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Abstract: Designing efficient photocatalysts that operate
under sunlight is critical for sustainable water remediation.
This work presents the synthesis of flower-like assemblies
of single-phase vanadium-doped titanium dioxide (V–TiO2)
microneedles via a simple sol-gel method. The engineered
microneedle architecture offers enhanced surface area and
light-scattering properties, while the substitutional doping
of V5+ ions into the TiO2 structure results in significant
bandgap narrowing (3.13 eV) and suppressed electron-hole
recombination. Comprehensive structural and surface ana-
lyses were performed using X-ray diffraction, scanning
electronmicroscopy, Fourier-transform infrared, andUV/vis
spectroscopy. Photocatalytic studies under UV and sunlight
conditions reveal that thermally annealed V–TiO2 (ΔV-TiO2)
achieves 80 % degradation of methylene blue (MB), mark-
edly outperforming undoped TiO2. The photocatalytic reac-
tion follows pseudo-first-order kinetics with a rate constant
of 1.7 × 10−2 min−1, approximately four times higher than that
of annealed pristine TiO2 (ΔTiO2). The enhanced activity is
attributed to improved charge separation and redox dy-
namics introduced by vanadium incorporation. These find-
ings demonstrate the effectiveness of ΔV-TiO2 microneedles
as highly active, sunlight-driven photocatalysts for the
degradation of organic contaminants in wastewater.

Keywords: titanium dioxide; v-doped; photocatalysis; envi-
ronmental remediation; wastewater treatment

1 Introduction

Revolutionary developments of the 20th century have accel-
erated economic growth but have inadvertently contributed
to the enormous rise in air and water pollution.1 The indus-
trial focus on producing commercial goods frequently leads
to the careless emancipation of hazardous byproducts into
water streams, including pharmaceuticals, pesticides, fertil-
izers, dyes, and other emerging organic contaminants.2,3 The
ingression of these toxins in the food chain and drinking
water poses a serious threat to human health. For example,
organic coloring compounds (dyes) released by the textile
industry, such as methylene blue, are harmful to aquatic life,
plants, animals, and humans.4,5

Therefore, it is crucial to treat the wastewater coming
from industries by removing the harmful organic contami-
nants from it, to ensure a cleaner and safer environment.6

Among the various treatment methods, the sunlight-assisted
photocatalytic removal of organic pollutants is an effective
strategy to treat wastewater.7,8 In these techniques, TiO2

nanostructures have received a lot of attention as photo-
catalysts for the removal of organic pollutants due to their
chemical and thermal stability, biocompatibility, cost effi-
ciency, and exceptional oxidizing capability.9,10 TiO2-based
photocatalysis, however, suffers some drawbacks, including
their low hydrophobic organic pollutant adsorption capac-
ity, high photogenerated electron and hole recombination
rate, and decreased photocatalytic efficacy of pure TiO2

nanostructures under sunlight.
To overcome these restraints, various methods are

proposed, including the incorporation of n-type or p-type
dopants into or within TiO2 structures, which may reduce
the band gap and lower the recombination rate of electron-
hole pairs.11,12 Vanadium cations, in this situation, have
shown a great ability to improve the photocatalytic activities
of nanomaterials like TiO2, ZrO2, etc.13–15 For instance, Yao
et al.16 produced V-doped TiO2 nanoparticles of the anatase
type using a sol-gel method, with reduced bandgap energy
and enhanced photocatalytic elimination of acid yellow 36
dye under sunlight. Recently, Nguyen et al.14 also demon-
strated high photodegradation activity of hydrothermally
synthesized mixed-phase V–TiO2 photocatalysts for trichlo-
roethylene. They confirmed the incorporation of V5+ and V4+
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ions into the TiO2 structure, resulting in substitutional
doping, and ascribed the reduction in bandgap to the pres-
ence of V4+ states.14

Recent studies have suggested that incorporation of
vanadium into the TiO2 structure can introduce localized V5+

energy states within the band gap, which interact with the
Ti4+ electronic states and reduce the effective band gap by
facilitating charge transfer through these dopant-induced
states.16 Regardless of substantial research into V-doping as
an efficient method to enhance the catalytic activity, the
fundamental structural andmorphological aspects of V–TiO2

nanostructures need to be further understood. Also, there is
a need to create novel morphologically distinct V–TiO2

nanostructures to investigate their influence on the aerobic
photodegradation of environmental pollutants.

We report the synthesis of V–TiO2 microneedles assem-
bled into flower-like morphology with phase-pure anatase
structure and excellent photocatalytic properties for the
elimination of methylene blue (MB) dye under UV and
sunlight irradiation. The impact of V5+ doping, calcination,
crystal structure, and surface chemistry on the performance
of V–TiO2 microneedles is investigated. The photocatalytic
performance of the V–TiO2 microneedles is also compared
with pure anatase TiO2 nanoparticles as a reference. As a
result, the V–TiO2 photocatalytic system is highly efficient in
the degradation of organic contaminants from wastewater,
ensuring a sustainable approach to water purification.

2 Experimental

2.1 Synthesis of pure TiO2

Pristine TiO2 was synthesized by dissolving 1 g (2.74 mmol)
of cetyltrimethylammonium bromide (CTAB, extra pure,
Oxford Lab) in 20 mL of isopropanol (iso-PrOH, ≥99.8 %,
Sigma-Aldrich) in a 100mL beaker, followed by stirring for
15 min. Subsequently, 5 mL (4.7 g, 13.8 mmol) of titanium
n-butoxide (Ti(On-Bu)4, ≥99 %, Alfa Aesar, liquid) was added
to the solution under continuous stirring for 1 h at room
temperature. Distilled water was then added dropwise in a
4:1 ratio relative to CTAB. The mixture was stirred for 3–4 h
at 60 °C and then left at room temperature for 24 h. TiO2

precipitates were formed and separated.

2.2 Synthesis of V–TiO2

V-doped TiO2 was prepared by taking 175 mg (0.962 mmol) of
vanadium oxide (V2O5, ≥99.5 %, Riedel-de Haën) in 20 mL
isopropanol, followed by 15 min of stirring. Next, 1 g of CTAB

was added and the mixture stirred for 15 min. After that,
3 mL of Ti(On-Bu)4 was added, and the mixture was stirred
for 1 h. Distilled water (4 mL) was added in a 4:1 (weight
ratio) with respect to CTAB, and stirring was continued for
3–4 h at 60 °C. Afterwards, the reaction mixture was left at
room temperature for 24 h. Precipitates of V–TiO2 were
separated, thoroughly washed, and dried in an oven at 60 °C.
Yield of V–TiO2 was ∼0.5 g. Half (0.25 g) of both the prepared
pristine TiO2 and the V–TiO2 samples were calcined at 45 °C
for 4 h to analyze structural changes and enhance photo-
catalytic properties by removing surface impurities. The
calcined forms are labeled as ΔTiO2 and ΔV-TiO2.

2.3 Characterization

The structural analyses of the prepared photocatalysts
were performed by X-ray diffractometry (XRD). For Fourier
Transform infrared spectroscopy (FTIR) an Agilent Cary 630
spectrophotometerwas used and for UV/vis the double-beam
spectrophotometer APEL PD-303. The surface morphology
was studied using FEI Inspect S50 scanning electron micro-
scopy (SEM).

2.4 Photocatalysis study

The photocatalysis study of the as-prepared and calcined
samples was carried out under UV light (30W UV lamp) and
natural sunlight for the removal of methylene blue. The
photocatalysts (30 mg) were taken in an aqueous solution of
methylene blue (5 ppm, 30 mL) and stirred in the dark for
60min to establish adsorption/desorption equilibrium. After
that, 4 mL of each sample solution was taken and the prog-
ress of MB degradation was monitored using UV/vis spec-
trophotometer by measuring the absorbance at λ = 665 nm
for different time intervals. The percentage degradation of
the pollutant was evaluated using Equation (1).

Dye degradation %( ) = C0 − Ct

C0
× 100 (1)

where Co represents the initial concentration, while Ct refers
to the concentration of methylene blue at a specific time (t).
The reaction kinetics and rate constants of the photo-
degradation study were estimated by using the pseudo-first-
order kinetic Equation (2).

k t = – ln Ct /Co( ) (2)

A graph was plotted between –ln(Ct/Co) and time (t). A
straight line was obtained. The R2 value close to one proves
that our samples follow pseudo-first-order kinetics and the
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Langmuir-Hinshelwood model. The slope of the straight line
gives the value of the rate constant kwhich is obtained from
the calibration plot.

3 Results and discussions

3.1 Surface morphology

The SEM micrographs shown in Figure 1 illustrate the
distinct surface morphology of the vanadium-doped TiO2

(V–TiO2) photocatalyst at two magnification levels. The low-
magnification image (1,000 × ) reveals a homogeneous dis-
tribution of densely packed, spherical, and irregular ag-
glomerates across the substrate. These agglomerates appear
to be composed of finer nanostructured features, indicating
a hierarchical assembly at the microscale. The spatial
uniformity and dense surface coverage suggest effective
nucleation and growth during the sol-gel synthesis process,
which is crucial for ensuring consistent photocatalytic ac-
tivity over a large area.17 The inset, recorded at a higher
magnification of 20,000 × , reveals the detailed internal
morphology of the individual agglomerates, showcasing a
highly organized flower-like architecture composed of
radially aligned microneedles. These microneedles are
slender, elongated structures that radiate outward from a
central core, forming a three-dimensional network. The
needle-like projections provide an extensive surface area
and interstitial voids, which are advantageous for enhanced
light harvesting and greater accessibility of active sites
during photocatalytic degradation processes.18,19 The high
degree of orientation and tight packing of these micro-
needles also indicates robust crystallite formation, poten-
tially resulting from effective incorporation of V ions into the
TiO2 structure during synthesis. The formation of micro-
needle or nanorodmorphologies in TiO2 is awell-established
outcome of hydrothermal and related synthetic methods, as
documented in previous studies.20 In our work, the V-doped
TiO2 samples also exhibited this characteristic microneedle
structure, consistent with the reported morphology of
undoped TiO2. This observation indicates that vanadium
incorporation occurs without disrupting the fundamental
structural framework of TiO2. The observed morphology
should be able to support improved charge separation by
facilitating direct pathways for electron transport and
reducing bulk recombination.21 Furthermore, the flower-
like microstructure with sharp edges and high aspect-ratio
microneedles can potentially enhance photon scattering,
increasing the optical path length and thereby boosting
photocatalytic efficiency under both UV and sunlight
exposure.22

3.2 X-ray diffraction

For further structural characterization of the prepared
photocatalysts, powder XRD was conducted, and the result-
ing patterns are shown in Figure 2. A prominent peak at 25.2°
corresponds to the anatase (101) phase (JCPDS Card No.
21–1,272),23,24 which confirms the formation of TiO2. For
comparison the XRD of pristine V2O5 was also done. At 20.31°
an intense diffraction peak is observed which indexed to the
(001) phase-pure plane of orthorhombic V2O5 (JCPDS Card
No. 00-041-1,426),25 confirming its structural identity. Apart
from the (001) plane, additional diffraction peaks observed
at 2θ = 15.31, 21.71, 26.08, 30.95, 32.38, and 34.22° are indexed to
the (200), (101), (110), (301), (011), and (310) planes of ortho-
rhombic V2O5,26 being consistent with the standard JCPDS
Card No. 00-041-1,426. These characteristic peaks of V2O5 are
absent in the XRD pattern of as-prepared (TiO2, V–TiO2) and
calcined (ΔTiO2, ΔV-TiO2) photocatalysts, indicating that the
V5+ ions have been integrated into the TiO2 structure,
resulting in the formation of V-doped TiO2 microneedles.27

The crystallite size of the as-prepared and calcined photo-
catalysts was calculated using the Debye-Scherrer formula28

for the (101) anatase phase. TiO2 shows small peaks for a
crystallite size of 4 nm, which increases to 6.8 nm in the case
of ΔTiO2 with higher intensity of the peaks. This shows that
calcination causes an increase in the crystallite size.29 In the
case of V–TiO2, the calculated crystallite size was 3.7 nm.
However, the calcined ΔV-TiO2 showed a relatively small
increase in the crystallite size, i.e., 3.7–6.5 nm, which can be
due to the growth-inhibiting effect of V5+ ions. The surface

Figure 1: SEM images of ΔV-TiO2 photocatalyst, showing the flower-like
assembly of the ΔV-TiO2 microneedles.
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confinement of V5+ in the structure could thus responsible
for the reduction in the crystal size of calcined ΔV-TiO2 as
compared to the ΔTiO2.30 No peaks corresponding to rutile
phase were observed in the XRD pattern of as-prepared and
calcined photocatalysts, confirming that the samples consist
of phase-pure anatase. A weak feature near 30° is sometimes
reported in anatase systems and can arise from overlapping
anatase reflections or background scattering, but it does not
correspond to rutile. Thus, the microneedles are confirmed
to be phase-pure anatase.

3.3 FTIR spectroscopy

The FTIR spectra of TiO2 and calcined TiO2 produced using
CTAB as a precursor are shown in Figure 3. They allow as-
signments to the functional groups present in the compound.
The stretching and deformations of the OH group are
responsible for the wide absorption bands at 3,600 and
3,000 cm−1 and 1,645 and 1,631 cm−1, respectively. These
bands show that water molecules are poorly bonded to TiO2.
They restrict electron-hole pairs from recombining. This
property is essential for photocatalysis.31 Below 1,200 cm−1,
the wide, strong band is caused by Ti–O–Ti vibrations. The
absorption bands at 763 cm−1 and 847 cm−1 are attributed to

the stretching vibration of Ti–O–Ti, which is in agreement
with the literature.32

The FTIR spectrum of pristine V2O5, V-doped TiO2 and
calcined V-doped TiO2 are also shown in Figure 3. In the FTIR
analysis of V2O5, the spectral region below 1,050 cm−1 is
emphasized, as this region corresponds to the characteristic
vibrational modes of various V–O bonding groups. An
intense peak at 1,002 cm−1 is assigned to the V=O stretching
vibrations 33 and a broad peak at 804 cm−1 is attributed to the
V–O–V deformation mode.34 The peaks at 711 cm−1 and
725 cm−1 of calcined and preheated V-doped TiO2 correspond
to the Ti–O–Ti stretching vibration. Around 815 cm−1 and
951 cm−1, there are distinct absorption peaks which can be
assigned to the symmetric stretching mode of V=O and the
asymmetric stretching mode of V–O–V. These peaks were
observed at 918 cm−1 and 824 cm−1 in the case of preheated
V-doped TiO2.35 For better visualization of these peaks, a
magnified view of the FTIR spectra in the <1,000 cm−1 range
is shown in Figure 3(b). The stretching and deformation vi-
brations of O–H were observed at 3,374 cm−1 and 1,635 cm−1

in the spectrum of calcined V–TiO2 and at 3,332 cm−1 and
1,630 cm−1 in the spectrum of preheated V–TiO2. Because of
the removal of residual organics and surface adsorbates
during calcination, the spectrum of the calcined samples
displayed fewer additional peaks.35

3.4 UV/vis measurements

The optical properties of the synthesized samples were
investigated through UV/vis spectroscopy, and the spectra
are shown in Figure 4. They provide crucial parameters for
comparing the catalytic properties of the photocatalysts.
Figure 4(a) shows the UV/vis absorption spectrum of pristine
V2O5. It exhibits a sharp absorption band in the ultraviolet
region, with the maximum absorption peak observed at
303 nm. This strong absorption in the ultraviolet region is
associated with charge transfer transitions fromO2 p to V 3 d
orbitals, which is characteristic behavior of transition metal
oxides.33 According to the literature, TiO2 microneedles
show absorption in the ultraviolet region.36 All the photo-
catalysts showed maxima for the electronic transitions as
shown in Figure 4(b–e). Themaximumabsorption of pristine
TiO2 was observed at 343 nm, which showed a redshift in the
case of ΔTiO2, whose peakwas at 350 nm. The doped samples,
V–TiO2 and ΔV-TiO2, showed absorption maxima at 348 nm
and 356 nm, respectively, which lie in the absorption range
of V–TiO2. For ΔV-TiO2, aminor shoulder appears in the 400–
500 nm region after calcination, which can be ascribed to
defect states or trace surface species introduced during
thermal treatment. However, the overall absorption edge

Figure 2: XRD patterns of pristine vanadium pentaoxide (V2O5), as-
prepared (TiO2, V–TiO2) and calcined (ΔTiO2, ΔV-TiO2) photocatalysts.
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and band gap remain consistent with V doped anatase TiO2,
confirming the spectrum corresponds to ΔV-TiO2. Tauc’s re-
lationswere plotted from the obtained absorption data using
the following Equation (3).

αhν( )n = K hν – Eg( ) (3)

Here, α is the absorption coefficient, h is Planck’s constant, ν
is the frequency, K is the probability parameter for the
transition, Eg is the optical band gap, and the value of n is
equivalent to two for a direct band gap. A graph was plotted
between (α h ν)2 and energy, and extrapolation of the linear
portion of the curves gives the optical band gap value of
pristine V2O5 and the prepared photocatalysts,37 as shown in
Figure 4. The calculated band gap value for the pristine V2O5

was 3.7 eV. As a result of V doping in TiO2, there is a reduction
in the band gap. The heated and doped samples showed
better results due to the removal of impurities and reduction
in the distance between the conduction and valence bands.
Calculated band gap for TiO2, ΔTiO2, V–TiO2 and ΔV-TiO2

were 3.22, 3.23, 3.16, and 3.13 eV, respectively having a mean
standard deviation of ±0.04 eV.

3.5 Photodegradation of MB

The degradation of the pollutant by the photocatalysts
was studied under UV radiation and in the presence of
sunlight. For this purpose, the photocatalytic efficiency of the

as-prepared and calcined samples was evaluated by
measuring the absorption spectra of a methylene blue so-
lution over 90min exposure to UV light and sunlight,
respectively. Figure 5(a–d) shows the results of the degra-
dation of MB by the samples under exposure to UV light.
When the photocatalysts were added, the dye discoloration
started after some time. During the photocatalytic process,
hydroxyl radicals are produced, which cause the degrada-
tion of the dye.38 The added catalyst boosts the rate of
degradation, which increases along with the irradiation
time.

Table 1 shows the results obtained from the photo-
catalysis experiment under UV light. It was observed that the
doped samples (V–TiO2 and ΔV-TiO2) showed better degra-
dation efficiency than the undoped samples (TiO2, ΔTiO2).
The doping of the crystal structure of TiO2 by V is reducing
the band gap by creating impurity energy levels between the
valence and conduction band. Holes are generated in the VB
when electrons are shifted to the CB, thereby hindering the
recombination of the electron-hole pair. The reaction ki-
netics of the samples were also studied. The R2 value of the
samples was obtained from plotting the k t = –ln(Ct/Co)
against the time graph as shown in Figure 5(e–h). The results
showed that both the as-prepared and the calcined samples
followed pseudo-first-order kinetics in accordance with
the Langmuir-Hinshelwood model 39 when exposed to UV
light. The slope of the graph gives the value of the rate
constants. The best photocatalytic performance was of

Figure 3: FTIR spectra of (a) pristine V2O5, as-prepared (TiO2, V–TiO2) and calcined (ΔTiO2, ΔV-TiO2) photocatalysts. (b) Magnified view of FTIR spectra in
<1,000 cm−1 range.
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Figure 4: UV/vis spectra and the respective tauc plots of (a) pristine V2O5 (b) TiO2, (c) ΔTiO2, (d) V–TiO2, and (e) ΔV-TiO2 photocatalysts.

Figure 5: Photocatalytic degradation of methylene blue under UV radiation. (a–d) Photodegradation efficiency of methylene blue over time by as-
prepared (TiO2, V-TiO2) and calcined (ΔTiO2, ΔV-TiO2) photocatalysts. (e–h) Corresponding pseudo-first-order kinetic plots for the photodegradation
reaction.
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ΔV-TiO2, showing 65 % degradation of the dye under UV light
in 90min. The R2 value was 0.96, which also shows that the
process follows pseudo-first-order kinetics. The value of the
rate constantwas 1.15 × 10−2 permin, whichwas greater than
that of the other samples. The order of reactivity of the
prepared samples was TiO2 < ΔTiO2 < V–TiO2 < ΔV-TiO2. Both
temperature and doping had their separate effects on the
properties of the photocatalysts.

Similarly, the efficiency of the photocatalysts was
also studied under sunlight by measuring the absorption
spectra of MB after an irradiation time of 90 min, as shown
in Figure 6(a–d). It was observed that the best photo-
catalytic performance was shown by the doped samples as
compared to the pristine TiO2. The results obtained from
the photocatalysis experiment under sunlight are recorded
in Table 2.

Pristine TiO2 degraded 25 % of the dye within 90min.
The degradation process was slow because pure TiO2 does

not show absorption in visible light due to the high band gap
and the high recombination rate. The lower photocatalytic
efficiency due to a higher recombination rate of photo-
generated electron-hole pairs, has been widely reported in
the literature to suppress photocatalytic activity in TiO2

based systems.40,41 For this reason, doping of vanadium was
done to increase the working efficiency of titania in the
visible region. Hence, V–TiO2 showed 68 % degradation of
the dye as shown in Figure 6(b). The rate of degradation in
the calcined samples was faster than in the as-prepared
samples due to the removal of impurities like residual or-
ganics and surface adsorbates during calcination, which
improved crystallinity and enhanced charge transfer. The
calcined ΔV-TiO2 showed 80 % degradation of MB within
90min of irradiation time. The V doping in titania, along
with calcination, increases the rate of degradation due to a
lowering of band gap energy. This may also lead to a lower
recombination rate of e−/h+ pairs.

Table : Results obtained from the photodegradation of methylene blue by as-prepared (TiO, V–TiO) and calcined (ΔTiO, ΔV-TiO) photocatalysts
under UV light for an exposure time of min.

Photocatalytic activity (under UV) Dye degradation (%) Reaction kinetics Band gap energy (eV) Rate constant k (min−) R

TiO  Pseudo-first-order . . × 
−

.
V–TiO  . . × 

−
.

ΔTiO  . . × 
−

.
ΔV-TiO  . . × 

−
.

Figure 6: Photocatalytic degradation of methylene blue under sunlight. (a–d) Photodegradation efficiency of methylene blue over time by as-prepared
(TiO₂, V-TiO2) and calcined (ΔTiO2, ΔV-TiO2) photocatalysts. (e–h) Corresponding pseudo-first-order kinetic plots for the photodegradation reaction.
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The reaction kinetics of all the samples were also studied
by measuring the R2 value, using a –ln(Ct/Co) versus time
graph as shown in Figure 6(e–h). The R2 value of the calcined
ΔV-TiO2was 0.98,whichproved that this degradation followed
pseudo-first-order kinetics. The slope of the graph gives the
value of the rate constant, which was 1.719 × 10−2 min−1. This
showed that the rate of degradation of the dye was 4 times
greater than ΔTiO2, making it the most efficient photocatalyst
among all the prepared samples. The efficiency order was the
same as given in the degradation of the dye under UV light.

The graphs showing the percentage degradation are also
presented in Figure 7(a and b). A comparison of various doped
metal oxides and their photocatalytic performance in the
elimination of organic pollutants is shown in Table 3.

3.6 Mechanism of photocatalysis

Vanadium-doped TiO2 shows enhanced photocatalytic per-
formance compared to pure TiO2 because the presence of
vanadium restricts the recombination of electrons and holes
under visible light. Figure 8 shows the mechanism involved
in the degradation process. When visible or UV light is pre-
sent, electrons are stimulated from the valence band to the
conduction band of V–TiO2, which causes a hole to develop in
the valence band.49 After doping with V5+, these photo-
generated electrons are trapped in the V5+ centers and
convert them to V4+, preventing them from recombining
with holes; otherwise, these photo-generated electrons can
recombine, and only a tiny percentage of them will
contribute to the photocatalytic activity and reduce it. The
trapped or free photo-generated electrons interact with ox-
ygen to form superoxide anions 50 (O2

• –), which then react
withwater to produce ·OOH radicals. Twomolecules of ·OOH

Table : Results obtained from the photodegradation of methylene blue by as-prepared (TiO, V–TiO) and calcined (ΔTiO, ΔV-TiO) photocatalysts
under sunlight for an exposure time of min.

Photocatalytic activity (under sunlight) Dye degradation Reaction kinetics Band gap energy (eV) Rate constant k (min−) R

TiO  Pseudo-first-order . . × 
−

.
V–TiO  . . × 

−
.

ΔTiO  . . × 
−

.
ΔV-TiO  . . × 

−
.

Figure 7: Comparison of the photocatalytic degradation efficiency. (a)
Percentage degradation efficiency of as-prepared (TiO2, V-TiO2) and
calcined (ΔTiO2, ΔV-TiO2) photocatalysts under sunlight. (b) Percentage
degradation efficiency of the same photocatalysts under UV light.

Table : A comparison of various doped metal oxides and their performance in the photodegradation of organic contaminants in wastewater.

Photocatalyst Pollutant Source Irradiation time (min) Degradation (%) Rate constant k (min−) Ref.

Cr–Ti oxides Methylene blue UV/Vis   . × 
− 

V–SnO Methylene blue UV   . 

Fe–TiO Methylene blue Vis  . – 

TiO–ZrO Rhodamine B Vis   . 

FeO–TiO Methylene blue Vis   – 

ZnO Azo-dye (Acid Brown ) Vis   . × 
− 

HO–TiO Phenol UV  . . 

Cu–TiO Acetone UV/vis  . – 

Ce–TiO Methylene blue Sunlight   . × 
− 

V–TiO Phenol UV   – 

V–TiO Trichloroethylene UV   . × 
− 

V–ZrO Methylene blue Vis   – 

ΔV-TiO Methylene blue Sunlight   . × 
− This work
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combine to form H2O2, which eventually leads to the for-
mation of hydroxyl radicals(·OH).51

V − TiO2 + hv hv ≥ Eg( ) → V − TiO2 h+
VB + e–CB( )

V 5+ + e– ⇆ V4+

Trapped or free CB electron reducemolecular oxygen to
form superoxide.

V 4+ + O2 / V 5+ + O·−
2 ; O2 + e– → O·–

2

H+ + O·–
2 →·OOH

2·OOH→ H2O2 + O2

H2O2 + e–→·OH + OH–

On the other hand, the jumping of electrons into the
conduction band leaves behind holes in the valence band.
V5+ entraps the photogenerated electrons and prevents them
from recombining with the holes. These holes react with
adsorbed H2O on their surface to form hydroxyl radicals
(•OH).52,53

V 5+ + e–CB → V4+

h+VB + H2O/OH–→·OH + H+

The •OH and O2
• – are known as active species,54 which

readily react with a dye to form unstable intermediates that
decompose to form the final products (CO2 and H2O).

O·–
2 +MBDye → demethylated/intermediate products

→ CO2 + H2O

·OH +MBDye→ demethylated/intermediate products

→ CO2 + H2O

4 Conclusions

In this work, flower-like assemblies of V-doped TiO2 micro-
needles were synthesized via a simple and cost-effective sol-
gelmethod for the removal of organic dyes fromwastewater.
These samples were calcined at 450 °C for 3–4 h in order to
remove any residual organics and surface adsorbates and
bring further crystallinity to the structure. Structural and
functional group characterization of these samples was
carried out by XRD, FTIR, and SEM. The band gap energy was
determined using UV/vis spectroscopy, which confirmed
that the samples have a low band gap, making them an
effective photocatalyst. The photocatalytic efficiency of the
prepared samples was studied both under UV light and
sunlight for an irradiation time of 90 min. It was found that
V-doped TiO2 showed better efficiency than the undoped
samples, both in calcined and pre-heated forms. This is likely
due to the reduced band gap and the low recombination rate
of e−/h+pairs.
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