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ARTICLE INFO ABSTRACT

Keywords: This study explored the structural, optical, antibacterial, and dielectric properties of TiO;
Sf)l-gel ) nanoparticles synthesized using two distinct approaches: sol-gel and biosynthesis. Density func-
Biosynthesis tional tight binding (DFTB+) and density functional theory (DFT) calculations were employed
Allium sativum . . . . X . .
Band gap alongside experimental techniques to gain a comprehensive understanding of the electronic-

property relationships. Allium sativum peel extract was utilized for the biosynthesis method. X-
ray diffraction (XRD) affirmed the anatase phase formation for both nanoparticles. Rietveld
technique was employed for a detailed structural analysis. The FESEM analysis revealed the
diminutive particle size of TiO, nanoparticles with a comparable size distribution for both vari-
ants. However, the biosynthesized variant exhibited smaller average particle size (26.74 nm) than
the sol-gel variant (32.22 nm). Optical studies showed an absorption redshift for the bio-
synthesized variant (352 nm) relative to the sol-gel variant (347 nm). The band gap energy is
higher for the sol-gel variant (3.17 eV) compared to the biosynthesized variant (3.02 eV). The
biosynthesized nanoparticles showed strong antibacterial activity, with inhibition zones of 15 mm
against E. coli and S. flexneri bacteria. Dielectric analysis revealed that the sol-gel synthesized
nanoparticles exhibited a higher dielectric permittivity of 27.80 and a lower dielectric loss of
0.37 at 1 kHz, compared to the biosynthesized nanoparticles, which showed a dielectric
permittivity of 19.48 and a dielectric loss of 0.69.

Antibacterial activity
Dielectric properties

1. Introduction

Nanoparticles, sizes in the range of 100 nm exhibit significant changes in optical, magnetic, and electrical properties compared to
their bulk counterparts. These distinct properties of nanoparticles are driven by quantum confinement effects, a high surface-to-
volume ratio, minimal gravitational forces, and dominating electromagnetic forces [1,2]. These remarkable properties of nano-
particles have revolutionized numerous fields, including nanotechnology, biology, optics, photocatalysis, sensing, and electronic
systems [3]. Among different nanoparticles, metal oxides like ZnO, CuO, TiO3, MgO etc., have demonstrated their potential in diverse
applications. Among these, TiO, stands out for its versatility, non-toxicity, and exceptional electrical properties, finding its applica-
tions in the fields of environmental remediation, photovoltaics, energy storage devices, self-cleaning surfaces, and biomedical devices.

TiO. exists in three distinct crystalline phases (anatase, brookite, and rutile), offers a range of properties that can be tailored for
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specific applications [4]. Notably, anatase TiO nanoparticles (NPs) possess excellent optical and dielectric properties along with
biocompatibility, and high thermal stability [5]. These attributes have led to their widespread use in photocatalysis, dye-sensitized
solar cells (DSSCs), lithium-ion batteries, optoelectronic devices, hydrogen peroxide (H205) reduction, and solar cells [6-8]. How-
ever, the selection of synthesis methods for TiO2 nanoparticles plays a crucial role in determining their crystalline phases, which in turn
affects their structural, optical, antibacterial, and electrical characteristics [9]. In recent years, a variety of synthesis methods have
been developed to tailor the structure and properties of TiO, nanostructures, including the sol-gel process, solvothermal synthesis,
electrodeposition, direct oxidation, chemical vapor deposition, hydrothermal techniques, and biosynthesis [10-14]. Table 1 sum-
marizes the influence of various synthesis approaches and calcination conditions on the size and optical properties of TiO2 NPs.

It is noteworthy that, most of the synthesis techniques require a controlled atmosphere, expensive instrumentation, and the use of
chemical components to reduce and control nanoparticle sizes. Among these methods, the sol-gel process stands out for its simplicity
and ease of handling, yet it can produce TiOy NPs with excellent photocatalytic activity, high crystalline quality, well-controlled
particle size and shape [26]. The conventional sol-gel method involves the hydrolysis and polycondensation of metal alkoxide,
leading to the formation of oxopolymers, which are then converted into an oxide network. The structural and characteristic properties
of the resulting metal oxides are significantly affected by the rates of hydrolysis and polycondensation during synthesis [27]. This
process often requires the use of additional chemicals to control particle sizes, which are eventually released into the atmosphere.

Another promising approach, the biosynthesis method, has gained wide acceptance due to its ability to eliminate the toxic effects
associated with various traditional chemical synthesis methods [28]. Utilizing plant elements for nanoparticle synthesis is particularly
desirable because it is a one-step green reduction method that requires less energy, resulting in eco-friendly nanoparticles with diverse
properties, high stability, and suitable dimensions. The use of plant extracts in the biosynthesis of TiO5 nanoparticles has emerged as a
promising alternative due to its environmentally friendly and cost-effective nature. Biologically synthesized TiO2 NPs exhibit not only
excellent antibacterial activity but also diverse biological properties such as anti-inflammatory, antifungal, and antimicrobial func-
tionalities. Additionally, the photo-semiconductor capabilities of these nanoparticles enhance their biological activity, making them
highly effective in various applications [29]. Several plant extracts have been explored for the synthesis of TiO2 NPs, including Acorus
calamus leaf, Aloe vera leaf, Jatropha curcas L., Lemon peel, and more [15,18,25,30]. In addition, Garlic peels (Allium sativum) hold
immense promise for eco-friendly synthesis of TiO3 NPs. It is recognized for their exceptional physiological activity [31]. The presence
of bioactive components such as phenolics, flavonoids, alliin, and allicin in garlic peel extract contributes to its high ability to scavenge
free radical [32]. Although commonly seen as waste, the peels of Allium sativum can be repurposed as a reducing agent, making their
use a sustainable approach in nanoparticle production.

In this study, the authors aimed to synthesize TiO, NPs using two methods: a traditional sol-gel approach and a novel biosynthesis
technique utilizing garlic peel extract. A detailed comparison was then conducted on the TiOy NPs, in terms of their structural, optical,
antibacterial, and dielectric properties. The study integrated experimental techniques with DFTB+ and DFT calculations to provide an
in-depth analysis of the relationships between electronic properties and nanoparticle characteristics.

2. Computational and experimental methods
2.1. Calculation model and method

In the present work, density functional theory and density functional tight binding methods were used. In the context of the
implementation of DFT, Schrodinger equation (Eqn. (1)) remains all-important of this calculation.

Table 1
Influence of different synthesis techniques and calcination conditions on TiO, NPs size and optical properties.

Methods Calcination Particle Size Absorption Maxima Band Gap Ref.

Biosynthesis 600 °C (3 h) 11-30 nm 355 nm 3.20 [15]
Acorus calamus leaf

Sol-gel 400 °C (3 h) ~13 nm 432 nm 2.90 [16]

Hydrothermal 500 °C (2 h) 32-48 nm 385 nm - [17]

Biosynthesis 500 °C (2 h) 80-140 nm 325 nm 3.08 [18]
Lemon peel

Biosynthesis 500 °C (4 h) 8-13 nm 330 nm 3.13 [19]
Gum Kondagogu

Simple precipitation 500 °C (1 h) 7-21 nm 475 nm 3.30 [20]

Biosynthesis 600 °C (3 h) 11-30 nm 360 nm 3.29 [21]
Acorus calamus leaf

Biosynthesis 550 °C (2 h) 80-100 nm 300 nm 3.22 [22]
Citrus Limetta

Solvothermal 200 °C (2 h) ~13.4 nm 381 nm 3.20 [23]

Sol-gel 450 °C (3 h) >80 nm 350 nm 3.20 [24]

Biosynthesis 500 °C (5 h) 10-80 nm 344 nm 3.19 [25]
Aloe vera leaf

Sol-gel 500 °C (3 h) 20-45 nm 347 nm 3.17 This work

Biosynthesis 500 °C (3 h) 15-35 nm 352 nm 3.02 This work

Allium sativum peel
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where E represents the energy of the system, H is the Hamiltonian operator, and ¥ denotes the wavefunction. To simplify this equation,
the Born-Oppenheimer approximation is often applied. The methods of the DFT, based upon the Kohn-Sham theorem, make it possible
to solve problems concerned with molecular and solid material electronics. It adeptly transforms the daunting many-electron problem
into a more manageable single-electron framework. This is achieved through the Hohenberg-Kohn theorems, which state that the
ground-state properties of a system are determined by its electron density, p(r). The Kohn—-Sham equation (Eqn. (2)) then permit the
computation of the total energy (E,[p]) via a non-interacting reference system.

E,[p] =Ti[p] + Ex[p] + /p(r)vm(r) dr + %/p\(r%pg? drdr 2)

In this expression, T[p] signifies the kinetic energy of the non-interacting electrons, vy represents the external potential, and Ey.
denotes the exchange-correlation energy. To approximate the exchange-correlation energy, methodologies such as the Generalized
Gradient Approximation (GGA) and the Local Density Approximation (LDA) were employed. Specifically, for GGA, the Perdew-Burke-
Ernzerhof (PBE) functional defines the E,, as Eqn. (3).

Exc"lp] = ' / p(r)exe" (p(r), Vp(r)) dr ®

Conversely, LDA presupposes that the exchange-correlation energy density at any given point is determined solely by the local
electron density (p(r)), as shown in Eqn. (4).

ELDA[p] = / p(r)elen (p(r)) dr @

The Ceperley-Alder/Perdew-Zunger (CA-PZ) functional represents a specific LDA formulation. Collectively, these methods
constitute the foundation of DFT, facilitating the efficient exploration of the electronic structures inherent in complex systems [33].

In our alternative computational approach, we employed DFTB+ within Materials Studio, which is an efficient implementation of
the Density Functional based Tight Binding (DFTB) method. DFTB is a streamlined version of DFT, where the total energy of a system is
expanded using a Taylor series derived from Kohn-Sham density functional theory. The electron density (p(r)) is expressed as the sum
of a reference density (p,(r)) and a small fluctuation (6p(r)), as shown in Eqn. (5).

p(r) =po(r) + dp(r) €
The total energy (E[p]) in DFTB is then expanded as Eqn. (6).

E[p] = Eo|po] + Ex [po. 6p] + Ez [po, (69)°] + E3 [po, (8p)°] 6

In this expansion, E, and E; form the basic DFTB (1) model, which is the simplest version of DFTB. The term E; incorporates second-
order corrections, defining the DFTB2 model, while E5 adds third-order corrections, leading to the more accurate DFTB3 model. The
different DFTB models have reasonably clear areas of application, with each level (DFTB (1), DFTB2, and DFTB3) balancing
computational efficiency and precision, making DFTB highly effective for large-scale materials simulations due to its significant speed
advantage over DFT [34]. This makes DFTB ideal for systems involving weak interactions, such as Van der Waals complexes [35].

In this study, Geometry optimization of the structure was carried out using the DFTB+ approach within the Materials Studio with
the “Smart” technique, 0.05 kcal/mol energy convergence, and 0.5 kcal/mol/A force convergence over a maximum of 500 cycles. To
solve the Schrodinger equation for bonded electrons, the ‘tiorg’ Slater-Koster library was used for SCC calculations, with a tale of 1 x
107° and 50 maximum iterations. DFT calculations as a comparison were implemented with Materials Studio CASTEP software using
the LDA and the CA-PZ functional and Koelling-Harmon relativistic treatment. Pseudopotentials were in reciprocal disposed space, and
300 eV plane wave cut-off, total electrons 48, non-spin-polarized conditions, and 24 bands. Energy minimization converged with a 0.2
x 1075 eV tolerance, total energy per atom, and 0.5 x 10~ eV eigen energy over a maximum of 100 SCF cycles, with the Pulay scheme
for density mixing. Band structure calculations included 46 bands per k-point, with a 0.1 x 10~* eV convergence tolerance. In addition,
Perdew-Burke-Ernzerhof (PBE)/Generalized Gradient Approximation (GGA) functional DFT was calculated with similar conditions
300 eV cut-off, 48 electrons, non-spin-polarized, 24 bands, and Monkhorst-Pack grid size 4 x 4 x 5 with 26 k-points. For the
computational analysis of dielectric properties, we employed DFT calculations, utilizing the Generalized Gradient Approximation with
the Perdew-Burke-Ernzerhof functional. The computations were performed along the [1 0 0] polarization axis, with a scissors operator
of 0 eV applied. An instrumental smearing of 0.5 eV was used to account for broadening effects, while the plasma frequency was set to
0 eV.

2.2. Experimental

2.2.1. Synthesis of TiO2 NPs by sol-gel method
For the preparation of TiO NPs by the sol-gel process, 80 mL ethanol was mixed with 10 mL deionized water under constant
stirring using a magnetic stirrer. Then 5 mL titanium isopropoxide (TTIP) was added by dropwise to the above-mixed solution under
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constant stirring and followed by a 15 h stirring period. Subsequently, the resulting gel was dried in the hot-air oven at a temperature of
80 °C for 8 h. Further, the calcination was performed for 3 h at 500 °C and the prepared sample was named ‘TSol’.

2.2.2. Synthesis of TiO2 NPs by biosynthesis method

The outer peels of Allium sativum were cleaned with tap and deionized water, cut into small pieces, and mixed with 100 mL of
deionized water. This mixture was boiled at 80 °C for 30 min to extract bioactive compounds. After cooling to room temperature, the
extract was filtered using Whatman No. 1 filter paper to remove impurities. The extract was then refrigerated for further use.

A 0.1 M solution of TTIP in 80 mL of deionized water was prepared. Then, 40 mL of Allium sativum peel extract was added, and the
mixture was stirred at 600 rpm for 3 h at 60 °C, with pH controlled using a few drops of NH3 (aq.). The solution was kept for 24 h to
complete gelation and aging. Afterward, the mixture was centrifuged and rinsed with ethanol and deionized water. The TiO5 NPs were
dried at 80 °C for 8 h and then calcined at 500 °C for 3 h. The prepared sample was named ‘TBio’.

2.2.3. Pellet preparation

The TiO2 NPs were formed into pellets for electrical characterization. Each nanoparticle sample weighing 1 g was mixed with a
polyvinyl alcohol binder and compacted into disk-shaped pellets with a diameter of 12 mm under a pressure of 2.5 tons. Subsequently,
the pellets underwent sintering in an air environment at 750 °C.

2.2.4. Characterization

Crystallographic analysis of TiO, NPs was performed using a SHIMADZU LabX XRD-6100 (Japan) instrument. The X-ray diffraction
(XRD) data was analyzed using the FullProf software via Rietveld refinement. Field emission scanning electron microscopy (FESEM)
was employed to investigate the surface morphology of the TiOy NPs using a JEOL JSM-7600F (Germany) instrument. ImageJ software
was then utilized to assess the avg. particle size and distribution from the FESEM images.

The UV-vis absorption spectrum of TiO; NPs was measured using a Shimadzu UV-2600i (Japan) spectrophotometer over wave-
lengths from 250 to 800 nm. An ethanol suspension of the nanoparticles was utilized for the analysis.

The antibacterial activity of the synthesized TiO, NPs was evaluated using the agar well diffusion method against four bacterial
strains: gram-positive Staphylococcus aureus (ATCC25923), and gram-negative Escherichia coli (ATCC25922), Pseudomonas aeruginosa
(ATCC27853), and Shigella flexneri (clinical isolate). Fresh bacterial cultures were uniformly spread on agar plates. Paper discs

(a)

TBio

Intensity (a.u.)

TSol

20 30 40 50 60 70 80
20 (degree)

—Ycalc ——Yecalc
—— Yobs-Ycale ——Yobs-Ycalc
| Bragg position|

®[ v —m ] ©

| Bragg position|

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

| 1l [ ] e | 11 [ I e

YT TP FTRPTren L
It My Ao A

20 30 4b 50 60 70 80 20 30 4I0 50 60 70 80
20 (degree) 20 (degree)

Fig. 1. (a) XRD patterns of TiO; NPs and Rietveld refined pattern of (b) TSol and (c) TBio.
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containing TiOy NPs at concentrations of 100, 200, and 300 pg/mL were placed on the agar surface and incubated for 24 h at 30 °C. The
zones of inhibition, represented as circular areas around the discs where bacterial growth was suppressed, were measured in
millimeters.

The dielectric measurements of the synthesized TiO5 nanoparticle pellets were investigated using the conventional parallel plate
capacitor method. Measurements were performed in the frequency range of 40 Hz to 10 kHz with an Agilent 4294A Precision
Impedance Analyzer (USA).

3. Results and discussion
3.1. Structural characteristics

Fig. 1a presents the XRD patterns of TSol and TBio samples acquired in 26 range of 20-80°. According to JCPDS card No. 01-084-
1286, the intense peaks of TiOy NPs are identified along the (101), (004), (200), (105), (211), (204), (116), (220), and (215) planes.
Table 2 compares the XRD peak positions (20) of TSol and TBio NPs with the standard values. The indexed planes confirm the pure
tetragonal anatase phase of TiO,, characterized by octahedral and trigonal planar coordination geometry [16]. Interestingly, the TBio
sample have higher intensity peaks compared to the TSol sample. This observation might be attributed to the existence of polyphenolic
compounds within the plant extract used for biosynthesis [17]. These biomolecules can potentially influence the crystallization
process, leading to the formation of NPs with improved crystallinity.

For a more quantitative analysis of the crystallographic structure, the obtained XRD data were subjected to Rietveld refinement
using the FullProf software. A Pseudo-Voigt fitting function was employed. The final refined parameters, including lattice parameters,
cell volume, and profile R-factors, are summarized in Table 3. The good agreement between the calculated and observed XRD patterns
(Fig. 1b and c) suggests a high-quality fit and supports the presence of a pure anatase phase. Furthermore, the crystallographic
structure of the anatase TiO2 NPs was visualized using the VESTA software (inset of Fig. 1b, violet and green spheres represent titanium
and oxygen atoms, respectively).

The crystallite size of the TiOy NPs was determined using Scherrer’s equation based on the prominent diffraction peak corre-
sponding to the (101) plane. Scherrer’s equation is expressed as: d = 0.89\/Bcos6, where d represents the crystallite size (nm), A is the
X-ray wavelength (nm), f is the full width at half maximum (FWHM), and 0 is the Bragg diffraction angle [36]. The estimated crystallite
sizes were ~9.54 and ~11.14 nm for the TSol and TBio samples, respectively. These values are quite comparable with the reported
literature [37,38]. Furthermore, the observed peak broadening in the XRD pattern of the TSol sample also support the presence of a
smaller crystallite size compared to TBio [16].

The crystallinity of the TiO NPs was further quantified using the XRD data. This analysis involved calculating the percentage
contribution of the crystalline and amorphous phases within the samples. By this method, the crystallinity of the sol-gel synthesized
TiO2 NPs was determined to be 75.76 %, while the biosynthesized NPs exhibited a higher crystallinity of 78.56 %. All the crystal-
lographic parameters are presented in Table 3.

3.2. Morphological analysis

Fig. 2 displays the FESEM micrographs of TSol and TBio nanoparticles. The FESEM observations indicate that both samples
exhibited predominantly spherical nanoparticles. Interestingly, the biosynthesized TiO2 NPs displayed a more uniform size distri-
bution compared to the TSol NPs. The sol-gel synthesized nanoparticles showed a tendency to form irregular, aggregated structures,
possibly due to the rapid hydrolysis and condensation reactions during the synthesis process. In contrast, the TBio NPs appeared
clearer, lighter, and less prone to agglomeration. This suggests that the garlic peel extract acted as a stabilizing agent during the
synthesis process, influencing the growth and dispersion of the nanoparticles.

The inset histograms in Fig. 2a, b depict the particle size distribution for each sample. The majority of particles in the TSol sample
fall within the range of 20-45 nm, while the TBio sample exhibits a narrower size distribution with particles ranging from 15 to 35 nm.
The avg. particle size was calculated to be 32.22 nm for TSol and 26.74 nm for TBio. This confirms the effectiveness of the garlic peel
extract in reducing the particle size of the biosynthesized TiO NPs.

Table 2

Shows comparison of XRD data of TiO, NPs with standard value.
Miller Plane (hkl) JCPDS Card No: TSol (20) TBio (20)

01-084-1286 (20)

101 25.32 25.34 25.30
004 37.84 37.93 37.94
200 48.07 48.09 48.02
105 53.95 54.03 54.02
211 55.10 55.11 55.05
204 62.75 62.76 62.75
116 68.84 69.04 69.04
220 70.34 70.30 70.29
215 75.12 75.30 75.27
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Table 3
Crystallographic parameters of TSol and TBio NPs.
Crystallographic parameters TSol TBio
Lattice parameters a=>b 3.785 A 3.787 A
9.487 A 9.484 A
Cell Volume 135.886 A® 135.980 A®
R-factors R, 3.37 3.41
Rup 4.26 4.35
Rexp 3.99 4.05
Rf-factor 1.53 2.71
Bragg R-factor 2.23 4.07
GOF 1.1 1.1
X-ray density 4.160 gcm’3 4.044 gcm’3
FWHM 0.8377 0.7157
Crystallite size For (101) plane 9.536 nm 11.139 nm
Crystallinity 75.76 % 78.56 %

Avg. particle size: 32.22 £ 7.85

o
10 15 20 25 30 35 40 45 50 55
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Fig. 2. FESEM image of (a) TSol and (b) TBio and inset showing particle size distribution.

3.3. Optical properties

Fig. 3a shows the absorption spectra of TiOy NPs fabricated using sol-gel and biosynthesis methods. Understanding optical
properties is crucial for photocatalysis study, as they determine the light absorption efficiency of the material during the photocatalysis
process [22]. The UV-visible absorption profile of the synthesized nanoparticles spans from 250 nm to 800 nm. Both types of
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Fig. 3. (a) UV-vis absorption spectrum and (b) the Tauc plot of TiO; NPs.
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nanoparticles exhibited a characteristic absorption spectrum with a single broad peak in the UV region. The observed absorption peak
originates from the excitation of electrons from the valence band of the TiOz NPs to the conduction band. The absorption maxima
(Amax) for TSol and TBio NPs were found to be 347 nm and 352 nm, respectively, further confirming the presence of TiO5 [25]. The
observed slight red shift in the absorption peak of TBio NPs compared to TSol NPs could be attributed to variations in particle size and
configuration.

The direct band gap energy (E;) of the TiO2 NPs was evaluated by employing the Tauc relation (Fig. 3b) [39]. The E; of TSol NPs
was found to be 3.17 eV, which is higher than that of TBio NPs (3.02 eV). The Tauc plot was employed here to more accurately
determine the band gap energy, as broadened absorption peaks can sometimes obscure precise absorption values. The E, values re-
ported by Alhalili et al. [25] (3.19 eV with an absorption peak at 344 nm) and Zedek et al. [40] (3.02 eV with a peak near 350 nm) are
quite similar to those observed in our samples. Furthermore, the difference in E; between TSol and TBio NPs can be primarily explained
by the quantum confinement effect [41]. According to this, the confinement of electrons and holes within the smaller crystallites of
TSol NPs results in discrete energy levels and a consequent widening of the band gap. Moreover, the reduced band gap of TBio NPs
could be ascribed to the existence of localized gap states induced by Ti®" ions [42,43]. Additionally, oxygen vacancies within the
crystal lattice might also contribute to the reduction in band gap energy, potentially enhancing their photocatalytic activity [42]. Since
a narrower band gap corresponds to improved light absorption in the visible region, the TBio NPs with their lower E; value (3.02 eV)
are expected to demonstrate improved photocatalytic activity compared to the TSol NPs (3.17 eV) [44].

3.3.1. Computational analysis of the band gap
In the present work, we used a variety of computational approaches to study the band gap of TiO NPs. We compared the obtained

results with experimental findings to determine their validity in this section. The band gap was experimentally determined based on
the UV-vis spectroscopy to be 3.17 eV for TSol NPs, and 3.02 eV for TBio NPs. From the DFTB+ simulations the band gap was
determined to be 3.189 eV (See Fig. 4a), demonstrating excellent agreement with the experimental band gap of TSol NPs as well as
TBio NPs. Conversely, DFT calculations using various functionals produced significantly lower values. For DFT calculations, different
computational settings were employed. Using the GGA/PBE functional with a4 x 4 x 5 k-point grid and a plane wave cutoff of 300 eV,
the convergence process yielded total energies of —429.2137 eV for oxygen after 23 iterations and —1596.0330 eV for titanium after 32
iterations. The resulting band gap was 2.091 eV (See Fig. 4b). For Local Density Approximation (LDA) with CA-PZ functional, similar
parameters were used. Convergence was attained after 24 iterations for oxygen, resulting in a total energy of —428.3332 eV, and after
32 iterations for titanium, yielding a total energy of —1594.8364 eV. The band gap was 2.048 eV, as depicted in Fig. 4c. Both studies
demonstrated high computational efficiency, with the GGA/PBE method obtaining an impressive parallel efficiency of 89 % for G-
vector and k-point parallelization. Similarly, the LDA/CA-PZ method achieved a commendable efficiency of 87 %, highlighting the
effective distribution of data by G-vector (6-way) and k-point (2-way).

Additionally, the density of states (DOS) calculations provide crucial insights into the electronic behavior of TiO,. Fig. 5 illustrates
the distribution of electronic states near energy levels in the DOS, essential for understanding the material’s conductivity and optical
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Fig. 4. Bandgap visualization of TiO, calculated by (a) DFTB+, (b) GGA/PBE, and (c) LDA/CA-PZ functional.
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properties.

In summary, DFTB+ outperformed other methods, accurately predicting the band gap of TiO5 (3.189 eV) close to experimental
values. On the other hand, DFT techniques that employed GGA/PBE and LDE/CA-PZ functionals showed a notable underestimation of
the band gap, with respective values of 2.091 eV and 2.048 eV. These results highlight the limitations of GGA/PBE and LDA-based
functionals in accurately predicting the band gap of TiO, and underscores the superiority of DFTB+ for investigating the electronic
properties of TiOy and similar materials.

3.4. Antibacterial activity

The antibacterial efficacy of TiOp-based materials is attributed primarily to the generation of reactive oxygen species (ROS) [45,
46]. These ROS, including hydroxyl radicals as well as superoxide anions, are extremely reactive and can directly damage bacterial cell
walls [47]. The resultant damage to cellular components such as lipids, DNA, and proteins ultimately results in the loss of cellular
functions and cell death [48,49]. Fig. 6 illustrates the antibacterial activity mechanism of TiO, NPs.

In this research, the antibacterial properties of TiO, NPs synthesized via sol-gel and biosynthesis methods were evaluated against
both gram-positive and gram-negative bacteria. Fig. 7 illustrates the antibacterial efficacy of both TSol and TBio NPs against
Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, and Shigella flexneri. The histogram depicting the zones of inhibition
(ZOD) is presented in Fig. 8. The cell walls of gram-positive bacteria possess a thick peptidoglycan layer, whereas gram-negative
bacteria have a thin peptidoglycan layer. Microbial pathogens can cause various diseases in living organisms. The maximum ZOI
observed for TSol NPs against the gram-negative bacteria E. coli, P. aeruginosa, and S. flexneri were 12 mm, 14 mm, and 10 mm,
respectively. For the gram-positive bacterium S. aureus, the ZOI was 12 mm. Interestingly, P. aeruginosa demonstrated the most sig-
nificant zone of inhibition among the bacteria tested for TSol NPs.

The TBio NPs, however, demonstrated overall higher antibacterial activity compared to TSol. This enhanced efficacy can likely be
attributed to their smaller particle size and higher surface area than TSol NPs, which aligns with observations reported by Krishna R.
Raghupathi [50], suggesting that the antibacterial activity of nanoparticles is a size-dependent property that increases with particle
size reduction. The maximum ZOI for TBio NPs against E. coli, P. aeruginosa, and S. flexneri were 15 mm, 12 mm, and 15 mm,
respectively. The bacteria S. aureus showed similar susceptibility to TSol NPs (12 mm). Notably, E. coli and S. flexneri displayed the
highest susceptibility to TBio NPs.

3.5. Dielectric properties

The dielectric properties of a material are closely linked to its electro-optic response. In the microelectronics industry, materials
with low dielectric constants are particularly sought after for applications as interlayer dielectrics [51]. In this study, the frequency
dependence of the dielectric constant (¢') and the loss tangent (tand) were measured for pelletized TiO» nanoparticle samples. The
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Fig. 8. Histogram of Zone of Inhibition of TSol and TBio NPs against E. coli, S. aureus, P. aeruginosa, and S. flexneri bacteria.

measurements were conducted at room temperature and across a range of frequencies (40 Hz-10 kHz). Fig. 9a, b depicts the frequency
dependence of the dielectric constant for the TSol and TBio sample, respectively. The insets of each figure show the corresponding loss
tangent values. As observed in Fig. 9a, the TSol sample exhibits the highest dielectric permittivity, reaching a value of 27.80 at 1 kHz.
This value is accompanied by a tans of 0.37 at the same frequency. In comparison, the TBio sample demonstrates a lower dielectric
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constant of 19.48 at 1 kHz, with a higher dielectric loss of 0.69 (Fig. 9b).

As shown in Fig. 9a and b, the ¢ for both TSol and TBio sample exhibits a characteristic frequency dependence. At lower fre-
quencies, both samples exhibit high ¢ values that decrease with increasing frequency. The dielectric constant is fairly remaining
constant in the high-frequency region. The high ¢ at low frequency is likely due to the combined effect of multiple polarization
mechanisms within the material [52,53]. At low frequencies, all four main types (electronic, ionic, orientational, and space-charge)
can contribute, with space-charge polarization likely dominating and leading to the initial rise in &’ [54,55]. However, as the fre-
quency increases, these polarization mechanisms become less efficient. They can no longer respond as effectively to the rapidly
changing electric field, resulting in a decrease in the overall dielectric constant observed at higher frequencies [56].

The inset of Fig. 9a, b reveals the dependence of tans on frequency. Both TSol and TBio samples exhibit a high tans at lower
frequencies (40 Hz), likely due to the space-charge polarization mechanisms contributing to both dielectric constant and loss [57]. As
frequency increases, tans decreases gradually, reaching a frequency-independent region above 3 kHz for TBio. This low tans value at
high frequencies for TBio could be attributed to the nanomaterial’s purity, as a purer material with greater crystallinity tends to have a
more ordered structure with fewer defects [58]. Notably, the absence of any dielectric loss peak for TBio at higher frequencies indicates
its potential suitability for high-frequency optoelectronic applications [59]. In contrast, the TSol sample exhibits a more complex
behavior with a second increase in tané at higher frequencies, suggesting a possible double relaxation process [60]. However, despite
this additional relaxation, the TSol NPs possess a lower tané value compared to TBio at 1 kHz.

3.5.1. Computational analysis of the dielectric properties

For analyzing the dielectric properties of the TSol and TBio samples in this computational study, we compared them with
experimental results for the dielectric function (e (w)). A key aspect of calculating the complex dielectric function involves using Eqn.
.

e(w) =€ (0) + iex(w) (7)

This dielectric function describes the electronic response of the material for the interaction with the electromagnetic wave [61].
The real part (Fig. 10a and b) of the dielectric function is ¢; (0), and it can be obtained through Kramers-Kronig relations which relates
the real and imaginary part of dielectric function to maintain causality and consistency of optical response of the system. This makes it
possible to establish the characteristics of the material used when exposed to different intensities of electromagnetic waves and come
up with the theoretical background of the results observed in the experiments.

In the experimental findings, a high dielectric constant at low frequencies shows strong effects of polarization, while as the fre-
quency increases, the polarization effect reduces, as polarization mechanisms are less effective at high frequencies. The same can be
observed in the present computational study, where trends occurring below 10 eV coupled with marked peaks represent enhanced
dielectric response above this energy limit while beyond which (e1) tends to reduce gradually. On this basis, it is concluded that, at
higher energies (corresponding to the higher frequencies), the material’s capacity to the weak polarization decreases, which correlates
with the decrease of value (¢/) observed in the experiment. A comparison between the theoretical estimates and the simulation results
shows a good agreement where it emphasizes the strong polarization effects at low frequency or energy range and declines with an
increase in frequency or energy. This high dielectric response at lower frequencies as observed in both approaches supports the
authenticity of the material’s behavior across the different approaches.

4. Conclusions

In conclusion, this study successfully synthesized TiO, NPs by sol-gel method and environmentally friendly biosynthesis technique
using Allium sativum peel extract. Comprehensive analysis through DFTB+, DFT calculations, and experimental techniques provided a
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Fig. 10. Calculated real part of the dielectric function (e1(w)) vs energy graph for the (a) TSol and (b) TBio sample.

detailed understanding of the electronic-property relationships of TiOy NPs. Notably, the biosynthesized nanoparticles exhibited
smaller particle sizes compared to the sol-gel variant. Additionally, the biosynthesized nanoparticles displayed a redshift in their
optical absorption and a lower band gap energy of 3.02 eV. Furthermore, the biosynthesized nanoparticles exhibited superior anti-
bacterial activity, with zones of inhibition measuring 15 mm for both E. coli and Shigella flexneri, outperforming the sol-gel synthesized
nanoparticles, which showed maximum inhibition of 14 mm for P. aeruginosa. However, the sol-gel variant exhibited a higher
dielectric permittivity of 27.80 at 1 kHz, while maintaining a reduced dielectric loss of 0.37. These findings highlight the effectiveness
of synthesis method selection in controlling the properties of TiO, NPs for diverse applications in optoelectronics, dielectrics, and
antibacterial materials.
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