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Titanium dioxide (TiO2) nanotubes have been widely investigated for their potential applications in solar cells,
hydrogen production, and catalysis. We study three types of TiO2 nanotubes constructed from anatase TiO2

monolayers with density functional-based tight binding methods employing the DFTB+ code. The dependences
of the strain energies, structural and electronic properties on the radii of the tubes are investigated in the 3–10 Å
range. In addition, the present calculations indicate that the electronic band gap of all types of TiO2 nanotubes
is proportional to their diameters. Chiral (𝑛,𝑚) tubes have smaller band gaps than (𝑛, 0) and (𝑚, 0) tubes, which
can be prepared for absorbing the visible spectrum of solar energy.

PACS: 31.15.es 31.15.aq 03.65.−w DOI: 10.1088/0256-307X/30/4/043102

Titanium dioxide (TiO2) nanotubes have attracted
much attention because of their unique chemical prop-
erties, including high photocatalytic activity, strong
oxidizing power, non-toxicity, large surface area, high
surface-to-volume ratio and unique optical property.
TiO2 nanotubes were widely investigated for their po-
tential applications[1,2] such as photocatalysis, dyed-
sensitive solar cells (DSSC), gas sensors, air and
water purifiers, and so on. Various methods for
the syntheses of the TiO2 nanotubes were proposed,
causing a large variety of morphology and proba-
bly the properties of the TiO2 nanotubes. For ex-
ample, the diameters and structure of the walls of
nanotubes may be very different, mainly depending
on the varying preparation methods.[5,6] Hitherto, in
general, there are three geometry configurations of
the tube walls, which are widely adopted, includ-
ing trititanate,[5] lepidocrocite-like[4] and an anatase
structure.[3] The anatase structure was firstly found
in nanotubes prepared by the hydrothermal method
from anatase powder based on XAED and HRTEM
investigations several years ago.[7] The lepidocrocite-
like structure is supported by the electron diffraction
study by Akita,[8] who proposed a crystalline struc-
ture of nanotubes different from that of anatase. The
trititanate structure H2Ti3O7, also found by XRD
and SAED investigations,[5] provided another proper
model for TiO2 nanotubes. In spite of numerous ex-
perimental results, the atomic-level information on the
structure of TiO2 nanotubes is still ambiguous.

As is well known, in TiO2 anatase morphol-
ogy, there are two low energy surfaces: (001) and
(101), which are common for natural crystals. One-
dimensional TiO2-based nanotubes would be formed
by rolling surfaces (001) and (101). An ultrathin
anatase (001) surface cannot form a feasible tita-
nia tube-structure because of its distinct reconstruc-
tions. The two-layer (2-ML) thick anatase (001)
film would rearrange spontaneously to a lepidocrocite-

like structure and eventually form a lepidocrocite-like
nanotube.[11,12] Enyashin and Seifert[13] studied the
structural properties, the stability and the electronic
properties of various nanostructures based on titania
layer modifications (anatase and lepidocrocite) using
the density-functional tight-binding method (DFTB).
They found that the anatase nanotubes are the most
stable nanostructure of TiO2. Furthermore, their sta-
bility increases (the strain energy decreases) when
their radii grow. Ferrari et al.[14] studied a series
of anatase nanotubes of 3-ML (001) films, which are
more stable than the corresponding surface. In addi-
tion, (𝑛, 0) and (0,𝑚) nanotubes were constructed by
rolling an anatase (101) sheet along the [101] and [010]
directions, respectively, by Bandura and Evarestov.[15]
In their study, the systems were calculated by the
first principles LCAO with a hybrid HF/KS(PBE0)
exchange-correlation functional. They found that the
energy band gap of the TiO2 nanotubes increases from
4.7 eV to 5.4 eV when the tubes’ radius changes from
3.61 Å to 9.92 Å and the strain energy is larger for
(𝑛, 0) than that for (0,𝑚) nanotubes in a similar ra-
dius.

In this Letter, a systematical study is reported in
detail, with the structural and electronic properties
of some anatase nanotubes. The electronic data of
the TiO2 nanotubes is of great interest for their po-
tential applications, such as in optoelectronic devices
and photocatalysts. We propose and examine three
models of TiO2 nanotubes which are optimized by em-
ploying the density-functional tight-binding method
(DFTB+). The structures of the three models are
distinctly different and have unique electronic prop-
erties. In addition, the band gaps of the nanotubes
decrease when their diameters increase.

The bulk TiO2 crystal structure in the anatase
phase is optimized by the DFTB+ code package[16]
based density functional tight binding (DFTB)
method. Three parameters corresponding to the
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structure are listed in Table 1. In general, the the-
oretical results agree well with the experiment. The
band gap is up to 3.21 eV higher than the results by
DFT and LCAO, but much more closed to the exper-
imental data. The monolayer (or slab) structure is
formed by cleaving the anatase bulk along the [101̄]
and [010] directions. This 2-D periodic facet could be
spanned by the periodic unit vector 𝑎1 and 𝑎2 of the
unrelaxed monolayer, where 𝑎1 = 𝑎 and 𝑎2 = 𝑐, as
shown in Fig. 1.

Top (101) view

Side (101) view

a1

a2

(a)

(b)

Fig. 1. The (2 × 2) anatase (101) monolayer structure
shown in top (101) and side (010) views. The white and
black balls represent the oxygen and titanium atoms, re-
spectively. The unit vectors 𝑎1 and 𝑎2 represent the pe-
riodicity of the anatase (101) monolayer structure in the
[010] and [101̄] directions.

Fig. 2. The wall structure of the optimized (0, 3), (6, 0)
and (6, 3) nanotubes at the top (left) and side (right)
views. The white balls represent the oxygen atoms, while
the black ones represent titanium atoms.

The one-dimensional (1-D) TiO2 nanotubes were
formed by rolling a 2-D lamellar structure, which

was proposed by Wang et al.[7] Compared with the
graphene, the topologic structure of the anatase mono-
layer shown in Fig. 1 displays obvious differences along
the 𝑎1 and 𝑎2 directions. Thus, we have investigated
the anatase nanotubes of three types: (0,𝑚), (𝑛, 0)
and chiral (𝑛,𝑚). According to the method of Wang
et al.,[7] a TiO2 nanotube model could be produced
by wrapping the anatase (101) facet along the 𝑎1,
𝑎2 or chiral vector 𝑡 direction where 𝑡=𝑛𝑎1 + 𝑚𝑎2,
which is normal to the axis of the nanotubes. The
chiral angle 𝛼 was defined as 𝛼 = arctan(𝑚𝑎2/𝑛𝑎1).
In addition, we introduce the spiral differential angle
∆𝜃 = 𝑛(𝑎1)2/(𝑛𝑎1)2 + (𝑚𝑎2)2 × 2𝜋 to describe the
rotation of the definite nanotube unit which contains
12 × 𝑚 atoms. The degree of angle ∆𝜃 absolutely
depends on 𝑚, 𝑛, 𝑎1 and 𝑎2. A specific spiral differen-
tial angle ∆𝜃 (Table 1) could be achieved by selecting
the specific value of 𝑚 and 𝑛 and adjusting the lat-
tice parameters 𝑎 and 𝑐. The chiral TiO2 nanotubes
with definite periodic length (𝐿 = 2𝜋𝑅×𝛼) are mod-
estly reconstructed by choosing a reasonable value of
parameter 𝑐.

All the TiO2 nanotube calculations in this study
are performed using the DFTB+ code package. A
tetragonal supercell 30 × 30 × 𝐿Å3 is employed with
a length of 𝐿 equaling the periodic length of the nan-
otubes along the 𝑍 direction. The distance between
two contiguous tubes is set to be more than 10Å to
avoid interaction between them. The Brillouin zone of
the model is sampled by 1 × 1 × 8 𝐾-points using the
Monkhorst-pack scheme for (0,𝑚) and (𝑛, 0) tubes, as
well as 1 × 1 × 4 𝐾-points for the (𝑛,𝑚) cases. Con-
vergence test calculations confirm that the size of the
supercell and 𝐾-points could not affect the result.
Table 1. The parameters and band gap of the anatase lattice
and (101) monolayer produced by DFTB+ and other calcula-
tion packages.

𝑎 (Å) 𝑐 (Å) 𝑑 (Å) Band gap (eV)
DFTB+ 3.922 9.368 1.987 3.21
LCAO[15] 3.784 9.508 1.972 4.0
DFT[12] 3.803 9.603 2.000 2.08

Experimental data[18] 3.784 9.515 1.980 3.2
(101)monolayer DFTB+ 3.406 10.192 3.44

Table 2. The structure parameters of the chiral nanotube
(𝑛,𝑚).

(𝑛,𝑚) Δ𝜃 (deg) 𝛼 (deg) 𝑘 𝑎 (Å) 𝑐 (Å) 𝐿 (Å) 𝑅 (Å)
(3,2) 30 57.9721 12 3.9215 9.4034 40.75 3.7448
(4,2) 30 52.9132 12 3.9215 10.3753 38.42 4.3241
(6,3) 20 52.9132 18 3.9215 10.3753 57.63 6.4861
(8,3) 22.5 42.8312 16 3.9215 9.6942 44.37 7.0612

The indirect and direct energy band gaps 𝐸g are
given in Table 3 for the (0,𝑚) and (𝑛, 0) tubes, respec-
tively. However, these band gaps are closed to the bulk
energy gap 3.2 eV and less than the monolayer band
gap 4.44 eV. The strain energy 𝐸s of the optimized
tubes was calculated as 𝐸s = (𝐸nt − 𝐸layer)/𝑁unit,
where 𝐸nt and 𝐸layer are the energies of the optimized
nanotube and monolayer, respectively; and 𝑁unit is
the number of the TiO2 molecule in a nanotube. The
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strain energy is well used to weight the stability of the
nanotubes’ structure due to different curvatures. It is
clearly seen that the strain energies 𝐸s of the (0,𝑚)
and (𝑛, 0) tubes both increase continuously with their
radii increasing, as listed in Table 3. Moreover, the
(0,𝑚) tubes are more stable than the (𝑛, 0) ones in
these cases. The structure of the tubes becomes more
symmetrical and their radii become slightly less after
optimization. The bond length between the bridging
O and Ti atoms reduces to 1.85Å, which is less than

the O–Ti bond length of the relaxed bulk by 0.14 Å,
reflecting the bigger charge overlap populations and
lower polarity of the tubes than the bulk ones. The
bridging oxygen atoms (the outermost oxygen atom of
nanotubes in Fig. 2) are not saturated with high oxi-
dation and hydrogen adsorption capacity. Compared
to the bulk, the cylindrical structure of the tubes has
a higher surface activity and catalytic because of their
quite large exposed surface area.

Table 3. The properties of relaxed anatase (𝑛, 0) and (𝑚, 0) nanotubes. 𝑁 is the total number of atoms.

Nanotubes structure
𝑁 𝐸s (meV)

𝐸g Radius 𝑅 (Å) Length 𝐿 (Å)
(0,𝑚) indirect unrelaxed relaxed unrelaxed relaxed

3 36 215.2 3.15 4.8489 4.8074 3.921 3.752
4 48 204.1 3.26 6.4651 6.4070 3.921 3.778
5 60 148.0 3.40 8.0814 8.0321 3.921 3.791

(𝑛, 0) Direct
6 72 312.2 3.13 3.7448 3.6357 10.07 10.001
7 84 261.5 3.29 4.3689 4.2024 10.07 10.202
8 96 241.4 3.32 4.9930 4.7021 10.07 10.303

Table 4. The geometrical parameters and strain energies of the (𝑛,𝑚) nanotubes.

Nanotube structure (𝑛,𝑚) 𝑁 (atom numbers) Radius 𝑅 (Å) 𝐸s (meV) 𝐸g (eV)
unrelaxed relaxed

(3,2) 288 3.7448 3.6627 410.9 2.95
(4,2) 288 4.1318 4.0276 372.3 3.06
(6,3) 648 6.4861 5.8063 299.6 3.18
(8,3) 576 7.0612 6.5934 267.5 3.28
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Fig. 3. The density of states curve of (0,𝑚) and (𝑛, 0)
nanotubes (NTs).

The total density of state (TDOS) curves of the
(0,𝑚) and (𝑛, 0) tubes near the Fermi level are shown
in Fig. 3. The distributions of the density of states of

the (0,𝑚) and (𝑛, 0) tubes almost remain unchanged
when 𝑛 and 𝑚 are given with different values, respec-
tively. On the contrary, the Fermi energy, the high-
est occupied molecular orbital (HOMO) and the lower
unoccupied molecular orbital (LUMO) of the (0,𝑚)
tubes increase with their radii increasing. However,
the TDOS curves of the (𝑛, 0) tubes hardly change,
and on their valence band the TDOS curves produce
four obvious characteristic peaks to present strong lo-
cality of the density of the electronic states. These
peaks are attributed to weak hybridization of the 2𝑝
orbital of the bridging oxygen atoms and the 2𝑝 orbital
of the three fold-coordinated oxygen atoms (located in
the middle of the tubes).
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Fig. 4. The DOS pictures of several typical (𝑚,𝑛) nan-
otubes.
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The (𝑛,𝑚) chiral tubes apparently have a larger
radii than the (0,𝑚) and (𝑛, 0) tubes, so their ten-
sion is smaller due to their smaller curvature. The ge-
ometries of some of the typical chiral TiO2 nanotubes
listed in Table 4 are optimized. It is seen that all the
selected tubes’ radii reduce during optimization, and
their changes are obviously different: 0.04–0.06 Å for
the (0,𝑚) cases, 0.1–0.29Å for the (𝑛, 0) cases, and
0.08–0.5 Å for the (𝑛,𝑚) cases. Such a change in their
radii is directly proportional to radii 𝑅 of the relative
tubes. Moreover, after optimization, the strain en-
ergy of the (𝑛,𝑚) tubes is more than the other tubes
partly owing to the reconstruction. However, like the
(0,𝑚) and (𝑛, 0) ones, the strain energy of the chi-
ral (𝑛,𝑚) tubes decrease with increasing radius 𝑅,
as shown in Fig. 6. In addition, the three types of
tubes can be served as stable morphology and struc-
ture because of the small strain energy mostly under
0.4 eV. The energy gaps 𝐸g are also collected in Ta-
bles 3 and 4 for the relaxed atomic structures of all the
nanotubes. Their band gaps increase slightly as their
radii increases, in agreement with the results of the
previous calculations,[19−22] and move to the energy
gap 3.44 eV of the unrolled optimized slab. The band
gap of the (𝑛,𝑚) tubes is markedly less than the (𝑛, 0)
and (0,𝑚) tubes when the same radii are considered.
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Fig. 5. The structure of the bands and the projected den-
sity of states (TDOS/PDOS) of the (6,0), (0,3) and (6,3)
nanotubes.

However, in contradiction with the findings of
Ref. [15], not all TiO2 nanotube band gaps are larger
than the bulk anatase band gaps (𝐸g = 3.21 eV). This
contradiction can be explained by the different ap-

proaches to the structure optimization, because the
authors of Ref. [15] used the PBE0 Hamiltonian in
the structure optimization and the electronic struc-
ture calculations.

All the TiO2 nanotubes listed here are semicon-
ductors with wide-band gaps from 2.95 eV to 3.4 eV.
In order to gain deeper insights into the fact that the
chirality and curvature of the tube can affect the elec-
tron structures of TiO2 nanotubes, we compute the
energy band structures, and the total and projected
density of states of the selected cases, as illustrated
in Fig. 5. The densities of the states near the Fermi
level for the (0, 3), (6, 0) and (6, 3) nanotubes are dif-
ferent, due to different chirality and reconstruction of
the nanotube walls. In the three cases, the lower con-
duction bands are predominantly contributed to by
the Ti 3𝑑 states, and the upper valence bands come
from the 2𝑝 states of the O atoms. The DOS in the
valence band region of Ti and O shows the maximum
density in the same energy region, indicating a large
covalent contribution to the Ti–O bond. In addition,
there is a trend as shown in Fig. 6 that the widening
of the energy gaps and the elimination of the strain of
all the nanotubes with the increase in the diameter of
the tubes can be traced to the decrease in the Ti–O
bond lengths perpendicular to the tubes’ axis.
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Fig. 6. The energy gaps and strain energies of the nan-
otubes.

Each of the three types of TiO2 nanotubes, ((0,𝑚),
(𝑛, 0) and (𝑛,𝑚)), with a similar wall structure has its
own band gap and electronic property, although the
changing trends of the band gaps and strain energies
with the increase in their radii are quite similar, as
illustrated in Fig. 6. The electronic band gaps of all
sorts of tubes are positively proportional to their di-
ameters. However, the band gaps of the small size
(𝑛,𝑚) tubes, such as the (3,2), (4,2) and (6,3) tubes,
are lower than the bulk material. Thus, the (𝑛,𝑚)
tubes have potential and can be prepared for ab-
sorbing the visible spectrum of solar energy. In ad-
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dition, titanium dioxide nanotubes, with walls con-
taining many unsaturated bridging oxygen atoms and
unsaturated titanium atoms, have a good capacity
for the absorption of carbon monoxide, hydrogen and
methanol, etc.
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