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Nanotubular materials have in the past decade attracted g
great interest because of their high surface-to-volume ratios, §
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size-dependent properties, and remarkable potential applica- e

tions, for example, in high-density recording media, biologi-

cal nanopatterning, functional electrodes, and so forth. Since * Calw1es

the first report of self-organized TiManotube layers formed
by electrochemical titanium anodizatidisubstantial effect
has been devoted to the self-organization and gréwth.
By optimizing the working parameters, various kinds of oxide
nanotubes, for example, zirconium oxidel® hafnium
oxide}* niobium oxide!®> ! tungsten oxidé? tantalum ox-
ide ® and titanium oxide-niobium oxide'® and so forth, have
been realized on metals or metal alloys via this electrochemi-
cal self-organization approach.

The electrochemical conditions under which the nanotubes

are self-organized, such as the anodization potential and time

as well as the composition and pH value of the electrolytes
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Figure 1. Parts a and b are field emission SEM top-view images of the
as-anodized Ti@nanotube films at low and high magnifications, respec-
tively. (c) Cross-sectional view of the aligned nanotube. These nanotubes
are self-organized at 20 V ffd h in abasic electrolyte at pH 8.4.

have great influence on the growth behavior of the nanotubes.
Among these parameters, the electrolyte pH value is one of
the most important factorsAs known, the oxide nanotube
growth is the result of a competition between electrochemical
oxide formation at the tube bottom and chemical dissolution
of oxide at the tip by fluoride ions. In strongly acidic solution,
both the nanotube growth rate at the bottom and chemical
dissolution rate at the tip are increased, and the length of
the tube cannot be increased by prolonging the anodization
time. On the other hand, increasing the pH value will
decrease the chemical dissolution rate, while also decreasing
the electrochemical oxide formation rate. This will affect the
length to a certain extent if the electrochemical oxide
formation rate is hampered more than the dissolution rate.
So far relatively long nanotubes could be only prepared
within a narrow acid pH range (around 4). For the future,
robust industrial preparation and applications of oxide
nanotubes is a demanding task and still a challenge to extend
the aqueous electrolyte pH value to a wider range.

In this present work, we report a robust self-organization
of TiO, nanotube layers within a wide pH range from acidic
to basic conditions using a NF/water/glycerol electrolyte.
Importantly, we show that the basic environment (pHo3
is much more efficient for the self-organization of relatively
longer nanotubes than the commonly used acidic condition
(pH 3-5).219 Our method is simple and is based on
operating close to spontaneous passivation conditions as
described below. It can be applied to other metals or metal
alloys for the preparation of anodic nanotubes. As a result
of the achieved high growth efficiency, it is of high
significance for future industrial production and applications.

Figure 1a,b shows typical scanning electron microscope
(SEM) top-view images of the self-organized porous titanium
oxide film anodized at pH 8.4 fol h at low andhigh
magnifications, respectively, showing that a highly uniform
and densely packed array of nanotubes was prepared over a
large scale. The nanotubes have hollow structure with
uniform diameter of approximately 100 nm and wall thick-
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ness of about 6 nm. Figure 1c is a cross-sectional SEM view
of the film, showing that the nanotubes grow perpendicularly
onto the substrate and their lengths are about Am39These .
results indicate that large scale oxide nanotubes have been g
prepared in basic conditions.

In order to explore the influence of electrolyte pH on the
tube geometry, the nanotube length was measured for tubes
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grown at different pH values for 1 h. As shown in Figure (c)s | r——eecrmmmes

2a,b, when the samples were anodized at pH 4.5, the diameter gl' CA

of the nanotube did not change, while the length decreased % . £ 4

from 1.39um to about 1.06:m. Figure 2c is the dependence i : =

of tube length on electrolyte pH value, indicating that the £ 'gm} ,,/"’/‘*
tube length increased significantly with the increase of the 2 | £ |

electrolyte pH value, and the increase of the nanotube length 5%, &6 %0 ' &0 i
IS mg_ch more r"?‘p'd n b.aSIC Con.dltlons than in QCIdIC Figure 2. Parts a and b are respectively field emission SEM top and side
conditions. The difference in the oxide growth behavior on yiews of Tio, nanotube layers that were formed by self-organization at 20
the electrolyte pH value becomes even more evident whenV for 1 h in anacidic electrolyte at pH 4.5. (c) Dependence of nanotube
the anodization time is extended. Figure 2d is the dependence€ndth on electrolyte pH values. (d) Dependence of nanotube length on
L . anodization time in basic and acidic electrolytes.
of tube length on anodization time. At pH 8.4, the tube length
increased almost linearly from 1.39 to 3.4in when the )
anodization time increases from 1 to 4 h, while the length *
increased merely from 1.06 to 1.59m afte 4 h of
anodization at pH 4.5. These findings indicate that using the
basic conditions of NgF/water/glycerol electrolyte, a much
more controlled self-organization of relatively longer oxide
nanotube |ayer5 can be achieved. 600 1200 1800 2400 3000 36 600 1200 1800 2400 3000 3600
To thoroughly understand the growth behavior of the oxide Anodization time (s) Anodization time (5)

nanotube films at different pH values, the electrochemical Figure 3. (a) Current density transient curves for the anodization of titanium
and chemical reactions at the bottom and mouth of the at 20Vf0r_1h inbasic electrolyt_es (pH 8_.4) with different water/glyc_erol

. . . volume ratios. (b) Current density transient curves for the anodization of
nanotubes, which are two main factors governing the length titanjum at 20 V fo 1 h in acidic (pH 4.5) and basic (pH 8.4) electrolytes.
of the nanotubes, are considered. At the bottom of the
nanotube, the growth is governed by field-aided oxide the pore tip, and this effect prevents passivation at the pore
growth, field-aided diffusion of ionic species, and solvation bottom even in basic solution.
at the omde/electrolytg_ interfaderhis situation can also'be _ In fact, during the growth process the chemical dissolution
expressed as competition between electrochemical oxidation.g zction (reaction 2) is also going on at the mouth of the

(reaction 1) and chemical dissolution (reactiorf 2): tubes. The pH value at the mouth is mainly controlled by
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. o " _ the bulk solution. In acidic electrolyte, the low pH value
Ti+2H,0—TiO, + 4H" + 4e (1) induces a high chemical dissolution rate, and the as-anodized
Tio, + AH' 4 BE — [TiF6]2’ +2H,0 @) nanotube tip is dissolved away gradually. As time goes on,

the electrochemical oxide formation rate at the bottom
Metallic Ti is first oxidized to TiQ and then selectively decreases slowly, while the chemical dissolution rate keeps
dissolved by F ion. This makes the pore deeper and deeper. constant at the mouth. As a result, the final growth rate of
For this, a sufficiently acidic environment at the tube bottom the nanotube decreased (as shown in Figure 2d). On the
is needed. Figure 3a shows that at an elevated pH of 8.4 gcontrast, in basic conditions, the chemical dissolution reaction
viscosity induced threshold between an active tube growth (reaction 2) at the mouth is extremely slow. As a result, the
and passivation conditions at the tube bottom exists. In other@s-formed nanotubes can survive for significantly longer
words, in a water glycerol electrolyte of a low viscosity (4: times. Therefore, oxide nanotubes grow almost linearly with
1), only minor tube growth can be observed. The process istime in basic condition.
essentially slowed down after a brief initiation period (see  Figure 3b shows the difference of current density in basic
Supporting Information). While in the high viscosity elec- and acidic electrolytes during the anodization process. For
trolyte, water/glycerol (1:1), a steady tube growth is main- both electrolytes, with pH values of 4.5 and 8.4, respectively,
tained. The reason for this drastic active/passive behaviorthe current density decreases gradually during the self-
can be ascribed to the fact that Otih the bulk solution organization process. Once ordered oxide structures are
and H" produced via reaction process (reaction 1) show a created, the steady current density obtained at pH 4.5 is
lower diffusion rate in the more viscous electrolyte. The pH higher than that obtained at pH 8.4, indicating that the
value at the tube bottom is mainly controlled by the self- electrochemical etching rate at the tube bottom is faster in
acidification process (reaction 1) and much less influenced an acidic environment than that in basic conditions. However,
by the bulk electrolyte pH value. As a result of the suitable the final tube length obtained in basic electrolyte is longer
viscosity, an acidic environment can be better confined at (Figure 2d). This indicates that current efficiency, the
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A: Anatase phase
T: Titanium substrate

Intensity (a. u.)

20 30 40 50 60 70 80
2 Theta (deg.)
Figure 4. XRD patterns of the nanotubes after annealing at 45®or 1

Communications

have many potential applications. For example, ordered TiO
nanotubes may give higher solar energy conversion efficiency
as losses owning to grain boundaries can be avditled.
Additionally, TiO, shows a controllable wettabil# 2% and

a high degree of biocompatibility in biomedical applica-
tions?28 for example, as dental or hip implants.

In summary, TiQ oxide nanotubes were successfully
prepared in a wide pH range via the electrochemical self-
organization approach. Our experimental results show that
oxide nanotubes can be prepared not only in acidic conditions
but also in basic conditions and further demonstrate that basic
conditions are much more efficient for the self-organization

h in air. The nanotubes are prepared in basic electrolyte at pH 8.4 and 200f relatively long oxide nanotubes using an adjusted basic

V for 4 h.

electrolyte. This strategy is simple and can be applied to other
metals and metal alloys for the preparation of oxide nano-

effective observed tube length of the nanotube per electric ypes (see Supporting Information, Figure S2). The achieved
charge applied during the anodization process, is higher inpigh growth efficiency is of high significance for future
basic conditions. According to our caculation, after 1 and 4 jnqustrial production and applications.

h of anodization, the current efficiencies obtained in alkaline
solution (pH 8.4) are about 60% and 84%, respectively,
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Many applications of Ti@nanotubes require a crystalline
structure®? Therefore, the Ti@nanotubes prepared in basic
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(20) Fujishima, A.; Honda, KNature 1972 238 37.
(21) O’'Regan, B.; Gitzel, M. Nature 1991, 353 737.

69.
(23) Wang, R.; Hashimoto, K.; Fujishima, A.; Chikuni, M.; Kojima, E.;
Kitamura, A.; Shimohigoshi, M.; Watanabe, Nature1997, 388 431.
(24) Feng, X. J.; Zhai, J.; Jiang, Bngew. Chem., Int. EQ005 44, 4114.
(25) Balaur, E.; Macak, J. M.; Taveira, L.; Schmuki, Blectrochem.
Commun 2005 7, 1066.
(26) Titanium in Medicin Brunette, D. M., Tengvall, P., Textor, M.,
Thomsen, P., Eds.; Springer: Berlin, 2001; p 1.



