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Abstract 

In this theoretical study we compare atomic and electronic properties of titania nanotubes (NTs) with different morphology. Our first 
principles calculations have been performed using a modified B3LYP hybrid exchange-correlation functional within density functional 
theory (DFT). For periodic systems, we apply method of crystalline orbitals as linear combination of atomic orbitals (CO LCAO) 
implemented in the CRYSTAL code, while the NWChem code is used for MO LCAO calculations on non-periodic systems. In our study, 
9-layered (001) anatase nanotube, an object of our earlier studies, is compared to various 6-layered (101) anatase nanotubes. Specifically, 
we compare their stability, formation energies, doping possibilities and dependence of band structure on types of dopant atoms (N and S 
as individual atoms or when introduced in pair). We also investigate how concentration of dopant atoms affects the band structure and 
discuss interactions between impurities. In order to reduce computational time and to be able to run more complex calculations in 
reasonable time, we investigate strategies for reducing size and dimensionality of our model, e.g., transition from a periodic model of a 
nanotube to its non-periodic cluster model as repeating NT fragment. 

Keywords: titanium dioxide, ab initio, nanotubes, 1D periodic and 0D cluster models, photocatalysis 

 

1 Introduction 

TiO2 is a promising photocatalyst for water splitting. 
However, 3D bulk titania’s efficiency is too low for this task. 
It can be improved by transforming titania into stable 1D 
nanotubes (NTs) possessing large surface area. Further im-
provement of TiO2 NT photocatalytic activity is possible 
through the band gap engineering. 

Previously, we have performed simulations on 9-layered 
(001) TiO2 anatase nanotubes with negative strain energy, 
mono-doped with S, C, N and Fe atoms. S produced quite 
promising results [1, 2] although (101) anatase nanolayers 
and slabs are known as energetically most favorable [3]. 

2 General 

We have tried to reduce one-dimensional (periodical) model 
of a 9-layer (001) anatase NT (Figure 1) to a zero-
dimensional non-periodic molecular cluster (Figure 2) that 
would be small enough to allow us to perform complex 
calculations in reasonable CPU time while keeping the 
original geometry and electronic structure [4]. However, we 
have encountered many problems with that approach many 
of which have been related to terminating atoms and other 
boundary effects that are neglected in a periodic model but 
are emphasized in a molecular cluster. 

We have chosen a different model for this study. The 
choice is justified by several reasons: first, data indicates 
that catalytic properties of (101) surfaces are superior to 
those of (001) surfaces despite the fact that latter have lower 

formation energies [5]. Second, 6-layer (101) anatase nano-
tube has only marginally higher formation energy than 9-
layer (001) nanotube and it also possesses fewer atoms in its 
unit cell, which corresponds to smaller CPU time. 

 
FIGURE 1 Isometric view of the 1D anatase (001) nanotube and location 

of N (purple) and S (yellow) dopants for the co-doped calculations (inset) 

 
FIGURE 2 Schematic aside view of the 4×4 0D fragment of titania 

nanotube (a) with dangling bonds saturated by hydrogen atoms (black) 

and its front view (b) 
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FIGURE 3 Comparison of band edges and band gaps for different models. All values are in eV versus vacuum level; potentials for hydrogen reduction and 

oxygen production are given for reference. CRYSTAL refers to periodic models; results for fragments are obtained using NWChem. Results obtained 

using CRYSTAL code are emphasized 

 
For 0D cluster model, we reveal several possible sites 

for introducing dopants and observe some trends in the com-
position of the electronic structure regarding concentration 
of defects in nanotube’s unit cell. Smaller model results in 
creating another type of molecular cluster, with less pro-
nounced boundary effects without necessity of terminating 
atoms. Currently, we are studying this type of clusters. 

All DFT calculations have been performed within 
B3LYP exchange-correlation functional. For periodic 1D 
systems, we have used CO LCAO method implemented in 
the CRYSTAL code [6, 7]. The NWChem computer code [8] 
has been used for MO LCAO calculations on non-periodic 
0D systems. 

3 Conclusions 

A smaller model (6-layer (101) anatase nanotube) has a 
practical physical meaning and adequately represents a 
larger model (9-layer (001) anatase nanotube). Monoatomic 
defects do not depend on concentration of doping atoms: 
results show that transition from 1.39% to 2.78% (of doping 
atoms per unit cell) do not change observed trends in com-
position of electronic structure (Figure 3). However, effects 
produced by co-doping are depending on concentration of 
the dopants. And since S- doping yields apparently better 
results and depends on the concentration of dopants, it could 
be beneficial to increase S:N ratio.  
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