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A novel titanium dioxide (TiO2 ) film comprising both nanotubes and nanopaticles was fabricated by an anodization process of the modified titanium. The local electric field at the
anodized surface was simulated and its influence on the morphology of the TiO2 film was
discussed. The results show that the electric field strength is enhanced by the covering. The
growth rate of TiO2 increases with the assist of the local electric field. However, TiO2 dissolution is hindered since the local electric field prevents [TiF6 ]6− from diffusing. It means
that the balance condition for the formation of nanotubes is broken, and TiO2 nanoparticles
are formed. Moreover, the crystal structure of the TiO2 film was confirmed using X-ray
diffraction and Raman analysis. The anatase is a main phase for the proposed film.
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ical simulation. The results prove that the morphology
of the TiO2 film is determined by the local electric field.

I. INTRODUCTION

Nanoporous TiO2 nanotube arrays have attracted
much attention due to the high surface area and a direct
path for electrons. The TiO2 nanotube arrays have been
used in many practical applications, such as dye sensitized solar cells [1, 2], photocatalyst [3], electrochromic
windows [4], sensors [5], and Li ion batteries [6]. So far,
many TiO2 nanotube array formation techniques have
been proposed, including template replica process [7, 8],
hydrothermal method [9], sol-gel method [10], and electrochemic anodization [11]. The electrochemic anodization process is very efficient due to the low cost, large
area fabrication, and good mechanical adhesion [12]. In
recent years, a lot of research about TiO2 nanotubes
has been undertaken. It has been confirmed that the
morphology of TiO2 nanotubes affects its physicochemical properties greatly [13]. Therefore, it is important to
improve physicochemical properties of TiO2 nanotubes
by controlling their morphology.

II. EXPERIMENTS

Monodisperse polystyrene nanospheres with 220 nm
diameter were purchased as suspension from Bangs Laboratories Inc. The suspension was diluted with deionized water to a concentration of 0.25%. Ti foils (99.8%)
with a size of 1.5 cm×6 cm were cleaned by sonicating in
ethanol and deionized water, respectively. Ti foils were
modified with polystyrene particles by the two different processes. One is an evaporation process. A piece
of Ti foil was soaked in the suspension vertically and
then kept in an oven at 50 ◦ C for about 25 h until the
water was fully evaporated. The concentration of the
polystyrene nanosphere on the Ti surface is relatively
large by this process. The other is a dip coating process.
A piece of Ti foil was soaked in the suspension vertically, and then pulled out with a rate of 20 µm/s. The
nanosphere concentration on the Ti surface is lower.
Anodization of Ti foils is performed in a two-electrode
electrochemic bath with a piece of Ti foil as anode and
plumbum (Pb) as cathode. The applied voltage varies
from 40 V to 80 V. The electrolyte is an ethylene glycol
solution containing 1% NH4 F and 20% deionized water. All the samples have been anodized for 40 min.
The TiO2 films were annealed at 470 ◦ C for 2 h. The
polystyrene nanospheres were removed at this temperature.
The morphology of the TiO2 film was observed by the
field emission scanning electron microscope (FE-SEM).
The crystalline phase and structure were analyzed using

In this work, a novel TiO2 film comprising nanotubes
and nanoparticles was fabricated by the anodization
process. The nanoparticles in the film can increase
the surface area. Besides, since the thicknesses of the
nanoparticles and the nanotubes are different, the interface between TiO2 film and Ti substrate increases,
which benefits the charge transport. The formation
mechanism of the TiO2 film is investigated with numer-

∗ Author

to whom correspondence should be addressed. E-mail:
yangdi@semi.ac.cn

DOI:10.1088/1674-0068/25/01/91-95

91

c
°2012
Chinese Physical Society

92

Chin. J. Chem. Phys., Vol. 25, No. 1

Di Yang et al.

µm

(a)

0.5

(c)

0.25

µm

(b)

(d)

0.25

0.25

µm

µm

FIG. 1 FE-SEM images of TiO2 films of sample 1(a), sample 2 (b), sample 3 (c), and sample 4 (d).

X-ray diffractometer and Raman spectrometer.
III. RESULTS AND DISCUSSION

TiO2 nanotubes were formed by Ti anodization at an
applied bias of 40 V, shown in Fig.1(a). In order to obtain TiO2 nanoparticles, we modified the Ti surface by
polystyrene nanospheres through a dip coating process
and anodized it under the same condition. Nanoparticles among nanotubes can be found by the FE-SEM,
shown in Fig.1(b). Furthermore, when the modified
Ti was anodized at the applied bias of 80 V which is
not the optimal bias for the formation of TiO2 nanotubes, more nanoparticles formed, shown in Fig.1(c).
To further prove that the covering determines the formation of nanoparticles, we increase the concentration
of polystyrene nanospheres on the Ti surface and anodize the Ti at 80 V, and the FE-SEM image is shown
in Fig.1(d). It can be seen that nanoparticles with size
less than 20 nm cover most of the region and nanotubes
are among them. Under the above anodization with applied bias of 40, 40, 80, and 80 V, four samples 1, 2, 3,
and 4 were formed.
The crystal structure of the four samples was identified with X-ray diffraction and shown in Fig.2. For
the four samples, the peaks that agree with anatase
phases (101), (004), (112), (200), (105), (211), and rutile phases (110) and (002) can be seen. The peaks
related to Ti are also observed.
The Raman spectrum was performed and the spectra
are shown in Fig.3. The peaks at 144, 197, 399, 519 and
639 cm−1 can be observed. Those peaks correspond to
DOI:10.1088/1674-0068/25/01/91-95

FIG. 2 X-ray diffraction patterns of the TiO2 films. (a)
Sample 1, (b) sample 2, (c) sample 3, and (d) sample 4.

the Raman active mode Eg (144, 197, and 639 cm−1 ),
B1g (399 cm−1 ), A1g /B2g (519 cm−1 ) of the anatase
phase, respectively.
The local electric field distribution is an important
factor determining the morphology of TiO2 film [12].
In order to investigate the functions of the local electric field, the electric field strength of the anodization
system was simulated by COMSOL software.
The electric potential is governed by the following
continuity equation:
∇J = −∇ (σ∇V − J e ) = Q

(1)

The interface condition at the interface between Ti and
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FIG. 3 Raman spectra of the TiO2 films. (a) Sample 1, (b)
sample 2, (c) sample 3, and (d) sample 4.
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electrolyte or TiO2 and electrolyte is:
0 V

n2 (J1 − J2 ) = 0

(2)

e

where V , σ, Q, J(1 or 2) , J , and n2 represent electric potential, electric conductivity, quantity of electric
charge, current density with subscript 1 or 2 meaning
in Domain 1 or Domain 2, externally generated current density, and the outward normal from Domain 2,
respectively.
At the beginning, Ti and Pb was performed at 40
and 0 V, respectively. The simulated electric potential
is shown in Fig.4(a). The relatively high electric potential around the Ti forces O2− and OH− to move to
the Ti surface, and a compact TiO2 film grows. The
initial oxide layer is seen uniformly across the surface
[12]. Once the initial TiO2 film has been formed, the
electric field concentrates in the TiO2 film, shown in
Fig.4(b). The electric field polarizes the Ti−O bands
and enhances TiO2 dissolution in the presence of NH4 F
[14]. The related mechanistic process for the formation
of self-ordered TiO2 has been previously reported [12]:
2H2 O → O2 + 4H+ + 4e−
Ti + O2 → TiO2
TiO2 + 6F− → [TiF6 ]2− + 2H2 O + 2H+

(3)
(4)
(5)

The above three reactions proceed alternatively in
the overall reaction. An ionic current is generated by
the reactions in the TiO2 film. The non-uniformity of
stress in the TiO2 film increases due to the local Joule
heat caused by the current. Uniform film is broken
down eventually by the stress, and penetration paths
from the outer film surface are generated. These penetration paths are the precursors of the regular pores
[14]. The electric field strength around the paths was
simulated, shown in Fig.5. Electric field strength is relatively high at the top and beneath of the paths and
DOI:10.1088/1674-0068/25/01/91-95
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FIG. 4 The simulated electric potential between the Pb and
Ti electrode (a) with the exposed surface and (b) covered
by a TiO2 thin film.
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FIG. 5 The simulated electric field strength distribution
around the TiO2 thin film with cracks.

helps the penetration paths to develop into the readily recognized pores. With the development of pores,
the electric field and ionic current become concentrated
in the pores. This implies that the rate of TiO2 film
growth or dissolution is larger in the pores than that
out of the pores. Therefore, the pores enlarge and eventually develop into nanotubes.
The FE-SEM image of the nanotube bases is shown
in Fig.6(a). The surface shape of the pore bottom is determined by the local electric field. For the metastable
shape, the local electric field distribution is not uniform, which makes TiO2 grow and dissolution unbalanced, and therefore the metastable shape continuously
changes until it arrives at a steady-state. For example,
the rectangular bottom is the metastable one and electric field strength distribution is non-uniform, shown
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FIG. 6 FE-SEM image of (a) nanotube bases, (b) the simulated electric field strength around a rectangle pore, and (c) a
scalloping pore.
Max

Min
(a)

(b)

FIG. 7 The electric field strength distribution around the surface of Ti modified with polystyrene particles. (a) Without
TiO2 film, (b) with TiO2 film.

in Fig.6(b). While the scalloping bottlom is the stable
one and the electric field around it is uniform, shown in
Fig.6(c).
When the surface of Ti was modified with polystyrene
nanospheres, these nanospheres will change the local field distribution during anodization process. At
the beginning, the local electric field strength around
nanospheres is shown in Fig.7(a). The electric field
strength between the polystyrene particles is relatively
large. Anions are easy to be driven to the gap of Ti
interface and polystyrene particles by the electric field
but hard to leave. As a consequence, there remain a
large concentration of anions. The reaction between Ti
and O2− or OH− is accelerated by electric field and
the TiO2 film is formed. With the development of
the TiO2 film, most of the electric field concentrates
in the TiO2 film, shown in Fig.7(b). The electric field
helps O2− ingress and enhances TiO2 growth. On the
other hand, TiO2 dissolution is hindered since the electric field in the gaps of polystyrene particles prevents
[TiF6 ]6− from diffusing. It means that TiO2 growth is
faster than its dissolution beneath polystyrene particles.
When the balance condition for the formation of nanotubes is broken, TiO2 nanoparticles are formed instead
of nanotubes. TiO2 nanotubes are formed at the region
without the covering. Therefore, a TiO2 film comprising both nanotubes and nanoparticles is obtained. Since
the thicknesses of the nanoparticles and nanotubes are
different, the Ti-TiO2 interface of the proposed TiO2
film is larger than that of the traditional one, which is
beneficial to the charge transport.
In addition, the above experiment was also done in an
ethylene glycol solution containing 0.5% NH4 F and 10%
DOI:10.1088/1674-0068/25/01/91-95

deionized water which was applied to fabricate TiO2
nanotubes in some reports [15, 16]. Unfortunately, a
little of nanoparticles was obtained. The reason for the
phenomenon may be that the range of balance condition
for the growth of TiO2 nanotubes is relatively large and
difficult to be broken by changing the local electric field,
therefore the nanopaticle was difficult to be formed.
IV. CONCLUSION

A novel TiO2 film containing nanotubes as well as
nanoparticles is fabricated. The surface of Ti was covered with polystyrene nanospheres. The electric field
distribution was altered by the nanospheres during anodization process, and TiO2 nanoparticles and nanotubes were formed together. The formation mechanism of the proposed TiO2 film was investiagated. The
results show that the local electric field plays an important role to determine the morphology of the anodized
TiO2 film. Moreover, the crystal structure of the TiO2
film was confirmed using X-ray diffraction and Raman
analysis. The anatase is a main phase for the proposed
film.
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