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1 Introduction

Self-organized nanostructures of different metals or semiconductors have received
considerable attention due to the anticipated high technological potential of these
materials. For Al it is long known that anodization in various solutions leads to
the formation of ordered porous oxide layers [1–4]. Since the remarkable work of
Masuda et al. [1], it is clear that very high degree of order can be achieved with these
porous geometries. Many applications of these ordered alumina structures have been
shown, for example, using it as a photonic crystal [5], or as a template for the depo-
sition of other materials [6–8]. For a range of other metals such as Ti [9–17], Zr
[18–20], Nb [21], W [22, 23], Ta [24, 25], Hf [26], it has recently been found that
self-organized porous structures can be formed under optimized electrochemical
treatments. Figure 1 shows examples of nanotubular structures produced on Ti and
other transition metals. These nanoarchitectured oxide films can have very specific
functional properties. For example, nanotubes made of titanium oxide (TiO2) com-
bine geometrical advantages given by their array structure with the material specific
properties of TiO2. Titanium oxide is used in functional applications such as self-
cleaning surfaces [27] and solar cell applications [28], or explored for gas-sensing
capabilities [29].

Particular advantages of regular tube arrays as shown in Fig. 1 are the large sur-
face area and the defined geometry. The defined geometry results in a narrow dis-
tribution of diffusion path not only for entering the tubular depth (e.g., reactants to
be transported to the tube bottom) but also for species to be transported through the
tube wall, for example, electrons, holes, and ions. Therefore, the system response of
ordered tube arrays in applications such as sensing or photocatalyis is expected to
be much more defined than using classical high surface area layers – for example,
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Fig. 1 SEM images showing morphology of various transition metal oxide nanotube layers pro-
duced by anodization in fluoride-containing solutions; TiO2 (a, b), ZrO2 (c), HfO2 (d), WO3 +
Ta2O5 + Nb2O5 (e); insets show top views (open tubes) and bottom views (closed ends) and side
walls in detail
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layers where nanoparticles are compacted or sintered to produce an open porous
network.

Ordered nanotubular structures of TiO2 and other transition metal oxides have
been formed by electrochemical anodization of the metal in electrolytes containing
small amounts of hydrofluoric acid (HF). In general, the morphology and the struc-
ture of porous layers are affected strongly by the electrochemical and the solution
parameters. Under optimized conditions self-organized highly ordered nanotubes
with a length between some few 10 nm and several 100 �m are formed consisting
of arrays with single tube diameter between 10 and 100 nm and a tube wall of some
10 nm thickness. The present chapter discusses factors of the electrochemical pore-
formation process and key electrochemical parameters that lead to the formation of
these self-organized structures, as well as some properties that can be exploited in
various applications.

2 Overview on the Electrochemistry of Valve Metals

For the oxide structures shown in Fig. 1, the base metals (Ti, W, Zr, Hf, Ta, Nb)
belong to the class of so-called valve metals. In contrast to other metals, on valve
metals it is possible to grow compact oxide layers of considerable thickness (some
100 nm) in aqueous electrolytes. Anodization of valve metals has been widely
investigated in a variety of acids at voltages typically up to several hundreds volts.
Up to a voltage, where dielectric breakdown of certain spots of an oxide layer
occurs, a uniform and compact layer of TiO2 can be obtained (see e.g., Refs. [30–
32] and references therein). For oxide films formed below the breakdown voltage,
typically a growth rate of 1–5 nm/V has been reported [33, 34]. A selection of
properties of anodic valve metal oxides has been compiled in Table 1. It is appar-
ent that the structural, electronic, and ionic properties cover a wide range. Looking
at the electronic properties, that is, from the relatively well-conducting SnO2 over
the semiconductive oxides TiO2, ZnO, WO3 to insulating ZrO2, HfO2, Al2O3. The
growth mechanism can be completely dominated by anion inward transport (ZrO2,
HfO2) to cases with considerable cation outward contribution (Al2O3). Also remark-
able is that the structure of the grown oxide can be amorphous or crystalline. How-
ever, the morphology, structure (and the maximum achievable thickness) of anodic
oxide layers formed on valve metals strongly depends on the specific electrochem-
ical parameters such as the applied potential, the time of anodization, or the sweep
rate of the potential ramp. For example, the structure of the oxide films on Ti has
typically been reported to be amorphous at low voltages (below 20 V [31]), and
crystallization to take place at higher voltages. Depending on the anodizing condi-
tions, the crystal structure has been reported to be anatase [33, 34–37], a mixture of
anatase and rutile [33, 37, 38], or rutile [33, 37].

At comparably high voltages, if a sufficient electric field is applied to an oxide
film, dielectric breakdown (by a Zener or avalanche mechanism) will take place [33,
38]. This is apparent in I–U curves by a rapid current increase, at a distinct break-
down voltage Ubd [39–43], or by current or potential fluctuations. Breakdown events
can become apparent by sparking or acoustically (crackling noise). For example,
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Table 1 Parameters of oxide growth on valve metals

Oxide

Metal / Alloy Eg (eV) N (cm-3) �ox type Ref.

Al 4.5-9 - 7-20 i 69
Al/Cr - - - n 70
Cr 2.5-3.5 ≈1020 30±20 p(n)? 71-76
Cu 0.6-1.8 ? 7-18 p 69, 77
Fe 1.8-2.2 ≈1020 10-35 n e.g., 78-80
Fe/Cr 1.9-2.1 1020-1021 10-30 n 81
Fe/Cr/Ni (AISI304) 1.9-2.3 1020-1021 10-30 n 82-85
Fe/Cr/Ni/Mo (SMO254, DIN1.4529) 2.3-2.8 ≈1021 10-30 n 84-86
Fe/Ni (xNi<40%) 1.9 ≈1020 10-35 n 81
Ni 2.2-3.7 1020 ≈30 p(n) 71,80,87
Sn 3.5-3.7 1019-1020 ? n 77
Ti 3.2-3.8 1020 7-114 n 69
W 2.7-3.1 1017-1018 23-57 n 77
Zn 3.2 ≈1018 8.5 n 77
Zr 4.6-8 - 12-31 i, n 69,77

Eg : band gap energy
N: doping concentration
�ox: dielectric constant
type: conduction type

n: n-type
p: p-type
i: insulator

Wood and Pearson [44] discuss anodic breakdown of oxide films on the valve metals
Nb, Ta, Zr, Hf, Al, Ti, W, Mo, and V. It is of interest to note that according to these
authors, Ti and W, whose oxide films are semiconductors, did not break down, but
turned into conductors leading to oxygen evolution. Generally, breakdown on valve
metals results in thickening of films at locations where the breakdown occurred,
and thus pinches itself off. Wood and Pearson concluded that avalanche breakdown
was being observed at sites where the electrons to initiate the avalanche are sup-
plied by the electrolyte. At high voltages, the breakdown spot may meander over
the surface, and for certain applications, extended anodization under these condi-
tions (“spark anodization”) is highly useful as it finally leads to a surface covered
with an irregular structure of pores in the micrometer-size range – this has found
interest to increase the biocompatibility of Ti-based biomedical implants [45, 46].

Under cathodic polarization, a range of valve metal oxides show significant
cation in-diffusion, accompanying alterations in the electronic structure of the oxide
(e.g., incorporation of additional states within the band gap). The most likely mobile
species are protons. For example, Dyer and Leach [47] examined oxidized titanium
and niobium and found that hydrogen enters the film under cathodic bias in non-
negligible amounts. TiO2, for example, can to a large extent (up to 85%) be con-
verted to TiOOH, as concluded from observations of the change in the index of
refraction. Thus cation in-diffusion into passivating films can be substantial under
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cathodic bias. Hydrogen ingress into Ti oxide layers by cathodic polarization has
recently also been studied by in situ neutron reflectometry [48].

In general, current passage through oxide layers when the metals are biased
cathodically is common on valve metals, for example, zirconium, tantalum, and alu-
minum, and oxides on silicon can show significant cathodic currents. Schmidt [49,
50] already suggested that these cathodic currents are related to the in-diffusion of
protons, since with tantalum and silicon it was found that if an anhydrous electrolyte
is used, there is no cathodic current. Vermilyea [51] and others [52] showed that the
cathodic currents are laterally inhomogeneous and correspond to flaws in the oxide.

3 Formation of Nanotubular Layers

In the following, the formation of nanotubular (nanoporous) layers focuses on recent
findings on their formation in fluoride-containing electrolytes, and will not address
the classical case of Al – the interested reader may consider the chapter by Sides
and Martin in this book for further references.

3.1 I–U Curves

A convenient way to characterize and compare the electrochemical behavior of
valve metals are polarization curves (such as shown in Fig. 2). The electrochemical
behavior of most valve metals in typical electrolytes, that is, electrolytes that do not
chemically attack the oxide surface, is dominated by spontaneous oxide formation
and growth. For example, in H2SO4, electrolytes on the valve metals investigated in
Fig. 2a, a compact layer forms according to reaction (1) with an increasing thickness
the higher the voltage.

Me + 2H2O → MeO2 + 4H+ + 4e− (1)

However, a clear deviation from the typical valve metal anodization electrochem-
istry is obtained in fluoride electrolytes [11, 53, 54] as shown in Fig. 2b. This is due
to the fact that the oxide formed by reaction (1) is now chemically attacked (dis-
solved) by the formation of soluble fluoride complexes, for example:

MeO2 + F− → [MeF6]2− (2)

If we compare the polarization curves shown in Fig. 2a and b, it becomes clear
that the addition of a certain amount of fluorides shows, for the different valve met-
als, a different effect on the resulting current density. Clearly, on Zr and Hf, the
highest steady-state current densities result, thus indicating a rapid dissolution rate
of the oxides formed on the metal in HF. For Ti and W, these rates are lower, and
for Nb and Ta, these rates are further reduced. This explains that for establishing
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(a) (b)

(c)

Fig. 2 Polarization curves recorded for valve metals in 1 M H2SO4 electrolyte without (a) and
with 0.5 wt% HF (b), and (c) for Ti in 1 M H2SO4 with different HF concentrations

an electrochemical situation leading to pore formation, the fluoride concentration
needs to be optimized for each valve metal.

This is shown for Ti in Fig. 2c. The addition of small amounts of F leads to
activation of the surface – the polarization curves show an active/passive transition.
The higher the fluoride concentration, the higher is the current density.

Scanning electron microscopy (SEM) observations of the surfaces after acquir-
ing the polarization curves typically lead to the findings that anodization in solutions
with a low HF concentration, for Ti typically <0.05 wt% HF, yields a compact oxide
layer with a few nonregular pores. On the other hand, anodization in solutions con-
taining >0.5 wt% HF leads to uniform etching of the surface (electropolishing).
Therefore, the most promising range to achieve the formation of porous oxide net-
works is the concentration range between 0.05 and 0.5 wt%.
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3.2 I-t Curves and Initiation of Porous Layers

A common observation in porosification experiments is that establishing the final
state of the self-organized structure formation requires an induction time. This is
also apparent in electrochemical experiments.

Figure 3a shows a schematic current–time transient for anodization of Ti at the
“right” voltage in an electrolyte, for example, H2SO4 in absence and in presence of
the “right” amount of fluoride. In pure background electrolyte (H2SO4), the typical
exponential current decay is observed due to the growth of a compact oxide layer.
For electrolytes containing fluorides, after an initial exponential decay (phase I)
the current increases again (phase II) with a time lag that is shorter, the higher the
fluoride concentration. Then, the current reaches quasi-steady state (phase III). This
steady-state current increases with increasing fluoride concentration.

This type of current–time curves have been previously reported for self-organized
pore formation for other materials, as well [55]. Typically, such a current behavior

Fig. 3 (a) Schematic current transient for anodization of Ti in H2SO4 electrolyte without (a) and
with HF; (b) scheme of pore formation process, (c) SEM images of corresponding stages in (b).
Samples anodized in 1 M (NH4)2SO4 + 0.5 wt% NH4F at 20 V for 0 min (I), 6 min (II), and
20 min (III)



442 P. Schmuki

can be ascribed to different stages in the pore-formation process, as schematically
illustrated in Fig. 3b. In the first stage, a barrier oxide is formed, leading to a cur-
rent decay (I). In the next stage, the surface is locally activated and pores start to
grow randomly (II). Due to pore growth, the active area increases and the current
also increases. After some time, many pores are initiated and a tree-like growth
takes place. Therefore, the individual pores start interfering with each other and
start competing for the available current. This leads under optimized conditions to
a situation where the pores equally share the available current, and self-ordering
under steady-state conditions is established (III).

Indeed, if the pore initiation phase is followed in a concrete case by SEM images,
the exact sequence described in Fig. 3b can be observed. Figure 3c shows samples
removed from the electrolyte at different times – shown here is the evolution of the
morphology of the porous titanium oxide in 1 M (NH4)2SO4 + 0.5 wt% NH4F [14].
Immediately after the sweep from the OCP to 20 V, a thin and rough layer (≈50 nm)
covers the entire surface of the titanium (I). The results from XPS measurements
show that the film at this stage is composed of Ti, O, and some traces of F. The
XPS data suggest that the film is composed of an inner layer of TiO2 and an outer
layer of Ti(OH)4. This layer is essentially the fluoride-perforated high-field passive
layer – the thickness very well corresponds to a growth factor of 2.5 nm V–1. After
some polarization time, the first signs of localized attack become apparent with the
FE-SEM; breakdown sites that are randomly distributed over the film surface and
round-shaped holes in the substrate can be observed. Then the current increases
due to the growth of the pores. At this point, the SEM image reveals that under-
neath the initial 50-nm-thick top layer some pore structures become visible. This
means that the top layer, in fact, must be of a nanoporous nature (beyond the reso-
lution of SEM), permeable to fluorides and electrolyte species. In the cross-section,
the mesoporous layer underneath the nanoporous layer shows a thickness of 200–
300 nm and a relatively regular but worm-like structure (II). At this time, from the
top, patches of the top layer are still visible but they dissolve with time in the F-
containing electrolyte. With increasing anodization time, the current drops further,
while a steady state of the porous film thickness establishes (III), and a homoge-
neous self-organized porous structure is obtained.

3.2.1 Current Oscillations

Inspecting in detail the I-t behavior in fluoride-containing electrolytes shows that
periodical current fluctuations occur [11, 16]. The oscillations can be very regular
and can be maintained for more than 24 h. Typically, the average amplitude and fre-
quency increase with increasing HF concentration. The origin of these oscillations
is not understood in detail. However, for other systems such as porous silicon forma-
tion, under specific conditions, strong current oscillations have also been reported
[56]. A most likely explanation is that these current oscillations can be ascribed to
passivation and depassivation reactions on the surface that are competing. Interest-
ingly in the present case, the periodicity of the oscillations can be correlated with
some structural features observed in the porous layer. Figure 1a shows an SEM
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image of a TiO2 nanotube layer with regularly spaced ripples at the side walls of
the tubes. These ripples have a distance of about 50 nm. On the other hand, for the
corresponding current oscillations, a frequency of 1/50 s can be determined with a
current density of 3 mA/cm2, corresponding to approximately 1 nm/s dissolution
rate. Hence, one period per 50 s corresponds very well to the observed length scale
of the ripples in the side walls. Nevertheless, the exact description of the interactions
between the current oscillations and structural features remains till date unresolved.

3.3 Steady-State Growth

The features of the tubes shown in Fig. 1a (thickness and side-wall morphology) are
typical for nanotube layers grown in acidic electrolytes. In acidic electrolytes, the
tubes grow with time only up to a limiting thickness of approximately 500–800 nm.
A typical thickness versus time behavior is shown in Fig. 4a.

The fact that the layer thickness (Fig. 4a) and the current density (Fig. 3a) reach a
limiting value after a certain polarization time can be explained by a steady-state sit-
uation depicted in Fig. 4b. During anodization, permanently growth of oxide takes
place at the inner interface, and chemical dissolution of the oxide layer occurs simul-
taneously. Steady state is established when the pore growth rate at the inner interface
is identical to the overall dissolution rate of the oxide film at the outer interface. In
this situation, the nanotube oxide layer just permanently “eats” through the titanium
substrate without thickening of the oxide layer. As the steady-state current densi-
ties are typically considerably high, this occurs even with comparably high velocity.
This finding also explains that typical current efficiencies (for oxide formation) in
acidic electrolytes range from 3% to 10%, and continuously drop with extended
anodization time.

It should be remarked that the picture shown in Fig. 4b is somewhat oversimpli-
fied. The chemical dissolution of TiO2 occurs, of course, over the entire tube length,
thus the tubes with extended time become increasingly V shaped in morphology as
shown in Fig. 4c. That is, at the top the tubes possess a significantly thinner wall
than at their bottom [57, 58].

Several experiments and calculations show that these tubes grow under diffu-
sion control conditions with either the supply of fluoride ions to the tube tip or the
transport of the MF6

2– complex away from the tube tip being the rate-determining
step.

4 Factors Affecting Tube Morphology

4.1 pH of the Electrolyte

The limiting porous oxide layer thickness can to a large extent be overcome by
altering the electrochemical conditions [12–14, 59]. This means, most importantly,
that a higher thickness of the porous layer can be obtained if the anodization
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(a)

(b)

(c)

Fig. 4 (a) Evolution of tube layer thickness during anodization; (b) steady-state competition of
TiO2 dissolution and formation during the pore growth; (c) typical V- shape of the tube wall

treatment is carried out in less aggressive (more alkaline) electrolytes. Figure 5a
shows the chemical dissolution rate of TiO2 in fluoride-containing electrolyte as a
function of the solution pH. Clearly, the more alkaline the solution, the lower is
the dissolution rate, and therefore one could slow down the chemical dissolution
of the oxide. However, to maintain pore growth at the pore tip, a certain degree
of acidity (dissolution) is needed. The key to longer tubes is to recognize that
this acidity can be automatically provided by the water hydrolysis reaction in the
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(c)

(a) (b)

Fig. 5 (a) Dissolution rate of TiO2 measured by XPS depth profiles on flat anodic TiO2 samples of
defined thickness after soaking in F-containing electrolytes with different pH; (b) pH profile inside
the tubes; (c) example of a thick TiO2 nanotube layer (SEM, top view, and cross-section)

oxide formation as shown in Fig. 5b. If the anodization is carried out in a neutral
electrolyte, this acidification accelerates the chemical TiO2 dissolution exactly at
the desired place: at the pore tip (while the rest of the porous structure remains
relatively stable due to the more alkaline pH of the background electrolyte) –
for more details see Ref. [13]. Figure 5c shows top view and cross-sectional
SEM image of an example of a thick TiO2 nanotube layer produced in a neutral
electrolyte.

4.2 Effect of Anodization Voltage

The key factor controlling the tube diameter is the anodization voltage [60]. Exper-
iments carried out in 1 M H3PO4 + 0.3 wt% HF – see Fig. 6 – showed that in
a potential range between 1 and 25 V, tubes could be grown with diameters from
15 to 120 nm and length from 20 nm to 1 �m, where diameter and length depend
linearly on the voltage. Up to potentials of 25 V, self-organized tubular layers are
obtained.
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Fig. 6 Tube diameters and length as a function of anodization potential. Electrolyte 1 M H3PO4 +
0.3 wt% HF. Insets show SEM images of the nanotube layers formed at 1 and 20 V

At potentials higher than 25 V, the formed layers were no longer self-organized.
Particularly remarkable is that self-organized structures are obtained even at poten-
tials as low as 1 V. This may be a specific feature of the H3PO4 base electrolyte, as
other electrolyte systems used for the formation of TiO2 nanotubes typically show
nonordered etched surfaces at such low voltages. Potentials lower than 1 V cause
more or less uniform etching of titanium due to the fact that they reach the active
corrosion region of the system.

The morphology features formed at 1 V show rather a web-like structure than
a clear tubular morphology. Tubes formed at lower voltages are more connected to
each other, whereas the nanotubes formed at 25 V seem to be more isolated from
the surrounding ones.

This level of diameter control bears significant potential for applications where
the tube diameter needs to be tailored for specific use, such as, for example, when a
defined size for embedding of biological species is desired.

4.3 Effect of Viscosity

A series of experiments performed in ethylene glycol and glycerol water mixtures
[16, 61] demonstrate clearly a strong influence of the electrolyte viscosity on the
tube geometry. The tubes formed in these electrolytes show typically a smooth
appearance over their entire length and grow to a significantly higher length – an
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(a)

(b)

(c)

Fig. 7 SEM images of examples of TiO2 nanotube layers grown in glycerol/NH4F electrolyte (a)
acetic acid/NH4F electrolyte (b) and in ethylene glycole/HF electrolyte

example is shown in Fig. 7a. Evidently, the tubes are grouped in very tight bundles
and are not connected with one another through any bulk material – this is in con-
trast to all previous growth attempts in literature, where a connection of the side
walls (as in Fig. 1a) was always obtained.

In order to explain the smooth appearance, one may consider that current oscil-
lations occur in aqueous electrolytes of low viscosity [11, 16]. The current tran-
sient frequency correlates well with the variations in the wall thickness. This can
be explained by the fact that every current transient is accompanied with a pH-burst
occurring at the pore tip. In viscous electrolytes, clearly the current–time transient
shows much lower current densities than in the purely aqueous electrolyte – this is
due to a lower diffusion constant in the electrolyte (considering the Stokes–Einstein
relation where the diffusion constant, D, is proportional to 1/�, where � is the solu-
tion viscosity). In other words, an increased diffusion constant keeps the acidic
range more confined to the pore tip, thus it hampers dissolution of the tube walls
and damps oscillations.

4.4 Effect of Water Content

In line with observations of other systems, anodization in (almost) water-free elec-
trolytes can drastically increase the achieved length. Experiments carried out in
CH3COOH systems (example shown in Fig. 7b) showed a remarkable control over
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the tube diameter [62]. Early work carried out in glycerol showed tubes with length
in the range of 7 �m [16] – meanwhile the maximum length reached 260 �m as
shown in Fig. 7c [63]. In this case, the tubes were grown in an aged ethylene gly-
col HF electrolyte with a rest H2O content of 0.3%. Examination of the structure
clearly shows that, at the bottom, a hexagonal cell structure prevails (as in the case
of Al), and only the upper part is separated into tubes by chemical dissolution – as
discussed in Section 4.1.

4.5 Formation of Multilayers and Free-Standing Membranes

Very recently it has been shown that for a range of valve metal oxides, multilayered
structures can be grown [58, 64]. In other words, first, a layer under a first parameter
set may lead to a first geometry, and then underneath, a second layer of tubes can
be grown with a different parameter set. Interestingly, the underneath layer may be
initiated at the bottom of a tube to break through the bottom [64], or in the spaces
between the tubes [58]. Such multilayer stacks may have a variety of applications
wherever critical tailoring of properties isneeded.

Even more spectacular is the formation of free-standing (open porosity) mem-
branes [65] as a whole range of functionalization may be accessed, including, for
example, flow-through photoreactors.

4.6 Different Metal Substrates

Except for Ti, on a range of other valve metals, some self-organized structures have
been grown and significantly different morphologies obtained.

Zr, Hf:
In comparison with other valve metals, the most straight-forward formation of

nanoporous or nanotubular layers can be achieved on Zr and Hf [18, 19, 26]. On the
materials, without a lot of experimental optimization, long and smooth tube mor-
phologies can be easily grown. In contrast to other anodic valve metal nanotubes, the
oxide tubes grown on Zr and Hf have a crystalline structure directly after anodiza-
tion (i.e., without annealing). Zirconium oxides are known to have excellent techno-
logical properties, such as chemical and thermal stability, mechanical strength and
wear resistance, as well as its good ion-exchange properties. These properties enable
zirconium oxide films to be used as industrial catalyst and catalyst supports for its
particular acid catalysis. A great effort has been made to prepare porous zirconium
oxide with a high surface area to improve the efficiency as a material in catalysis.
Therefore, some research efforts have focused on the synthesis of porous zirconium
oxide by using templating techniques [66–68] and electrodeposition [67, 69]. Com-
pared with aluminum and titanium, however, only a few early studies report on ran-
dom patches of porous zirconium oxide structures formed during anodization [70,
71]. The use of fluoride containing acidic electrolytes lead to porous material rather
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than tubular structures; however, smooth high-aspect-ratio zirconia nanotubes were
fabricated by electrochemical anodization of zirconium in neutral buffers [18, 19].

These high-quality zirconia nanotube layers consist of highly regular arrays of
straight nanotubes with a diameter of 50 nm and a length of 17 �m, with pore
walls that are completely smooth and straight. The grown nanotubes were found by
XRD and TEM-SAED to have a cubic crystalline structure without any further heat
treatment.

Similar findings were obtained for HfO2 in H2SO4 electrolytes containing NaF
[26]. Under a range of experimental conditions, highly ordered tube-like structures
can be formed. The pore diameter increases with increasing potential from ∼15 to
90 nm. The porous oxide layers can be grown to a thickness of several-tens microm-
eter in a voltage range from 10 to 60 V.

Ta, Nb:
As already discussed in the section on I–U curves, it is more difficult to grow

ordered nanotubular layers on Ta and Nb. Typically, only layers of some 100-nm
thickness are obtained. Porous oxide structures on Nb bear high application poten-
tial as gas sensors [72], catalysts [73], optical [74], and electrochromic [75] devices.
First investigations [21] reported porous Nb2O5 layers that consist of ordered-pore
arrays with single-pore diameters ranging from 20 to 30 nm. The layers were formed
in H2SO4/HF electrolytes, and it was found that the pore morphology and the layer
thickness strongly depend on the HF concentration and the time of anodization.
Well-ordered uniform porous layers of up to 500 nm in thickness were formed
using 1–2 wt% HF. Later work by Choi et al. [76] has shown the possibility of
growing porous Nb2O5 layers also in H3PO4/HF mixtures. Furthermore, they have
increased their thicknesses by repeated porosification, that is, Nb2O5 layers were
grown and annealed, and then a second anodization was used to form a second layer
[77]. In recent work, additionally, Karlinsey has demonstrated that by anodization of
Nb in HF electrolytes (0.25–2.5 wt% HF) Nb2O5 microcones can be grown on Nb
surfaces [78].

Ta2O5 has received considerable attention as a protective coating material for
chemical equipment, as part of optical devices, and as suitable material for storage
capacitors in very large-scale integrated circuits [79–84].

Similar to Nb, on Ta the formation of porous Ta2O5 on Ta was investigated in
H2SO4 electrolytes containing different concentrations of HF (0.1–5 wt%) [24, 25].
Porous (nanotubular) tantalum oxide that consists of pore arrays with single-pore
diameters of about 20 nm and pore spacing of about 15 nm was obtained up to thick-
nesses of several 100 nm for HF concentrations of around 2% and several hours of
anodization.

W:
Experimentally, the formation of porous (nanotubular) WO3 is most challeng-

ing, but it is also most highly rewarding as tungsten is one of the most important
valve metals, and its oxide has electrical and optical properties that are exploited for
a variety of applications such as photolysis [85], electrochromic devices [86–88],
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and gas sensors [89–92]. Several preparation techniques have been reported for the
fabrication of tungsten oxides, for example, thermal evaporation [90, 91], chemical
vapor deposition [92], and sol–gel coating [86–88]. Though anodization of tung-
sten in electrolytes is one of the methods to fabricate tungsten oxide and has been
intensively studied, the formed films typically show a compact structure [93, 94].
In fluoride electrolytes (e.g., 0.2 wt% NaF) at elevated potentials such as 40 V and
60 V, well-structured porous arrays can be grown with 59–70 nm tube diameter and
a thickness of several 100 nm [22]. As-formed layers show an amorphous struc-
ture, but the layers can be altered to a crystalline monoclinic structure by thermal
annealing at 500◦C. The annealed porous WO3 layers show a very high specific
photocurrent-conversion efficiency, reaching 20–30% in the UV range [95].

Alloys:
Attempts have been made to grow self-organized anodic tube layers on techno-

logically relevant substrates such as Ti6Al4V and Ti6Al7Nb [9, 96, 97]. However,
these approaches suffered typically from two problems: (1) the selective dissolution
of less stable elements and (2) the different reaction rates on different phases of an
alloy. In designing an “ideal” alloy for nanotube formation, one desires a single-
phase microstructure and a composition that only contains elements that show sim-
ilar electrochemical oxidation rates. Therefore, an alloy such as the recently devel-
oped TiNb, TiZr, or biomedical alloys such as Ti29Nb13Ta4.6Zr [98, 99] have
promising composition as they can be tuned to be a single phase (�-phase), and
they consist only of elements on which nanotubes have successfully been grown in
fluoride-containing media.

For TiNb, surprising synergistic effects on the growth morphologies of the oxide
nanotubes were found [100]. It was shown that the range of achievable diameters
and lengths of TiO2-based nanotubes can be significantly expanded, if a binary Ti–
Nb alloy, rather than pure Ti, is used as a substrate for oxide nanotube growth in
an aqueous electrolyte. The length of the resulting mixed oxide nanotubes can be
adjusted from 0.5 to 8 �m, and the diameter from 30 to 120 nm. The morphology of
the tubes differs significantly from that of the nanostructures grown under the same
conditions on pure Ti or Nb substrates: only considerably shorter tubes grow on Ti,
whereas irregular porous structures grow on Nb.

The tubes consist of an amorphous mixed TiO2–Nb2O5 oxide structure. After
annealing at 450◦C, anatase-type TiO2 appears in XRD. After annealing at 650◦C,
an additional peak assigned to rutile appears, but the major TiO2 phase remains
anatase with a crystallite size of 25 nm. This result shows that the anatase–rutile
transition takes place at a higher temperature in the polycrystalline mixed-oxide
nanotubes than in pure TiO2.

Weak reflections assigned to pseudo-hexagonal TT–Nb2O5 can be detected after
annealing at 650◦C. Apart from the retardation of the anatase–rutile transition by
Nb2O5, it is also remarkable that the mixed-oxide nanotubes are stable to annealing
at 650◦C. For pure TiO2 nanotubes treated at this temperature, a substantial collapse
of the tubular morphology has been reported [101]. Very recently. high-efficient
intercalation properties have been reported for this alloy [102].
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For anodic nanotubes formed on TiZr alloys [57, 64, 103], the morphological
character of the oxide nanotubes is between those of titanium oxide and zirconium
oxide nanotubes. However, the nanotubes have a straight and smooth morphology
with a diameter ranging from 15 to 470 nm and a length up to 21 �m depending
on the terminal anodization potential (i.e., they show a largely expanded structural
flexibility compared with nanotubes formed on the individual elements). In con-
trast to nanotubes formed on TiNb, the tubes grown on TiZr consist of a zirconium
titanate oxide – as formed, with an amorphous structure that can be crystallized after
adequate heat treatment [103].

Such nanotube structures are interesting in view of several applications, as zirco-
nium titanate (ZT) is used as microwave-resonant components and frequency-stable
oscillators [104–106], optical devices [107, 108], refractory ceramics [109], and
template for lead zirconium titanate (PZT).

The alloy Ti29Nb13Ta4.6Zr has been developed by Niinomi et al. for biomedical
applications in order to reduce the elastic modulus of titanium alloys to the level
of living bone [110]. Self-organized oxide nanotubes grown on this alloy [98, 99],
except for a high degree of structural flexibility, can show a very spectacular feature,
that is, multiscale self-organization (oxide nanotube arrays with two discrete sizes
and geometries).

Additionally, one may note that recently it was demonstrated that also for the Al
case, neutral F-containing solutions can be used to achieve fast and highly ordered
oxide structures [111].

5 Structure and Chemistry

5.1 Crystallographic Structure

As-formed TiO2 tubes typically have an amorphous structure. However, different
TiO2 applications require specific crystallographic structures for an optimized per-
formance. For example, the anatase form of TiO2 shows the highest solar energy
conversion efficiency [112] and has also the highest activity for catalysis [113]. Sev-
eral studies show that the tubes can be converted to anatase or a mixture of anatase
and rutile at temperatures higher than approximately 280◦C in air [101, 114, 115].

Figure 8a shows a comparison of XRD patterns of nanotube samples after forma-
tion (amorphous), after annealing at 450◦C (anatase), and after annealing at 550◦C
(mixture of anatase and rutile).

Figure 8b shows high-resolution transmission electron microscope (HRTEM)
images of the bottom of the nanotubes before and after annealing and selected
area diffraction patterns (SAED) of the tube bottoms taken from the correspond-
ing images (as insets).

Figure 8b confirms the XRD measurements that upon thermal annealing the
samples, a transformation from amorphous to crystalline structure occurs. From
XRD measurements, one can obtain that the major anatase is the (101) plane. Other
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(a)

(b)

Fig. 8 (a) XRD of as-formed amorphous TiO2 nanotube layer and crystalline layers annealed
at 450◦C and 550◦C; (b) HRTEM images of amorphous(as-formed) and crystalline (annealed
at 450◦C) tube bottoms, insets shows diffraction patterns (SAED) taken at the same locations.
Annealing performed for 3 h with heating and cooling rate of 30◦C min–1

planes, such as (200) and (105) are only present in a minor amount. For the nanotube
layers, typically, crystal growth starts at the tube bottom via interface nucleation,
due to the larger space available for crystal growth, than in the side wall [101]. For
certain tubes, it was found that essentially over the entire length, only one plane –
(101) – is present along the walls. This points to the possibility of growing single
crystalline tubes [115, 116].

Annealing under oxygen-free conditions (e.g., in argon atmosphere) leads to a
blackening of the tube layers due to a significant reduction of the Ti(IV)-species
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in the oxide to Ti(III). Such structures typically have a very limited mechanical
stability [114].

Annealing in air at temperatures above 450◦C typically leads to increasing rutile
content. At temperatures around 650◦C and higher, the tube layers start losing their
morphological integrity – that is, they start collapsing [101, 114].

Introducing alloying elements such as Nb [117] or C [118] into the TiO2

increases significantly the temperature of the anatase-to-rutile conversion and also
shifts the temperature of structural collapse to a higher value.

5.2 Chemical Composition

In XPS and EDX investigations, as-formed tubes show a composition of TiO2 with
minor contents of hydroxides on the surface of the tube walls [14]. Different back-
ground ions in the electrolyte are integrated into the tube structure at different con-
centration levels. While ClO4

– ions are hardly incorporated, SO4
2– and particularly

PO4
3− are incorporated into the entire tube to significant levels (some few at.%).

It is very clear that significant amounts of F– (≈1–5 at-%) are entering the TiO2

structure. This is in line with some earlier work on the anodization of Ti in fluoride
containing electrolytes [119]. An example of a XPS sputter depth profile is shown
for nanotube TiO2 layer in Fig. 9.

Annealing leads to almost an complete loss of the fluorides at around 300◦C
[116] and clearly the amount of surface hydroxides is reduced [120, 121].

Fig. 9 XPS depth profile of
nanotubular TiO2 layer
formed in 1 M H2SO4 +
0.16 M HF at 20 V. Thickness
is approximately 350 nm,
fluoride uptake is visible
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6 Properties of the Tubes

6.1 Photoresponse of the Tubes

Typical photocurrent characteristics for the as-formed and annealed samples are pro-
vided in Fig. 10 [114, 122]. The comparison shows IPCE plots for the annealed
nanotubular TiO2 and the annealed compact TiO2. The inset figure gives the cor-
responding (IPCE hν)1/2 versus hν plots for these samples. Clearly, the band gap
results also for the annealed samples as 3.15 ± 0.05 eV which is in line with typ-
ical value reported for anatase [123, 124]. It is evident that the IPCE is drastically
increased for the tubes – that is, for the annealed tubes a value of almost 50% at
short wavelength (compared to 10% for the annealed compact layer and 3–4% for
the unannealed tubular or compact samples). In fact, for the as-formed tubes, most
of the photocurrent is generated at the bottom of the tubes, and the tube wall contri-
bution is negligible. This is in line with the expectation that the amorphous structure
provides a high number of defects that lead to a high carrier recombination rate. The
drastic increase of the photocurrent after annealing indicates that by conversion to
anatase the tube walls are activated and contribute to the photocurrent. The voltage
dependence of the photocurrents recorded for annealed nanotubular and compact
TiO2 layers showed that an enhanced photocurrent is obtained essentially over the
entire potential range. However, at potentials (E) close to the flat-band situation (the
optical flat-band potential Efb is approximately at –0.2 VAg/AgCl in neutral solutions),
the absolute photocurrent response for the nanotubes can be up to 20 times higher

Fig. 10 Photocurrent spectra recorded for as-formed and annealed (as in Fig. 8) TiO2 nanotube
layers and for comparison also for compact anodic TiO2 layer. Insets show evaluation of the band-
gap energy (Eg) of the respective layers
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than for the compact oxide. At higher anodic potentials (E > 1 V), a saturation of
the photoresponse is observed. The potential dependence is very well in line with
expectations of iph � E0.5.

Further details of optimizing the tube geometry (length, diameter, and tube wall
thickness), structure (anatase and anatase/rutile) need to be carried out. Presently,
highest conversion efficiencies are achieved with tubes annealed to anatase and
a length of approximately 300 nm–1 �m. This is due to a competition between
most-efficient light-absorption length and increased recombination with increased
length.

6.2 Doping, Dye Sensitization

In general, in order to enhance the efficiency of TiO2 in the visible range, con-
siderable efforts have been made involving dye sensitization [28, 112] of the elec-
trode with suitable species, which showed that certain organic dyes (mainly Ru-
complexes) fixed on TiO2 can inject electrons into the conduction band of TiO2

upon light excitation (as the LUMO overlays with the conduction band edge of
TiO2). As the HOMO/LUMO distance of these dyes typically is only 1–2 eV, the
reaction can be triggered by visible light. The dye can be attached on TiO2 surfaces
by –COOH coupling – the oxidized dye can be reduced by a suitable redox species
to again form the active (reduced) state on the surface. Also with the nanotube lay-
ers, successful dye sensitization has been demonstrated using a commercial Ru-dye
as shown in Fig. 11a [125].

A completely different approach is the so-called doping of TiO2 (Fig. 11b). Asahi
et al. [126] reported that doping TiO2 with nitrogen by sputtering in a nitrogen-
containing gas mixture improves the photoelectrochemical reactivity of TiO2 films
toward organic molecules under visible light illumination. Other doping species,

(a) (b)

Fig. 11 (a) Photocurrent spectra of dye-sensitized samples (N3 dye) measured in acetoni-
trile + KI + I2 electrolyte; (b) schematic picture of doping the TiO2 toward visible light photore-
sponse
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such as a number of transition metals [127, 128], or nonmetals such as phos-
phor [129], fluorine [130], carbon, [131], sulfur [132, 133], and boron, [134] have
been introduced into TiO2 compact layers or powders using various techniques. Ion
implantation is the most straightforward approach for doping, but, up to now, efforts
carried out on TiO2 (by transition metal implantation) were hampered by the accom-
panying structural damage [128].

Considerable nitrogen doping of the tube layers was achieved by ion implantation
[135, 136] and by thermal treatment in NH3 [137, 138], wet chemical approaches
[139] show only limited success. Other elements such as Cr [140] or C [141, 142]
have also led to structures with a considerable visible light response.

6.3 Insertion Properties for Li and H+ and Strong
Electrochromic Effects

Another specific property of TiO2 is its ability to serve as a host for hydrogen ion or
lithium ion insertion [143–146]. These insertion reactions take place under cathodic
polarization and are accompanied by reduction of Ti4+ to Ti3+ and a change of the
color of the material [147].

The kinetics and magnitude of ion insertion and the electrochromic reaction (con-
trast) strongly depend on the ion diffusion length and therefore on geometry of the
electrode surface. Due to the specific geometry of the TiO2 nanotubes, a very high
contrast can be obtained using vertically oriented nanotubes [148].

For example, Fig. 12a shows the cyclic voltammograms in a 0.1 M HClO4 elec-
trolyte for a compact anodic TiO2 layer and a TiO2 nanotube layer. The cathodic

(a) (b)

Fig. 12 (a) Cyclic voltammograms recorded for nanotube and flat TiO2 layers in LiClO4 and
(b) corresponding optical images of the samples showing strong electrochromic switching effect
observed at different potentials
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peak can be ascribed to Ti4+ reduction combined with H+ intercalation (Eq. (1))
while the anodic peak can be ascribed to the counter-reaction (i.e., the H+ release
reaction) [149]:

Ti4+O2 + H+ + e− ↔ Ti3+O(OH)

The reaction occurs relatively sluggish (and hardly at all) on the compact oxide
layer and on the as-formed nanotubular TiO2 structure, while it is more pronounced
for the annealed (anatase) structure.

While scanning from anodic to cathodic values, a very clear modification of the
color can be observed for the nanotube layer by the naked eye – in these cases,
the color changed from a very light gray to a solid black. On the compact oxide
surface, however, hardly any color change could be observed by eye. This is shown
in Fig. 12b. Similar findings were observed for Li insertion reactions [150].

6.4 Photocatalysis

After Fujishima and Honda reported, for the first time, on light-induced water split-
ting on TiO2 surfaces, the material has been intensively investigated for applica-
tions in heterogeneous catalysis [27]. Since then, TiO2 has shown to be an excellent
photocatalyst [113, 151, 152] with a long-term stability, low-cost preparation, and
a strong-enough oxidizing power to be useful for the decomposition of unwanted
organic compounds [153–155].

The principle of the photocatalytic decomposition is that photons from a light
source, which have sufficient energy, that is, higher than the band-gap energy –
Eg – of the TiO2, excite electrons from the valence band to the conduction band
of the semiconductor and charge carrier pairs (consisting of hole h+ and electron
e–) are formed [156]. These charge carriers either recombine inside the particle,
or migrate to its surface, where they can react with adsorbed molecules. In aque-
ous solutions, positively charged valence band holes from TiO2 typically form ·OH
radicals, while electrons in the conduction band mainly reduce dissolved molec-
ular oxygen to superoxide ·O2

– radical anions. Organic molecules present in the
solution may react with these oxidizing agents, inducing their oxidative degrada-
tion to inorganic compounds, including carbon dioxide and water [157]. In order to
achieve a maximum decomposition efficiency, except for adequate band-edge posi-
tions, rapid charge separation, and high-quantum yield, a large area of the catalyst is
desired.

Recently it has been demonstrated that the annealed TiO2 nanotubes show con-
siderably higher decomposition efficiency than a compacted Degussa P25 layer
(20–30-nm diameter nanopowder composed of anatase and rutile) under compa-
rable conditions [158], and even more recently, a flow-through membrane has
been fabricated that is highly interesting for a large number of photocatalytic
applications [65].
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6.5 Highly Adjustable Wetting Properties

The ability to decompose organics on the surface combined with a nanotubu-
lar geometry can be used to tailor surface-wetting properties of TiO2 from super
hydrophilic to superhydrophobic [159, 160].

Titanium is a widely used biocompatible material; therefore, alterations of sur-
face topography and wetting behavior are of great importance for its biomedical
application. Several approaches using UV light [161, 162] or organic monolayers
[163] have been reported to control the surface wettability of TiO2 structures and
nanoparticles.

The water-contact angle for freshly prepared flat TiO2 samples is around 49 ± 2◦,
while the nanotube structures showed a superhydrophilic behavior, that is, com-
plete spreading of water on the entire surface and into the tubes. After the sam-
ples had been stored in the dark for 3 weeks, the water-contact angle for compact
film increased up to 92 ± 2◦, whereas it remains unchanged for the tubular layers
at 0 ± 1◦ – that is, the nanoporous layer still shows complete wettability (Fig. 13a).
The change in wetting behavior of the compact TiO2 with time has been ascribed to
a change in surface termination [162] – that is, by ageing the hydrophilic OH groups
convert into less hydrophilic oxide.

In order to alter the surface properties, octadecylsilane or octadecylphospho-
nic acid molecules can be attached to the TiO2 surface [159, 160]. The originally
completely hydrophilic surface becomes superhydrophobic, with a water-contact
angle of about 165 ± 2◦ for the silane-SAMs and 167 ± 2◦ for phosphonic acid-
SAMs (Fig. 13b). For comparison, the compact layers showed 107 ± 2◦ by organic
modification.

Using UV illumination, the wetting behavior can be altered. After about 12 min
for the silane-SAM and 5 min for the phosphonic acid-SAM (Fig. 13c), the
porous surface changed from super hydrophobic (contact angle ∼165◦) to com-
plete hydrophilic behavior (contact angle ∼0◦). Figure 13d shows the contact-angle
change under UV illumination for different exposure times. This alteration can be
stopped at any time leading to a very well-adjusted and stable surface with a well-
defined wettability. XPS studies revealed, in line with literature [164], that during
UV light treatment, organic monolayers start to decompose by chain scission at the
functional end of the C chain leaving -Si-O–, -P-O− groups behind (see Fig. 13e).

6.6 Biomedical Applications

Titanium and its alloys such as Ti-6Al-4 V and Ti-6Al-7Nb are widely used in
biomedical applications for orthopedic or dental implants due to their good mechan-
ical properties and biochemical compatibility [165]. Therefore, studies on the inter-
action of the nanotube material in regard to a biorelevant environment are of a very
high significance. Mainly, two directions have so far been explored with TiO2 nano-
tube coated substrates:
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(a) (b)

(c)

(d) (e)

Fig. 13 Optical images of (a) superhydrophilic TiO2 nanotube surface, (b) superhydrophobic
surface coated with organic monolayer-phosphonic acid, (c) the same surface as in (b) after 5 min
of exposure to UV light, (d) evaluation of the contact angle for sample in (b) upon exposure of UV
light, (e) mechanism of photocatalytic decomposition of the organic monolayer on TiO2

(a) hydroxyapatite growth
(b) cell interactions

(a) Hydroxyapatite growth
Apatite formation is considered to be essential for the bone-binding ability of

biomaterials. In order to improve bioactivity of titanium and to enhance biocom-
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patibility, surface treatments such as hydroxyapatite coating or chemical treat-
ments have been exploited [166–173]. In particular, the chemical treatments in
NaOH have been extensively examined [170, 171]. An electrochemical method
to increase biocompatibility of titanium surfaces is spark anodization [45, 46,
172, 173], which typically leads to a formation of a rough random porous TiO2

layers.
Recently, hydroxyapatite formation on TiO2 nanotube layers with different tube

lengths was investigated [174]. The nanotube layers could strongly enhance apatite
formation compared with compact TiO2 layers, as shown in Fig. 14. Surprisingly,
the apatite coverage of the nanotube layers was dependent on the nanotube length
– this was attributed to a different surface roughness of the different-length nan-
otubes influencing nucleation of hydroxyapatite precipitation. Annealing the nan-
otube layers (from amorphous structure) to anatase, or anatase and rutile, further
enhanced apatite formation. The induction time for apatite formation on TiO2 nan-
otube layers becomes comparable to the best other known treatments of Ti surfaces.
It should be noted that also on alloys such as Ti6Al4V, Ti6Al7Nb, Ti29Nb13Ta4.6Zr
(Niinomi alloy), formation of an ordered and robust oxide nanotube layer is possible
[9, 96–99].

(b) Cell response to nanotube layers
Recently, studies were carried out using rat mesenchymal stem cells and pri-

mary human osteoblast-like cells that were seeded on TiO2 nanotube structures,

Fig. 14 SEM images of nanotube and anodic TiO2 layers after 2 and 14 days of soaking in SBF
solution
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Fig. 15 (a) Cell behavior on nanotube TiO2 layer (tube diameter ≈30 nm) compared with flat
(smooth) TiO2 layer. Tests done at 37◦C with mesenchymal stem cell (GFP-labeled) using a cell
density of 5000 cells cm–2 and 5% CO2; (b) cell adhesion after 24 h; (c) cell proliferation after
3 days

with inner diameters ranging from 15 to 100 nm [175]. Cell adhesion, proliferation,
and migration were significantly affected by the nanotube size. Clearly, geometries
with a spacing of approximately 15 nm were most stimulating for cell growth and
differentiation, whereas diameters of ∼100 nm lead to a drastically increased cell
apoptosis (see Fig. 15). This drastic effect of the nanoscale microenvironment on
cell fate was ascribed to specific interactions between a specific nanotube size with
the focal adhesion (FA) complex.

6.7 Other Aspects

Other applications of the tubes target H-sensing. For instance, Grimes et al. has
shown manifold increase in electrical conductivity of the TiO2 nanotube layer
upon exposure to H2 environments. For example, response in order of several
magnitudes has been determined for 1000 ppm H2 containing nitrogen atmospheres
[176, 177].

For many applications, thin nanotubular layer of TiO2 films on a foreign substrate
is desired such as on Si-wafer or on conductive glass (ITO). Several groups reported
successful fabrication of oxide nanotube layers from sputter-deposited thin titanium
films [178–180]. The key is to alter the dissolution rate as much as possible, that is,
to achieve high current efficiency (e.g., by lowering the electrolyte temperature).

The applications of TiO2 nanotubes can significantly be expanded if secondary
material can successfully be deposited into the tubes. Recently, such an approach
has been reported that leads to selective electrodeposition of Cu into the tubes
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Fig. 16 SEM images showing top view (a) and cross-section (b) of nanotube layer with electrode-
posited Cu filling the entire tube space

[181] leading to completely filled tubular layers (Fig. 16). This is an important
step toward magnetic nanotube materials, solid-junction solar cells, or biomedical
release systems.
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