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Synthesis of carbon nanotubes by Iijima in 1991[1] stimulated
intense research activity worldwide due to the anticipated
technological impact of this unique combination of material,
directionality, and dimension that could be exploited to
enhance a plethora of materials properties. In the following
years the chemical synthesis of various non-carbon nanotubes,
in particular transition metal oxide nanotubes such as TiO2

(titanate) and V2O5 was achieved, mainly by using hydro-
thermal techniques.[2–5] More recently a simple, cheap, and
straightforward approach was reported that leads to ordered
TiO2 nanotube arrays that grow self-aligned during anodiza-
tion of Ti.[6] The layers can be grown with tube dimensions
varying from a few micrometers in length up to several
hundreds of micrometers, and with diameters varying from
about 10 to 200 nm.[7–10] These layers of self-organized oxide
nanotube structures, which are attached to the Ti substrate or
suspended as membranes[11] have created significant interest
due to their anticipated impact in various applications. In
particular, the properties of the material have been tailored
for solar-energy conversion with dye sensitization[12–14] or
doping[15–18] and display applications with enhanced electro-
chromic switching.[19] Other reports focused on use as a
photocatalyst[20, 21] or in sensing,[22] and due to the high
biocompatibility of TiO2, interactions of biological cells with
the tubular surface[23] or enhanced bone formation on the
material[24] were studied.

These oxide nanotubes are grown by anodization of a Ti
metal sheet in dilute fluoride electrolytes at a certain voltage
for a given time. Typically the tube diameter is controlled by
the applied anodization voltage,[10,25] and the length can be
varied by means of the anodization time and by using
different electrolytes. Anodization under constant-voltage
conditions leads to an ordered layer consisting of a distinct
morphology of smooth tubes with defined cylindrical or
hexagonal cross section.[7, 26]

Herein we show how novel morphologies such as
bamboo-type reinforced nanotubes and two-dimensional
(2D) nanolace sheets can be obtained if the anodization
process is carried out under specific alternating-voltage (AV)
conditions. Figure 1 shows an examples of smooth and
bamboo-type structures.

The key to this approach is exploiting the fact that, during
the initial stages of anodization, two fundamentally different
oxide morphologies grow successively on the Ti surface. In the
first stage, a compact anodic oxide is formed, and only after a
certain period of time does the growth of ordered nano-
tubular structures take place. During the initial growth phase,
pH and diffusion gradients are established that finally allow a
tubular morphology to grow.[8, 9] If this system is altered by a
step to lower voltage, the concentration profiles will be
adjusted to less steep gradients. Therefore, a subsequent step
to the higher values will again lead to formation of an

Figure 1. SEM images of anodically grown nanotube layers of 10-mm
thickness. a) With smooth walls, grown under constant-voltage con-
ditions (120 V). b) Bamboo-type tubes, grown under AV conditions,
with a sequence of 1 min at 120 V and 5 min at 40 V. c) As in (b) but
with an AV sequence of 2 min at 120 V and 5 min at 40 V. The left
image shows the whole layer, and the right image a magnification of
the tubes. The inset in Figure 1a (right) shows the initial compact
layer formed at short times (30 s) at 120 V. d) Higher magnification of
the tube reinforcement; the right image shows a cross section through
an opened bamboo structure.
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initiation layer. As a consequence, when the voltage is
alternated between two formation voltages, tube growth and
initiation can be established repeatedly.

Figure 1a shows a nanotube layer grown under constant-
voltage conditions, at 120 V in an electrolyte consisting of
0.2 molL�1 HF in ethylene glycol. After 2 h of anodization a
very regular layer with a thickness of about 10 mm forms that
consists of aligned, individual (separated) TiO2 nanotubes
with diameters of 150 nm. Important for the present work is
that in the very first moments of anodization, that is, for
anodization times of less than 1 min, a nontubular “compact”
layer with a thickness of about 40–80 nm forms (Figure 1a,
inset).

If the voltage is lowered to 40 V, the growth of the tubes
slows down and, depending on the resulting conditions, may
entirely stop. When the voltage is alternated between an
upper level (120 V) and a lower level (here 40 V), and the
holding time at the lower level is sufficiently long, a
subsequent step to 120 V again leads to a compact initiation
layer, and a bamboo type of structure can be grown
(Figure 1b, d).

The spacing between the bamboo rings can be altered by
means of the time for which the sample is held at 120 V, as
shown in Figure 1b, c where the spacing was reduced from 200
to 70 nm by reducing the holding time. Figure 1d shows that
the tubes are open on the inside after the ring-formation
process. It is also apparent that the reinforcements do not lead
to a change of inner tube diameter; instead, a continuous
uniform channel is formed in each case.

The anodic current registered during the experiment
under constant-voltage conditions or under AV conditions
(Figure 2a) reveals details about the timescales of the differ-
ent stages of the growth process and the corresponding
morphologies (Figure 2b and c). Typical for all constant-
voltage conditions is the sequence schematically shown in
Figure 2c. After applying a voltage step in stage I, a compact
oxide layer forms that hampers further ion transfer and thus is
of self-limiting nature (under high-field conditions). As a
result, the current drops exponentially with increasing layer
thickness. Based on the electrochemical data in Figure 1a (the
initial current decay at 120 V) and the data in Figure 2b
(morphology and tube growth rate from SEM observations at
120 V), this initial phase lasts for around 30–60 s under the
conditions established at 120 V. In the second stage, the layer
is partially perforated by fluoride ion migration and accom-
panying oxide dissolution,[27] a fine porous layer forms, and
the current increases. In the third stage the situation is
stabilized, and regularly growing pores or tubes are formed.
These growth stages are also apparent from the current
response during AV stepping. By examining the details of a
single current response, that is, a transient when stepping to
120 V, it is clear that it consists of two parts: the first, lasting
about 30 s, can be ascribed to growth of compact oxide, and
the second to tube growth.

The finding that for the first few pulses a different
transient behavior is obtained than for later transients is likely
due to the fact that a sufficiently long tube must be formed to
make a steady-state diffusion-controlled mechanism opera-
tive. This is also supported by the results of Figure 2b, which

provides the time dependence of the growth rate of the
nanotubes at 120 V in constant-voltage anodization. The
results show that even when the tube-growth regime has been
established, the growth rate increases with time. This must be
ascribed to the final profile in the local tube chemistry[8] and
the according diffusion profile establishing a steady state at
sufficient tube length.

Relatively slow diffusion processes mean that in AV
anodization the tube growth rate is not linear after a voltage
step to 120 V and an equilibration phase is observed until the

Figure 2. a) Current/time characteristics (j = current density) for con-
stant-voltage anodization at 120 V (1), 40 V (3), and an AV sequence
of 2 min at 120 V and 5 min at 40 V (2). b) Growth rate vtube of initial
compact oxide layer and nanotubes under constant-voltage conditions
at 120 V. c) Typical current/time characteristics and corresponding
growth stages during self-organization process. I : initial compact
oxide, II: perforated, random tubular layer, III: self-organized tube
growth.
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steady-state growth rate of tubes (maximum speed) is
recovered.

In order to repeatedly produce bamboo rings in each step
to 120 V, sufficient time for relaxation of the diffusion profile
at the lower voltage must be allowed for (without completely
shutting down the growth reaction). The maximum holding
time at the lower voltage is determined by the incubation time
at this voltage for initiation of actively growing tubes. At 40 V,
the transition from the growth of a compact initiation layer to
a nanotubular layer, as shown in Figure 3a, b, occurs at
around 1800 s; this is also apparent in the maximum in the
corresponding current/time curve in Figure 2 a.

If anodization takes place for a longer time at the lower
voltage, nanotubular features with a reduced diameter start to
grow.[28,29] This can be exploited to grow a double-layer
structure (Figure 3c and d). In this case branching of the main
tube with a diameter of 150 nm into several (typically 2–3)
smaller tubes of about 50 nm in diameter can be observed.

Interesting 2D nanogrid (nanolace) structures are
obtained if voltage cycling is carried out for an extended
period of time (Figure 4). We ascribed this finding to
permanent chemical etching of the nanotube structure in
the fluoride containing electrolyte: TiO2 + 6HF!TiF6

2�+

2H2O + 2H+.
Therefore, the thinnest part of the tube wall formed at the

higher voltage is etched off and the reinforced compact parts
are left behind. This means that the outermost part of a
reinforced tube layer will be exposed to the electrolyte for the
longest time and the tube walls will be etched out first to form
a first layer of nanolace. With increasing anodization time
layer after layer is formed, stacked on each other as shown in
Figure 4b. This additionally implies that the compact oxide
has a lower chemical etching rate than the tube walls. Such an
effect may be ascribed to “ageing” of the oxide[30,31] or the loss
of field-influenced etching effects when the 2D layers are
disconnected from the circuit at the moment the connecting
tube structure is lost. Interestingly, detailed inspection of the
lace morphology reveals that the original outer tube walls and

the space filled by the reinforcement layer can clearly be
distinguished in SEM images. The structural features that
remain have diameters down to 10 nm, which is already in the
range for which the onset of quantum-size effects can be
expected for TiO2.

[32] Moreover, the lace structure can extend
over the entire sample surface (ca. 1 cm2) with only very few
local defects, that is, the structure has a very large lateral
aspect ratio.

X-ray diffraction experiments on bamboo-tube and nano-
lace morphologies revealed an amorphous nature for the as-
formed material. In both cases the structures could be
crystallized to an anatase structure without losing structural
integrity by annealing in air at 450 8C.

In summary, the present work shows that several new
nanoscale TiO2 morphologies can be produced by alternating-
voltage anodization of Ti in fluoride-containing electrolytes
under optimized conditions, as illustrated in Figure 5. By
establishing conditions that lead to alternating growth of
tubes and a compact layer, a regular tube structure with
bamboolike features can be grown. These structural modu-
lations of the nanotubes can be exploited to mechanically
reinforce the nanostructure, or alternatively to optimize the
volume filling of TiO2 nanostructures, for example, in photo-
conversion applications. A second type of nanostructure,
namely, a multidiameter stack of nanotubes, can be generated
simply by adjusting the anodization times at different
anodization voltages. In this case a layer of nanotubes of
smaller diameter can be grown underneath a primary layer,
with tubes that penetrate the bottom of the first tube layer.

Figure 4. TiO2 nanolace sheets formed by extended AV anodization
with a sequence of 50 s at 120 V and 600 s at 0 V. a) Detailed view with
indication of original tube walls and compact oxide formed by pulsing.
b) Overview of layer surface area.

Figure 3. Morphology evolution at 40 V (a, b) and formation of two-
diameter stack layer (c, d). a) Compact layer after 5 min of anodiza-
tion. b) First tubes forming after 30 min of anodization. c) Tilted cross
section of a double layer formed by one AV step, first at 120 V (6 h)
and then at 40 V (2 h). d) Cross-section of the double-layer structure in
(c).
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The thickness of this second layer can be in the range of
several micrometers depending on the anodization time. Such
multilayer structures may have significant applications, for
example, in size-selective reactive filtration, or the possibility
to form two distinct layers might be exploited with regard to
optical properties, such as in Bragg-stack structures.[33, 34]

The third structure produced by AV anodization is a TiO2

nanolace, a 2D sheet material with dimensions close to the
size scale for which quantum size effects can be expected for
TiO2. Furthermore, such lace structures may be embedded in
semiconductor nanocomposites to exploit the efficient elec-
tron-harvesting ability of TiO2 in a system-penetrating scaf-
fold.

Experimental Section
Titanium foils (0.1 mm, 99.6% purity, Advent Materials) were
degreased prior to electrochemical experiments by sonication in
acetone, 2-propanol, and methanol, subsequently rinsed with deion-
ized (DI) water, and finally dried in a nitrogen stream. The samples
were pressed together with a Cu plate against an O-ring in an
electrochemical cell (leaving 1 cm2 exposed to the electrolyte) and
anodized in an organic electrolyte consisting of ethylene glycol
(Riedel-de HaDn, containing less than 0.2 wt % H2O) with additions
of 0.2 molL�1 HF (40%, Merck) and 0.12 molL�1 H2O2 (30%,
Merck). Before use, the electrolyte was “aged” for 24 h at 120 V
(60 mAh L)�1.

For the electrochemical experiments, a Jaissle IMP 88 PC-200
high-voltage potentiostat (Jaissle Elektronik GmbH, Germany)
controlled by a programmable voltage source that superimposed
the AV signal was used. The voltages used were 120, 40, and 0 V; the
holding time of the two voltages was varied.

A conventional three-electrode configuration with a platinum
gauze as counterelectrode and a Haber–Luggin capillary with Ag/
AgCl (1m KCl) as a reference electrode were used. All electrolytes
were prepared from reagent-grade chemicals. A Hitachi FE-SEM
S4800 scanning electron microscope was used for morphological and
structural characterization of the TiO2 nanotubular layers.
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Figure 5. Illustration of the growth of TiO2 bamboo-type and nanolace
structures. a) Formation of bamboo ring by voltage steps. b) Forma-
tion of nanolace by side-wall etching (extended time in electrolyte).
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