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Abstract: In this work, the mixed anatase and rutile phases of 

commercial TiO2 sample was purchased and converted to single 

rutile phase by sintering at 1000°C. Structural and spectroscopic 

analysis of the single phased rutile TiO2 were analyzed by PXRD, 

SEM, EDS, PL analysis, respectively. Rietveld profile refinement 

technique was performed to fit the observed and calculated 

PXRD profiles. Charge density distribution studies were used to 

determine the chemical bonding nature of Ti-O bond by 

maximum entropy method (MEM). From the MEM 

calculations, Ti-O bond exhibited covalent nature. PL 

measurements showed that the emission wavelength of rutile 

TiO2 at around 470 nm which may be due to band to band 

transitions of Ti and O atoms. 

 

Keywords: Powder X-ray diffraction, Rietveld method, 

scanning electron microscopy, Charge density distribution 

I. INTRODUCTION 

 Nanostructured materials have gained great importance 

in various technological and industrial applications [1,2]. 

Especially, transition metal oxides are essential member of 

inorganic family and have been utilized as photocatalyst [3], 

catalyst [4], sensor [5], energy storage devices [6], dye- 

sensitized solar cells [7] and many more applications. In 

particular, titanium dioxide (TiO2) is an significant 

semiconductor material which has magnetic, electrical 

conductivity, good optical, dielectric, luminescent properties 

and so forth [8, 9]. The aforesaid interesting physicochemical 

properties make them a superior candidate in energy and 

environmental aspects. Generally, TiO2 have been occurred 

three different allotropic phases such as rutile, anatase and 

brookite [10]. Amongst, rutile phase have been considered as 
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more stable one, however, other two phases were easily 

converted into rutile form while heating above 500°C [11].  

Therefore, various researchers have made an attempt for 

the synthesis of rutile phase with improved physical and 

chemical properties through the development of well-defined 

morphology, crystal defects, band gap narrowing, oxygen 

vacancies and active surface area [12]. However, various 

synthesis methods have been reported for the design of rutile 

phase TiO2 including co-precipitation [13], chemical vapour 

deposition [14], ball milling [15], sonochemical [16], sol-gel 

[17], hydrothermal [18], solvothermal [19] and hydrolysis 

[20] techniques. Among them, solid state sintering process 

could provide simple, cost effective, easy to handle, time 

consuming and requires low cost equipment [21]. 

Interestingly, the resultant final products were in uniform in 

size, high crystallinity and superior morphology [22]. On the 

other hand, electronic structure of the material was closely 

related to their bonding nature of the specified system which 

plays an essential role on their electrocatalytic, 

photocatalytic and photoluminescent properties. There are 

less number of researches has been done on the chemical 

bonding investigation of rutile TiO2 with single phase. The 

maximum entropy method [23] is used to analyze the 

bonding feature of TiO2 material. Motivated from the above 

facts, we synthesized rutile phase TiO2 through simple solid 

state technique with the aid of commercial TiO2. The 

successful formation of rutile phase TiO2 was confirmed by 

powder X-ray diffraction (PXRD), scanning electron 

microscope (SEM), energy dispersive X-ray (EDX) and 

photolumiscence (PL) instrumentation techniques. For the 

first time, the structural and bonding nature of rutile phase 

TiO2 was investigated in detail. 

II. EXPERIMENTAL 

A. Sample preparation 

The Titanium Oxide (TiO2) as a mixed phase (Anatase – 

80% and Rutile – 20%) was procured from Sigma – Aldrich 

(Titanium (IV) oxide – nanopowder) with purity ≥ 99.5% 

and particle size of 21 nm. The as procured TiO2 was taken in 

the alumina crucible and sintered at different temperatures 

such as 800°C and 1000°C for 3 h using box type muffle 

furnace. The obtained samples were characterized by 

structural, morphological 

and optical techniques. 
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B. Sample characterization 

The TiO2 materials were analyzed by “Powder X-ray 

Diffractometer” with CuKα (λ=1.54056-Å) radiation in the 

range of 10° to 100° with the interval of 0.02’. The 

microstructure and surface morphology of the samples was 

measured using “scanning electron microscopy”. Energy 

Dispersive X-ray Spectrometer (EDAX APEX) was used to 

analyses purity of TiO2. Photoluminescence excitation and 

emission spectra were recorded using Spectrofluorometer 

with a 150 W xenon lamp is a source of excitation. 

III. RESULTS AND DISCUSSION 

A. Structural analysis 

The crystallinity of the commercial TiO2 and sintered TiO2 

materials were characterized by PXRD. The PXRD of 

commercial TiO2 demonstrated the presence of mingled 

anatase and rutile phases, in which the anatase phase was 

dominant. After sintering of TiO2 at 800°C for 3 h, the 

percentage of anatase phase was slightly reduced while the 

rutile phase of TiO2 was enhanced. But on sintering the TiO2 

at 1000°C for 3 h, the anatase phase disappeared and pure 

rutile phase of TiO2 was obtained. Fig. 1 shows powder X- 

ray profiles of the TiO2 samples with different phases, which 

revealed the phase transition between mixed phases to pure 

Rutile phase. The single rutile phased TiO2 was compared 

with the standard JCPDS data with PDF No. 89 – 4202 and 

confirmed. The crystallite size of rutile phase TiO2was 

calculated using Scherer‟s equation [24] and the average 

crystallite size is was approximately 36 nm. 

 
 

Fig. 1. Observed PXRD profile of TiO2 materials 

The observed PXRD data sets of rutile phase TiO2 were 

refined using Rietveld profile refinement technique using 

JANA2006 software [25]. The initial parameter was taken 

from rutile TiO2 as P42/mnm space group of and Ti at 2a 

Wyckoff positions (0, 0, 0) and O at 4f Wyckoff coordinates 

(0.3053, 0.3053, 0), respectively [26]. The well indexed 

refined profile of rutile phase TiO2 was shown in Fig. 2. The 

refined structural parameters of rutile TiO2 were listed in 

table 1.  

 

Fig. 2. Refined profile of rutile TiO2 sintered at 1000° C 

Table-I: Refined parameters of TiO2 

 

 

 

 

 

 

 

 

Robs- observed profile reliability factor. 

RP - profile reliability factor. 

F(000)- Total number of electrons per unit cell. 

GOF – Goodness of Fit. 

B. SEM analysis 

The morphology of the commercial TiO2 and sintered 

TiO2 materials were examined by scanning electron 

microscopy (SEM) and shown in Fig. 3. From the Fig. 3, 

highly agglomerated and uncleared morphology was 

observed for the commercial TiO2 and TiO2 sintered at 

800°C. On contrary, TiO2 sintered at 1000°C clearly showed 

Fig. 3. SEM images of TiO2 materials well defined plate like 

morphology. The average particle size of rutile TiO2 was at 

approximately ~200 nm. The change in the morphology of 

Rutile TiO2 confirmed the transformation of anatase phase to 

highly crystalline rutile phase of TiO2. 

 

Fig. 3. SEM images of TiO2 

materials 

 

PARAMETERS TIO2 

a=b (Å) 4.5929(4) 

c (Å) 2.9586(2) 

Volume (Å) 62.39(1) 

Density (g/cm
3
) 4.25 

Robs(%) 2.13 
Rp(%) 6.34 

F(000) 76 

GOF
d
 0.19 
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C. Energy Dispersive Spectroscopy (EDS) 

The EDS spectrum of commercial TiO2 and sintered TiO2 

materials was shown in Fig. 4. EDS spectrum of commercial 

TiO2 showed that the low intensity titanium peak which may 

be influenced by the mixed anatase and rutile phases. But for 

sintered sample at 800°C and 1000°C, the intensity of 

titanium was gradually increased. The EDS spectra showed 

higher intensity for single phased TiO2 sintered at 1000°C, 

which may due to lattice rearrangement in the samples. 

 
 

 

Fig. 4. EDS spectrum of TiO2 materials 

D. Photoluminescence (PL) property analysis 

The photoluminescence behavior of commercial TiO2 and 

sintered TiO2 materials were analyzed by photoluminescence 

(PL) spectroscopy. Fig. 5 showed the excitation and emission 

spectra of TiO2 materials. The excitation wavelength 

obtained at around 427 nm and emission wavelength 

displayed at 470 nm at blue wavelength was clearly seen in 

Fig. 5. The intensity of both excitation and emission spectra 

gradually increased and reached the maximum intensity for 

single phased rutile TiO2. This may be due to the sintering 

temperature which improved the surface states by enhancing 

the number of surface defects and improved the crystallinity 

of TiO2 samples [27]. In Fig. 5, the emission spectra obtained 

in blue region at 470 nm, was attributed by band to band 

transition. Self-trapped excitons (STE), oxygen vacancies 

and surface states are three kinds of physical origins 

responsible for the band to band transition in crystal lattice 

[28, 29]. In this study, the rutile TiO2emission appearing at 

470 nm was as a result of emission from lower levels in Ti3+ 

3d states of TiO2 lattice to deep levels (acceptor) created by 

–OH orbital [30]. 

 

Fig. 5. PL behavior of TiO2 materials 

E. Charge density analysis 

The structure factors which were obtained from the 

Rietveld method were taken as to evaluate the electron 

density distribution analysis of the TiO2 materials. The 

maximum entropy method (MEM) [23] is a versatile method 

and standard tool to analyze the charge density distributions 

in the unit cell employed by the DYSNOMIA software [31]. 

In the present report, the charge density distributions in the 

unit cell were constructed for commercial and sintered TiO2 

samples. Three-dimensional, two-dimensional and 

one-dimensional charge density views can be visualized by 

VESTA software [32]. 

Fig. 6 showed the three-dimensional electron density 

distribution of rutile phase TiO2. The spherical core of Ti and 

O atoms can be seen in Fig. 6. The shaded yellow region was 

represented by electron cloud using iso-surface level of 0.55 

e/Å3. The Rutile unit cell contained two different Ti-O bonds 

which are clearly shown in Fig. 6 (a). Figs. 7 (a) and (b) 

showed the two-dimensional charge density distributions 

drawn on (100) and (110) lattice planes covering the contour 

lines  between 0-2 e/Å3 with the interval of 0.2 e/Å3. The 

exact bond length and electron density distribution at the 

Mid-point of the bond of single phase TiO2 were determined 

by one dimensional charge density profile and the profiles are 

presented in Figs. 8 & 9. 

 

Fig. 6. 3-D unit cell of rutile TiO2 
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Fig. 7. (a) Bonding representation of Ti and O 

 

Fig. 8. (a) 2D map of rutile TiO2 on (100) miller plane 

 
 

Fig. 9. (b) 2-D map of rutile TiO2 on (110) miller plane 

 

Fig. 10. 1-D profile of Ti-O (bond 1) 

 

 

Fig. 11. 1-D profile of Ti-O (bond 2) 

Table-III: Electron density distributions of TiO2 
Bond Bond length 

(Å) 

Bond Critical 

Point (Å) 

Mid-bond electron 

density (e/ Å
3
) 

Ti-O 1.9780 0.9641 0.7403 

Ti-O 1.9477 0.9689 0.8053 

IV. CONCLUSION 

In conclusion, the single rutile phase TiO2 was obtained 

from commercial TiO2 having mixed phase of crystal 

structure when it was sintered at 1000°C. The sintered TiO2 

material was characterized by various analytical and 

spectroscopic techniques. PXRD analysis confirmed the 

Rutile phase TiO2. The plate like morphology was obtained 

for rutile phase TiO2 which was affirmed by SEM images. 

Element conformation of Ti and O atoms were identified by 

EDS analysis. The covalent nature of Ti-O chemical bonds 
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