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ABSTRACT 
 

Ab initio calculations have been performed to investigate the ground state properties of monoperiodic TiO2 single-

walled nanotubes (SW NTs) of different chirality’s with ideal pristine and defective doped structure containing 

extrinsic point defects. The hybrid exchange-correlation functional B3LYP within the framework of density 

functional theory has been applied for large-scale ab initio calculations on nanotubes with the following substitution 

impurities: CO, NO, SO, and FeTi. The variations in formation energies obtained for equilibrium defective 

nanostructures allow us to predict the most stable compositions, irrespectively of the changes in growth conditions. 

The changes in the electronic structure are analyzed to show the extent of localization of the mid-gap states induced 

by defect.  
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1 MOTIVATION  

 

Titania (TiO2) is well-known semiconductor comprehensively studied in materials science, thanks to its 

widespread technological applications. Nanotubes (NTs) of different morphology obtained from titania of 

anatase phase was systematically synthesized and carefully studied as prospective catalysts [1]. Very 

recent experimental studies performed on Nb-doped TiO2 nanotubes [2] demonstrate strongly enhanced 

photo-electrochemical water splitting. TiO2 NTs are typical semiconductors with a band gap of ~3 eV and 

high chemical stability being inert under harsh conditions [3]. Application of titania nanotubes improves 

catalytic properties of TiO2 by bringing in additional features, such as slower recombination of charge 

carriers [4] and a large specific surface area which provides good adsorption capacity. Another 

complimentary property is the ability to introduce artificial impurities through doping the structure with 

different atoms or groups of atoms. These impurities induce additional electronic states thus extending the 

range of energy absorption. While pristine titania is susceptible to UV light only, doped NT show 

catalytic properties even under visible light [5]. 

 

2 COMPUTATIONAL DETAILS  

 

For computational analysis of nanotubes we have used first principles DFT-LCAO method, as 

implemented in CRYSTAL program developed at the University of Torino [6]. B3LYP is used as DFT 

functional for it provides accurate results for electronic structure calculations. 

To obtain a framework for analysis of nanotubes we have considered four types of titania planar 

structures. First type: three-layer anatase with (101) Miller indices; second type: six-layer anatase (101); 

third type: nine-layer anatase (001); fourth type: six-layer anatase (001). These structures correspond to 

1, 2, 3 and 2 units of TiO2 per slab. Planar structures then have been folded into nanotubes and resulting 
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geometries have been optimized. Specific energy of NT folding has been defined as difference between 

energy of the nanotube (relative to the number of its unit cells) and energy of TiO2 unit in bulk anatase 

phase. Analysis of these energies has yielded data on possibilities of nanotube formation. 

 

3 MAIN RESULTS 

 

We have found that generally transition from titania in form of 2D nanothin layers to TiO2 NT has a little 

effect on the margins of the band gap; extreme changes are associated with the small-diameter nanotubes 

and are due to their large inner strain. Analysis of the formation energies showed that nine-layer anatase-

type TiO2 (001) NT with (0,n) chirality indices possesses a negative strain energy, which means that 

formation of such nanotube is energetically more preferable as compared to the corresponding flat 

nanolayer structure. This information has given us a backbone for further investigations of C-, N-, S- and 

Fe-doped TiO2 nanotubes. For that purpose we have chosen 9-layer NT (Fig. 1) with chirality indices 

(0,36), as it is the smallest (and thus computationally cheapest) nanotube which possesses required 

properties. Our recent findings [7] indicate that S- and N-doped TiO2 NT may lead to more active 

photocatalytic species. Nanotubes co-doped with nitrogen and sulfur (O atoms are substituted with N or 

S, Fig. 2) have narrower band gap: the bottom of their conduction bands lies slightly above standard 

hydrogen electrode level. This shift allows nanotubes to remain catalytically active under visible light. 

Point defects (random substitutions with one type of atoms) result in formation of induced levels inside 

the optical region of the band gap. N-induced impurities can be close to the bottom of the CB, thus 

making the material conductive. 

 

 

 

Figure 1. Monoperiodically repeated unit cell of (0,36) TiO2 nanotube 

with external diameter of 4.81 nm containing the substitution defects: 
(a) across section view, (b) side view. Ti atoms are shown as large 

gray balls, while oxygens as small dark gray (red) balls. The inset 

shows the 2×2 extended “basic” unit cell of (0,36) TiO2 nanotube 
repeated by 18 rototranslational symmetry operators. Numbered atoms 

of titanium and oxygen are substituted for impurity defect atoms (Ah, 

where h stands for “host”). 

Figure 2. The electronic charge redistribution in S-doped 

titania nanotube (Fig. 1) across NT axis results in 
enhancement of its photocatalytical properties in areas of 

sulphur dopants (shown as yellow circles) [7]. Dash-

dotted isolines correspond to the zero density level. Solid 
and dashed isolines describe positive and negative values 

of the difference electron density, respectively. Isodensity 

curves are drawn from -0.05 to 0.05 eÅ-3 with an 
increment of 0.0005 eÅ-3. 
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4 SUMMARY  

 

In this study, we have simulated the doped TiO2 nanotubes using first-principles calculations based on the 

hybrid density functional B3LYP [6]. The variations in formation energies obtained for equilibrium 

defective nanostructures have allowed us to predict the most stable morphologies, irrespectively of the 

changes in growth conditions. We plan to further explore effects of various dopants and their 

combinations on the band gap of titania NT. Mid-gap levels positioned inside the optical band gap of 

defective NTs makes them attractive for band gap engineering, e.g., in photocatalytic applications. Our 

ultimate goal is to find structures that have the potential to become effective photocatalysts. Once 

synthesized, these catalysts may change the course of H economy.  
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