and UV irradiation. However, 
these processes usually lead to harmful by-products generation, exces-
sive consumption of energy, and incomplete disinfection of water. In 
heterogeneous photocatalysis based on semiconductor metal oxides and 
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metal dichalcogenides, photocatalyst absorbs sunlight from a visible 
spectrum having energy equal to or higher than its bandgap and excites 
electrons from the valence band (VB) to the conduction band (CB). This 
electron transfer leads to the generation of holes that are positively 
charged and reside in VB and electrons in VB. These charge carriers are 
responsible for the degradation of pollutants [25]. The redox species 
these charge carriers produce after sunlight irradiation are extremely 
reactive. These species interact with recalcitrant dyes and degrade 
pollutants and bacterial cell walls into non-toxic substances [62]. Hence, 
facile fabrication of such non-toxic metal oxide-based ternary systems as 
antibacterial agents and sun-light harvesting photocatalysts is inevitable 
for a clean environment [31]. Among all semiconductor materials, metal 
oxides and sulphides have been extensively studied owing to excellent 
catalytic, optical, and electrical properties [3]. 

Metal tungstates are ternary semiconductor photocatalysts that have 
been extensively studied because of their photocatalytic ability. The 
bandgap energies of ternary metal tungstates make them effective and 
practical visible-light-driven photocatalytic materials. Silver tungstate 
(A2WO4) is a ternary compound of unique tailorable optical and elec-
tronic properties. The decomposition of silver tungstate to silver nano-
particles on exposure to visible light makes it highly unstable. This is 
usually improved by coupling the compound with some other metal 
oxides or sulphides. Silver-based compounds show a vast spectrum of 
anti-bacterial activities. These compounds exhibit strong bactericidal 
effects. Silver ions upon interaction with bacteria attack enzymes and 
proteins which are responsible for the functioning of bacteria. There-
fore, silver is of unique interest as an antimicrobial agent and as a 
photocatalyst [67,21]. These ternary compounds are non-toxic, easily 
available, and stable and have been applied for various applications 
from water and air purification, bacterial disinfection, CO2 photore-
duction, and water splitting [48]. But, the charge transfer property of a 
single metal oxide photocatalyst is restricted owing to the quick 
recombination of electrons and holes. This electron/hole recombination 
leads to less quantum efficiency. This charge carrier recombination is 
reduced by various methods like heterojunction formation, doping, and 
dye sensitization [27,7]. 

Metal dichalcogenides are another unique class of heterogenous 
semiconductor materials having layered sandwich structures possessing 
large surface areas making them suitable for coupling with other metal- 
oxides for enhanced charge transfer [66]. Molybdenum disulphide 
(MoS2) is the most widely studied metal dichalcogenide material for 
wastewater treatment because of its low cost and stability in an aqueous 
medium. MoS2 having a narrow bandgap of 1.2 eV, makes it suitable for 
degradation in both the ultraviolet and visible regions of the solar 
spectrum [17]. MoS2 possesses a two-dimensional Multi-layer structure 
with layers held by van der Waals forces but the fast recombining of 
charge carriers and lesser conductivity confines its role as co-catalyst. 
Along with support materials such as Graphene oxide (GO), MoS2 be-
haves as an excellent co-catalysts in restricting recombination and 
stimulating charge transfer at a faster rate [27]. 

Graphene oxide act as an excellent support material and electron 
reservoir in ternary heterojunctions by capturing electrons coming from 
metal oxides [52]. This hindrance in the recombination of charge car-
riers increases photo-response and increases [14]the stability of hybrid 
materials for their various applications. The graphene-based composites 
also show toxicity toward bacteria and have been now extensively used 
owing to their antimicrobial properties (Ahmad et al. 2016). Silver 
tungstate-based heterogeneous photocatalysts have been effectively 
employed for photocatalysis and antimicrobial applications. Previously, 
hybrid silver tungstate-based nanocomposite (La6WO12/Ag2WO4) 
showed enhanced methylene blue degradation and antibacterial activity 
for E.coli. Similarly, different other silver tungstates composite such as 
Ag2WO4/CoWO4 [11], Ag2WO4/ZnS [22] and Ag2WO4/CoS [23] and 
Ag2WO4/CoS [24] showed excellent antimicrobial and photocatalytic 
activity under sunlight. 

The drawback of single ternary or binary compounds is the rapid 

recombination of charge carriers which hinders their photocatalytic 
activity. Based on the above remarks and to overcome limitations of 
individual and binary components, ternary hybrid nanocomposite with 
carbon-based support structure was prepared in which Ag2WO4 is 
deposited over ultra Thin MoS2 nanosheets to enhance its surface area, 
adsorption capacity, stability and to minimize its aggregation and 
recombination of electron-hole pairs. 

The limitations of binary composites can be avoided by combining 
them with suitable support material. Previous research studies proved 
that binary combinations of silver-based compounds and metal sul-
phides are a feasible way to construct photocatalysts with high- 
performance antimicrobial and photocatalytic activities. But, limited 
research has been done on the ternary heterojunction formed as a result 
of metal tungstates and metal sulphides together with carbon-based 
support materials. In our previous research study, we found that MoS2 
has excellent photocatalytic abilities when it combines with other 
photocatalysts by exposing more active sites at the interface hetero-
junction [42,54]. Hence, it has been proved that silver tungstate and 
sulphides are effective materials both as photocatalysts and antimicro-
bial agents [24]. 

Herein, a novel ternary visible light active Ag2WO4-MoS2-GO 
(AgWMG) nanocomposite was synthesized using a hydrothermal 
approach. Such ternary silver tungstate-based ternary heterojunction 
has been prepared and employed for photocatalytic and antimicrobial 
application for the first time. The nanocomposite was comprehensively 
studied by employing various characterization techniques comprising 
FTIR, SEM-EDS, TEM, XRD, XPS, BET, PL, and UV–visible spectroscopy. 
The photocatalytic activity was evaluated by degradation of anionic dye 
Methyl orange (MO) under conditions of pH, initial dye concentration, 
catalyst dose, and irradiation time by ternary AgWMG and binary Silver- 
tungstate-GO (AgWG) and MoS2-Graphene oxide (MG). The new ternary 
composite revealed enhanced photocatalytic activity due to better sep-
aration of charge carriers at interfaces of Ag2WO6 and MoS2 in ternary 
heterojunction. The response surface methodology (RSM) was employed 
to study the effect among various variables. The antibacterial activity of 
ternary AgWMG and its binary counterparts was done against Gram- 
positive (S.aureus) and Gram-negative bacteria (E.coli). The silver 
tungstate-based ternary hybrid showed improved photocatalytic and 
antibacterial properties. 

2. Material and methods 

2.1. Chemicals 

All chemicals and reagents used during the synthesis and experi-
mental procedures were analytical-grade chemicals and were used as 
such without further purification. Sodium molybdate dihydrate 
(Na2MoO4⋅2H2O, 99 %), sodium hydroxide (NaOH pellets, 98 %), So-
dium tungstate dihydrate (Na2WO4⋅2H2O), Silver nitrate, (AgNO3, 97 
%) sodium nitrate (NaNO3, 98 %), hydrochloric acid (HCl, 35 % w/w), 
potassium permanganate (KMnO4 >99 %), were purchased from Sigma 
Aldrich. Isopropyl alcohol (IPA, 99.8 %), (EDTA), was obtained from 
UNI-CHEM reagents. Thioacetamide (CH3CSNH2, 98 %) and Graphite 
powder (99 % pure for Graphene oxide synthesis) were obtained from 
Scharlau. Analytical grade (99 % pure) ethylene glycol was acquired 
from Sigma Aldrich. Ethanol (C2H5OH) with 95.6 % purity) was ob-
tained from Merck and dye methyl orange from Fischer scientific com-
pany. Distilled water was used for synthesis and reaction procedures. 

2.2. Synthesis of ternary silver tungstate-MoS2-GO (AgWMG) 
nanoparticles 

The ternary AgWMG nanocomposite was prepared by an in-situ two- 
step hydrothermal method. Initially, Molybdenum disulphide was pre-
pared by dissolving 0.5 mmol of Na2MoO4⋅2H2O and 10 mmol of thio-
acetamide (CH3CSNH2) in 80 ml of distilled water. The whole mixture 
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was stirred until homogenously mixed and was poured into a 100 ml 
Teflon-lined hydrothermal autoclave, placed at an elevated temperature 
of (180 ◦C) inside the oven for nearly a day. The obtained powder, black 
in appearance was 3 times washed using distilled water and analytical- 
grade ethanol. Later, it was dried out at 70 ◦C in the oven for about 12 h. 
For the preparation of graphene oxide, the modified Hummers method 
was used, as explained earlier in our work [54]. Further, Na2WO4⋅2H2O 
(2.5 mmol, 0.5876 gms) was dissolved in 30 ml distilled water, and 
Silver nitrate (5 mmol) (0.679 gms) was dissolved in about 30 ml 
analytical grade ethylene glycol, under continuous magnetic stirring. 
The sodium tungstate solution was added dropwise in silver nitrate so-
lution for about two hours under vigorous stirring. Meanwhile, the 
above hydrothermally prepared MoS2 (0.3 gms) and GO (0.2 gms) were 
dispersed by ultrasonication for about an hour and added dropwise in 
the above silver tungstate mixture. The final mixture of the ternary 
heterogeneous composite was stirred for another hour and was finally 
poured into a 250 ml Teflon-lined autoclave for hydrothermal treatment 
at 180 ◦C for about a day. The obtained shiny greyish black product 
AgWMG was three times washed with ethanol and distilled water for 
removal of impurities and was desiccated in the oven at ambient heat. 
The pictorial description of the hydrothermal synthesis of ternary 
AgWMG is depicted in Fig. 1. 

2.3. Characterization of prepared materials: 

The Phase transition studies and crystallization of the ternary pho-
tocatalysts were done by the X-ray Diffraction (XRD) (Bruker D8 
Advanced equipment) having Cu Ka irradiation and (wavelength =
0.15406 nm) from 2θ values of 10◦ to 80◦. The morphologies, micro-
structure, and elemental analysis were studied through a Scanning 
electron microscope (SEM) attached with Energy dispersive X-ray 
spectroscopy (EDS). Transmission electron microscopy (TEM) was per-
formed to find surface morphology. The surface characterization of the 
prepared catalyst for revealing the existence of several functional groups 
was done through Fourier Transform infra-red spectroscopy (FTIR, 
Thermo Nicolet). The elemental states and chemical composition of the 
catalyst surface were examined with XPS (Escalab 250- XPS system, 
Thermo scientific, Uk). A Brunauer–Emmett–Teller (BET) surface 
analyzer (Nova 2200e Quantachrome) was used for analyzing the sur-
face area and surface porosity. The photoluminescence spectra of the 
binary and ternary nanocomposites were studied using Shimadzu RF- 
5301PC, spectro-fluorophotometer, and the excitation wavelength for 
PL analysis was 325 nm for both samples. The UV-Visible spectra of all 
the samples were obtained between the range of 300–800 nm on the UV- 

vis spectrophotometer (Shimadzu, model UV 3600). 

2.4. Photocatalytic test 

The photocatalytic activity of prepared hybrid ternary and binary 
composites was assessed by Photocatalytic degradation of anionic dye 
Methyl orange (MO) under sunlight and Ultraviolet light. The degra-
dation was carried out under ambient conditions in natural sunlight. 
About 100 ml of dye solutions with an initial dye concentration of 10 
ppm and catalyst loading of 50 mg were added to a beaker to perform 
the degradation experiment. The solution was ultrasonicated to disperse 
the nanoparticles. The sample suspension was kept in dark for about 
thirty minutes before placing the solution under sunlight, with contin-
uous stirring to achieve adsorption-desorption equilibrium between the 
components. The adsorption-desorption equilibrium is essential for 
achieving maximum adsorption of target pollutants over the surface of 
photocatalysts. The solution was then placed in sunlight with contin-
uous shaking in an orbital shaking. The absorbance of the solution was 
checked at regular intervals by taking and separating 10 ml solution 
through centrifugation at a speed of 6000 rpm. The supernatant liquid 
was tested for estimating the concentration of MO in solution with the 
help of a double-beam spectrophotometer at a wavelength of 464 nm. 
The same experiment was also performed under Ultraviolet light (UV). 
With each experiment, a blank experiment was also performed without a 
catalyst which confirmed that no distinct catalytic activity was observed 
in absence of catalyst/light and under UV light. The degradation per-
formance of catalysts AgWMG, AgWG, and MG were evaluated by the 
following expression. 

% Degradation = 1 −
A
Ao

× 100 (1) 

Eq. (1) describes the initial absorbance designated by (Ao) and, A is 
related to absorbance taken once irradiation of solution under sunlight 
was performed. A solar power meter (SM206) and light meter 
(HS1010A) were utilized for assessing sunlight intensity and brightness. 
The photo-stability of the catalyst was checked by reusing the catalyst 
five times under identical optimized conditions. 

2.5. Antibacterial test 

The samples were individually tested against Gram-positive bacteria 
(Staphylococcus aureus) and Gram-negative bacteria (E.coli) and taken as 
model micro-organisms using the disc diffusion method. The identity 
and purity of strains were verified by the Institute of Microbiology, 

Fig. 1. Illustrative hydrothermal synthesis explanation of ternary AgWMG nanocomposite.  
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University of Agriculture, Faisalabad, Pakistan. The selected bacterial 
strains were cultured overnight at 37 ◦C in (Oxoid, UK) nutrient agar in 
an incubator. The solution was centrifuged for about 10 min and har-
vested bacterial colony was washed with phosphate buffer saline. After 
discarding the supernatant, 100 µL suspension of tested bacteria having 
107 colony-forming units (CFU)/mL of bacteria cells were streaked on 
nutrient agar medium after solidification of agar plates. The filtered 
discs were saturated with a compound solution formerly inoculated with 
tested microorganisms. Ciprofloxacin (Oxoid, Uk/0 was used as a posi-
tive control for bacterial strains for evaluation. Plates after about two 
hours at 4 ◦C were precisely incubated at 37 ◦C for about 20 h. The 
antimicrobial activity was estimated by measuring growth inhibition 
zones developed around samples measured in millimeters (mm). 

2.6. Response surface methodology (RSM) 

RSM is a modern mathematical and statistical combination to opti-
mize the photocatalytic degradation process and evaluate the effec-
tiveness of various interacting parameters. This approach provides 
reliable results while predicting the response of various variables 
simultaneously. In the present research study, the central composite 
design (CCD) of RSM was designated for cumulative response and, ad-
equacy assessment of the model. 

3. Characterization 

3.1. FTIR analysis 

The presence of numerous functional groups and the formation of 
chemical bonds in ternary silver-tungstate-based nanocomposites shown 
in Fig. 2. were evaluated using Fourier transform infrared (FTIR) anal-
ysis. Transmittance peaks are observed at 650 cm− 1, 845 cm− 1, 986 
cm− 1, 1385 cm− 1, and 1045 cm− 1. In the ternary AgWMG, elongated 
broadband is present at 650 cm− 1 which is accredited to the W-O bond 
stretching vibrations which are characteristics of WO4

− 2 species in all 
tungstates [55]. The small transmittance peak existing at 1385 cm− 1 is 
assigned to Mo-O and S–O–S vibrations of MoS2 and is typically absent 
in binary AgWG nanocomposite. [43]. The peak present at 1385 cm− 1 

shows stretching vibrations caused due to typical O-W-O bonds inside 
distorted clusters in ternary heterojunctions [39]. Similarly, in all 
samples, the peak present at 1045 cm− 1 and the presence of skeletal 
vibrations are due to the carbonyl linkage confirming the presence of 
graphene oxide in all the composites [37]. Due to the less content of 
graphene oxide in the composites, no additional transmittance peaks 
were observed [28]. 

3.2. XRD analysis 

The technique of X-ray diffraction is used to investigate crystallinity, 
d-spacing between planes, and the average grain size of pristine, binary, 
and ternary nanoparticles (Fig. 3). The distinctive peaks of silver tung-
state obtained are present at 2θ values of 10.98◦, 16.71◦, 30.27◦, 31.63◦, 
33.09◦, 34.43◦, 45.45◦, 54.66◦, 55.42◦, 57.19◦, 58.16◦, 66.07◦, 75.27◦

indexed at crystal planes (110), (011), (002), (231), (400), (402), 
(361), (062), (460), (333), (214), and (633) respectively (JCPDS card 
No.28–1023). All these peaks correspond to Ag2WO4 (α-phase) [55]. The 
distinctive (002) peak of silver tungstate can be seen in all composites 
confirming the formation of silver tungstate. The main peaks of MoS2 are 
being observed at 14.69◦, 31.49◦, 36.03◦, 43.6◦, and 57.78◦ at corre-
sponding crystal planes of (002), (100), (102), (006), and (110) 
JCPDS card (No. 37–1492). The key peak at 2θ = 14.69◦ can be observed 
only in the ternary sample indexed to the (002) plane confirming the 
successful synthesis of MoS2 in the ternary hybrid. The basal (002) 
plane of MoS2 implies developed stacking layers along the c-axis and 
lamellar structure. Moreover, the d-spacing of the (002) plane calcu-
lated as 0.623 nm suggests the presence of a hexagonal phase of MoS2 
[5]. All the diffraction planes match very well with studies done previ-
ously [65]. A prominent peak at 2θ = 13.6◦ with a d-spacing of 0.38 nm 
in the XRD pattern of ternary AgWMG nanocomposite, credited to (001) 
plane of graphene oxide confirming its synthesis. The binary silver- 
tungstate/GO (AgWG) (3c) clearly shows this peak confirming the for-
mation of GO in binary and ternary hybrids which is absent in pristine 
silver tungstate (AgW) (3b). The sharp peaks appearing at 2θ = 26.7◦ in 
ternary AgWMG, corresponding to the plane (002) might be accredited 
to restacked graphene sheets in short-range order [1]. This plane sug-
gests graphitic planes of GO with minimal oxygen functional groups 
labeled as reduced graphene oxide [45]. The sharp GO peak in ternary 
hybrid as compared to binary suggests that the ordered structure of GO 
may have been intercepted by interaction with silver tungstate and MoS2 
and silver particles had intercalated GO layers leading to non-uniformity 
of stacking. The absence of any other impurity peak suggests structural 
integrity, fine crystalline nature, and high phase purity of prepared 
nanocomposites. It can be seen that the peaks in ternary nanocomposite 
are intense and more prominent suggesting the successful coupling of 
silver tungstate lattice with MoS2 and insertion of GO support [43]. 

D = Kλ/βcosθ (2)  

Here, D is the crystalline size of the nanoparticle, λ is X-ray wavelength 
(0.154 nm), β is related to FWHM (full width at half maximum) of cat-
alysts, and K is the Scherrer constant with the value of 0.94, and the 
diffraction angle is (θ). The crystallite sizes calculated from the sheerer 

Fig. 2. FTIR spectra (a) binary AgWG (b) ternary AgWMG.  Fig. 3. X-ray diffraction analysis (a) MG (b) AgW (c)AgWG (d) AgWMG.  
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equation for MG, AgWG, and AgWMG, are found to be 27.8 nm 22.5 nm, 
and 18.65 nm, respectively. The small crystallite size of ternary AgWMG 
is accredited to fast crystal nucleation and, subsequent growth during 
the synthesis process. The small size may be due to the lesser dimensions 
of layered Graphene oxide and MoS2 [49]. 

3.3. SEM-EDS analysis 

The microstructures and morphology of silver tungstate-based bi-
nary and ternary hybrids were examined through SEM images at various 
resolutions in Fig. 4. The binary Silver tungstate-graphene oxide-based 
composite Fig. 4(b) show silver tungstate nanorods distributed over 
graphene oxide sheets. The ternary heterojunction formed after the 
addition of MoS2 synthesized through a hydrothermal route shows the 
Ag2WO4crystallizing in form of more uniform nanorods forming a 
continuous network with flower-like clusters of MoS2 with relatively 
sharp edges and uniform lateral size (4c & d). Usually, products ob-
tained with hydrothermal synthesis are highly crystalline, selective, 
pure, and of desired morphology. Moreover, for the formation of ultra- 

thin sheets of MoS2 and flower morphology, an elevated temperature is 
required to minimize agglomeration with other components. Further, 
this elevated temperature also controls the morphology of individual 
components in the ternary heterostructure. In ternary nanocomposite, 
hydrothermally synthesized MoS2 is an ultra-thin nanosheet structure 
with high crystallinity as confirmed by previous studies [55]. Coupling 
of Silver tungstate with MoS2 and GO support has induced uniformity 
and crystallinity in the morphology of silver tungstate nanorods. These 
nanorods are seen growing uniformly from the surface cavities [57]. 
Bare interlamellar flowers similar to pristine MoS2 as in (Fig. 4a) can be 
seen growing and spreading over the broken bunches of tungstate rods 
[30]. The chances of MoS2 nanosheet formation in hybrid are quite high 
at neutral pH, because of availability of molybdenum source in both 
(MoO4 and polymolybdate) forms. This sheet structure gives better 
adsorption and reaction site to composite [55]. The SEM images show 
the successful synthesis of a ternary hybrid with the presence of all 
pristine composites. The EDS analysis of ternary AgWMG as shown in 
Fig. 4(e) shows the complete elemental composition of ternary hybrid 
with an inset table showing the weight percentages of each element 

Fig. 4. Scanning electron microscope analysis of (a) MoS2 (b) AgWG (c, d) AgWMG (e) EDS of AgWMG.  
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present. Predominantly, peaks of Silver (Ag), Tungsten (W), Sulphur (S), 
Molybdenum (Mo), Oxygen (O), and Carbon (C) can be seen corre-
sponding to their respective energy levels. The sample contains 31.34 % 
Ag, 20.64 % O, 29.25 % W, 2.57 % Mo, and 0.37 % Sulphur in the 
ternary composite. The SEM-EDS results reveal an effective synthesis of 
ternary AgWMG with no other trace elements. The EDS spectra confirm 
the homogenous distribution of elements in the ternary hybrid [41]. 

3.4. TEM analysis 

The morphology of the fabricated ternary nanocomposite was 
further confirmed using TEM and High-resolution transmission electron 
microscopy (HR-TEM). The ternary hybrid clearly shows nanorod-like 
structures of silver tungstate with polydispersed and ultra-thin spher-
ical MoS2 nanosheets randomly distributed over the graphene oxide 
sheet Fig. 5(a and b). The formation of heterojunction was confirmed by 
lattice-spacing of 0.623 nm of (002) facet of MoS2, endorsing the 
presence of hexagonal phase and (002) facet of silver tungstate (Fig. 5c) 
indicating the successful formation of ternary nanocomposites. The 
Ag2WO4 nanorods and MoS2 sheets could be found attached to the 
Graphene oxide sheet with great uniformity. The homogenous 
arrangement and uniformity in size of silver tungstate nanorods are due 
to the synergy of three components. The HR-TEM images revealed the 
creation of smooth Ag2WO4 and MoS2 heterojunction interfaces in a 
ternary composite. The SAED patterns show distinct ring formations 
conforming to the poly-crystalline nature of Ag2WO4 and MoS2 present 
in the ternary hybrid. The ring patterns matching well with the XRD data 
point to the formation of a highly crystallized nanocomposite (Fig. 5d) 
[24]. 

3.5. XPS analysis 

The chemical composition of the fabricated nanocomposite is 
determined by X-ray photoelectron spectroscopic (XPS) analysis. The 
XPS spectra of ternary AgWMG show peaks of elements Silver (Ag), 
Oxygen (O), carbon (C), and Sulphur (S) (Fig. 6a). The elemental 
composition via XPS survey scan of silver tungstate-based prepared 
nanocomposites, when examined completely, revealed peaks at W 
(37.51 eV), O1s (530.2 eV), C1s (284.07 eV), (710.8 eV), and Ag3d 
(368.3 eV), and Mo3d. The C1s peak is prominently indexed at about 
285.2 eV. The W4f7/2 and W 4f5/2 peak, ascribed to the WO4

2− present at 
binding energy 35.45 eV and 37 eV respectively in the W4f spectrum of 
Ag2WO4. The 3d3/2 and Ag3d5/2 characteristic peaks of Ag 3d spectra 
are shown at 372.1 eV and 368.3 eV. The atomic percentage is shown in 
Fig. 6(b). contains Ag3p3, Ag3d, C1s, O1s, W4f, S2p, and Mo3d, is 10.1 
%, 17.8 %, 22.9 %, 40.5 %, 6.8 %, 0.9 %, and 1.1 % in AgWMG. 

3.6. BET analysis 

The most critical parameter to determine the photocatalytic activity 
of any nanocomposite is its surface area. The surface area is a crucial 
defining factor for determining the photodegradation efficiency of 
ternary photocatalysts. The BET adsorption/desorption isotherm of 
ternary AgWMG and AgWG is shown in Fig. S1. The results show that the 
ternary nanocomposite follows a type IV isotherm with a hysteresis loop. 
These types of isotherms are characteristics of mesoporous materials 
with lamellar structures. The BET (Brunauer-Emmett-Teller) method 
was used to measure the specific surface area from the adsorption data of 
nitrogen gas and is found to be 8.630 m2/g for AgWG, and the specific 
surface area of AgWMG is 11.134 m2/g. Table 1, shows a comparison of 
surface area and pore volume. The higher surface area of the ternary 
nanocomposite confirms its synthesis. The large surface area was found 

Fig. 5. TEM image of (a and b) AgWMG (c) HR-TEM lattice fringes showing d-spacing of AgWMG (d) SAED pattern of AgWMG.  
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after coupling of silver tungstate and resultant heterojunction formation 
with MoS2. The enhanced surface area confirms that more molecules of 
pollutants are adsorbed on the surface of the catalyst and more active 
radicals are produced. This also increases the availability of more light 
absorption directly increasing photocatalyst efficiency [63]. 

3.7. Photoluminescence analysis 

The separation of light-induced charge carriers, their transfer from 
various interfaces, and recombination is best understood using the 
Photoluminescence technique. Fig. 7. shows PL spectra comparison of 
binary and ternary nanocomposite for e-/h + pairs separation efficiency. 
The results suggest that the weaker the PL intensity, the higher the 
charge separation efficiency of the nanocomposite [12]. The more 
intense peak of binary AgWG suggests that more emissions occur as a 
result of a higher rate of recombination of photo-generated charge 
carriers. 

A decline in photoemission and peak intensity in the ternary sample 

confirmed the suppression of recombination of electrons and holes, 
consequently leading to an enhancement in photocatalytic activity. This 
interaction among ternary heterojunctions may also lead to the devel-
opment of some surface defects, that might provide active sites for the 
attachment of pollutants. Hence, as compared with the binary com-
posite, the ternary AgWMG exhibited higher photocatalytic degradation 
efficiency due to suppression in charge carriers recombination [32]. 

3.8. Optical properties 

For efficient photodegradation processes, a range of the optimum 
requirement of light is crucial for optical properties and bandgap 
determination of various photocatalysts (Fig. 8). The Energy bandgaps 
of synthesized binary and ternary nanocomposites were estimated by 
tauc plot [51]. The optical absorption of prepared samples was studied 
in the UV–vis range from 300 to 800 nm. The formula used for the 
calculation of bandgap by tauc plot is given below. 

Hence, it is consistent with the results of XRD, XPS, and FTIR proving 
successful synthesis of the ternary nanocomposite. Moreover, it was 
confirmed from the bandgap that ternary AgWMG showed high degra-
dation in visible light due to the effective separation of electron-hole 
pairs [52]. 

(αhv)2
= B(hv − Eg) (3) 

In this equation, Eg = hν, after (αhν is 0) and, then (αhν)2 versus 
energy (eV)is plotted. The absorption energy is determined at (hν) value 

Fig. 6. XPS of (a) AgWMG (b) Atomic percentage of various elements in AgWMG.  

Table 1 
Summary of Surface area, pore volume, and pore diameter of AgWG and 
AgWMG nanoparticles.  

Photocatalysts Surface area (m2/ 
g) 

Pore volume (cm3/ 
g) 

Pore diameter 
(nm) 

AgWG  8.630  0.031 12.687 nm 
AgWMG  11.134  0.049 14.225 nm  

Fig. 7. Photoluminescence spectra of binary AgWG and ternary AgWMG.  Fig. 8. UV-vis Tauc plot bandgap of (a) AgWMG (b) AgWG.  
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and extrapolated to α = 0. The estimated bandgap energies were 2.35 
eV, and 2.5 eV for AgWMG and AgWG. In the equation, parameters (α, B, 
and ν) denote the absorption coefficient, proportionality constant, and 
light frequency. The bandgap values suggest that catalysts are active in 
visible light regions of the solar spectrum [16], 

4. Effect of various working parameters on methyl orange 
degradation 

4.1. Effect of pH 

The most adjustable working parameter for photocatalytic dye 
degradation is the pH of the aqueous solution as it can affect reaction 
rates in several ways. The surface charge properties of the catalyst are 
dependent on pH. Hence, pH directly affects dye adsorption on catalyst 
surfaces depending on the nature of functional groups on the surface. At 
a particular pH, the surface charge of the catalyst is modified to a 
particular charge which favors dye molecule adsorption [43]. The 
experiment was performed under sunlight by changing the pH of the dye 
solution from 2 to 9 by keeping the catalysts dose fixed at 50 mg/100 ml 
for AgWMG and 70 mg/100 ml for binary catalysts, 10 ppm of MO initial 
concentration, and, radiation period of 90 min for all three catalysts. The 
results of experiments are presented in Fig. 9(a), which reveals that at 
pH 5 degradation rate is very high above 90 %, which remained almost 
unchanged till pH 7 and then started decreasing as pH increased. The 
MO degradation ratio decreased with the subsequent increase in pH in 
presence of catalyst AgWMG, indicating that acidic conditions remained 
more favorable for the degradation of MO by ternary AgWMG under 
sunlight. The acid-base properties of semiconductor metal-oxide-based 
composites significantly affect the photocatalytic property of the com-
posites. The adsorbent surface gets positively charged at a pH value less 

than the pHPZC value where it behaves as cation-repelling and anion- 
attracting [38]. In contrast, the surface is negatively charged above 
the pHPZC value and attracts cations, and resists anions. The point of zero 
charges (pHPZC) of AgWMG as calculated by the pH drift method was 
6.2. [40]. The electrostatic repulsion between AgWMG surface and 
methyl orange increases with increased pH, obstructing MO to close the 
AgWMG surface and decrease MO degradation. The catalyst surface 
becomes negatively charged and positively charged at pH above and 
below this pHPZC [50]. Methyl orange is an anionic dye that is negatively 
charged upon dissociation in an aqueous solution. Initially at a pH value 
of 2, when MO molecules started getting protonated degradation rate 
was quite low. Upon increasing the pH from 4 to 6, negatively charged 
MO molecules were attracted to positively charged surface of AgWMG 
leading to an increase in degradation rate. Hence, at pH < pHpzc the 
ternary nanocomposite exhibited excellent photocatalytic activity. But 
at a higher value (pH > pHpzc), the negatively charged surface of the 
catalyst resisted the adsorption of anionic MO molecules and hence a 
prominent decrease in MO degradation was observed [36]. Binary 
AgWG and MG at pH 6 and 7 respectively showed 87 % and 85 % 
degradation in sunlight. 

4.2. Influence of catalyst dose 

The pollutant degradation is affected by the amount of catalyst uti-
lized during experiments as shown in (Fig. 9b) The optimization of the 
catalyst is very important for assessing the economic feasibility of the 
reaction and effectiveness of the catalyst [44]. Usually, by increasing the 
photocatalyst amount, photodegradation also increases. This is ascribed 
to an increased number of active catalyst sites on its surface as the 
amount is increased. This leads to hydroxyl radical and superoxide 
radicals production which is responsible for dye degradation [47]. The 

Fig. 9. optimization of (a) Solution pH (b) nanocomposite loading (c) IDC (d) Contact time for MO degradation in sunlight radiation.  
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effect was explored by changing the concentration of catalyst loading 
from 10 mg/100 ml of dye solution to 100 mg/100 ml for binary and 
ternary catalysts. Initially, degradation increased upon the increase and 
reached a maximum at the value of 50 mg/100 ml. But, above this 
optimal value, the degradation rate of MO started decreasing. The 
photoactive volume was decreased due to turbidity and agglomeration 
of AgWMG particles. This ultimately restricted the penetration of sun-
light irradiation on the catalyst surface and decreased the dye degra-
dation [26]. The higher degradation was credited to silver nanoparticles 
in the silver tungstate-based ternary nanocomposite. 

4.3. Influence of initial MO concentration 

The optimization of initial dye concentration (IDC) provides infor-
mation regarding the driving force for overcoming mass transfer resis-
tance between catalyst and dye solution and the adsorption of dye 
molecules on catalyst active sites (Fig. 9c) [10]. The dye degradation 
was initially increased with the increase in dye concentration from 2 
ppm to 10 ppm, after which it started decreasing. This is ascribed to the 
coverage of a relative portion of catalyst-active sites by dye molecules 
and a decline in the production of reactive hydroxyl radicals [56]. 
Moreover, the light dyed-screening i.e the phenomena of mutual screens 
between MO molecules and AgWMG surface due to increased concen-
tration of dye hinders light absorption and transmission. The results 
state that effective degradation is achieved with lower concentrations of 
dye being used [20]. 

4.4. Influence of contact time 

The influence of time of light exposure on MO removal by ternary 
AgWMG is shown in Fig. 9(d). The results displayed a linear relationship 
between time and percent degradation signifying that degradation was 
enhanced with a subsequent increase in light irradiation. This was 
because eventually as a result of increased irradiation time, an increased 
reaction rate occurred leading to better production of electron-hole 
pairs. This finally increases the chances of interaction between the dye 
molecule and e− /h+ pairs [13]. Studies have shown that degradation 
increased from 40 % to 93 % as time increased from 20 to 90 min. The 
improved degradation efficiency of catalysts is ascribed to the fact that 
their photocatalytic activity increases overextending irradiation time, 
exposing pollutant molecules to more free radicals for more time dura-
tion [53]. 

4.5. Kinetics of photodegradation reaction 

For the photodegradation of methyl orange by ternary AgWMG and 
binary AgWG and MG nanocomposites, first-order and second-order 
kinetic models were examined. Photocatalytic degradation of organic 
pollutants by metal tungstate-based composites usually follows first- 
order kinetics [14]. The equations of each model are represented in 
Eqs. (3) and (4). 

First-order kinetics: 

ln
Co
Ct

= k1t (4) 

Second-order kinetics: 

1
Ct

−
1

Co
= k2t (5) 

Relationship between ln(Co/Ct) and, time of irradiation, illustrates a 
straight line where Co and Ct signify original and final concentrations, 
shown in Fig. 10. The results state that MO photo-degradation by ternary 
AgWMG nanocomposite follows well first-order kinetics. A straight line 
appears when Co/Ct is drawn against time and, the linear regression 
slope gets equal to (k) i.e. apparent rate constant of first-order. The 
higher rate constants k of ternary composite indicates that AgWMG is 
more efficient under sunlight than its counterparts counterpart. The 
values of R2 for the first-order reaction ternaryAgWMG, binary AgWG, 
and MG are 0.9876, 0.9976, and 0.9727, proposing that all these hybrids 
successfully follow the first-order reaction (Table.2). 

4.6. Reusability 

The practical applications and economical feasibility of catalysts are 
determined by the stability and reusability of nanocomposites. There-
fore, the recycling of ternary AgWMG catalyst was studied for successive 
five runs under the optimized conditions of pH = 5, C.Dose = 50 mg/ 
100 ml, IDC = 10 ppm, and time duration of one and a half hours. After 
an individual run, the catalyst was recovered from the treated MO so-
lution, it was washed, dried at 60 ◦C, and reused. After each cycle, there 
was an insignificant reduction in MO degradation. The synthesized 
ternary Photocatalyst shows outstanding high efficiency under sunlight 
for MO degradation whose results are summarized in Fig. 11. The syn-
ergy of three components and the layered structure of co-catalyst and 
support material provides appropriate characteristics of easy prepara-
tion, reusability, and effective removal of pollutants under sunlight. 

Fig. 10. First-order kinetics model for photocatalytic degradation of MO by AgWMG, AgWG, and MG.  
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(Table 3 supplementary information) presents a comparison of silver 
tungstate- and GO-based catalysts for dye degradation and antimicrobial 
activities. 

5. Optimization of nanocomposites using response surface 
methodology 

Response Surface Methodology (RSM) is considered a very common 
technique among various experimental designs. It is comprised of a set 
of mathematical and statistical models for optimizing various parame-
ters. The optimization of various parameters for the Photodegradation of 
Methyl orange was done using a central composite design (CCD). The 
CCD model is significant for its high predictability of responses and 
determination of relationships amongst diverse independent variables 
and responses. 

According to the results of batch experiments performed, three 
operative parameters for MO removal by AgWMG and their probable 
interactions were studied using the CCD model of RSM. The interactions 
between time, pH, and catalyst dose were determined using CCD. Design 
expert-7 which is a statistical software was utilized for optimization and 
a total of 20 random runs were obtained for maximizing MO degradation 
under sunlight radiation. The possible effect of all 3 independent vari-
ables on dye degradation was analyzed using analysis of variance 
(ANOVA). The response variable. The percent degradation, which is 
referred to as the response variable was fitted against experimental 
variables, using a quadratic model for co-relation. The interaction of 3 
variables was explained using a second-order polynomial equation 
represented. 

Y = β 0 + β 1X1 + _ β 2X2 + β 3X3 + β 4X4+β 12X1X2 +β 13X1X3 +β 
14X1X4+β 11X2

1+ β 22X2
2+ β 33X2

3 +β 44X2
4 Eq 6. 

The final quadratic equation in terms of coded values is given in Eq. 
7. 

MO Degradation (%) = +95.18 + 6.00*A + 1.07*B + 8.75*C +
0.000*A*B − 17.50 *A*C − 3.25 *B*C-13.35*A2-8.22*B2 − 7.69 * C2 Eq. 
7. 

Here, in terms of coded values, Y denotes the dependent variable 
while independent variables are factors (A, B, and C). The percentage 
dye degradation MO is shown by Y and the terms A, B, and C represents 
pH, catalyst dose (mg/100 ml), and time in minutes respectively. The 
obtained correlation coefficients (R2 = 0.9696 and adjusted R2 =

0.9422) values demonstrated a close fit between experimental and 
predicted values. This equation can be used to determine the response of 
every variable at the applied level. Moreover, variables having a positive 
coefficient value give a high positive effect on response [33]. 

The value of correlation coefficient (R2) was 0.9678 revealing 96.7 % 
of the whole variation for decolorization efficacy as described by the 
above model. Since most of the p-values were<0.0001, ANOVA for 
degradation of MO suggested that both model and model terms were 
significant and the particular quadratic model can expect the degrada-
tion efficacy [64]. From ANOVA analysis, the lack of fit is not significant. 
From Table 4, the obtained F values for pH, contact time, and, catalyst 
dose are 20.02, 42.57, and 0.63 respectively, showing that pH proved to 
be the most significant parameter followed by contact time and then 
catalyst loading. 

5.1. Optimization of parameters for MO degradation by ternary AgWMG 
nanocomposite 

The three-dimensional response surface contours were plotted to 
explain the interaction between two parameters influencing the degra-
dation of dye. Considering this approach, within the experimental 
ranges two parameters were changed keeping the third parameter con-
stant. To attain the optimized conditions for dye degradation, the upper 
and lower limits were adjusted to obtain a maximum response. The 
response surface plots as a function of two variables keeping the third 
variable constant are shown in Fig. 12. The results clearly showed in-
teractions among all three stated parameters were important. 

The studies revealed that the solution pH has the greatest impact on 
the MO degradation by Ternary AgWMG followed by catalyst dose and 
time. The results of the interaction among pH and catalyst dose in Fig. 12 
(a) contour diagram evidenced that MO degradation was enhanced by 
enhancing photocatalyst weight and pH, keeping time constant. The 
variations in surface charge of photocatalyst as pH increased from 2 till 5 
and catalyst dose up to form 10 mg/100 ml to 50 mg/100 ml, degra-
dation ability increased due to variations in photocatalysts surface 
charge and improved attainability of larger number of active sites due to 
photocatalysts enhanced surface area [34]. Under optimized conditions, 
the MO degradation efficiency is 92.8 % and 91.2 % for predicted and 
experimental values confirming that the designed CCD model for eval-
uation was precise and reliable [35]. Moreover, the p-values(<0.0001) 
from the ANOVA table show that the interaction effect between catalyst 
dose and dye solution pH was significant. An increase in both pH and 
catalyst (AgWMG) dose shows a decrease in degradation efficiency. [4]. 

The 3-D surface plot of photodegradation of MO shows the removal 
of pollutants at various values of pH and contact time, keeping the 
catalyst loading constant at 50 mg/10 ml. The elliptical shape of the 
contour plot suggested maximum degradation of MO at optimized pH of 
5 was achieved as the time of irradiation was increased. The effect is 
more evident in Fig. 12(b) With reaction conditions of pH (5–6) and 
contact time of 80–90 min, a removal percentage of (92 %) was precisely 
acquired. 

The interaction effect of time and catalyst dose is revealed in Fig. 12 

Table 2 
Kinectic First order and second order fitting for MO degradation by ternary AgWMG.  

Samples Optimized Experimental conditions First-order kinetics Second-order kinetics 

pH Photocatalyst dose(mg/100 ml) IDC (ppm) k1(min1) R2 K2 (Lµmol1min1) R2 

AgWMG 5 50 mg 10 ppm  0.08  0.9876  0.421526  0.8357 
AgWG 6 70 mg 10 ppm  0.06  0.9902  0.245525  0.7167 
MG 7 70 mg 10 ppm  0.6  0.9727  0.147892  0.8287  

Fig. 11. Reusability study by ternary and binary nanocomposites.  
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(c) of the response surface diagram revealing positive effects on MO 
degradation. The figure shows that degradation efficacy increased by 
enhancing both parameters which means both parameters showed good 
interaction effects for the removal of dye pollutants. This can be proved 
by the ANOVA table indicating a significant coefficient of interaction 
between these two factors (P = 0.0933). High. 

High proficiency of individual parameters could be a reason for 
insignificant interactions among these parameters, making the effect of 
these parameters’ interactions insignificant [13]. 

6. Photocatalytic degradation mechanism by ternary AgWMG 
nanocomposite under sunlight 

Earlier research works have revealed that the degradation of dyes is 
because of the formation of reactive species such as photoinduced hy-
droxyl radicals, electrons, holes, and superoxide anion. The active rad-
icals including electrons, holes, superoxide radicals, and hydroxyl 
radicals were scavenged by appropriate scavengers to investigate the 
scavengers playing a crucial role in the degradation of MO by ternary 
AgWMG under sunlight. Under the following experimental conditions 
(pH = 5, catalyst loading = 50 mg/100 ml, IDC = 10 ppm, and 90 min 
for continuous shaking under sunlight), firstly EDTA, potassium di-
chromate (K2Cr2O7), followed by DMSO, and ascorbic acid were used as 
scavenging agents against holes, electrons, hydroxyl, and, superoxide 
(O2

− 2) radicals. The experiment was performed under sunlight and the 
concentration of each scavenger was kept 5 Mm. Fig. 13 shows the effect 
of the addition of numerous scavengers on MO degradation using 
AgWMG photocatalyst. Upon addition of EDTA and DMSO, the results 
specify, that maximum lessening in photocatalytic activity was detected 
and, then by ascorbic acid and the least by K2Cr2O7. The EDTA addition 
reduced photocatalytic activity from 97 % to 48.85 % and DMSO and 
ascorbic acid decreased degradation from 93 % to 51 % and 69 % 
respectively. The trend confirmed that photogenerated h+, hydroxyl 
radicals, and superoxide radicals played a major role while electrons 
were the minor reactive species in the MO degradation. 

The proposed mechanism pathways for the MO photodegradation by 
the ternary photocatalyst is as follows shown in Fig. 14. 

Under sunlight irradiation, both silver tungstate and MoS2 were 
excited, leading to the generation of e− /h+ and holes in their conduction 
bands (CB) and valence bands (VB) respectively. When the AgWMG 
heterojunction was irradiated by photons possessing energy greater than 
their bandgap, the electrons in the VBs of MoS2 and silver tungstate are 
excited from the VBs to the CBs, leaving holes on VB. The electrons 

combine with the O2 present in the solution generating superoxide 
radical anion while the holes combine with water to produce strong 
oxidizing agents (hydroxyl radicals), responsible for the degradation. 
The two semiconductors being in close contact had suitable bandgap 
widths. The electrons of the Ag2WO4 conduction band interact with 
holes accumulated on the Valence band of MoS2. through the electron 
mediator GO sheets. At the same time, es− from CB of MoS2 would 
migrate to VB of Ag2WO4. Hence, electrons and holes are effectively 
separated. The electronic shuttling effect and π-conjunction structure 
make GO a sink for electrons, Additionally, Graphene oxide having a 
large surface area acted as efficient support and provided more 
adsorption sites and catalytic sides for the enhanced degradation process 
[15]. This may lead to the accumulation of electrons on the CB of MoS2 
and consequently, reduce H+ to H2. An abundance of h+ on VB of silver 
tungstate causes their accumulation and oxidizes water to O2. 

The increased Photocatalytic activity of AgWMG ternary nano-
composite suggests substantial electron and hole pairs separation. The 
combination of layered MoS2 and GO with silver tungstate can provide 
ample photoelectroactive sites. Besides, the layered structures having 
specific surface areas can facilitate electron relocation, enhancing 
visible light-harvesting ability. The introduction of Graphene oxide 
sheets between MoS2 and silver tungstate acts as a mediator of electrons 
migrating at the interface of ternary heterojunction These distinguishing 
features of ternary heterostructure lead to the improvement of photo-
catalytic removal of dyes. 

7. Antibacterial activity and antibacterial mechanism of ternary 
nanocomposite 

The antibacterial activity of ternary nanocomposite AgWMG and 
binary AgWG and MG were explored against selected strains of bacteria 
including both Gram-positive (Staphylococcus aureus) and Gram- 
negative (Escherichia coli) strains by disc diffusion method. The bacte-
rial suspensions were made by the cultivation of bacterial strains over-
night [46]. Ternary AgWMG with a concentration of 25 mg/ml exhibited 
maximum activity against all antibacterial strains as compared with 
binary counterparts which showed very less antibacterial activity. The 
appearance of a considerable zone of inhibition (mm) around ternary 
AgWMG predicted good antibacterial activity. The antibacterial effec-
tiveness of ternary and binary samples may be ordered as AgWMG >
AgWG > MG. The zones of inhibition produced by ternary samples with 
10 mg/ml and 25 mg/ml of concentrations have been illustrated in bar 
graph Fig. 15. and the images are displayed in the supplementary 

Table 4 
ANOVA Table for MO degradation optimization by ternary AgWMG.  

Source Sum of squares df Mean square F Value p-value 
Prob > F  

Model  7829.59 9  869.95  35.42 *< 0.0001 significant 
A-pH  491.80 1  491.80  20.02 0.0012  
B-catalyst dose  15.49 1  15.49  0.63 0.4455  
C-time  1045.63 1  1045.63  42.57 *< 0.0001  
AB  0.000 1  0.000  0.000 *<0.0001  
AC  2450.00 1  2450.00  99.75 *< 0.0001  
BC  84.50 1  84.50  3.44 0.0933  
A2  2566.76 1  2566.76  104.51 *< 0.0001  
B2  973.55 1  973.55  39.64 *< 0.0001  
C2  851.97 1  851.97  34.69 0.0002  
Residual  245.61 10  24.56    
Lack of Fit  245.61 5  49.12  3.21 0.0528 Non-significant 
Pure Error  46.1 5  6.1    
Cor Total  8075.20 19      

Std. Dev. 4.96 R-Squared 0.9696 

Mean  75.20 Adj R-Squared  0.9422 
C.V. %  6.59 Pred R-Squared  0.7648 
PRESS  1899.65 Adeq Precision  18.782 

*Significant model terms in ANOVA. 
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information Fig. S2. 
The dissolved oxygen present in water reacts with metal ions and, 

produces activated oxygen which destroys bacteria. The presence of Ag 
and W traces owing to their electron trapping ability reduces the 
recombination of charge carriers leading to improved photocatalytic 
and antibacterial activity [59]. 

The three possible mechanisms for the degradation of bacteria by 
ternary AgWMG may include the generation of reactive species, the 
release of the ions, or the interaction of nanoparticles with the cell wall 
[24]. The size and shape of the nanoparticle may also affect bactericidal 

characteristics. The cytotoxin produced by nanoparticles also causes the 
inactivation of enzymes in bacteria via ROS production. The hydroxyl 
radical (•OH) holes (h+) and, superoxide (•O2 − ) radicals are supposed 
to have a strong oxidation effect on bacterial cells. Yet, among all these 
reactive species, which species plays a more significant role in bacterial 
inactivation remains uncertain. A proposed mechanism has been shown 
in (Fig. 14). The cell walls of bacteria may be single-layered or multi- 
layered. Usually, the cell wall of gram-positive bacteria is much more 
fragile in comparison to gram-negative bacteria against silver tungstate- 
based nanocomposites [14]. The results shown in the bar graphs depict 

Fig. 12. Response surfaces, displaying the combined effect of (a) pH and, catalyst dose, (b) pH and Time, and (c) catalyst load and, contact time (left side contour 
plots) (right side, 3D surfaces). 
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that relative inhibition of S.aureus and E. coli was higher by ternary 
AgWMG as compared to binary counterparts. The relative inhibition by 
ternary AgWMG at 10 mg/ml and 25 mg/ml were 14 and 18 for E.coli 

and 14 and 26 for S.aureus compared to Control (ciprofloxacin) for E. 
coli and S.aureus. Increasing the concentration of catalysts may show an 
enhanced antibacterial effect [16]. It was observed that increasing the 
nanoparticle concentration improved the anti-bacterial activity [6]. 

The antibacterial property of Ternary AgWMG may be ascribed to 
either generation of denser metal ion species (Ag2+, and W3+, Mo+2), 
shape and size of nanoparticles, or the enhanced surface area due to 
ternary heterojunction [5 18]. 

Molybdenum disulphide (MoS2), is a broadly studied binary metal- 
sulphide for photocatalysis and antibacterial activity because of its 
wide range of visible light absorption. But, it usually undergoes photo- 
corrosion leading to leakage of large amounts of metal ions usually 
toxic to bacteria. It is hence coupled with stable semi-conductor metal 
oxides for water disinfection [9]. The polar surfaces present on MoS2 
nanoflowers provide more reactive species [5]. 

The anti-microbial activity is basically due to the release of metal 
ions from the surface of nanoparticles. These nanoparticles upon inter-
action damages the cell membrane and then essential biomolecules. The 
generation of reactive oxygen species develops a close affinity with thiol 
groups, directly inhibiting specific enzyme activity and destroying entire 
cell physiology [19] The improved antibacterial activity of silver 
tungstate-based catalysts is either due to the direct interaction of these 
metal ions Ag2+, W3+ and Mo+2 with bacterial cells or may be due to 
interaction of sub-ordinate products with them [24]. These positive ions 

Fig. 13. Scavenging study by ternary AgWMG nanocomposite.  

Fig. 14. Proposed MO Photocatalytic degradation and an antibacterial mechanism by ternary AgWMG nanocomposite.  

Fig. 15. Zones of inhibition of Ternary and binary nanocomposites against various concentrations.  
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interact with the negatively charged cell membrane, penetrate and 
finally attack the sulfhydryl group (-S–H) of the cell membrane. The 
metallic nanoparticles after penetration into the bacterium reacts with 
carbonic chains causing lipid peroxidation which leads to DNA molecule 
dysfunction and protein inactivation [2]. Principally, elements like 
sulfur (S) nitrogen (N), and phosphorus (P) are replaced interrupting 
enzymatic production which is vital for micro-organisms. This replace-
ment eventually leads to cell lysis and physiological modification [29]. 

Moreover, support-based materials like graphene oxide create fertile 
ground for bacterial inactivation. The improved bacterial inactivation is 
owing to the enlarged surface area due to support providing active sites 
in a larger number [58]. The graphene oxide sheets physically wrap 
around bacterial cells entrapping them potentially. The direct contact 
between the sharp edges of GO and bacterial cells damages the cell wall 
and eventually results in intracellular material leakage affecting cell 
metabolism [8]. 

8. Conclusion 

The present research study has proposed a graphene oxide-supported 
silver tungstate-based ternary nanocomposite as an effective photo-
catalyst for environmental remediation utilizing sunlight and also its 
study as an antibacterial agent. The ternary nanocomposite was suc-
cessfully designed by an in-situ hydrothermal method and was charac-
terized well using various characterization techniques such as FTIR, 
XRD, SEM-EDS, TEM, XPS, BET, PL, and UV–vis spectroscopy. The 
ternary nanocomposite was investigated for its photocatalytic properties 
for the degradation of methyl orange. In comparison with the binary 
nanocomposite, the heterogenous ternary hybrid showed enhanced 
degradation of MO in 90 min at optimized conditions of pH (5), catalyst 
load (50 mg/100 ml), and IDC (10 ppm). The catalysts also showed 
improved antibacterial activity against selected strains of bacteria due to 
the presence of Silver, the small size of ternary nanoparticles, and the 
greater surface area. The enhanced performance of all nanocomposites 
was ascribed to the effect of all three individual components and the 
uniform distribution of MoS2 and GO sheets. The effective photo-
catalytic degradation by AgWMG under sunlight and its improved mi-
crobial activity suggested that this nanocomposite is a valuable 
heterostructure material that can be used for a wide range of 
applications. 
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