www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Investigation of Bi,MoO_/MXene
nanostructured composites for
photodegradation and advanced
energy storage applications

Sagarika Panda?, Savita Mehlawat?, Neeraj Dhariwal', Preety Yadav?, Vinod Kumar?,
0. P.Thakur!, Neha V. Brahmankar?, Santosh J. Uke2, Ashwani Kumar® & Amit Sanger*"’

This study presents nanostructured composite Bi,MoO /MXene heterostructure by using hydrothermal
method for photodegradation of the congo-red dye and also for energy storage devices. X-ray
diffractometer (XRD), High Resolution Transmission Electron Microscopy (HRTEM), Field emission
scanning electron microscope (FESEM) and X-ray photoelectron spectroscopy (XPS), Brunauer-
Emmett-Teller (BET) were performed to examine the structural properties along with surface area and
porosity of the material. Due to addition of MXene the larger surface area and improved pore size help
to quickly break down additional organic pollutants by adsorbing them. The band gap of Bi,MoO,/
MXene nanostructured composite reduced to 2.4 eV suggesting transfer of electrons from VB to CB.
Bi,MoO/MXene exhibits a high (92.3%) photocatalytic degradation rate for a duration of 16 min
which was verified using UV-visible spectroscopy, also scavenger test was conducted to ascertain the
reactive agent along with the degradation pathway was confirmed by LCMS. Elemental content was
also established by using inductively coupled plasma mass spectrometry (ICP-MS). For estimating
energy storage capacity cyclic voltammetry (CV) was performed. It was observed Bi,MoO./MXene
nanostructured composite electrodes had specific capacitance of 642.91Fg™?, power density of 1.24
kWkg~1, and energy density of 22.32 Whkg~* at a current density of 5Ag™1 also it exhibited 64.42%
capacity retention having current density 20 Ag~! throughout 10,000 Galvanostatic charge discharge
(GCD) cycles. High electrical conductivity of Bi,MoO /MXene electrode was again examined by
Electrochemical impedance spectroscopy (EIS). These findings demonstrate the potential of Bi,MoO /
MXene nanostructured composites in both photodegradation and energy storage applications.
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The existence of micropollutants in the aquatic habitat has developed into an enormous global environmental
concern over a few decades. Known by another name, emerging contaminants, or micropollutants, are a wide
range of both natural and man-made chemicals. Pharmaceuticals, cosmetics, steroid hormones, industrial
chemicals, insecticides, and numerous other newly discovered substances are among them'?. Before being
released into the environment, antibiotic residues in water and wastewater can be treated using a variety of
techniques. These techniques are again divided into 3 categories according to their principles of operations;
physical removal, chemical degradation, and biological treatment®*. Photodegradation is when a semiconductor’s
electrons are stimulated and travel from the valence band (VB) to the conduction band (CB) in response to
light that exceeds its optical band gap, which results same amount of positively charged holes in the VB. When
photogenerated electrons (e”) and holes (h*) on a semiconductor surface react with adsorption species (O,,
OH~ etc.) on the catalyst surface, free radicals (.0,”, .OH etc.) are produced. These free radicals can operate
as reactive species and break down the organic pollutants that have been adsorbed>®. Here we used Congo
red dye for the degradation process. Congo-red [sodium 3,3’-(1E, 1E’)-biphenyl-4,4’-diylbis(diazene-2,1-diyl)
bis(4-aminonapthalene-1-sulfonate)] is widely used diazo dye. High dissolved solids are present in Congo-red
effluents, which are also brightly pigmented, have high chemical oxygen demand and low biological oxygen
demand’. Benzidine is a toxic metabolite of the Congo-red that leads to carcinogenic, mutagenic, and allergic in
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humans and animals, increases COD in water bodies and phototoxicity in plants®. Congo-red dye is incredibly
resistant to deterioration because of its delicate structure and longevity. Therefore, several methods, including
photochemical oxidation, adsorption, catalysis, coagulation, filtration, ozonation, electrochemical degradation,
and photocatalytic degradation, are used to remove hazardous coloured dye from wastewater™!’. Because of
photocatalysiss clean, affordable, sustainable, and ecologically friendly qualities, it has captivated heaps of
research interest in recent decades as a solution to the growing problems with environmental pollution!!3.

Finding clean, effective sources of energy and feasible energy storage facilities is necessary to meet the world’s
energy needs, which are also being exacerbated by the world’s expanding population, changing lifestyles, and
industrial advancements. The depletion of non-renewable sources of energy also has an irreversible detrimental
influence on the environment. When compared to batteries and traditional capacitors, electrochemical
supercapacitors have garnered a lot of attention because of their high-power density, quick charge and discharge
cycles, long-term cyclic reliability, inexpensive cost, and simple maintenance!®!°. Recently, materials such
as BiOCl'®, BiEWOGU, activated carbon/BiOI, NiCuCoO!, WO,/ Bi2M006/rGOI9, tungsten oxide/carbon
nanocomposite”’, Carbon Dots/Bi,MoO,!?, CuO mixed with activated biochar®!, SnO,-Bi,WO** materials
used for supercapacitors due to their high specific capacitance, energy density, and improved cycling stability.
However, they have encountered certain challenges like low surface area, poor electrical conductivity, low rate
in transfer of electrons etc. which has led researchers to seek out new composite materials that will overcome
these challenges.

The past few years have noted a significant increase in research on two-dimensional (2D) MXenes, due to high
metallic conductivity, outstanding structural stability, and mechanical flexibility?®-*>. MXenes has contributed
to the research on biosensors, supercapacitors and rechargeable batteries**~2%. Moreover, Ti,C, MXenes’ unique
characteristics make it a potentially useful cocatalyst in the realm of photocatalysis: Ti,C, MXenes have a lot of
hydrophilic functionalities (O, F, OH) on their surface, which allows them to make good contact with a variety
of semiconductors?*-*!. Ti,C, MXenes’ enhanced electroconductivity makes it an excellent electron sink that
can readily trap photogenerated electrons, speeding up the segregation and transport of photoexcited charge
carriers®*. MXene has also been researched for the advancement of batteries, supercapacitors, and electronic
shielding due to their properties like high electronic conductivity, high volumetric capacitance, and high
mechanical strength®»**. In comparison to graphite anode, Ti,C,T, MXenes has less lithium diffusion barrier
suggesting improved rate of Li* transport and large rate of lithiation/delithiation*.

The Aurivillius family of Bi,XO, (X-W or Mo), which is made up of alternating (BiZOZ)ZJr and (XO 4)2’
perovskite layers, that has drawn a lot of interest among various photocatalysts due to the layered structures
and exceptional physicochemical properties also this perovskite layers can be employed as an anode material
for the lithium-ion batteries considering its theoretically high capacity along with low desertion potential®>3.
Specifically, CB, VB, and suitable energy band gap of Bi,MoO, make it a potential photocatalyst (CB)*".

In this study, we used Bi,MoO/MXene (Ti,C,) composite prepared by hydrothermal method which shows
improvements in its properties and enhanced behaviour in dye degradation and supercapacitor applications. The
combination of monolayer Bi,MoO and 2D stacked MXenes will result in a new 2D/2D Schottky heterojunction,
which typically forms in between the metal and semiconductor interface. Furthermore, Schottky heterojunction
has also been confirmed as a highly effective strategy and to accelerate photogenerated charge carrier transfer
because of the inherent electric field that forms at the contact interface between monolayer Bi,MoO,and MXenes
which shows excellent reduction in photodegradation time in presence of sunlight. Additionally, this research on
Bi,MoO,/MXene heterostructures highlights novel findings for the field of energy storage, excellent electrode
material for supercapacitors and having enhanced excellent capacity retention. To the best of our knowledge this
is the first report on super capacitive behaviour of Bi,MoO /MXene material.

Experimental

Preparation of MXene (Ti3C2)

MXene was prepared from Ti,AIC, MAX phase by etching the Allayer. 0.50 mg of Ti,AlC, material was cautiously
and gently added in 10 ml 40% HF solution by putting the mixture in a Teflon container and stirred vigorously
at room temperature for 24 h (at room temperature 28 °C). After that it is centrifuged and then washed multiple
times with deionized water (DI) and ethanol till pH reached approximately 6. At last, the MXene was dried in
vacuum oven at 80 °C for about 24 h.

Preparation of Bi2MoO6

Bi,MoO was produced via hydrothermal technique. initially 2.43 g of Bismuth nitrate (Bi(NO,),.5H,0) mixed
with 7.3 mL of ethanediol and 1.214 g of Sodium molybdate (Na,MoO,.2H,0) mixed with 3.64 mL of DI and
stirred independently for 30 min at a temperature of 55 °C. Hereafter both of them were mixed and stirred for
1 h at 55 °C. Then the solution was placed in the autoclave for 15 h at 150 °C. The product was then centrifuged,
washed with the help of DI and then dried in vacuum oven for about 48 h to obtain Bi,MoO,.

Preparation of Bi2MoO6/MXene

Bi,MoO,/MXene (1:0.3 ratio of Bi,MoOs and MXene) was developed via hydrothermal method without any other
precipitating agent. 2.43 g of Bi(NO,),.5H,0 mixed with 7.3mL of ethanediol and 1.214 g of Na,M0O,.2H,0O
mixed with 3.64 mL of DI and stirred separately for 30 min at 55 °C. After that both of them were mixed and
again stirred for 30 min at 55 °C, simultaneously 2 mg of MXene was sonicated with DI for 30 min. Then both the
mixture was mixed and stirred vigorously again for another 30 min. The solution was then put in the autoclave
for 15 h at 150 °C. The final outcome was then centrifuged and washed using DI and dried in the vacuum oven
for about 48 h to obtain Bi,MoO/MXene.
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Fabrication of electrode

The substrates used to prepare the Bi,MoO,, MXene, and Bi,MoO/MXene electrodes were grade 304 stainless
steels (SS). SS was first washed with detergent and immersed in the 4 N HNO, and then cleaned with acetone
and DI. Subsequently, the substrate was oven-dried. By applying a homogeneous layer to a SS substrate, a
doctor blade was used to combine a mixture of the carbon black (acetylene black) and active material (prepared
electrode material), poly (vinylidene fluoride) (PVDF) in weight percentages of 10%, 85% and 5% accordingly
within dimethyl formamide (DMF). Thereafter electrodes were dried at 60 °C for overnight. Following heating,
an electrode with a 1 X 1 cm? area weighed approximately of 2 mg.

Sample characterization

The crystallographic structure composition of Bi,MoO,/MXene was explored by using an X-ray diffractometer
(XRD) (Bruker D2-Phaser). High Resolution transmission electron microscopes (HRTEM) (TALOS F200X
G2), Field emission scanning electron microscope (FESEM) (Zeiss Ultra Plus) and Energy Dispersive X-
ray spectroscopy (EDX) was used for investigating the cross-sectional view and surface morphology of the
composition. Brunauer-Emmett-Teller (BET) (BELSORP-maxII) was performed to examine the surface area
and porosity of the material. X-ray photoelectron spectroscopy (XPS) (PHI 5000 VersaProbe III) was utilized
to study electrical and chemical states. Photocatalytic performance of sample was analysed by degradation
of Congo-red dye and optical band gap values was evaluated with the help of UV-visible spectroscopy (Cary
60 UV-Vis). Further, inductively coupled plasma mass spectrometry (ICP-MS) (G3665A) was done to have a
grasp of the elemental content in the degraded product along with liquid chromatography-mass spectroscopy
(LCMS) (Agilent G6530AA (LC-HRMS-Q-TOF)) was performed to explore the degradation pathway. Cyclic
voltammetry (CV) (EmStat4S.LR) was conducted to examined the electrochemical properties of the samples.

Photocatalytic degradation

The photocatalytic activities of sample are calculated through degradation of Congo-red of 5 mg/L under
sunlight (The experiment was conducted during 11 a.m to 2 p.m. (mid of June, 2024) and the irradiation was
about 340 WH/m?%?). 10 mg of photocatalysis was added to 50 mL of dye solution. At first, it was checked in dark
environment, showed no degradation then placed under sunlight. The data was taken in every 4 min intervals.
Thereafter, the deteriorated solution was utilized to analyse absorbance associated with the maximal absorption
of Congo-red dye of wavelength 490 nm with the help of UV-visible spectroscopy. The degradation percentage
of catalysts due to Congo red dye was calibrated by using Eq. (1).

C{) -

C
Percentage of degradation (%) = o 100 (1)

where C_and C stand for the solution’s absorbance before and afterward exposition to sunlight respectively*’.

Electrochemical analysis

An electrochemical workstation (EmStat4S.LR) was used for electrochemical analysis. Using the manufactured
electrode for the working electrode, an Ag/AgCl electrode for reference electrode and, a platinum electrode for
counter electrode, an electrochemical cell was created for electrochemical characterization. For electrolyte, 1
molL~! Na,SO, aqueous solution was employed. The as-prepared electrodes were examined electrochemically
using CV, GCD, and EIS electrochemical techniques. By combining the GCD and CV approaches, specific
capacitance (Cs) (Fg™!) was computed using Egs. (2) and (3), respectively. Additionally, Egs. (4), (5), and (6)
were used to compute Power density (P,) (Wkg™!), Energy density (E,;) (Whkg™!), and Coulombic efficiency.
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where scan rate and the potential window (volts) are symbolized by ‘V*, (V- V . ).V *and‘V, .~ refers
cathodic and anodic current. ‘m’ denotes deposited mass (grams), and I(v)’ stands for current (milliamperes). t,
and 1, represent discharge current (s) and current density respectively. t_and t, indicates the electrode’s charge

and discharge time in GCD curve correspondingly.
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Results and discussion

Structural exploration

XRD analysis was regulated to discern the composition of bare Bi,MoO,, MXene, and Bi,MoO/MXene using
an X-ray diffractometer as shown in Fig. 1 in order to understand more about the crystallographic and phase
formation of the synthesized materials. The diffraction peaks of MXene were observed corresponding to (002),
(004), (110) crystallite planes*!. The XRD pattern of Bi,MoO, nanoplates comprises sharp peaks corresponding
to the (140), (131), (002), (220), (222), (113). The position of all peaks matched with the orthorhombic crystal
system of Bi,MoO (JCPDS reference code 21-0102). Characteristic peaks of Bi,MoO, and MXene are observed
in Bi,MoO/MXene nanostructured-composite suggesting the fact that MXene were decorated on the surface
of Bi,MoO,.

Morphological investigation

Figure 2a of the TEM picture of MXene revealed that the material had a transparent, flat monolayer surface with
a lattice spacing of 1.02 nm, which corresponds to the (002) plane*>*3. Also, Fig. 2b presented the TEM picture
of Bi,MoO, with a lattice spacing of 0.26, that corresponded to the (002) plane. Multiple Bi,MoO, particles were
embedded or coated on the MXene nanosheet, as seen in the Bi2M006/MXene also heterojunctions are formed
by layered MXene and Bi,MoO, components, as confirmed by the TEM images shown in Fig. 2c. The close
interactions among Bi,MoO, and MXene was further demonstrated by the lattice arrangement of the HRTEM
picture of the binary heterojunction. Figure 2(c,) illustrated the MXene sheet of plane (200) matched the lattice
spacing of d=1.02 nm. Again, the lattice spacing of d=0.268 nm and d =0.322 nm corresponded to plane (002)
and (131) respectively of Bi,MoO, (Fig. 2(c,))***.

FESEM was carried out to verify surface morphology of bare Bi,MoO,, MXene and Bi,MoO/MXene
as represented in Fig. 2. The FESEM image of MXene (Fig. 3a) indicates that it has a typical accordion-like
structure’®*”.Prepared bare Bi,MoO, shows an irregular nanoplate-like morphology as seen in Fig. 3b
corresponding to the Orthorhombic Crystal system. Figure 3¢ shows that Bi,MoO, nanoplates possessing their
uneven structure have been settled on the MXene nanosheets. Due to the addition of MXene, which may result
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Fig. 1. XRD patterns for MXene nanosheet, bare Bi,MoO, nanoplates and Bi,MoO/MXene.
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Fig. 2. HRTEM image of (a), (a,) MXene nanosheet with d spacing (b), (b,) bare Bi,MoO, nanoplates and the
d spacing (c),(c,), (c,) Bi,MoO,/MXene with respective d spacing of individual.

in the creation of nucleation sites for Bi,MoO, and thereby stop additional crystal growth, that attributed to the
enhancement of pore size distribution of the Bi,MoO/MXene nanostructured composite than that of Bi,MoO,
and MXene (as from BET analysis).

In addition, EDX spectra are also characterized which shows the elemental mapping over a scanned area.
Figure 4a shows the EDX spectra with elemental concentration of MXene which composes 13.99 at% of C, 43.70
at% of F and 42.31% of Ti. Figure 4b shows the EDX spectra with elemental concentration of bare Bi,MoO,
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which exhibits 84.96 at% of O, 2.04 at% of Mo, and 13% Bi. Figure 4c shows the EDX spectra with elemental
concentration of Bi,MoO,/MXene which exhibits 72.18 at% of O, 1.94 at% of F, 6.36% of Ti, and 6.37 at% of Mo.
Also, Fig. 4 illustrates the mixed electron image of all presented, the colour map of all individual composites that
are present in the elements of MXene, bare BiZMOO@ and Bi,MoO/MXene.

BET analysis

From BET analysis, the detailed surface characteristics and pore volume of the obtained nanomaterials were
ascertained using the nitrogen-sorption isotherm; the outcomes are displayed in Fig. 5(a-c). The isotherm is
categorized as a type II isotherm with a broad range of pore sizes by the IUPAC. The surface area of MXene,
Bi,MoO, and Bi,MoO /MXene was found to be 6.053, 24.821, 67.3 ng‘l and pore size was 4.9, 13.5, 16.2 nm
respectively. Along with pore volume was calculated to be 0.084, 0.117 and 0.281 cm® g~! for MXene, Bi,MoO,
and Bi,MoO/MXene. BET results reveal that Bi,MoO/MXene is more porous than Bi,MoO,, MXene due to
its larger surface area and improved pore size. Because of this tendency, it can quickly break down additional
organic pollutants by adsorbing them. Consequently, the porous nature of the material led to a rapid dispersion
of reactants and products, increasing the rate of the photocatalytic process.

XPS studies

Figures 6a and 7a, and 8a indicate the XPS spectra of, MXene, BiZM006) and Bi,MoO/MXene which accords
with the outcome of EDX. After the amalgamation of Bi,MoO,, C-Ti bond evanesces, intimating that C-Ti
bond was demolished during process of synthesis and other peaks presented at 284.5, 286.1 eV accredit to C-C
and C-O bond. XPS of Ti 2P of MXene (Fig. 6b); can be ascribed to Ti-C 2p, ,, Ti(II) 2p, ,, Ti(III) 2p, ,, Ti(IV)
2p,, having seven peaks positioned at 454.6 (460.8), 455.1 (462), 456.2 (464.1) and 459.2 eV, where the intensity
of Ti (IV) is weakest*®. Four peaks manifest in C 1s spectrum of MXene (Fig. 6¢) at 281.7, 284.7, 285.5, and
288.9 eV, that attributes to the C-Ti, C-C, C-0, and C-F bonds respectively49. The Bi 4f spectra of pure Bi,MoO,
illustrated in Fig. 7b, are an adherent of binding energies of Bi 4f,, and Bi 4f;, of Bi>**, also additional 5
peaks shoot up at 156.96 eV, 157.96, 159.92, 163.11, and 164.95 eV while in the case of Bi,MoO,/MXene the Bi
4f spectra (Fig. 8b) positioned at157.25, 158.46, 158.97, 163.97 and 165.56 eV. A glimpse 2 peaks of Bi,MoO,
(Fig. 7c) at 231.01 and 234.33 eV are allotted to binding energies of Mo 3d,, and Mo 3d,,, of Mo®**!, but Mo 3d
peaks of Bi,MoO/MXene (Fig. 8c) appear at 230.2, 231.5, 234.6, and 235.01 eV, respectively. Figure 7d manifests
the O 1s spectrum of pure Bi,MoO, having peaks at position 529 and 530.9 eV ascribed to Bi-O and Mo-O°' but
in Bi,MoO/MXene (Fig. 8d) the three peaks designated to Bi-O, Mo-0O, and C-O are stationed at 529.8, 530.6,
and 531.5 eV respectively. From Figs. 2 and 8e peaks of Ti 2p were observed for Bi,MoO./MXene at 457.8 and
465.1 eV as well as 2 peaks of C 1s at 284.5, 286.12 eV (Fig. 8f) attributed to C-C and C-O bond respectively.
Figure 8a illustrates the full XPS spectra of Bi,MoO,/MXene composite. Modifications in the locations of the
VB and CB edges may be connected to this rise in binding energy in the Bi,MoO,/MXene composite that causes
transfer of electrons from Bi,MoO, to MXene by increasing electron density ultimately help in degradation
process.

Optical properties

To scrutinize the optical phenomenon of Bi,MoO, and Bi,MoO/MXene, UV-visible spectroscopy was employed.
The absorbance of sample was explored in the range 190 to 800 nm. Bi,MoO,/MXene evidenced a stronger light
absorption than pure Bi,MoO,. The band gap of MXene was found to be 1.25 eV (Fig. 9a), furthermore, the
band gap of Bi,MoO, was calculated as 3.1 eV (Fig. 9b), which constricts to 2.4 eV after mixing with MXene as
shown in Fig. 9¢, calculated using Tauc’s plot. In Tauc’s plot photon energy (hv) is plotted against (ahv)2 The
mechanism that is accountable for constricting the gap in bands associates the movement of electrons between
top end of VB towards bottom end of CB. The composite material also exhibits increased absorbance across a
wide wavelength range due to its reducing band gap.

Photocatalytic analysis
Figure 10a illustrates photodegradation of congo-red dye using MXene, which showed almost no degradation
during the interval of 4 to 16 min. The photocatalytic abilities of synthesized Bi,MoO,/MXene (Fig. 10c) show
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degradation of 50 mg/L Congo-red dye under the daylight which shows a greater result when degraded with bare
Bi,MoO(Fig. 10b). When MXene was added with Bi,MoO it enhances the electron-hole separation in its band
gap by forming energy states. Due to the existence of these impurity levels, additional energy levels are generated
in the semiconductor’s bandgap. Holes can remain at the valence band while electrons stimulated into the energy
levels beyond the valence band. Then in order to hinder these excited electrons to recombining with holes that
exist in valence band, they remain trapped within the impurity level. As in consequence, recombination speed of
the electron-hole pair decreases with accelerating the rate of degradation. Photocatalytic degradation of MXene,
bare Bi,MoO, and Bi,MoO/MXene is calculated using Eq. (1), which shows that only 8.3%, 60.5% of the dye
degrades by MXene and pure Bi,MoO, in 16 min under sunlight but using MXene 92.3% dye degrades in 16 min
(Fig. 10d). Figure 10e illustrates that first the solution of pure Bi,MoO, and Bi,MoO/MXene were placed in
dark room then transferred under sunlight. It was observed that in dark condition no degradation took place
and proved to be a good catalyst under natural sun light irradiation. The mechanism behind photodegradation
is, that when Bi,MoOy is exposed to sunlight electrons will drift from its conduction band to MXene because
of low fermi level in Bi,MoQO,, establishing a Schottky junction at their interface. Such movement hinders the
photo-induced e /h* pair from recombination®2.

Pseudo first order kinetic analysis of photodegradation of pure Bi,MoO, and Bi,MoO,/MXene were analysed
as shown in Fig. 10f. The kinetics data was calculated by using the Egs. (7),

C
In— = —Kt 7
o (7)

Here, C, and C denotes as concentration of targeted pollutants initial and after some time, k is pseudo first order
kinetic rate constant in unit of min~! and t is the processed time in min®***. From the Fig. 10f it is observed
that the reaction rate of Bi,MoO,/MXene is 0.158 min~! which is 2.6 times greater than bare Bi,MoO, with
regression coefficient 0.994. Further for MXene reaction rate is 0.013 min~! having a regression coefficient of
0.945. This data again confirmed that the degradation rate is faster in addition of MXene. ICP-MS was performed
to determine the content of bismuth (Bi), Molybdenum (Mo), Titanium (Ti), and fluorine (F) in the solution
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Fig. 7. (a) Full XPS spectra of Bi,MoO,, and high-resolution spectrum of (b) Bi 4f, (c) Mo 3d, and (d) O Is.

both before and after degradation. From Fig. 10(g), it has been illustrated that even after degradation the metal
content remains relatively unchanged.

Effect of degradation with variable concentration of dye

The degradation of varying dye concentrations from 2.5 mg/L to 30 mg /L was performed in the dark and then
under sunlight as depicted in Fig. 11a. The outcomes indicated 91% degradation persisted up to addition of
10 mg congo-red dye but after that the degradation rate dropped. The rate of degradation is associated to the h*
generation both in catalyst and in dye. Increased dye concentration results in larger average dye aggregate sizes,
which reduces the amount of surface area exposed to environmental conditions that cause photodegradation.
Thus, higher dye concentrations cause aggregation, which in turn causes slower photofading rates®. As in this
situation, when the dye concentration increases (while maintaining the same amount of catalyst) the degradation
rate decreases, at high concentrations.

Effect of degradation with variable catalyst dosage

Through altering the amount of photocatalyst dosage from 5 to 35 mg the degradation was accomplished in dark
and then under sunlight. It has been observed from Fig. 11b that quicker degradation occurred with an increase
in the dosage of the catalyst while maintaining the same concentration of dye. This is because of the active sites
present in Bi,MoO,/MXene increases which are key to degradation. Higher catalyst dosage can absorb greater
quantities of incident light which enhances the electron hole pair generation.

Effect of variable temperature on degradation process
Figure 11c shows the plot of percentage degradation of catalyst under variation of temperature from 0 to 70 °C.
From the graph, it has been clarified that there is no such compelling variability in the degradation relating to

Scientific Reports |

(2024) 14:27416 | https://doi.org/10.1038/s41598-024-78887-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(a) Bi,M0O,/ MXene (b) Bi 4f, Bi 4f
.. Ols Bi 4f,
—_ Ti2p == :
2 = %163.97¢v |
&g s SOV 15897 ev
= £ :
= ‘7 ! 158.46 eV
Z =
= >
< = i ‘
- El165.56 eV 157.25 eV
0 200 400 600 800 168 166 164 162 160 158 156 154
Binding energy (eV) Binding energy (eV)
(c) Mo3a,, Mo3d (d A o

i

Intensity (a.u.)
Intensity (a.u.)

T P PR WL S - 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV)

(e) i Ti2p
465.1 eV

Intensity (a.u.)
Intensity (a.u.)

T R ey i R e
Binding energy (eV) Binding energy (eV)

Fig. 8. (a) Full XPS spectra of Bi,MoO,/MXene, and high-resolution spectrum of (b) Bi 4f, (c) Mo 3d, (d) O
Is, (e) Ti2p, and (f) C 1s.

differ in temperature, which comes up with fine confirmation that changes in temperature is ineffectual to the
photocatalytic degradation.

Effect of various trapping agent
To diagnose the reactive element that helped in photodegradation of Congo-red scavenger test was performed.
For photocatalytic degradation h*, .0,~, .OH plays a vital reactive agent®>*”. In this paper isopropanol (IPA),
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Fig. 9. (a-c) UV- visible absorbance spectra and Tauc plot of MXene, Bi,MoO, and Bi,MoO/MXene
respectively.

Formic acid (FA) and Benzoquinone (BQ) were used to eradicate .OH, h* and .O,~ correspondingly. To perform
the experiment same molarity of scavengers was taken (0.5 M). 50 ml of scavenger was added to 50 ml of Congo-
red solution with 10 mg of catalyst and exposed to sunlight. It is observed from Fig. 11(d) that without scavenger
the photocatalytic degradation is 92.3% while in adding up IPA, BQ, and FA the percentage of degradation fall
off to 73%, 54% and 23%. This data shows that FA has relatively low ability in photodegradation in comparison
with IPA and BQ.

Figure 12 demonstrates a probable photocatalytic mechanism of Bi,MoO/MXene as determined from the
above experimental results. Bi,MoO, compound recognized for its photocatalytic activity in visible light. When
exposed to light, it absorbs photons, promoting electrons from the VB to the CB, thereby generating electron-
hole pairs. On the other hand, MXene, a family of two-dimensional transition metal carbides or nitrides, boasts
high electrical conductivity and surface area. This unique structure plays a crucial role in enhancing charge
separation and transport. MXene can prevent the electron-hole pair recombination as it comprises of electron
traps. These photoinduced can convert O, to .O,", a potent oxidant that degrades organic dyes. The pollutants
can be directly oxidized to safe products via holes developing at VB of Bi,MoQ,, that react with OH™ to generate
.OH. Further, when .O,” and .OH reacted with Congo-red dye it breaks down to multiple molecules and finally
degrades to CO, and H,O with some nano particles. The following is the expression of every pertinent reaction:

Photocatalyst + hv — hyp™ +ecp” (8)

Oy + ecp” =702~ 9)

hyp"+OH™ —?0H (10)

ht /205~ / 20H + Congo — red — Hy0 + COq + nanoparticles (11)

LC-MS was carried out to fully comprehend degradation procedure and to determine the decolorized final
outcomes of congo-red dye during degradation when exposed to sunlight presented in Fig. 13c and the
presumed degradation product during 4 min and 16 min are illustrated in Fig. 13a, b respectively. Congo-red
firstly goes through asymmetric cleavage, that results in a couple of molecules (4-amino-3-diazenylnapthelene-
1-sulphonate) with m/z value 273.1 along with one biphenyl diamine molecule having m/z 185.1. Subsequent
dissociation of (4-amino-3-diazenylnapthelene-1-sulphonate) yields a couple of compounds at m/z 205.5 and
m/z 157.08 which again dissociates to m/z of 143.07. Benzidine again dissociates and forms a compound having
m/z 197.07, then again it dissociates having m/z of 211.09 after that to 183.06. Along with this, intermediates
having m/z values 197, 232.07, 227, 210, 60.08, and 74.06 have been found. Consequently, it had been concluded
from the outcomes that congo-red dye within an aqueous solution can be mineralized with the help of Bi,MoO/
MZXene. A comparison on recent advancements of photocatalytic material for dye degradation along with
Bi,MoO,/MXene nanostructured composite is shown in Table 1.

From this study it has been observed that addition of MXene has a greater impact on the composite.
Numerous hydrophilic functionalities (O, F, and OH) on the surface of Ti3C2 MZXenes enable them to form
strong bonds with a range of semiconductors and also contribute to the composite’s excellent dispersion in water.
MXene’s improved electroconductivity makes it a great electron sink that can easily capture photogenerated
electrons, accelerating the separation and movement of charge carriers that have been photoexcited. According
to BET studies, Bi,MoO,/MXene has a higher surface area and better pore size than Bi,MoO,, MXene, making it
more porous. Its propensity to adsorb more organic contaminants allows it to degrade them more rapidly. These
modified heterostructures should have a low rate of recombination, a suitable bandgap, improved charge carrier
separation, and sufficient surface area to increase photocatalytic activity>®.
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Fig. 10. (a—c) UV-visible spectra of degradation of Congo-red dye with MXene, Bi,MoO, and Bi,MoO/
MZXene, (d) Photocatalytic degradation under sunlight, (e) Degradation absence and presence of light, (f)
pseudo first order kinetics graph (g) Metal quantity in the solution both before and after degradation.

Electrochemical characteristics

The mechanism of a three-electrode supercapacitor involves the interaction between the working, counter,
and reference electrodes, enabling precise measurement and optimization of electrochemical processes.
Working Electrode is the main site for charge accumulation and electrochemical reactions, Counter Electrode
Complements the working electrode by balancing the charge during the electrochemical processes and reference
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Fig. 11. (a) Degradation with variable concentration of Congo-red dye, (b) Degradation with variable
photocatalyst dosage, (c) Degradation of Bi,MoO, and Bi,MoO,/MXene with variation of temperature, (d)
Radical trapping test using different scavengers for photo catalytic activity.

Electrode Provides a stable reference potential. Ions from the electrolyte migrate toward the electrodes in response
to an applied voltage, creating an electric double layer across the interface. Electrochemical capacitors that store
the charge electrostatically by using reversible adsorption of ions of electrolyte onto the active materials that
have high accessible specific surface area and are electrochemically stable. At the working electrode, cations from
the electrolyte are attracted to the negatively charged surface, while anions migrate to the counter electrode.
Gouy and Chapman, and Stern and Geary, later improved the capacitance model by suggesting the presence of
a diffuse layer in the electrolyte due to the accumulation of ions close to the electrode surface. Upon closing the
circuit, ions return to the electrolyte, allowing electrons to flow through the external circuit, releasing stored

energy>>,

Cyclic voltammetry (CV) analysis

CV was used to analyse electrochemical properties of the as-prepared MXene, Bi,MoO,, and Bi,MoO/MXene
electrodes. Figure 14a—c shows the relative CV curves for the fabricated MXene, B1 MoO and B1 MoO /MXene
electrodes. The CV investigation used 1 mol L™! Na,SO, liquid electrolyte havmg potentlal w1nd0w of 0-0.5V
along with Ag/AgCl electrodes been scanned at 5- 100 mVs~ . The CV curves distorted behaviour in Fig. 14a-c
confirms the pseudocapacitive characteristic of energy storage appliance of the sample as they were processed.
Furthermore, it is evident from Fig. 14a—c that an increase in the scan rate is accompanied by inflation in the
current inside CV curves. Specific capacitance was calculated from the CV curves, using Eq. (2). The computed
Cs values, E, and P,at different scan rates for the MXene, Bi,MoO, and Bi,MoO,/ MXene electrodes are shown
in Table 2. ﬂle electrode had high Cs (859.14 Fg!), E, (29 83 Wh kg'l) at 5 mVs obtained for Bi,MoO,/
MXene electrodes which is superior to the other MXene, Bi,MoO electrodes. Additionally, Fig. 15a prov1des a
graphic representation of the variation in specific capacitance with scan rate. As the scan rate enhanced, specific
capacitance decreased, as shown in Fig. 15a. The Bi,MoO,/MXene electrodes exhibited the highest specific
capacitance value owing to its superior electrical conductivity, uniform porosity and enhanced surface area.
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Fig. 12. Mechanism of photodegradation activity of Congo-red dye using Bi,MoO/MXene under sunlight.

Galvanostatic charge discharge (GCD) analysis

To further study electrochemical behaviour and to evaluate the energy storage capacity of MXene, Bi,MoO, and
Bi,MoO,/MXene nanostructure composite electrodes, GCD analysis was performed. Ag/AgCl electrodes were
used in th1s investigation, which covered a current density ranging from of 5-25 Ag™', using 1 mol L™! Na SO,
liquid electrolyte and a voltage range of 0-0.5 V Vs. Figure 14d-f shows the GCD curves of MXene, Bi,MoO, and
Bi,MoO / MZXene electrodes. The arbitrary behaviour of the GCD curves for the MXene, Bi, MoO and Bi, MoO /
MXene nanostructure composite electrodes is evident, suggesting that the energy storage 1s pseudocapacmve in
nature. From GCD curves, the values of the specific capacitance obtained for MXene, Bi,MoOy and Bi,MoO,/
MZXene nanostructure composite electrodes using Eq. (3) having current density density 5 25 Ag are shown 1n
Table 3. At current density 5Ag™", the Bi,MoO /MXene electrode exhibited an impressive Cs of 642.91 Fg™!, E
of 22.32 Wh kg™?, and P, of 1.24 kW kg~ = Flgure 15b shows the graphical representation of the relationship i 1n
between specific capac1tance and current density. As shown in Fig. 15b, the specific capacitance values dropped
at higher current densities that is caused by the smaller availability of the electrolyte ions during fast-scanning
settings. In addition, analysing the cycle stability is essential for determining the robustness and efficiency of
electrodes ready for use in supercapacitors. Using the specific capacitance calculated from the GCD curve,
the energy density and power density of the as prepared electrodes were calculated from the Eqs. (4) and (5).
Furthermore, Fig. 15c shows the Ragone plot or the power density change P, with respect to E, for the MXene,
Bi,MoOy and Bi,MoO,/MXene electrodes Fig. 15d shows the percentage retention of capacitance with the cycle
number for the "Bi MoO o/ MXene electrode. Bi,MoO/MXene electrode exhibited 64.47% capacity retention
having 20Ag™! den51ty A comparison on recent advancements on super capacitive material with Bi,MoO/
MZXene nanostructured composite is shown in Table 4.

Electrochemical impedance spectroscopy (EIS)

The MXene, Bi2M006 and Bi2M006/MXene, nanostructure composite electrodes were subjected to the
electrochemical impedance spectroscopy within frequency span of 1 Hz to 1 MHz. An AC amplitude of 5 mV
was applied to a liquid electrolyte of 1 mol L™! Na,SO,. Nyquist plots for the MXene, Bi,MoO, and Bi,MoO,/
MXene electrodes are depicted in Fig. 15e. Nyquist plots were used to compute charge-transfer resistance (R,)
and electrolyte resistance (R,). The R, and R,, C; and W values for MXene, Bi,MoO, and Bi,MoO/MXene
electrodes determined from the Nyquist plots is shown in Table 5. Additionally, it was discovered thatBi,MoO/
MZXenenanostructure composite electrodes demonstrated R, R, values of 6.84 Q, 3.2 ), 2.02 mF and 43.8
mMho*s”0.5 respectively. Remarkably, Bi,MoO/MXene electrodes R, and R, values were found to be nerly
same those of MXene and Bi,MoO, samples.

From this study it has been observed the impact of addition of MXene in Bi,MoO, shows enhanced
result. MXenes and MXene-based composites have a high specific energy, which makes them appropriate
electrode materials for micro and flexible semiconductors. They also have excellent volumetric capacitance,
pseudocapacitive behavior, cycle stability, and high-rate capability. Because to MXene’s two-dimensional
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Fig. 13. (a,b) LC-HRMS spectra of Congo-red dye at 4 min and 16 min (c) along with the degradation
pathway.

layer structure, ions such as H* and Na* can intercalate rapidly, facilitating effective storage of charging and
performance in acidic electrolytes®!:62.

Conclusion
In summary, Bi,MoO, nanostructures and their composite Bi,MoO,/MXene nanostructure were synthesized via

hydrothermal methods to investigate their capabilities in photodegradation and energy storage. The Bi,MoO,/
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Photocatalyst % of degradation | Pollutants Time (min) | References
BiOBr/Bi,MoO, 98.4% Rhodamine B | 120 03
MnFe,0,/Bi,MoO/PPy | 54.9% Congo-red 120 o4
NiO@Bi,MoO,-MoS 98.8% Indigo carmine | 120 65

96.2% Methylene Blue | 120 66
Gd@Bi,MoO/rGO

81.7% Ciprofloxacin 120 66
BiOBr/Bi,MoO @MXene | 98% Congo-red 480 67

90.71% Congo-red 80 o8
TiO,/Bi,MoO,

98.51% Rhodamine B 100 68

88% Rhodamine B 30 9
Bi,MoO/N-rGO

87% Methylene Blue | 30 69
Bi,MoO/ZnSnO, 95% Methylene Blue | 60 70
CdS/Bi,MoO, 88.7% Rhodamine B 35 7
Bi,MoO,/MXene 92.3% Congo-red 16 This work

Table 1. An overview of studies on photocatalytic degradation of dyes.

MXene composite exhibited rapid photodegradation, achieving 92.3% degradation of Congo Red dye within
16 min. This study emphasizes the importance of reducing the bandgap energy of materials through MXene
incorporation to enhance photocatalytic performance. Verification of reactive agent and degradation pathways
was accomplished through radical trapping tests and LC-HRMS analysis. Moreover, the composite showed a
specific capacitance of 642.91 Fg~!, energy density of 22.32 Wh kg1, and power density of 1.24 kW kg~! at a
current density of 5 Ag™1, with 64.42% capacity retention at 20Ag~! over 10,000 Galvanostatic charge-discharge
cycles. These results suggest promising future applications in efficient photodegradation and advanced energy

storage devices.
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Fig. 14. (a—c) CV curves at different scan rates and (d—-f) GCD curves at different current densities of MXene,
Bi,MoOy and Bi,MoO/MXene electrodes.
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Specific capacitance Energy density

(Fg™") (Whkg™")
Scan rate (mVs™!) | M B BM (M |B BM
5 196.51 | 295.29 | 859.14 | 6.82 | 10.25 | 29.83
10 176.51 | 286.89 | 716.18 | 6.13 | 9.96 | 24.87
25 142.26 | 254.91 | 545.36 | 4.94 | 8.85 | 18.94
50 128.26 | 229.33 | 365.33 | 4.45 | 7.96 | 12.69
100 85.96 | 154.30 | 175.74 | 298 | 536 | 6.10

Table 2. The specific capacitance values at different scan rates for the MXene, Bi,MoO, and Bi,MoO,/MXene
electrodes calculated from CV curves. M MXene, B Bi,MoO,, BM Bi,MoO /MXene.
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Fig. 15. (a) Variation in Cs vs. scan rate, (b) Variation in Cs with current densities, (c) Ragone plot of sample
MXene, Bi,MoO, and Bi,MoO,/MXene electrodes, and (d) capacity retention of Bi,MoO/MXene electrode
at constant current density of 20 Ag™! (e) Nyquist plot (inset shows the equivalent circuit model for EIS data
fitting) of MXene, Bi,MoO, and Bi,MoO/MXene electrodes.
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Specific capacitance Energy density Power density

(Fg) (Whkg™!) (kWkg™)
Current density (Ag™ M B BM M B BM M B BM
5 83.22 175.83 | 64291 | 2.88 | 6.10 | 22.32 | 1.24 | 1.24 | 1.24
10 50.05 129.01 | 455.61 | 1.73 | 4.47 | 15.81 | 2.49 | 2.49 | 2.49
15 3443 104.75 | 342.24 | 1.19 | 3.63 | 11.88 | 3.74 | 3.74 | 3.74
20 23.32 83.54 | 275.79 | 0.80 | 2.90 | 9.57 | 4.99 [4.99 | 4.99
25 19.205 | 56.28 | 215.04 | 0.66 | 1.95 | 7.46 | 6.24 | 6.24 | 6.24

Table 3. The specific capacitance values at different scan rates for the MXene, Bi,MoO, and Bi,MoO,/MXene
electrodes calculated from GCD curves. M MXene, B Bi,MoO,, BM Bi,MoO/MXene.

Materials Specific capacitance (Fg!) | Current density (Ag!) | Capacitance retention (%)/(cycles) | References
Carbon sphere@Bi,MoOy 521.42 1 78.9%/(10,000) 72
Hydrangea-type Bi,MoO, 485 5 82%/(5000) 7
mesoporous Bi,MoO quasi-nanospheres | 345.0 1 90.2%/(10,000) 74
BizMoos/Polyaniline 90.0 0.5 86.5%/(6000) 7
deoxyribonucleic acid -templated Bi,MoO, | 467 2 86%/(3000) 76
Bi,MoO, nanosheet 37.3 2 89%/(1,000) 7
N-Doped Carbon Dots/Bi,MoOg¢ 184.2 1 87.3%/(10,000) 15
hierarchical Bi,MoO, nanotubes 171.3 0.585 92.4%/(1000) 78
flowerlike Bi,MoO, 182 1 80%/(3000) 7
WO,/Bi,MoO/rGO 319 1 91%/(1000) 19
Bi,MoO,/MXene 645.7 5 64.4%/(10,000) This work

Table 4. Compilation of recent studies on super capacitive performance of materials.

Electrode parameter | Mxene BiMoO, Bi2MoO6/MXene
R, 60 620 6.84

R, 173 nQ 273 nQ) 3.2Q

Cy 39.2 mF 133 mF 2.02mF

W 7.68 mMho*sA0.5 | 5.78 mMho*s”0.5 | 43.8 mMho*s”0.5

Table 5. The R, and R, values for MXene, Bi,MoO, and Bi,MoO/MXene electrodes determined from the

Nyquist plots.
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