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Abstract 

 

TiO2 nanoparticles were synthesized by the sol–gel method and annealed at 450, 550, 650, 

and 750 °C. This allowed examination of how temperature drives phase evolution and alters 
structural, optical, vibrational, thermal, and electrochemical properties. X-ray diffraction (XRD) 

analysis confirmed phase-pure anatase at 450 and 550 °C. At 650 °C a mixed anatase and rutile 

structure appeared. At 750 °C there was complete conversion to the rutile phase is noted. Crystallite 

size grew monotonically from 21.3 nm to 40.9 nm, while dislocation density and microstrain fell 

sharply across the same range, indicating progressive defect annihilation. UV–Vis spectroscopy (UV-

Vis) revealed a systematic red-shift in the optical absorption edge from ~390 to ~416 nm. Fourier 

Transform Infrared Spectroscopy (FTIR) showed progressive loss of surface hydroxyl groups and 

organic residues, with the Ti–O lattice sharpening and intensifying at higher temperatures. 
Photoluminescence (PL) measurements indicated a shift in emission followed by intensity quenching 

at 750 °C due to reduced defect density. Raman spectra corroborated the XRD-determined phase 

sequence and further confirmed the anatase to rutile phase transformation. Thermogravimetric 

analysis (TGA) showed total weight loss falling from ~6% (450 °C) to ~0.5% (750 °C), confirming 
the removal of adsorbed water and organic precursors with increasing crystallinity. Cyclic 

voltammetry (CV) indicated that the 450 °C sample delivered the highest specific capacitance value 

of 1.311 F g⁻¹ at 10 mV s⁻¹ due to its greater surface area and defect-rich anatase structure. 

Electrochemical impedance spectroscopy confirmed the lowest charge-transfer resistance in the 
450 °C sample. The 450 °C anatase sample additionally exhibited measurable antibacterial activity 

against S. aureus, B. subtilis, and K. pneumoniae. Together, these results establish a consistent, 

temperature-indexed property map that can guide the selection of TiO2 annealing conditions for 

photocatalysis, energy storage, and optoelectronic applications.  
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1.Introduction 

Titanium dioxide (TiO2) is one of 

the most extensively studied metal oxide 

semiconductors, owing to a combination of 

chemical stability, non-toxicity, and a band 

gap that can be manipulated through phase 

control and microstructural tuning. Among 

its three anatase, rutile, and brookite 

crystalline polymorphs, anatase and rutile 

have attracted the greatest research interest. 

Anatase, metastable at macroscopic scales, 

carries a direct band gap of ~3.2 eV and 

shows high photocatalytic activity largely 

due to its favourable conduction-band 

position and the greater electron mobility 

compared with rutile[1,2]. Rutile, the 

thermodynamically stable polymorph 

above ~600 °C, has a narrower band gap of 

~3.0 eV and a higher refractive index, 

properties that make it preferred for 

pigment, dielectric, and certain 

optoelectronic uses [3]. In practice, both 

phases coexist across a range of 

applications, and understanding precisely 

how synthesis conditions shift the phase 

balance is central to materials engineering. 

Considerable work has addressed 

individual aspects of this temperature effect 

on TiO2 nanoparticles. Hanaor and Sorrell 

[3] provided an authoritative review of the 

anatase-to-rutile transformation, 

cataloguing the roles of grain size, surface 

area, and impurities in setting the transition 

temperature. Zhang and Banfield [4,5] 

introduced the thermodynamic and kinetic 

framework showing that below a critical 

crystallite size of ~14 nm anatase is more 

stable than rutile because of the lower 

surface enthalpy of the {101} facet; above 

this size rutile becomes favourable and 

nucleates at anatase grain boundaries. 

Luttrell et al. [2] used epitaxial model films 

to clarify that the superior photocatalytic 

performance of anatase over rutile arises 

from differences in carrier mobility and 

recombination rate rather than simply from 

band gap width. On the optical side, Muthee 

and Dejene [6] reported anatase at 450 °C, 

anatase/rutile mixtures at 550–650 °C, and 

rutile at 750 °C for sol-gel TiO2 

nanoparticles, with larger crystal and grain 

sizes and lower surface area at higher 

temperatures. Alaya et al. [7] and Sharma 

and Kumar [8] extended these optical 

observations to spray-pyrolysis and thin-

film geometries, respectively. FTIR and 

thermal studies by Nolan et al. [9] and 

Vasconcelos et al. [10] traced the loss of 

surface hydroxyl groups and the evolution 

of Ti–O lattice modes as functions of 

calcination temperature, while Henderson 

[11] and Busca [12] provided the 

mechanistic context for surface 

dehydroxylation.  
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On the photoluminescence side, 

Plugaru et al. [13] examined oxygen-

vacancy and Ti³⁺ defect levels in TiO2. For 

electrochemical performance, 

Prasannalakshmi et al. [14] demonstrated 

that the anatase polymorph supports higher 

specific capacitance than rutile in 

supercapacitor configurations, attributing 

the difference to the greater active surface 

area and lower charge-transfer resistance of 

the less-ordered phase. These individual 

studies collectively establish qualitative 

trends, but rarely combine all measurement 

modalities on the same sample series, 

making cross-property comparisons 

difficult. A concise, cross-technique dataset 

that includes all of these responses for a 

single sample series is essential both for 

fundamental understanding and for making 

informed processing decisions.  

Beyond energy and optical 

applications, TiO2 nanoparticles have 

attracted increasing attention for their 

antibacterial activity due to their chemical 

stability and ability to generate reactive 

oxygen species that disrupt bacterial cell 

membranes through surface hydroxyl 

chemistry even in the absence of UV 

activation [15,16]. Smaller crystallite sizes, 

typically below ~ 25 nm, have been 

reported to amplify this contact-mediated 

effect by increasing the proportion of 

chemically active surface sites [15,16]. 

Given that the 450 °C sample in this study 

combines the smallest crystallite size with 

the highest surface hydroxyl density and 

lowest charge-transfer resistance, its 

antibacterial performance against clinically 

relevant Gram-positive and Gram-negative 

strains was also evaluated to extend the 

property map beyond electrochemical and 

optical characterisation. 

A gap, therefore, remains. A self-

consistent, single-batch study that follows 

the same four-temperature series through 

XRD, UV–Vis, FTIR, Raman, 

photoluminescence, TGA, cyclic 

voltammetry and antibacterial activity 

simultaneously is a much needed one. The 

present work addresses this gap by 

synthesising TiO2 nanoparticles via a sol–

gel route and annealing at 450, 550, 650, 

and 750 °C under identical conditions. The 

resulting samples are characterised by all 

techniques listed above. The goal is to 

provide an internally consistent property 

map that traces the structural, optical, 

vibrational, thermal, and electrochemical 

properties and antibacterial potential of the 

material that responds to the same 

progression of annealing temperature and 

the accompanying phase transformation. 

This dataset can serve as a basis for 

selecting optimal TiO2 annealing conditions 

tailored to photocatalysis, energy storage, 

and optoelectronic applications. 
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2. Materials and Methods 

2.1. Materials 

 Titanium (IV) isopropoxide (97%, 

Sigma-Aldrich) and isopropyl alcohol 

(≥99%, Merck) were employed as 

precursor, and deionized water as solvent 

were used for the synthesis of TiO2 

nanoparticles. All glassware used in the 

experiment was procured from Borosil. 

2.2. Synthesis of TiO2 nanoparticles 

 Titanium (IV) isopropoxide (TTIP) 

was ultrasonicated for 30 minutes to 

minimize vapor formation and ensure 

uniform precursor stabilization. Next, 90 

mL of isopropyl alcohol was gradually 

added with TTIP under stirring. The texture 

of the solution immediately changed from 

colourless to pale yellow, indicating 

precursor interaction. The mixture was then 

stirred for 20 minutes to achieve 

homogeneity. Hydrolysis was initiated by 

drop wise addition of 10 mL deionized 

water under vigorous stirring, the solution 

to transition from pale yellow to milky 

white and confirming TiO2 sol formation. 

The mixture was continuously stirred for 4 

hours to complete hydrolysis and 

condensation reactions. The sol aged 

overnight to form a gel. The obtained gel 

was subsequently centrifuged and washed 

multiple times with deionized water and 

ethanol to remove impurities and unreacted 

precursors. The purified product was dried 

in a hot air oven at 100 °C for 2.5 hours to 

remove moisture and volatiles, then 

calcined at 450 °C for 4 hours to obtain 

crystalline TiO2 nanoparticles [17]. 

Additional samples were prepared under 

identical conditions at annealing 

temperatures of 550, 650, and 750 °C to 

study temperature-dependent phase and 

structural, physicochemical property 

evolution.  

3. Result and Discussion 

3.1. Structural Properties (XRD) 

 Figure 1 presents the stacked XRD 

patterns of TiO2 nanoparticles annealed at 

450, 550, 650, and 750 °C. The sample 

annealed at 450 °C exhibits characteristic 

diffraction peaks at 2θ ≈ 25.29°, 37.68°, 

47.96°, 54.02°, 54.63°, 62.70°, 69.43°, 

70.38°, and 75.04°. These correspond to the 

(101), (004), (200), (105), (211), (204), 

(116), (220), and (215) planes of the 

tetragonal anatase structure [18]. These 

positions are in excellent agreement with 

the reference card JCPDS 21-1272, 

confirming phase-pure anatase formation. 

Scherrer analysis yields crystallite sizes 

spanning from 7.0 to 51.7 nm, with an 

average of 21.3 nm. This wide distribution 

reflects non-uniform nucleation and growth 

kinetics at a lower annealing temperature of 

450 °C. The dislocation density and 

microstrain were calculated along with 
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particle size determination and presented in 

Table 1. The mean dislocation density δ = 

7.11 × 10−3 nm−2 and mean microstrain ε = 

6.65 × 10−3 are the highest values observed. 

This suggests significant lattice distortion 

and defect concentration at this stage. Such 

levels are typical for low-temperature 

annealed nanostructured TiO2 [1–3]. 

 

Figure 1. Stacked XRD patterns of TiO2 nanoparticles annealed at 450, 550, 650, and 750 °C 

Upon annealing at 550 °C, the 

diffraction peaks become sharper and more 

intense, while the anatase phase is 

maintained. This indicates enhanced 

crystallinity without phase transformation. 

The reduction in full width at half 

maximum (FWHM) reflects an increase in 

crystallite size (~25.1 nm). This change is 

attributed to thermally driven grain growth. 

All nine reflections observed at 450 °C are 

retained at essentially identical 2θ positions 

(25.31°, 37.77°, 48.01°, 53.93°, 55.03°, 

62.56°, 68.81°, 70.28°, and 74.93°). 

Negligible peak shifts of ≤ 0.05° confirm 

the absence of compositional or significant 

strain-induced lattice distortion. 

Importantly, no rutile-phase reflections are 

discernible. This confirms that the anatase-

to-rutile phase boundary has not been 

crossed at this temperature under the 

present synthesis conditions.  
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The retention of pure anatase at 550 

°C can be understood through the size-

dependent thermodynamic framework 

proposed by Zhang and Banfield [5] Below 

a critical crystallite size of ~14 nm, anatase 

is thermodynamically more stable than 

rutile due to the lower surface enthalpy of 

the {101} anatase facet. The mean 

dislocation density drops sharply from 7.11 

× 10−3 to 1.88 × 10−3 nm−2, and the mean 

microstrain decreases from 6.65 × 10−3 to 

3.48 × 10−3. These reductions are physically 

explained by thermal annihilation [1,3,4]. 

Table 1. Structural parameters of TiO2 nanoparticles annealed at 450 °C (anatase phase, JCPDS 

21-1272). 

2θ (°) θ (°) hkl d-spacing (Å) FWHM β (°) 
D 

(nm) 

δ ×10⁻³ 

(nm⁻²) 

ε 

×10⁻³ 

25.290 12.645 101 3.519 0.678 12.004 6.940 13.191 

37.679 18.840 004 2.385 1.194 7.032 20.225 15.266 

47.958 23.979 200 1.895 0.844 10.303 9.420 8.278 

54.017 27.008 105 1.696 0.419 21.258 2.213 3.591 

54.631 27.315 211 1.679 1.212 7.380 18.361 10.236 

62.703 31.351 204 1.481 0.605 15.381 4.227 4.332 

69.425 34.713 116 1.353 0.226 42.778 0.546 1.423 

70.385 35.192 220 1.337 0.188 51.683 0.374 1.164 

75.043 37.522 215 1.265 0.414 24.169 1.712 2.355 

    Average 21.33 7.113 6.648 

(Bragg angle (θ), interplanar spacing (d), FWHM (β), crystallite size (D) from the Scherrer equation, 

dislocation density (δ), microstrain (ε), and Miller indices (hkl)) 

The XRD pattern of the 650 °C 

sample marks the onset of the irreversible 

anatase-to-rutile phase transformation. The 

anatase (101) reflection at 25.34° and the 

(200) reflection at 48.01° are still 

discernible, indicating residual anatase. 

Strong new reflections appear at 27.46°, 

36.08°, 41.24°, 44.04°, 54.29°, 56.56°, 

62.66°, 64.01°, 68.92°, and 69.68°. This 

indicates the tetragonal rutile polymorph, 

indexed to planes (110), (101), (111), (210), 

(211), (220), (002), (310), (301), and (112), 

consistent with JCPDS card no. 01-076-

1939. At 650 °C, the average crystallite size 
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is 37.6 nm, a 49.8% increase over the 550 

°C value (25.1 nm). This is markedly larger 

than the 17.8% increase observed between 

450 and 550 °C. The accelerated grain 

growth across the transformation boundary 

is attributable to higher atomic mobility at 

650 °C and the exothermic nature of the 

anatase to rutile transformation. Mean 

dislocation density and microstrain 

continue their monotonic decline to 0.798 × 

10−3 nm−2 and 2.46 × 10−3, respectively, 

demonstrating progressive structural 

ordering [1,3,4].  

 

Table 2. Structural parameters of TiO2 nanoparticles annealed at 550 °C (anatase phase, JCPDS 

21-1272). 

2θ (°) θ (°) hkl d-spacing (Å) FWHM β (°) 
D 

(nm) 

δ ×10⁻³ 

(nm⁻²) 

ε 

×10⁻³ 

25.313 12.657 101 3.516 0.336 24.240 1.702 6.526 

37.773 18.887 004 2.380 0.295 28.498 1.231 3.758 

48.010 24.005 200 1.893 0.352 24.727 1.636 3.446 

53.932 26.966 105 1.699 0.537 16.608 3.625 4.603 

55.025 27.512 211 1.668 0.313 28.634 1.220 2.621 

62.564 31.282 204 1.483 0.573 16.219 3.801 4.116 

68.806 34.403 116 1.363 0.370 26.053 1.473 2.355 

70.279 35.140 220 1.338 0.367 26.504 1.424 2.272 

74.928 37.464 215 1.266 0.290 34.531 0.839 1.650 

    Average 25.11 1.883 3.483 

Further annealing at 750° C results 

in a predominantly rutile phase. This is 

evidenced by the disappearance of anatase 

reflections and the dominance of rutile 

peaks. The anatase (101) reflection at 

~25.3° is vanished.  A new weak peak at 

31.9° appears, corresponding to an 

additional rutile reflection. Eleven indexed 

peaks at 27.44°, 36.05°, 39.17°, 41.21°, 

44.02°, 54.27°, 56.56°, 62.66°, 63.99°, 

68.94°, and 69.73° are exclusively 

attributable to the rutile polymorph with 

planes (110), (101), (200), (111), (210), 

(211), (220), (002), (310), (301), and (112), 
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respectively. The peaks become sharper 

with increased intensity, indicating 

improved crystallinity and grain 

coarsening. The average crystallite size at 

750 °C is 40.9 nm, which represents only an 

8.6% increase over the value of 37.6 nm 

obtained at 650 °C. This suggests a 

deceleration in grain growth rate as the 

system approaches the thermodynamic 

equilibrium grain size for this temperature. 

The dislocation density and microstrain 

decrease to 0.641 × 10⁻³ nm⁻² and 2.117 × 

10⁻³, respectively, reflecting a highly 

crystalline, defect-minimised rutile lattice 

with superior structural order [3,4]. 

The monotonic reduction in 

dislocation density (from 7.11 to 0.641 × 

10−3 nm−2) and microstrain (from 6.65 to 

2.117 × 10−3) across the series demonstrates 

that thermal annealing progressively drives 

the material toward a thermodynamically 

optimal crystalline state. The XRD results 

confirm that increasing annealing 

temperature induces crystallite growth, 

reduction in lattice defects and microstrain, 

and phase transformation from anatase to 

rutile. Systematic peak sharpening, 

intensity enhancement, and reduction in 

FWHM are direct consequences of 

thermally activated grain growth and defect 

relaxation. Minor peak shifts observed 

across the samples are attributed to lattice 

strain relaxation and corresponding 

changes in interplanar spacing during 

annealing. 

Table 3. Structural parameters of TiO2 nanoparticles annealed at 650 °C (anatase phase - JCPDS 

21-1272, rutile phase – JCPDS 01-076-1939) 

2θ (°) θ (°) hkl d-spacing (Å) FWHM β (°) D (nm) δ ×10⁻³ (nm⁻²) ε ×10⁻³ 

25.337 12.668 101 (A) 3.512 0.190 42.788 0.546 3.694 

27.460 13.730 110 (R) 3.245 0.176 46.400 0.464 3.148 

36.082 18.041 101 (R) 2.487 0.202 41.337 0.585 2.708 

41.237 20.618 111 (R) 2.187 0.238 35.602 0.789 2.765 

44.039 22.019 210 (R) 2.055 0.324 26.485 1.426 3.491 

48.006 24.003 200 (A) 1.894 0.190 45.703 0.479 1.865 

54.290 27.145 211 (R) 1.688 0.293 30.456 1.078 2.495 

56.561 28.280 220 (R) 1.626 0.287 31.406 1.014 2.330 

62.662 31.331 002 (R) 1.481 0.341 27.307 1.341 2.441 
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2θ (°) θ (°) hkl d-spacing (Å) FWHM β (°) D (nm) δ ×10⁻³ (nm⁻²) ε ×10⁻³ 

64.012 32.006 310 (R) 1.453 0.217 43.071 0.539 1.518 

68.923 34.462 301 (R) 1.361 0.208 46.372 0.465 1.321 

69.676 34.838 112 (R) 1.348 0.281 34.427 0.844 1.763 

    Average 37.61 0.798 2.461 

(A =Anatase peak; R = Rutile peak) 

Disappearance of anatase reflections and sharpening of rutile peaks at 750 °C in Table 

4 confirms the phase transformation completion. Table 5 presents a consolidated summary of 

the average structural parameters extracted from the four annealing conditions. This format 

facilitates direct inter-sample comparison. The monotonic trends in all parameters across the 

450–750 °C series are physically self-consistent and provide strong internal validation of the 

measurement quality. 

Table 4. Structural parameters of TiO2 nanoparticles annealed at 750 °C (rutile phase, 

JCPDS 01-076-1939). 

2θ (°) θ (°) hkl d-spacing (Å) FWHM β (°) 
D 

(nm) 

δ ×10⁻³ 

(nm⁻²) 

ε 

×10⁻³ 

27.443 13.722 110 3.247 0.162 50.595 0.391 2.888 

36.053 18.026 101 2.489 0.191 43.848 0.520 2.555 

39.174 19.587 200 2.298 0.165 51.105 0.383 2.023 

41.208 20.604 111 2.189 0.202 41.931 0.569 2.349 

44.020 22.010 210 2.055 0.265 32.286 0.959 2.865 

54.272 27.136 211 1.689 0.244 36.562 0.748 2.079 

56.558 28.279 220 1.626 0.217 41.581 0.578 1.760 

62.661 31.330 002 1.481 0.203 45.876 0.475 1.453 

63.991 31.996 310 1.454 0.254 36.918 0.734 1.772 

68.938 34.469 301 1.361 0.287 33.583 0.887 1.824 

69.731 34.865 112 1.347 0.275 35.246 0.805 1.720 
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2θ (°) θ (°) hkl d-spacing (Å) FWHM β (°) 
D 

(nm) 

δ ×10⁻³ 

(nm⁻²) 

ε 

×10⁻³ 

    Average 40.87 0.641 2.117 

Table 5. Consolidated structural parameters of TiO2 nanoparticles as a function of annealing 

temperature. 

Sample 
Avg. D 

(nm) 

D range 

(nm) 

Avg. δ ×10⁻³ 

(nm⁻²) 

Avg. ε 

×10⁻³ 
Phase JCPDS 

TiO2 – 450 °C 21.3 7.0–51.7 7.11 6.65 Anatase 21-1272 

TiO2 – 550 °C 25.1 16.2–34.5 1.88 3.48 Anatase 21-1272 

TiO2 – 650 °C 37.6 26.5–46.4 0.798 2.46 Anatase      

Rutile 

21-1272 

01-076-1939 

TiO2 – 750 °C 40.9 32.3–51.1 0.641 2.12 Rutile 01-076-1939 

 

 

3.2. Vibrational Properties (Raman) 
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Figure 2. Raman spectra of TiO2 nanoparticles annealed at 450, 550, 650, and 750 °C 

To investigate phase evolution, 

lattice dynamics, and crystallinity changes, 

Raman spectroscopy was employed for 

TiO2 nanoparticles annealed at 450, 550, 

650, and 750 °C, The Raman modes shown 

in Figure 2 demonstrate a strong 

dependence on annealing temperature, 

indicating progressive structural and phase 

transition behaviour. 

At 450 °C, the Raman spectrum 

exhibits characteristic anatase vibrational 

modes located at 143, 398, 515, and 639 

cm⁻¹, corresponding to the Eg, B1g, A1g, and 

Eg modes of anatase TiO2, respectively 

[19]. However, these peaks display 

relatively low intensity and broad 

linewidth, indicating poor crystallinity, 

small crystallite size, and higher lattice 

disorder at this annealing temperature. The 

dominance of the Eg mode at ~143 cm⁻¹ 

confirms the presence of anatase as the 

primary phase [20]. 

Upon increasing the annealing 

temperature to 550 °C, the Raman modes 

slightly shift to lower wavelengths at 130, 

386, 508, and 636 cm⁻¹, accompanied by a 

significant increase in peak intensity and 

narrowing. The observed red-shift of the Eg 

mode (from ~143 to ~130 cm⁻¹) is 

indicative of phonon confinement 

relaxation and crystallite growth, while the 

enhanced intensity suggests improved long-
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range ordering. This behaviour is consistent 

with the reduction of structural defects and 

grain boundary density during thermal 

annealing [4,20]. 

At 650 °C, the Raman spectrum 

undergoes a substantial transformation, 

where new vibrational modes emerge at 

130, 216, 438, 510, and 606 cm⁻¹, alongside 

the persistence of modified anatase 

features. The appearance of peaks at ~216, 

~438, and ~606 cm⁻¹ corresponds to the 

B1g, Eg, and A1g modes of the rutile phase, 

indicating the onset of the anatase-to-rutile 

phase transition. The coexistence of both 

anatase (~130, 510 cm⁻¹) and rutile (~216, 

438, 606 cm⁻¹) signatures confirms a 

mixed-phase system, which is 

thermodynamically expected in this 

temperature regime [4,21]. 

At the highest annealing 

temperature of 750 °C, Raman spectrum 

shows the complete disappearance of 

anatase modes, while only rutile-related 

peaks remain at 222, 436, and 606 cm⁻¹ 

with significantly enhanced intensity and 

sharpness. This clearly indicates a full 

phase transformation to rutile TiO2, 

accompanied by increased crystallite size 

and reduced lattice defects. The high 

intensity and narrow linewidth of these 

peaks reflect improved crystallinity and 

long-range order. The absence of anatase Eg 

mode further confirms the complete 

structural transition [21]. 

The observed Raman evolution 

correlates with the thermodynamically 

driven anatase to rutile conversion at 

elevated temperatures (~600–700 °C). 

Shifts, disappearance, and emergence of 

Raman modes are governed by phonon 

confinement effects, lattice distortion, 

oxygen vacancy redistribution, and grain 

growth kinetics [20]. Red-shift and 

intensity increase at intermediate 

temperatures arise from reduced phonon 

scattering and increased crystallite size, 

while rutile mode dominance at higher 

temperatures reflects phase stability. 

Furthermore, the Raman results are 

in strong agreement with the XRD analysis, 

where the progressive disappearance of 

anatase diffraction peaks and emergence of 

rutile reflections confirm the same phase 

evolution trend. The combined structural 

and vibrational analysis provides robust 

evidence for temperature-induced 

crystallographic transformation and defect 

minimization in TiO2 nanoparticles. 

3.3. Optical Properties (UV–Vis 

Spectroscopy) 

The UV absorbance spectra of TiO2 

nanoparticles annealed at 450, 550, 650, 

and 750 °C shown in Figure 3, exhibit a 

strong UV absorption edge that 
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systematically red-shifts with increasing 

annealing temperature. 

 The absorption onset moves to 

longer wavelengths with higher annealing 

temperature. This indicates band gap 

narrowing. The narrowing is attributed to 

both crystallite growth and phase change. 

The comparatively higher apparent band 

gap at this temperature (450 °C) is mainly 

attributed to defect states and surface 

disorder, rather than quantum confinement 

effects. As grains grow (550–750 °C), 

quantum confinement weakens and rutile 

[22] forms, producing a lower gap [7,8]. 

 

 

Figure 3. UV absorbance spectra of TiO2 nanoparticles annealed at  

450, 550, 650, and 750 °C 

The UV transmittance spectra of 

TiO2 nanoparticles annealed at 450, 550, 

650, and 750 °C in Figure 4 show high 

transparency beyond ~400 nm and a sharp 

absorption edge in the UV region. The 

absorption edge shifts from ~390 nm at 

450 °C to ~416 nm at 750 °C. This indicates 

a reduction in the optical band gap. The 

Urbach tail shortens upon annealing, 

reflecting reduced disorder and defect 

states. Enhanced crystallinity and phase 

evolution cause systematic changes in the 

optical properties [7,8,22]. 

The optical changes align with the 

XRD results, that larger crystallites and 

decreased strain correlate with narrower 

band gaps. The onset of rutile at 650–

750 °C causes a perceptible change in the 

spectral slope. High transmittance (>98%) 

beyond 500 nm at all temperatures confirms 
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that samples remain free of visible 

absorbers. This implies phase purity. The 

emergence of rutile peaks at 650–750 °C in 

XRD coincides with the largest optical red-

shift. 

 

 

Figure 4. UV transmittance spectra of TiO2 nanoparticles annealed  

at 450, 550, 650, and 750 °C 

3.4. Vibrational Properties (FTIR) 

The FTIR spectra of TiO2 

nanoparticles annealed at 450, 550, 650, 

and 750 °C in Figure 5 reveal significant 

structural and chemical evolution as a 

function of thermal treatment. 

At lower calcination temperatures 

(450 and 550 °C), the spectra exhibit a 

prominent broad absorption band in the 

range of 3400–3430 cm⁻¹, which is 

attributed to O–H stretching vibrations of 

physically adsorbed water molecules and 

surface hydroxyl groups. Additionally, a 

distinct H–O–H bending vibration is 

observed at ~1630 cm⁻¹, confirming the 

presence of physisorbed water within the 

TiO2 matrix [10,23]. The spectra also 

display weak C–H stretching bands at 

~2929 and 2850 cm⁻¹, indicating residual 

organic species from synthesis, along with 

characteristic Ti–O lattice vibrations 

appearing in the lower wavenumber region 

(~500 cm⁻¹) [24,25]. 

With an increase in annealing 

temperature to 650 °C, the intensity of the 
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O–H stretching and H–O–H bending bands 

decreases significantly, indicating 

progressive dehydration and 

dehydroxylation of the surface [9,10]. 

Simultaneously, the Ti–O lattice vibration 

near ~500 cm⁻¹ becomes more pronounced, 

reflecting improved crystallinity and 

enhanced structural ordering within the 

TiO2 framework [24]. 

  
Figure 5. FTIR spectra of TiO2 nanoparticles annealed at 450, 550, 650, and 750 °C  

At 750 °C, the broad O–H band 

(~3400 cm⁻¹) and the C–H stretching peaks 

(~2929 and 2850 cm⁻¹) disappear 

completely, confirming the removal of 

surface hydroxyl groups and organic 

residues [24,25]. In contrast, a sharp and 

intense Ti–O vibrational band emerges in 

the range of 500–600 cm⁻¹, which is 

associated with increased crystallinity and 

the transformation from anatase to the 

thermodynamically stable rutile phase 

[9,17]. The significant sharpening of this 

band further indicates lattice densification 

and improved long-range order. 

Overall, the FTIR spectra 

demonstrate a clear transition from 

hydroxyl-rich, partially disordered 

structures at lower temperatures to highly 

crystalline TiO2 at elevated temperatures. 

The progressive disappearance of O–H and 

organic bands, along with the dominance of 

Ti–O lattice vibrations, confirms that 

annealing effectively removes surface-

bound species and enhances phase stability. 
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These observations are in strong agreement 

with previously reported FTIR studies of 

thermally treated TiO2 nanostructures 

[9,10,23]. Notably, the residual band near 

~1630 cm⁻¹ persists up to 650 °C and 

becomes very weak at 750 °C, indicating 

gradual removal of chemically bound 

hydroxyl species [10]. Thus, annealing 

primarily facilitates dehydration, organic 

decomposition, and phase transformation, 

resulting in structurally stable and phase-

pure TiO2. 

 

 

3.5. Photoluminescence Properties (PL) 

PL spectra of TiO2 nanoparticles 

annealed at 450, 550, 650, and 750 °C in 

Figure 6 show a strong temperature-

dependent shift and intensity variation. At 

450 °C a broad red emission appears around 

~610 nm, which we attribute to self-trapped 

excitons or defect-related states. As the 

temperature rises to 550°C the PL peak red-

shifts into the near-infrared ~ 784 nm and 

its intensity increases. Again, when the 

temperature rises to 650 °C the excitation 

peak is shifted to ~ 804 nm and the intensity 

increases. This large NIR emission is 

attributed to oxygen-vacancy and Ti³⁺ 

defect states, which introduce mid-gap 

energy levels that facilitate radiative 

recombination in TiO2 and correlates with 

formation of rutile [13,26,27]. The 

emergence of rutile phase begins to 

influence the emission behaviour. Notably, 

rutile TiO2 is known to exhibit a sharp 

emission near 800 nm, further supporting 

the phase transition contribution.  

At 750 °C, the NIR peak ~804 nm 

remains prominent but show slightly 

weaker intensity, this reduction is attributed 

to increased crystallinity and grain growth, 

which reduce defect density and enhance 

non-radiative recombination pathways. The 

dominance of the rutile phase at this 

temperature leads to a more ordered lattice 

structure with fewer active luminescent 

defect centres [13,26,27].  
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Figure 5. Photoluminescence spectra of TiO2 nanoparticles annealed at 450, 550, 650, and 750 °C  

Overall, the PL behaviour 

demonstrates that annealing initially 

enhances emission through the generation 

of oxygen vacancies and Ti³⁺ defect states, 

followed by quenching at higher 

temperatures due to improved crystallinity 

and reduced defect concentration. The 

observed red-shift from the visible (~610 

nm) to near-infrared (~804 nm) region 

clearly indicates the transition from 

anatase-related emission to rutile-

associated defect emission. These findings 

are consistent with reported literature on 

defect-mediated photoluminescence and 

phase transformation in TiO2 systems. This 

behaviour mirrors the phase evolution 

observed in XRD and Raman analyses. 

3.6 Thermal Properties (TGA) 

 Thermogravimetric analysis 

(TGA) was performed to evaluate the 

thermal stability, decomposition behaviour, 

and surface chemistry evolution of TiO2 

nanoparticles annealed at 450, 550, 650, 

and 750 °C, as presented in Figure 5. The 

weight loss profiles exhibit distinct 

temperature-dependent features, reflecting 

progressive removal of adsorbed species, 

residual organics, and structural 

stabilization with increasing annealing 

temperature. 
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Figure 7. TGA curves of TiO2 nanoparticles annealed at 450, 550, 650, and 750 °C 

At 450 °C, the TGA curve shows a 

gradual and continuous weight loss (~6%) 

over the entire temperature range. An initial 

weight reduction below ~100 °C (around 83 

°C) is attributed to the removal of 

physically adsorbed water molecules. The 

subsequent weight loss observed near ~330 

°C corresponds to the decomposition of 

residual organic precursors and surface 

hydroxyl groups. Beyond ~630 °C, a slight 

increase or minor fluctuation in the curve is 

observed, which may arise likely associated 

with instrumental artefacts or baseline 

instability. The relatively higher total 

weight loss indicates that the sample retains 

significant surface-bound species and 

incomplete crystallization at this annealing 

temperature [11,12]. 

At 550 °C, the TGA profile exhibits 

a more defined multi-step decomposition 

behaviour, with noticeable weight loss 

stages around 93, 227, 417, and 570 °C, 

resulting in an overall weight loss of 

approximately ~5%. The initial loss below 

100 °C is again associated with adsorbed 

moisture removal, while the intermediate 

stages (~200–450 °C) correspond to 

dehydroxylation and decomposition of 

residual organics. The reduced total weight 

loss compared to the 450 °C sample 

indicates improved thermal stability and 

reduced surface contamination, suggesting 
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enhanced crystallinity due to higher 

annealing temperature [4,12]. 

For the sample annealed at 650 °C, 

the TGA curve shows a minimal weight loss 

(~1%), indicating a highly stable structure. 

A minor weight reduction around ~171 °C 

corresponds to the removal of residual 

surface-bound species, while a slight 

fluctuation near ~571 °C may be attributed 

to lattice relaxation or phase 

transformation-related rearrangements. 

Beyond these minor variations, the curve 

remains nearly stable, confirming that most 

volatile and organic components have 

already been eliminated. The final weight 

retention of approximately 99.35% 

demonstrates significant thermal 

robustness and structural densification at 

this temperature[4,28]. 

Table 6. Three-stage thermal decomposition mechanism of TiO2 nanoparticles as 

identified from TGA curves. 

Temperature Range Process 

<100 °C Removal of physically adsorbed water 

100 - 400 °C Decomposition of organics + dehydroxylation 

> 400 °C Lattice stabilization + phase transformation 

 

At 750 °C, the TGA curve exhibits 

negligible overall weight loss (~0.5%), with 

minor fluctuations observed at ~38, 126, 

264, and 437 °C. These small variations are 

associated with the removal of trace 

residual species or minor surface 

rearrangements. Above ~532 °C, slight 

irregular increase and decrease in weight 

are observed, which are typically attributed 

to instrumental baseline variations or 

buoyancy effects, rather than actual mass 

gain. The final weight remains nearly 

constant (~99.47%), confirming the 

formation of a thermally stable, highly 

crystalline TiO2 structure, consistent with 

complete phase transformation and 

densification [28]. 

The progressive reduction in weight 

loss with increasing annealing temperature 

confirms the removal of surface-bound 

species and the formation of a thermally 

stable TiO2 lattice. Table 6 explains the 

thermal behaviour of TiO2 nanoparticles 

which follows a three-stage decomposition 

mechanism. 

3.7. Electrochemical Properties (CV and EIS) 
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Figure 8. Cyclic voltammetry curves of TiO2 nanoparticles annealed at 450, 550, 650, and 750 °C 

recorded at scan rates of 10, 20, 30, 50, 60, 80, and 100 mV s⁻¹ 

Cyclic voltammetry (CV) was 

employed to evaluate the electrochemical 

charge storage behaviour of the annealed 

samples at different temperatures (450, 550, 

650, and 750 °C) over a range of scan rates 

(10–100 mV s⁻¹) as presented in figure 8. 

The calculated specific capacitance values 

are summarized in Table 7. The 

electrochemical behaviour reflects the 

structural and surface modifications 

induced by annealing temperature. The CV 

curves exhibit quasi-rectangular profiles, 

indicating dominant capacitive behaviour 

with contributions from both electric 

double-layer capacitance (EDLC) and 

possible pseudocapacitive reactions, a 

response commonly reported for 

nanostructured TiO2-based electrodes and 

TiO2@C core–shell systems [14,29,30]. 

The absence of sharp redox peaks indicates 

that pseudocapacitive contributions are 

surface-controlled rather than diffusion-

limited. 

A clear dependence of specific 

capacitance on scan rate is observed across 

all samples. At 450 °C, the specific 

capacitance reaches a maximum value of 

1.311 F g⁻¹ at 10 mV s⁻¹, which 

progressively decreases to 0.152 F g⁻¹ at 

100 mV s⁻¹. This trend is consistent with 
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electrochemical theory, where lower scan 

rates allow sufficient time for electrolyte 

ions to diffuse into the inner active sites of 

the electrode, resulting in enhanced charge 

storage. In contrast, at higher scan rates, ion 

diffusion becomes kinetically limited, 

restricting charge storage predominantly to 

the outer surface and thereby reducing the 

measured capacitance [29,31–33]. 

Furthermore, a systematic decrease 

in capacitance is observed with increasing 

annealing temperature. The 450 °C sample 

exhibits the highest capacitance, followed 

by 550 °C, 650 °C, and 750 °C samples. 

This reduction can be attributed to 

thermally induced structural changes such 

as grain growth, reduced surface area, and 

possible loss of active sites at higher 

annealing temperatures. Increased 

crystallinity at elevated temperatures 

reduces defect density and lower 

electrochemically active surface area, 

thereby diminishing capacitance 

performance [6,14,34,35]. 

Table 7. Specific capacitance of TiO2 nanoparticles annealed at 450, 550, 650, and 750 °C at scan 

rates of 10–100 mV s⁻¹, determined from cyclic voltammetry. 

Sample 
Scan Rate 

mV s⁻¹ 

Specific Capacitance 

F g⁻¹ 

450 °C annealed TiO2 

10 1.311 

20 0.708 

30 0.273 

50 0.161 

60 0.252 

80 0.204 

100 0.152 

550 °C annealed TiO2 

10 1.623 

20 0.642 

30 0.500 

50 0.347 

60 0.296 
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Sample 
Scan Rate 

mV s⁻¹ 

Specific Capacitance 

F g⁻¹ 

80 0.224 

100 0.174 

650 °C annealed TiO2 

10 1.116 

20 0.549 

30 0.401 

50 0.234 

60 0.208 

80 0.169 

100 0.178 

750 °C annealed TiO2 

10 0.956 

20 0.673 

30 0.523 

50 0.286 

60 0.211 

80 0.171 

100 0.147 

 

To further elucidate the charge 

transport kinetics, electrochemical 

impedance spectroscopy (EIS) analysis was 

performed and presented in Figure 9.  In all 

cases, the Nyquist plots exhibit a depressed 

semicircle at high frequencies followed by 

a slanted line at low frequencies. This 

response is characteristic of an interface 

controlled by charge-transfer resistance 

(Rct) in parallel with a non-ideal 

double-layer capacitance, coupled to a 

Warburg-type diffusion element at lower 

frequencies, as commonly described for 

porous and rough electrodes [36,37]. The 

Nyquist plots reveal that the 450 °C sample 

exhibits the lowest charge transfer 
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resistance, while the 750 °C sample shows 

significantly higher resistance due to 

structural densification and reduced active 

surface area. This observation strongly 

correlates with the CV results, where the 

450 °C sample demonstrated the highest 

specific capacitance, confirming that 

improved conductivity and ion diffusion at 

lower annealing temperatures facilitate 

enhanced electrochemical performance 

[6,36,37]. 

 

Figure 9. EIS Nyquist plots of TiO2 nanoparticles annealed at 450, 550, 650, and 750 °C 

Overall, the CV results confirm that 

both scan rate and annealing temperature 

significantly influence electrochemical 

performance. The superior capacitance at 

lower scan rates and lower annealing 

temperature (450 °C) indicates enhanced 

ion accessibility and optimal surface 

characteristics, making it the most 

electrochemically favourable condition 

among the studied samples [6,14,34,35]. 

3.8. Antibacterial activity 
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Figure 10. Disc diffusion plates showing zones of inhibition for TiO2 nanoparticles annealed at 

450 °C (a) S. aureus, (b) B. subtilis, and (c) K. pneumoniae 

 

Based on its higher surface activity 

and defect-rich structure, the 450 °C-

annealed TiO2 sample was selected for 

antibacterial evaluation. The zones of 

inhibition (ZOI) are listed in Table 8 and the 

corresponding plates are shown in Figure 9. 

The antibacterial activity was evaluated 

against Staphylococcus aureus (gram 

positive), Bacillus subtilis (gram positive), 

and Klebsiella pneumoniae (gram negative) 

using the disc diffusion (Kirby–Bauer) 

method on Müeller–Hinton agar, with a 

standard antibiotic as control. ZOI of 9, 7, 

and 7 mm were observed, respectively, 

compared to 21–25 mm for the standard. 

All measurements were performed under 

dark conditions [15,38], indicating contact-

mediated antibacterial activity rather than 

photocatalysis. The slightly higher 

inhibition against S. aureus is consistent 

with the greater susceptibility of Gram-

positive bacteria [39]. 

Table 8. Zone of inhibition (mm) recorded for TiO2 nanoparticles annealed at 450 °C 

Bacterium 
TiO2 ZOI 

(mm) 

Standard ZOI 

(mm) 

S. aureus 9 21 

B. subtilis 7 22 

K. pneumoniae 7 25 

 

The observed antibacterial 

behaviour correlates with the structural 

features of the 450 °C sample, including 

smaller crystallite size of 21.3 nm, higher 

surface hydroxyl density evident by FTIR 

and TGA, and lower charge-transfer 

resistance relevant by EIS. These factors 

promote reactive oxygen species (ROS) 
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generation at the surface, leading to 

bacterial cell membrane disruption. is 

behaviour is further supported by the PL 

results, where defect-related emissions 

indicate the presence of oxygen vacancies 

that can facilitate enhanced ROS generation 

[16,40]. Notably, these same characteristics 

also contribute to its superior 

electrochemical performance, highlighting 

the multifunctional potential of defect-rich 

anatase TiO2 for both electrochemical and 

antibacterial applications[40]. 

4. Conclusion 

 The present study systematically 

elucidates the temperature-driven phase 

evolution and associated property changes 

in sol–gel-derived TiO2 nanoparticles 

annealed between 450 and 750 °C. XRD 

and Raman analyses confirm a clear 

structural transition from phase-pure 

anatase at 450–550 °C to a mixed anatase–

rutile phase at 650 °C, followed by 

complete transformation to rutile at 750 °C. 

This phase evolution is accompanied by 

progressive crystallite growth. A strong 

correlation between structure and 

functional properties is observed across all 

characterization techniques. The optical 

absorption edge exhibits a systematic red-

shift with temperature, consistent with 

increased crystallite size and rutile phase 

formation. FTIR and TGA results 

collectively confirm progressive 

dehydroxylation, removal of residual 

organics, and improved thermal stability at 

higher annealing temperatures. 

Photoluminescence analysis reveals a 

transition from visible to near-infrared 

emission, followed by intensity quenching 

at 750 °C due to reduced defect density. 

Although the 550 °C sample exhibits the 

highest specific capacitance, the 450 °C 

sample demonstrates superior energy 

storage characteristics due to its higher 

defect density, greater electrochemically 

active surface area, and lower charge-

transfer resistance, which facilitate efficient 

ion diffusion and charge propagation. Thus, 

450 °C anatase sample further demonstrates 

contact-mediated antibacterial activity 

against S. aureus, B. subtilis, and K. 

pneumoniae, with ZOI values consistent 

with reported data for unirradiated anatase 

TiO2, confirming that its defect-rich 

nanostructure is advantageous across 

electrochemical, optical, and antibacterial 

applications. In contrast, higher annealing 

temperatures reduce capacitance due to 

grain growth and surface area loss. Overall, 

lower annealing temperatures favor 

electrochemical energy storage, while 

higher temperatures yield structurally 

stable rutile suitable for optical and high-

temperature applications. 
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