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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini While green synthesis offers an eco-friendly route to titanium dioxide (Ti02) nanoparticles, a lack of systematic
parameter control often limits the ability to tailor their properties for specific applications. This study addresses
this gap by comprehensively investigating the effects of neem leaf (Azadirachta indica) condition, solvent, and
calcination temperature to establish a controllable synthesis framework. To assess the impact of different pa-
rameters, both fresh and dry neem leaves were extracted using ethanol, isopropanol, and acetonitrile solvents.
The resulting nanoparticles were subjected to calcination at 500 °C and 900 °C to produce the anatase and rutile
erystal phases, was conducted employing. techniques for
analyzing their crystallographic, morphological, and photonic attributes. XRD analysis verified the purity of the
crystalline phases, revealing the smallest crystallite size (11.85 nm) for nanoparticles synthesized using fresh
leaves and ethanol. SEM imaging displayed consistently uniform, pseudo-spherical particles with particle sizes
ranging from 75 to 80 nm at 500 *C and 80-95 nm at 900 °C, highlighting the effectiveness of the green synthesis
method in achieving well-defined morphologies. EDS analysis confirmed a Ti:O stoichiometric ratio close to 1:2,
affirming material purity. UV-DRS measurements demonstrated band gap energies between 3.18 and 3.31 eV at
500 °C and 3.08-3.11 €V at 900 °C, closely resembling those of chemically pure TiOp, reinforcing the reliability
of this synthesis route. Raman spectroscopy indicated that the nanoparticles produced using isopropanol
exhibited superior surface crystallinity, accompanied by a notably low Urbach energy (~177 meV), suggesting a
highly ordered structure with minimal defects. These findings underscore the potential of neem leaf extracts as
an accessible, sustainable, and effective alternative for producing high-quality TiOz nanoparticles. Based on their
tailored properties, these nanoparticles are expected to show potential for diverse applications, including photo
catalysis, environmental remediation, and renewable energy to the of
green chemistry and sustainable nanomaterials.
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and molecular diagnostics [2]. A variety of nanoparticles, such as tita-
nium dioxide (TiOy), tin dioxide (SnO), zinc oxide (ZnO), cadmium

1. Introduction

The D of sustai and methods for pro-
ducing nanomaterials with tailored properties is a critical challenge in
modern materials science. While green synthesis using plant extracts

sulfide (CdS), and cerium dioxide (CeO,) are synthesized owing to their
unique optical, electronic, and catalytic characteristics [3]. Among them
TiO, is the most prominent photocatalyst for breaking down organic

offers an eco-friendly alternative to routes, a

understanding of how to control the final nanoparticle characteristics is
often lacking [1]. Nanotechnology encompasses a wide array of appli-
cations across various fields due to its unique characteristics at the
nanoscale, such as size, structure, and physicochemical and biological
properties. These applications extend to numerous industries, including
mechanical and electronic engineering, imaging for targeted therapy,
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and antibiotics for its strong ic
great energy efficiency, cost effectivity, non-toxicity, and high stability
[4]. The performance of TiO, in these roles is directly governed by its
physical properties. For example, a smaller nanoparticle size creates a
larger surface-area-to-volume ratio, providing more active sites for
catalysis and thereby improving the efficiency of processes like the
degradation of organic pollutants in wastewater [5]. Furthermore, the
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crystal phase is paramount; the anatase phase is renowned for its high
photocatalytic activity, making it ideal for environmental remediation,
while the more stable rutile phase is the industry standard for pigments
and sunscreens due to its superior light-scattering and UV-protection
capabilities. Therefore, a synthesis method that allows for precise con-
trol over these fundamental properties is essential for developing
tailored for high. real-world i
[6,7). Different types of techniques are available for synthesis of TiOy
nano particles, those are Solution Combustion [8], Sol-Gel [9], Hydro-
thermal [10], Solvo-thermal [11], Chemical Vapor Deposition [12] and
Green synthesis [13]. However, many of these conventional methods
often involve harsh reaction conditions, such as high temperatures and
pressures, or the use of toxic and environmentally hazardous chemicals
[14]. Consequently, establishing a simple, low-cost, and eco-friendly
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sustainable replacement to traditional synthetic routes [1]. The various
functional groups present in these phytochemicals, such as hydroxyls
and carbonyls, are believed to serve as effective reducing and capping
agents, which first reduce the metal precursor and then stabilize the
newly formed nanoparticles to control their growth [26]. These bioac-
tive constituents serve as natural reductants and stabilizers, removing
the necessity for harmful reagents, thereby minimizing environmental
impact and improving biocompatibility [1].

‘While the field of green nanomaterial synthesis is rapidly expanding,
most studies focus on a single set of parameters. A significant gap re-
mains in the ic optimization and analysis of key
synthesis variables within a single framework. Specifically, the com-
bined and distinct effects of precursor condition (fresh vs. dry leaves),
solvent polarity, and calcination temperature on the properties of neem-

synthesis route that offers precise control over the final
properties is a highly desirable goal in materials chemistry [15].

However, the chemical process uses artificial agents for capping,
reducing, and stabilizing, which leads to the production of byproducts
that are not sustainable for the environment whereas green synthesis
generally uses natural and non-toxic reducing and stabilizing agents like
plant extracts, which greatly lessen the environmental impact compared
to conventional chemical methods [16]. Green synthesis methods are
capable of producing nanoparticles with more uniform size distribution
and enhanced control over morphology, which is especially crucial for
applications in medicine, catalysis, and environmental science [17].
Besides, nanoparticles produced through green synthesis methods tend
to be more biocompatible, which enhances their suitability for
biomedical uses like drug delivery, biosensors, and medical imaging
[18]. However, a significant challenge in green synthesis is achieving
consistent control over the nanoparticle's fundamental properties—such
as crystal phase, size, and crystallinity—which are often highly sensitive
to variations in the plant extract and synthesis conditions [19]. In
particular, achieving selective synthesis of a pure crystalline phase-
—either the photocatalytically superior anatase or the thermally stable
rutile—without phase mixtures often remains a difficult objective for
simple, low-temperature green routes [20].

There is extensive literature documenting the production of green
nanomaterials such as gold (Au), copper (Cu), silver (Ag), titanium di-
oxide (TiOy), zinc oxide (Zn0), copper oxide (CuO), iron oxide (Fe30s),
and tin dioxide (SnOy), nanoparticles [21]. These eco-friendly synthesis
techniques employ plant extracts and other sustainable methods, pre-

TiOz have not been and concur-
rently compared. This research distinguishes itself by offering precisely
this detailed comparative analysis. By systematically varying the neem
leaf condition, the extraction solvent (ethanol, isopropanol, and aceto-
nitrile), and the calcination temperature (500 °C and 900 °C), we aim to
elucidate how these variables govern the final nanoparticle crystallinity,
phase structure, morphology, and optical behavior, thereby providing a
clear roadmap for tailoring nanoparticle properties for specific appli-
cations. Employing neem (Azadirachta indica) leaf extract—a potent
natural source of reducing and capping agents like flavonoids and an-
tioxidants, often underutilized—this study demonstrates a viable, sus-
tainable, and scalable approach to producing TiO, nanoparticles with
tailored features. This research emphasizes the transformative oppor-
tunity of bi ic methods in i for
producing nanoparticles with tailored properties that are desirable for
applications in medicine, catalysis, and environmental remediation. The
study’s novelty is further underscored by its exploration of multiple
solvent systems (ethanol, isopropanol, acetonitrile) in conjunction with
both fresh and dry leaf ilitating a rare ination of
solvent-phytochemical interactions during synthesis. Moreover, we
demonstrate effective thermal control over phase composition, selec-
tively producing anatase (500 °C) and rutile (900 °C) TiO,. This phase
control, elucidated through in-depth characterization using XRD,
Raman spectroscopy, SEM, EDS, and UV-DRS, offers crucial structure-
property correlations for optimizing nanoparticles for specific func-
tional roles. While this work contributes to the understanding of green-
synthesized TiO2 nanoparticles, its scope has inherent limitations. The

senting possible uses in cytotoxicity, larvicidal effects,
properties, and photocatalysis [21]. Recently, green TiO; nano-
structures have been fabricated utilizing plant extracts like Nyctanthes
arbor-trists extract [22], Latex of Jatrophacurcas L. [23], Aloe barba-
densis leaves extract [24], Psidium guajava leaves extract [25] etc. The
literature survey revealed significant potential for biosynthesis of TiO,
nanoparticles. Specifically, utilizing leaf extracts streamlines the
large-scale production of nanoparticles more effectively than other
biological sources such as bacteria and fungi [21]. However, many of

physical leaving the specific
of phy during i
nucleation and growth largely unexplored. Additionally, experimental
validation of the material’s photocatalytic activity and assessment of its
viability for practical applications were not undertaken. Furthermore,
the present study identifies several promising synthesis routes such as
those utilizing ethanol for minimal crystallite size or isopropanol for
high structural order which now warrant the focused, in-depth perfor-
mance analysis suggested for future work. Future studies should also

these studies focus on a single set of synthesis conditions, leaving a gap
in the systematic, side-by-side comparison of key variables needed to
understand the trade-offs in tailoring nanoparticle properties.

Despite the extensive investigation into green synthesis

advanced such as BET analysis
to quantify surface area and porosity, Transmission Electron Microscopy
(TEM) for higher-resolution morphological and crystallinity assessment,

for various nanomaterials, the application of neem leaf extract for the
biochemical synthesis of titanium dioxide (TiO) nanoparticles has
received comparatively limited attention. This study specifically adopts

and X-ray (XPS) to i surface
chemical states. In addition, a detailed mechanistic study would benefit
from GC-MS analysis of the leaf extracts to identify the specific active
compounds and TGA-DSC analysis to precisely monitor the thermal de-

the biosynthetic approach due to its distinct over conven-
tional chemical methods. Unlike chemical synthesis, which frequently
involves toxic reagents and produces environmentally hazardous
byproducts, biosynthesis leverages natural, non-toxic materials, aligning
with the principles of green chemistry. This makes the process inher-
ently more sustainable and safer for applications in biomedical and
environmental fields.

Neem (Azadirachta indica) leaves, rich in bio-functional molecules
like alkaloids, ins, and flavonoid antioxi provide a s

and phase transition processes.
2. Experimental design
2.1 Fabrication of nanoparticles
‘The green synthesis of TiO, nanoparticles was achieved through a

sol-gel procedure, proceeded by a calcination operation. Fig. 2.1 illus-
trates the synthesis route employed for producing TiO, nanoparticles.
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Fig. 2.1. Synthesis route of TiO, nanoparticles.

Neem leaves in good condition were collected from the BCSIR
campus in Dhaka, Bangladesh. The leaves were thoroughly washed to
remove dust and cut into pieces. A portion of the leaves were dried in the
oven at 70 °C. Ten grams of both fresh and dry leaves were mixed
separately with 200 mL of ethanol, 200 mL of isopropanol, and 200 mL
of acetonitrile and kept overnight. Later the ination was subjected

isopropoxide group, releasing an isopropanol molecule.
(Ti-0-)3Ti-OH + iPr-O-Ti(-O-Ti)3 — (Ti-O-)3Ti-O-Ti(-O-Ti)3 + iPr-O

‘These reactions build the three-dimensional titania network, while
the phytochemicals from the neem extract adsorb onto the surface,

to filtration using Whatmann filter paper to yield the neem leaf extract in
ethanol, i and itrile respectively. These extracts were
then utilized to synthesize TiOz nanoparticles.

To synthesize the TiO, nanoparticles, a beaker containing 5 mL of
titanium isopropoxide (TTIP) was blended with 3.5 mL of the ethanolic
leaf extract (both fresh and dry) and 75 mL of deionized water. The

ination was agitated conti with a stirring magnet at
ambient temperature. The synthesis of TiOz nanoparticles via this sol-gel
process involves two primary chemical reactions: hydrolysis and
condensation [27].

1. Hydrolysis: First, the isopropoxide groups (-0-iPr) on the titanium
precursor react with water and are replaced by hydroxyl groups
(-OH). This reaction can be represented as:

Ti(0-iPr)s + H,0 — Ti(OH)(O-iPr); + iPr-OH
‘This hydrolysis step continues, progressively replacing the isoprop-

oxide groups.

2. Condensation: Next, the hydroxylated precursor molecules link
together to form stable Ti-O-Ti bridges, creating the solid gel
network. This occurs through two main pathways:

Oxolation: Two hydroxyl groups react, releasing a water molecule.

(Ti-0-)3Ti-OH + HO-Ti(-O-Ti)3 — (Ti-0-)3Ti-O-Ti(-O-Ti)3 + H20

Alcoxolation: A hydroxyl group reacts with a remaining

particle size and preventing aggregation [27]. After 2 h of
stirring, the resulting TiOy nanoparticles were collected and initially
dried in an oven at 60 °C overnight. The dried samples were then sub-
jected to further heat treatment in a muffle furnace for about 3 h at both
500 °C and 900 °C to form TiO, powder. The same procedure was fol-
lowed for synthesizing TiO, nanoparticles using the neem leaf extracts
obtained with isopropanol and acetonitrile. Each solvent was tested with
both fresh and dry neem leaves, and the final TiO, powders were
calcined at the same temperatures for comparative analysis.

Twelve different TiO, nanoparticle samples were synthesized using
neem leaf extract (dry and fresh) with ethanol, isopropyl alcohol, and
acetonitrile as solvents. The synthesized samples were then calcined at
two distinct temperatures, 500 °C and 900 °C. This systematic design is
essential for the study’s primary objective: to de-convolute the specific
effects of each parameter and to draw meaningful conclusions from their
direct comparison under controlled conditions. The information of the
samples synthesized based on the specific conditions is listed in
Table 2.1. The sample codes are systematic: 'S’ denotes the sample, the
first letter indicates the leaf type ('F’ for Fresh, 'D’ for Dry), and the
second letter indicates the solvent (E’ for Ethanol, °I" for Isopropanol,
"A’ for Acetonitrile), and the final number represents the calcination
temperature (5’ for 500 °C and *9' for 900 °C.

2.2. Characterization techniques

The TiO, were using various
analytical techniques to determine their structural, morphological, and
elemental properties. X-ray diffraction (XRD) analysis was performed to
ascertain the crystal structures and assess the crystallite sizes of the TiO,
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Table 2.1

List of samples synthesized at different conditions.
Sample name Leaf type Solvent type Calcination temperature (-C)
S-FES Fresh Ethanol 500
S-FE9 Fresh Ethanol 900
S-DES Dry Ethanol 500
S-DE9 Dry Ethanol 900
S-FIS Fresh Isopropanol 500
S-F19 Fresh Isopropanol 900
S-DI5 Dry Isopropanol 500
s-DI9 Dry Isopropanol 900
S-FAS Fresh Acetonitrile 500
S-FA9 Fresh Acetonitrile 900
S-DAS Dry Acetonitrile 500
S-DA9 Dry Acetonitrile 900

Geramics International xex (xxxx) xxx
3. Result and insights
3.1. Structural features

‘The XRD patterns of TiOz nanoparticles synthesized using both dry
and fresh neem leaf extracts in ethanol, isopropyl alcohol, and aceto-
nitrile solvents and calcined at both 500 °C and 900 °C are shown in
Fig. 3.1(a, b), 3.2(a, b, ¢) and 3.3(a, b). In this study, all samples were
calcined at 500 °C and 900 °C to obtain the anatase and rutile phases of
TiO, respectively. The anatase phase typically forms at lower calcina-
tion temperatures (around 500 °C), while the rutile phase develops at
higher temperatures (approximately 900 °C) [28]. Both phases were
deliberately targeted owing to their distinctive characteristics and ver-
satile i ons in diverse areas. Anatase is well-known for its

excellent photocatalytic performance, making it optimal for imple-

nanoparticles. An EMMA X-ray (GBC G

and energy [29].

in environmental

Australia) was used to record the XRD patterns, utilizing Cu-Ka X-ray
emission having a wavelength of 1.5406 A. The equipment was
controlled at 35 kV and 28 mA. The scattering patterns were compiled
over a 20 interval of 10°-80° with a step size of 0.05° and a counting
time of 2s per step. Rietveld refinement was applied to the XRD data to
obtain precise lattice parameters and crystallite sizes. The morphology
was inspected by scanning electron microscopy (SEM; EVO18, Carl
Zeiss, UK), which was operated at an accelerating voltage of 25 kV. SEM
analysis provided detailed images of the surface configuration and
particulate size of the TiO, nanoparticles. The particle size distribution
of the TiO; nanoparticles was measured using ImageJ software. The
particle size distribution graphs were plotted to visualize the variation in
particle sizes under different synthesis conditions. Energy-dispersive X-
ray (EDS) spectroscopy was utilized to examine the elemental content of
the TiO, nanoparticles, employing a Team EDS system (EDAX, AMETEK,
USA; beam voltage: 15 kV) connected to the SEM unit. Elemental
‘mapping was also carried out using this system to visualize the spatial

istribution of the elements. Raman (LabRAM
HR Evolution, Horiba Scientific, Japan) is utilized to capture the distinct
molecular signature of the compounds. An UV-visible (UV-Vis) spec-
trophotometer (UH4150, Hitachi, Japan) was employed to analyze the
optical absorbance and evaluate the band gap energies at visible
wavelengths. The Fourier Transform Infrared (FTIR) spectrometer
operated under the following parameter settings- 8400S spectropho-
tometer, Shimadzu, Japan): wavenumber range: 4000-400 cm—1; res-
olution: 4 em—1; scans: 30.

A Synthesized THY, nanapa

Pl e e o o]

Conversely, rutile, characterized by its greater thermal stability and
‘higher refractive index, is widely used in coatings, pigments, and optical
devices [30]. By synthesizing both phases, this study ensures the TiO,
nanoparticles have enhanced versatility to meet diverse industrial and
research requirements.

For the samples calcined at 500 °C, all curves show the characteristic
peaks of the anatase phase. Taking sample S-FES(fresh leaf, ethanol
solvent, 500 °C) as a representative example, the dominant diffraction
peaks observed at 20 values of 25.3, 37.8°, 48.0°, 53.9°, 55.0° and 62.7°
correspond to the (101), (004), (020), (105), (121) and (024) planes of
anatase TiO; i.e., Crystallography Open Database (COD) card no. 96-
900-9087, respectively (Inset of Fig. 3.1a) and are consistent with
existing literature [31]. These peaks reveal that the anatase phase is the
predominant phase present in the samples calcined at this temperature
and no extraneous peak is detected, demonstrating the authenticity of
TiO2.

Upon increasing the calcination temperature to 900 °C, a clear phase
transition to rutile is observed. Using sample S-FE9 (fresh leaf, ethanol
solvent, 900 °C) as a representative example, additional peaks corre-
sponding to the rutile phase of TiO, i.e., COD card no. 96-900-4143,
were observed at 20 values of 27.4°, 36.1°, 41.2°, 54.2°, and 56.5°
corresponding to the (110), (101), (111), (211), and (220) planes,
respectively (Inset of Fig. 3.1b) and are consistent with existing study
[32]. This indicates a phase transition from anatase to rutile at higher
calcination temperatures.

Rietveld refinement was performed on the XRD data to quantify the
phase composition and to obtain detailed information on the crystal
structure parameters. The refinement process involved fitting the entire
XRD pattern using the FullProf software, and the quality of the fit was
assessed by the R-factors and the y* values. The D-spacing between
atoms (d-spacing) has been acquired through Rietveld refinement.
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Fig. 3.1. Powder X-ray diffraction patterns TiO, nanoparticles (a. calcined at 500 °C; b. calcined at 900 °C) for both fresh and dry neem leaf using ethanol, iso-

propanol and acetone as extraction solvent.
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Fig. 3.2. Powder X-ray diffraction patterns TiO, nanoparticles calcined at 500 °C for both fresh and dry neem leaf (using a. ethanol as an extraction solvent; b.

isopropanol as an extraction solvent; c. acetone as extraction solvent).
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Fig. 3.3. Powder X-ray diffraction patterns TiO; nanoparticles calcined at 500 °C using ethanol, isopropanol and acetone as extraction solvent (fora. fresh neem leaf;

b. and dry neem leaf).

Additionally, the refined lattice parameters for the anatase phase were
found to be around, a = b = 3.7999 A, ¢ = 9.5291 A, and for the rutile
phase, they were a = b = 4.60300 A, ¢ = 2.96600 A. In comparison, the
unrefined lattice parameters for the anatase phase were around a =
3.7850 A, ¢ = 9.5140 A and for the rutile phase, they were a = 4.6030 &,
¢ = 2.9660 A. The weight fractions of anatase and rutile phases were
determined to be 100 % anatase for the samples calcined at 500 °C and
100 % rutile for the samples calcined at 900 °C. The slight differences in
the lattice parameters between the refined and unrefined results high-
light the importance of Rietveld refinement in providing more accurate

results verified the successful synthesis of TiO, nanoparticles with
controlled phase composition, ensuring a more precise characterization
of the anatase and rutile phases.

Fig. 3.1(a and b) show the characteristic peaks of the nanoparticles
calcined at 500 °C and 900 °C. The intensity of the characteristic peak
for the nanoparticles calcined at 900 °C is higher than that for those
calcined at 500 °C, with the peaks being much sharper in the latter case.
‘This can be attributed to several factors related to the crystallinity and
particle size of the nanoparticles. Calcination at elevated temperatures
enhances crystallinity and promotes the formation of larger crystallites

and detailed crystal structure i The Rietveld

[33]. As the rises, smaller crystallites combine to create



N. Zahan et al

larger ones. These larger crystallites scatter X-rays more uniformly,
leading to sharper and more pronounced peaks in the XRD pattern [33].
Additionally, higher temperatures can relieve internal strains within the
nanoparticles, as strain in the crystal lattice can cause peak broadening
in XRD patterns [34]. By calcining at 900 °C, the strain is reduced,
resulting in narrower and more intense peaks [34].

The comparison of the intensity of characteristic peaks for nano-
particles synthesized using fresh and dry neem leaves, both calcined at
500 °C, is illustrated in Fig. 3.2(a, b, ¢). The figures indicate that
nanoparticles derived from fresh leaves exhibit higher peak intensities
compared to those from dry leaves when ethanol and isopropanol are
used as extraction solvents. However, with acetonitrile as the solvent,
nanoparticles from dry neem leaves show higher peak intensities.
Plausible explanations for the observed differences in XRD peak in-
tensities and sharpness include factors such as the interaction between
the solvent and the varying phytochemical composition of fresh versus
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crystallinity and fewer lattice defects [40].

The average crystallite size of the fabricated nanoparticles was
evaluated by using both the Debye-Scherrer (D-S) and Williamson-Hall
(W-H) plots shown in Fig. 3.4 [9,41].

Ki
D=—"_ 1

Feoso’ @
Where, D = Average crystal size, K = Debye-Sherrer’s constant (shape
factor, about 0.9), 2. = wavelength of the X-Ray (0.15418 nm), p = Full
width at half maximum (FWHM) of the diffraction line and 6 =
Diffraction angle.

/icosﬂ:4t’sin(-)+%; (2a)

Where, ¢ resembles lattice strain. The average crystal dimension of the
i i revealed an increase in particle size with

dry leaves. Fresh neem leaves have higher volatile organic

and water content than dry leaves, which can perform as reductants and
stabilizers during synthesis. In the case of acetonitrile, a strong solvent,
the extraction efficiency of these compounds may be higher with dry
leaves, leading to improved crystallinity and sharper peaks [35].
Another factor could be that acetonitrile has different polarity and sol-
vent properties compared to ethanol and isopropanol, leading to varied
interactions with the phytochemicals in fresh and dry neem leaves.
Acetonitrile may extract more stable and effective compounds from dry
neem leaves for nanoparticle formation, resulting in sharper XRD peaks

3.3(a and b) present a comparison of the intensity of charac-
teristic peaks for nanoparticles synthesized from fresh and dry neem
leaves, using ethanol, isopropanol, and acetonitrile as extraction sol-
vents, all calcined at 500 °C. The results indicate that nanoparticles
synthesized with ethanol exhibit the highest peak intensity and sharp-
ness, indicating superior crystallinity for both fresh and dry neem leaves.
Peaks for nanoparticles prepared with isopropanol show slightly lower
intensity compared to those with ethanol. Peaks for nanoparticles syn-
thesized with acetonitrile have the lowest intensity, reflecting the lowest
crystallinity among the solvents used. These variations in peak intensity
and cry inity can be istis linked to the i ion be-
tween the solvents and the bioactive compounds in the neem leaf
extract. Neem leaves are rich in compounds like flavonoids and terpe-
noids, which are known to be effective in nanoparticle synthesis. The
‘hydroxyl groups of flavonoids, for instance, can act as powerful reducing
agents for the titanium precursor and as capping agents that control
particle growth by chelating the nanoparticle surface [37]. Ethanol,
with its stronger reducing power compared to isopropanol and aceto-
nitrile, can more effectively reduce metal ions, leading to nanoparticles
with higher crystallinity and sharper peaks [38]. In contrast, while
acetonitrile is polar, it is less polar than ethanol and isopropanol. This
reduced polarity may result in poorer solubility of the precursor mate-
rials and weaker interactions with the neem leaf extract, leading to less
uniform and less well-defined nanoparticles, which in turn results in
lower crystallinity and less sharp peaks. The influence of the neem
extract on the nanoparticle properties can be explained by the mecha-

elevating as shown in Table 3.1. For the sam-
ples calcined at 500 °C, the crystallite size averaged at 10-20 nm (D-S)
and 10-24 nm (W-H), while for those calcined at 900 °C, it increased to
45-60 nm (D-S) and 57-62 nm (W-H), respectively. The good agreement
between the two models validates the calculated nanoscale dimensions
and the effect of temperature on crystal growth. From Tables 3.1 and it is
evident that sample S-FES (fresh leaves, ethanol, and 500 °C), has the
smallest crystal size and the highest crystallinity, which is observed from
the XRD analysis. These traits are considered highly desirable for ap-
plications that depend on surface area, charge mobility, and photo-
catalytic efficiency [42]. Therefore, this synthesis method provides the
most favorable material properties for advanced applications, especially
in comparison to other solvent and leaf extract combinations.

3.2, Morphology

Scanning Electron Microscopy (SEM) was conducted at a magnifi-
cation of 50,000x —100,000x. The corresponding SEM images and
particle size distribution graph are demonstrated in Fig. 3.5(a-1). The
SEM images revealed that the nanoparticles exhibited a pseudo-
spherical morphology and were generally well-dispersed with minimal

which are istic and desirable features for
nanoparticles synthesized through green methods [43].

Particle size measurements were conducted using ImageJ software,
and the size distribution curves were plotted accordingly. Comparative
analysis of the SEM images of the nanoparticles calcined at distinct

ighli the ical changes induced by the
calcination process. For samples calcined at 500 °C, the particle sizes
ranged between 75 and 80 nm, while for samples calcined at 900 °C, the
particle sizes varied between 80 and 95 nm. The increase in particle size
with higher calcination temperatures can be attributed to the sintering
effect [44]. During sintering, particles coalesce and grow due to
increased atomic and ionic mobility, facilitated by elevated tempera-
tures [44]. Mechanisms like Ostwald ripening and grain boundary
diffusion contribute to this phenomenon.

The SEM images at various magnifications offered a detailed and
depiction of the surface morphology of the nano-

nistic role of its such as and
terpenoids. During the initial nucleation stage, the abundant hydroxyl
and carbonyl groups on these molecules can chelate the titanium ions,
acting as centers for the formation of the initial TiO nuclei [39]. As the
nanoparticles begin to form through the sol-gel process, these large
organic molecules adsorb onto the surface, serving as natural capping
agents. This layer sterically hinders uncontrolled particle growth and
prevents aggregation, allowing for the formation of smaller and more
uniform nanoparticles [40]. The quality of this capping layer, which is
influenced by the solvent's ability to extract these active compounds,
directly impacts the crystallinity and defect formation. A more effective
capping layer, such as that likely formed using the ethanol extract, can
lead to a more ordered crystal growth process, resulting in higher

particles. This reduced agglomeration leads to increased surface area,
which i for catalytic and i ications [45,46].
The pseudo-spherical shape and uniform size distribution further vali-
date the effective synthesis of TiO, nanoparticles through the use of
neem leaf extract. The findings from the SEM analysis underscore the
effectiveness of neem leaf extract as a reductant and stabilizer in the
green fabrication of TiOp nanoparticles. Moreover, the calcination
process’s impact on particle size and morphology provides insights into
optimizing  synthesis parameters for desired nanoparticle
characteristics.
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Figure-3.4. Williamson-Hall (W-H) plots for determining the crystallite size of representative samples SFES (synthesized using fresh leaves and ethanol and

calcined at 500 °C) and S-FE9 (synthesized under the same conditions but calcined

at 900 °C).

Table 3.1

Crystallite properties of the nanoparticles from XRD.
Nanoparticles  Calcination  Crystal phase Average crystallite size (D-5) (nm)  Average crystallite size (W-H) (nm)  Lattice parameters (A)  Volume (A)*

Temp. (C) (Refined)
a <

SFES 500 Anatase (100%) 1185 10.57 379 951 136.72
SFE9 900 Rutile (100 %) 51.50 57.47 460 297 6285
S-DES 500 Anatase (100%)  13.70 11.28 380 952 137.47
SDE9 900 Rutile (100 %) 48.60 61.76 460 296 6261
SHS 500 Anatase (100%)  13.10 17.18 379 952 136.65
SF9 900 Rutile (100 %) 44.90 56.98 461 297 6296
sDI5 500 Anatase (100%)  17.43 19.83 380 954 138.01
5-DI9 900 Rutile (100 %) 46.00 5418 460 297 6285
SFAS 500 Anatase (100%)  18.90 22.54 379 952 136.99
SFA9 900 Rutile (100 %) 55.61 60.49 460 297 6289
SDAS 500 Anatase (100%)  19.00 23.39 379 951 136.67
5DAY 900 Rutile (100 %) 56.19 61.78 460 296 6270

3.3. Composition analysis

The EDS spectra for two samples calcined at 500 °C and 900 °C
respectively, are shown in Fig. 3.6(a and b).

For nanoparticles calcined at 500 °C, the EDS analysis (Fig. 3.6a)
detected Ti and O, which is consistent with the expected TiO, compo-
sition. Additionally, C and K were also observed in the EDS spectrum.
The detected C and K are likely remnants of the organic phytochemicals
(eg., flavonoids, alkaloids) and inorganic salts from the neem leaf
extract. These organic molecules are believed to serve as critical capping
agents, adsorbing to the nanoparticle surface via hydroxyl or carbonyl
groups to prevent agglomeration during synthesis [47]. In contrast, the
EDS spectra of nanoparticles calcined at 900 °C showed only Ti and O.
The absence of C and K at this higher temperature suggests that the
calcination process at 900 “C eliminates these extraneous elements. No
additional peaks from other elements were detected, indicating the
formation of pure nanoparticles. The elemental percentages listed in
Table 3.2 further support the nanoparticles’ purity. The atomic ratio of
Ti:O for the synthesized samples was consistently close to the ideal
stoichiometric value of 1:2, as expected for TiO,. This result indicates
that the green synthesis method employed, utilizing neem leaf extract,
successfully yielded TiO; with minimal deviations in composition.
However, EDS analysis can only provide an estimation of the elements
present in the materials, rather than their exact quantities [3].

3.3.1. Elemental mapping analysis
iy the

To further i of the

synthesized nanoparticles, EDS elemental mapping was performed on
representative samples calcined at 500 °C and 900 °C, with the results
shown in Fig. 3.7. The maps for the sample calcined at 500 °C reveal a
uniform and overlapping distribution of titanium (Ti) and oxygen (O)
across the entire scanned area.

For the sample calcined at 900 °C, the mapping likewise shows a
dense and uniform distribution of only Ti and O. For both samples, the
mapping confirms the absence of any localized clusters of impurities,
providing strong evidence for the formation of a homogeneous TiO,
material.

3.4. Raman analysis

Raman spectroscopy is a versatile and non-destructive tool
commonly utilized for phase identification, structural analysis, and
defect assessment in materials [48]. In this work, Raman spectra were
used to validate the cr phases of ized TiO,
nanoparticles calcined at 500 °C and 900 °C, as illustrated in Fig. 3
and b).

The Raman spectra of the samples calcined at 500 °C (Fig. 3.8 (a))
revealed four prominent peaks at 144, 197, 397, 516, and 639 cm’,
attributed to the Eg, Eg, B1g, Eg, and Eg vibrational modes, respectively
[49]. These peaks are distinct markers of the anatase phase, with no
evidence of secondary phases or impurities, underscoring the samples
phase consistency. The intensity variations among the samples highlight
differences in crystallinity; the samples synthesized using isopropanol
(e.g., S-FI5 and S-DI5) demonstrated the highest peak intensities,
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Fig. 3.5. SEM image of TiO, nanoparticles synthesized at different conditions.

indicating superior structural order and crystallinity. In contrast, the
samples synthesized with ethanol displayed the lowest peak intensities

Phase % of

suggesting relatively lower crystallinity.

For the samples calcined at 900 °C, the Raman spectra (Fig. 3.8(b))
exhibited characteristic peaks at 143, 237, 447, and 612 cm?, which can
be attributed to the Blg, Eg, Blg, and Alg vibrational modes respec-
tively which are consistent with the expected Raman-active modes for
rutile TiO, [50]. Since the spectra clearly showed overlapping features
from a secondary phase, deconvolution analysis was performed to
accurately resolve the individual peaks and quantify the phase compo-
sition. This deconvolution confirmed the presence of a subtle residual
anatase phase, primarily through its characteristic B;g peak at ~400
em'’! (as detailed in the deconvoluted spectrum in Fig. 3.9).

The phase percentage was calculated from the integrated areas (IA
for anatase and IR for rutile) obtained via deconvolution using the
following equations [51]:

1A
ey x100; (2b)

Phase % of rutile = x100; 3

IR
(IA+1R)

Where, I is the peak intensity corresponding to the anatase phase,
and Iy is the peak intensity corresponding to the rutile phase. The
calculated phase percentages for the anatase and rutile phases were
presented in Table 3.3.

A subtle residual peak corresponding to the anatase phase was
observed at 144 cm’, i in the samples ized with
ethanol, suggesting the presence of a small amount of anatase. Phase
percentage calculations indicated that the samples synthesized with
ethanol retained a higher proportion of anatase compared to those
synthesized with acetonitrile. In contrast, the samples synthesized with
isopropanol exhibited the lowest anatase content, which is consistent
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Fig. 3.5. (continued).

‘with their near-complete transformation to the rutile phase.

The variations in peak intensities and anatase content can likely be
attributed to the type of solvent used, as it influences the crystallization
process and phase stability during calcination [52] These results high-
light the significant impact of synthesis conditions on the phase
composition and crystallinity of TiOz nanoparticles. Notably, although
the XRD analysis indicated that samples synthesized with ethanol
exhibited the highest peak intensities at both calcination temperatures,
this pattern was not observed in the Raman spectra. This inconsistency

spectroscopy (UV-DRS) from 300 nm to 800 nm. The findings are dis-
played in Fig. 3.10(a and b), showing a sharp decline in absorbance
around 416 nm for all nanoparticle samples calcined at 500 °C and
900 °C temperatures. The band gap energy (Eg) was calculated from the
Tauc plot, derived from the reflectance data using the Kubelka-Munk
function [3].

FR)=%= (.

3 R (O]

may be attributed to the differing of the two

XRD primarily assesses bulk crystallinity, while Raman spectroscopy is
‘more sensitive to surface characteristics, potentially capturing localized
variations in phase distribution or crystal orientation [53,54].

3.5. Optical characteristics evaluation

The optical of the TiO;
through green methods were examined using UV-Vis diffuse reflectance

F(R) is to the ratio of the absorption coefficient (K) to
the back scattering factor (S) of the material [55]. R represents reflec-
tance. Given that, the absorption coefficient of the sample K is, K = 42;
where 1 is the wavelength of the absorbed photon, and k is the spectral
extinction co-efficient [3]. The band gap of the composites can be
evaluated from the Tauc equation by extending the linear portion of the
plot, where (ahu)! /" is plotted on the y-axis and photon energy (hv) is on
the x-axis (Fig. 3.10(c and d)). The bandgap in the optical range is then
identified by extending this linear region until it intersects the x-axis.



N. Zahan et al

Fig. 3.6. EDS pattern of green TiO; nanoparticles calcined at 500 °C
and 900 °C.

Table 3.2
Elemental mass and atomic percentage found in nanoparticles.

Nanoparticles _ Calcination Temp. (‘C) _ Elements _ Atomic % _Ratio of

SFES 500 Ti 24.08 1:2.42
o 58.49
c 17.34
K 0.09

SFE9 900 Ti 31.86 1:214
o 68.14

SDES 500 Ti 22,03 1:278
o 63.65
c 13.39
K 0.02

SDE9 900 Ti 2451 1:3.07
o 75.49

SHs 500 Ti 3123 1:1.86
o 57.98
c 1072
K 0.07

SFI9 900 Ti 29.03 1:2.44
o 70.97

SDI5 500 Ti 3117 1:1.90
o 59.36
c 9.40
K 0.07

sDI9 900 Ti 29.33 1:2.40
o 70.67

SFAS 500 Ti 2957 1:1.95
o 57.89
c 12.49
K 0.05

SFA9 900 Ti 34,69 1:1.88
o 6531

SDAS 500 Ti 2553 1:238
o 60.98
c 13.42
K 0.07

SDA9 900 Ti 28.97 1:245
o 71.03
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Tauc equation [3] F(R) x hv=A (hv — Eg)"; (5)

Where, A is the proportionality constant, h is the Planck’s constant
(6.63 x 107" Js), n represents the type of transition. Since TiO, un-
dergoes direct allowed transitions, a value of n = 2 was applied for
determining the band gap of all the samples [56]. The evaluated band
gap values for the prepared samples are shown in Fig. 3.10(c and d). The
Tauc plots, which were used to determine the band gap energies, are
shown in Fig. 3.7(c and d). The precise band gap value for each sample,
as determined from these plots, is summarized alongside the Urbach
energy in Table 3.4.

The band gap energies for the TiO, samples are summarized in
Table 3.4, with values ranging from 3.18 to 3.31 eV for samples calcined
at 500 °C, while those calcined at 900 °C exhibited band gap values in
the range between 3.08 and 3.11 eV. These results were compared to the
band gap of chemically synthesized pure TiO,, which is approximately
3.22 eV [57]. The variation in band gap with higher calcination tem-
peratures can be linked to alterations in the structural and electronic
features of the nanoparticles [33]. At 500 °C, the green-synthesized
nanoparticles exhibited a band gap close to that of pure TiOj, indi-
cating minimal surface modification or impurity inc ion from the
neem leaf extract used in the synthesis [33]. Among the samples
calcined at 500 °C, sample S-FES (fresh leaves, ethanol) exhibited a band
gap energy of 3.18eV. This value, being close to that of pure TiOa,
suggests its potential for photo catalysis and applications where the
intrinsic properties of TiO, are desired [58]. In this calcination tem-
perature, the highest bandwidth gap was calculated to be 3.31 eV for the
sample with dry neem leaves and isopropanol as an extraction solvent
which might be due to fewer impurities and increased surface modifi-
cation, suitable for UV protection, sensors, and UV-based devices [59].
To provide context for the functional potential of these materials,
Table 3.5 summarizes published studies where TiO, nanoparticles with
similar band gap energies have demonstrated strong photocatalytic ac-
tivity. In contrast, a decrease and more consistency in the band gap was
observed at 900 °G, likely due to increased crystallinity, particle growth,
and the formation of oxygen vacancies at higher temperatures [60].

To assess the extent of disorder within the synthesized TiO, samples,
the Urbach energy (Eu) was determined. Urbach energy (Eu) charac-
terizes the extent of structural irregularities in nanoparticles, signifying
localized states or defects within the optical band gap [61]. Urbach
energy serves as an indicator of imperfections and non-uniformity
within the crystal lattice, shedding light on the degree of lattice dis-
ruptions and structural inconsistencies. The Urbach energy was calcu-
lated using the following equation [62]:

w
=g ef; ®)

In this context, « denotes the absorption coefficient, g is a constant,
hv constitutes the energy of a photon (where h is Planck’s constant and v
is the frequency), and Eu refers to the Urbach energy, which defines the
exponential tail of the absorption spectrum.

The Urbach energy is computed from the slope of the linear region in
the plot of In (a) versus hv. The obtained values are shown in Fig. 3.11(a
and b), with the specific values summarized in Table 3.4. The variations
in Urbach energy values observed for the TiO, samples synthesized
under different solvents and calcination conditions can be linked to
differences in their structural characteristics, crystallinity, and defect
densities.

The lower Urbach energy in samples synthesized with isopropanol
suggests a more ordered structure, a finding consistent with the superior
surface crystallinity observed in their Raman spectra. This could be
explained by i s moderate polarity and slower evaporation

rate, which may create a more consistent environment for nanoparticle
formation, resulting in fewer structural imperfections [63]. This results
in higher crystallinity, as also confirmed by sharper and more defined
Raman peaks for these samples leading to lower Urbach energy.
Conversely, a potential reason for the higher Urbach energy in
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, Titanium (T1)

Fig. 3.7. EDS elemental mapping of representative nanoparticles. (a) SEM image of sample S-FI5 (500 °C) with its corresponding maps for (b) Titanium (Ti), (c)
Oxygen (0); (d) SEM image of sample S-FI9 (900 °C) with its corresponding maps for (e) Titanium (Ti) and (f) Oxygen (O)

[ i Han.

Fig. 3.8. Raman spectra of the nanoparticles calcined at; a) 500 °C and b) 900 °C.

ethanol-synthesized samples is ethanol’s rapid evaporation rate and  broader Raman peaks observed for ethanol-synthesized samples, indi-
volatility, which could interfere with uniform nanoparticle growth and  cating lower crystallinity and greater lattice distortions.
lead to more structural defects [64]. This trend is consistent with the The reduction in Urbach energy with rising calcination temperature
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Fig. 3.9. Deconvoluted Raman spectrum of TiO; nanoparticles synthesized
with fresh neem leaf, isopropanol solvent and calcined at 900 °C (S-FI9).

Table 3.3
Phase percentage found in nanoparticles calcined at 900 °C.
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at 2585 cm™ and 1057 em™! (corresponding to C-O stretching) [69].
3.7. Analysis of reaction yield

The yield of the TiO was
calculated to assess the efficiency of the green synthesis process. Based
on the initial amount of the titanium precursor (5 mL of TTIP), the
theoretical maximum yield of pure TiOy is 1.35 g. The actual mass of the
final powder after calcination was consistently around 1.2 g for all
samples, corresponding to an approximate yield of 8.9 %.

Interestingly, the parameters varied in this study—leaf condition
(fresh vs. dry) and solvent type (ethanol, isopropanol, acetonitrile)—did
not have a significant impact on the final yield. This suggests that the
quantity of the limiting reactant, titanium isopropoxide, is the dominant
factor controlling the overall yield, while the different solvents and
extract conditions are all capable of providing sufficient phytochemicals
for the reaction to proceed to near completion. Therefore, the primary
influence of the studied parameters is on the final physical and optical
properties of the nanoparticles rather than the efficiency of their
production.

4. Conclusion

‘This research highlights the efficiency of green synthesis using neem
leaf extract as an eco-conscious and green approach for producing TiO

through leveraging both fresh and dry neem leaves with
ethanol, i and itrile solvents, subjected

Nanoparticles  Peak position cm™ Intensity cm™  Phase % Phase
SFES 142.108 4131246 Anatsse  36.73
610.090 7115.773 Rutile 63.26
SDEY 142.108 3734.698 Anatase 3292
610.090 7608.204 Rutile 67.07
SFI9 142.108 1901329 Anatase 1463
610.574 11089.820 Rutile 85.36
sDI9 142.108 2268.081 Anatsse  13.33
610.574 14737.030 Rutile 86.66
SFA9 142,628 3294.123 Anatase 2675
610.574 9017.486 Rutile 73.24
SDA9 142.108 2840.143 Anatase 2177
610.090 10201.550 Rutile 78.22

can be attributed to improved crystallinity and a decrease in defect
density at elevated temperatures [65]. At 900 °C, the increased thermal
energy promotes grain growth, enhances particle packing, and repairs
structural imperfections, thereby reducing localized states in the
bandgap and lowering the Urbach energy [65]. Conversely, at 500 °C,
crystallinity is less developed, and structural defects are more abundant,
resulting in higher Urbach energy values [65]. This observation is
corroborated by the Raman spectra, which display more distinct and
pronounced peaks for samples calcined at 900 °C, reflecting better lat-
tice organization and fewer defects.

3.6. Fourier transform infrared radiation (FTIR) analysis

Fourier-Transform Infrared (FTIR) spectroscopy was performed on
the representative S-FES (fresh leaf, ethanol solvent, 500 °C) sample
between 4000 and 400 cm ™" to assess its chemical structure (Fig. 3.12).
The spectrum is dominated by a strong absorption peak at 627 cm™,
which is the characteristic vibrational mode of the Ti-O-Ti bonds, con-
firming the formation of a crystalline titanium dioxide network [3].

Interestingly, several other bands are also present. A broad band is
centered at 3239 cm', which is attributed to the O-H stretching vi-
brations of water molecules adsorbed onto the icle surface from

to calcination at 500 °C and 900 °C. The formed nanoparticles exhibited
diverse structural, morphological, and optical properties, demonstrating
the versatility of this synthesis approach. This systematic comparison
moves beyond a simple proof-of-concept to provide a strategic frame-
work for predictably tuning nanoparticle properties, such as achieving
100 % phase purity for either anatase or rutile. A comparison of XRD and
Raman results revealed di in the of
crystallinity. XRD analysis showed that samples calcined at 500 °C with
fresh neem leaves and ethanol solvent had the highest bulk crystallinity.
However, Raman spectroscopy and Urbach energy analysis identified
samples synthesized with isopropanol and fresh neem leaves as having
superior surface crystallinity and lower structural disorder. As Raman
spectroscopy is more sensitive to surface characteristics, it offers more
detailed insights into localized crystallinity, which is essential for ap-
plications reliant on surface activity. This key finding demonstrates that
bulk and surface properties can be independently tuned, providing a
strategic choice for optimizing nanoparticles for either structural or
surface-d icati This of the links between
solvent choice, bulk/surface crystallinity, and structural disorder pro-
vides foundational mechanistic insights into the role of phytochemical
interactions during synthesis. SEM analysis revealed pseudo-spherical
morphologies, with particle sizes ranging from 75 to 80 nm for sam-
ples calcined at 500 °C and 80-95 nm for those calcined at 900 °C. These
relatively small, uniform particle sizes enhance surface area, a key
feature for potential catalytic and adsorption applications. EDS analysis
confirmed the high purity of the synthesized nanoparticles, with an
atomic Ti:O ratio consistently close to the ideal stoichiometric value of
1:2. This composition ensures the structural stability and reliability of
the nanoparticles, which are important factors for their potential use in
photocatalytic and optical applications. UV-DRS analysis demonstrated
band gap energies of 3.18-3.31 eV for samples calcined at 500 °C,
aligning closely with the band gap of TiO,. As shown in Table 3.5, these
values are consistent with those of materials proven to be effective in

ic icati which strongly supports the potential of our

the atmosphere [69]. A sharp, prominent peak is visible at 1661 em™,
which can be assigned to the bending mode of these adsorbed water
‘molecules, though its intensity may also suggest the presence of residual
C=0 (carbonyl) groups from the phytochemical capping agents [70].
Other weaker bands associated with organic material are also observed

sustainably synthesized nanoparticles. For samples calcined at 900 °C,
the band gap narrowed to 3.08-3.11 eV, indicative of enhanced crys-
tallinity and the formation of oxygen vacancies, which improve light
absorption for specific applications. Overall, the synthesis conditions
played a pivotal role in shaping the structural, photonic, and
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Fig. 3.10. (a), (b) UV-Vis DRS spectra and (c), (d) Tauc plot of green TiO; synthesized at different condition and calcined at 500 °C (a,b) and 900 “C (c,d).
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Fig. 3.11. Urbach energy of the nano particles calcined at a) 500 °C and b) 900 °C.

morphological traits of the TiO, By ing a

CRediT

sustainable pathway to high-purity materials with features optimized for
specific end-uses, this work enhances the application-readiness of green-

i icles. This study the potential of neem
leaf extract as an efficient and sustainable reducing and stabilizing
agent, advancing green chemistry approaches to scalable nanomaterial
production. The dual-phase synthesis, yielding both anatase and rutile
phases, highlights the versatility of these nanoparticles suggesting their
potential for a comprehensive array of commercial, green, and clinical
deployment.
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Table 3.4
Optical parameters of the nanoparticles calcined at 500 “C and 900 “C.
Sample Calcination Temp. (*C) Bandgap (eV) Urbach energy (meV)
s 500 18 S1379 2 455
s/ %00 208 16105 £ 0.1
o 500 by 129301 162
S-DE9 900 3.09 195.95 + 0.12
S-FIS 500 3.28 369.33 + 1.38
S-FI9 900 3.10 177.87 + 0.10
o5 30 s ion0s £ 443
sos 500 an 16108 £ 0.1
sms 50 230 e o2
S-FA9 900 3.10 181.00 + 0.15
§-DAS 500 3.26 416.53 + 3.43
§-DA9 900 3.09 190.98 + 0.13
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. 3.12. FTIR spectra for TiO, synthesized with fresh neem leaf, ethanol
solvent and calcined at 500 °C (S-FES).

Table 3.5
Representative photocatalytic applications of TiO; with band gaps correspond-
ing to the synthesized samples.

BandGap  Crystal  Photocatalytic Key Finding/ Reference
V) Phase  Application Performance
318331 Anatase  Dye Degradation  Degraded over 90 %  [66,67]
(UV Light) ofMethylene Blue dye
under UV irradiation
in 120 min.
318322  Anatase  Antibacterial Showed significant 1671
Activity activity against E. coli
and 5. aureus under
UV light via the
generation of reactive
oxygen species (ROS).
~3.05 Rutile  Pollutant ‘When doped or 1681
Degradation surface-modified, the
(visible Light) lower band gap
allows for the
degradation of
various poll

utants
Ilnder vmhle light
atio
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