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Abstract

The present paper gives an overview and review on self-organized TiO, nanotube layers and other transition metal oxide tubular
structures grown by controlled anodic oxidation of a metal substrate. We describe mechanistic aspects of the tube growth and discuss
the electrochemical conditions that need to be fulfilled in order to synthesize these layers. Key properties of these highly ordered, high
aspect ratio tubular layers are discussed. In the past few years, a wide range of functional applications of the layers have been explored
ranging from photocatalysis, solar energy conversion, electrochromic effects over using the material as a template or catalyst support to
applications in the biomedical field. A comprehensive view on state of the art is provided.
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1. Introduction
1.1. General

The successful synthesis of carbon nanotubes by lijima
in 1991 [1] stimulated intense research activities world-wide
due to the anticipated technological impact of this unique
combination of material, directionality and enhanced prop-
erties, such as quantum size effects. In the following years
the successful chemical (hydrothermal) synthesis of various
other nanotubes, in particular transition metal oxide nano-
tubes — such as TiO; or V,05 was reported [2—4]. In order
to exploit nanotubes in many devices, it is essential to ori-
ent nanotubes on substrates and to create ordered arrays.
Many different approaches have been explored that mainly
are based on lithography, using nano-tools (e-beam, X-ray,
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ion beam, STM, AFM), or, more elegantly, rely on self-
alignment processes.

Among the simplest, cheapest and most straight-for-
ward approaches that lead to ordered nanostructures are
anodization techniques that can — under the ‘right’ condi-
tions — lead to highly ordered porous systems (see
Fig. 1a). The best explored case is Al and the growth of
self-ordered porous alumina layers [5-14]. For Al, it has
been known for decades [5,6] that porous oxide layers
can be grown by anodization typically in acidic electro-
lytes, while anodization in neutral electrolytes typically
leads to a compact oxide layer. However it was not until
the remarkable work of Masuda et al. [9] that it became
clear that a very high degree of order can be achieved for
these porous geometries. Ordered alumina structures have
been proposed, for example, to be used as a photonic crys-
tal structures [14], or as a template for the deposition of
other materials [15-17].

More recently, for a range of other metals such as Ti
[18-43], Zr [44-47], Nb [48-52], W [53-55], Ta [56-58],
Hf [59] it has been found that self-organized porous struc-
tures can be formed under optimized electrochemical
treatments.
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Fig. 1. Schematic set-up for anodization experiments. Anodization leads to an oxidation of metal species that form a solid oxide on the metal surface (a).
Depending on the anodization conditions (mainly potential, electrolyte, temperature), the solid oxide layer can be either compact, or nanotubular
(nanoporous). To achieve an ideal self-ordering of the nanotubes, use of the optimized anodization parameters is crucial.

1.2. TiO,

Particularly the case of TiO, stimulated significant
research activity as TiO, is a material with a number of
almost unique properties used for many years in various
functional applications — an overview is shown in Table 1.
For Ti and other so-called valve metals it has been known
for more than 50 years that it is possible to grow compact
oxide layers of considerable thickness (some 100 nm) by
anodization in aqueous electrolytes [60,61]. Typically
growth occurs proportional to the applied potential with
a growth factor f, ~ 1-5 nm/V [62] up to a voltage, where
dielectric breakdown of the oxide occurs [63,64]. The struc-
ture of the as grown oxide can be amorphous or crystalline,
strongly dependent on the specific electrochemical parame-
ters 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 [65]), and
crystallization to take place at higher voltages. Depending
on the anodizing conditions the crystal structure has been
reported to be anatase [63-67], a mixture of anatase and
rutile [63,67,68], or rutile [63,67].

A completely different growth morphology can be
obtained, if fluoride ions are present in electrolytes and
suitable anodization conditions are used. Ordered nanotu-

Table 1
TiO, applications

TiO, application Reference
Photocatalysis [135,128,129,181]
Self-cleaning, wetting [152,153]
Solar cell [126,127]
Catalysis [182,183]
Gas sensing [184,185]
Doping [105,108]
Biomedical [157,161]
Ceramics [186,187]
Interference coating, optical devices [188,189]

bular/nanoporous structures of TiO, or other transition
metal oxides can be formed as schematically shown in
Fig. 1b. In general, the morphology and the structure of
porous layers are affected strongly by the electrochemical
conditions (particularly the anodization voltage) and the
solution parameters (in particular the HF concentration,
the pH and the water content in the electrolyte).

The first generation of the TiO, nanotube arrays was
grown in HF electrolytes or acidic HF mixtures [18-20];
an example of the typical morphology is shown in
Fig. 2A. These layers showed a limited thickness that
would not exceed 500-600 nm. By using buffered neutral
electrolytes containing NaF or NHy4F instead of HF [21-
24] and taking into account the importance of the pH gra-
dient within the tube [22], it was shown that self-organized
nanotube TiO, layers with thicknesses higher than 2 pm
could be grown [21-24]. The third generation nanotubes
were grown in (almost) water free electrolytes. Earlier work
carried out in glycerol electrolytes (see Fig. 2B) showed
tubes with extremely smooth walls and a tube length
exceeding 7 pm [25], while using CH3COOH electrolytes
[26] remarkably small tube diameters could be obtained.
Meanwhile, for example in aged ethylene glycol electrolytes
and by a further optimization of parameters, the nanotube
length has reached 260 um [29] and the tubes have an
almost ideal hexagonal arrangement [69], an example is
shown in Fig. 2C.

1.3. Other transition metals

In parallel to activities on TiO,, this surprisingly simple
nanostructuring approach was implemented also for many
other valve metals such as Zr [44-47], Nb [48-52], W [53-
55], Ta [56,57] and Hf [59]. In all these works, fluoride
anion containing electrolytes were used as an electrolyte
for a controlled anodization of metals under anodic bias
applied for several hours and leading to the growth of
self-organized oxide layers on their surfaces. In contrast
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Fig. 2. SEM images showing TiO, nanotube layers grown by different anodization processes of Ti. (A) Typical morphology obtained in acidic fluoride or
HF electrolytes, (B) glycerol/fluoride electrolytes, (C) ethylene glycol/fluoride electrolytes. The insets show top-views (open tubes), bottom views (closed
ends) and side walls in detail. (D) tubes grown by a different approach: rapid breakdown anodization (RBA); these tubes grow in disordered bundles
within seconds at comparably high anodic potentials. The upper inset in (D) shows a side view of the layer, the lower inset shows a low magnification of

the surface.

to alumina, anodization of Ti, Hf and Zr leads to forma-
tion of metal oxide nanotubes (hollow cylinders) perpen-
dicular to the substrate and separated from each other by
a gap. In the other cases (W, Nb, Ta), anodization leads
to the growth of porous oxide layers.

1.4. Alloys

Particularly interesting is the growth of nanotubes on
various alloys, as this increases drastically the potential
functionality of the tubes (by e.g. incorporation of doping
species in the oxide structure). Also it shows that nanotube
layers can be applied as surface coatings on various techni-
cal alloys. Using the same approach as for Ti, that is, con-
trolled anodization in dilute fluoride electrolytes, recently
on intermetallic compounds such as TiAl [70], binary alloys
such as TiNb [71], TiZr [72,73], or on complex biomedical
alloys such as Ti6AI7ND [74] and Ti29Nb13Ta4.6Zr [75,76]
nanotube layers have successfully been grown. Examples
are shown in Fig. 3 for Ti6AI7Nb (A), TiAl (B), TiNDb
(C), and TiZr (D).

For TiNb, surprising synergistic effects on the growth
morphologies of the oxide nanotubes were found [71]. It
was shown that the range of achievable diameters and
lengths of TiO,-based nanotubes can be significantly
expanded, if a binary Ti-Nb alloy, rather than pure Ti, is
used as a substrate. The length of the resulting mixed oxide
nanotubes can be adjusted from 0.5 to 8 pm, and the diam-
eter from 30 to 120 nm. The morphology of the tubes dif-
fers 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 irreg-
ular porous structures grow on Nb.

For anodic nanotubes formed on TiZr alloys [33,72,73]
the morphological character of the oxide nanotubes is
between those of titanium oxide and zirconium oxide nano-
tubes. The nanotubes have a straight and smooth morphol-
ogy with a diameter ranging from 15 to 470 nm and a
length up to 21 um depending on the terminal anodization
potential (i.e. they show a largely expanded structural flex-
ibility compared with nanotubes formed on the individual
elements).

The alloy Ti29Nb13Ta4.6Zr has been developed by Nii-
nomi et al. for biomedical applications, in order to reduce
the elastic modulus of titanium alloys to the level of living
bone [77]. Self-organized oxide nanotubes grown on this
alloy [75,76], except for a high degree of structural flexibil-
ity, can show a very spectacular feature that is multiscale
self-organization, (oxide nanotube arrays with two discrete
sizes and geometries). This feature recently has been inves-
tigated in more detail using TiZrNb [78] and TiNb alloys
[79] showing that even for binary alloys two size scale
self-organization (as in Fig. 7) can be obtained.

Attempts have been made to grow self-organized anodic
tube layers on technologically relevant substrates such as
Ti6Al4V and Ti6Al7Nb [18,74]. 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.
Therefore “ideal” alloys for nanotube formation possess
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Fig. 3. SEM images showing self-organized oxide nanotube layers grown on Ti6Al7Nb alloy (A), TiAl intermetalic compound (B), TiNb alloy (C) and
TiZr alloy (D) by anodization in fluoride containing (NH,4),SOy electrolytes. The insets show top-views of the nanotube layers.

a single-phase microstructure and a composition that
essentially only contains valve metals. 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 [80].

1.5. RBA tubes

It should be mentioned that also fundamentally different
approach for the growth of anodic TiO, nanotubes has
recently been reported. This so-called RBA (rapid break-
down anodization) approach leads to bundles of nano-
tubes, as shown in Fig. 2D, that grow within tens of
seconds typically in perchlorate or chloride containing elec-
trolytes at considerably high voltages (sufficiently high to
create a local breakdown of the oxide film that then repre-
sents the nucleus for the tube-bundle growth). Based on an
original report of Nakayama et al. [81] it was shown that
the principle can be used in chloride or perchlorate solu-
tions [82,83] and also be applied to other materials [82].
While being fast, the approach seems not easily to be tun-
able to become self-organized and will therefore not exten-
sively be considered in this review.

Overall, self-organized nanotubes made of TiO, com-
bine geometrical advantages given by their array structure
with the material specific properties of TiO,. As mentioned
above, TiO, is used in many functional applications (exam-
ples are listed in Table 1). Many of these applications are
based on the specific semiconducting properties of TiO,
(particularly anatase) that is a wide band gap n-type semi-
conductor, with a sufficiently low (anodic) valence band
edge to allow a photo-induced generation of highly reactive

OH" radicals. Strategies to exploit TiO, nanotubes for
applications usually try to combine a specific feature of
TiO, with the tubular geometry — such approaches will
be outlined later in this review.

2. Formation and growth
2.1. Stages of growth

The anodic growth of compact oxides on metal surfaces
and the formation of tubes are, in the most simple
approach, governed by a competition between anodic
oxide formation according to reaction (1)

Me + 2H,0 — MeO, + 4H* + 4e~ (1)

and chemical dissolution of the oxide as soluble fluoride
complexes, e.g.;

MeO, + 6F~ — [MeF P~ ()

Respectively direct complexation of high-field transported
cations at the oxide electrolyte interface:

Me** + 6F~ — [MeFs P~ (3)

Reaction (1) describes the oxide growth on an anodized
metal surface, as schematically depicted in Fig. 4a in a fluo-
ride-free electrolyte. Oxidized metal species react with O*~
ions (from H,O) to form an oxide layer. Further oxide
growth is controlled by field-aided ion transport (O*~
and Ti*" ions) through the growing oxide. As the system
is under a constant applied voltage, the field within the
oxide is progressively reduced by the increasing oxide
thickness, the process is self-limiting. Fig. 5a shows a
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Fig. 4. Schematic representation of the Ti anodization (a) in absence of fluorides (results in flat layers), and (b) in presence of fluorides (results in the tube

growth).

schematic current—time transient for anodization of Ti in a
fluoride-free electrolyte (e.g. H,SO,4). The decreasing field
strength leads to an exponential current decay and thus
to the growth of a compact oxide layer with a finite thick-
ness. If Ti*" ions arriving at the oxide/electrolyte interface
are not ‘made soluble’ by complexation, a hydroxide layer
will precipitate in most electrolytes [23]. This layer typically
is loose and porous and thus does not contribute to field
effects, but exerts to a certain extent diffusion retarding
effects.

In the presence of fluoride ions the situation becomes
less straight-forward as shown schematically in Fig. 4b.
This is mainly due to two effects of the fluoride ion: (i)
the ability to form water-soluble TiFé’ complexes accord-
ing to reaction (2), and (ii) the small ionic radius that
makes them suitable to enter the growing TiO, lattice
and to be transported through the oxide by the applied
field (thus competing with O®~ transport). The complex
formation ability leads to a permanent chemical attack
(dissolution) of formed TiO, and prevents Ti(OH),O, pre-
cipitation as Ti*" ions arriving at the oxide/solution inter-
face can be solvatized to TiFé_ (reaction (3)), before
reacting to a precipitate Ti(OH),O, layer. As a result, the
current-time curve for electrolyte containing fluorides devi-
ates from the classical high-field growth (Fig. 5a). That is,
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 a quasi-steady state (phase I1I). This steady state
current increases with increasing fluoride concentration
[20].

This type of current-time curve has been previously
reported for self-organized pore formation for other mate-
rials, as well [84]. Typically, such a current behavior can be
ascribed to different stages in the pore formation process,
as schematically illustrated in Fig. 5b. In the first stage, a
barrier oxide is formed, leading to a current decay (I). In
the next stage, the surface is locally activated and pores
start to grow randomly (II). Due to the pore growth the
active area increases and the current increases. After some

time, many pores have initiated and a tree-like growth
takes place. Therefore, the individual pores start interfering
with each other, and start competing for the available cur-
rent. 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, exactly the sequence
described in Fig. 5b can be observed [23].

The fact that the layer thickness and the current density
reach a limiting value after a certain polarization time can
be explained by a steady state situation depicted in Fig. Sc.
During anodization continual growth of oxide takes place
at the inner interface, and chemical dissolution of the oxide
layer occurs simultaneously. Steady state is established
when the pore growth rate at the metal oxide interface is
identical to the thickness reducing dissolution rate of the
oxide film at the outer interface. In this situation the nano-
tube oxide layer just continuously “eats” through the tita-
nium substrate without thickening of the oxide layer. As
the steady state current densities are typically considerably
high, this occurs even with comparably high velocity. This
finding also explains the typically low current efficiencies
(for oxide formation) in acidic electrolytes (3—10%), and
in particular their continuous drop with extended anodiza-
tion time.

It should be remarked that the chemical dissolution of
TiO, occurs of course over the entire tube length, thus
the tubes with extended time become increasingly v-shaped
in morphology, i.e., at the tops the tubes possess signifi-
cantly thinner walls than at their bottoms [33,73]. The rea-
son for separation into tubes, as opposed to a nanoporous
structure, is not yet entirely clear, however, it may be
ascribed to accumulation of fluoride species at the tube
bottom and thus to establishment of an anion containing
weaker (and more soluble) TiO, structure between neigh-
boring pores/tubes.

Regarding the growth velocity of the tubes and the rate-
determining step, it is clear that a longer growth times
(after generally several minutes), growth becomes diffusion
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TiO, morphology; (c) steady state growth situation characterized by equal
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controlled as schematically depicted in Fig. 6a. This means
that the diffusion of fluoride species to the tube bottom, or
the transport of reacted TiFéi species becomes current
determining. Up to the moment, when chemical dissolution
of the tubes starts significantly shortening the tubes, also
the length of the tubes is therefore diffusion controlled
[73]. The model outlined in Fig. 6 that 1/i is proportional
to the tube length is indeed observed for many systems
[73]. Considering the connection between the tube length
and the total electrical charge, an appropriate model is to
assume that first all the current (charge) results in an oxide
of a given thickness, then dissolution (and complexation)

a Convection Diffusion Nanotube
layer layer : layer
- I
1
1
|
1
1
1
1
|
| X
b Step 1: Step 2:
charge—oxide chemical dissolution
(complexation) etches channels
~20 | L1101
t. | Compact Ti,O layer Nanotube TiO, layer
100
Ti Ti
¢ z
F N

Direction of
oxide growth

Fig. 6. (a) Model for diffusion controlled growth of tubes: assumed is
diffusion of TiFé’ within tube with porosity p and adjacent diffusion layer
in electrolyte controls anodic current. This leads to a straight relationship
1/i ~ t; (b) model for evaluating current efficiency: assuming that all the
charge is converting Ti to TiO,, a theoretical thickness 7oy is obtained.
This approximately is observed in experiments. However, detailed analysis
shows that typically even a length expansion in the order of 20% is
obtained. This can be explained by (c); (c) model for length expansion,
Stress ‘pushes’ some of the oxide up the wall, flow of oxide species in
direction of the tube wall takes place [33,73].

just chemically etches channels in this material. In other
words, the thickness of the tube layer is essentially reflected
by the thickness of a hypothetical, corresponding compact



J.M. Macak et al. | Current Opinion in Solid State and Materials Science 11 (2007) 3-18 9

layer. This means that in terms of tube length, a 100% cur-
rent efficiency would be obtained, while in terms of oxi-
dized mass (or volume) due to the channels, of course, a
lower efficiency is obtained. In general, this model holds
well in the early stages of the tube growth [73], however,
surprisingly one finds in experiments that tubes are even
~10-20% longer than this 100% length efficiency expecta-
tion (as depicted in Fig. 6b) — thus it has been proposed
that during tube growth a flow mechanism is operative
[33] as observed for Al [190] that pushes the oxide up the
wall as schematically shown in Fig. 6¢ (for example due
to stress effects) and therefore leads to the a priori surpris-
ing length expansion.

2.2. Effect of anodization voltage

The key factor controlling the tube diameter is the anod-
ization voltage [31,86]. Fig. 7 shows a diameter dependence
on the potential for the TiO,, ZrO, and Nb,Os nanotube
layers. Particularly in the case of TiO, nanotubes layers,
a wide variety of nanotube diameters can be achieved.
For anodization experiments carried out in 1M
H;PO4 + 0.3 wt% HF it has been shown that the tube
diameter can be grown in the range of 15-120 nm in the
potential range between 1 and 25V [31]. Particularly
remarkable is that self-organized structures are obtained
even at potentials as low as 1 V, although the morphology
shows rather a web like structure rather than a clear tubu-
lar morphology. Recently, for mixed glycerol-water elec-
trolytes containing 0.27 M NHyF, the tube diameter
range was further extended from 20 up to 300 nm in the
potential range between 2 and 40 V [86]. At potentials
higher than 40 V, however, the formed layers were no
longer self-organized. This level of diameter control bears
significant potential for applications where the tube
diameter needs to be tailored for specific use, such as e.g.
when a defined size for embedding of biological species is
desired.

In non-aqueous electrolytes, typically higher voltages
are reported to grow tubes of a given diameter. At present,
these higher values must, however, be attributed to the typ-
ically very significant IR drop that occurs in these electro-
Iytes. It appears, that in general the tube diameter can be
described by d =k x V, where k is essentially equal to 2f,
(fe being the growth factor for anodic oxides, ~2.5 nm/V
for TiO,). Similar finding holds also for Zr and Nb,
although the diameter increase with increased applied
potential is not so steep [44-46,71].

Fig. 7b gives an overview of the diameter dependence
for some alloys that show self-organization on two size
scales. An example of a bottom view of a two size scale
nanotube layer is given in Fig. 7c. In this case, the large
diameter (200 nm for TiZr and 300 for TiNb) typically cor-
responds to f, of Ti, while the smaller diameter is likely due
to the geometrical situation. In other words, the smaller
diameter tube grows recessed [75,78,79] and thus has less
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Fig. 7. Tube diameter as a function of the applied potential for self-
organized nanotubes on (a) Ti in different electrolytes, and (b) for TiNb
and TiZr alloys; (c) SEM image of TiNb nanotube layer showing two size
self-organization of the diameter with an inset that shows schematically
the origin of two size scale tubes due to the recession of smaller diameter
tubes.

anodizable metal area available as schematically shown in
the inset of Fig. 7c.

2.3. Ideal ordering

Recently, it has been shown that the tubes grown in eth-
ylene glycol electrolytes show a hexagonal close-packed
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structure [69] (as apparent e.g. from the tube bottom, com-
pare insets in Fig. 2C), i.e. essentially the same arrange-
ment as it is observed in so-called porous anodic alumina
layers [9,10]. Several factors strongly influence the degree
of ordering [69]: (i) the anodization voltage (apparently
the highest possible voltage just below dielectric break-
down seems most appropriate), (ii) the purity of the mate-
rial (certain ordering faults can be eliminated by using a
high purity Ti). Furthermore, repeated anodization, as in
the case of Al, can clearly improve the ordering. By using
this approach, the bottom imprints of a first tube layer in
the underneath Ti act as “pre-ordering” guides for a subse-
quent anodic tube initiation and growth.

2.4. Current oscillations

It has been reported that periodical current oscillations
can occur during the anodization process that can be very
regular and can be maintained for more than 24 h [20,25].
The origin of these oscillations is not understood in detail,
but it is interesting that the periodicity of the oscillations
can be correlated with the regularly spaced ripples at the
sidewalls of the tubes, for example apparent in Fig. 2A.

2.5. Different morphologies, such as multilayers and free-
standing membranes

By changing the electrochemical conditions during the
anodization process, for a range of valve metal oxides, mul-
tilayered structures can be grown [85,87]. An example is
shown in Fig. 8a. In other words, first a layer under a first
parameter set may lead to a first geometry, then under-
neath 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 bot-
tom of a tube) [87], or in the spaces between the tubes [85].
Such multilayer stacks may have a variety of applications,
wherever critical tailoring of properties is needed.

Even more spectacular is the formation of free-standing,
both-side open membranes [88] as a whole range of func-
tionalization may be accessed including for example flow-
through photoreactors. An example of the nanotube mem-
brane is shown in Fig. 8b.

3. Properties of the tubes
3.1. Structure, annealing, chemistry

3.1.1. Crystallographic structure

As-formed TiO, tubes typically have an amorphous
structure. Several studies show that the tubes can be con-
verted to anatase at temperatures higher than approxi-
mately 280 °C in air [89-92] or a mixture of anatase and
rutile at temperatures higher than approximately 450 °C
[89,90]. Most recently, there are indications that already
in the as-formed tubes under certain conditions nano-crys-
tallites can be present [86,93].

Fig. 8. (a) TiO, nanotube double layer stack produced by repeated
anodization under different conditions (upper layer has a diameter of
100 nm, lower layer of 40 nm); (b) optical image of free-standing TiO,
nanotubular membrane of 140 pm thickness and 1 cm diameter, open on
both-sides; the insets show top and bottom SEM images.

Fig. 9a shows a comparison of XRD patterns of nano-
tube samples after their formation (amorphous), after
annealing at 450 °C (anatase), and after annealing at
550 °C (mixture of anatase and rutile). Fig. 9b shows
high-resolution  transmission  electron  microscope
(HRTEM) images of the bottom of nanotubes before and
after annealing at 450 °C, and selected area diffraction pat-
ters (SAED) of the tube bottoms taken from the corre-
sponding images (as insets) that also confirm the
conversion to anatase [91]. From XRD measurements
one can obtain that the major anatase orientation is the
(101) plane. Other planes, such as i.e. (200) and (105)
are only present in a minor amount. For the nanotube lay-
ers 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. 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 to grow single crystalline tubes [91,92].

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 in the oxide
to Ti(III). Such structures typically have a very limited
mechanical stability [90]. Introducing alloying elements
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Fig. 9. (a) XRD of as-formed amorphous TiO, nanotube layer and
crystalline layers annealed at 450 °C and 550 °C; (b) corresponding
HRTEM images of the samples, insets show diffraction patterns (SAED)
taken at the same locations. Annealing was performed for 3 h in air.

such as Nb [94] or C [95] into the TiO, significantly
increases the temperature of the anatase-to-rutile conver-
sion, and shifts also the temperature of structural collapse
to a higher value. For TiND, the oxide tubes consist of an
amorphous mixed TiO,—Nb,Os structure [71]. After
annealing at 450 °C, anatase-type TiO, appears in XRD.
After annealing at 650 °C, an additional peak assigned to
rutile appears, but the major TiO, phase remains anatase
with a crystallite size of 25 nm. This result shows that the
anatase-rutile transition takes place at a higher tempera-
ture in the polycrystalline mixed oxide nanotubes than in
pure TiO,. Weak reflections assigned to pseudo-hexagonal
Ti-Nb,Os5 can be detected after annealing at 650 °C. Apart
from the retardation of the anatase-rutile transition by
Nb>Os, it is also remarkable that the mixed oxide nano-
tubes are stable to annealing at 650 °C [71]. For pure
TiO, nanotubes treated at this temperature, a substantial
collapse of the tubular morphology has been reported [89].

In contrast 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 crystal-
lized after adequate heat treatment [72].

3.1.2. Chemical composition
As-formed tubes on Ti show in XPS and investigations a
composition of TiO, with minor contents of hydroxides on

the surface of the tube walls [23]. Different background
ions in the electrolyte are integrated into the tube structure
at different concentration levels. While ClO, ions are
hardly incorporated, SOf[ and particularly POff are incor-
porated into the entire tube to significant levels (some few
atomic %). Very clear is that significant amounts of F~
(~1-5 at.%) are entering the TiO, structure. This is in line
with some earlier work on the anodization of Ti in fluoride
containing electrolytes [96]. Recent TEM investigations
indicate that fluorides indeed are accumulated (before
annealing) at the metal/oxide interface and to a certain
extent between the individual tubes.

Annealing leads to almost complete loss of the fluorides
at around 300 °C [91] and clearly the amount of surface
hydroxides is reduced [32,97].

3.2. Semiconducting properties

Typically the semiconducting properties of the tubes
were up to now characterized mainly for pure TiO, in
terms of their photoresponse [90,98-101] and their capaci-
tance behavior (Mott—Schottky plots) [100-102].

3.2.1. Photoresponse of the tubes

For TiO, nanotubes, typical photocurrent characteris-
tics for the as-formed and annealed samples (at 450 °C)
are provided in Fig. 10 as IPCE-plots [91,98,100]. The
insets give the corresponding (IPCE hv)l/ 2 vs. hv plots to
determine the indirect band gap of the material, it results
for the annealed samples as 3.15 + 0.05 eV, which is in line
with typical value reported for anatase [103]. It is evident
that the IPCE upon annealing is drastically increased. It
has been deduced that for the as-formed tubes most of
the photocurrent is generated in the bottom of the tubes
[98] and the tube wall contribution is negligible (as 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 a conversion to anatase the tube walls are activated and
contribute to the photocurrent [98]. The plot in Fig. 10b
shows also the strong effect that the tube length has on
the overall photoresponse [104]. Clearly the photoresponse
is dominated by two controversial factors: (i) the longer the
tubes, the higher the total light absorption, and (ii) the
longer the tubes, the higher the recombination losses (for
electrons photo-generated in the outermost part of the
nanotube structure). Experimentally, the optimum tube
length (for UV conversion) is around 1 pm (depending,
of course, on the wavelength) [104]. However, further
investigations of the photoelectrochemical response in
terms of the tube geometry (length, diameter, tube wall
thickness), structure (anatase, anatase/rutile) need to be
carried out.

The voltage dependence of the photocurrents recorded
for annealed nanotubular and compact TiO, layers showed
essentially an expected Gértner behavior [98]. For alloyed
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Fig. 10. (a) Photocurrent spectra recorded for as-formed and annealed
(450 °C) TiO; nanotube layers. An example of the band gap energy (E,)
evaluation is given as an inset; (b) dependence of the photocurrent on the
TiO, nanotube layer thickness, based on the results from photocurrent
transient measured at wavelength of 350 nm.

substrates and the resulting mixed oxides typically the
photo-response is significantly lower than for pure TiO».

3.2.2. Capacitance measurements

Mott-Schottky type of measurement confirms the
assumption that essentially for amorphous nanotubes, only
the tube bottoms contribute to an AC response. When
annealed, the tube walls contribute correspondingly to
their area. The annealed tubes behave as an n-type semi-
conductor with a doping density of approximately
1.6 x 10*° cm ™ [100-102].

3.3. Doping of the tubes

Asabhi et al. [105] reported that doping TiO, with nitro-
gen by sputtering in a nitrogen containing gas mixture
improves the photoelectrochemical reactivity of TiO, films
toward organic molecules under visible light illumination.
Other doping species such as a number of transition metals
[106,107] or non-metals like phosphorus [108], fluorine
[109], carbon, [110], sulphur [111], boron [112] have been
introduced into TiO, compact layers or powders using var-

ious techniques. Ion implantation is a most straight-for-
ward approach for doping but, up to now, efforts carried
out on TiO; (by transition metal implantation) were ham-
pered by the accompanying structural damage [113]. Ton
implantation with Cr [114] or thermal treatments to dope
C [115,116] have also led to structures with a considerable
visible light response. Substantial nitrogen doping of the
tube layers was achieved not only by ion implantation
[117,118], but also by thermal treatment in NH;3 [99,119].

3.4. Ion intercalation and oxide reduction

Under cathodic polarization a range of valve metal oxi-
des show significant cation in-diffusion, combined with
reduction of the oxide. This process is accompanied by
alterations in the electronic structure of the oxide (e.g.,
incorporation of additional states within the band gap that
change conductivity and optical properties of the material).
The process can generally be ascribed as:

MO, + H*(Li*, Na*) — M™O,H (Li*, Na*) (4)

This reduction step can be followed by CV curves, as
shown in Fig. 11. For many oxides and applied conditions
this process is electrochemically reversible [103]. Such inter-
calating ion uptake and release is applied for example in
rechargeable batteries and switchable electrochromic
devices.

The cyclic voltammograms in Fig. 11 show curves
recorded for the as-formed amorphous and the annealed
TiO, nanotube layer. The cathodic peak can be ascribed
to Ti*" reduction combined with H' intercalation, while
the anodic peak can be ascribed to the counter reaction
(i.e. the H" release reaction) [120,121]. The reaction occurs
relatively sluggishly (and hardly at all) on the as-formed
nanotubular TiO, structure, while it is very clearly
apparent for the annealed (anatase) structure. The reduc-
tion is accompanied with significant alterations in the
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Fig. 11. Cyclic voltammograms recorded for the as-formed and annealed
nanotube layers in 1 M (NH,4),SO, showing reduction of Ti*" to Ti*". At
lower potentials, H, evolution reaction takes place.
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'to

conductivity of the TiO, nanotubes from ~15 uS cm™
~0.1 uScem™! [122].

In aqueous electrolytes, up to very alkaline pH values,
the most likely mobile intercalation species are protons.
Already Dyer and Leach [123] examined oxidized titanium
and niobium and found that in aqueous electrolyte hydro-
gen enters the film under cathodic bias and up to 85% of

the material can be converted to TIOOH.
3.5. Reactivity of the tubes

Recently, it has been reported that the nanotube layers
have an unusually high reactivity [124,125], i.e. the TiO,
nanotube system intrinsically is active toward oxygen
adsorption [124] — a feature not observed on other, pure
anatase or rutile material. This opens up possibilities for
fascinating applications since adsorption of oxygen is a
prerequisite for a large variety of surface reactions. Fur-
thermore, a clear structure—activity relationship has been
observed. Other studies also address adsorption kinetics
of alkanes on TiO, nanotube arrays and corresponding
structure—activity relationships [125].

4. Applications

Particular advantages of regular tube arrays as shown in
Fig. 2 are the large surface area and the defined geometry.
The defined geometry results in a narrow distribution of
diffusion paths 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,
e.g., electrons, holes, ions. Therefore, the system response
of ordered tube arrays in applications such as sensing or
photocatalysis is expected to be much more defined than
using classical high surface area layers — for examples lay-
ers where nanoparticles are compacted or sintered to pro-
duce an open porous network.

Certain TiO, applications require specific crystallo-
graphic structures for an optimized performance. For
example, the anatase form of TiO, shows the highest solar
energy conversion efficiency [126,127] and has also the
highest activity for catalysis [128,129]. A main challenge
regarding the exploitation of TiO, in photochemical appli-
cations is the large band gap of TiO, making photo-
induced reactions only possible at excitation <400 nm.
Therefore, a main thrust of contemporary research targets
the activation of the material for visible (and thus solar)
light as schematically shown in Fig. 12a. Two key
approaches to achieve this are dye-sensitization [126,127]
and so-called doping with species that essentially reduce
the band gap of the material [105].

4.1. Solar cells
One of the most promising applications of TiO, today is

in dye-sensitized solar cells — a concept introduced to a
large extent by Gritzel and co-workers [126,127]. The clas-
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Fig. 12. (a) Schematic representation of activating TiO, structures for
visible light; (b) photocurrent evaluation of the dye-sensitized nanotube
layers grown to different tube length, based on the photocurrent transients
at 650 nm [134]. Included are results obtained for RBA TiO, nanotubes
(as the tubes grow in bundles, the length shows considerable scatter).

sical Gritzel cell operates with sintered or compressed
nanoparticulate TiO, layers as electron harvesting mate-
rial. As such, several microns thick agglomerate layer con-
tains a high number of grain boundaries that can act as
recombination sites. It may be expected that optimized
nanotube layers can significantly enhance the solar energy
conversion efficiency. Dye-sensitization of a TiO, electrode
with suitable species relies on the fact that certain organic
dyes (mainly Ru-complexes) can be anchored on TiO,
and can inject excited electrons from their LUMO into
the conduction band of TiO, upon light excitation (for
these dyes the LUMO overlaps with the conduction band
edge of TiO,). As the HOMO/LUMO distance of these
dyes typically is only 1-2 eV, the reaction can be triggered
by visible light. The oxidized dye (that has donated the
electron to the TiO,) can be reduced and thus to be regen-
erated by a suitable redox species to again form the active
(reduced) state on the surface [127]. Also with the nanotube
layers successful dye-sensitization has been demonstrated
using a commercial Ru-dye [130] and several prototype
solar cells have been explored [131-133]. An evaluation
of the photocurrent for dye-sensitized TiO, nanotube lay-
ers is shown in Fig. 12b [134]. It is evident that an opti-
mized tube length for dye-sensitized solar cells seems to
be in the range of 20-30 pm.
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It is interesting to note that comparably high conversion
efficiencies can also be reached using RBA tubes [133].

4.2. Photocatalysis

After Fujishima and Honda reported for the first time
on light-induced water splitting on TiO, surfaces the mate-
rial has been intensively investigated for applications in
heterogenous catalysis [135]. Since then, TiO, has shown
to be an excellent photocatalyst [128,129,136] with a
long-term stability, low-cost preparation and a strong
enough oxidizing power to be useful for the decomposition
of unwanted organic compounds [137-139].

The principle of the photocatalytic decomposition is
outlined in Fig. 13a. Photons from a light source excite
electrons from the valence band to the conduction band
of the TiO, — thus charge carrier pairs (consisting of a hole
h" and an electron e”) are formed. These charge carriers
can migrate to its surface, where they can react with
adsorbed molecules. In aqueous solutions valence band
holes from TiO, typically form "OH radicals, while elec-
trons in the conduction band mainly reduce dissolved
molecular oxygen to super-oxide O, anions. These species
(in particular *OH radicals) possess such a high oxidation
power (redox potential) that they can oxidize essentially
all organic molecules present in the solution into carbon
dioxide and water [140]. In order to achieve maximal
decomposition efficiency, in addition to adequate band
edge positions, rapid charge separation and high quantum
yield, a large area of the catalyst is desired.
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Fig. 13. (a) Principle of the photocatalytic decomposition on the TiO,
nanoparticle surface; (b) decomposition rates of Acid Orange 7 on
different UV-illuminated TiO, surfaces.

Photocatalytic activity of TiO, nanotubes has been stud-
ied by several groups [100,141-144]. Recently it has been
demonstrated that the annealed TiO, nanotubes show con-
siderably higher decomposition efficiency than a com-
pacted Degussa P25 layer (20-30nm diameter
nanopowder composed of anatase and rutile) under com-
parable conditions [141], see Fig. 13b.

This efficiency can be even further accelerated by deco-
rating the surface with suitable metallic nanoparticles
[144]. Even wider applications for nanotubular TiO, layers
are provided by the fact that the efficient flow-through pho-
tocatalytic membranes could be fabricated that are free-
standing and both-side open [88].

4.3. Insertion host and electro-chromic effects

As mentioned above, a specific property of TiO, and
some other valve metal oxides is its ability to serve as a host
for hydrogen ion or lithium ion insertion [103,145-148].
The kinetics and magnitude of ion insertion and the elec-
trochromic reaction (contrast) strongly depend on the ion
diffusion length and therefore on geometry of the electrode
surface. Due to the specific geometry of the TiO, nano-
tubes, a very high contrast can be obtained using vertically
oriented nanotubes [149]. This is shown in Fig. 14, where
the electrochromic behavior of a compact TiO, layer and
a nanotube TiO, layer are compared during forward and
reverse switching (compare also Fig. 11). For the nano-
tubes, a strong change of the colour can be observed for
the nanotube layer by the naked eye — the colour changes
from a very light gray to a solid non-transparent black.
On the compact oxide surface, however, hardly any colour
change can be observed by eye. Similar findings were

ov

compact layer

nanotube layer

-1.5V

Fig. 14. Optical images showing strong electro-chromic contrast of the
nanotube layer at biased states (the voltage values given correspond to the
reduced Ti"™" (—1.5 V) and oxidized Ti'V* states (0 V). The darkening of
the nanotube layers at —1.5 V is due to additional (small band gap) states
caused by Ti'"™" generation resulting in strong alteration of the light
absorbance behavior. For comparison, a compact oxide layer is shown
resulting in only very weak contrast.
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observed for Li insertion reactions [34,150]. The ion inter-
calation ability can significantly be improved for tubes
grown on TiNb [151].

4.4. Adjustable super-wetting properties

For many applications of Ti, alterations of surface
topography and wetting behavior are of great importance
(e.g. for its biomedical applications). Several approaches
using UV light [152,153] or organic monolayers [154] have
been reported to control the surface wettability of TiO,
structures and nanoparticles.

TiO, nanotube structures show typically a super-hydro-
philic behavior, that is, complete spreading of water on the
entire surface and into the tubes. In order to alter the sur-
face properties, octadecylsilane or octadecylphosphonic
acid molecules, respectively, can be attached to the TiO,
nanotube surface [155,156]. The originally completely
hydrophilic surface becomes super-hydrophobic with a
water contact angle of about 165 + 2° for the silane-SAMs,
and 167 + 2° for phosphonic acid-SAMs. For comparison,
a compact TiO, layer shows a contact angle of 107 4 2° by
organic modification.

Using UV illumination the wetting behavior of the
SAM-coated tube surface can be altered. After about
12 min for the silane-SAM and 5 min for the phosphonic
acid-SAM, the nanotube surface can be changed from
super-hydrophobic (~165°) to complete hydrophilic (~0°)
contact angles. In fact, the contact angle can be adjusted
by the UV exposure time to almost any desired value.
XPS studies revealed, in line with literature [154], that dur-
ing UV light treatment organic monolayers start to decom-
pose by chain scission at the functional end of the C-chain
leaving hydrophilic -Si-O~, -P-O~ groups attached rem-
nant on the TiO, surface.

4.5. Biomedical applications

Titanium and its alloys such as Ti-6Al-4V and Ti—6Al-
7NDb are widely used in bio-medical applications for ortho-
paedic, or dental implants due to their good mechanical
properties and biochemical compatibility [157]. Therefore,
studies on the interaction of the nanotube material in
regard to a biorelevant environment are of a very high sig-
nificance. Mainly two directions have so far been explored
with TiO, nanotube-coated substrates: (a) hydroxyapatite
growth, and (b) cell interactions.

4.5.1. 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 biocompatibility,
surface treatments such as hydroxyapatite coating or chem-
ical treatments have been exploited [158-160]. In particu-
lar, chemical treatments in NaOH have been examined
[160]. An electrochemical method to increase biocompati-
bility of titanium surfaces is spark anodization [161-164],

which typically leads to a formation of a rough random
porous TiO, layers.

Recently, hydroxyapatite formation on TiO, nanotube
layers with different tube lengths was investigated [165—
167]. The nanotube layers could strongly enhance apatite
formation compared with compact TiO, layers. Surpris-
ingly, 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
nanotubes influencing nucleation of hydroxyapatite precip-
itation. Annealing the nanotube layers (from amorphous
structure) to anatase, or anatase and rutile, further
enhanced apatite formation. The induction time for apatite
formation on TiO, nanotube layers becomes comparable to
that for best other treatments of Ti surfaces. In this con-
text, it should be noted that also on commercial biomedical
alloys such as Ti6Al4V, Ti6Al7ND, or experimental bio-
medical alloys, such as Ti29Nb13Ta4.6Zr (Niinomi alloy),
the formation of an ordered and robust oxide nanotube
layer is possible [74-76].

4.5.2. Cell response to nanotube layers

Recently, studies on cell interactions with TiO, nano-
tubes show that cell adhesion, proliferation and migration
are significantly affected by the nanotube size [168].
Clearly, geometries with a spacing of approximately
15 nm were most stimulating for cell growth and differenti-
ation, whereas diameters of approx. 100 nm lead to a dras-
tically increased cell apoptosis (see Fig. 15). This drastic
effect of the nanoscale microenvironment on cell fate was
ascribed to specific interactions between a specific nano-
tube size with the focal adhesion (FA) complex.

4.6. Other aspects

Other applications of the tubes target hydrogen sensing.
For instance, Grimes et al. have shown manifold increase
in electrical conductivity of the TiO, nanotube layer upon
exposure to H, environments [169]. For example, response
in order of several magnitudes has been determined for
1000 ppm H, containing nitrogen atmospheres.

Another application of the nanotubes that relies mainly
on the large surface area is photochromic switching [170].
By deposition of Ag nanoparticles on the TiO, nanotubes,
a material can be created that shows considerable photo-
chromic contrast [171]. In general, systems that are based
on the deposition of a variety of metallic nanoparticles
on TiO, can exploit either specific strong support interac-
tion in catalysis, or the material can be dispersed more
homogeneously on a substrate. Such effects have been
exploited for Pt/Ru-loaded TiO, nanotube systems [172],
or for Au-loaded nanotubes that show remarkable oxygen
sensing capabilities [173].

For many applications thin nanotubular layers of TiO,
films on a foreign substrate are desired such as on Si-wafer,
or on conductive glass (ITO). Several groups reported suc-
cessful fabrication of oxide nanotube layers from sputter
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Fig. 15. (a) Proliferation and apoptosis (after 2 days) of cells dispersed on
different diameter TiO, nanotube layers. Tests done at 37 °C with
mesenchymal stem cell (GFP-labeled) using a cell density of 5000 cells/
cm? and 5 % CO,; (b) optical images of the cell population on nanotubular
TiO, surfaces indicating the cell-stimulating effect of a 15 nm diameter
nanotube layer compared to a 100 nm diameter [168].

deposited thin titanium films [174-176]. Key is to alter the
dissolution rate as much as possible, i.e. to achieve high cur-
rent efficiency (e.g., by lowering the electrolyte temperature).

The applications of TiO, nanotubes can significantly be
expanded, if secondary material can successfully be depos-
ited into the tubes. Recently, such an approach has been
reported that leads to selective electrodeposition of Cu into
the tubes [122], leading to completely filled tubular layers.
This is an important step towards magnetic nanotube
materials, solid junction solar cells, or biomedical release
systems.

The TiO, nanotube layers can also be converted to other
functional materials [177-180], such as Ba- and Sr-titan-
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ates, by an adequate hydrothermal treatment after their
formation [177-179].
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