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1. Introduction

In situ synthesis of VO,@C nanocomposites
for enhanced visible-light photocatalysis in
wastewater remediation and sustainable
hydrogen generation

Yogita Padwal,® Ratna Chauhan,*® Indra Jeet Chaudhary,® Dattatray J. Late, {2°
Muthupandian Ashokkumar @2 € and Suresh Gosavi () *¢9¢

In this study, we explored the efficacy of VO,/carbon nanocomposites as promising photocatalysts for
hydrogen generation and dye degradation under natural sunlight. These nanocomposites were
synthesized using a facile one-step hydrothermal method at 180 °C using dextrose as the carbon source
with optimized reaction time. The synthesized materials were characterized using X-ray diffraction
(XRD), Raman spectroscopy, field emission scanning electron microscopy (FESEM), high-resolution
transmission electron microscopy (HRTEM) and X-ray photoelectron spectroscopy (XPS) analysis, to
confirm their structural and physiochemical properties. FESEM analysis revealed the monoclinic
crystalline structure of VO,, accompanied by the formation of nanosheets surrounding carbon spheres
of ~50 nm in diameter. Optical analysis indicated that the material shows broad absorption in the visible
region with a band gap range from 2.24 to 1.87 eV. XPS and Raman spectroscopy provided further
confirmation of the successful formation of the VO,/C composite. Among the synthesized samples, the
VO,/C composite synthesized within 48 hours of hydrothermal treatment (VC-5) exhibited the highest
photocatalytic activity. The VC-5 composite exhibited a hydrogen production rate of 2545.24 pmol h™t g1
and demonstrated notable photocatalytic efficiency, achieving 97% degradation of methylene blue within
5 minutes and 80% degradation of Victoria blue within 15 minutes under natural sunlight. The enhanced
photocatalytic performance of these hybrid nanomaterials is attributed to their large surface area, high
porosity, uniform morphology, and the synergistic interaction between VO, and carbon. These factors
enhance visible light absorption and charge carrier dynamics, significantly improving the photocatalytic
performance of VO,/C nanocomposites.

applications in energy storage, catalysis, and environmental
remediation."™ Among the vanadium oxides, VO, stands out

Vanadium oxide-based materials, particularly VO, and V,Os,
have gained significant attention in the field of nanotechnology
due to their unique electronic, structural, and catalytic proper-
ties. These materials are distinguished by their ability to exist in
multiple oxidation states, ranging from +2 to +5, which enables
them to participate in a variety of redox reactions important for
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due to its narrow band gap (0.7 eV) and its capability to undergo
a reversible metal-insulator transition at approximately 68 °C.
This transition not only fine-tunes the electronic properties of
VO, but also enhances its photocatalytic activity under different
thermal conditions, making it an attractive candidate for
photocatalysis and other advanced applications. A variety of
techniques have been developed to synthesize vanadium oxide
nanomaterials with different sizes and shapes. These techni-
ques include hydrothermal/solvothermal methods, thermal
pyrolysis, chemical vapor deposition (CVD), electrospinning,
liquid exfoliation, pulsed laser deposition (PLD) and electron/
ion beam lithography. Among these, the hydrothermal techni-
que is gaining more attention due to its versatility, offering
control over numerous preparation parameters such as time,
temperature, pH, concentration, and precursor selection. This
method is particularly advantageous for producing VO, with
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desired morphologies and exploring new phases. The structural
stability and phase transition behavior of VO,, as discussed by
Popuri et al.,” are crucial for maintaining catalytic performance
under operational conditions, while the quantum confinement
effects explored by Khan et al. further enhance its electronic
properties at the nanoscale, thereby improving its photocataly-
tic efficiency.®

Vanadium oxides are widely utilized in catalysis and electro-
chemistry owing to their redox-active properties. Vanadium
pentoxide (V,0s), for example, provides good capacitive perfor-
mance in neutral solutions, making it a popular choice as an
electrode material. The switchable activity and optoelectronic
and magnetic properties of vanadium oxides have led to their
use in various technological applications such as energy storage
systems (EES), sensors, solar cells, electrochromic displays, and
thermochromic smart windows. These materials’ ability to
undergo structural transformation and exhibit unique electro-
nic and magnetic properties positions them as key players in
the development of next-generation technologies.”®

VO,, with its distinct phase transition behavior and robust
structural stability, offers a promising alternative for photoca-
talytic applications. Despite its potential, the utility of VO, in
photocatalytic systems, particularly for dye degradation,
remains relatively underexplored. Pure carbon materials,
although ineffective in water splitting reactions on their own,
can significantly enhance photocatalytic activity when com-
bined with vanadium oxides as impurities, co-catalysts, or
structural defects. This makes VO, a compelling candidate for
advanced photocatalytic applications. The formation of hetero-
junctions by integrating VO, with other nanomaterials could
further enhance charge separation and the overall photocata-
lytic performance.’

The primary objective of this study is to develop and explore
the dual functionality of VO,/C nanocomposites for enhanced
photocatalytic applications, specifically in dye degradation and
hydrogen generation. While previous studies have demon-
strated the catalytic and smart coating properties of VO,, as
well as its applications in phase transition-promoted hydrogen
evolution, dye degradation, electrocatalytic oxygen evolution,
and heterojunction synthesis, this work aims to extend these
findings by introducing a novel VO,/C composite."®"® The
novelty of the current work lies in the one-step hydrothermal
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Scheme 1 Schematic diagram of VO,/carbon synthesis.
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synthesis of VO,/C nanocomposites, utilizing dextrose as a
carbon source. This method not only simplifies the synthesis
process but also ensures uniform distribution and close contact
between VO, and carbon, which is crucial for optimizing
the photocatalytic activity. The resulting composite features
extended absorption in the visible region, a property that
enhances its suitability for photocatalytic applications. Further-
more, the study investigates the unique synergistic interactions
between VO, and carbon, which play a critical role in enhan-
cing charge carrier dynamics and broadening light absorption
within the visible spectrum. These interactions significantly
improve the efficiency of the VO,/C composite in facilitating
both photocatalytic dye degradation and hydrogen evolution
reactions under visible light irradiation. This dual functionality
underscores the potential of the VO,/C composite as an effec-
tive and versatile photocatalyst for environmental and energy
applications.

In this study, we have successfully synthesized VO,/C nano-
composites via a one-step hydrothermal method using dextrose
as the carbon source. The structural, optical, and photocatalytic
properties of the composite were systematically characterized.
We demonstrated its enhanced photocatalytic performance in
both dye degradation and hydrogen generation, attributing the
improved activity to the synergistic effects between VO, and
carbon.

2. Materials and method
2.1 Chemical

Vanadium pentoxide (V,Os) of extra-purity grade was procured
from Loba Chemie Pvt. Ltd, ensuring high-quality standards for
our experimental protocols. Dextrose monohydrate of analytical
reagent (AR) grade was obtained from Thomas Baker. Distilled
water served as the solvent medium. Methylene blue dye,
sourced from Sigma-Aldrich, a well-characterized compound,
was employed for our dye-related investigations.

2.2 Synthesis of vanadium dioxide/carbon composites

Vanadium dioxide/carbon (VO,/C) composites were synthesized
using commercial V,0s, dextrose and water using a hydrother-
mal method. In the typical synthesis, 0.6 g of V,05 was added to

70°Cfor
12 hrs.

‘Wash several
times with

VO2/Carbon
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a glucose solution (3.24 g of dextrose in 140 mL of water) with
vigorous stirring at room temperature for 1 h; after that, the
reaction mixture was transferred into a 200 mL Teflon-lined
stainless steel autoclave, sealed and maintained at 180 °C
for varying reaction times 6 h, 12 h, 24 h, 36 h and
48 h. After cooling, a product was collected and washed with
distilled water and ethanol solution several times and then
dried in a vacuum oven at 80 °C for 12 h. The samples were
designated as VC-1, VC-2, VC-3, VC-4, and VC-5, corresponding
to reaction times of 6 h, 12 h, 24 h, 36 h, and 48 h, respectively
(Scheme 1).

2.3 Photocatalytic study

2.3.1 Photocatalytic hydrogen generation from water.
Photocatalytic hydrogen generation was carried out in a
70 mL total volume air-tight cylindrical quartz reactor with a
cooling jacket for water circulation. The intensity of solar light
was measured using a digital Lux meter. The measured average
intensity of solar light reaching the surface of the Earth is
97 000 Lux. In a typical photocatalytic experiment, 15 mg of a
photocatalyst was dispersed in 25 mL total volume containing
20% methanol (v/v) in an aqueous solution. The 45 mL free
space of the photoreactor was made airtight with a rubber
septum followed by ultrasonication for 5 min to ensure uni-
form dispersion of the catalyst. The solution mixture was then
purged with ultra-high purity nitrogen gas (UHP-99.999%) to
remove all the gases in the headspace of the reactor and
dissolved oxygen from the reaction mixture. Before and after
irradiation with solar light, the gas in the free space of the
reactor was analyzed using gas chromatography (GC). The
generated gas was analyzed immediately using GC with a
specific time interval.

2.3.2 Dye degradation. Methylene blue (MB) dye was used
to study the photocatalytic activity of the synthesized VO,/C
nanocomposites. The VO,/C nanocomposites (25 mg) were
dispersed in 50 mL of MB (25 ppm) dye solution and main-
tained under constant stirring under sunlight. Aliquots of 2 mL
solution were removed periodically after every 1 min from the
reaction mixture and centrifuged to separate the catalyst from
the dye solution and UV-Vis spectra for the obtained dye
solution were recorded. The percentage degradation of methy-
lene blue by the catalyst was calculated from the following
equation.

C(]_C[
0

Percentage of degradation = x 100 (1)
where C, represents the initial time in absorption and C;
represents the absorption after ‘¢ minutes.

2.4 Sample characterization

The crystalline phase and structure of nanocomposites
were analyzed by XRD (Bruker AXS D8, CuKa, radiation),
while the optical bandgap was determined using a UV-VIS
spectrophotometer (PerkinElmer, 200-800 nm). Morphologi-
cal studies were conducted using FESEM (Hitachi S-4800)
at accelerating voltages of 5 kV and 10 kV and high-resolution

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transmission electron microscopy (HRTEM, Philips EM-CM-
12) operated at 200 kV. BET surface area analysis, XPS, and
PL measurements were conducted using an Autosorb instru-
ment (Quantachrome Inc., USA), a PHI 5000 Versa Probe III
X-ray photoelectron spectrometer, and a Shimadzu RF-
5301PC spectrofluorophotometer, respectively.

3. Results and discussion
3.1 XRD

Structural characterization of the synthesized material (VO,/C)
was performed using powder X-ray diffraction (XRD), depicted
in Fig. 1. Prominent diffraction peaks were observed at 20
values of 25.73°, 30.44°, 34.04°, 45.77°, and 49.48°, corres-
ponding to the lattice planes (1 1 0), (1 1 1), (-3 11), (-5 1
0), and (3 1 2), respectively, with lattice constants a = 12.03 A,
b =3.693 A, ¢ = 6.42 A, and beta = 106.6°. Additionally, weaker
diffraction peaks were discerned in the XRD pattern. These
observed peaks exhibited excellent agreement with the mono-
clinic crystalline phase of VO,(B), which matches well with
JCPDS file no. 34-1438," suggesting that the sample primarily
comprises a crystalline VO,(B) phase, alongside an amorphous
carbon phase."”” Remarkably, the absence of the apparent
diffraction peaks corresponding to other phases or impurities
underscores the material’s purity.

110
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20 degree
Fig. 1 pXRD pattern of the VO,/carbon composites (VC-1 to VC-5).
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3.2 FRSEM and HRTEM

The morphology and surface properties of nanocomposites
were analyzed by field emission scanning electron microscopy
(FE-SEM) and high-resolution transmission electron micro-
scopy (HR-TEM). FE-SEM images depicted carbon spheres with
sizes ranging from 600 to 800 nm (Fig. 2(a) and (b)). VO,/C
synthesized at 6 hours exhibited spherical particles with nano-
plates of VO,, with sphere sizes around 50 nm (Fig. 2(c) and
(d)). Agglomerated spheres of approximately 700 nm in size,
featuring rough surfaces and observable clumps, were
observed at extended reaction times (Fig. 2(e) and (f)). With
increasing reaction time, the size of carbon spheres increased,
indicating an almost complete conversion of dextrose to a
carbon core covered by vanadium oxide (VO,)."®* Spherical
carbon entities characterized by their spherical geometry were
interspersed within the matrix, while the VO, components
exhibited a plate-like structure dispersed throughout the com-
posite material, as shown in Fig. 2(g)-(1)."® The microstructures
of the VC-5 composites were further elucidated by HR-TEM
analysis (Fig. 3), revealing spheres of carbon with deposited
VO, plates on their surfaces. Agglomerated nanospheres,
approximately 500 nm in size, were observed, attributed to
van der Waals forces of attraction between smaller particles,
reducing surface free energy under high-pressure conditions
(Fig. 3(d) and (e)). Additionally, a d-spacing value of 0.21 nm,
matching well with the monoclinic phase of the (003) plane,
was identified. The corresponding selected area electron dif-
fraction (SAED) pattern (Fig. 3(f)) further confirmed the crystal-
linity of the sample.

Spm

C—

500nm

Fig. 2
(VC-4), and (k) and () VO,/C-48 h (VC-5).
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3.3 Raman study

The structural bonding between vanadium, oxygen, and carbon
in the vanadium oxide/carbon (VO,/C) composite was investi-
gated using Raman spectroscopy. Fig. 4(a) presents the Raman
spectra for all VO,/carbon nanocomposites.>**' The observed
Raman bands correspond to the monoclinic phase of VO,, with
a space group C2/m, and lattice parameters a = 12.03 A, b =
3.693 A, ¢ = 6.42 A, and § = 106.6°. Specifically, the Raman
bands located at wavenumbers 192, 285, 403, 525, 690, and
989 cm ™" are attributed to the Ay and B, vibrational modes.****
The peak located at wavenumber 1582 cm ™~ corresponds to the
G-band, indicative of sp>hybridized carbon structures.
Although this peak is present in both amorphous and crystalline
forms of carbon, its broadness and the presence of a D-band
around 1350 cm ™' suggest a disordered or amorphous carbon
structure.>® The peaks ranging from 100 to 1000 cm ' are
indicative of V-O vibrational modes, which are characteristic of
vanadium oxide structures. These vibrational modes, including
stretching, bending, and translational modes of V-O bonds,
confirm the successful formation of VO,/C nanocomposites.25

3.4 FTIR study

FT-IR results for analysis of VO,/C nanocomposites are shown
in Fig. 4(b), which depicts the information on V-O, V-C and
V-0O-C bonding. The FTIR spectrum of the VO,/C composite
exhibits stretching frequencies at 3500-2931 cm ™%, 1700 cm ™,
1615 cm ™', 1432 em ™!, 1361 cm ™%, and 1295 cm™*, which are
characteristic of -OH, C-H, C=0, C-C, C-H bending, and
C-O stretching vibrations, respectively. These signals can be

S00nm

Spum

FESEM images: (a) and (b) carbon, (c) and (d) VO,/C-6 h (VC-1), (e) and (f) VO,/C-12 h (VC-2), (g) and (h) VO,/C-24 h (VC-3) (i) and (j) VO,/C-36 h

© 2025 The Author(s). Published by the Royal Society of Chemistry
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200nm

Fig. 3 TEM images and SAED pattern of the VC-5 nanocomposite (a—h).
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Fig. 4 (a) and (b) Raman and FTIR spectra of VC-1 to VC-5 composites; (c) UV-visible spectra of carbon and VC-1 to VC-5 composites, and (d) Tauc plot
of VC-1 to VC-5 composites.

related to dextrose utilized as a carbon precursor in the hydro- dextrose into a carbon matrix in the formation of VO,/C
thermal process. However, the reduced intensity or disappear- nanocomposites. The peaks located at lower wavenumbers
ance of these peaks suggests the effective transformation of 1004 cm ™', 790 cm ™', 524 cm ', and 422 cm " are due to
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intrinsic V=0 and they match well with previous reports.*®*’
The broad vibrational bands at 520 cm ™" and 410 cm™ ' are
assigned to V-O-V octahedral bending modes. The bands at
1000 cm ' and 710 ecm ™" are attributed to the coupled vibration
of the V-O bond.”® The FTIR spectra of the reused sample
remained unchanged after the photocatalytic reaction, indicat-

ing the stability of the material under visible light irradiation.

3.5 Optical properties

Fig. 4(c) shows a UV absorption spectrum of VO,/C nanocom-
posites. The band gap energy of all the samples was determined
by extrapolating the Tauc plot obtained from their diffuse
reflectance spectra, as VO, is a direct band gap material. The
optical band gaps of VO,/C were obtained as 2.24, 2.16, 2.07,
1.92 and 1.87 eV, for VC-1, VC-2, VC-3, VC-4, and VC-5
respectively.”® The optical band gap of VO,/C is attributed to
the direct transition of O 2p to unoccupied V 3d bands from
VO,. Furthermore, it is reported that band maxima of
vanadium-based oxides depend on the charge transfer transi-
tion of O atom to V*" atoms.?® As the reaction time increases,
the band gap of the material tends to decrease, likely because
the particles grow larger. Larger particles have more atoms,
which allows their energy levels to merge and form continuous
energy bands. On the other hand, smaller particles have fewer
atoms, leading to less overlap of energy levels and a wider band
gap.®" This narrowing of the band gap at a higher reaction time
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facilitates the absorption of nanocomposites towards longer
wavelengths.

3.6 XPS

Furthermore, X-ray photoelectron spectroscopy (XPS) was
employed to study the presence of V, O, and C and the bonding
between them (Fig. 5). The XPS spectrum of the VO, sample
shows the presence of C 1s, O 1s and V 3d core-levels. The XPS
spectrum for C can be deconvoluted into three peaks as shown
in Fig. 5(a). The peaks A, B and C at 284.8, 286.6 and 288.5
correspond to C 1s, C-O and C=O respectively.**> Fig. 5(b)
shows the broad and asymmetric spectrum of the O 1s peaks
and it is deconvoluted into three peaks which specify the
presence of three different oxygen species. The first two peaks
observed at binding energies 530 and 531.7 eV are assigned to
O 1s of the V-0 bond of VO, and V,05.** The higher binding
energy peak which is located at 533.4 eV is attributed to surface
contamination such as by hydroxides or carbon oxides.** The
vanadium V 2p spectrum is split into two peaks V 2p3, and V
2p4/, at ~516 and 524 eV. The V 2p3,, peak is also deconvoluted
into two peaks at 516.3 and 517.4 eV as shown in Fig. 5(c).>* The
low binding energy peak is assigned to the V** state whereas the
higher binding energy peak is attributed to the V> state. The
binding energy value corresponds to the reported values of V
2psy, for V¥ and V7, respectively.®® The binding energy separa-
tion which gives the spin-orbit splitting between the V 2ps,
and the V 2py,, peak is ~7.3 eV for V°" and 7 eV for V** ions

2200
Peak  B.E. (eV)
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Fig. 5 XPS spectra of VC-5: (a) C 1s, (b) O 1s and (c) V 2p.
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which match well with a previous report.’” In the sample, V**
was observed from the surface oxidation of the sample in air.

3.7 PL spectra

The photoluminescence (PL) spectra of VO,/C composites
synthesized with varying hydrothermal reaction times (VC-1
to VC-5) show a broad emission band in the range of 430-
580 nm, corresponding to radiative recombination of photo-
induced charge carriers (Fig. 6). The intensity of the PL emis-
sion decreases from VC-1 to VC-5, indicating changes in the
structural or electronic properties induced by prolonged reac-
tion times. In all of the five samples, the carbon content
remains constant, and the extended reaction time probably
influences the crystallinity, particle size, or defect density of the
VO, phase. These changes enhance non-radiative recombina-
tion pathways, reducing the PL intensity. The diminished
emission with increasing reaction time reflects improved
charge carrier separation efficiency, potentially due to reduced
defect-related recombination centers or better interfacial prop-
erties within the composites.***°

3.8 EIS study

Electrochemical impedance spectroscopy (EIS) was employed to
study the charge transfer properties of VO,/C composites (VC-1
to VC-5) synthesized with varying hydrothermal reaction times.
EIS measurements were conducted using a three-electrode
system in a 0.1 M KCI electrolyte. The VO,/C composite films
(VC-1 to VC-5) coated on nickel foam served as the working
electrode, platinum was used as the counter electrode, and Ag/
AgCl as the reference electrode. The frequency range was set
from 0.1 Hz to 1 MHz with an AC amplitude of 10 mV at open
circuit potential. The Nyquist plots for the composites display
semicircles, representing the charge transfer resistance (R.) at
the electrode/electrolyte interface (Fig. 7). A systematic decrease
in the diameter of the semicircles is observed from VC-1 to VC-
5, indicating improved charge transfer dynamics with increas-
ing reaction time. This indicates a significant reduction in R,
suggesting enhanced charge transfer at the electrode/electro-
lyte interface. The smaller semicircle of VC-5 indicates the

Absorbance (a.u.)

550 600

500
Wavelength (nm)

400 650

Fig. 6 PL spectra of VC-1 to VC-5 composites.
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Fig. 7 EIS study of VC-1 to VC-5 composites.

lowest charge transfer resistance (R), facilitating enhanced
photocatalytic properties.*®

4. Photocatalytic study
4.1 Photocatalytic H, evolution from H,O splitting

The photocatalytic hydrogen generation graph for VC-1 to VC-5
is shown in Fig. 8. The initial hydrogen production rate for VC-1
was considerably low but exhibited a significant increase with
VC-5. In the hydrogen evolution reaction, methanol served as a
sacrificial reagent, effectively suppressing the oxygen evolution
rate through radical formation. Moreover, methanol irreversi-
bly reacted with VB photogenerated holes, reducing charge
carrier recombination rates and thereby enhancing the photo-
catalytic activity.*'™*?

The photocatalytic water splitting mechanism involves the
absorption of sunlight by semiconductor photocatalysts, gen-
erating electrons in the conduction band (CB) and holes in the
valence band (VB). The holes in the VB oxidize methanol,
producing protons (H') and radicals, while electrons from the

7500 -

—e— without catalyst

—e—P-25
6000 ——VC-1

—=—VC-2

——VC-3
4500 —*—VC+4

—»—VC-5

3000

1500

Hydrogen evolved in umol/h/gm

0 40 80 120 160 200
Time (Min)

Fig. 8 Photocatalytic hydrogen generation via H,O splitting of a system
without catalyst, P25, VC-1 to VC-5.
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Table 1 The H, generation rates for the as-synthesized VC-1 to VC-5

Band BET surface H, evolution rate
S. no. Sample gap (eV) area (m> g™ ") (umol h ™ g™
1 VC-1 2.24 9.19999 637.40
2 VC-2 2.16 10.7058 1178.43
3 VC-3 2.07 17.4871 1491.65
4 VC-4 1.92 22.5042 2288.66
5 VC-5 1.87 26.3423 2545.24

CB reduce proton ions into molecular hydrogen (H,).**** In
order to validate the photocatalytic performance of the VO,/C
nanocomposites, control experiments were conducted without
any catalyst and with the well-known commercial photocatalyst
P25. As expected, the control without any catalyst produced a
negligible amount of hydrogen, underscoring the essential role
of the photocatalyst in the water splitting process. The refer-
ence trial with P25 yielded a hydrogen evolution rate of 54 pmol
h™' ¢!, which, while demonstrating the photocatalytic cap-
ability of P25, is significantly lower than that of the VO,/C
nanocomposites. The hydrogen generation data for all samples
are summarized in Table 1, with the highest hydrogen evolu-
tion rate observed for VO,/C synthesized over 48 hours, reach-
ing 2545.24 pumol h™" g~'. This observation highlights the
superior photocatalytic activity of VO,/C nanocomposites com-
pared to pure VO, and other commercial photocatalysts.*®*”

The reaction mechanism for hydrogen generation by the
VO,/C composite can be summarized as follows:

VO,/C + hv — ecg” + hyg" 2)
CH,;0H + h" - CH,OH + H (3)
CH,OH + h" - HCHO + H' (4)

H,0+h" - OH* + H' (5)
2H" +2e” — H, (6)

Several factors contribute to the high hydrogen generation rates
observed in the VO,/C composites. The enhanced photocataly-
tic performance of the VO,/C composite can be attributed to the
synergistic interaction between VO, and carbon, which facil-
itates efficient charge carrier separation. Upon light irradiation,
VO, generates electron-hole pairs, and the conductive carbon
network rapidly transfers the photogenerated electrons, mini-
mizing recombination. The formation of a Schottky junction at
the VO,-carbon interface creates an internal electric field that
further drives the separation of charge carriers, directing
electrons toward the carbon phase and retaining holes in
V0,.*® Additionally, carbon acts as an electron reservoir and
extends the lifetime of charge carriers by trapping electrons,
while its light-absorbing properties enhance the composite’s
ability to utilize a broader spectrum. These combined effects
ensure a greater availability of active species for photocatalytic
reactions, resulting in superior catalytic efficiency. Addition-
ally, the VO,/C composites exhibit a high specific surface
area, characterized by closely packed surface crystals and
numerous nanostructures such as nanospheres or cracks. This
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Table 2 Comparison of the photocatalytic hydrogen generation of VO,/
carbon with other relevant work

H, evolution rate Quantum

S.no. Nanocomposite  (umol h™'g™')  efficiency (%) Ref.

1 VO, 800 38.7 49

2 VO, 3.75 — 50

3 Zn,V,04/rGO 104.6 — 51

4 VO,/carbon nitrite 645 0.42 52

5 VO,-carbon 2545.24 9.89 Present
work

morphology increases the number of active sites available for
water molecule adsorption and subsequent photocatalytic reac-
tions, thereby enhancing the overall hydrogen generation effi-
ciency. Furthermore, surface defects in the VO,/C composite,
along with high carrier concentrations and rapid carrier trans-
fer rates, further contribute to its superior photocatalytic per-
formance. The highest hydrogen generation rates were
observed in the VC-5 nanocomposites, which were synthesized
at 48 hours. The extended reaction time allows for the complete
conversion of the precursors, resulting in improved crystal-
linity, phase purity, and optimized morphology. This, in turn,
facilitates effective carbon incorporation, leading to enhanced
catalytic activity and stability. Table 2 compares the photoca-
talytic hydrogen generation of the present work with other
related studies.**™*

4.2 Photodegradation of methylene blue and Victoria blue

The photocatalytic activities of VO,/C nanocomposites were
further evaluated by the photodegradation of methylene blue
(C16H15CIN3S) and Victoria blue (C,9H3,CIN3). During the
photodegradation experiments, 25 mg of the photocatalyst
was dispersed in 50 mL of 25 ppm dye aqueous solution and
stirred in the dark to achieve adsorption-desorption equili-
brium. After 1 h, the dye solution containing the catalyst was
exposed to sunlight. The progress of the photodegradation
process was monitored using the change in intensities of the
characteristic absorption of MB dye at 630 nm and Victoria blue
absorption at 600 nm.>>** The experimental results pertain to
MB and VB dye adsorbed and degraded at different time
intervals under different experimental conditions and for com-
parison, a blank experiment without any catalyst was also
performed. In the absence of a catalyst, MB and VB dye barely
degraded, but degradation of MB and VB dye was achieved in
the presence of a catalyst under sunlight irradiation. The 97%
degradation of MB dye and 81% degradation of VB dye can be
achieved in the presence of VO,/C 48 h within 05 minutes and
15 minutes respectively. However, the photodegradation effi-
ciency is significantly enhanced in the presence of VO,/C 48 h.
The spectral changes during the photodegradation of MB and
VB dye in the presence of VO,/C nanocomposites under sun-
light illumination are shown in Fig. 9(a) and (c). The enhanced
photoactivity of VC-5 nanocomposites can be accredited to their
increased surface area (Table 1) and reduced band gap, facil-
itating improved light absorption and charge carrier dynamics
along with decreased electron-hole (e/h*) recombination,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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achieved through the effective coupling of VO, and carbon.>
Furthermore, the experimental data were utilized for studying
the photodegradation kinetics. The corresponding plots of
In Cy/C, vs. irradiation time are depicted in Fig. 9(b) and (d).
The rate constants for the VO,/C samples are summarized in
Table 2. Thus, the maximum photodegradation rates (i.e. 2.65,
1.80 min~ ') with excellent linear correlation (Table 3) were
demonstrated by the VC-5 photocatalyst, suggesting pseudo-
first-order kinetics for MB and VB respectively. Table 4 com-
pares the photocatalytic dye degradation in the present work
with other relevant studies.’®™°

4.2.1 Reusability studies for VC-5. The reusability of the
photocatalyst was evaluated through five repeated cycles. The
catalyst (VO,/carbon; VC-5) was extracted after use, then
washed twice and dried. The dried powder was again utilized
to degrade the methylene blue dye. In this set of experiments,

Table 3 Rate constant and percentage degradation of MB and VB using
VC-1to VC-5

Time Rate constant Regression

S. no Sample (min) (K) coefficient R> % degradation
1 MB VC-1 20 0.44 0.92453 35.31
2 VC-2 20 2.20 0.95421 88.75
3 VC-3 20 2.37 0.77624 90.62
4 VC-4 20 2.40 0.70143 90.93
5 VC-5 5 2.65 0.85107 96.87
6 VB VC-5 15 1.80 0.94409 80.61

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) and (c) UV-Vis spectra of MB and VB degradation using VC-5 and (b) and (d) adsorption kinetics of MB and VB dye using VC-5.

the ratio of the catalyst and dye was maintained the same in all
cycles. It was observed that the degradation of MB decreased
from 99%, 97%, 96%, and 85% to 68% at the end of every cycle
(Fig. 10(a) and (b)).

4.2.2 Activation energy calculation of VC-5. In our investi-
gation, we conducted a comprehensive analysis of the photo-
catalytic degradation rates of a specific catalyst, VC-5, across
varying temperatures (30 °C, 40 °C, and 50 °C) to ascertain the
activation energy associated with its performance. The deter-
mination of activation energy is crucial for understanding the
catalyst’s efficiency under different thermal conditions.

The activation energy of a catalyst is calculated using the
Arrhenius equation, which relates the rate constant of a reac-
tion to temperature, as follows:

k= Ae RT (7)

where k is the rate constant at a given temperature, A is the pre-
exponential factor or frequency factor, E, is the activation
energy, R is the gas constant (8.314 J (mol K) '), and T is the
absolute temperature.

This equation can be rearranged to linearize the relationship
between In(k) and 1/T:

(8)

We calculate the activation energy of the catalyst having higher
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Table 4 Comparison of the photocatalytic dye degradation of VO,/carbon with other relevant work

S. no. Material Synthesis method Dye Time (min) % degradation Ref.
1 VO,@TiO, Hydrothermal RhB (0.01 M) 150 81 56
2 VO,/AgsVO, Hydrothermal RhB (1 x 10> mol L) 90 73.2 57
3 VO,-CuWo, Hydrothermal AZTI (8 mg L) 75 80-90 58
AO (4mgL™)
4 VO,@CeO, Hydrothermal RhB (10 ppm) 180 66 59
5 VO,/carbon Hydrothermal MB (25 ppm) 5 94 Present work
VB (25 ppm) 15 81
25
ves
w0} 7% 9% 959
wmpure\{B
20f —R $5% D)
—R2
—R3 80 |
g15 — g 68%
210 E
- 240 L
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Fig. 10 (a) Photocatalysis reusability performance of VC-5 and (b) adsorption kinetics of VB dye. (c) Graph of In(k) against 1/T for VC-5 at temperatures

30 °C, 40 °C, and 50 °C.

performance among all. Given three rate constants at different
temperatures, we plot a graph of In(k) against 1/T using the data
points for each temperature and then determine the slope and
intercept of the line (Fig. 10(c)).

By performing linear regression on the plotted data, the

slope of the resulting line will give you *f (the units of the
slope must be consistent with the units of activation energy
divided by the gas constant _Fd’ which is in Kelvin; K). There-

fore, by rearranging the equation, you can solve for E, by
multiplying the slope by the gas constant R (Table 5).

E, = —slope x R 9)

290 | Energy Adv, 2025, 4, 281-295

Table 5 Rate constant value for photocatalytic degradation of MB at 30,
40 and 50 °C

Temperature Time Rate

Sample name in Kelvin (min) constant (K) 1/T In(k)
VC-5@30 °C 303 5 2.65 0.0033 0.97455
VC-5@40 °C 313 4 3.50 0.0031 1.2527
VC-5@50 °C 323 4 3.74 0.0030 1.3190

The calculated slope from our analysis was found to be
—1182.8 K. By substituting this value into eqn (4), we calculated
the activation energy of the VC-5 catalyst to be 9.8 k] mol™".
This calculated activation energy value serves as a signi-
ficant indicator of the energy threshold required for the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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photocatalytic degradation process facilitated by the VC-5
catalyst. The higher calculated activation energy suggests a
more efficient and robust catalytic performance under the
tested temperature conditions, highlighting the potential suit-
ability of VC-5 for practical applications in photocatalysis.

5. Total organic carbon (TOC) and
biocompatibility of photo-catalytically
treated MB dye solution

5.1 TOC study

Total organic carbon (TOC) was determined to know the
dye that was

amount of carbon found in methylene blue

T1 (Tap water)

T2 (MB dye)

View Article Online

Paper

degraded to CO, during oxidation. The methylene blue dye
was analyzed for mineralization based on the total organic
carbon (TOC) removal (%). The TOC analysis was performed
using a TOC analyser (TOC-VCPN, Shimadzu, Japan) before and
after the photocatalysis of the MB dye using the standard SM
5310B method. The TOC removal efficiency was calculated as
shown in eqn (10):

TOC,; — TOC, y

ToC, 100

TOC removal (%) = (10)

where TOC; and TOC; are the total organic carbon concentra-
tions (mg L") of the MB dye before and after photocatalysis,
respectively. The % TOC before and after degradation of
methylene blue dye is measured by using catalyst VC-5 under

T3 (MB After degradation)

100

080
>
a
=

=40

20

0

GP

Biocompatibility test
B
3

No. of root

=Tl

nT2 T3

Root length

Shoot length Plant height

Fig. 11 Seed germination rate and plant growth parameters using (T1) tap water, (T2) MB dye and (T3) degraded MB dye at 2 DAS (A), 7 DAS (B) and 15

DAS (C).
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sunlight. A remarkable decrease in TOC was obtained which
implies efficient mineralization of MB dye with VC-5. The TOC
decreased from 68 to 6 mg L', which corresponded to 94%
removal of the MB dye. This result was supported by experi-
mental photocatalytic degradation of the MB dye (96%) using a
VC-5 catalyst.

5.2 Biocompatibility test (seed germination and plant growth)

For the biocompatibility test using a fully randomized design, a
20 cm round bottom glass dish was used for the germination
experiment. 150 similar Mung (Vigna radiata L.) seeds are
placed in each plate and are treated at room temperature with
(T1) tap water, (T2) MB dye, and (T3) degraded MB dye. The
150 seeds were put in dishes lined with cotton, soil, water, and
solutions containing 25 parts per million of MB dye or
degraded MB dye. Once the radicle length reached half of the
seed length, the experiment was constantly observed, and the
seed was considered to have germinated. The germination
properties were calculated using the following formula:*°

.. Number of germinated seeds
Germination percentage (GP) = Total number of seeds sown

x 100

where plant growth was measured such as the number of roots,
shoot, and root/shoot lengths by meter scale and expressed as
cm plant ™.

The germination process of mung bean (Vigna radiata L.)
seeds was investigated with three distinct treatments: tap water,
25 ppm MB (methylene blue), and degraded MB, each compris-
ing 50 mL of the respective samples. Growth dynamics were
monitored daily post-germination. At 2 days after sowing (DAS),
superior germination rates were observed in the degraded MB
(T3) treatment (92.66%) compared to tap water (T1) (84%),
while 25 ppm MB (T2) exhibited the lowest germination per-
centage (78.66%). Similar trends were noted in plant growth at
15 DAS (Fig. 1). Roots play a pivotal role in mineral and nutrient
absorption from the soil and water. In the current study,
metrics such as the root number, leaf number, and average
root and shoot lengths were significantly higher in the
degraded MB treatment (T3) compared to tap water (T1) and
25 ppm MB (T2). However, the application of MB dye (T2) led to
a reduction in plant growth, particularly evident in total plant
height (—18.86%), whereas after MB dye degradation (T3), an
increase in plant height (19.22%) was observed relative to tap
water (T1) (Fig. 11). A study conducted by Sonu et al.®* evaluated
untreated MB samples at concentrations of 6 ppm, 20 ppm, and
40 ppm, revealing root and shoot lengths of 6.5 cm and 9 cm,
5.5 cm and 7.25 cm, and 2.75 cm and 6.25 cm, respectively.

6. Conclusions

This study reveals the successful synthesis of a highly efficient
VO,/C nanocomposite, showcasing its potential as an advanced
photocatalyst. The comprehensive analysis through XRD
unveils the presence of a monoclinic VO,(B) phase alongside
amorphous carbon, confirmed by the standard (JCPDS, no. 34-

292 | Energy Adv, 2025, 4, 281-295
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1438). Further morphological investigations via FESEM and
TEM showcase interesting variations in particle size and sur-
face features with reaction time. Optical property assessments
reveal a notable trend in band gap energy (ranging from 2.24 to
1.87 eV) corresponding to different reaction times. XPS analysis
confirms the presence of V, O, and C elements and their
respective chemical states. Regarding the photocatalytic perfor-
mance, the VO,/C composite exhibits improved efficiency in
hydrogen evolution and organic dye degradation under visible
light. Notably, the 48-hour synthesized composite (VC-5) shows
superior performance, displaying a hydrogen evolution rate of
2545.24 umol h™" g~ ', Moreover, approximately 97% degrada-
tion of methylene blue and 81% degradation of Victoria blue
were achieved within short time intervals (5 and 15 minutes
respectively) using VC-5 as the photo-catalyst. During the
reusability assessment, a slight decline in efficiency was
observed across successive cycles. The germination experiment
with mung bean seeds revealed that degraded MB dye solution
(T3) significantly enhanced both germination percentage and
plant growth compared to tap water (T1) and 25 ppm MB dye
solution (T2). The mineralization of MB using the VO,/C
composite promotes root and shoot development, indicating
its potential for biocompatibility and reduced phytotoxicity,
thus suggesting its viability for environmentally friendly appli-
cations in agriculture and wastewater treatment.
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