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Abstract 
TiO₂ (titanium dioxide) nanoparticles in anatase form were synthesized through three different 
methods: lemon peel-assisted green synthesis (TBio), sol-gel (TSol), and simple chemical 
precipitation (TPre). X-ray diffraction (XRD) and Williamson-Hall analysis demonstrated all 
samples contained phase-pure anatase. Crystallite sizes calculated using XRD were 4.3 nm (TBio), 
6.5 nm (sol-gel) and 5.5 nm (precipitation) with TBio exhibiting the most micro-strain. Scanning 
electron microscopy (SEM) revealed almost spherical particles with average sizes of 32.45±14.13 
nm (TBio), 45.22±12.14 nm (TSol), and 32.64±5.61 nm (TPre); therefore, lemon peels 
phytochemicals are effective in controlling particle growth. All three samples exhibited Ti-O-Ti 
lattice vibrations confirmed by Fourier transform infrared (FTIR) spectroscopy, and hydroxyl 
groups, organic species and other residues are most intense in TBio, moderate in TSol, and low in 
TPre. Ultraviolet-visible (UV-Vis) and Tauc analyses yielded indirect band gaps of 3.15 eV (TBio), 
3.22 eV (TSol), and 3.16 eV (TPre). Slight band gap narrowing for TBio and TPre resulted from 
defect-induced band tailing. Methylene blue photodegradation results revealed pseudo-first-order 
kinetics under UV light, with photocatalytic activity decreasing in the order of TPre > TSol > TBio, 
correlating well with their relative crystallinity and lower rates of electron and hole recombination 
in precipitated nanoparticles. Dielectric measurements (20 Hz to 20 MHz) revealed significant 
Maxwell-Wagner interfacial polarization. TSol and TPre had lower losses and more moderate 
permittivity values than TBio, which had the highest low-frequency dielectric permittivity (ε′ ≈ 
351 at 20 Hz) and loss; TBio > TPre > TSol (about 351, 100, and 71 at 20 Hz, respectively). The 
Nyquist plots of TSol and TPre consisted of single depressed semicircles dominated by grain 
boundary effects, whereas TBio resolved into two overlapping arcs corresponding to distinct grain 
and grain-boundary relaxation processes; consistently, TBio exhibited the lowest overall 
impedance and the highest AC conductivity through defect-assisted hopping, although these same 
defect and interfacial states act as recombination centers that limit its photocatalytic activity. These 
findings demonstrate that the lemon peel assisted green route is an environmentally friendly 
method that maximizes interfacial polarization and low-frequency permittivity, albeit with higher 
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dielectric loss and reduced photocatalytic activity, while precipitation derived TiO₂ offers the most 
effective combination of photocatalytic performance and balanced dielectric behavior, and sol-gel 
TiO₂ displays an intermediate multifunctional capability. 
 

Keywords: TiO₂ nanoparticles, Green synthesis, Lemon peel extract, Photocatalytic activity, 
Dielectric properties. 
 

1. Introduction 

Nanoparticles represent significant instruments within nanotechnology and are under investigation 
due to their diverse applications in sensing, optical, biomedical, photocatalytic, and electronic 
devices [1]. Nanomaterials’ distinct features, particularly the quantum confinement effect and the 
effects of minimal gravitational force, their overall large surface area, and the predominance of 
electromagnetic forces over other forces, play a critical role in altering how materials behave on a 
nanoscale [2]. Metal oxide nanoparticles are advantageous compared to larger particles (bulk 

materials) due to the unique properties of metal oxides at the nanometer level, including magnetic, 

electrical, and optical properties [3]. Titanium dioxide (TiO2), a transition metal oxide, is a perfect 

semiconducting material because it is inexpensive, nontoxic, easy to use, and resistant to chemical 

and photochemical degradation [4]. Although titania is a material that is widely acknowledged for 

its biocompatibility, lack of side effects and stability [5]. Recent new synthesis methods have been 

developed recently to produce titania nanostructures, including hydrothermal, solvothermal, sol-

gel, chemical vapour deposition (CVD), electro-deposition, direct oxidation, "green" synthesis and 

precipitation methods [6], [7], [8], [9], [10]. The synthesis method for TiO2 nanoparticles plays a 

crucial role in determining their crystalline phases, which strongly affect their structural 

characteristics, optical performance, antibacterial effectiveness, and electrical properties [11].  
 

 

The crystalline phase, particle size, and defect density of TiO₂ nanoparticles are determined by the 
synthesis route [12]. In the conventional sol-gel synthesis of titanium dioxide nanoparticles, metal 
alkoxides, such as titanium isopropoxide, undergo hydrolysis and polycondensation. This process 
forms a network of Ti-O-Ti bonds, leading to the formation of a titanium oxide sol that 
subsequently transforms into a gel [13], [14]. The nucleation and growth rates of TiO₂ can be 
controlled by adjusting the water-to-alkoxide ratio, pH, and aging or calcination conditions, 
including temperature. This control enables the formation of high-crystallinity anatase TiO₂ with 
narrow size distributions and well-defined morphologies following drying and heat treatment[15] 
[16]. In contrast, precipitation relies on the simultaneous precipitation of titanium precursor 
species, typically Ti⁴⁺ salts, through the addition of a base. This method results in rapid nucleation 
and subsequent growth of an amorphous or poorly crystalline precipitate, which is then converted 
to crystalline TiO₂ through calcination [17]. The particle size and defect density in this approach 
are influenced by the precipitation pH, temperature, and aging time [16]. Green synthesis utilizes 
naturally occurring phytochemicals, including phenolics, organic acids, flavonoids, polyphenols, 



and organosulfur compounds derived from plants. These compounds function as reducing, 
complexing, or capping agents [18]. By complexing Ti⁴⁺ ions with these biomolecules and 
applying controlled heating, TiO₂ nanocrystal nucleation occurs within the organic matrix. 
Subsequent calcination decomposes the organic matrix, yielding TiO₂ nanoparticles with bio-
derived surface functionality and typically smaller crystallite sizes [19]. 
Comparative studies of sol-gel synthesized titanium dioxide (TiO₂) and TiO₂ produced via direct 
precipitation indicate that sol-gel methods yield highly crystalline TiO₂ with a well-defined anatase 
structure. This structure demonstrates efficient ultraviolet light absorption, rendering it suitable for 
photocatalytic and optoelectronic applications [12], [17]. Although both material types exhibit 
high conductivity and can be adapted for dielectric or impedance applications, TiO₂ prepared 
through simpler methods typically shows greater defect-mediated conductivity and a more 
dispersed conduction response due to a higher density of grain-boundary states [12],[17]. 
 

Titanium dioxide synthesized using green methods, utilizing agricultural waste such as citrus peel 
and onion/garlic peel, offers advantages including reduced toxicity, lower synthesis temperatures, 
and enhanced antibacterial and antioxidant properties, while maintaining competitive 
photocatalytic and dielectric performance [18],[19]. Compared to sol-gel and precipitation 
methods, green synthesis generally results in smaller crystallite sizes with residual bio-organic 
components adhering to the particle surface. These surface components increase the density of 
surface defects and interfacial states, which can improve interfacial polarization and defect-
mediated conductivity. However, they may also function as charge trapping and recombination 
centers, potentially reducing photocatalytic efficiency [20], [21]. In contrast, TiO₂ derived from 
sol-gel and precipitation routes typically exhibits higher crystallinity, reduced microstrain, and 
fewer grain-boundary defect states, leading to more effective charge separation and lower 
dielectric loss [12], [14], [17]. 
 

Drawing upon these findings, the present research involves the synthesis of anatase TiO₂ 
nanoparticles through sol-gel and precipitation methods, alongside a green protocol that employs 
an extract from dried lemon peel as a renewable reducing and capping agent [21]. The resulting 
powders undergo systematic characterization to ascertain the impact of these three synthesis routes 
on the microstructure and multifunctional properties of the TiO₂ nanoparticles. 
 

 

2. Methodology 

 



 
 

Fig. 1. Synthesis Methods of TiO2 NPs 

2.1 Biosynthesis Method 

 

The dried and crushed Lemon rind was used to make lemon rind extract for TiO₂ nanoparticle 
production. This extract was produced by boiling 20 gm of dried lemon rind in 400 ml of distilled 

water at 60°C for 2 hours before cooling and filtering it to generate a clear extract. To prepare the 

TTIP-ethanol solution, 15 ml of titanium tetraisopropoxide (TTIP) was mixed with 40 ml of 

ethanol and agitated until a homogeneous mixture was achieved. Following this, 15 ml of filtered 

lemon extract was added dropwise to the TTIP/ethanol solution, with constant stirring, after which 

the solution was kept at 30°C for 2 hours. The TiO₂ NPs biosynthesized, indicated by the 
appearance of a white precipitate, were then collected by centrifuging at 5000 rpm for 10 minutes 

before being rinsed with distillate and ethanol three times each. The resultant precipitate was dried 

at 60°C for 24 hours before being subjected to heat treatment at 400°C for 2 hours to produce 

crystalline anatase-phase TiO₂ NPs. 
 

2.2 Sol-Gel Method 

 

The onset of the sol-gel process occurs when the Ti-OR groups are removed and replaced with Ti-

OH groups, initiating the hydrolysis phase of the sol-gel transformation. Then, the second stage is 

condensation, where either Ti-O-Ti bonds are created through "oxolation" or Ti-OH-Ti bonds are 

formed using "olation." In the preparation of a 1M TTIP precursor solution, 14.21 mL of titanium 

tetraisopropoxide (TTIP), 142.1 mL of ethanol, 71.5 mL of distilled water, and 1.825 mL of HCl 

were combined. The TTIP was dissolved in the ethanol solution using a magnetic stirrer for 15 



minutes. The addition of distilled water began to form ions and the mixture was stirred for an 

additional 45 minutes. After adjusting the pH to 3 with HCl (1M), the sol was stirred for 2 hours 

and then left at room temperature for 24 hours to age. After aging the gel was filtered, washed in 

both ethanol and distilled water, and dried in an oven at 100°C for 24 hours. Finally, the material 

was ground into a fine powder and calcined in a furnace for 4 hours at 400°C, with a heating rate 

of 5°C/minute. 

 

2.3 Precipitation Method 

 

The starting material for producing TiO2 powders was titanium isopropoxide. In this process, 

titanium isopropoxide (5 mL) was added to 8 mL of deionized water in a dropwise fashion. This 

process caused the titanium isopropoxide to hydrolyze and form a hydrated titanium oxide 

precipitate [5]. The mixture was continuously stirred at 40°C for 30 minutes. After mixing 

completely, the white TiO2 NP precipitate had formed at the bottom of the beaker. To complete 

the precipitation process, the TiO2 NP precipitate was collected via centrifugation, washed several 

times with deionized water and methanol, and dried at 80°C for 12 hours. The resulting material 

was calcined at 400°C for four hours, with an average heating rate of 5°C/minute. 

 

 

2.4 Pellet preparation  
 

Pellets of the TiO2 NPs were created for electrical property analysis. Each 1 g sample of 
nanoparticles was combined with a polyvinyl alcohol binder and compressed under 2.5 tonnes of 
pressure into 13 mm-diameter disk-shaped pellets. The formed pellets were then sintered at 750 
◦C in ambient air. 
 

2.5 Characterization 

 

The crystallographic structure of TiO2 nanoparticles was analyzed utilising a SHIMADZU LabX 
XRD-6100 apparatus (Japan). The Williamson–Hall (UDM) study of peak broadening was 
conducted in Python 3.x utilizing NumPy and SciPy, incorporating FWHM values, Cu Kα 
radiation with a shape factor K=0.9 and wavelength λ=0.15406 nm and linear least squares fitting 
of βhklcosθ against 4sinθ. Field emission scanning electron microscopy (FESEM) was utilised to 
examine the surface morphology of the TiO2 nanoparticles, utilising a JEOL JSM-7600F apparatus 
from Germany. The ImageJ software was employed to evaluate the average particle size and 
distribution from the FESEM pictures. The UV–vis absorption spectrum of TiO2 nanoparticles was 
recorded with a Shimadzu UV-2600i spectrophotometer (Japan) across wavelengths ranging from 
250 to 800 nm. An Ethanol suspension containing the nanoparticles was used when measuring how 
well the NPs photocatalytically degraded MB under UV irradiation with an intensity of 120 
μW/cm2, and the absorbance spectra of the dye solution were recorded over the 450 to 800 nm 



range at time intervals of 0, 15, 30, 45, 60, 75, 90, 105, and 120 min. The dielectric characteristics 
of the synthesized TiO2 nanoparticle pellets were characterized using a standard parallel plate 
capacitor method throughout a frequency range of 20 to 20,000 kHz using an Agilent 4294A 
Precision Impedance Analyzer. 
 

 

3. Result and discussion  
3.1 Structural Characteristics 
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Fig. 2. XRD patterns of TiO2 NPs 

 

The X-ray diffraction spectra shown in Fig. 2 demonstrate that TBio, TSol and TPre samples have 
clear diffraction patterns and the peaks correspond to the following crystallographic planes found 
in tetragonal anatase TiO₂ according to JCPDS Card No. 01-073-1764 - (101), (004), (200), (105), 
(211), (204), (116), (220), and (215) respectively. The lack of secondary diffraction maxima 
associated with rutile or brookite phases signifies that all three samples crystallize exclusively in 
a singular anatase phase with elevated structural purity. Table 2 indicates that the experimental 
peak positions for TBio, TSol, and TPre closely align with the conventional anatase reflections, 
affirming that the coordination environment of Ti⁴⁺ is mostly characterized by corner-sharing TiO₆ 
octahedra with trigonal planar O–Ti–O connections [22]. Inter-planar spacing between atoms (d 
spacing) of each catalyst was calculated using the Bragg’s equation,  



                                                          nλ = 2d sinθ                                                                               (1) 

Scherrer's equation was used to calculate the crystallite size of the TiO2 NPs based on the 
significant diffraction peak that corresponds to the (101) plane which is expressed as:           
                                                                     ݀ = 0.89λβcosθ                                                                                    (2) 

where θ represents Bragg diffraction angle, β denotes the full width at half maximum (FWHM), d 
represents the crystallite size (nm), and λ is the X-ray wavelength (nm) [23].For the TSol, TBio, 
and TPre samples, the estimated crystallite sizes were around 5.2 nm, 4.2 nm, and 6.3 nm 
respectively. These numbers are fairly similar to those seen in published literature [24], [25]. 
The sol-gel synthesized TiO₂ (TSol) exhibits significant and intense reflections, signifying a 
crystallinity of 78.57%, comparable to values recorded for well-ordered sol–gel anatase 
nanomaterials. The biosynthesized TiO₂ (TBio) exhibits somewhat larger peaks, resulting in a 
crystallinity of 73.78%, in accordance with other studies indicating that plant-mediated methods 
produce smaller crystallites and significantly diminished long-range order due to organic residues 
from the extract. Conversely, the co-precipitated sample (TPre) exhibits the highest crystallinity at 
78.98%, characterized by the most pronounced (101) reflection, indicating enhanced crystal 
formation and diminished lattice strain under co-precipitation conditions. Table 1 shows the 
comparison among the samples and Table 2 shows the crystallographic parameters. The close 
correspondence of all diffraction characteristics with conventional anatase TiO₂ indicates that the 
synthesis methods affect crystallinity without altering the fundamental tetragonal phase [26]. 
The Williamson–Hall plots indicate that XRD peak broadening results from contributions of 
crystallite size and microstrain, as typically seen in anatase TiO₂ nanostructures (Fig. 3). Linear 
fitting produces average crystallite sizes of approximately 4.3 nm (TBio), 5.5 nm (TPre), and 6.5 
nm (TSol), all of which are within the 3–10 nm range documented for green synthesised and sol–
gel TiO₂. The pronounced slope for TBio signifies the maximum lattice strain, whilst TSol exhibits 
the minimal microstrain, aligning with the anticipated higher defect density associated with plant-
mediated synthesis and the enhanced strain relaxation in optimised sol-gel processes [27], [28]. 



 

 

Fig. 3. Williamson-Hall plots of TiO2 NPs 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Rietveld refinement plots of TiO2 NPs 

 

 

Table 1: Comparison of XRD data of TiO2 Nanoparticles 

 

Miller 
Plane(hkl) TBio TSol TPre 

FWHM D Space FWHM D Space FWHM D Space 

101 1.76963 3.49360396 1.42771 3.543792 1.84083 3.523168 

004 1.76961 2.36124093 1.42767 2.383354 1.84091 2.375113 

200 1.76962 1.890019201 1.42766 1.898088 1.84085 1.892532 

105 1.76965 1.685032933 1.42761 1.701931 1.84091 1.697572 

211 1.76967 1.662455358 1.42761 1.670412 1.84083 1.666612 

TBio TSol 

TPre 



 

Table 2: NPs crystallographic Parameters 

 

Crystallographic 
Parameters 

 TBio TSol TPre 

Cell Volume  133 139.627 137 

Lattice 
parameters 

a = b 

c 

3.76553 

9.42477 

3.82604 

9.53834 

3.79816 

9.49669 

Crystallinity  73.78%, 78.57% 78.98% 

R-factors Rp 

Rwp 

Rexp 

50.1 

34.2 

29.98 

 

4.51 

5.89 

4.31 

38.3 

28.3 

21.44 

Density  3.970 g/cm3 3.799 g/cm3 3.872 g/cm3 

 

The integrated W–H plot (Fig. 3) further emphasises the inverse relationship between crystallite 
size and microstrain across the three samples, consistent with prior investigations of TiO₂ 
nanopowders utilising Williamson–Hall and analogous size–strain models. 
Rietveld refinement of the TBio, TSol, and TPre XRD patterns shown in Fig. 4 represent excellent 
agreement between observed and calculated profiles, confirming a single tetragonal anatase phase 
for all samples with no detectable secondary phases, in line with reported nanocrystalline TiO₂ 
systems. The refined lattice parameters and low R-factors indicate that the different synthesis 
routes primarily influence crystallite size and micro strain. 
 

3.2 Morphological Characteristics 

 

FESEM 

Figs. 5 and 6 represent the SEM and EDX micrographs of TiO₂ nanoparticles synthesized via green 
(TBio), sol–gel (TSol), and chemical precipitation (TPre) routes, along with their particle-size 

histograms.  

 

The TBio sample consists of nearly spherical nanoparticles forming relatively loose aggregates, 

with a homogenous size distribution and an average particle size of 32.45 ± 14.13 nm, confirming 

that phytochemicals from the lemon-peel extract act as effective stabilizing and capping agents 

204 1.76963 1.474763341 1.42769 1.484253 1.84083 1.479346 

116 1.76967 1.359159545 1.42761 1.365519 1.84083 1.3641 

220 1.76969 1.330869061 1.42762 1.338029 1.84087 1.335557 

215 1.76966 1.257265371 1.42772 1.264626 1.84083 1.262484 



that limit particle evolution. The TSol nanoparticles appear as compact assemblies of uniformly 

shaped grains with a broader distribution (45.22 ± 12.14 nm), characteristic of sol–gel derived 

TiO₂ in which hydrolysis–condensation and subsequent thermal treatment promote cluster 

formation. The TPre sample shows well-defined spherical grains organized into dense clusters, 

exhibiting an intermediate and comparatively narrow size distribution (32.64 ± 5.61 nm), 

consistent with homogeneous nucleation and growth during controlled hydrolysis of titanium 

isopropoxide [22], [29], [30]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Fig. 5. FESEM micrographs of (a) TBio, (b) TSol and (c) TPre, with insets representing particle 

size distribution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. EDX spectra of (a) TBio, (b) TSol and (c) TPre 

 

 

 

Fourier Transform Infrared (FTIR) Spectroscopy: 
 

The FTIR spectra (Fig. 7) of TBio, TSol, and TPre TiO₂ nanoparticles, recorded in the 4000–500 

cm⁻¹ range, exhibit a broad band at 3800–3550 cm⁻¹ attributed to O–H stretching vibrations of 



surface hydroxyl groups and adsorbed water, aligning with other studies on TiO₂ nanomaterials. 
Weak spectral characteristics between approximately 2350–2050 cm⁻¹ and 1750–1600 cm⁻¹ result 
from CO₂ and residual C=O and C–O vibrations of organic moieties derived from the precursor or 

plant extract, with greater intensity observed in the green-synthesized TBio sample [31]. A 

pronounced absorption in the low wavenumber range (≈800–500 cm⁻¹) is indicative of Ti–O–Ti 

lattice vibrations, hence confirming the formation of the TiO₂ framework across all three synthesis 
methodologies [32], [33]. 

 

 

Fig. 7. FTIR spectra of (a) TBio, (b) TSol and (c) TPre 

 

 

3.3 Optical Property 

 

The UV-Visible absorption spectral response (Fig. 8a) of TBio, TSol, and TPre TiO₂ nanoparticles 
were measured in the 250–800 nm range, revealing a pronounced absorption edge in the near UV 

region at approximately 290.6, 292.1, and 288.4 nm, respectively. This phenomenon is ascribed to 

charge transfer transitions in anatase TiO₂ and aligns with values documented for sol–gel and green 

synthesized TiO₂ nanostructures [34]. In comparison to bulk TiO₂, all samples demonstrate a 
pronounced blue shift of the absorption threshold, affirming the nanoscale characteristics of the 

particles. The marginally increased absorbance and slight blue shift of the edge noted for the co-



precipitated sample (TPre) suggest enhanced crystallinity and diminished defect density, while the 

smoother edge of TBio illustrates the impact of surface organic compounds from the plant extract 

and minor size/disorder effects resulting from the green synthesis method. 

 

 
Fig. 8. (a) UV–vis absorption spectrum and (b) the Tauc plot of TiO2 NPs 

 

The optical band gaps (Fig. 8b) were ascertained using Tauc, presuming an indirect allowed 
transition for anatase TiO₂. The predicted band gap energies are 3.15 eV for TBio, 3.22 eV for 
TSol, and 3.16 eV for TPre, which laid within the typical range of 3.1–3.3 eV reported for anatase 
TiO₂ synthesized using sol–gel, co-precipitation, and green techniques, and are proximate to the 
nominal 3.2 eV energy gap of bulk anatase. The marginally reduced gaps of TBio and TPre 



compared to TSol can be attributed to defect and surface states linked to organic capping (TBio) 
and lattice disorder induced by precipitation (TPre), resulting in band tailing and increased visible 
light absorption, a pattern consistent with previous optical investigations on plant-mediated and 
chemically precipitated TiO₂ nanoparticles. The results indicate that simple precipitation and green 
synthesis methods produce TiO₂ nanoparticles with superior optical properties for photocatalytic 
and UV shielding applications compared to traditional sol-gel produced materials [35], [36]. 
 

3.4 Photocatalytic Activity 

 

The photocatalytic efficacy of TBio, TSol, and TPre TiO₂ nanoparticles was characterized through 
methylene blue (MB) degradation under UV light exposure for 120 minutes, as illustrated in Fig. 

9(a–c). A gradual reduction in the distinctive MB absorption band at approximately 664–668 nm 

with extended irradiation duration signifies the ongoing photodecomposition of the dye molecules 

on the TiO₂ surface. The significant reduction in peak intensity, together with the slight blue shift 

of the maximum, can be ascribed to successive N-demethylation and opening of the MB molecular 

ring, finally resulting in mineralization into H₂O, CO₂, and inorganic ions [37], [38], [39]. 

 

Upon activation by UV light, TiO₂ produces pairs of holes and electrons, with the photo-excited 

charge carriers (holes) oxidizing surface-anchored water or hydroxide ions to yield hydroxyl 

radicals h+ + H2O → O, [40][41] while the conduction band electrons convert dissolved oxygen 

reduction yielding superoxide species e− + O2 → O2−.These potent oxidising agents interact with 

the MB chromophore along the pathway MB +⋅ OH/⋅ O2− →   intermediates → CO2 + H2O +SO42− + NO3−[42].The temporal progression of the absorbance spectra indicates that the 

degradation adheres to pseudo-first-order kinetics for MB concentration, a phenomenon frequently 

reported in TiO₂-based photocatalytic systems [43], [44]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Fig. 9. Photocatalytic activity of (a) TBio, (b) TSol and (c) TPre NPs 

 

 

The simple-precipitated TiO₂ (TPre) demonstrates the most rapid decline of the MB absorption 
band and the lowest residual intensity after 120 minutes, indicating a superior apparent rate 

constant compared to the sol-gel (TSol) and green-synthesized (TBio) samples. This improved 

performance comes from having a higher crystalline structure and lower amount of electron-hole 

pair recombination of the TPre nanoparticles, allowing for effective creation and utilization of 

reactive oxygen species [45]. The TSol catalytic activity is moderate, consistent with literature 

reports that highly crystalline anatase produced via sol-gel routes degrades methylene blue 

effectively. The TBio sample, however, has a lower degree of effectiveness than TSol as a result 

of the presence of organic material at its surface as well as having a smaller size of crystal particles 

that possibly functions as areas for recombination [46], [47]. 

 

 

 

 

 

 

 

 

 

 



3.5 Electrical Property 

 

 

 

Fig. 10. Frequency dependence of the dielectric behaviour of (a) TBio, (b) TSol and (c) TPre 

samples 
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Fig. 11. (a) Real part of impedance, (b) imaginary part of impedance (c) Nyquist plot of TBio, 

TSol and TPre NPs 

 
 

 

Fig. 12. AC conductivity of TiO2 NPs 

 

The frequency dependence of the dielectric constant (ε′) and loss tangent (tan δ) of TBio, TSol and 
TPre were determined at room temperature in the frequency range of 20 Hz to 20 MHz, shown in 

Fig. 10(a–c). The three samples show high dielectric dispersion with the highest value of ε′ at the 
lowest frequency, a sharp drop to around 1 kHz, and then a more or less flat value with a weak 

frequency dependence. The increased low-frequency permittivity is due to the combined effect of 

electronic, ionic, orientational, and space-charge polarization, and the reduction with frequency is 

related to the universal dielectric dispersion observed in disordered solids [48] and is consistent 

with that predicted by the Maxwell-Wagner model of interfacial polarization [49] and the Koops 

model of conducting grains separated by grain boundaries of higher resistance [50]. At high 

frequency, TBio saturates at the lowest level (about 21) compared to TPre (about 31) and TSol 

(30), as the interfacial polarization which contributes to TBio's large low-frequency response 

becomes "frozen" when the frequency of the field oscillation exceeds the frequency at which the 

carrier relaxes. At 20 Hz, the order is ε′(TBio) greater than ε′(TPre) greater than ε′(TSol); this order 



changes at a high frequency as the interfacial polarization, which is responsible for the large low-

frequency response of TBio, becomes 'frozen' when the field oscillation frequency exceeds the 

carrier relaxation frequency. The loss spectra further distinguish the samples: TBio has a well-

defined relaxation peak, increasing from 2.8 at 20 Hz to 4.4 at log f = 3.1 and then decreasing 

below 0.2 at log f > 100 kHz, whereas the losses of TSol and TPre decrease monotonically from 

initial values of 3.2 and 2.9, respectively, without any relaxation peak, leading to the loss order tan 

δ(TBio) > tan δ(TSol) > tan δ(TPre). The peak-free monotonic decay of TSol and TPre suggests 

that predominant losses are of conduction-type, whereas the discrete relaxation in TBio suggests 

that losses are governed by a Debye-type process associated with charge carriers trapped at grain 

boundaries and at surfaces with residual organic species. The results of the enhanced low-

frequency permittivity, higher overall loss, and discrete relaxation found in TBio suggest a 

significantly higher concentration of interfacial and space-charge polarization centers in the green-

synthesized sample, which is attributed to its smaller crystallite size, higher microstrain, and 

surface-bound organic residue revealed by XRD, Williamson-Hall, and FTIR analysis [19][17].In 

general, green-synthesized and co-precipitated TiO₂ nanostructures show a comparable 
enhancement of the low-frequency dielectric response due to interfacial polarization, whereas TiO₂ 
nanostructures prepared by sol-gel and controlled precipitation routes, possessing higher 

crystallinity and fewer grain-boundary defect states, exhibit lower permittivity and reduced 

dielectric loss [12] [17]. 

 

 

The charge transport and relaxation nature of the TBio, TSol and TPre samples were analyzed by 
complex impedance spectroscopy techniques in the frequency range of 20 Hz to 20 MHz (Fig. 
11a–c). The real part of the impedance (Z′) monotonically decreases with frequency for all 
samples, merging towards a common low value for frequencies higher than ~100 kHz, which is 
typical of semiconducting oxide ceramics and corresponds to the decrease of the barrier to charge 
transport with the increase of frequency and possible release of space charge[51][52]. At the lowest 
measured frequency, Z′ shows the same trend as the AC conductivity results, with the green-
synthesized sample being the least resistive, followed by the TPre sample and then the TSol 
sample. The imaginary parts of the impedance Z″ are unambiguous evidence of the underlying 
relaxation processes: the impedance of TSol and TPre shows only single broad relaxation peaks 
around 100 Hz characteristic of a single dominant charge-transport process, while the impedance 
of TBio is characterized by two clearly separated relaxation features, a low frequency contribution 
and a distinct peak near 25 kHz, reflecting two different relaxation processes with different time 
constants. In the Nyquist representation (Fig. 11c), TSol and TPre follow single depressed semi-
circular arcs, while TBio resolves into two arcs (overlapping), normally considered as the sum of 
grains and grain boundaries as serially connected RC elements with different relaxation 
times[51][53] . The grain boundary response in TBio is more pronounced, which is consistent with 
its smaller crystallite size and larger microstrain and residual surface organic species revealed by 
the XRD, Williamson-Hall and FTIR analysis, resulting from high density of interfacial states. 



Although these interfacial and defect states increase the electrical conductivity of TBio, they are 
also trapping and recombination centers for the photogenerated carriers, which is responsible for 
the lower photocatalytic activity of TBio compared to its electrical conductivity. The single-
relaxation response and higher impedance of TSol and TPre are attributed to their more 
homogeneous and well-crystallized microstructures which contain fewer interstitial defect state, 
resulting in their higher efficiency for methylene blue degradation. 
 

All three samples show a low-frequency plateau in the frequency-dependent AC conductivity (σac) 
with a sharp dispersive increase at high frequencies, shown in Fig. 12, as expected from Jonscher's 
universal power law, σ(ω) = σdc + Aωˢ, where the hopping mechanism between localized states 
[52] is responsible for the charge transport. The high conductivity of TBio throughout the entire 
frequency range is in line with its higher density of defects and interfacial states due to the smaller 
crystallite size and residual surface organics of the green synthesis route, which offers an abundant 
hopping pathway [19]. The greater frequency dispersion of TBio further supports the conduction 
taking place mostly as defect-assisted carrier hopping instead of long-range band transport[52] 
[50]. 
 

 

 

4. Conclusion 

 

A successful demonstration was carried out for the synthesis of anatase TiO2 nanoparticles using 
three different methods to synthesize them with a clear correlation among the methodologies used 
in producing microstructures and the methods used in creating functional properties. These 
methods included lemon-assisted green precipitation (TBio), sol-gel (TSol), and chemical 
precipitation (TPre). Both XRD and Williamson-Hall measurements confirmed that all samples 
were composed of single phase anatase. TSol and TPre had higher crystallinities and lower 
microstrains than TBio, while the green synthesis method yielded the smallest crystallite sizes. 
SEM observations revealed nearly spherical nanoparticles in all cases; the lemon peel 
phytochemicals restricted particle growth and promoted good dispersion in TBio, whereas the sol-
gel route produced larger aggregates. FTIR and UV/Vis spectroscopic analyses verified that TBio 
and TPre nanoparticles (represented by the two different types of prefabricated TiO2) formed 
distinctly sized Ti-O-Ti networks, showed clear peaks produced at corresponding energy intervals 
of 3.15 eV to 3.22 eV with a progressive narrowing of energy gap for both TBio and TPre due to 
defects and surface state induced band tailing; this has extended the optical absorption of both 
nanoparticles toward the visible region. A series of photocatalytic tests for methylene blue led to 
an established order of catalyst activity: TPre, TSol followed by TBio due to TPre exhibiting the 
highest crystallinity, and lowest recombination rate of carriers. In terms of dielectric and 
impedance properties, the most significant interfacial polarization at low frequencies was 
measured with TBio based on the Maxwell-Wagner model, which provided TBio with the highest 



low frequency permittivity and loss, together with the highest AC conductivity and lowest overall 
impedance arising from defect-assisted hopping conduction, its Nyquist response resolving into 
two overlapping arcs associated with distinct grain and grain-boundary relaxations. Conversely, 
TPre and TSol both exhibited balanced dielectric properties with lower loss, and their impedance 
spectra showed single depressed semicircular arcs characteristic of a single dominant charge-
transport process. Therefore, the combined results demonstrate that the lemon peel-assisted route 
is an environmentally friendly method that maximizes interfacial polarization and low-frequency 
permittivity, although at the cost of higher dielectric loss and reduced photocatalytic activity. 
Finally, while precipitation of TiO₂ provides the best performance for both photocatalytic and 
dielectric applications requiring the highest level crystalline structure, and sol-gel provides a 
compromise between the two with reasonable performance to enable multi-functional device 
integration. 
 

 

Credit authorship contribution statement 
Shah Sadia Rahman Joya: Writing original draft, Methodology, Conceptualization, Project 
administration, Supervision. 
Sadia Samanta: Writing original draft, Methodology, Visualization, Formal analysis, Investigation. 
Harunur Rashid: Writing original draft & review. 
Md. Lutfor Rahman: Investigation, Data curation.  
 

Declaration of competing interests 

The authors declare that they have no known competing financial interests or personal 
relationships that could have appeared to influence the work reported in this article. 
 

Acknowledgments 

The authors sincerely acknowledge the Department of Ceramic & Metallurgical Engineering, 
RUET, for facilitating this research by providing access to the laboratory facilities. 
 

 

References 

 

[1] G. Nabi et al., “A Review on Novel Eco-Friendly Green Approach to Synthesis TiO2 
Nanoparticles Using Different Extracts,” J. Inorg. Organomet. Polym. Mater., vol. 28, no. 
4, pp. 1552–1564, 2018, doi: 10.1007/s10904-018-0812-0. 

[2] J. M. Romo-Herrera, M. Terrones, H. Terrones, S. Dag, and V. Meunier, “Covalent 2D and 
3D Networks from 1D Nanostructures:  Designing New Materials,” Nano Lett., vol. 7, no. 
3, pp. 570–576, Mar. 2007, doi: 10.1021/nl0622202. 

[3] C. B. Ng, L. S. Schadler, and R. W. Siegel, “Synthesis and mechanical properties of TiO2-
epoxy nanocomposites,” Nanostructured Mater., vol. 12, no. 1, pp. 507–510, 1999, doi: 



https://doi.org/10.1016/S0965-9773(99)00170-1. 
[4] I. Robel, M. Kuno, and P. V Kamat, “Size-Dependent Electron Injection from Excited CdSe 

Quantum Dots into TiO2 Nanoparticles,” J. Am. Chem. Soc., vol. 129, no. 14, pp. 4136–
4137, Apr. 2007, doi: 10.1021/ja070099a. 

[5] G. Nabi et al., “Green synthesis of TiO2 nanoparticles using lemon peel extract: their optical 
and photocatalytic properties,” Int. J. Environ. Anal. Chem., vol. 102, no. 2, pp. 434–442, 
2022, doi: 10.1080/03067319.2020.1722816. 

[6] X. Chen and S. S. Mao, “Titanium Dioxide Nanomaterials:  Synthesis, Properties, 
Modifications, and Applications,” Chem. Rev., vol. 107, no. 7, pp. 2891–2959, Jul. 2007, 
doi: 10.1021/cr0500535. 

[7] P. Raveendran, J. Fu, and S. L. Wallen, “Completely ‘Green’ Synthesis and Stabilization of 
Metal Nanoparticles,” J. Am. Chem. Soc., vol. 125, no. 46, pp. 13940–13941, Nov. 2003, 
doi: 10.1021/ja029267j. 

[8] S. Musić et al., “Chemical and micro structural properties of TiO2 synthesized by sol-gel 
procedure,” Mater. Sci. Eng. B, vol. 47, no. 1, pp. 33–40, May 1997, doi: 10.1016/S0921-
5107(96)02041-7. 

[9] A. Castro-Beltrán et al., “Titanium butoxide molar ratio effect in the TiO2 nanoparticles 
size and methylene blue degradation,” Optik (Stuttg)., vol. 157, pp. 890–894, Mar. 2018, 
doi: 10.1016/j.ijleo.2017.11.185. 

[10] K. N. Thakkar, S. S. Mhatre, and R. Y. Parikh, “Biological synthesis of metallic 
nanoparticles,” Nanomedicine Nanotechnology, Biol. Med., vol. 6, no. 2, pp. 257–262, Apr. 
2010, doi: 10.1016/j.nano.2009.07.002. 

[11] M. Mhadhbi, H. Abderazzak, and B. Avar, “Synthesis and Properties of Titanium Dioxide 
Nanoparticles,” in Updates on Titanium Dioxide, IntechOpen, 2023. doi: 
10.5772/intechopen.111577. 

[12] A. Wypych et al., “Dielectric Properties and Characterisation of Titanium Dioxide Obtained 
by Different Chemistry Methods,” J. Nanomater., vol. 2014, no. 1, Jan. 2014, doi: 
10.1155/2014/124814. 

[13] J. Livage, M. Henry, and C. Sanchez, “Sol-gel chemistry of transition metal oxides,” Prog. 
Solid State Chem., vol. 18, no. 4, pp. 259–341, Jan. 1988, doi: 10.1016/0079-
6786(88)90005-2. 

[14] N. Rathore, A. Kulshreshtha, R. K. Shukla, and D. Sharma, “Study on morphological, 
structural and dielectric properties of sol-gel derived TiO2 nanocrystals annealed at 
different temperatures,” Phys. B Condens. Matter, vol. 582, p. 411969, Apr. 2020, doi: 
10.1016/j.physb.2019.411969. 

[15] B. E. Yoldas, “Hydrolysis of titanium alkoxide and effects of hydrolytic polycondensation 
parameters,” J. Mater. Sci., vol. 21, no. 3, pp. 1087–1092, Mar. 1986, doi: 
10.1007/BF01117399. 

[16] M. Cargnello, T. R. Gordon, and C. B. Murray, “Solution-Phase Synthesis of Titanium 
Dioxide Nanoparticles and Nanocrystals,” Chem. Rev., vol. 114, no. 19, pp. 9319–9345, 



Oct. 2014, doi: 10.1021/cr500170p. 
[17] K. Safeen et al., “Structure phase-dependent dielectric and photodegradation properties of 

Co-doped TiO2 nanoparticles synthesized via co-precipitation route,” J. Saudi Chem. Soc., 
vol. 27, no. 5, p. 101711, Sep. 2023, doi: 10.1016/j.jscs.2023.101711. 

[18] G. Nabi et al., “A Review on Novel Eco-Friendly Green Approach to Synthesis TiO2 
Nanoparticles Using Different Extracts,” J. Inorg. Organomet. Polym. Mater., vol. 28, no. 
4, pp. 1552–1564, Jul. 2018, doi: 10.1007/s10904-018-0812-0. 

[19] M. A. Awad, K. M. O. Ortashi, W. Alenazi, F. S. Alfaifi, and A. A. Al-Huqail, “Green 
Synthesis of Titanium Dioxide Nanoparticles: Characterization and Evaluation of Their 
Potential for Photocatalytic and Dielectric Applications,” Molecules, vol. 30, no. 24, p. 
4701, Dec. 2025, doi: 10.3390/molecules30244701. 

[20] A.-G. Xie et al., “Long-acting antibacterial activity of quaternary phosphonium salts 
functionalized few-layered graphite,” Mater. Sci. Eng. B, vol. 176, no. 15, pp. 1222–1226, 
Sep. 2011, doi: 10.1016/j.mseb.2011.06.020. 

[21] A. K. Tiwari et al., “Green synthesis of TiO2 nanoparticles using Kinnow peel extracts and 
their antioxidant properties,” Sci. Rep., vol. 15, no. 1, p. 38307, Nov. 2025, doi: 
10.1038/s41598-025-22078-z. 

[22] A. Sangeetha, A. Ambli, and B. M. Nagabhushana, “Green and chemical synthesis of TiO2 
nanoparticles: An In-depth comparative analysis and photoluminescence study,” Nano-
Structures & Nano-Objects, vol. 40, p. 101408, Dec. 2024, doi: 
10.1016/j.nanoso.2024.101408. 

[23] A. L. Patterson, “The Scherrer Formula for X-Ray Particle Size Determination,” Phys. Rev., 
vol. 56, no. 10, pp. 978–982, Nov. 1939, doi: 10.1103/PhysRev.56.978. 

[24] H. Kaur, S. Kaur, J. Singh, M. Rawat, and S. Kumar, “Expanding horizon: green synthesis 
of TiO2 nanoparticles using Carica papaya leaves for photocatalysis application,” Mater. 
Res. Express, vol. 6, no. 9, p. 95034, 2019, doi: 10.1088/2053-1591/ab2ec5. 

[25] N. K. Sethy, Z. Arif, P. K. Mishra, and P. Kumar, “Green synthesis of TiO2 nanoparticles 
from Syzygium cumini extract for photo-catalytic removal of lead (Pb) in explosive 
industrial wastewater,” vol. 9, no. 1, pp. 171–181, 2020, doi: doi:10.1515/gps-2020-0018. 

[26] H. F. Oleiwi, A. J. Rahma, S. I. Salih, and A. A. Beddai, “Comparative Study of Sol-Gel 
and Green Synthesis Technique Using Orange Peel Extract to Prepare TiO2 Nanoparticles,” 
Baghdad Sci. J., vol. 21, no. 5, p. 1702, May 2024, doi: 10.21123/bsj.2023.8089. 

[27] L. E. Depero, L. Sangaletti, B. Allieri, E. Bontempi, A. Marino, and M. Zocchi, “Correlation 
between crystallite sizes and microstrains in TiO2 nanopowders,” J. Cryst. Growth, vol. 
198–199, pp. 516–520, Mar. 1999, doi: 10.1016/S0022-0248(98)01086-0. 

[28] M. Sahadat Hossain and S. Ahmed, “Easy and green synthesis of TiO2 (Anatase and Rutile): 
Estimation of crystallite size using Scherrer equation, Williamson-Hall plot, Monshi-
Scherrer Model, size-strain plot, Halder- Wagner Model,” Results Mater., vol. 20, p. 
100492, Dec. 2023, doi: 10.1016/j.rinma.2023.100492. 

[29] A. Fatima et al., “Comparative study of sol-gel and co-precipitation techniques for 



synthesizing Calotropis Procera-mediated bismuth ferrite for biomedical and environmental 
applications,” Results Chem., vol. 15, p. 102149, 2025, doi: 
https://doi.org/10.1016/j.rechem.2025.102149. 

[30] C. Calabrese, A. Maertens, A. Piras, C. Aprile, and L. F. Liotta, “Novel Sol-Gel Synthesis 
of TiO(2) Spherical Porous Nanoparticles Assemblies with  Photocatalytic Activity.,” 
Nanomater. (Basel, Switzerland), vol. 13, no. 13, Jun. 2023, doi: 10.3390/nano13131928. 

[31] N. Shakeel, I. Piwoński, P. Iqbal, and A. Kisielewska, “Green Synthesis of Titanium 
Dioxide Nanoparticles: Physicochemical  Characterization and Applications: A Review.,” 
Int. J. Mol. Sci., vol. 26, no. 12, Jun. 2025, doi: 10.3390/ijms26125454. 

[32] A. Rusu, L. Predoană, S. Preda, D. C. Culiţă, and M. Zaharescu, “FT-IR SPECTROSCOPY 
STUDY OF THE TiO2 BASED POWDERS PREPARED BY THE SOL-GEL METHOD,” 
Rev. Roum. Chim., vol. 69, no. 10–12, pp. 629–634, 2024, doi: 10.33224/rrch.2024.69.10-
12.13. 

[33] G. B. Yitagesu, D. T. Leku, and G. A. Workneh, “Green Synthesis of TiO2 Using Impatiens 
rothii Hook.f. Leaf Extract for Efficient Removal of Methylene Blue Dye,” ACS Omega, 
vol. 8, no. 46, pp. 43999–44012, Nov. 2023, doi: 10.1021/acsomega.3c06142. 

[34] S. Saravanan and R. S. Dubey, “Optical and morphological studies of TiO2 nanoparticles 
prepared by sol–gel method,” Mater. Today Proc., vol. 47, pp. 1811–1814, 2021, doi: 
https://doi.org/10.1016/j.matpr.2021.03.207. 

[35] S. Na-Phattalung et al., “Band gap narrowing of TiO2 nanoparticles: A passivated Co-
doping approach for enhanced photocatalytic activity,” J. Phys. Chem. Solids, vol. 162, p. 
110503, Mar. 2022, doi: 10.1016/j.jpcs.2021.110503. 

[36] M. Lal, P. Sharma, and C. Ram, “Synthesis and photocatalytic potential of Nd-doped TiO2 
under UV and solar light irradiation using a sol-gel ultrasonication method,” Results Mater., 
vol. 15, p. 100308, Sep. 2022, doi: 10.1016/j.rinma.2022.100308. 

[37] J. Yao and C. Wang, “Decolorization of Methylene Blue with <math> <mrow> <msub> 
<mrow> <mtext>TiO</mtext> </mrow> <mtext>2</mtext> </msub> </mrow> </math> 
Sol via UV Irradiation Photocatalytic Degradation,” Int. J. Photoenergy, vol. 2010, pp. 1–
6, 2010, doi: 10.1155/2010/643182. 

[38] A. K. Shimi, S. M. Wabaidur, M. R. Siddiqui, M. A. Islam, K. P. Rane, and T. S. A. Jeevan, 
“Photocatalytic Activity of Green Construction TiO 2 Nanoparticles from Phyllanthus niruri 
Leaf Extract,” J. Nanomater., vol. 2022, no. 1, Jan. 2022, doi: 10.1155/2022/7011539. 

[39] A. Saefumillah et al., “Photocatalytic degradation of methylene blue: unraveling structure-
activity relationships and performance evaluation of Sol-Gel synthesized TiO2 versus 
commercial TiO2_P25,” J. Mol. Struct., vol. 1347, p. 143277, Dec. 2025, doi: 
10.1016/j.molstruc.2025.143277. 

[40] K.-J. Hwang, J.-W. Lee, W.-G. Shim, H. D. Jang, S.-I. Lee, and S.-J. Yoo, “Adsorption and 
photocatalysis of nanocrystalline TiO2 particles prepared by sol–gel method for methylene 
blue degradation,” Adv. Powder Technol., vol. 23, no. 3, pp. 414–418, May 2012, doi: 
10.1016/j.apt.2011.05.010. 



[41] R. Saini and P. Kumar, “Green synthesis of TiO2 nanoparticles using Tinospora cordifolia 
plant extract &amp; its potential application for photocatalysis and antibacterial activity,” 
Inorg. Chem. Commun., vol. 156, p. 111221, Oct. 2023, doi: 10.1016/j.inoche.2023.111221. 

[42] M. A. El-Naggar, A. H. Maghawry, A. A. Alturki, S. A. Nosier, M. Hussein, and M. H. 
Abdel-Aziz, “TiO2-catalyzed photodegradation of methylene blue in a helical FEP tubing 
reactor: modeling and optimization using response surface methodology,” Appl. Water Sci., 
vol. 14, no. 9, p. 207, Sep. 2024, doi: 10.1007/s13201-024-02205-3. 

[43] X. Jaramillo-Fierro and G. Cuenca, “Enhancing Methylene Blue Removal through 
Adsorption and Photocatalysis—A Study on the GO/ZnTiO3/TiO2 Composite,” Int. J. Mol. 
Sci., vol. 25, no. 8, p. 4367, Apr. 2024, doi: 10.3390/ijms25084367. 

[44] A. H. Jawad, N. S. A. Mubarak, M. A. M. Ishak, K. Ismail, and W. I. Nawawi, “Kinetics of 
photocatalytic decolourization of cationic dye using porous TiO 2 film,” J. Taibah Univ. 
Sci., vol. 10, no. 3, pp. 352–362, Jul. 2016, doi: 10.1016/j.jtusci.2015.03.007. 

[45] J. He et al., “Facile Formation of Anatase/Rutile TiO2 Nanocomposites with Enhanced 
Photocatalytic Activity,” Molecules, vol. 24, no. 16, p. 2996, Aug. 2019, doi: 
10.3390/molecules24162996. 

[46] D. Rahmawati et al., “Synthesis of TiO 2 nanoparticles using red spinach leaf extract ( 
Amaranthus Tricolor L. ) for photocatalytic of methylene blue degradation,” Green Chem. 
Lett. Rev., vol. 17, no. 1, Dec. 2024, doi: 10.1080/17518253.2024.2352571. 

[47] Y. de J. Acosta-Silva, M. Toledano-Ayala, S. Gallardo-Hernández, L. A. Godínez, and A. 
Méndez-López, “Investigation of TiO2 Deposit on SiO2 Films: Synthesis, Characterization, 
and Efficiency for the Photocatalytic Discoloration of Methylene Blue in Aqueous 
Solution,” Nanomaterials, vol. 13, no. 8, p. 1403, Apr. 2023, doi: 10.3390/nano13081403. 

[48] M. K. H. Bhuiyan, M. A. Gafur, M. N. I. Khan, A. A. Momin, and A. K. M. A. Hossain, 
“Correlations of Structural, Dielectric, Magnetic and Magnetoelectric Properties of 
Ca&amp;lt;sub&amp;gt;1-
x&amp;lt;/sub&amp;gt;Sr&amp;lt;sub&amp;gt;x&amp;lt;/sub&amp;gt;(Fe&amp;lt;sub&
amp;gt;0.5&amp;lt;/sub&amp;gt;Ta&amp;lt;sub&amp;gt;0.5&amp;lt;/sub&amp;,” Mater. 
Sci. Appl., vol. 08, no. 01, pp. 64–84, 2017, doi: 10.4236/msa.2017.81005. 

[49] S. C. Mazumdar, F. Alam, U. H. Tanni, K. Kali, B. C. Das, and M. N. I. Khan, “Effect of 
Ti&amp;lt;sup&amp;gt;4+&amp;lt;/sup&amp;gt; Doping on Structural, Electrical and 
Magnetic Properties of 
Ni&amp;lt;sub&amp;gt;0.4&amp;lt;/sub&amp;gt;Cu&amp;lt;sub&amp;gt;0.2&amp;lt;/su
b&amp;gt;Zn&amp;lt;sub&amp;gt;0.4&amp;lt;/sub&amp;gt;Fe&amp;lt,” Mater. Sci. 
Appl., vol. 10, no. 12, pp. 733–745, 2019, doi: 10.4236/msa.2019.1012053. 

[50] C. G. Koops, “On the Dispersion of Resistivity and Dielectric Constant of Some 
Semiconductors at Audiofrequencies,” Phys. Rev., vol. 83, no. 1, pp. 121–124, Jul. 1951, 
doi: 10.1103/PhysRev.83.121. 

[51] J. T. S. Irvine, D. C. Sinclair, and A. R. West, “Electroceramics: Characterization by 
Impedance Spectroscopy,” Adv. Mater., vol. 2, no. 3, pp. 132–138, Mar. 1990, doi: 



10.1002/adma.19900020304. 
[52] A. K. Jonscher, “The ‘universal’ dielectric response,” Nature, vol. 267, no. 5613, pp. 673–

679, Jun. 1977, doi: 10.1038/267673a0. 
[53] D. C. Sinclair and A. R. West, “Impedance and modulus spectroscopy of semiconducting 

BaTiO3 showing positive temperature coefficient of resistance,” J. Appl. Phys., vol. 66, no. 
8, pp. 3850–3856, Oct. 1989, doi: 10.1063/1.344049. 

[1] G. Nabi et al., “A Review on Novel Eco-Friendly Green Approach to Synthesis TiO2 
Nanoparticles Using Different Extracts,” J. Inorg. Organomet. Polym. Mater., vol. 28, no. 
4, pp. 1552–1564, 2018, doi: 10.1007/s10904-018-0812-0. 

[2] J. M. Romo-Herrera, M. Terrones, H. Terrones, S. Dag, and V. Meunier, “Covalent 2D and 
3D Networks from 1D Nanostructures:  Designing New Materials,” Nano Lett., vol. 7, no. 
3, pp. 570–576, Mar. 2007, doi: 10.1021/nl0622202. 

[3] C. B. Ng, L. S. Schadler, and R. W. Siegel, “Synthesis and mechanical properties of TiO2-
epoxy nanocomposites,” Nanostructured Mater., vol. 12, no. 1, pp. 507–510, 1999, doi: 
https://doi.org/10.1016/S0965-9773(99)00170-1. 

[4] I. Robel, M. Kuno, and P. V Kamat, “Size-Dependent Electron Injection from Excited CdSe 
Quantum Dots into TiO2 Nanoparticles,” J. Am. Chem. Soc., vol. 129, no. 14, pp. 4136–
4137, Apr. 2007, doi: 10.1021/ja070099a. 

[5] G. Nabi et al., “Green synthesis of TiO2 nanoparticles using lemon peel extract: their optical 
and photocatalytic properties,” Int. J. Environ. Anal. Chem., vol. 102, no. 2, pp. 434–442, 
2022, doi: 10.1080/03067319.2020.1722816. 

[6] X. Chen and S. S. Mao, “Titanium Dioxide Nanomaterials:  Synthesis, Properties, 
Modifications, and Applications,” Chem. Rev., vol. 107, no. 7, pp. 2891–2959, Jul. 2007, 
doi: 10.1021/cr0500535. 

[7] P. Raveendran, J. Fu, and S. L. Wallen, “Completely ‘Green’ Synthesis and Stabilization of 
Metal Nanoparticles,” J. Am. Chem. Soc., vol. 125, no. 46, pp. 13940–13941, Nov. 2003, 
doi: 10.1021/ja029267j. 

[8] S. Musić et al., “Chemical and micro structural properties of TiO2 synthesized by sol-gel 
procedure,” Mater. Sci. Eng. B, vol. 47, no. 1, pp. 33–40, May 1997, doi: 10.1016/S0921-
5107(96)02041-7. 

[9] A. Castro-Beltrán et al., “Titanium butoxide molar ratio effect in the TiO2 nanoparticles 
size and methylene blue degradation,” Optik (Stuttg)., vol. 157, pp. 890–894, Mar. 2018, 
doi: 10.1016/j.ijleo.2017.11.185. 

[10] K. N. Thakkar, S. S. Mhatre, and R. Y. Parikh, “Biological synthesis of metallic 
nanoparticles,” Nanomedicine Nanotechnology, Biol. Med., vol. 6, no. 2, pp. 257–262, Apr. 
2010, doi: 10.1016/j.nano.2009.07.002. 

[11] M. Mhadhbi, H. Abderazzak, and B. Avar, “Synthesis and Properties of Titanium Dioxide 
Nanoparticles,” in Updates on Titanium Dioxide, IntechOpen, 2023. doi: 
10.5772/intechopen.111577. 

[12] A. Wypych et al., “Dielectric Properties and Characterisation of Titanium Dioxide Obtained 



by Different Chemistry Methods,” J. Nanomater., vol. 2014, no. 1, Jan. 2014, doi: 
10.1155/2014/124814. 

[13] J. Livage, M. Henry, and C. Sanchez, “Sol-gel chemistry of transition metal oxides,” Prog. 
Solid State Chem., vol. 18, no. 4, pp. 259–341, Jan. 1988, doi: 10.1016/0079-
6786(88)90005-2. 

[14] N. Rathore, A. Kulshreshtha, R. K. Shukla, and D. Sharma, “Study on morphological, 
structural and dielectric properties of sol-gel derived TiO2 nanocrystals annealed at 
different temperatures,” Phys. B Condens. Matter, vol. 582, p. 411969, Apr. 2020, doi: 
10.1016/j.physb.2019.411969. 

[15] B. E. Yoldas, “Hydrolysis of titanium alkoxide and effects of hydrolytic polycondensation 
parameters,” J. Mater. Sci., vol. 21, no. 3, pp. 1087–1092, Mar. 1986, doi: 
10.1007/BF01117399. 

[16] M. Cargnello, T. R. Gordon, and C. B. Murray, “Solution-Phase Synthesis of Titanium 
Dioxide Nanoparticles and Nanocrystals,” Chem. Rev., vol. 114, no. 19, pp. 9319–9345, 
Oct. 2014, doi: 10.1021/cr500170p. 

[17] K. Safeen et al., “Structure phase-dependent dielectric and photodegradation properties of 
Co-doped TiO2 nanoparticles synthesized via co-precipitation route,” J. Saudi Chem. Soc., 
vol. 27, no. 5, p. 101711, Sep. 2023, doi: 10.1016/j.jscs.2023.101711. 

[18] G. Nabi et al., “A Review on Novel Eco-Friendly Green Approach to Synthesis TiO2 
Nanoparticles Using Different Extracts,” J. Inorg. Organomet. Polym. Mater., vol. 28, no. 
4, pp. 1552–1564, Jul. 2018, doi: 10.1007/s10904-018-0812-0. 

[19] M. A. Awad, K. M. O. Ortashi, W. Alenazi, F. S. Alfaifi, and A. A. Al-Huqail, “Green 
Synthesis of Titanium Dioxide Nanoparticles: Characterization and Evaluation of Their 
Potential for Photocatalytic and Dielectric Applications,” Molecules, vol. 30, no. 24, p. 
4701, Dec. 2025, doi: 10.3390/molecules30244701. 

[20] A.-G. Xie et al., “Long-acting antibacterial activity of quaternary phosphonium salts 
functionalized few-layered graphite,” Mater. Sci. Eng. B, vol. 176, no. 15, pp. 1222–1226, 
Sep. 2011, doi: 10.1016/j.mseb.2011.06.020. 

[21] A. K. Tiwari et al., “Green synthesis of TiO2 nanoparticles using Kinnow peel extracts and 
their antioxidant properties,” Sci. Rep., vol. 15, no. 1, p. 38307, Nov. 2025, doi: 
10.1038/s41598-025-22078-z. 

[22] A. Sangeetha, A. Ambli, and B. M. Nagabhushana, “Green and chemical synthesis of TiO2 
nanoparticles: An In-depth comparative analysis and photoluminescence study,” Nano-
Structures & Nano-Objects, vol. 40, p. 101408, Dec. 2024, doi: 
10.1016/j.nanoso.2024.101408. 

[23] A. L. Patterson, “The Scherrer Formula for X-Ray Particle Size Determination,” Phys. Rev., 
vol. 56, no. 10, pp. 978–982, Nov. 1939, doi: 10.1103/PhysRev.56.978. 

[24] H. Kaur, S. Kaur, J. Singh, M. Rawat, and S. Kumar, “Expanding horizon: green synthesis 
of TiO2 nanoparticles using Carica papaya leaves for photocatalysis application,” Mater. 
Res. Express, vol. 6, no. 9, p. 95034, 2019, doi: 10.1088/2053-1591/ab2ec5. 



[25] N. K. Sethy, Z. Arif, P. K. Mishra, and P. Kumar, “Green synthesis of TiO2 nanoparticles 
from Syzygium cumini extract for photo-catalytic removal of lead (Pb) in explosive 
industrial wastewater,” vol. 9, no. 1, pp. 171–181, 2020, doi: doi:10.1515/gps-2020-0018. 

[26] H. F. Oleiwi, A. J. Rahma, S. I. Salih, and A. A. Beddai, “Comparative Study of Sol-Gel 
and Green Synthesis Technique Using Orange Peel Extract to Prepare TiO2 Nanoparticles,” 
Baghdad Sci. J., vol. 21, no. 5, p. 1702, May 2024, doi: 10.21123/bsj.2023.8089. 

[27] L. E. Depero, L. Sangaletti, B. Allieri, E. Bontempi, A. Marino, and M. Zocchi, “Correlation 
between crystallite sizes and microstrains in TiO2 nanopowders,” J. Cryst. Growth, vol. 
198–199, pp. 516–520, Mar. 1999, doi: 10.1016/S0022-0248(98)01086-0. 

[28] M. Sahadat Hossain and S. Ahmed, “Easy and green synthesis of TiO2 (Anatase and Rutile): 
Estimation of crystallite size using Scherrer equation, Williamson-Hall plot, Monshi-
Scherrer Model, size-strain plot, Halder- Wagner Model,” Results Mater., vol. 20, p. 
100492, Dec. 2023, doi: 10.1016/j.rinma.2023.100492. 

[29] A. Fatima et al., “Comparative study of sol-gel and co-precipitation techniques for 
synthesizing Calotropis Procera-mediated bismuth ferrite for biomedical and environmental 
applications,” Results Chem., vol. 15, p. 102149, 2025, doi: 
https://doi.org/10.1016/j.rechem.2025.102149. 

[30] C. Calabrese, A. Maertens, A. Piras, C. Aprile, and L. F. Liotta, “Novel Sol-Gel Synthesis 
of TiO(2) Spherical Porous Nanoparticles Assemblies with  Photocatalytic Activity.,” 
Nanomater. (Basel, Switzerland), vol. 13, no. 13, Jun. 2023, doi: 10.3390/nano13131928. 

[31] N. Shakeel, I. Piwoński, P. Iqbal, and A. Kisielewska, “Green Synthesis of Titanium 
Dioxide Nanoparticles: Physicochemical  Characterization and Applications: A Review.,” 
Int. J. Mol. Sci., vol. 26, no. 12, Jun. 2025, doi: 10.3390/ijms26125454. 

[32] A. Rusu, L. Predoană, S. Preda, D. C. Culiţă, and M. Zaharescu, “FT-IR SPECTROSCOPY 
STUDY OF THE TiO2 BASED POWDERS PREPARED BY THE SOL-GEL METHOD,” 
Rev. Roum. Chim., vol. 69, no. 10–12, pp. 629–634, 2024, doi: 10.33224/rrch.2024.69.10-
12.13. 

[33] G. B. Yitagesu, D. T. Leku, and G. A. Workneh, “Green Synthesis of TiO2 Using Impatiens 
rothii Hook.f. Leaf Extract for Efficient Removal of Methylene Blue Dye,” ACS Omega, 
vol. 8, no. 46, pp. 43999–44012, Nov. 2023, doi: 10.1021/acsomega.3c06142. 

[34] S. Saravanan and R. S. Dubey, “Optical and morphological studies of TiO2 nanoparticles 
prepared by sol–gel method,” Mater. Today Proc., vol. 47, pp. 1811–1814, 2021, doi: 
https://doi.org/10.1016/j.matpr.2021.03.207. 

[35] S. Na-Phattalung et al., “Band gap narrowing of TiO2 nanoparticles: A passivated Co-
doping approach for enhanced photocatalytic activity,” J. Phys. Chem. Solids, vol. 162, p. 
110503, Mar. 2022, doi: 10.1016/j.jpcs.2021.110503. 

[36] M. Lal, P. Sharma, and C. Ram, “Synthesis and photocatalytic potential of Nd-doped TiO2 
under UV and solar light irradiation using a sol-gel ultrasonication method,” Results Mater., 
vol. 15, p. 100308, Sep. 2022, doi: 10.1016/j.rinma.2022.100308. 

[37] J. Yao and C. Wang, “Decolorization of Methylene Blue with <math> <mrow> <msub> 



<mrow> <mtext>TiO</mtext> </mrow> <mtext>2</mtext> </msub> </mrow> </math> 
Sol via UV Irradiation Photocatalytic Degradation,” Int. J. Photoenergy, vol. 2010, pp. 1–
6, 2010, doi: 10.1155/2010/643182. 

[38] A. K. Shimi, S. M. Wabaidur, M. R. Siddiqui, M. A. Islam, K. P. Rane, and T. S. A. Jeevan, 
“Photocatalytic Activity of Green Construction TiO 2 Nanoparticles from Phyllanthus niruri 
Leaf Extract,” J. Nanomater., vol. 2022, no. 1, Jan. 2022, doi: 10.1155/2022/7011539. 

[39] A. Saefumillah et al., “Photocatalytic degradation of methylene blue: unraveling structure-
activity relationships and performance evaluation of Sol-Gel synthesized TiO2 versus 
commercial TiO2_P25,” J. Mol. Struct., vol. 1347, p. 143277, Dec. 2025, doi: 
10.1016/j.molstruc.2025.143277. 

[40] K.-J. Hwang, J.-W. Lee, W.-G. Shim, H. D. Jang, S.-I. Lee, and S.-J. Yoo, “Adsorption and 
photocatalysis of nanocrystalline TiO2 particles prepared by sol–gel method for methylene 
blue degradation,” Adv. Powder Technol., vol. 23, no. 3, pp. 414–418, May 2012, doi: 
10.1016/j.apt.2011.05.010. 

[41] R. Saini and P. Kumar, “Green synthesis of TiO2 nanoparticles using Tinospora cordifolia 
plant extract &amp; its potential application for photocatalysis and antibacterial activity,” 
Inorg. Chem. Commun., vol. 156, p. 111221, Oct. 2023, doi: 10.1016/j.inoche.2023.111221. 

[42] M. A. El-Naggar, A. H. Maghawry, A. A. Alturki, S. A. Nosier, M. Hussein, and M. H. 
Abdel-Aziz, “TiO2-catalyzed photodegradation of methylene blue in a helical FEP tubing 
reactor: modeling and optimization using response surface methodology,” Appl. Water Sci., 
vol. 14, no. 9, p. 207, Sep. 2024, doi: 10.1007/s13201-024-02205-3. 

[43] X. Jaramillo-Fierro and G. Cuenca, “Enhancing Methylene Blue Removal through 
Adsorption and Photocatalysis—A Study on the GO/ZnTiO3/TiO2 Composite,” Int. J. Mol. 
Sci., vol. 25, no. 8, p. 4367, Apr. 2024, doi: 10.3390/ijms25084367. 

[44] A. H. Jawad, N. S. A. Mubarak, M. A. M. Ishak, K. Ismail, and W. I. Nawawi, “Kinetics of 
photocatalytic decolourization of cationic dye using porous TiO 2 film,” J. Taibah Univ. 
Sci., vol. 10, no. 3, pp. 352–362, Jul. 2016, doi: 10.1016/j.jtusci.2015.03.007. 

[45] J. He et al., “Facile Formation of Anatase/Rutile TiO2 Nanocomposites with Enhanced 
Photocatalytic Activity,” Molecules, vol. 24, no. 16, p. 2996, Aug. 2019, doi: 
10.3390/molecules24162996. 

[46] D. Rahmawati et al., “Synthesis of TiO 2 nanoparticles using red spinach leaf extract ( 
Amaranthus Tricolor L. ) for photocatalytic of methylene blue degradation,” Green Chem. 
Lett. Rev., vol. 17, no. 1, Dec. 2024, doi: 10.1080/17518253.2024.2352571. 

[47] Y. de J. Acosta-Silva, M. Toledano-Ayala, S. Gallardo-Hernández, L. A. Godínez, and A. 
Méndez-López, “Investigation of TiO2 Deposit on SiO2 Films: Synthesis, Characterization, 
and Efficiency for the Photocatalytic Discoloration of Methylene Blue in Aqueous 
Solution,” Nanomaterials, vol. 13, no. 8, p. 1403, Apr. 2023, doi: 10.3390/nano13081403. 

[48] M. K. H. Bhuiyan, M. A. Gafur, M. N. I. Khan, A. A. Momin, and A. K. M. A. Hossain, 
“Correlations of Structural, Dielectric, Magnetic and Magnetoelectric Properties of 
Ca&amp;lt;sub&amp;gt;1-



x&amp;lt;/sub&amp;gt;Sr&amp;lt;sub&amp;gt;x&amp;lt;/sub&amp;gt;(Fe&amp;lt;sub&
amp;gt;0.5&amp;lt;/sub&amp;gt;Ta&amp;lt;sub&amp;gt;0.5&amp;lt;/sub&amp;,” Mater. 
Sci. Appl., vol. 08, no. 01, pp. 64–84, 2017, doi: 10.4236/msa.2017.81005. 

[49] S. C. Mazumdar, F. Alam, U. H. Tanni, K. Kali, B. C. Das, and M. N. I. Khan, “Effect of 
Ti&amp;lt;sup&amp;gt;4+&amp;lt;/sup&amp;gt; Doping on Structural, Electrical and 
Magnetic Properties of 
Ni&amp;lt;sub&amp;gt;0.4&amp;lt;/sub&amp;gt;Cu&amp;lt;sub&amp;gt;0.2&amp;lt;/su
b&amp;gt;Zn&amp;lt;sub&amp;gt;0.4&amp;lt;/sub&amp;gt;Fe&amp;lt,” Mater. Sci. 
Appl., vol. 10, no. 12, pp. 733–745, 2019, doi: 10.4236/msa.2019.1012053. 

[50] C. G. Koops, “On the Dispersion of Resistivity and Dielectric Constant of Some 
Semiconductors at Audiofrequencies,” Phys. Rev., vol. 83, no. 1, pp. 121–124, Jul. 1951, 
doi: 10.1103/PhysRev.83.121. 

[51] J. T. S. Irvine, D. C. Sinclair, and A. R. West, “Electroceramics: Characterization by 
Impedance Spectroscopy,” Adv. Mater., vol. 2, no. 3, pp. 132–138, Mar. 1990, doi: 
10.1002/adma.19900020304. 

[52] A. K. Jonscher, “The ‘universal’ dielectric response,” Nature, vol. 267, no. 5613, pp. 673–
679, Jun. 1977, doi: 10.1038/267673a0. 

[53] D. C. Sinclair and A. R. West, “Impedance and modulus spectroscopy of semiconducting 
BaTiO3 showing positive temperature coefficient of resistance,” J. Appl. Phys., vol. 66, no. 
8, pp. 3850–3856, Oct. 1989, doi: 10.1063/1.344049. 

 

 

 

 

 



    n λ = 2 d   sin θ                                                                                                                                                               ( 1 )


                                                                                                                                      d =   0 . 89 λ  β cos θ                                                                                                                                                                        


   h + +  H 2 O → O


     e − +  O 2 →  O 2 −


  MB + ⋅ OH / ⋅  O 2 − →    intermediates → C  O 2 +  H 2 O + S  O 4  2 − + N  O 3 −

