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HIGHLIGHTS GRAPHICAL ABSTRACT

e Novel heterostructure of MXene/V,0s5
was efficiently synthesized via ball
milling and hydrothermal approach.

e Heterostructures are highly efficient to
fulfil SDG goal 14 and 7, Save Lives
Below Water and Water for All.

e Removal efficiency enhanced approx.
two-fold in case of MV nanocomposite
as compared pristine samples.

e S-scheme based heterostructures shows
highly efficient CV removal perfor-
mance and reuse convenience.

o Enhanced degradation was explained on
the basis of Zeta, EIS, Mott-Schottky and
EPR analysis.
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ARTICLE INFO ABSTRACT

Handling editor: Jun Huang In this study, a novel 2D/2D nanocomposite of MXene and V205 was synthesized using a facile hydrothermal
approach for the efficient removal of crystal violet (CV), a textile dye from contaminated water to achieve

Keywords: Sustainable Development Goal (SDG) 14; “Save Lives Below Water”. Here, the catalytic performance of pristine

MZXene/V,05 nanocomposite
Textile dyes

Photocatalysis

S-Scheme

EPR and trapping study

MXene was prominently boosted with the introduction of ball milled V,0s as an electron generating agent. The
degradation efficiency of synthesized nanocomposite significantly enhanced from 57 % to 92 %, 41 % — 76 % and
7 % — 58 % with an error of +2 % as compared to pristine MXene at 10, 20 and 30 ppm concentrations of CV,
respectively. The effective degradation of pollutants is ascribed to the electron-transfer via S-scheme based
mechanism and helps in reducing recombination rate of photogenerated carriers, which could produce hydroxyl
radicals (OH') as a primary species for effectively degradation of pollutants.
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The superior performance of nanocomposite is attributed to: (i) the optimized surface charge (—27.8 mV), (ii)
small value of charge transfer resistance (Rt = 1.3 Q), (iii) enhanced value of carrier concentration (6.3 X 1032
cm’g‘), (iv) small recombination rate of excitons and (v) high specific surface area as compared to pristine
samples. Moreover, to strengthen the findings, scavenger study and electron paramagnetic resonance (EPR) study
were carried out and concluded that hydroxyl radicals (OH") are the primary species in the mineralization of CV
dye. The values of lande g-factor are calculated using EPR plots which comes out to be 2.03 and 2.04 for (O5)
and (OH) radicals, respectively and demonstrates the formation of free radicals during catalytic reactions. The
Chemical Oxygen Demand (COD) analysis was carried out before and after the removal of CV using MV nano-
composite and confirms the reduction in COD vlaue of 81.60 %. The reusability experiment confirms stability of
synthesized sample and provides a good shred for industrial applications in the treatment of wastewater and
getting out cleaner productions and to save marine ecosystem.

1. Introduction

Colors and dyes have an adverse effect on marine life and can change
many aspects of ocean ecosystems. Numerous colors and dyes used in
the paper, leather, and textile industries contain compounds that are
toxic for marine life. These colors can contaminate marine life, causing
disease, problems with reproduction, and even death, when they are
discharged into the water by inappropriate waste disposal or industrial
discharge (Mani and Bharagava, 2018; Tkaczyk et al., 2020; Cheng
et al., 2021; Sharma et al., 2021; Ramzan et al., 2022). The total pop-
ulation of marine organisms is difficult to quantify accurately, but it is
likely to be comparable to or even higher than the total population of
organisms on land in terms of biomass and diversity. Researchers are
mainly focusing on the prevention of organism/life on land and very few
studies have been done in order to save lives below water (Bojarczuk
et al., 2018; Khan et al., 2022). Therefore, the authors’ goal in this work
is to eliminate colors from the oceans and the sea ecology.

Marine ecosystems can be disturbed by dyes because they can change
the chemical and physical characteristics of fresh water resources.
Certain dyes, for instance, might make water less transparent and light-
piercing, which can hinder marine plants’ ability to photo-synthesize
and have an impact on the development of algae and other primary
producers (Dunne et al., 2002; Wiirth et al., 2013; Kim et al., 2023).

Henceforth, to overcome all these challenges for marine life and
ecosystem United Nations Conference on Sustainable Development in
Rio de Janeiro in 2012 made Sustainable Development Goal (SDG) 14,
which stands for "Save Lives Below Water", aims to conserve and sus-
tainably use the oceans, seas, and marine resources for sustainable
development (Cormier and Elliott, 2017; Vadrot, 2023). Out of large
range of toxic pollutants which are discharged into water resources,
textile dyes are more toxic, carcinogenic, and non-biodegradable in
nature (Roy Choudhury, 2014; Maheshwari et al., 2021). The contami-
nated matrix of textile dyes in the water stream reduce the penetration
of sunlight, results in disruption of the biological process and creates
worse situation for the aquatic environment and aquatic lives (Gita
etal.,, 2017; Mehra et al., 2021; Islam et al., 2023). Crystal violet (CV), a
synthetic and cationic triphenylmethane dye with the chemical formula
Ca5N3H30Cl, is one of the many textile dyes which is widely utilized in
the textile and pharmaceutical industries. It is much more complex,
carcinogenic in nature, and potentially toxic to mucosal membrane. The
complex nature of CV helps it to sustain against light and diversified
oxidizing agents. The long-term use of CV dye leads to genetic mutations
in living organisms (Zehra et al., 2023).

Such issues have led to the need of scientific as well as technological
advancements among the research communities to find answers to the
problem of pollution and innovate sustainable methods to achieve the
goal of degradation or complete elimination of environmental
pollutants.

To quest all these issues, photocatalysis has emerged as an eco-
friendly technique for the removal of various types of contaminants
from industrial wastewater. Wastewater treatment through photo-
catalysis is ensued via a set of simultaneous redox chemical reactions

based on the generation of reactive oxygen species (ROS) (Allen et al.,
2008; Yoon et al., 2010; Loeb et al., 2018; Mittal et al., 2024). Photo-
catalytic process, utilizes sunlight via a photocatalyst for the degrada-
tion of pollutants. The process is based on the oxidation of the pollutant
by molecular oxygen, ozone, and hydrogen peroxide under the influence
of artificial UV light or sunlight in the presence of dissolved, suspended
or immobilized photocatalysts (Kumar et al., 2020, 2022). The photo-
catalytic degradation of pollutants and waste-water treatment has
become a highly coveted research area owing to its advantages over
other traditional water purification methods, such as its greater
simplicity, efficiency, absence of secondary waste products and the
usage of solar radiation for its energy requirement (Spasiano et al., 2015;
Baynosa et al., 2020; Tyagi et al., 2023a, 2023c, 2023d).

In previous reported works, mainly photocatalytic performance for
the removal of pollutants from wastewater was explained on the basis of
type II heterojunction and Z-schemes (Xu et al., 2018; Cai et al., 2019;
Mittal et al., 2024). Regrettably, these methods have some constraints
pertaining to thermodynamic and kinetic plans, which consequently
diminish the photocatalyst’s ability to act as an oxidant or a reductant
(Wang et al., 2020; Ashraf et al., 2022). Subsequently, Fu et al. (2019)
research group has developed a new heterojunction scheme called
step-scheme, or "S-scheme" to overcome these shortcomings (Fu et al.,
2019).

Briefly, S-scheme heterojunction contains two n-type semi-
conductors where the one with high conduction band (CB) energy is
viewed as reduction photocatalyst (RP) and the other as oxidation
photocatalyst (OP). Electrons in the OP’s CB were transferred to the RP’s
VB for recombination upon radiation. In the meantime, holes in VB of
OP and electrons collected in CB of RP, both possessing a high redox
potential, were primarily accessible for redox processes. Hence, the
photocatalytic efficiency has enhanced more strikingly in S-scheme
mechanism as compared to other schemes of photocatalytic mechanisms
for the removal of noxious pollutants from wastewater.

Recently, MXene a rather new family of 2D material have gained
immense attention among various researchers’ groups for applications
among numerous disciplines such as energy storage, photocatalysis,
sensors, electromagnetic applications, biomedical and various other
fields (Chen et al., 2020; Lei et al., 2022; Sivasankarapillai et al., 2022;
Tyagi et al., 2023b, 2024b). Among the various classes of MXene,
TigCaTx MXene has emerged as a subject of intense study due to its
extremely attractive properties such its large surface area, hydrophilic
nature and active surface group terminations which provides it the
ability for effective adsorption of pollutants and formation of hetero-
structures with other semiconductor photocatalysts, flexible layer
spacing and exposed active sites on their surface for enhanced trapping
of contaminants, strong redox activity, and high conductivity or easier
charge transfer mechanism (Pei et al., 2021; Soni et al., 2022; Sada-
nandan et al., 2023). After possessing of such excellent qualities, it faces
some major limitations namely: severe agglomeration and self-stacking
of nanosheets results in the opposition to charge transfer and hinder the
active sites (Pei et al., 2021; Yu et al., 2021; Sharma et al., 2023). These
issues can be resolved by addition of different materials/compounds to
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the MXene nanosheets to improvise the interlayer structure (Tyagi et al.,
2024a, 2024c).

Vanadium pentoxide (V20s) can be an efficient and promising ma-
terial for overcoming the issues related to MXene, due to its fabulous
physicochemical properties. It is n-type semiconducting material owing
to its property of tunable bandgap of around 2.2-2.8 eV in the visible-
light region, high chemical activity, photostability and non-toxicity
(Sadeghzadeh-Attar, 2020; Kumawat et al., 2021; Bansal et al., 2023).

In this research work, novel hybrid nanocomposite of MXene
(TigCeTy) and V205 (MV) has been efficiently synthesized for the
removal of crystal violet (CV) from wastewater via S-scheme based
degradation mechanism. Despite, the fact that many researchers have
reported the degradation of CV, but did not get satisfactory results up to
higher concentration in wastewater. Herein, photocatalytic degradation
of CV up to 30 ppm of water has been efficiently and successfully ach-
ieved and studied thoroughly. The synthesized MV nanocomposite
proven as the best material for the degradation of CV and can be
collected and reused again with efficient stability.

2. Materials and methods
2.1. Materials used

Ammonium fluoride (NH4F) with purity of 98 % and molecular
weight of 37.03 g/mol, titanium aluminum carbide (Ti3AlCy) with pu-
rity of 99 % and molecular weight of 194.60 g/mol and bulk vanadium
pentoxide (V20s) having purity of 98 % and molecular weight of 181.88
g/mol all three chemicals were purchased from Sigma Aldrich and used
as bought without further purification. Crystal violet (CV) dye was
purchased from Central Drug House (CDH) Pvt. Limited, India.

2.2. Synthesis

The schematic illustrating for the synthesis process of V505 nano-
sheets is as shown in Fig. 1 (Scheme 1). First, commercially available
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5 g of bulk V505 powder was taken and transferred in a milling jar
having chromium steel balls (5 mm radius), weighing 20.0 g. Another jar
was also filled with same amount of sample, and ethanol (30 mL) was
added to both the jars as a process controlling agent, to avoid contam-
ination due to wear and tear, as well as to prevent agglomeration. Then,
both the jars were placed diametrically opposite to each other in a
planetary ball mill (Torrey Hills ND4L). The milling process was taken
out at room temperature with a milling rate of 364 rpm, for 24 h. The
resulting suspension after the whole run time was separated from the
grinding balls using a pipette. The solution was then washed using
ethanol and deionized (DI) water via vacuum filtration unit and was
then allowed to dry in a vacuum oven at 50 °C for a period of 24 h.
Afterward, dried sample was grinded for 45 min to get the final product
and labelled as V5.

The synthesis of the nanocomposite was carried out through the
addition of pre-synthesized V,0s nanoparticles to the MXene synthesis
as shown in Fig. 1(scheme 2). Initially, ammonium fluoride (5.0 g) was
dissolved in 60 mL of deionized (DI) water under vigorous stirring for
about 10 min. Then, titanium aluminum carbide (0.50 g) was added to
ammonium fluoride solution followed by stirring for 5 h, resulting in a
black colored solution. Simultaneously, pre-synthesized V;Os nano-
particles was ultrasonicated in 100 mL of DI water, and then added
dropwise to the MXene solution. This final solution was subjected to
additional stirring for 3 h. The obtained suspension was then transferred
into a Teflon-lined hydrothermal autoclave for 36 h at a temperature of
150 °C. The resulting suspension was washed with aqueous solution of
NaOH (1 M) and DI water followed by vacuum filtration. The obtained
precipitate was allowed to dry overnight in a muffle furnace at 50 °C of
temperature and followed by grinding. The resulting fine dark green
colored powder was stored in an air proof vial and labelled as MV
nanocomposite.

2.3. Characterizations

The morphological details of as-synthesized samples were analyzed

Steel balls with
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Fig. 1. Schematic for the synthesis of (Scheme 1) V;05 with ball milling technique and (scheme 2) MV (MXene/V,0s) nanocomposite using hydrothermal method.
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S-Scheme based mechanism
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Scheme 1. S-scheme mechanism for the photocatalytic degradation of CV using synthesized MV nanocomposite, before and after contact [MX works as reduction

photocatalyst (RP) and V5 works as oxidation photocatalyst (OP)].

using field emission scanning electron microscopy (FESEM) from the
Quanta 3D and high-resolution transmission electron microscopy
(HRTEM) with model TECNAI 200 kV. X-ray Diffractometer (XRD) was
used for the analysis of crystallinity of samples in the range of 10°-70°
from Rigaku smart lab. For the analysis of functional groups, Fourier
Transform Infrared (FTIR) spectroscopy was used from the Bruker tensor
37 spectrometer in the range of 500-4000 cm . Optical properties and
absorbance spectra of the prepared samples were analyzed using a
UV-Vis spectrophotometer of Agilent technology. The elemental
composition of the prepared samples was analyzed using X-rays photo-
electron spectroscopy from Thermoscientific Nexa series. The surface
area of as-prepared photocatalyst was recorded by nitrogen adsorption-
desorption isotherm study using multipoint BET and BJH method at

77.4 K from Quantachrome Instrument. Mott-Schottky (MSK) and
Electrochemical Impedance (EIS) measurements were carried out using
metrohm potentiostat\galvanostat in 1 M NazSO4 solution (as an elec-
trolyte) at room temperature. The surface charge of the samples was
analyzed using Zetasizer from Malvern series. The formation of free
radicals was confirmed by using electron paramagnetic resonance (EPR)
analysis from EMX micro-X Bruker series. Time correlated single photon
counting (TCSPC) decay analysis was carried out using Edinburgh F980
instrument for monitoring the average recombination time of photo-
generated species.

TNV —

" MX NSs
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Fig. 2. FESEM image of (a) MX, (b) V5, (¢) MV nanocomposite and HRTEM image of (d) MV, (e) SAED pattern of MV nanocomposite and (f) EDX spectrum of MV

nanocomposite.
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3. Results and discussions
3.1. Morphological analysis

Morphological study of the synthesized samples were performed
using FESEM analysis as shown in Fig. 2(a-c). The stacked nanosheets of
MXene having significant interlayer spacing are clearly visible in Fig. 2
(a) and also in good match with reported literature (Peng et al., 2022).
The image of synthesized agglomerated nanosheets of V5 can be clearly
observed in Fig. 2(b). The FESEM image of MV nanocomposite showing
sheets of V5 are scattered on the surface of MX sheets as depicted in
Fig. 2(c). The High-resolution TEM image of MV nanocomposite is
shown in Fig. 2(d), nanosheets of MX as well as comparatively smaller
nanosheets of pristine V5 both are clearly visible, confirming the exis-
tence of both the pristine morphologies in the nanocomposite. The
larger sheets in nanocomposite corresponds to MX (dark in color) and
smaller sheets correspond to V5 (bright in color), color contrast repre-
sents different atomic numbers. The SAED pattern of synthesized MV
nanocomposite is depicted in Fig. 2(e), in which two different rings
attributed for two planes (002) and (200) of MX and V5 samples having
corresponding interplanar spacing of 1.48 nm and 0.653 nm, respec-
tively. Fig. 2(f) depicts the EDX spectrum of the fabricated MV nano-
composite, indicating the presence of Titanium (Ti), Vanadium (V),
Oxygen (0), Fluorine (F) and Carbon (C) in the MV nanocomposite. The
absence of any other element in the as-synthesized MV nanocomposite
demonstrates the purity of the synthesized sample.

3.2. XRD analysis

XRD analysis was carried out for detailed evaluation of crystallinity,
crystal structure and associated orientation of synthesized samples. XRD
diffractograms of the as-synthesized samples are given in Figs. S1(a—c).
In XRD diffractogram of pristine MXene, as shown in Fig. S1(a), the
peaks at 20 values: 8.81°, 18.21°, 27.5°, 34.20°, 38.65°, 41.32°, 57.57°
and 60.67° with interplanar spacing of 1.37 nm, 0.652 nm, 0.454 nm,
0.284 nm, 0.248 nm, 0.230 nm, 0.210 nm and 0.184 nm, respectively
are attributed for the (hkl) planes: (002), (006), (008), (103), (104),
(105), (109) and (110), respectively were in match with reported liter-
ature (Allen-Perry et al., 2021). In XRD diffractogram of pure V505 as
shown in Fig. S1(b), the characteristic major peaks observed at 20
values: 15.3°, 20.9°, 22.1°, 26.8° 30.8°, 31.4° 34.5° and 45.3° have
been assigned to (hkl) planes: (200), (001), (110), (101), (301), (310)
and (002), respectively. All the diffracted peaks are in match with re-
ported literatures (Abd-Alghafour et al., 2016). The major diffracted
peaks validates the presence of V505 in orthorhombic state. All the
characteristic peaks of pristine samples are present in synthesized MV
nanocomposite including 9.50°, 13.59°,17.78°, 18.71°,19.13°,22.9°,
24.67°, 25.57°, 28.50°, 31.78°, 35.9°, 38.98°, 41.83°, 48.36°, 56.74°
and 60.26°, confirm the co-existence of both individual samples and
represented with respective symbols as depicted in Fig. S1(c). In MV
nanocomposite, the characteristic peak of MXene at 8.81° slightly shifts
to higher angle at 9.5°. The minimal peak shift indicates that incorpo-
ration of V,05 nanosheets did not significantly impact the interlayer
distance of MXene as Vo205 nanosheets are dispersed over MXene sheets.
The low intensity of V205 peaks in MV composite in XRD diffractogram
might be due to complete dispersal of V205 nanosheets without aggre-
gation of MXene. Also, V205 nanosheets have irregular and randomly
oriented shapes scattered over MXene which also explains the low in-
tensity of its peaks in composite. The composite material exhibits sharp
diffraction peaks corresponding to both MXene and V205 which explains
the crystalline nature of composite as also confirmed through SAED
pattern. The extra peak at 25.57° in addition to peaks of V205 in MV may
be an indication of presence of small TiOy which might be due to
oxidation of MXene.

Chemosphere 370 (2025) 143971
3.3. Fourier Transform Infrared (FTIR) analysis

The FTIR spectra of as-synthesized samples are shown in Figs. S1
(d-f)). The FTIR spectrum of MX is depicted in Fig. S1(d). The broad
transmission bands observed at the 3325 cm™! and 1120 ecm™! corre-
sponds to stretching vibrations of hydroxyl group (-OH) and the pres-
ence of C-F bonds, respectively. The peak at 1630 cm ™' can be
attributed to the presence of C—=0 bonds and the peak observed at 1335
cm~! indicates the presence of water molecules (O-H) on the surface of
MXene. The low intense peak observed at 620 cm ™' demonstrates the
presence of Ti-O bond deformation vibration (Lee et al., 2017; Chen
etal., 2019). In FTIR spectrum of V5 as depicted in Fig. S1(e), the intense
transmission peaks observed at around 1015 cm™! and 828 cm™! are
attributed to the stretching vibrations of V—0 terminal bonds and the
symmetric and asymmetric vibrations of V-O-V bonds, respectively. The
low intensity peak observed at 538 cm ™~ land 1730 cm ™! are due to the
asymmetric stretching vibrations of triply coordinated oxygen atom and
—OH bond, respectively. The low intense peak observed at 3420 cm ™" is
attributed for bending vibration mode of H-O-H bond (Xavier, 2021). In
FTIR spectra of synthesized MV nanocomposite as shown in Fig. S1(f),
the presence of all the characteristic bands of individual materials shows
better physiochemical interactions during the formation of
nanocomposite.

3.4. Optical properties analysis

Optical properties of synthesized samples were studied using
UV-visible absorption spectroscopy analysis. All the samples were
dispersed in DI water through sonication for 20 min and the UV-Vis
absorption spectrum was recorded. Then, the optical bandgap energy
was evaluated by plotting Tauc’s plot ((«hv)!/" vs hv) as depicted in
Figs. S2(a—c). Where h is the Planck’s constant (h = 6.626 x 10734g s), v
is the frequency, o denotes the absorption coefficient having value of
2.303A/t, A represents the absorbance of the material and t represents
the thickness of cuvette and n takes the value 2 for indirect band gap
materials and the value % for direct band gap of materials. To calculate
the energy band gap, the curve is linearly extrapolated from the first
transition point and the intercept on x-axis gives the value of bandgap
energy. The bandgap energies observed for the pure MXene, V5 and MV
nanocomposite are 1.58 eV, 2.70 eV and 2.15 eV, respectively. It can be
concluded from the graph, that the value of energy bandgap of the MV
nanocomposite lies in between that of the corresponding pure compo-
nents. The red shift in the bandgap energy observed from pure V505 to
the nanocomposite can be attributed for the contribution of the highly
conducting property of MXene, which enhances light absorption in both
UV and visible region for the nanocomposite, resulting in a better
photocatalyst and a promising candidate for wastewater pollutant
degradation (Tahir et al., 2022). The value of bandgap in nanocomposite
provides an enhanced electron mobility and potentially improved light
absorption capabilities makes composite more suitable for the removal
of pollutants from wastewater.

3.5. X-rays photoelectron spectroscopy (XPS) analysis

X-ray photoelectron spectroscopy was carried out for analyzing the
elemental composition and surface properties of synthesized MV nano-
composite, as it is constituent of two distinct phases, but exhibits the
promising properties of both the individual entities. Fig. 3(a—f), depicts
in-depth XPS characterization of MV nanocomposite with its all-
constituents elements. The interactions of chemical bonding and any
other synergistic effect, arising from the combination of individual
materials Ti3CoTy (MX) and V.0s (V5) on their interface is also
analyzed. Fig. 3(a) shows the core level XPS scan of MV nanocomposite
in the range of 0-800 eV, and indicates that constituent elements are Ti,
V, C, O and F. In the XPS spectrum of Ti 2p as shown in Fig. 3(b), peaks
are deconvoluted into the majority of two groups: one is, Ti atoms linked
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Fig. 3. (a) General level XPS scan, and core level scans of (b) Ti 2p, (c) V 2p, (d) C 1s, (e) O 1s and (f) F 1s of MV nanocomposite.

to the O groups such as (V-O-Ti and Ti-O) and another is in which Ti
atom is linked with the termination groups such as (Ti-C and F-Ti-C),
which may be the results of surface oxidation. In XPS spectrum of V 2p as
shown in Fig. 3(c), The peak at 524.3 eV is assigned to V 2p;,» and
deconvoluted to V** and V*® oxidation states of vanadium having
binding energies at 523.3 eV and 524.5 eV respectively. The peak at
516.8 eV is assigned to V 2ps/; and deconvoluted to V™ and V*°
oxidation states of vanadium at binding energies at 515.74 eV and
516.86 eV, respectively. The binding energy difference between spin
states for V™ oxidation state is 7.64 eV. The binding energy difference

between spin states 3/2 and 1/2 for V*° oxidation state is 7.64 eV. The
area ratio depicting intensities are in ratio 2:1 for spin states 3/2 and 1/2
for both V** and V' oxidation states. The full width at half maxima
(FWHM) for spin state 3/2 for both V* and V> oxidation states is 1.2
and for spin state 1/2 for both V™4 and V> oxidation states is 1.8
(Akande et al., 2018).

In core level XPS spectrum of Cls as depicted in Fig. 3(d), three
components at 284.2, 285.5 and 287.4 eV attributed for Ti-C bonds of
MXene phase with Ti3Cy, C-C bond and C-O bonds, respectively. In XPS
scan of O 1s as represented in Fig. 3(e), the peaks at 529.2, 529.7, 531.2,
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532.6, 536.2 and 537.6 eV attributed for Ti, V oxydes, O, TiOx, C=0,
H20 and TiOg, respectively (Wang et al., 2019). In F 1s core level
spectrum as shown in Fig. 3(f), peak at 684.9 eV can be attributed for
Ti-F surface termination and another peak at 685.6 eV indicates AlF
contamination as a consequence of etching of Ti3Cy from Ti3AlCy using
fluoride-based etchant (Lim et al., 2021). On the basis of XRD and XPS
studies, it is concluded that MV nanocomposite has been synthesized
successfully, and small shifts in binding energy from their pristine in-
dividuals confirm the formation of new chemical species at MV interface
and occurrence of synergistic effects, which plays crucial role in the
removal of contamination from wastewater.

3.6. Mott-Schottky analysis

For analyzing the band-edge positions, semiconducting nature, and
carrier concentration of the synthesized samples Mott-Schottky (MSK)
experiment was performed by depositing the sample on working elec-
trode in 1 M NaySO4 solution as an electrolyte. In the MSK plots of MX,
V5 and MV as shown in Figs. S3(a-c), the positive character of slopes
demonstrate n-type behavior with values of flat band potentials —0.94,
—0.48 and —0.29 V, respectively. In general, for n-type nature of
semiconductor flat band potential is close to conduction band potentials
and values of band edge positions (valence band, conduction band) are
calculated using equations (1) and (2).

Veg =Vi NHEpH=7 = Ve Ag/AgCl — 0059(7 7pH Of eleCrOlyte USed) +0.198
(€Y

E
Vg = Ve + ?g 2)

Where, V¢ and Vyp are the potential values of conduction band and
valence band, respectively. The carrier densities of the synthesized
materials are calculated using equation (3), and the obtained values are
listed in Table 1.

(&)
-2 3)

4= eee, | dv

a\ &
Where, Nqg represents the density of charge carrier, % is the slope
from MSK curve, e, e and ¢, are the charge of the electron, dielectric
constant of materials, and permittivity in vacuum, respectively. The
values of ¢ for pure MXene and V205 are 60 and 9, respectively.

The values of flat band potential as obtained from Mott Schottky
plots, calculated carrier concentration for MV sample is much higher
(6.3 X 10%2 cm™3) as compared to both the pristine samples, which
provides an ease of movement of charge carriers and helps in the
breakdown of CV molecules into the simpler or non-toxic products. The
higher carrier concentration of synthesized MV nanocomposite as
compared to pristine MX and V5 thus makes it better material for the
photocatalytic degradation of pollutants and other applications.

Table 1
Band-edge positions, bandgap (E,) and carrier concentrations (Ng) calculated
from MSK curves for MX, V5 and MV samples.

Samples  Flat band potential ~ Vcp Vvp Bandgap Eg Ng
(Ve) (Y] Y] (eV) (em™®)
MX —0.94 -0.77 0.81 1.58 2.0 x
10%
V5 —0.48 —-0.31 2.39 2.70 1.5 x
103
MV —0.29 -0.12 2.03 2.15 6.3 x

1032
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4. Photocatalytic parameters

Crystal Violet (CV) a textile dye, was used to study the photocatalytic
activity of the synthesized MV nanocomposite, along with the pristine
samples MX and V5. The degradation study of the prepared samples
against CV dye was carried out in dark for adsorption-desorption equi-
librium for a period of 60 min, followed by photo-degradation obser-
vations for equal period of 60 min in the irradiation of light. The study
was conducted with respect to variable concentrations of dye (10, 20
and 30 ppm) in deionized (DI) water, to evaluate the effect of initial
concentration of pollutants on the efficiency of the synthesized samples.
For performing the experiment, 20 mg of each sample (MX, V5 and MV)
was added to separate beakers containing 10 ppm of CV dye solution for
a comparative study of removal efficiency. Each solution was initially
stirred in dark conditions and at intermediate time intervals the stirring
was turned off to collect samples. Approximately, 2 mL of sample was
collected and centrifuged to separate the catalyst particles and the
remaining degraded solution was exposed to UV-Vis spectroscopy to
analyze the absorption peaks and removal efficiency for CV. Then, same
process was repeated in the presence of light for the same interval of
time. Under similar conditions the experiment was repeated for 20 and
30 ppm concentrations of CV dye.

4.1. Photocatalytic activity and rate kinetic analysis

The absorption spectrum for CV removal using various samples at
different dye concentrations is shown in Figs. S4(a-i), and it can be
concluded that the degradation activity of MV was maximum at all the
concentrations, whereas the pristine MX showed the least degradation
efficiencies. Maximum degradation efficiency by MV was achieved
within initial 10 min, with corresponding efficiencies of ~60 %, ~50 %
and ~40 % under dark conditions. The synthesized MV sample degrades
more than 50 % of CV under dark conditions hence, proves much better
catalyst than other reported samples as summarized in Table S1.

Photocatalytic efficiency (n %) was evaluated using equation (4) as
given below:

n:<lfg>><100% (©)]
Co

The graphical representation of degradation efficiency with respect
to time at different dye concentration is shown in Figs. S4(j-1),

To analyze the adsorption mechanism during the photocatalytic
study both Pseudo first and second order rate kinetics studies were
carried out. Pseudo first order rate kinetics deal with the process of
physisorption, where the only substantial interaction is the weak Vander
Waal’s interaction, with the absence of any chemical reactions between
the particles of adsorbate and adsorbent.

First order rate kinetics is governed by equations (5) and (6) as given
below.

C,=Coe ™t (5)
in & =Kt ©)
0

Where, K is the rate constant corresponding to the kinetics, C; and Cy
are the intensities of absorption at time t and at initial time, respectively.
Thus, the first order rate constants are given by the slope of the graph
plotted between —In g—; and t. The value of correlation coefficients (R?)
approximately equal to 1, suggests that the reaction follows particular
order rate kinetics.

Pseudo second order kinetics governs the process which involves
chemisorption’s, i.e., the process in which formation of bonds are
involved. Equations governing the second order rate kinetics are given

below equation (7).
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Where, K, is the rate constant corresponding to the second order ki-
netics, Q; and Q. are the amount of adsorbed dye at time t and at the time
at which system achieves equilibrium, respectively.

The plots of ratio of absorption concentrations at specific time ‘t” (Cy)
and initially (Cp) and other rate kinetic plots are given in Fig. 4(a—f) for
better understanding of the rate kinetics and degradation efficiency.

The maximum efficiency of each sample at different dye concentra-
tion was observed over a period of 120 min, followed by 60 min of
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adsorption in dark and 60 min of photo-degradation in light irradiation.
The fitting of rate kinetics graphs is only done under light conditions and
all the parameters for rate kinetic studies are summarized in Table 2. As
it is clear from Fig. 4(a—f) and Table 2, that there is an inverse relation
between the initial concentration of the pollutant and the degradation
efficiency observed, for constant photo-catalyst quantity. The obtained
values of correlation coefficient R? from the graphs, suggests that in case
of MX, V5 and MV nanocomposite pseudo first order rate kinetic
mechanism was followed, suggesting that physisorption is the main
factor for the removal of CV molecules. The values of rate constants (K;)
reveal the fastness of the process and from the obtained values it can be
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Fig. 4. Pseudo-first order rate kinetics C;/Cq and -InC,/Cy plots for MX, V5 and MV nanocomposite at (a-b) 10 ppm, (c—d) 20 ppm and (e—f) 30 ppm, concentrations

of CV, respectively.
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Table 2
The efficiency and rate kinetics parameters of MX, V5 and MV for the removal of
CV dye.

Samples Pollutant (CV) concentrations
10 ppm
Samples/Parameters n % R% K; (mmin—!)
MV 92.8 % 0.93 17.2
MX 57.3 % 0.99 1.6
V5 81.2% 0.83 9.8
20 ppm
Samples/Parameters n% R? K;(mmin~1)
MV 76.5 % 0.93 62.7
MX 41.3 % 0.99 3.9
V5 59.2 % 0.98 6.4
30 ppm
Samples/Parameters n% R? Ki(mmin~1)
MV 58.6 % 0.85 81.3
MX 7.1 % 0.91 3.8
V5 45.3 % 0.90 5.6

concluded that during photocatalytic process, removal rate for MV
nanocomposite is ~2, 10 and 15 folds faster than pristine MX for 10, 20
and 30 ppm concentration of CV dye.

4.2. Mechanism for photocatalytic degradation

For understanding the mechanism of augmentation of the degrada-
tion of CV using MV nanocomposite, the separation of charges at the
interface of pristine materials was investigated and possible S-scheme
degradation mechanism is as shown in Scheme 1. According to S-scheme
mechanism two n-type semiconductors one having high energy of con-
duction band called reduction photocatalyst (RP) and other having low
conduction band energy called oxidation photocatalyst (OP). Here, MX
acts as RP and V5 works as OP and the band edge positions V¢g and Vyp
of MX (—0.77 and 0.81 eV), and V5 are (—0.31 and 2.39 eV). The ob-
tained Vg value for MX is —0.77 eV is superior than the redox potential
of 02/05 (—0.33 eV), hence reduction takes place from the surface of
MX. Similarly, the oxidation of H,O to form OH" might be possible from
the valence band (VB) of V5 due to the sufficient energy (2.39 eV) for
this conversion. Consequently, the migration of charge carriers in this
case will follow typical S-scheme heterojunction mechanism (Kane
et al., 2022; Xue et al., 2022). Electrons in the synthesized MV nano-
composite migrate from the valence band (VB) to the conduction band
(CB) when exposed to an appropriate amount of radiation that exceeds
the band gap energy, leaving holes behind. These electrons move from
the CB of V5 to VB of MX for the recombination. Then, the left-out
electron in CB of MX and holes in VB of V5 will further participate in
the photocatalytic reaction and plays vital role in the degradation of CV
dye. Previously reported works also show that MX works as a good
electron capturing mediator during the photocatalytic process and sur-
face functionalization of MX as explained in FTIR section also improve
electrons mobility results in the complete mineralization of pollutants
into water and carbon dioxide molecules (Hu et al., 2021). Expected
reactions during the mineralization of CV during photocatalytic reaction
in water are given in equations (8)-(11) (Kaur et al., 2024; Hu et al.,
2022).

MV (Catalyst) > e~ +h* 8)
e +0,-0; ©)
OH +h'-OH (10)
CV + OH / O; — Degraded products + H,O + CO, (11)
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4.3. Electrochemical Impedance spectroscopy (EIS) analysis

To investigate the kinetics of ions transportation at the interface EIS
technique was studied and Nyquist plots were analyzed in 1 M NaySO4
solution as an electrolyte as shown in Fig. S5(a). The x-intercept of the
plots gives the value of solution resistance (Rg) and the diameter of the
semicircular arc provides the value of charge transfer resistance (Rep).
Pristine MX and V5 both have the largest diameter of semicircular arc
demonstrating value of R¢¢ 5.6 and 3.1 Q, respectively which hinders in
the movement of charge carries. As depicted in Fig. S5(a), the lowest
diameter of the semicircle in case of MV nanocomposite results in more
active sites and good charge transport nature as compared to pristine
samples. The smallest value of R¢; 1.3 Q for MV nanocomposite makes it
better material for the catalytic activity and for the energy storage de-
vices and the obtained photocatalytic degradation results of CV are also
in good agreement with this data.

4.4. Effect of temperature and catalyst dosage

The effect of temperature on the removal efficiency of CV was
studied at 30 ppm concentration of dye for 60 min under dark conditions
and obtained results are shown in Fig. 5(a). An increase in the solution
temperature from 40, 60 and 80 °C increases the removal efficiency of
CV 83, 94 and 99 %, respectively with an error of +£2 % in 60 min. The
increase in the efficiency can be attributed that rising in the temperature
greatly promotes the diffusion and collision of reactive radicals and ions
in the solution and consequently results in the enhanced removal
efficiency.

Fig. 5(b), illustrates the effect of dosages of MV nanocomposite on
the removal efficiency of dye. For carrying out this study, 30 ppm of dye
concentration for 60 min under dark conditions was used to analyze the
effect of MV dosage (0.2, 0.4, 0.6, 0.8 and 1.0 mg/L) on the removal
efficiency. The removal efficiency tends to increase on increasing the
dosage of MV catalyst, efficiency increased from 58 % to 98 &+ 2 % on
increasing the catalyst dosage from 0.2 to 1 mg/L. The greater surface
area and the larger number of accessible adsorption sites may be
responsible for the enhanced removal efficiency of CV.

4.5. Surface charge analysis and pH dependent study

The surface charge of all the synthesized samples was studied via
zeta potential measurement as shown in Fig. S5(b). The surface charge
corresponding to the photo-catalyst is an important factor during the
photocatalytic dye degradation process. For a dispersed particle, its
surface develops an electric charge due to the interaction with its sur-
roundings, leading to formation of two separate regions around the
particle, the inner region called the stern layer and the outer region
termed as the diffuse layer (Wang et al., 2022). The zeta potential rep-
resents the potential difference between these two regions. Surface po-
tential associated with MX, V5 and MV was found to be —12.5 mV,
—33.7 mV and —27.8 mV respectively, implying that negative surface
charge resides for all the samples and the degradation against a cationic
dye is expected to be much more owing to competitive adsorption. The
high value of surface charge in case of MV nanocomposite as compared
to pristine MX, makes the sample more stable for the catalytic applica-
tion. The observed results from photocatalytic studies can be well
inferred from zeta potential analysis. The values of zeta potential study
are summarized in Table S1. The zeta potential also carried out with
auto-titration at different pH ranging from 1 to 12, which shows that the
MV sample does not have any isoelectric point or point of zero charge
(PZC), beyond which the surface of MV sample become positive and at
all pH values surface charge is negative. These results are compatible
with those of photocatalytic results, since the sample is not suited for the
removal of anionic dyes, because of repulsive electrostatic interactions
between the anionic dyes’ surface and the negative surface charge of MV
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sample. The removal efficiency for anionic dyes direct red (DR) and
congo red (CR) found out to be 9.72 and 17.67%, respectively. The MV
composite only shows negative surface charge through out the entire
range of pH (1-12) without attaining isoelectric point or point of zero
charge (PZC). Hence, it can be easily concluded that the sample is only
suitable for the removal of cationic dyes only due to good electrostatic
interaction. The removal efficiency at different pH and surface charge
variation with pH is shown in Fig. 5(c).

4.6. Time-Correlated Single Photon Counting decay

The average lifetime of the photogenerated charge carriers and dy-
namics was evaluated by Time-Correlated Single Photon Counting
(TCSPC) decay as shown in Fig. S5(c). The decay curves of the synthe-
sized samples were simulated using a triexponential model using the
following equation (12).

Yy=A+Bie /" 4 Bye /™2 4 Bye U 12)
Where, Bj, B, and Bj represent the amplitude of the components cor-
responding to 1, 2 and 3, respectively. T;, T2 and T3 belong to the
average lifetime corresponding to the slow, intermediate, and fast de-
cays. The obtained value of ¥2 (~1), shows the best fit for the experi-
mental data. The recombination through inter-band exciton process
results in fast photoluminescence (PL) decay, whereas recombination of
photogenerated species in an indirect mode leads for the slow PL decay.

10

The average lifetime (T,y) was calculated using equation (13).

_ BiT? +B,T; + B3T3

=11 TP2°2 7873 13
" ByT; + BTy + B3Ts as

For pure MX and V5 the average lifetime T,, was found to be 3.97 ns
and 1.75 ns, respectively. For synthesized MV nanocomposite, Tay is
5.20 ns which is much higher than pristine samples. The results of
TCSPC decay fitting for pristine MX, V5 and MV nanocomposite are
tabulated in Table S2. The average lifetime for MV nanocomposite was
found to be much higher than the pristine samples, makes it better for
the removal of pollutants from wastewater and in correlation with the
obtained photocatalytic results for the degradation of CV dye.

4.7. Surface area analysis

The analysis of specific surface area (S.S.A.) and pore diameter of as-
synthesized MV nanocomposite was carried out through BET charac-
terization technique. The nitrogen adsorption and desorption isotherms
evaluation were performed at temperature 77.5 K and displayed as the
plot of volume absorbed with respect to the relative pressure (P/P,), as
shown in Fig. 6(a). The plot indicates the consistency with isotherms of
type IV, demonstrating mesoporous nature of the synthesized nano-
composite. Graphical representation for pore size investigation was
done through BJH technique, as depicted in Fig. 6(b). The value ob-
tained of the specific surface area specified according to the BET mul-
tipoint method and the BJH method is 9.57 m%/g and 13.11 m?/g,
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respectively and the average pore diameter value of pore diameter for
the synthesized MV nanocomposite is 24.28 nm. The resulting higher
values of MV nanocomposite from the pristine samples Ti3Co MXene
4.74 mz/g) and V05 (4.5 mz/g), makes it better material with
enhanced catalytic properties (Bordoni et al., 1994; Tawalbeh et al.,
2023). The charge transport is assisted via the mesoporous conductive
network providing better photocatalytic property also in match with the
photocatalytic degradation results.

4.8. Chemical oxygen demand (COD) analysis

The chemical oxygen demand (COD) test is used to analyze the
organic strength and toxicity of polluted and treated water. The mea-
surement for the total quantity of oxygen required to oxidize the organic
matters in form of water and CO, was carried out using COD analysis.
The COD value of CV dye solution and after treatment using MV nano-
composite was found to be 174 and 32 ppm, respectively. The reduction
in COD value shows the complete mineralization of wastewater into
non-toxic products along the decolorization.

Equation (14) was used to quantify degradation as a percentage
reduction of COD (Zhang et al., 2021).

CODipitiat — CODfinar

% CODrequction = COD izt
initial

X100 as

Where, COD;yjiq is the COD value of untreated water and CODfpg is the
COD value of treated water using MV nanocomposite.

The % reduction in COD value was 81.60%, obtained using above
equation. The obtained results demonstrate the reduction in toxicity for
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the treated sample to a great extent.

4.9. Trapping study and reusability test

To have a better perception towards the degradation process fol-
lowed, it is inherent to understand the role of active species generated in
presence of photons. In order to investigate these factors, experiments
with a set of scavengers were performed, specifically tetra butanol (t-
BuOH) was used capturing for OH', 1-4 benzoquinone (BQ) entraps O; ,
whereas potassium iodide (KI) traps both h™ and OH'. The presence of
these scavengers inhibits the action of the specified reactive species,
resulting in the decrease of the degradation efficiency associated with
the photocatalyst alone. The resultant efficiencies observed during the
photocatalyst study for MV using scavengers are summarized in Fig. 6
(c). It is concluded that the maximum deficiency in photocatalytic study
was observed for the case of t-BuOH, indicating OH' being the primary
species in the degradation of CV using MV nanocomposite. The presence
of KI affected the efficiency of the degradation process least as compared
to other scavengers, that h* being the least affecting parameters in the
photodegradation mechanism. The efficiency of BQ was found to have
significant deficiency, suggesting that O, are the secondary species
during the process. Overall, a significant decrease in the efficiency was
observed for all the scavengers, implying that every reactive species
played a significant role in the degradation process observed of textile
dye.

For increased sustainability, it is desired that the photocatalyst
should be reproducible and reusable for number of cycles. The reus-
ability of the synthesized nanocomposite was studied by analyzing the
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removal efficiency in consecutively four cycles. The experiment was
conducted using 20 mg of MV nanocomposite for the removal of 10 ppm
concentrated crystal violet dye. Approximately 2 mL of the degraded
solution was collected at equal intermediate time intervals, and its
absorbance was recorded. Then the photocatalyst was separated from
the dye solution through centrifugation, followed by washing with DI
water using vacuum filtration method and drying at 60 °C. Afterward,
the obtained MV photocatalyst reused again with the addition of equally
concentrated dye solution for next cycles. The same procedure was
carried out four times and the obtained results for photocatalytic effi-
ciency are shown in Fig. 6(d). Thus, it can be concluded that on an
average only ~2% decrease in the efficiency was observed for each
consecutive cycle, emphasizing the potential of the photocatalyst to be
effectively used for five or more times.

4.10. EPR analysis

Electron paramagnetic resonance (EPR) analysis was carried out to
monitor the formation of hydroxyl OH' and superoxide O; radicals. The
aqueous solution of DMPO was used to capture OH' and methanol so-
lution to catch O; . As results are shown in Fig. 7(a & b), both DMPO-
OH' and DMPO-O; adducts shows intermediate and strong character-
istic signals under dark and light conditions, respectively. The inter-
mediate signals under dark conditions support photocatalytic results
that more than 60% degradation of CV takes place and strong signals
demonstrates that under light irradiation generation of radicals
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enhanced significantly, results in the complete degradation of CV dye.
Higher intensity of OH radicals and more drift velocity than O, , pre-
dicts that OH' are the primary and O; are secondary species in degra-
dation process and also in support of the trapping study.

The values of lande g-factor are calculated by using equation (15) as
given below;

g§=ho/usH (15)
Where, h (6.62 x 10’34Js) is Planck’s constant, v (9.48 GHz) is the
frequency of X band, y g (9.27 x 10-2LJ/T) represents Bohr magneton
and H is the value of the magnetic field at origin. The values of g comes
out to be 2.03 and 2.04 for OH radicals under dark and light illumi-
nations as represented in Fig. 7(c & d). For O radicals, values of g are
2.02 and 2.03 under dark and light conditions. These values of g-factor
provide good shred of evidence for the formation of free radicals during
photocatalytic process and in complete agreement with the results of
catalytic and scavenger studies.

5. Conclusion

This research work has focused on the successfully and efficiently
synthesis of MXene and V205 (MV) nanocomposite via hydrothermal
method. The addition of V505 in the pristine MXene (Ti3CyTy) helps in
significantly enhancing the photocatalytic degradation efficiency of CV
dye via S-scheme based photocatalytic mechanism. The incorporation of
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Fig. 7. EPR and lande g-factor plots for (a,c) OH radicals (b,d) O, radicals, under dark and light conditions.
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V205 in MXene sheets helps in improving the surface area (as analyzed
from BET), optimization of surface charge (as investigated from zeta
potential) and enhancing the movement of charge carriers (as analyzed
from EIS study), resulting in the enhancement of removal efficiency. The
synthesized MV nanocomposite has attained removal efficiency up to 92
%, 76 % and 58 % with an error of +2 % at 10, 20 and 30 ppm con-
centration of CV from wastewater. The degradation mechanism was
analyzed and followed S-scheme mechanism helps in reducing the
recombination rate of photogenerated species. In order to get insightful
impact on the active species in degradation mechanism trapping
experiment was also performed and concluded that O, and OH are the
primary and secondary active radicals which were further confirmed
using electron paramagnetic resonance analysis. The COD test explains
about the organic strength and toxicity of polluted and treated water.
The enhanced understanding of the composition of surface of materials
and optimization for various specific applications: including catalysis,
energy storage, and electronic devices can be made possible with XPS
analysis. Synthesized sample are also stable, non-toxic, and reusable
hence can be regenerated and reused many times, helps in reducing the
cost at industrial level. The synthesized nanocomposite in this work
could have potential applications in the use of adsorption and the
photocatalytic degradation of organic pollutants from wastewater,
water splitting and so on.
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