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TiO2 nanostructures are synthesized through Sol-gel method using titanium tetracypropoxide (TTIP) as 
the precursor. Acetic acid is used as chelating and peptizing agent and the deionized water as a solvent 
the prepared gels are deposited on glass substrates through dip-coating and subjected to controlled 
temperatures calcinations. X-ray diffraction (XRD) and field emission scanning electron microscopy 
(SEM) are used to characterize the obtained materials structurally morphologically. The findings 
indicated the dominance of the anatase phase with crystallites sizes of nanometers. Although SEM 
analysis showed a network such as a nanostructure of the particles that are less than 100 nm. To assess 
the possible environment application. Photocatalytic activity of the synthesized TiO 2 films is studied 
by observing the decomposition of the methylene blue (MB) dye under Uv. The findings had shown that 
the Sol-gel prepared TiO2 displays good photocatalytic behavior. Where the calcine sample had a dye 
degradation greater than 80% with the reaction time of 120 minutes. The increased performance is due 
to better crystallinity and preponderance of anatase phase as compared to lower activity in the non-
calcine sample. This observation proves the point. Therefore, Sol gel approach is a simple and effective 
route to the production of TiO2 nanostructures, which can be used in the purification of wastewater.  
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1. INTRODUCTION 
 
Titanium dioxide titanium (TiO2) is one of the broadly studied metal oxide semiconductor due to its 
varied physical chemical. And functionality that enables it to be used in many scientific and industrial 
uses, [1-4] due to its large bandgap, (about 3.2 eV) in the case of anatase phase. High chemical stability, 
non-toxicity and high photocatalytic performance. There are various applications of (TiO2) in various 
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areas which include photocatalysis, photovoltaics, energy conversion, gas sensing and so on. And 
biomedical devices [1-4]. The crystalline structure of (TiO2) consists of three phases anatase, rutile and 
bruchite. Anatase structure is the most active in terms of photocatalysis because it is highly reactive on 
the surface and the separation of charge carriers is effective [5]. It is necessary to control morphology 
and crystallinity of (TiO2) nanostructures to enhance their usage in numerous technological processes. 
An example is high surface area morphology like nanotubes, nanofibers, nanowires and porous films 
that offer increased active sites to interfacial reactions and the control of the phase composition ratio 
(anatase/ rutile) that controls the. Electron hole processes and consequently photocatalytic performance 
[6-7]. 
 
These structural and morphological optimizations have been reported using different methods of 
synthesis including hydrothermal growth, Sol-gel chemistry, phase deposition. And electrochemical 
anodization [8-11]. Mosto of these reports focused on powders but not thin films. The Sol-gel method is 
one of the existing methods of fabrication, and it is known as a simple and cost-effective procedure that 
enables one to create TiO2 nanostructures in uniform composition and adjustable morphology. In specific 
vapor phase control in the case of mild synthesis [12,13]. The Sol-gel process entails hydrolysis and 
condensation reaction of titanium alkoxides, EEG, titanium tetracypropoxide, TTIP, gelation, drying and 
calcination. The stability of the Sal is improved by the presence of chelating agents like acetic acid that 
ensures the avoidance of uncontrolled precipitation resulting in uniform nanoparticles in films [14]. 
Additionally, TiO₂ coatings prepared with Sol gel by the use of the dip coating or spin coating are 
characterized by reproducible thickness control, high optical transparency, and a high substrate adhesion. 
[15]. 
 
The pertinence of the photocatalytic research has now shifted to the manner of environmental 
remediation due to the increased dumping of organic dyes and dangerous pollutants to the water body 
through the textile industry. Leather, Pharmaceutical, [16,17], Some of the type organic dyes. Methylene 
blue MB is extensively used to determine the Photocatalytic activity of TiO2 materials. Because of its 
stability, defined absorption spectrum and environmental relevance [18]. TiO2photocatalysts can be 
stimulated by UV radiation to produce reactive oxygen species Ros, including hydroxyl radicals and 
superoxide anions. Which is capable of breaking down MB molecules into less toxic byproducts [19]. It 
has been extensively established that the synthetic conditions especially the calcification temperature 
and time primarily influence the photocatalytic activity of Sol gel derived TiO2 as they dominate the 
transformation of the anatase to the rutile crystal [20 -22]. It has been revealed that in the past the Sol 
gel TiO2 balcony has been able to attain almost 100% destruction of MB in (2-4) hours under UV light. 
On re-usage with better reusability if good calcinations are applied [23]. These reports focused on 
degradation effieciency. More interest should be given to linking the structure to phase growth. 
Moreover, Dr surface modified TiO2 system has been reported to be extended to the visible region with 
pure anatase TiO2 [24]. 
 
Although the use of hydrothermal routes has been improved greatly, it still has limitations in scalability.  
In our laboratory, our previous study showed good hydrothermal growth and characterization of TiO₂ 
nanotubes and nanofibers [25]. The nanotubes of titania are prepared through a specially designed 
hydrothermal system and structural and morphological properties of the system are analysed by the use 
of XRD and SEM [25]. Moreover, TiO₂ nanofibers are made and tested against bacterial and fungal 
selectivity. The disclosure of the potential antifungal efficacy against Candidiasis [26] has relegated a 
strong ground of the current research, based on previous hydrothermal techniques, through the usage of 
the Sol gel method as an easy and scalable alternative. 
 
The aim of the present research is (i) to prepare TiO₂ nanostructures through the Sol-gel process by using 
TTIP as starting material and acetic acid as the chelating agent and (ii) to test their ability to catalyse 
methylene.  Temperatures 400 and 550 °C are selected to compare anatase phase dominance at lower 
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temperature with a higher temperature where the transformation to rutile may begin. In the structural 
and morphological study, (Figure 1), the XRD and SEM methods are used to analyse the structural and 
morphological characteristics of the systems and the photocatalytic activities of the particles under the 
UV irradiation conditions. The synthesis of the study by combining the structural analysis with the 
applications in the environmental context gives new knowledge concerning the correlation between the 
synthesis parameters. Crystallinity Morphology. And photocatalytic performance of Sol-gel obtained 
TiO₂ nanostructures. 
 

 

Figure 1 Schematic illustration of the sol–gel synthesis of TiO₂ nanostructures and their photocatalytic 
application in methylene blue degradation. 

 
2. EXPERIMENTAL 
2.1 Materials 
 
Titanium tetracypropoxide, TTIP 97%, glacial acetic acid, CH₃COOH, 99% in deionized water are 
utilized as precursors in this work. TTIP is supplied by Sigma-Aldrich. All reagents are of analytical 
grade and employed without additional purification. Glass slides served as substrates for the coating of 
TiO₂ films. 
 
2.2 Synthesis of TiO₂ Nanostructures (Sol–Gel Method) 
 
The TiO₂ nanostructures are obtained using a conventional Sol-gel route. In a typical process, TTIP is 
added dropwise into a premixed solution of glacial acetic acid and deionized water while maintaining 
constant magnetic stirring at ambient temperature for 60 minutes. A molar proportion of TTIP 
AcOH:H₂O equal to 1:4:20 is selected to promote a uniform hydrolysis condensation reaction. The 
resulting clear saw is left to age for 24-H to improve its homogeneity and stability. Subsequently the Sol 
is deposited onto pre cleaned glass substrates by the dip coating technique with a speed of withdrawal 
of 5 cm/min for 3 coating cycles and dried at 100°C for 2H. The resulting zero goals are then treated in 
air at 400 °C sample A and 550 °C sample B for 2H with a heating rate of 5 °C/min to obtain crystalline 
TiO₂ films. The temperature of 400 °C is selected because TiO₂ normally shows mainly anatase phase 
at this value, while 550 °C is selected to examine the effect of higher temperature on growth of rutile 
phase. This helps to understand the influence of thermal treatment on photocatalytic behaviour. 
 
2.3 Characterization  
 
The crystalline phases of the obtained TiO₂ samples are examined by X-ray diffraction. Xard CU Kα, λ 
= 1.5406 Å within a 2θ scanning range of 10° to 80° with a step size of 0.02°. Average crystallite 
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dimensions are estimated through the sharer relationship considering the 101 diffractions of anatase. The 
morphology and particle arrangement are investigated using field emission scanning electron 
microscopy. FESCM Inspect. F50 FAE operating AT 30KV. Images are recorded under multiple 
magnifications to assess the surface texture and nanostructural evolution.  
 
The photocatalytic activity of the Sol gel derived TiO₂ films is tested through the degradation of 
methylene blue MB used as a representative organic contaminant. Each experiment employed 100 
milliliters of a 10 milligrams LMB solution. Before exposure, the mixture containing the TiO₂ film is 
magnetically stirred in darkness for 30 minutes to establish adsorption desorption equilibrium. The 
distance between the UV source and the reactor is fixed at 10 cm. Photocatalytic reactions are then 
conducted under UV illumination (365 nm, 15 W) at ambient temperature. Samples of the solution are 
collected at specific intervals 3060, ninety, 120 and 180 minutes. And the residual MB concentration is 
analyzed by UV vis spectrophotometry at 664 nanometers. UV analysis is used because pure TiO₂ is 
mainly active under ultraviolet irradiation. The photocatalytic efficiency is calculated according to. 
Degradation efficiency (%) =  �1−𝐶𝐶𝑡𝑡

𝐶𝐶0
� 100%                                                                                  (1) 

where C0 is initial concentration of MB, and Ct is concentration at time t. 
 
3. RESULTS AND DISCUSSION 
 
The phase evolution and crystallinity of the Sol gel derived TiO₂ nanostructures are examined by X-ray 
diffraction XRD. The diffraction profile of the Uncalcin sample, Sample A in Figure 2 exhibited broad 
and weak reflections, confirming its largely amorphous nature. The lack of distinct Anita's peaks 
suggests that heat treatment is required to induce crystallization. After calcination at 400°C, sample B 
in Figure 2 The diffraction pattern exhibited clear and intense peaks located at 2θ = 25.3° (101), 37.8°, 
(004) 48.0°, (200) 53.9°, (105) and 62.7° (204). Corresponding to the anatase phase of titanium 4 oxide. 
JCPDS 21 -, 1272. The sharpness and reduced FWHM of these peaks demonstrate the emergence of well 
crystallized anatase nanostructures. When the calcination temperature increased to 550 °C, sample C in 
Figure2 an additional reflection appeared at 27.4° corresponding to the rutile 110 plane. JCPDS 21 -, 
1276. This observation indicates the initial formation of the rutile phase and the beginning of the anatase 
to rutile conversion process, which is thermodynamically promoted at elevated temperatures. Despite 
this transition, Annette's remained the predominant phase, while rutile existed as a minor component. 
The average crystallite size of TiO₂ nanoparticles is estimated using the Scherer equation. 
𝐷𝐷 = 𝐾𝐾𝐾𝐾

𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽
             (2) 

where K is the shape factor (0.9), λ is the CUK αwavelength (1.5406. Å) β is the full width at half 
maximum. (FWHM) of the main diffraction peak in radians and θ as the Bragg angle. Table 1 lists the 
estimated crystallite sizes. No size could be determined for the uncalcined sample because of its 
amorphous nature. Whereas the samples calcined at 400°C and 550°C showed average crystallite sizes 
of around 21 nm and 34 nm respectively. The growth in particle size with temperature is mainly 
associated with grain coarsening and partial phase transformation. 
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Table 1 Average crystallite size of TiO₂ nanostructures calculated from the (101) anatase peak using 
Scherrer equation. 

 
Sample Main Phase 2θ (°) FWHM 

(rad) 
Crystallite Size 

(nm) 
A (As-prepared) Amorphous/Weak Anatase broad hump – – 

B (400 °C) Anatase 25.3 (101) 0.0072 21.5 
C (550 °C) Anatase + Rutile 25.3 (101), 

27.4 (110) 
0.0045 34.2 

 

 
Figure 2 XRD pattern of TiO₂ nanostructures for the as-prepared state (sample A), calcination at 400 

°C (sample B) and calcination at 550 °C (sample C).  

 
The surface morphology of the as prepared TiO₂ nanoparticles, (Figure 3a) reveals that the powder 
exhibits a compact network of irregular clusters and a sponge like morphology. This is showing minimal 
crystal in order. This observation is consistent with the amorphous weak annatase phase identified in the 
XRD pattern. At higher magnification, (Figure 3b), the surface appears rough and featureless without 
clear particle boundaries, further confirming the amorphous nature of the as prepared sample. Such 
morphology is typical for TiO₂ prepared by Sol-gel methods prior to calcination, where the particles are 
poorly crystallized and strongly interconnected. These images show irregular agglomerated structures 
without well-defined particle boundaries. The apparent agglomerate size is estimated to range between 
80–150 nm, which is consistent with the amorphous nature of the uncalcined sample. 
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Figure 3 SEM images of the as-prepared TiO₂ nanoparticles: (a) low magnification and (b) high 
magnification. 

Figure 4 depicts the morphology of TiO2 nanoparticles that have been sintered at 400 °C. At this 
temperature, the particles begin to crystallize to produce well defined nanostructures which are relatively 
uniformly dispersed. As seen in Figure 4A. Nanoparticles on the surface are interlocked with greater 
crystallinity as compared to the as made state. Figure 4B here is a magnified view of the particles with 
a size of predominately 20 -30 nm with an occasional large aggregate of up to ~150 nm. The results 
indicate that anatase is preferentially formed at heating temperatures of 400 °C. Nanocrystals in good 
concord with the XRD. Such morphology provides a larger surface to volume ratio, which is preferable 
to modify the photocatalytic activity. 
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Figure 4 SEM images of TiO₂ nanoparticles calcined at 400 °C: (a) low magnification and (b) higher 
magnification. 

The morphology of TiO₂ nanoparticles calcined at 550 °C is shown in Figure 5. At this temperature, the 
nanoparticles undergo significant grain growth. Forming the elongated rod-like structures that are clearly 
distinguishable in the high magnification image (Figure 5a). The surface becomes denser and less porous 
compared to the 400°C sample. Which is also confirmed by the lower magnification view (Figure 5b) 
showing aggregated nanorods with reduced interparticle voids. These morphological changes suggest 
that increasing the calcination temperature promotes crystallite growth and structural densification. 
These images clearly reveal elongated nanorod-like structures. The nanorods possess estimated 
diameters of 40–60 nm and lengths ranging from 200–300 nm. In line with the XRD results that revealed 
the coexistence of anatase and rutile phases. Such transformation is expected to influence the optical and 
photocatalytic properties of TiO₂ due to the reduced surface area and increased crystallinity. 

 

  

Figure 5 SEM images of TiO₂ nanoparticles calcined at 550 °C: (a) high magnification image and (b) 
lower. 
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The SEM images revealed a larger grain size. The as-prepared sample has amorphous agglomerates 
without defined crystallites. The sample calcined at 400 °C exhibits nanorods with diameters of the 
particles with a size of predominately 20 -30 nm while the sample calcined at 550 °C exhibits nanorods 
with diameters of 40–60 nm. Compared to XRD crystallite size, SEM revealed a larger grain size. This 
is expected since each SEM-visible grain typically consists of multiple coherent crystallites. The 
photocatalytic performance of the Sol-gel synthesized TiO₂ films is tested by observing UV-induced 
decomposition of methylene blue MB dye. Before illumination, the suspension containing the TiO₂ 
samples is kept under magnetic stirring in the dark for 30 minutes to reach adsorption desorption balance. 
Variations in MB concentration during exposure are recorded using a UV Vis spectrophotometer at 664 
nm. 
 
The degradation efficiency is calculated using equation one mentioned above. Figure 6 shows the photo 
catalytic degradation curves of MB for the three samples as prepared, a 400 °C sample B and 550 °C 
sample C. Be as prepared. Sample exhibited very low photocatalytic activity due to its amorphous 
structure and limited surface area. In contrast, the sample calcined at 400°C demonstrated the highest 
degradation efficiency, achieving ~90% removal of MB within 180 minutes. This superior activity can 
be attributed to the well-defined anatase nanostructures, high surface area and reduced recombination of 
photogenerated charge carriers. The sample treated at 550 °C shows moderate photocatalytic activity 
compared to the 400 °C sample. This can be related to grain coarsening and the anatase to rutile 
transformation. It indicates that unnecessary calcination temperature can reduce the photocatalytic 
efficiency. 
 
For the sample calcined at 550 °C. The degradation efficiency decreased compared to the 400 °C sample, 
reaching ~70% after 180 minutes (Table 2). The reduced performance is related to the grain growth, 
reduced surface area. And partial anatase to rutile transformation, which decreases the density of active 
sites but improves crystallinity. The balance between these factors explains the moderate photocatalytic 
performance. 
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Figure 6 Photocatalytic degradation of methylene blue (MB) under UV irradiation using TiO₂ 
nanostructures.  

 
Table 2 Degradation efficiency at different times. 

 
Sample 60 min 120 min 180 min Efficiency (%) 

As-prepared 10 18 25 Low 
400 °C 55 78 90 High 
550 °C 40 60 70 Moderate 

 
 
The results show that photocatalytic performance of TiO₂ nanostructures is strongly dependent on their 
crystalline phase, particle size, surface area, and morphology (Figure2). The as prepared sample 
exhibited an amorphous structure which limited its photocatalytic activity. Figure 6. Amorphous TiO₂ 
contains a high density of structural defects and lacks long-range order. Leading to high recombination 
rates of photogenerated electron hole (e⁻/h⁺) pairs. Consequently, only a small fraction of charge carriers 
contributes to the formation of reactive oxygen species Ros. at 400°C the material is predominantly 
composed of well crystallized anatase nanoparticles with high surface to volume ratio. (Figures 2 and 
4). Anatase is well known for its superior photocatalytic properties due to its suitable bandgap, (~3.2 
eV), low recombination rate of VH pairs and strong ability to absorb organic molecules. The porous 
nanostructure at this stage provided abundant active sites for dye adsorption and roast generation, 
resulting in the highest degradation efficiency, ~90%.  
 
When the calcination temperature increased to 550 °C, the growth of larger nanocrystals in the onset of 
anatase to rutile transformation are observed. (Figures 2 and 5). Although rutile has a narrower band 
gap, (~3.0 eV), which allows better light absorption. It's higher recombination rate and lower surface 
area reduced the overall photocatalytic performance compared to the 400 °C sample. However, the 
coexistence of anatase and rutile phases can create heterojunctions that facilitate charge separation, 
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partially enhancing photocatalytic stability. This explains why the 550 °C sample still exhibited 
moderate activity, ~70%.  
 
The photocatalytic behavior of TiO₂ under ultraviolet exposure is depicted in Figure 7. When you 
radiated with photons possessing energy equal to or higher than its band gap TiO₂ becomes photoexcited, 
producing electron hole pairs. The excited electrons transition to the conduction band CB, while the 
corresponding holes remain localized in the valence band. These charge carriers drive a sequence of 
redox reactions involving surface adsorbed species. Electrons interact with dissolved oxygen to yield 
superoxide radicals. (•O₂⁻). Whereas holes oxidize surface hydroxyls and water molecules generating 
hydroxyl radicals. (•OH). The reactive oxygen species produced in this process play the key role in 
decomposing methylene blue MB into environmentally benign products such as CO₂ and H₂O. This 
mechanism explains the higher degradation efficiency observed for the calcined TiO₂ samples, especially 
at 400 °C, where better crystallinity enhances charge separation. It also supports the experimental trends 
shown in Figure 6. 
 

 
 

Figure 7 Schematic representation of photocatalytic mechanism of TiO₂ nanostructures under UV 
irradiation [6]. 

 
4. CONCLUSIONS 
 
In this study, TiO₂ thin films were prepared by the sol–gel method and deposited on glass substrates by 
dip coating. TiO₂ nanostructures were prepared through a relatively simple Sol-gel roof that was 
subsequently analyzed systematically in regard to their structural, morphological and photocatalytic 
characteristics. The XRD pattern has been used to establish that the uncalcinated substance had an 
amorphous phase of the substance that was subjected to heating to 400 °C and the resulting crystalline 
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anatase. And further warming to 550 °C commenced a small fraction of conversion to rutile. This 
confirms the dominance of the anatase phase as also stated in the abstract. In the case of the SCM 
observations, it was observed that the surface texture of a normal clusters changed before the 
transformation of the calcification to interconnected nanoparticles at 400 °C and in the elongated grains 
at 550 °C. The observed particle size remained within the nanometer scale and mostly below 100 nm. 
The experiments on photocatalysis of methylene blue MB under the UV light were conducted to 
demonstrate that the most active sample was the sample that was treated at 400 °C because it degraded 
nearly 90 percent of the MB in 180 minutes. This improvement is mostly related with fine crystallinity 
and the existence of more surface area of anatase phase that contributed to the charge separation and 
provision of multiple areas of activity of the reaction. Conversely, the least active sample was the 
unheated sample due to the amorphous structure, the sample heated to 550 °C due to coarse grains and 
part of anatase converting to rutile. This last finding further elucidates that the temperature of the 
calcification is a determining factor in regards to the Crystallinity and the photocatalytic characteristics 
of TiO₂ materials synthesized by the Sol-gel method. The optimized sample that has undergone 
optimization at 400 °C is a good indication of the viable environmental cleanup in the real sense 
particularly in the wastewater purification systems. Therefore, the prepared TiO₂ films show good 
potential for wastewater purification applications. 
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