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The degree of self-assembly and the size variation of nanotubular structures in anodic titanium oxide prepared
by the anodization of titanium in ethylene glycol containing 0.25 wt % NH4F at 40 V were investigated as a
function of anodization time. We found that the degree of self-assembly and the size of the nanotubes were
strongly dependent on thickness deviation and thus indirectly on anodization time, as the thickness deviation
was caused by the dissolution of the topmost tubular structures at local areas during long anodization. A large
deviation in thickness led to a large deviation in the size and number of nanotubes per unit area. The dissolution
primarily occurred at the bottoms of the nanotubes (Dbottom) in the initial stage of anodization (up to 6 h), which
led to the growth of nanotubes. Dissolution at the tops (Dtop) was accompanied by Dbottom after the formed
structures contacted the electrolyte after 12 h, generating the thickness deviation. After extremely long
anodization (here, 70 h), Dtop was the dominant mode due to increase in pH, meaning that there was insufficient
driving force to overcome the size distribution of nanotubes at the bottom. Thus, the nanotube array became
disorder in this regime.
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Introduction
Following great success in the fabrication of anodic
aluminum oxide (AAO) and its application in various
fields,1-4 many valve metals such as Ti,5-10 W,11-14 Ta,15-17
Nb18,19 and their alloys have been intensively investigated in
attempts to fabricate materials analogous to AAO. Nanotubular anodic titanium oxide (ATO) with a high aspect ratio
have been considered to be a worthy successor to AAO since
it exhibits similar highly regular nanostructures in a selfassembled manner.5-10
Because many theories on the principles of the fabrication
of highly ordered AAO have been well established for
number of years,20-25 their knowledge should be very useful
in obtaining a deeper understanding of the anodization
process in the fabrication of ATO. The influence of anodization time on the length of the nanotubes and the
relationship between the interpore distance and the applied
potential within certain ranges have been studied to this
end.26-28 In addition, it was reported that AAO and ATO
prepared below breakdown potential are usually an
amorphous structure irrespective of anodizing time.26,28 The
amorphous structure of AAO and ATO can be converted to
crystalline structures by annealing under appropriate conditions.28-29
A diameter-potential dependency in ATO was recently
reported by several groups.30-33 In addition, it has been
reported that the length of ATO reaches a maximum in terms
of anodizing time and then reaches a steady state due to
etching.34-37
Contributing to the efforts to generalize the mechanism of
the anodic growth of nanostructures, we performed comparative studies on electropolishing effects in the growth of

AAO and ATO and their stepwise reduction behaviors
during thinning.38 In this study, the degree of self-assembly
and the size and number of nanotubes in ATO were investigated in terms of thickness changes, considering that the
diameter of AAO nanotubes is usually determined by the
applied potential, and the degree of self-assembly linearly
improves up to the diffusion limit length.39
Experimental
A Ti foil with a thickness of 0.127 mm (99.7%, Aldrich,
USA) was used as the starting substrate for the fabrication of
highly ordered ATO. First, the foil was degreased by
sonicating in acetone and then in isopropanol, followed by
rinsing with deionized (DI) water. Subsequently, the foil was
dried in a nitrogen stream with no additional surface polishing. The anodization was carried out using a power supply
(SourceMeter 2400, Keithley) interfaced with a computer at
a constant potential of 40 V for varying durations at room
temperature. An ethylene glycol (99.8%, Aldrich, USA)
solution containing 0.25 wt % NH4F was used as the electrolyte. The anodization setup consisted of a conventional twoelectrode configuration with a platinum mesh as the counter
electrode and the cleaned titanium foil as the working
electrode. During the anodization, 10 mL of electrolyte was
taken for pH measurement (Orion 2-Star pH Benchtop
Meter, Thermo Scientific). After pH measurement, the electrolyte was added into the original electrolyte. After forming
the nanotubular structures, specimens were immediately
rinsed with DI water and then dried in a nitrogen stream.
Field emission scanning electron microscopy (FE-SEM,
4300S, Hitachi, Japan) was employed for the structural and
morphological characterization. Film thickness was measured
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directly from the cross-sectional images.
Results and Discussion
According to Raja et al.,40 anodic growth of nanotubes in
EG can be explained by the balance between oxide formation
and oxide dissolution.
Ti is oxidized into TiO2 in EG through the several steps of
reactions at anode:40
2(CH2OH) + TiO2 (air formed film) →
Ti + 2(COOH-CH2OH) + 4H++4e−

(1)

COOH-R → (R-COO)− + H+ + e−

(2)

−

−

Ti + 4(R-COO) → (RCOO)4Ti + 4e

(3)

(RCOO)4Ti → TiO2 + CO2 + nH+ ne−

(4)

In addition, dissolution of the formed oxide takes a place
at the bottom of TiO2 and/or at the tops of the nanotubes by
the following reaction:
TiO2 + 4H+ + 6F− → TiF62− + 2H2O

(5)

At cathode, hydrogen ions dissociated from anodically
produced H2O are reduced into hydrogen gas, leaving OHions in the electrolyte. The probably increase pH in the

Figure 1. Cross-sectional SEM images of TiO2 nanotubes prepared
at 40 V in ethylene glycol containing 0.25 wt % NH4F for different
anodizing times: (a) 1 h, (b) 3 h, (c) 6 h, (d) 12 h, (e) 48 h, (g) 60 h,
and (h) 72 h.

Figure 2. Thickness and thickness deviation of TiO2 nanotubes at
different anodizing times.

solution.
H+ + H+ → H2 ↑

(6)

Figure 1 shows cross-sectional images of ATO prepared at
40 V with different anodization times, suggesting that the
thickness did not linearly increase with anodizing time. Due
to surface dissolution during anodization (reaction 5), the
thickness deviation increased as a function of anodizing
duration. Figure 2 shows the thickness deviations versus
anodizing time, demonstrating that the thickness deviations
in ATO prepared at 6 h were from a few tens of nanometers
to a few hundreds of nanometers. The bars depicted after 12
h means the deviation of thickness at area-by-area in one
sample, indicating that a distinct thickness deviation of more
than 3 μm was observed at 12 h, and it further increased to
20 μm at 60 h. Interestingly, both the thickness and thickness
deviation significantly decreased at 72 h. This significant
thickness reduction after long anodization has not been
reported in the literature. For example, Grimes’s group
reported that nanotubes can be grown up to 1,005 μm thick
at 60 V for 9 days.28 It is probably due to different anodization conditions. Since the anodization condition in this
work makes narrow nanotubes, a diffusion problem leads to
relatively short length of nanotubes.
The nonlinear thickness deviation can be explained by two
different dissolution modes10,41: one for the formation of
titanium oxide nanotubes, which primarily occurs at the
bottoms of the nanotubes (Dbottom), and a second ascribed to
the dissolution of the formed oxide, which mainly takes
place at the tops of the nanotubes (Dtop), which are in contact
with the electrolyte for the longest time. During the initial
growth of nanotubular structures, it is clear that Dbottom is
dominant; otherwise, the nanotubes could not be produced.
If anodization is conducted for more than 12 h, both Dbottom
and Dtop become important modes due to the continuous
dissolution of nanotube walls. Thus, the thickness deviation
linearly increased as a function of the anodizing time at this
stage. Finally, Dtop develops into the dominant mode after
extremely long durations (here 72 h). Due to long anodization, amount of H+ and OH− are produced by the dissolu-
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Figure 3. Variations of pH values in the electrolyte as a function of
anodizing time.

tion of TiO2 through reaction (5). As mentioned earlier, the
hydrogen ions are consumed into hydrogen gas in the
cathode, leaving the OH− ions. Since the anodic nanotubes
can be grow up at localized low pH condition,6 extreme
increase in pH value around the mouth of nanotubes
probably makes stop (or weak) the growth of nanotubes at
the bottom. Figure 3 shows pH variation during anodization,
indicating that the concentration of OH− ions increases as a
function of anodization time as we explained.

Figure 4. Bottom views of SEM images of TiO2 nanotubes
prepared at 40 V in ethylene glycol containing 0.25 wt % NH4F for
different anodizing times: (a) 1 h, (b) 3 h, (c) 6 h, (d) 12 h, (e) 48 h,
(g) 60 h, and (h) 72 h.
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From the results, the critical point that Dbottom becomes
very weak is probably pH 8.2 in bulk EG electrolyte.
Evidence that Dtop was the dominant mode after the
extreme long anodization was provided by the bottom views
of the ATO. Figure 4 shows FE-SEM images of the bottoms
of the ATO at different anodization times, clearly demonstrating that the degree of ATO self-assembly did not improve with anodizing time. As the anodization time was
increased up to 6 h (Figures 4(a), (b) and (c)), the arrangement of the nanotubes slightly improved. Subsequently, it
began to degenerate (Figures 4(d)-(g)) because nanotubes of
different sizes were generated. At 72 h, tiny, disordered
nanotubes were observed (Figures 4(h)), indicating that
Dbottom became very weak (Dtop mode). Note that this variation in ATO nanotube size with anodizing time was very
interesting finding, as the pore size of AAO is usually
constant during anodization.
Overall, as anodization time was increased up to 12 h, the
size of the nanotubes decreased, as shown in Figure 5(a).
This effect was attributed to the increase in diffusion length
of ions. After 24 h, nanotubes of distinctly different sizes
were observed ((Figures 4(e)-(g) and Figure 5(a)). The size
deviations increased until 60 h, with a difference as great as
1.5 × 104 nm2. The sizes of the nanotubes and their deviation
then significantly decreased at 72 h (Figure 4(h)). At this
stage, tiny, disordered nanotubes were produced. In contrast,
the number of nanotubes increased until 12 h (Figure 4(b)).
The number of nanotubes then differed from one area to the

Figure 5. Variations of (a) nanotubes size and (b) number at
different anodizing times.
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Figure 6. Current-time transient during the fabrication of nanotubular TiO2. There are three regimes: a decrease in current
(Regime I), a fluctuation in current (Regime II), and an increase in
current (Regime III).

next within the same sample, meaning that there was a
significant deviation in the number of nanotubes per unit
area. The changes in the size and the number of nanotubes
shown in Figure 5 were very well correlated with the thickness deviation in Figure 2, meaning that the number and size
of nanotubes and the degree of self-assembly were strongly
dependent not on anodizing time but rather on thickness and
thickness deviation.
This observation reports a very different behavior from
that of AAO: in AAO production, pores are randomly
initiated on the surface based on an electric-field enhanced
dissolution mechanism.42 The randomly over-nucleated pores
are adjusted to a well-distributed number of pores as some
pores stop growing, showing a self-assembly character
ascribed to mechanical stress caused by the volume expansion when aluminum is converted into aluminum oxide.
Thus, the degree of self-assembly improves as the anodization proceeds. However, if the anodization is conducted
for too long, the self-assembled arrays degenerate due to
diffusion problems in the extremely long nanopores. Thus,
there is a maximum thickness displayed by the most-ordered
AAO.41,43
Figure 6 shows the current transients during the formation
of ATO, suggesting that there were three dissolution regimes,
as we observed: the current reduction regime (Regime I), the
fluctuation regime (Regime II), and the slight current increase
(Regime III). As a decrease in current density indicates the
growth of nanotubes (Regime I), the nanotubes grew linearly
up to 10 h. After 12 h, there was a fluctuation of current
density (Regime II), indicating the occurrence of a significant thickness deviation. After 65 h, a slight increase in
current density was observed. As mentioned above, the
growth rate of nanotubes due to Dbottom was very weak in this
regime.
Conclusions
In this report, we described how the self-assembly, as well
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as the size and number of nanotubes, was strongly influenced not directly by anodizing time but rather by thickness
and thickness deviation. We found that there were three
dissolution regimes influencing the size and number of
nanotubes and their self-assembly: In the first regime, where
there was no significant surface dissolution by Dtop, the selfassembly of ATO and the thickness of nanotubes improved
and increased, respectively, as the anodization time was
increased. The increase in the thickness led to a reduction in
the size of the nanotubes and an increase in their number per
unit area. In this regime, constant current reduction was
observed in the current-time transient graph. In the second
regime, showing a fluctuation in the current-time transient
graph, ATO was rapidly dissolved due to Dtop, causing a
significant thickness deviation. This deviation led to remarkable differences in the size and number of nanotubes from
one area to the next, degenerating the self-assembly. Finally,
the nanotubes became completely disordered in the regime
where Dtop was the dominant mode rather than Dbottom. Dtop
dominant mode was attributed to increase in pH value due to
the dissolution of TiO2 and hydrogen reduction reaction at
cathode. At more than pH of 8.2, Dbottom became very weak
to grow pores. In this regime, the current increased slightly.
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