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Abstract

The increase in environmental pollution has led to an increased investigation in the development of novel ternary photocatalytic
systems for remediation. These photocatalytic systems exhibit superior photocatalytic action for the removal of pollutants
because of their visible light active bandgaps. A highly effective visible light active ternary heterojunction was fabricated using
a hydrothermal method assisted by ultrasonication. Herein, we report the in situ hydrothermal synthesis of Mn-doped
Bi,WO4.GO/ MoS, photocatalyst, efficiently exhibiting greater photocatalytic activity for the wastewater treatment under solar
light. The binary metal sulphide (MoS,) used as a co-catalyst, acted as an electron collector and graphene oxide (GO) as a support
material for interfacial electron transfer to and from bismuth tungstate and MoS,. The as-prepared samples were characterized
using SEM-EDX, FT-IR, XRD, XPS, BET, PL, and UV—Vis techniques. The bandgap of the novel photocatalyst was found in
the visible region (2.2 V) which helped in suppressing photoinduced electron-hole pairs recombination. The ternary Mn-doped
Bi, WO4-GO/MoS, showed 99% methylene blue removal after 60 minutes of sunlight irradiation at the optimum conditions of
pH 8, catalyst dose 50 mg/100ml, and initial MB concentration of 10ppm under sunlight irradiation. The doped ternary
heterostructure has proved to be an effective sunlight-active photocatalyst that can be reused without substantial loss in photo-
catalytic efficiency.

Keywords Heterogeneous photocatalysis; - Wastewater treatment; - Semiconductor metal oxides; - Nanocomposites; - Mn
doping; - Graphene oxide

Introduction Methylene blue (MB) dye is an immensely used coloring

agent for coloring silk, cotton, and wood products. Owing to

Water pollution and energy crisis have become a global threat
due to rapid industrialization. Various industries like textile,
pharmaceutical, paper, cosmetics, and food industry utilize
organic dyes for refining the quality of their manufactured
products. These industries frequently produce an extensive
load of untreated dye wastewater, making dyes a major com-
ponent of water pollution (Aziz et al. 2020).
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the complex aromatic structure, the dye methylene blue is
resistant to oxidation and degradation by conventionally avail-
able methods. Exposure and utilization of water having traces
of this dye may cause serious health hazards in humans and
animals including nausea, difficult breathing, cyanosis, jaun-
dice, and irritation on the skin and in the eyes. Hence, an
appropriate method for the removal of such poisonous dyes
is crucial in present times of water shortage (Nawaz et al.
2020). Advanced oxidation processes have received consider-
able importance because of their role in wastewater treatment
and water disinfection. Among Advanced oxidation process-
es, photocatalysis is considered a green technology because of
the utilization of solar energy at ambient conditions (Mushtaq
etal. 2020). Heterogeneous photocatalysis is now a promising
strategy to address the wastewater crisis owing to the genera-
tion of light-induced electrons and holes which can easily
scavenge H,O molecules O, and produce reactive oxygen
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species. Hence, using solar energy one can convert recalcitrant
organic pollutants into harmless compounds (Mudhoo et al.
2020). Ternary metal tungstates have been used for water
purification owing to their narrow bandgaps, low-cost appli-
cability, crystallinity, and effective utilization of sunlight be-
cause of their narrowband gaps (Singh et al. 2020). These
ternary compounds suffer from the limitation of high charge
carrier recombination. The photocatalytic efficiency of the ter-
nary metal oxides irradiation can be enhanced by coupling
with other semiconductor materials having a narrow bandgap
and support materials or via doping with transition or plasmon-
ic metals under sunlight (Saher et al. 2021). Since the forma-
tion of heterojunctions via coupling and doping both can be
effective for suppression of ¢ /h* recombination by providing
new pathways to charge carriers (Mafa et al. 2019). Bismuth
tungsten oxide (Bi, WOy), is an important member of ternary
Aurivillius metal oxides having perovskite layered crystal
structure. The sandwich structure consists of alternating layers
of (Bi202)2+ and octahedral WO4’2. This interlayer spacing
offers a large surface area and adequate active sites for an
efficient photocatalytic process and also prevents electrons
and holes from recombining. Bi,WO, (BWO) has a narrow
bandgap of (2.80 eV) which makes it efficient as a visible light
active photocatalyst as compared to binary compounds (Wang
et al. 2017). Although Bi,WO4 exhibits excellent
photodegradation efficiency towards organic pollutants, its ac-
tivity is still hindered by some factors including narrow photo-
response limiting maximum utilization of solar light and high
recombination rate of charge carriers. Among various ap-
proaches being proposed in previous researches, the construc-
tion of ternary novel heterojunctions via coupling and doping
has widely been used to enhance the charge separation effi-
ciency (Li et al. 2018). Hence, the key step for the formation of
novel ternary heterojunctions is the selection of a suitable ma-
terial for coupling with Bi, WO ensuring maximum visible
light utilization. Among all methods to increase the visible
light response of ternary compounds, doping is a relatively
effective method. These ternary hybrid photocatalytic systems
can separate electrons and holes more efficiently than binary
nanocomposites. Doping alters the bandgap and atomic struc-
ture of host material by the introduction of foreign ions. The
introduction of additional energy levels helps in trapping and
separating electrons for a longer period of time hence
preventing recombination. Transition metal doping includes
use of transition metals like cobalt, niobium, manganese, zinc,
tungsten, iron and molybdenum for modifying the d-orbital
configuration, the fermi level and the bandgap (Huang et al.
2016). The transition metals have partially filled d orbitals
which helps in the formation of new energy bands below the
conduction band of host material. These newly formed energy
bands are responsible for redshift in the bandgap energy en-
abling photocatalysts to act efficiently in the visible range of
light spectra (Ahmad 2019).

Molybdenum disulfide (MoS,) is a typical layered two-
dimensional layered binary compound particularly used as a
hybrid co-catalyst material. A large number of nanocompos-
ites coupled with MoS, have been reported which showed
enhanced activity because of the existence of S-atoms on ex-
posed ends of MoS, (Lv et al. 2017). But the overall photo-
catalytic reaction activity of MoS, alone is reduced due to
poor electrical conductivity. Besides the effectiveness of
Bi,WOg as a visible light active catalyst and its coupling with
MoS,, a suitable mediator is required for transferring electrons
efficiently.

The presence of graphene oxide provides enhanced surface
area because of the two-dimensional assembly of carbon
atoms which are all Sp® hybridized and covalently linked.
The high specific surface area of graphene oxide makes it an
excellent material for photocatalysis. This is because of facil-
itation of charge transfer under visible light and attraction for
growth of several metal oxides and metals due to the presence
of a conjugate system at the basal plane of graphene oxide
(Jilani et al. 2018). The electrically conductive large surface
area of graphene oxide helps in effective charge migration and
acts as a mediator for shuttling electrons between available
active sites of photocatalyst and co-catalysts, subsequently
suppressing the electrons and holes from reuniting, accelerat-
ing the overall catalytic process. Also, graphene oxide adsorbs
organic pollutants well on the surface of photocatalysts be-
sides enhancing their photo-response. (Tabasum et al. 2020).
Hence, the graphene-supported ternary heterojunctions great-
ly improve the overall activity of ternary nanocomposites un-
der visible light irradiation.

Herein, we report the synthesis of Mn-doped Bi, WOg_ sup-
ported over graphene oxide and coupled with binary metal
sulphide MoS, by adjusting the weight percentage of each
component in the ternary composite. A simple in situ hydro-
thermal synthesis process was employed for the fabrication of
novel Mn-doped Bi,WO4-Mo0S,-GO (Mn-BMG) and was
employed for the cationic dye methylene blue (MB) degrada-
tion under sunlight. The characterization studies of the pre-
pared catalysts were done by techniques like FTIR, SEM-
EDX, XPS, XRD, BET, PL, and UV-Vis spectroscopy. The
studies showed that graphene oxide-supported Mn-Bi, WO
coupled with MoS, provided enhanced surface area and an
easy pathway for the transport and separation of
photogenerated charge carriers effectively increasing the vis-
ible light response of photocatalyst.

Experimental and synthesis
Materials and reagents

Sodium tungstate dihydrate (Na,WO,.2H,0, 99% pure), so-
dium molybdate dihydrate (Na,MoO42H,0, 99%), bismuth
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nitrate pentahydrate (Bi (NO3);.5H,0, 97%), sodium nitrate
(NaNOs, 98%), potassium permanganate (KMNO,4 > 99%),
ethylene glycol (analytical grade, 99.8%), sulphuric acid
(H,SO4, 98%), sodium hydroxide (NaOH pellets, 98%), hy-
drochloric acid (HCL; 35 % w/w), and hydrogen peroxide
(H;0,. 35% w/w) were purchased from Sigma Aldrich.
Manganese chloride (MnCl,.4H,0, 98%) was obtained from
UNI-Chem reagents. Ethanol (C,HsOH; 95.6 % purity) was
acquired from Merck. Graphite powder (99%) and
thioacetamide (C,HsNS, 98%) were obtained from Scharlau.
Dye methylene blue (92%) was purchased from Fischer sci-
entific company. All chemicals used were of analytical grade
and used without any further purification. Distilled water was
used for all the reaction solutions throughout the study.

Synthesis of graphene oxide

Graphene oxide (GO) was synthesized by a modified hum-
mers method. as previously reported in our work (Tabasum
et al. 2019). The detailed information is present in the supple-
mentary material.

Synthesis of ternary Mn-BMG

Initially, Bi (NO3);.5H,0O (Smmol) was dissolved in 30ml
ethylene glycol (Solution A) and Na,WO,4.2H,0O (2.5mmol)
was dissolved in 30ml distilled water termed Solution B. The
prepared solution B was added dropwise in solution A under
vigorous stirring. Mn doping (10 mol%) was done by adding
precursor MnCl,.4H,O (0.0178gm) directly in the above so-
lution and the whole mixture was magnetically stirred for 2 h
and poured in a Teflon lined stainless steel autoclave for hy-
drothermal treatment for 24 h at 180°C temperature. A white
powder was obtained after centrifugation and washing thrice
with distilled water and ethanol was oven-dried at 60°C. Next,
an in situ hydrothermal method was performed in which
2.5mmol of sodium molybdate and Smmol of thioacetamide
were dissolved in 30ml distilled water to form MoS, (Solution
C). The whole mixture was stirred magnetically for 2 h. The
above-prepared Mn-Bi,WOg in 50wt% was dissolved with
magnetic stirring in 20 ml distilled water and added dropwise
to solution C. Meanwhile, Graphene oxide 20wt% (0.2gm),
prepared above was ultrasonically dispersed in 20ml distilled
water for about 30 min and added dropwise to Solution C. The
whole mixture was vigorously stirred for another 3 h until a
homogenous solution was obtained. The whole mixture was
again given hydrothermal treatment at 180°C for 24 h by
pouring the reaction mixture in a 250-ml capacity autoclave.
The prepared black powder was centrifuged, washed thrice
using distilled water and ethanol, and dried in an electric oven
at 60°C for 12 h. The undoped ternary Bi, WO¢-MoS,-GO
(BMG) was prepared by a similar method except for the ad-
dition of MnCl,.4H,0O. The binary BW-GO (BG) was
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prepared by a method reported earlier by Nguyen and his
fellows (Nguyen et al. 2018).

Characterization and equipment

The microstructure, morphology, and elemental analysis of as
prepared ternary Mn-BMG and BMG were characterized
using a scanning electron microscope equipped with EDX
(SEM-EDX; FEI NOVA 450 NANOSEM). The crystalline
properties of all powder samples were measured by XRD
(Bruker D8 Advancedequipment operated) over a range of
20 values from 5 to 85 degrees. The presence of several func-
tional groups on the surface of prepared photocatalysts was
studied by Fourier transform infrared spectroscopy (FTIR,
Thermo Nicolet). The XPS analysis was done to study the
elemental states and the surface chemical compositions inves-
tigated (Escalab 250 XPS system, Thermo Fisher Scientific
UK). The surface area and surface porosity of the as-
synthesized composites were analyzed using a Brunauer—
Emmett—Teller (BET) surface analyzer (Nova 2200e
Quantachrome). The photoluminescence spectra of all the
composites were studied using Shimadzu RF-5301PC,
spectro-fluorophotometer, and the excitation wavelength for
PL analysis was 325 nm for all samples. The bandgap analysis
of the ternary doped and undoped samples was done using
UV-VIS spectrophotometer (Cecil CE 7200) in the 200-800
nm range by dispersing catalysts in water under
ultrasonication.

Evaluation of photocatalytic degradation

Various experiments on the photocatalytic degradation of cat-
ionic dye methylene blue (MB) were carried out under sun-
light in batch mode using ternary Mn-BMG, BMG, and binary
BG nanocomposites for 1 h. The nanocomposites in different
concentrations were initially screened in Ultraviolet and
Visible irradiation to check the feasibility of the MB degrada-
tion. The effect of several parameters including pH (2-9),
catalyst dosage (10—100mg/100ml), initial dye concentration
(2-20 ppm), and irradiation time (10—120 min) on MB
photodegradation was studied. For comparison, a single ex-
periment was performed under UV irradiation for each cata-
lyst at their optimum conditions. The control experiments of
dye/sunlight, Dye/UV, Dye/UV light/catalyst were also run to
examine the dye removal under these conditions also. For the
photocatalytic degradation of MB under sunlight, the desired
quantities of catalysts were dispersed via ultrasonication in
100 mL of 10 ppm dye solution. Before exposing the solutions
to sunlight, the solutions were stirred mechanically in dark to
obtain adsorption-desorption equilibrium for nearly thirty mi-
nutes. Before exposure to any light source, the adsorption
capacity of samples was examined. After checking the adsorp-
tion capacity of photocatalysts, the dye solutions were kept
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under sunlight irradiation for about 60 min at 180 rpm in
electrical orbital shakers. After each trial, the nanocomposites
were separated from the solution by centrifugation of Sml dye
solution and the concentration of the remaining dye was de-
termined by taking absorbance of clear solution using a UV—
VIS spectrophotometer at 665nm. A blank beaker of dye so-
lution was also kept in dark and sunlight to investigate dye
degradation in the presence and absence of light. The % deg-
radation was calculated using the following formula

A
%D dation = 1—— x 100 1
oDegradation Ao X (1)

Here, Ao is the initial absorbance and A is absorbance after
treatment under solar light. The pH was maintained by using
different molar concentration solutions of HCl and NaOH
using a pH meter (Ohaus ST3100, USA). The sunlight inten-
sity was measured by a solar power meter (SM206), and the
brightness was measured by a light meter (HS1010A). The
reusability of catalysts was investigated by 5 times recycling
the catalysts and reusing them at optimum conditions under
sunlight each time with freshly prepared 10 ppm MB solution.

Characterization
FTIR analysis

FTIR analysis was employed to elucidate the existence of
several functional groups and chemical bond formation in
the Mn-doped and undoped ternary BMG samples as shown
in (Fig. 1). Transmittance peaks were observed around 645
cm ', 948 em™!, 1024 ecm ™', 1069 cm™, 1380 cm ™', 1450
em ', and 1620 cm ™' for the ternary nanocomposites. The
peaks at around 1024 cm ' and 1069 cm™' have appeared
because of O=S=0 asymmetric stretching vibrations and S-
O-S symmetric vibrations, respectively. Additionally, the
presence of a peak at 1185 cm™' shows asymmetric vibrations
of Mo-O bonds confirming the synthesis of MoS, as described
in previous studies (Zolgharnein and Rastgordani 2018). An
elongated broad band from 645 to 845 cm ™! is accredited to
Bi-O and W-O stretching vibrations. A peak at 715.46 cm ™
explains the antisymmetric bridging mode which is associated
with tungstate chains. An intense peak present at 1384 cm
explains the bending vibrations of W—O—W. These character-
istic bands of BW were observed for all samples. (Khojeh
et al. 2017). The absorption band appearing at 1450 cm ',
1557.9 ecm " and 1630.75 cm ™' indicates the formation of
COO’, C=C, and C=0 stretching vibrations indicating suc-
cessful fabrication of GO and incorporation of GO into BW
(Hu et al. 2019). The skeletal vibrations of graphene sheets
appearing at 1630.75 cm ! indicate carbonyl stretching that
the oxygen-comprising groups in GO are decomposed upon

exposure to a hydrothermal environment. But no other obvi-
ous absorption peak related to GO could be observed in the
composites due to the low content of GO (Liu et al. 2017).
These vibrations appearing at 1630cm™ may also indicate
adsorbed water molecules and unoxidized graphitic domains
(Hou et al. 2020) A very small peak is visible at 947 cm ™" in
Mn-doped ternary composite as compared to undoped ternary
sample, which is ascribed to Mn-O vibrations as confirmed
from previous studies (Ahmad et al. 2019). Besides, the peak
intensity is reduced in the doped ternary composite, which
supports the successful insertion of dopant ions into the host
material.

XRD analysis

The phase purity and crystalline structures of all the ternary
and binary samples were studied by XRD characterization in
the 20 range of 5-85° as shown in (Fig. 2). The influence of
manganese doping and GO/MoS, coupling on the crystalline
structure of bismuth tungstate were also affirmed through
XRD. All the strong diffraction peaks of Bi, WOg are readily
indexed at 20 values 28.02°, 32.8°, 47.12° and 55.7°, well
assigned to (131), (200), (260), and (331) crystal planes indi-
cating the successful formation of Bi;WOg in orthorhombic
phase (JCPDS card, No. 73-1126). The sharp diffraction peaks
of bismuth tungstate in all samples including Mn-BMG,
BMG, and BG are the same showing formation of high purity
and crystalline single-phase orthorhombic bismuth tungstate,
showing that the addition of MoS, and GO has not affected
the orthorhombic structure of bismuth tungstate. The peaks at
20 values 0f 39.2° and 52.2° corresponding to (100) and (110)
planes, indicating the formation of amorphous molybdenum
disulphide (JCPDS 37-1492). No other visible peaks of MoS,
are observed suggesting low crystallinity and trace loading of
MoS, on the GO support. The reported peak of graphene
oxide at 10 disappears and appears at 23.5° indexed (002),
exhibiting that the graphene oxide is a highly oxidized prod-
uct. No extra visible peaks of graphene oxide could be detect-
ed in all the XRD patterns owing to the less content and
stacking of GO in the ternary nanocomposite, (Zhou et al.
2019). The fewer XRD patterns of GO in ternary hybrids
show stacking of GO and its function as a substrate for nucle-
ation and growth of MoS, upon exposure to hydrothermal
treatment (Li et al. 2015). The absence of any impurity peak
in the Mn-BMG sample infers the effective substitution of
divalent cations (Mn2+) in the bismuth tungstate matrix. The
peaks in the XRD pattern of Mn-doped samples are lower in
intensity as compared to the undoped ternary composite sam-
ple. Additionally, a peak shift to higher diffraction angles
position has also been observed in the Mn-doped sample as
compared to the undoped sample suggesting that the Mn**
ions successfully doped the host ternary composite. This peak
shift suggests changes in interstitial Bi, WOg unit cell volume
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Fig. 1 FTIR spectra of (a) BMG 104 4 .
and (b) Mn-BMG ternary : (b)
nanocomposites 100 J
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as a result of doping. The ionic radius of Bi*? ions is larger
than that of Mn>*ions, hence Mn** ions can enter Bi, WOy
host lattice and substitute Bi** ions, causing the XRD pattern
to shift to higher diffraction angles (inset of Fig. 2) Similar
outcomes of Mn doping in host lattice were also observed by
Reddy et al (Reddy et al. 2019). Ahsaine and co-workers
observed the systematic broadenings of Bragg peaks in the
XRD patterns of upon dopping of Bi,WO4 samples
(Ahsaine et al. 2016a). The average particle size was calculat-
ed using Debye-Scherrer formulae equation 3:

D = 0.9)\/fcost (2)

D is the particle size, A is the wavelength of CuKx (i.e.,
0.154 nm), 3 explains the intensity at full-width half maxi-
mum of diffraction line which is expressed in radians, and 6

T
3500

T T T T
3000 2500 2000 1500

1
wavenumber(cm )

refers to Bragg’s angle. The average particle size of BMG and
Mn-BMG particles was found to be 15.2 nm and 14.44 nm
respectively. The smaller crystallite size of Mn-doped nano-
composite can be referred to as the better growth of nanopar-
ticles onto support media but having restricted dimensions
which may distort host lattice due to insertion of Mn*? ions
decreasing nucleation and grain growth (Chanu et al. 2019).

SEM analysis

The morphology and microstructure of as-synthesized pristine
and doped samples were investigated by Scanning electron
microscope (SEM) at various resolutions. SEM images deter-
mined the morphological changes after doping in the surface
of the ternary nanocomposite. After combining Mn-Bi,WOgq
with MoS, and GO the ternary hybrid showed a hierarchical

Fig. 2 X-ray diffraction patterns
of (a) BG, (b) BMG, and (c) Mn-
BMG nanocomposites
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structure showing the assembly of plenty of bismuth tungstate
nanorods interlaced and flower-like nanostructured MoS, dis-
tributed over stacked graphene sheets Fig. 3(c). The MoS,
exhibited nanoflowers-like morphology as in Fig 3. (a) and
are clearly shown growing on the edges alongside stacking
of graphene oxide ternary heterostructure of SEM images
Fig. 3 (b). The undoped ternary composite exhibited severe
agglomeration due to the stacking of graphene oxide. The ex-
terior coarse texture of nanoplates is because of coverage and
stacking of GO sheets However, this agglomeration notably
weekend after the introduction of Mn in the nanocomposite.
This suggests that Mn doping effectively suppressed the severe
aggregation of particles (Dou et al. 2020). The Mn-doped
Bi, WOg-graphene shows uniformed surface nanorods and less
agglomeration. The ternary doped nanocomposite with all the
components present, well separated with minimized aggrega-
tion, uniform structure, and Mn particles uniformly attached to
Bi,WOg rods Fig. 3 (c &d). Hence, the incorporation of Mn in
the host lattice influenced the morphology of the particles.

EDX analysis

EDX elemental mapping confirmed the chemical configura-
tion and distribution of Bi, W, C, S, N, O according to their
nominal weight percentages as shown in Fig. 4. The undoped

CN | TLD | 3.0 | 4.14 ym

& | 9/14/2020
® | 4:04:13PM | 5.00

Fig. 3 SEM images of (a) MoS, nanoflowers, (b) BMG, (¢ &d) Mn-BMG

ternary BMG did not show the presence of any impurity atom
whereas the EDX pattern of doped ternary hybrid shows Mn
atom in 1.68 wt% which is also confirmed by the XPS spectra,
suggesting successful incorporation of Mn in ternary nano-
composite according to their nominal chemical stoichiometry
amounts. It also confirms the presence of all other elements
including Bi, W, O, C, Mo, S, and Na. Little changes in the
wt% of all elements are observed after the hydrothermal
processing.

XPS analysis

The composition and chemical states of all the elements pres-
ent and the interactions among all the three components in the
ternary nanocomposite are analyzed by XPS spectra. The el-
emental composition of BMG and Mn-BMG was investigated
through XPS survey scan which revealed the peaks of Bi
(165.06eV), W(37.61eV), Ols (534.82eV), S2p (163 eV),
Cls (284.17eV), and Mn as shown in Fig. 5a while the atomic
percentage of detected elements were shown in Fig. 5(b). The
Bi 4f peak appearing at a binding energy of 165.067¢V as-
cribed to Bi4f; and Bi4fs Bi** ions in Bi, WO, nanoparticles.
The Ols peak in the ternary component at a binding energy of
536.0¢eV is assigned to the metal-oxygen bonds of Bi,WOg
and also to the adsorbed water molecules on the catalyst's

jet | spot | HPW
CN TID 30 4.14pm

@ Springer



6558

Environ Sci Pollut Res (2022) 29:6552-6567

Fig. 4 EDX spectra of (a)BMG (b) Mn- BMG ternary nanocomposites

surface (Ahsaine et al. 2018). The Cls peak at 284.17 eV is
possibly credited to the adventitious residual carbon as also
confirmed from previous studies (Yang etal. 2015). Inthe Cls
spectra, peaks appearing at 284.7¢V and 285.4 eV are
assigned to the sp? and sp> hybridization of carbon atoms
while the peak at 289.5 eV is assigned to the C=0 bond
(Jilani et al. 2020). A peak appearing at a binding energy of
1011eV is assigned to Mn**, respectively, indicating the pres-
ence of Mn*2. Characteristic deconvoluted peaks appearing at
640.04eV and 649.27eV are ascribed to Mn2ps3,, and
Mn2p;, respectively. Thus, XPS data confirms the presence
of Mn ions in doped ternary nanocomposite (Dou et al. 2020).
The high-resolution XPS of Wf, shows two peaks detected at
37.81eV and 34.30 eV suggesting W4fs,, and W4f ;, of W,
oxidation state. The peak at 163 eV is the S2p peak matched
exactly well with the S*~ binding energy which is required for
MoS, formation (Singha et al. 2020). Also, the peak at 229
confirms dominant presence of Mo** species in the high-

resolution XPS spectra The small pair of peaks arising to-
wards the higher binding site at about 232.36eV and 229 eV
corresponds to Mo 3ds,, and Mo 3ds,, signifying conversion
of Mo™** to Mo®" as consistent with previous studies (Fig. S1)
(Senthil et al. 2019). The peaks appearing at 162.83¢V
matches well with Bi 4f5,, and Bi 4f;, and are allotted to
the Bi** oxidation state of Bi;WOy in both ternary samples.
The characteristic peaks of W4f, Bi4f, Cls, and Ols in Mn-
BMG ternary nanocomposite show a shift towards higher
binding energies in comparison with the undoped ternary sam-
ple. This may be due to change in certain electronic interac-
tions between all three components as a result of Mn doping
(Dong et al. 2017). The results show the coexistence of vari-
ous oxidation states Mn>* Mn**and Mn?* linked to (Mn-O),
at various binding energy positions present on the sample's
surface. The deconvolution of Bi4f, Cls, Mn2p3, Mo3d,
Ols, S2p and, W4f XPS peaks are shown in fig. S1 of sup-
plementary data. The atomic percentage of S2p, Ols, Cls,
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Fig. 5 XPS survey spectrum of (a) BMG, (b) Mn-BMG, and (c) atomic percentages of BMG and Mn-BMG
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Wi4f, Bidf, Mo3d, Mn2p3 is 40.4%, 26.9%, 24.2%, 3.3%,
2.1%, 1.6%, and 1.5% respectively in Mn-BMG, while the
undoped counterpart comprised of Cls, Ols, S2p, Bi4f,
Mo3d, W4fin 37.1%, 28.7%, 27,4%, 4.6%, 2.1%, and 0.2%
atomic percentages respectively.

BET surface area analysis

The surface area of photocatalysts is a crucial factor for deter-
mining the photodegradation efficiency of photocatalysts. A
large surface area provides an enhanced surface for the attach-
ment of pollutant molecules and resultantly a large number of
radicals can react and degrade them effectively. To explore the
surface characteristics such as specific surface area, pore-vol-
ume, and pore size, nitrogen (at 77 K) adsorption-desorption
experiments were performed on the surface of ternary
photocatalysts (BMG and Mn-BMG). The adsorption iso-
therms are shown in Fig. S2 (a & b) of supplementary mate-
rial. Both the Adsorption isotherms are categorized as type IV
isotherms according to the [UPAC classification, with an ob-
vious hysteresis loop. This loop is a characteristic of mesopo-
rous materials and lamellar pore structures. The specific sur-
face area was calculated using the BET (Brunauer-Emmett-
Teller) method from the adsorption data of nitrogen gas and is
found to be 6.630 m%/ g for BMG, and the specific surface area
of Mn-BMG is 9.624 m?/g owing to the doped Mn ions. It can
be observed that doping has increased the specific surface area
besides changing the morphology of doped photocatalyst, ul-
timately enhancing the photodegradation efficiency (Ahsaine
et al. 2016b). Moreover, the pore size distribution curves Fig.
S2 ( c& d) demonstrates that both nanocomposites exhibit
hierarchical pore structure with pore size distribution ranging
from 2 to 20 nm. The enhanced surface area of Mn-BMG was
owing to reduced size of the photocatalyst. As the size of the
photocatalyst reduced, the surface area increased (Tahir et al.
2021). A comparison of surface area, pore-volume, and pore
diameter are shown in Table 1.

Photoluminescence analysis

The recombination efficiency of photogenerated elec-
trons and holes during the photocatalytic reaction is
evaluated by Photoluminescence spectroscopy. The effi-
ciency of any photocatalyst is determined by its ability
to separate e/h* pairs proficiently. The recombination
rate of e/h™ pairs is directly proportional to the PL

intensity The Photoluminescence properties of all the
composites are shown in Fig. 6. The most intense peak
is of binary BG composite revealing that more emis-
sions occur as a result of more recombination of light-
generated charge carriers. The peaks positioned at
365 nm and 468 nm arise due to the interstitial effect
caused by the Mn doping (Keerthana et al. 2021). A
decline in photoemission and peak intensity in the ter-
nary Mn-BMG sample confirmed the suppression of re-
combination of electrons and holes, consequently lead-
ing to an enhancement in photocatalytic activity. The
PL of Mn-doped BMG shows less intensity as com-
pared with all other composites. The luminescent peak
in Mn-BMG is suppressed due to doping with Mn ions,
which may overwhelm the oxygen vacancies present in
the crystal lattice (Reddy et al. 2019). The Mn-BMG
has a narrow optical bandgap as compared to Bi,WOg-
GO and BMG that helps in retaining the recombination
of generated charge carriers. The PL spectra intensity is
also directly linked to the charge recombination ratio.
The weaker PL intensity in Mn-BMG shows a decline
in charge recombination ratio due to addition of
graphene oxide support and Mn ions. Furthermore, in
comparison with BG and BMG, PL peaks shifted for
Mn-BMG, possibly owing to the interaction among
functional groups such as carbonyl of Graphene oxide
and Bi,WOg interstitials. This interaction may also lead
to the creation of some surface defects, that might pro-
vide active sites for the attachment of pollutants (Jilani
et al. 2021). Hence, as compared with binary composite
and undoped ternary composite, the Mn-doped ternary
BMG exhibited higher photocatalytic degradation effi-
ciency due to suppression in recombination of charge
carriers.

Optical analysis

The optical response was measured by observing UV-VIS
absorption spectra and determine the bandgap energies of pure
and Mn-doped ternary nanocomposite in the range of 200—
900nm. The absorption edge of the Mn-doped BMG nano-
composite was found in the visible region using the tauc plot
as shown in Fig. 7. The Mn-doped BMG showed an even
greater range of light absorption to the entire visible spectrum
in comparison to the pristine ternary sample. The Mn doping
in ternary heterojunctions improved the optical absorption

Table 1 Summary of Surface

Surface area (m%/ 2)

Pore volume (cm®/ 2) Pore diameter(nm)

area, pore-volume, and pore Photocatalysts

diameter of pure and Mn-doped

BMG nanoparticles BMG 6.630
Mn-BMG 9.624

0.029
0.047

11.687 nm
12.225nm
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Intensity (a.u.)

300 400 500 600
Wavelength(nm)
Fig. 6 Photoluminescence spectra of BG, BMG, and Mn-BMG

providing a possibility to enhance photo-induced electron-
hole pairs generation ultimately enhancing the
photodegradation in the visible region. The bandgap energies
of the catalysts were estimated using the formula given in
equation 4.

(ahv)2 = B (hv—Eg) (3)

where Eg =hv when ochv = 0 and the («hv)? is plotted against
energy in eV. The absorption energy is taken at hv value
where it then extrapolates to «=0 as shown in Fig. 5. The
estimated band gap energies were found to be 2.4 eV and
2.2 eV for BMG and Mn-BMG. Here, « B, and v are de-
scribed as the absorption coefficient, proportionality constant,
and the light frequency. The optical studies show that all the
photocatalysts show strong absorption in the visible light
region.

(a) E(eV)=1.97
(b) E(eV)= 2.2
(c) E(eV)= 2.4

(mhv)2 (chm"I )2

4 5 6

N o
w

hv (eV)

Fig. 7 Bandgap energies estimation of (a) BG and (b) Mn-BMG (c)
BMG by Tauc plot method with inset showing the UV-VIS absorption
spectra of the BMG and Mn-BMG
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Effect of operational parameters

Effect of pH

In the photodegradation process, the key factor that directly
affects the photoefficiency of the photocatalytic system is the
pH of the aqueous solution. The pH governs the surface
charge characteristics of the photocatalysts according to their
point of zero charges (pHpzc) and also the adsorption capacity
of the organic molecules on the surface of the catalyst
(Ahmadi et al. 2020). The effect of pH on the
photodegradation of MB was examined by changing pH
values from 2 to 9 keeping all other factors constant (catalyst
dose=50 mg/100mL for doped and undoped ternary and
40mg/100ml for binary BG, Initial dye concentration:
10ppm, and irradiation time 60 min). The pH of dye solutions
was maintained using 0.1 M and 1mM solutions of sodium
hydroxide hydrochloric acid. Methylene blue is a cationic dye
hence it is positively charged upon dissociation in water. The
pHpzc value for Mn-BMG was determined at pH 6.2. At pH
values lower than the pHpyc, the surface of the catalyst is
positively charged and the positively charged MB dye mole-
cules are electrostatically repulsed. In the acidic medium, the
active sites on the catalyst’s surface are weak to produce hy-
droxyl radicals, consequently decreasing the dye degradation
(Nie et al. 2014). At pH values above 6.2, the catalyst’s sur-
face is negatively charged and the cationic MB dye molecules
were electrostatically attracted towards the catalyst surface,
enhancing the adsorptive property of dye molecules. The ac-
tive sites on the surface of the catalyst showed increased hy-
droxyl radicals production resulting in the increased MB deg-
radation in the basic medium. Hence, the ternary Mn-BMG
showed 99% photocatalytic degradation in an alkaline medi-
um at optimum pH of 8 under visible light irradiation of 60
minutes as shown in Fig. 8(a). The undoped ternary BMG at
pH 8 and binary BG at pH 7 showed 95% and 92% degrada-
tion respectively in the presence of sunlight for about the same
time duration.

Effect of catalyst dose

The amount of catalyst used is another important parameter
for the evaluation of photocatalytic performance and econom-
ic cost. To understand the relation among catalyst loading and
photodegradation efficiency, degradation of 10ppm MB dye
solution was investigated in the range of 10-80mg/100mL,
keeping all others factors constant (pH=8) for Mn-doped and
undoped ternary,7 for binary BG, catalyst dose= optimum of
each catalyst, and irradiation time 60 min. Photocatalyst doses
ranging from 10mg—100mg/L were used to study the influ-
ence on degradation. The photodegradation efficiency of Mn-
BMG was enhanced from 69 to 99% as the catalyst dose was
increased from 10 to 50mg. The increase in catalyst dose
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Fig. 8 Optimization of reaction parameters using Mn-BMG, BMG, and BG (a) pH, (b) catalyst dose, (c) Initial dye concentration (d) Irradiation time

enhances the number of active sites on the catalyst's surface,
consequently enhancing the production of hydroxyl and su-
peroxide radicals. The undoped and doped ternary composites
showed enhanced photodegradation at an optimum catalyst
dose of 50mg/ml and binary BW-GO at 40mg/100ml as
shown in graph b of Fig. 8 (b). An increase in catalyst dose
above 50 mg showed a slight increase up to 97% and started
decreasing when it went beyond 100mg. This reduction in
degradation is owing to the interception of light preventing
light photons to reach the surface of adsorbed contaminants
because of agglomeration of catalysts at their higher doses and
subsequent unavailability of active sites (Hu et al. 2019).
Hence, catalyst dose decides the limits of a catalyst for partic-
ular organic pollutants in wastewater above which the rate of
degradation eventually decreases. Graphene oxide-supported
composites prevent agglomeration and show effective degra-
dation even at higher concentrations (Tabasum et al. 2021).

Effect of initial dye concentration

The dye degradation is highly dependent upon the concentra-
tion of dye adsorbed on the catalyst surface. The effect of

initial dye concentrations ranging from 2 to 20ppm was stud-
ied for the photodegradation of MB by Mn-BMG and all other
nanocomposites keeping all other factors constant at their op-
timal values. At initial low MB load, maximum degradation
was attained which is linked to the availability of maximum
active sites and also due to the reaction between dye molecules
and hydroxyl radicals formed on the catalyst's surface. As the
dye concentration is increased, active sites on the catalyst
surface become saturated as more dye molecules are adsorbed
on the surface. The number of photons reaching the surface of
the catalyst becomes fewer causing less generation of hydrox-
yl radicals for effective degradation of MB molecules (Nawaz
etal. 2020). The performance of all photocatalysts is shown in
graph ¢ of Fig. 8. All catalysts showed maximum degradation
at a methylene blue concentration of 10ppm. The ternary Mn-
BMG nanocomposite showed above 90% degradation even at
higher MB concentrations. This is because the ternary
heterojunction has enhanced surface area and can adsorb en-
hanced concentration of MB molecules. The vacant active
sites available after the degradation of adsorbed dye molecules
on the surface of the photocatalyst are rapidly occupied by
other dye molecules near the catalyst surface (Mushtaq et al.
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2020). This results in enhanced MB degradation even at
higher dye loads by the novel Mn-BMG as compared to other
photocatalysts

Effect of irradiation time

The maximum energy that is required for the initiation of
photocatalytic reaction comes directly from the light energy
hence, the conditions of light illumination have a great impact
on the overall performance of photocatalysts. Fig shows the
decomposition efficiency of MB over Mn-BMG, BMG, and
BG under sunlight irradiation. Under the optimum conditions
for all catalysts, The dye solutions were exposed to light irra-
diation for various for about an hour. The UV-VIS absorption
spectra of treated MB solutions after irradiation under sunlight
were recorded in the 400-800nm range each after ten minutes.
The spectral changes in the treated dye solution were observed
by plotting absorbance data as a function of time. The trends
show an increase in the degradation as time increases as
shown in Fig. S3 (a, b, ¢ for BMG, Mn-BMG, and BG) of
supplementary information. The dye color starting
disappearing right after 30 min of irradiation and complete
degradation was observed around 60 min of irradiation using
novel Mn-BMG whereas, the decrease in the intensity was
gradual with time using ternary BMG and binary BG. The
rapid decrease in intensity upon light irradiation is signifying
that chromophore groups responsible for imparting colour are
breaking down slowly. Furthermore, the kinetic models are
applied to this data.

Kinetics of photodegradation reaction

Two kinetic models first-order and second-order were studied
for the photodegradation of dye methylene blue by the doped
and undoped ternary nanocomposites. The expression for
each model is expressed in equations 3-4

First-order kinetics:

C
ln—o

= kit 3
i 1 3)

Second-order kinetics:

é - é = kyt (4)

Figure 9 (b) shows a linear relationship between In(Co/Ct)
and reaction time, where Co and C are the initial concentra-
tions, indicating that the photodegradation of methylene blue
by doped and undoped ternary nanocomposites follows first-
order kinetics. The plot of Co/Ct versus time represents a
straight line where the slope of which upon linear regression
equals the apparent first-order rate constant k. The higher rate
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constants k of Mn-BMG for the first-order reaction than
undoped ternary indicates that Mn-doped composite is more
effective under sunlight than undoped BMG composite. The
values of R? for the first-order reaction for doped and undoped
ternary composites are 0.9967 and 0.993 respectively, sug-
gesting that the ternary hybrids effectively follow the first-
order reaction. The rate constant k of the doped component
is more than that of undoped ternary revealing that doping has
caused an acceleration in the degradation rate under visible
light A. The higher rate constant of doped BMG than other
photocatalysts explains that the Mn-BMG shows more
photoefficiency than others. Comparison of correlation coef-
ficients for a first order and second order are shown in Table 2.

Type of the photocatalyst and the role of dopant
species

The type of photocatalyst used is the most imperative
parameter for greater photocatalytic degradation. The
bandgap, crystallinity, porosity, surface area, and nature
of dopant all determine the effectiveness of catalyst in
the visible light region (Aydoghmish et al. 2019).
Among all principal approaches, transition metal doping
in semiconductor heterostructures is the most practical
way to activate them under visible light, thus reducing
the distance between the valence band and conduction
band. Various chemical and surface modifications occur
including porosity and enhanced surface area because of
the introduction of a suitable dopant species in the
photocatalyst structure, increasing the photocatalytic ef-
ficiency (Akerdi and Bahrami 2019). The ternary nano-
composites as compared to binary composites show in-
creased degradation due to the synchronized activation
of the charge transfer mechanism between the various
semiconductor materials. The transfer of charges be-
tween the conduction bands of two metal oxides and a
support material leads to enhanced charge separation
and less agglomeration by increasing the specific sur-
face area ultimately offering more active sites. The ter-
nary undoped BMG showed 94% degradation in visible
light as compared to the binary counterpart.

The addition of dopant species in the semiconductor terna-
ry system further improved the photocatalytic activity which
is mainly ascribed to alteration in the bandgap energy, follow-
ing the transfer of energy. The addition of dopant creates ad-
ditional energy levels and leading to better separation and
transfer of photogenerated charge carriers to the surface of
the catalyst. This separation mainly depends upon two
factors including large surface area and the light
absorbed by the catalyst (Aydoghmish et al. 2019).
Therefore, the doped ternary Mn-BMG showed strong
visible light region absorption and greater degradation
for methylene blue up to 99.7% in 1 h.
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Table 2  Correlation coefficients (%) and kinetic parameters for MB (Co=10ppm) degradation
Photocatalysts Experimental conditions First-order kinetics Second-order kinetics
pH Photocatalyst dose(mg/L) Initial dye concentration(ppm) k1(min") R’ K2 R
(Lumollminl)
Mn-BMG 8 50mg 10ppm 0.0866 0.9967 0.43215 0.729
BMG 8 50mg 10ppm 0.02899 0.993 0.14207 0.8616
BW 7 40mg 10ppm 0.0255 0.987 0.0886 0.8487

Degradation under UV irradiation

A sole experiment was done in UV radiations considering the
optimized conditions specific for all the photocatalysts.
Methylene blue was degraded almost completely in UV irra-
diation only after exposure of half an hour by Mn-BMG.
Undoped BMG and binary BG also performed well under
ultraviolet light and their ternary heterojunction has shown
more than 90% degradation under UV light. Similar results
of greater MB degradation by ternary nanocomposite were
shown earlier in UV light degradation (Aydoghmish et al.
2019).

Radical scavenging and proposed mechanism

The determination of active species involved in the photocat-
alytic process is significant for understanding the degradation
mechanism of organic pollutants. In the degradation of dyes,
several active radical species such as hydroxyl radicals (OH-),
holes, (h™), electron (e—) superoxide anion radical -0?) playa
vital role (Rajendran et al. 2018). Hence, to investigate the key
active species involved during the photocatalytic process, a
radical scavenging experiment was performed. SmM of

EDTA (ethylene-diamine-tetra-acetate), K,Cr,O5 (potassium
dichromate), DMSO (dimethyl sulfoxide) were used to scav-
enge holes, electrons, and hydroxyl radicals. The experiment
was performed under sunlight. From Fig. 11 (a), it is clear that
EDTA is the main radical scavenger in the degradation pro-
cess of MB dye by Mn-BMG, as the addition of EDTA de-
creased the degradation values from 99 to 48.83. The addition
of DMSO decreased the degradation from 99 to 55% indicat-
ing that hydroxyl radicals also have a contributing role in
addition to holes. Very little change was observed by the ad-
dition of K,Cr,05 indicating that electrons do not play a major
role in MB degradation by Mn-Bi, WO4-GO/MoS,.

The proposed mechanism of MB degradation by Mn-
BMG, suggests that holes and hydroxyl radicals are the main
active species. Holes are directly responsible for degradation
and producing more hydroxyl radicals. Upon sunlight irradi-
ation, both Bi,WO4 and MoS, are excited and produce elec-
trons and holes. The photoexcited electrons get transferred
from the conduction band of MoS, having a negative potential
towards the conduction band of Bi,WOg having a positive
potential. While the photoinduced holes accumulate above
the valence band of MoS,. The reactive holes accumulated
on the surface of MoS, directly oxidize MB dye molecules
adsorbed on the catalyst surface. Graphene oxide has a large
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Table 3  Comparison between various bismuth tungstate-based ternary heterostructures for methylene blue degradation
Sr.No Photocatalyst Synthesis Method Model Light source  Irradiation Degradation Reference
pollutant time (%)
(min)
1. Bi, WO4-CdS-PVA Hydrothermal method ~ MB Visible light 100 92% (Rajendran et al.
2018)
2. Bi,WO4¢/MoSe,-Bi;,0,7C)y sBr; s Hydrothermal synthesis MB Visible light 60 99.7% (Tahir et al. 2021)
3. AggW,0,6/AgBiW,04/Bi,WOs  Green double MB UV light 40 82.5% (Mendoza-Mendoza
displacement method et al. 2020)
4. Ag@AgBr-Bi,WOq oil-in-water MB Visible light 120 95.03% (Lin et al. 2015)
self-assembly meth-
od.
5. Fe-Bi,WO4-BiVO, Hydrothermal MB Visible light 120 90% (Chaiwichian et al.
2016)
Bi, WO/TiO,/polyester Hydrothermal MB Visible light 150 95.1% (Du et al. 2018)
Cu,0/Bi, WOg¢ Interfacial-self assembly MB Visible light 120 98.6 (Liu et al. 2016)
method
Lu-Bi,WOg Co-precipitation method MB Visible light 120 99.3% (Ahsaine et al. 2016b)
9. Fe;04-Bi; WO4-GS Hydrothermal method ~ MB Visible light 210 98.2% (Wang et al. 2019)
10.  Bi;WO¢/MnO, Template free method  MB Visible light 100 99% (Salari and Yaghmaei
2020)
11. N/Ti**-TiO4/Bi, WOg Hydrothermal method ~ MB Visible light 50 96% (Sun et al. 2020)
12. Mn-Bi, WO4-GO-MoS, Hydrothermal method ~ MB Visible light 60 99% This work

surface area and electrical conductivity acts as a mediator and
transfers electrons to and from MoS, and Bi,WO¢_ Mn doping
introduces additional energy levels in Bi;WOg, hence photo-
induced electrons and holes take longer to recombine.
Eventually, the photo-response of the ternary heterojunction
is increased towards visible light. A similar mechanism has
been proposed by lv et al., (Lv et al. 2017). Hence, holes are
responsible for the degradation of dyes and production of
hydroxyl radicals whereas, the influence of electrons and su-
peroxide anions is relatively less. Figure 10 shows the

degradation mechanism by ternary Mn-BMG. Table 3 shows
a comparison of various Bismuth tungstate nanocomposites
for degradation of dye methylene blue.

Reusability

Under the optimized conditions for each photocatalyst, the
stability of catalysts was confirmed by using the catalysts
repeatedly in five successive trials. For this, the catalysts are

Fig. 10 Photocatalytic
degradation mechanism of Dye
Methylene blue by Mn-BMG

Oxidation
reaction

Reduction
reaction

of

Methylene Blue

CO,+ HZOJ

7

Methylene blue
CO,+ H,0
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separated from the treated MB dye solution by centrifugation
then rinsed thrice using distilled water and later dried up at
60°C in an electric oven. The catalysts are then weighed and
investigated for their photocatalytic efficiency. All the reus-
ability trials are run at the same optimized conditions for each
catalyst, i.e. at pH 8, catalyst dose- 50mg/100m, IDC 10ppm
for doped undoped ternary nanocomposite, and pH 7, catalyst
dose 40mg/100ml, IDC 10ppm for binary BG. No substantial
loss in photocatalytic activity was observed after five runs
with just a 10% decrease in catalytic activity Fig. 11 (b).
The results revealed that the ternary-doped composite exhibits
high mechanical stability and reusability.

Conclusion

The novel ternary hybrid Mn-BMG has found valuable appli-
cations for Organic pollutants degradation. The doped ternary
photocatalyst was synthesized by an in situ hydrothermal
method. The ternary hybrid showed excellent degradation
for dye methylene blue under sunlight irradiation. Undoped
ternary BMG and binary BG were also prepared to compare
the degradation efficiencies of doped and undoped ternary
hybrids with binary composite. The Mn-BMG showed 99%
MB degradation in an hour. The improved photocatalytic ef-
ficiency was credited to the ternary heterojunction formed as a
result of Bi,WOg4, MoS,, and GO. The ternary heterojunction
has the characteristics of all three components and the Mn
doping further suppresses the electron-holes recombination.
The photostability of photocatalysts was evaluated by five
consecutive runs with less than a 10% reduction in
degradation.
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