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Electronic and optical properties of TiO2

nanotubes and arrays: a first-principles study†

Qiangqiang Meng,a Zhaoyong Guan,a Jing Huang,ab Qunxiang Li*ac and
Jinlong Yangac

Recently, the synthesis, properties, modifications, and applications of TiO2 nanomaterials have attracted

much research attention. Here, based on extensive density functional theory calculations, we explored the

stability, electronic structures and optical absorption properties of single-walled TiO2 nanotubes (SWTONTs)

and TiO2 nanotube arrays (TONTAs), which are constructed from anatase TiO2(101) monolayers and bilayers,

respectively. We obtained the stable Dnd (n = 3–5) and S2n(�n, n) (n = 3–9) SWTONTs, and found that

SWTONTs energetically prefer S2n symmetry. Compared with S2n(�n, n) SWTONTs, the calculated Young’s

moduli of Dnd(�n, n) SWTONTs are more stiff due to their relatively large strain energies. The band gaps of

hexagonal TONTAs are not sensitive to their apertures, which are less than that of TiO2 bilayers. The narrow

band gaps of TONTAs originate from the edge states mainly contributed by the Ti and O atoms at the core

region. The calculated optical absorptions of both SWTONTs and TONTAs display anisotropic features. These

results clearly reveal that the electronic and optical properties of TiO2 nanostructures are strongly associated

with their symmetry, dimensions and morphology, which provide useful insights into the understanding of

the related experimental observations.

Introduction

The first highly ordered arrays of TiO2 nanotubes were reported
by Zwilling and co-workers through a simple optimized electro-
chemical anodization of a titanium metal sheet in 1999.1,2

Since then, intense research activities on synthesis, properties,
modifications, and applications of various TiO2 nanomaterials
have been conducted.3 Nowadays, various methods,4 including the
use of nanoporous alumina as the template,5 hydro/solvothermal
techniques,6 and the anodization of titanium in an electrolyte,7

have been adopted to synthesize TiO2 nanotubes and arrays. The
shape or morphology of TiO2 tubes can be effectively controlled in
experiments to produce the freestanding,8 nanopores with hexa-
gonal structures,9,10 and hexagonal compact packed TiO2 nanotube
arrays (TONTAs).11–13 These anatase TONTAs prefer the (004)
orientation along the tube axis.11 Due to the large internal surface

area and the highly order geometrical structures, TONTAs possess
outstanding charge transport and carrier lifetime properties
since they have electron percolation pathways for vectorial charge
transfer between interfaces.14 These excellent properties make
them suitable for various applications, i.e. sensors,15 dye sensitized
solar cells,16,17 hydrogen generation from water photo electrolysis,18

and photo reduction of CO2 under outdoor sunlight.19

In the past few years, atomic structures, geometric parameters
and morphologies have always been used to understand the photo-
catalytic activity of TiO2 nanotubes and arrays.3,20,21 Compared with
extensive experimental investigations, only a few theoretical studies
have been carried out to examine the structures and properties of
TiO2 nanotubes at the atomic scale.22–35 Several different crystal
surfaces, such as the anatase (101)22–25 and (001)26 surfaces, and
rutile (110)27,28 and (001)29 surfaces, of TiO2 thin sheets have been
rolled into TiO2 nanotubes. Moreover, TiO2 nanotubes have also
been constructed by using dititanate,36 trititanate37 and lepido-
crocite38 sheets, Hex-ABC structures,39 and fluorite type TiO2(111)
thin films.40 These research activities focused on the atomic
structures, orientations, band gap modifications and photo-
catalytic efficiency. The recent progress can be seen from the
review paper by Hossain et al. on structural, electronic and
optical properties of TiO2 nanotubes.41

Previously, much attention has been paid to single-walled
TiO2 nanotubes (SWTONTs).42–44 However, the relationship between
the atomic structures and electronic properties of SWTONTs has
been rarely studied so far.28,45 To our knowledge, no comprehensive
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ab initio calculations have been carried out to investigate TONTAs
with different apertures till now. In this work, we performed
extensive density functional theory (DFT) calculations to examine
SWTONTs and TONTAs, which are constructed from anatase
TiO2(101) monolayers and bilayers, respectively. Our attention
focused on their stability, geometric symmetry, electronic proper-
ties and optical absorption. Theoretical results clearly reveal that
the stability and electronic structures of SWTONTs are strongly
related to the initial geometric symmetry. We obtained three
stable SWTONTs with Dnd (n = 3–5) symmetry with stiff elastic
properties, and all SWTONTs (n = 3–9) prefer the structure with
S2n symmetry. The band gaps of the TONTAs are relatively small
than that of TiO2 bilayers, which results in the red optical
absorption onset. These theoretical predictions indicate that the
electronic and optical properties of TiO2 nanostructures can be
effectively controlled by changing their symmetry, dimensions,
and structures, which provide useful insights into the under-
standing of the related experimental observations.

Computational details

We performed DFT calculations by using the Vienna ab-initio
simulation package (VASP).46,47 The interaction between the core
and valence electrons was described using the frozen-core projector
augmented wave approach.47 The exchange–correlation inter-
action was described by using Perdew–Burke–Ernzerhof generalized
gradient approximation (PBE-GGA).48 A plane-wave cutoff energy of
520 eV was consistently used. The lattice constants and all atomic
positions were fully relaxed by the conjugate gradient procedure
until the atomic forces were smaller than 0.02 eV Å�1, and the
tolerance for energy convergence was set to 10�5 eV.

A Monkhost–Pack mesh of 4 � 10 � 1 k-points was used
to sample the Brillouin zone of TiO2 sheets, while a 1 � 1 � 6
k-points mesh was used for SWTONTs and TONTAs. We per-
formed test calculations using the Heyd–Scuseria–Ernzerhof
(HSE06) hybrid functional49,50 and DFT + U.51,52 Compared
with the results of the PBE-GGA method, the features of the
band structure are not obviously changed, but the band gap of
TiO2 bulk was predicted to be 3.26 eV using the HSE06 hybrid
functional, which agrees well with the experimental value.53

However, the computational cost using the HSE06 hybrid
functional was expensive. The HSE06 calculations for the large
TiO2 nanotubes and arrays were not bearable for our current
resources. The test DFT + U calculated results show that this
method cannot precisely produce the band structures of TiO2

sheets (see Fig. S1 in the ESI†). Therefore, instead of HSE06 and
DFT + U, the PBE-GGA method was adopted in our calculations.
The optimized lattice constants (a = 3.82, c = 9.69 Å) of TiO2

bulk agree well with the experimental results (a = 3.78, c =
9.51 Å).54 The PBE-GGA functional underestimates the band
gaps of metal oxides, i.e. the band gap of TiO2 bulk is about
1.92 eV, needing a shear factor (about 1.37 eV, see Table S1
in the ESI†) compared with the HSE06 results. Moreover, the
PBE-GGA is an often adopted method to describe the geometric
and electronic structures of transition metal oxides.55–57

Results and discussion
A. Single-walled TiO2 nanotubes

Firstly, we cut a monolayer from the (101) surface of anatase TiO2

bulk, as shown in Fig. 1(a). When this rectangular monolayer was
rolled up along the a direction, a (�n, n) SWTONT was obtained.
To obtain a (n, n) SWTONT, the direction of rolling up should
be along the b axis. In this work, we focused on SWTONTs with
(�n, n) chirality since they are more stable than those with (n, n)
chirality.23 In our calculations, the lattice constant (c) along the
tube axis (Z direction) and all atomic positions were fully
optimized. The optimized structural parameters are summarized
in Table 1. Here, we omitted the translation symmetry and used
point groups to label the symmetry of these rolled up SWTONTs
for clarity. Here, we obtained the stable Dnd (n = 3–5) and S2n

(n = 3–9) SWTONTs. Note that if n Z 6, the Dnd(�n, n) SWTONTs
are unstable and will change into S2n symmetry automatically.
As examples, the optimized D4d and S8(�4, 4) SWTONTs are
shown in Fig. 1(b) and (c), respectively, which have polygon-
and circle-like structures (see Fig. S2 in ESI†). Due to the
curvature effect, the Ti–O bond lengths in the outer and inner
layers are somewhat different from the Ti–O distances (1.81
and 1.91 Å) in the TiO2 monolayer. For example, the Ti–O bond
lengths are about 1.86 and 1.84 Å in the outer and inner layers
in the D4d(�4, 4) SWTONTs, and the corresponding values vary

Fig. 1 (a) The side and top views of the TiO2 monolayer. (b) The side and
top views of the D4d(�4, 4) SWTONT, (c) the S8(�4, 4) SWTONT. Here, the
grey and red balls stand for Ti and O atoms, respectively.

Table 1 The diameter (D in Å), wall thickness (T in Å), the lattice constant
along the tube axis (c in Å), the energy gap (Eg in eV) and the strain energy
(ES in eV) of Dnd and S2n SWTONTs

Parameter D Ta c Eg ES

D(�3, 3) 12.29 2.51 3.72 2.36 0.60
D(�4, 4) 15.76 2.51 3.74 2.45 0.48
D(�5, 5) 19.14 2.51 3.75 2.51 0.44
S(�3, 3) 12.30 2.45 3.71 2.55 0.60
S(�4, 4) 15.76 2.47 3.65 2.93 0.40
S(�5, 5) 19.12 2.45 3.62 2.86 0.28
S(�6, 6) 22.41 2.46 3.60 2.84 0.24
S(�7, 7) 25.75 2.45 3.60 2.82 0.16
S(�8, 8) 29.14 2.46 3.60 2.82 0.12
S(�9, 9) 32.40 2.45 3.60 2.78 0.12
Monolayer N 2.45 3.57 2.76 0.00

a Wall thickness is defined by the radius difference between the inner
and outer layers.
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from 1.82 to 1.92, and from 1.82 to 1.87 Å for the S8(�4, 4)
SWTONTs, respectively.

The calculated band structures of the TiO2 monolayer, D4d

and S8(�4, 4) SWTONTs are plotted in Fig. 2(a)–(c), respectively.
It is clear that the conduction band minimum (CBM) occurs at
2.76 eV, 2.45 eV, and 2.93 eV (all at G point), while the valence
band maximum (VBM), set as the Fermi level, lies at the (0, 0,
0.225), (0, 0, 0.325) and (0, 0, 0.275) k-points for the TiO2

monolayer, D4d and S8(�4, 4) SWTONTs, respectively. This
indicates that the TiO2 monolayer and SWTONTs are all semi-
conductors with indirect band gaps. Note that the band gap of
D4d(�4, 4) SWTONTs is 2.45 eV, which is smaller than that of
the TiO2 monolayer (2.76 eV) and S8(�4, 4) SWTONTs (2.93 eV).
From the total density of states (DOS) and the projected DOS on
Ti and O atoms in the TiO2 monolayer, D4d and S8(�4, 4)
SWTONTs, as shown in Fig. 3, we were able to identify some
characteristics of the band structures. The TDOS of these three
systems have two well-separated broad peaks located at left and
right sides of the Fermi level. The broad valence bands are
mainly contributed by the O 2p orbitals, and the Ti 3d orbitals
also made a considerable contribution, while the conduction
bands are attributed to the Ti 3d orbitals. The narrowing and
broadening of band gaps of D4d and S8 SWTONTs result from
the downward and upward shifts in the conduction bands relative
to the Fermi level, respectively. Actually, the PDOS feature of
O atoms in the inner, middle and outer layers is distinguishable
due to the different local surroundings, i.e. Ti–O bond lengths are
slightly different in three layers.

The stability of SWTONTs is related to the ability of the
structure to sustain the strain arising from different surface
tensions existing at two sides of the rolled sheet. To evaluate the
relative stability of these proposed SWTONTs, we calculated their
strain energies (ES), which is defined as ES = (ESWTONT � EML)/N,
where ESWTONT and EML is the total energy of the SWTONTs
and the TiO2 monolayer with the same number of primary unit
cells (N), respectively (each primary unit cell includes 4 Ti and
8 O atoms). Fig. 4(a) shows the calculated ES of Dnd and S2n

SWTONTs with black squares and red triangles, respectively,

and the strain energy of the TiO2 monolayer is set to zero and
plotted as a black dotted line. Obviously, these results for S2n

SWTONTs agree well with the previous reports.23,25 Given the
almost same diameter, the ES of S2n SWTONTs is slightly
smaller than that of SWTONTs with Dnd symmetry. And the
strain energy difference between SWTONTs with two different
symmetries increases with an increase of their diameters. For
example, the ES values of the Dnd(�4, 4) and (�5, 5) SWTONTs
are predicted to be 0.48 and 0.44 eV, which are larger than
those of SWTONTs with S2n symmetry (0.40 and 0.28 eV). These
results imply that the SWTONTs energetically prefer the S2n

structures. These positive strain energies indicate that these
SWTONTs are less stable than the corresponding TiO2 mono-
layers, although for these SWTONTs with large diameters,
ES gradually decreases, and at last it approaches zero (ES of the
TiO2 monolayer). It should be pointed out that these observa-
tions are different from those of a previous theoretical study on
TiO2 nanotubes rolled up from an anatase (001) sheet with a
thickness of three monolayers.26 Ferrari et al. have predicted
that strain energies will be negative for TiO2 nanotubes
with diameters ranging from 3.3 to 6.6 nm, which provides a
possible explanation for the rolling-up of the TiO2 nanotubes in
experiments.26

To qualitatively explain the above strain energy results, we
analyzed the optimized lattice constants (c) along the tube axis
(Z direction) and the Ti–O distances in SWTONTs. Fig. 4(b)
shows the optimized c of Dnd and S2n SWTONTs. Clearly, the
change tendency of the c values is different for the SWTONTs
with two symmetries. With an increase of the diameter (D), the

Fig. 2 Calculated band structures of (a) the TiO2 monolayer, (b) (�4, 4)
SWTONTs with D4d and (c) S8 symmetries. Here, the Fermi energy level is
set to zero for clarity.

Fig. 3 Calculated total DOS and partial DOS projected on different
atomic layers in (a) the TiO2 monolayer, (b) D4d(�4, 4), and (c) S8(�4, 4)
TiO2 nanotubes. The Fermi energy level is set to zero.
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c of Dnd SWTONTs increases, while it gradually decreases for
S2n SWTONTs. For n = 3–5, the c values and the wall thicknesses
(T) of Dnd SWTONTs are larger than those of SWTONTs with S2n

symmetry, while their diameters are very similar. For example,
the values of c, T and D of D4d(�4, 4) SWTONTs are 3.74, 2.51
and 15.76 Å, respectively, with the corresponding values of 3.65,
2.47 and 15.76 Å for S8(�4, 4) SWTONTs. Compared with the
TiO2 monolayer, the Ti–O distances are somewhat elongated in
SWTONTs with two different symmetries, which originate from
the elongated c in SWTONTs. The wall thickness difference
combined with the optimized c values shown in Fig. 4(b) can be
used to qualitatively understand the calculated ES results.
Compared with the Dnd structure, these S2n SWTONTs have
relatively small wall thicknesses, which result in the relatively
small strain energies, as shown in Fig. 4(a).

Fig. 4(c) shows the predicted band gaps (Eg) of SWTONTs. It
is clear that the band gaps of all SWTONTs are significantly
larger than that of TiO2 bulk. The band gaps of S2n SWTONTs
(n Z 4) and Dnd SWTONTs (n = 3–5) are larger and less than that
of the TiO2 monolayer (2.76 eV), and they decrease and increase
when their diameters increase, respectively. For example, the
band gaps of the (�4, 4) and (�5, 5) SWTONTs with Dnd (S2n)
symmetry are 2.45 (2.93) and 2.51 (2.86) eV. The calculated
ES and c values of the D3d SWTONTs are predicted to be
0.60 eV and 3.72 Å, which are close to the corresponding values

(0.60 eV and 3.71 Å) of the S6 SWTONT (n = 3, the smallest
diameter), while they have considerable different band gaps of
2.36 and 2.55 eV, respectively. Note that the S8(�4, 4) SWTONTs
have the largest band gap of 2.93 eV. Clearly, when n changes
from 3 to 4, the band gap of SWTONT abruptly increases,
similar to the previous reports,22,23,25 which may be ascribed
to the symmetry and the slightly shortened lattice constant (c).

It is well known that the elastic properties are strongly related
to the geometric and electronic properties.58 Finally, we examined
the elastic properties of the SWTONTs with two different sym-
metries. For these SWTONTs, the Young’s modulus (Y) can be
calculated by Y = (q2E/qe2)/V0, where E is the strain energy per
unit cell, and e is the axial strain, defined as c/c0 where c0 is the
lattice constant of the unit cell at mechanical equilibrium, V0 is
the equilibrium volume V0 = 2pR � c0 � T, where R is the radius
and T is the tube wall thickness, which is defined by the radius
difference between the inner and outer layers. The calculated
Young’s moduli of D3d(�3, 3) and D4d(�4, 4) SWTONTs are
145.9 and 168.2 GPa, which are larger than that of S6(�3, 3) and
S8(�4, 4) nanotubes (100.7 and 92.5 GPa). These values are
significantly less than that of TiO2 nanotubes rolled up along
the rutile (001) surface.29 Clearly, compared with the S2n(�n, n)
nanotubes, the Dnd(�n, n) SWTONTs are more stiff due to their
relatively large strain energies, as shown in Fig. 4(a). These
results indicate that the electronic and mechanical properties
of anatase SWTONTs can be effectively tuned by the symmetry,
dimensions and atomic arrangement.

B. TiO2 nanotube arrays

Compared with extensive experimental studies on the prepara-
tions and applications of TONTAs, the corresponding theore-
tical attention is very limited so far. Our previous investigation
focused on the rutile TiO2(110) and anatase (001) nanotube
arrays.28,45 Here, we turn to examine the anatase TONTAs with
different apertures, constructed from TiO2(101) bilayers, as
shown in Fig. 5(a). In some experiments, the TONTAs have
hexagonal compact packing.11–13 Here, we focused on the
TONTAs having hexagonal compact packing with two different
sizes, labeled as A6 and A12 in Fig. 5(b) and (c), respectively.
The core and bridge regions, which are shared with three
and two neighboring nanotubes, in the proposed hexagonal
TONTAs are illustrated with red ring and blue box in Fig. 5(b)
and (c), respectively, for clarity. The insets in the right panel of
Fig. 5(b) and (c) are the amplified pictures of the core and
bridge regions. The centre hole of the core region can be seen
as a nanotube rolled up along the (001) surface, which is in
accord with the fact that the TONTAs prefer the (004) orienta-
tion along the anatase TiO2 tube axis.11 The optimized results
show that the Ti–O distances at the core and bridge regions vary
from 1.78 to 2.11 Å, and from 1.85 to 2.12 Å, respectively. These
Ti–O bond lengths change slightly compared to that of the TiO2

bilayer (varying from 1.82 to 2.13 Å).
Similar to SWTONTs, we compared two TONTAs with differ-

ent apertures. We firstly calculated the strain energies (ES) of
the TONTAs. Here, the ES is also defined as ES = (ETONTA� EBL)/N,
where ETONTA and EBL are the total energies of TONTAs and the

Fig. 4 (a) Strain energies (ES) of Dnd and S2n SWTONTs with different sizes
(n). (b) Lattice constant (c) of SWTONTs, (c) band gaps (Eg) of SWTONTs.
Here, the corresponding values of the TiO2 monolayer are plotted as black
dotted lines.
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TiO2 bilayer with the same number of primary unit cells (N),
respectively. The calculated ES values of A6 and A12 TONTAs are
0.40 and 0.20 eV, respectively. These results imply that the
TONTAs will be more stable with increasing apertures. At the
same time, the lattice constant (c) is almost fixed (3.77 Å) which
is close to the value 3.76 Å of the bilayer. The Eg of all TONTAs is
about 2.36 eV, which is not sensitive to their apertures. This
value is larger than that of TiO2 bulk (1.92 eV), but it is less than
that of the TiO2 bilayer (2.66 eV).

To understand the narrowing of band gaps in TONTAs, we
calculated band structures and the total DOS of the A12 TONTA
as examples. The ground states of TONTAs are all spin-
restricted. Clearly, the calculated band structures of the A12
TONTA, as shown in Fig. 6(a), show that it is a semiconductor
with an indirect band gap of about 2.36 eV, which is less than
that of the TiO2 bilayer (2.66 eV). The total DOS of the A12
TONTA and the TiO2 bilayer are plotted in Fig. 6(b). There are
edge states appearing within the band gap of the TiO2 bilayer,
which narrow the band gap of the A12 TONTA. To describe
these edge states, the spatial distributions of the VBM at the
(0, 0, 0.325) k-point and the CBM at the G point are plotted in
the right panel of Fig. 6(a). Obviously, both CBM and VBM are
all localized around the core region.

To demonstrate the energy gap modification in more detail,
we calculated the partial DOS of Ti and O atoms in the core and
bridge regions of the A12 TONTA, as shown in Fig. 7. It is clear
that these observed edge states at both CBM and VBM mainly
arise from the Ti and O atoms in the core. The shape of the
partial DOS of the bridge region is similar to that of the TiO2

bilayer. After further analysis, we found that the CBM is mainly
contributed by the Ti 3dxz and 3dyz atomic orbitals, while the
O 2p orbitals made the dominant contribution to the VBM.

Fig. 5 (a) The side and top views of a TiO2 bilayer, (b) the top view along
the tube axis of the A6 TONTA, (c) the A12 TONTA. Here, the red ring and
the blue box stand for the core and bridge regions in TONTAs, respectively.

Fig. 6 (a) The band structures of the A12 TONTA, and the spatial distribu-
tions of the CBM and the VBM, (b) the total DOS of the A12 TONTA, here,
the red shadow is the total DOS of the TiO2 bilayer.

Fig. 7 Partial DOS of O and Ti atoms in the core and bridge regions of
the A12 TONTA.
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C. Optical properties of SWTONTs and TONTAs

In experiments, a key performance indicator of TiO2 nano-
structures is the optical absorption, which always significantly
depends on their morphology, dimensions and size.20,21 Especially,
the anatase TiO2 tubes could display a strongly enhanced photo-
current compared with a compact TiO2 film.59 Now we turn to
calculate the optical absorptions of these examined SWTONTs
and TONTAs by using the following equation,60

aabs ¼
ffiffiffi
2
p

o
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e12ðoÞ þ e22ðoÞ

q
� e1ðeÞ

� �1
2

where e1(o) and e2(o) are the real and imaginary parts of the
frequency dependent complex dielectric function e(o), respectively.
Taking into account the tensor nature of the dielectric function,
e1(o) and e2(o) are averaged over three polarization vectors
(along x, y, and z directions). The frequency and dimension
dependent optical coefficients of SWTONTs and TONTAs are
obtained by calculating the optical transition matrix elements
between the valence and conduction subbands. In our calcula-
tions, the real and imaginary parts of the dielectric function e1

and e2 along vertical and parallel directions relative to the tube
axis were evaluated.

For example, Fig. 8(a) and (b) show the optical properties of
the S8(�4, 4) SWTONT and A12 TONTA, and the results for the
TiO2 monolayer and a bilayer are also shown for comparison,
respectively. Following two features were observed. The first
one is that compared with the TiO2 monolayer and bilayer, the
blue and red absorption onsets are observed for the S8(�4, 4)

SWTONT and A12 TONTA, respectively. This observation is con-
sistent with their corresponding relative values of Eg. Namely, the
Eg values of the S8(�4, 4) SWTONT and A12 TONTA are 2.93 and
2.36 eV, which are larger and less than that of the TiO2 monolayer
(2.76 eV) and bilayer (2.66 eV), respectively. These results indicate
that the optical absorption properties of TONTAs are better than
that of SWTONTs due to the narrowed band gap. The second
feature is that we observe a noticeable difference in absorption
spectra that occurs depending on the polarization direction
(whether in radial or axial) of the electric field of the incoming
light. Similar to the previous investigation on anatase TiO2

nanotubes rolled up from a (101) layer along the [�101] direc-
tion,24 a significant optical anisotropy appears for all examined
SWTONTs and TONTAs. As for the TiO2 monolayer, the optical
absorption coefficients along the vertical direction with the
photon energy (range, 2.5–3.5 eV) are significantly larger than
that in the parallel direction. Similar features are observed for
the TiO2 bilayer. In contrast, as for the S8(�4, 4) SWTONT and
A12 TONTA, the optical absorption coefficients along the
parallel direction have larger values compared with the corres-
ponding results along the vertical direction.

Clearly, the optical properties of TiO2 nanostructures are
strongly related to their atomic arrangement and the direction
of injecting light. The absorption coefficients can be enhanced
by packing TiO2 sheets into compact hexagonal arrays. On the
other hand, it should be pointed out that the carrier transport
along one-dimensional nanostructures could be more efficient
than within a three-dimensional random network of nanoparticles,
where the electrons have to cross many particle boundaries. The
examined SWTONTs and TONTAs should improve the collection of
the photogenerated carriers since they have electron percolation
pathways for vectorial charge transfer between interfaces.3,41,59

In closing, we hope that these presented theoretical findings
will stimulate further experimental studies on the SWTONTs
and TONTAs.

Conclusions

In summary, we performed comprehensive DFT calculations to
explore the stability, electronic structures and optical absorp-
tion properties of the SWTONTs and TONTAs constructed from
anatase TiO2(101) sheets. As for SWTONTs, we find that the
lattice constants (c), strain energies (ES) and band gaps (Eg) of
Dnd and S2n SWTONTs can be effectively tuned by changing their
diameters. We obtained the stable Dnd (n = 3–5) SWTONTs. All
SWTONTs energetically prefer the S2n structure. Upon increasing
their radius, the corresponding calculated c, ES and Eg values
showed different change tendencies for two different symme-
tries. The calculated Young’s moduli of Dnd(�n, n) nanotubes are
much stiffer than that of S2n(�n, n) nanotubes along the tube
axis (Z direction) due to the relatively large strain energies.
The band gaps of TONTAs are all close to 2.36 eV, which are
less than that of TiO2 bilayers. The narrow band gaps of TONTAs
originate from the edge states mainly contributed by the Ti and
O atoms at the core region. The tunable optical absorptions of

Fig. 8 Optical absorption coefficients are plotted in black and red
full lines for two different directions within the photon energy range of
0–5 eV. (a) The (�4, 4) SWTONT with S8 symmetry. (b) The A12 TONTA.
Here, > and J stand for the vertical and parallel directions relative to the
tube axis (Z direction), respectively, and the corresponding optical absorp-
tion coefficients of the relative monolayers and bilayers are also plotted as
dotted lines for comparison.
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these examined SWTONTs and TONTAs display anisotropic
behaviour. These theoretical findings verify that the electronic
and optical properties of TiO2 nanostructures are determined by
their symmetry, dimensions and morphology, which provide useful
information to understand the related experimental observations.
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