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Nanotubular material surfaces produced by the electrochemical formation of self-organized porous structures on materials such as aluminum[1, 2] and silicon[3, 4] have attracted
significant interest in recent years. While scientific thrust is
often directed towards the elucidation of the principles of the
self-organization phenomena, technological efforts target
applications based on the direct use of the high surface
area, for example, for sensing[5, 6] or controlled catalysis,[7]
exploit the optical properties in photonic crystals,[8] waveguides,[9] or in 3D arranged Bragg-stack type of reflectors.[10]
The highly organized structures may be used indirectly as
templates[11] for the deposition of other materials such as
metals,[12] semiconductors,[13] or polymers.[14] Over the past
few years, nanoporous TiO2 structures have also been formed
by electrochemical anodization of titanium.[15–17] Although
several applications have been proposed,[18, 19] a wider impact
of these structures has been hampered by the fact that the
layers could only been grown to a limiting thickness of a few
hundreds of nanometers.
Herein we demonstrate for the first time how high-aspectratio, self-organized, TiO2 films can be grown by tailoring the
electrochemical conditions during titanium anodization.
Figure 1 shows scanning electron microscope (SEM)
images of self-organized porous titanium oxide formed to a
thickness of approximately 2.5 mm in 1m (NH4)2SO4 electrolyte containing 0.5 wt. % NH4F. From the SEM images it is
evident that the self-organized regular porous structure
consists of pore arrays with a uniform pore diameter of
approximately 100 nm and an average spacing of 150 nm. It is
also clear that pore mouths are open on the top of the layer
while on the bottom of the structure the tubes are closed by
presence of an about 50-nm thick barrier layer of TiO2.
The key to achieve high-aspect-ratio growth is to adjust
the dissolution rate of TiO2 by localized acidification at the
pore bottom while a protective environment is maintained
along the pore walls and at the pore mouth. In our previous
work in HF and NaF solutions[15, 20] it was established that the
thickness of the porous layer is essentially the result of an
equilibrium between electrochemical formation of TiO2 at the
pore bottom and the chemical dissolution of this TiO2 in an F
ion containing solution (Figure 2). The solubility of TiO2 in
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Figure 1. SEM images of porous titanium oxide nanotubes. The crosssectional (a), top (b), and bottom (c) views of a 2.5-mm thick selforganized porous layer. The titanium sample was anodized up to 20 V
in 1 m (NH4)2SO4 + 0.5 wt. % NH4F using a potential sweep from
open-circuit potential to 20 V with sweep rate 0.1 Vs 1. The average
pore diameter is approximately 100 nm and the average pore spacing
is approximately 150 nm.

HF, forming [TiF6]2 , is essential for pore formation, however,
it is also the reason that previous attempts to form porous
layers in HF electrolytes always resulted in layer thicknesses
in the range of some 100 nm.
We tackled the problem by controlling the self-induced
acidification of the pore bottom that is caused by the
electrochemical dissolution of the metal (Figure 2 a–c).
Main reason for the localized acidification is the oxidation
and hydrolysis of elemental titanium [Eq. (1), in Figure 2].
The chemical dissolution rate of TiO2 is highly dependent on
the pH value (see Figure 2 d). Using a numerical simulation of
the relevant ion fluxes we can construct the pH profile in the
pore (such as in Figure 2 b), in other words, the ideal ion flux
for the desired pH profile can then be determined. Furthermore we can tune the dissolution rate by the dissolution
current. In other words, using a buffered neutral solution as
electrolyte and adjusting the anodic current flow to an ideal
value, acid can be created where it is needed, that is, at the
pore bottom, while higher pH values are established at the
pore mouth as a result of migration and diffusion effects of the
pH buffer species (NH4F, (NH4)2SO4). Assuming equilibrium,
the flux of dissolving species (leading to acidification at the
pore bottom) and the flux of buffering species are equal. The
calculations show that for the experimental conditions given
in Figure 1 the pH value at the pore bottom is around 2 and
increase to about 5 at the pore mouth, this corresponds to a
drop in the local chemical etch rate of about 20 times.
We used a voltage-sweep technique to achieve a steadystate current and to establish the desired pH profile. The
reason to use a voltage-sweep technique rather than a
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Figure 2. Tuning the electrochemical conditions to achieve high-aspect-ratio structures. Schematic representation of the dissolution reactions and mechanisms (a), the pH profile within a
pore (b), the dissolution-rate profile within a pore wall (c). Experimental determination of the
dissolution rate, Rdiss, of the anodic TiO2 depending on the pH value (d), results are taken from
XPS sputter profiles of 20 V anodic oxide immersed for different times in 1 m
(NH4)2SO4 + 0.5 wt. % NH4F solution with different pH values.

galvanostatic approach is that the system in galvanostatic
mode has a tendency to oscillate, which leads to a destabilization of the steady-state situation within the pore.[21]
X-ray photoelectron spectroscopy (XPS) analysis
revealed that the porous layer shown in Figure 1 consists of
approximately 62  5 atom % of oxygen and 38  5 atom % of
titanium. The Ti 2p3/2 peak was found to be at 458.5 eV 
0.5 eV (TiO2 reference 458.8 eV). So evidently the porous
layer consists of TiO2. Only negligible traces of F from the
electrolyte could be detected throughout the film. Depending
on the applied voltage the structure of the TiO2 film is
typically reported to be either amorphous (below 20 V) or
crystalline (higher voltages), where the presence of anatase, a
mixture of anatase and rutile, or rutile can be observed.[22, 23]
X-ray diffraction analysis[21] of our structures indicated an
amorphous structure that can be converted, for example, into
anatase upon annealing.
Figure 3 demonstrates that the pore-formation process is
indeed sensitive to the electrochemical parameters used. For
example, for anodization in electrolyte containing a significantly higher NH4F concentration (5 wt. %) and using a low
sweep rate only short pores (nanotubes) are obtained
(Figure 3 a). Using a fast sweep rate leads to the growth of
thick porous layer (Figure 3 b). However, the surface in this
thick porous layer is very rough and not regular and the
structure itself is loosely cross-linked and not tubular.
In general, using a lower NH4F concentration leads to the
growth of regular self-organized porous tube-like structures,
whereas in concentrated electrolytes the structure is rough
and cross-linked. For the electrolyte used (1m (NH4)2SO4 +
0.5 wt. % NH4F) the diameter is slightly influenced by the
sweep rate. The pore diameter changes in range of 90–110 nm
and the higher the sweep rate the wider the pores. In the light
Angew. Chem. Int. Ed. 2005, 44, 2100 –2102

of our simulations these morphological
effects can be associated with the
degree of acidification of the pore
electrolyte during anodization, this
leads to an enhanced or retarded etching of the side walls of the pores. The
results thus imply that the mechanism
of pore formation in this system is
significantly different from the relatively well investigated aluminum case.
While in aluminum, electric-field-aided
ion transport through the pore bottom
is the dominant mechanism (chemical
oxide dissolution plays a minor role) it
is evident that the chemical effects in
the case of TiO2 pore growth can
become dominant.
The self-organized porous TiO2
layers have various potential applications. For example, TiO2 nanoparticles
are extremely efficient for solar energy
conversion[24] when used in dye-sensitized solar cells. These cells consist
typically of a 5–10-mm thick layer of
TiO2 nanoparticles. Ordered TiO2
nanotubes with tube lengths in this

Figure 3. Anodization parameter dependence of the morphology of
porous titanium oxide. Both samples were anodized in 1 m
(NH4)2SO4 + 5 wt. % NH4F to 20 V with a low ramp speed of
10 mVs 1 (a), and with a high ramp speed of 20 Vs 1 (b). In both
cases a distinctly different thickness and morphology from that shown
in Figure 1 is obtained as a result of the strongly different pH profiles
in the pores.
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range may give higher conversion efficiency as losses owing to
grain boundaries (in the sintered nanoparticles) can be
avoided. Additionally, TiO2 shows self-cleaning properties,[25]
a controllable wettability,[26] and a high degree of biocompatibility in biomedical applications,[27] for instance as a dental or
hip implant (high osseointegration). It can be used for
controlled catalysis of organic reactions[7] or for sensing (e.g.
hydrogen[18] and oxygen[28]). Owing to its high refractive index
(about 60 % higher than porous alumina), the self-organized
porous TiO2 structures may be suitable for the construction of
photonic crystals[29] or waveguides.[9]
In all these applications the nanotubular structures herein
offer advantages: unspecified nanoparticles can be replaced
by highly ordered tubes. A key advantage is that essentially
any form of a titanium surface (sheets, foils, sputtered layers)
can be treated in a quick and low-cost approach with a TiO2
nanotube layer coating. However, for some applications a
separation of the tube array into isolated tubes may be
essential—this will be subjected to future work.
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