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Since Kasuga et al.1 reported the synthesis of titania
nanotubes by the hydrothermal method with regard to
titania1,2 and titanate3 nanotubes (hereafter referred to as
TNT), several application studies4 on electrochromism,5 bone
regeneration,6 proton conduction,7 photoinduced hydrophi-
licity,8 catalysts,9 hydrogen storage,10 and dye-sensitizing
solar batteries11 have been conducted all over the world. For
the effective utilization and maximization of TNT characters,
it is important to ensure the prevention of nonuniform
aggregation and the uniform and organized arrangement of
TNT in terms of size and morphology at larger than
micrometer or centimeter size, respectively. In particular, a
film form is considered to have wide applications. For the
formation of TNT films on various substrates, methods of
painting a dispersion liquid of TNT particles on a substrate12

and coating TNT using the alternate-layer deposition process8

have been reported. However, there are limitations with
respect to the formation of only thin films and film formation
on a surface of three-dimensional and complex forms;
therefore, a film formation technique for TNT needs to be
developed. Recently, we reported that by hydrothermally

treating titanium metal, the size and form of which were
controlled at larger than micrometer or centimeter size, in
aqueous NaOH solution, TNT was formed on titanium metal
retaining these forms.13 In the report, we discussed that by
the hydrothermal treatment of titanium metal in NaOH
solution, titanium species14 such as TiO3

2-,TiO2(OH)2
2-, and

TinO2n+m
2m- were formed near the surface of the titanium

metal plate and that the titanium species were redeposited
on the titanium plate as TNT. On the other hand, in the
present study, we devised a “hydrothermal transcription
method” for forming TNT films on various substrates, as
shown in Figure 1. In this method, TNT is produced by
redepositing or transcribing the titanium species formed near
the surface of the titanium plate on other substrates by
hydrothermal treatment in aqueous NaOH solution, which
grow to form dense films on several substrates as well as on
the titanium plate.13 By this method, TNT film can be formed
even on a substrate with three-dimensional and complex
morphologies and adheres strongly and chemically to the
substrate compared with the two film formation methods8,12

described above; in these methods, the long axis of TNT is
painted almost parallel to the substrate. In this paper, we
report the formation of TNT films on several substrates by
hydrothermal transcription.

The experiment was conducted as follows. As shown in
Figure 1, a titanium metal plate and a substrate were placed
adjacently with a gap of about 200 µm and fixed using
titanium wires or SUS316 wires. For the substrate, a Co-Cr
alloy disk, SUS316L plate, SUS430 plate, tantalum plate,
and silicon plate were used. These were immersed in 10
mol/L NaOH aqueous solution and treated hydrothermally
for 20 h at 160 °C. After the reaction, the samples were
removed from the container and dried. Then, by washing
with water following heat treatment at 300 °C, excessive
NaOH adhered on the substrate was removed. Experimental
details are provided in the Supporting Information, part 1.

First, the Co-Cr alloy disk (see the Supporting Informa-
tion, part 2) was used as a substrate. As shown in Figure 2a

* Corresponding author. E-mail: yada@cc.sagu-u-ac.jp.
† Faculty of Science and Engineering, Saga University.
‡ Japan Science and Technology Agency.
§ Japan Medical Materials Corporation.
| Faculty of Medicine, Saga University.

(1) Kasuga, T.; Hiramatsu, M.; Hoson, A.; Sekino, T.; Niihara, K.
Langmuir 1998, 14, 3160.

(2) Armstrong, G.; Armstrong, A. R.; Canales, J.; Bruce, P. G. Chem.
Commun. 2005, 2454–2456.

(3) Chen, Q.; Zhou, W.; Du, G.; Peng, L.-M. AdV. Mater. 2002, 14, 1208.
(4) Bavykin, D. V.; Friedrich, J. M.; Walsh, F. C. AdV. Mater. 2006, 18,

2807.
(5) Tokudome, H.; Miyauchi, M. Angew. Chem., Int. Ed. 2005, 44, 1974.
(6) Kubota, S.; Johkura, K.; Asanuma, K.; Okouchi, Y.; Ogiwara, N.;

Sasaki, K.; Kasuga, T. J. Mater. Sci.: Mater. Med. 2004, 15, 1031.
(7) Thorne, A.; Kruth, A.; Tunstall, D.; Irvine, J. T. S.; Zhou, W. J. Phys.

Chem. B 2005, 109, 5439.
(8) Tokudome, H.; Miyauchi, M. Chem. Commun. 2004, 958.
(9) Tokudome, H.; Miyauchi, M. Chem. Lett. 2004, 33, 1108.

(10) Bavykin, D. V.; Lapkin, A. A.; Plucinski, P. K.; Friedrich, J. M.;
Walsh, F. C. J. Phys. Chem. B 2005, 109, 19422–19427.

(11) Uchida, S.; Chiba, R.; Tomiha, M.; Masaki, N.; Sirai, M. Electro-
chemistry 2002, 70, 418.

(12) Kasuga, T. Jpn. Kokai Tokkyo Koho 2005,JP 3608167.

(13) Yada, M.; Inoue, Y.; Uota, M.; Torikai, T.; Watari, T.; Noda, I.;
Hotokebuchi, T. Langmuir 2007, 23, 2815–2823.

(14) Wu, D.; Liu, J.; Zhao, X.; Li, A.; Chen, Y.; Ming, N. Chem. Mater.
2006, 18, 547.

Figure 1. Schematic representation of a reaction process by the hydrothermal
transcription method.
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and the Supporting Information, part 3, after the reaction,
the formation of a white film whose base color was similar
to that of the Co-Cr alloy along the square form of the
counter titanium plate on the face counter to the titanium
plate was observed. This white film strongly adhered to the
Co-Cr alloy plate. By examining SEM images (images b
and c in Figure 2), the uniform and dense formation of
fibrous substances was identified. In addition, by TEM
observation of fibrous substances, nanotubes with an outer
diameter of about 8 nm were identified (Figure 2d). The
thickness of this film was about 5 µm, which was less than
the thickness of the TNT film formed on the titanium plate
(20 µm) when reacted separately.13 If TNT particles produced
from the titanium plate spread and physically attach to the
Co-Cr alloy plate, it can be assumed that TNT particles
were aggregated into irregular-shaped TNT aggregates by
capillary force, when removed from the reaction solution and
dried, and that uniform and dense TNT films, as shown in
images b and c in Figure 2, were not present. Therefore, in
this experiment, it can be assumed that TNT was grown from
the surface of the Co-Cr alloy to form a TNT film. As
shown in the XRD pattern of the Co-Cr alloy surface
counter to the titanium plate (Figure 3a), a diffraction peak
characteristic of titanate nanotubes near 2θ ) 10° as well

as the peaks attributed to the Co-Cr alloy of the raw material
were observed. From EDX analysis, it was found that the
film contained Na, Ti, O, Co, Cr, and Si and that the molar
ratio of the film was Na:Ti:O:Co:Cr:Si ) 0.322:1:2.401:
0.112:0.052:0.045. Therefore, sodium titanate nanotube4 film
is thought to be formed on the Co-Cr alloy disk. The
elements Co, Cr, and Si dissolved in the Co-Cr disk and
were incorporated into the titanate framework and/or the
interlayer spacing of the titanate. Next, the face of the Co-Cr
alloy plate, which was not placed counter to the titanium
plate, was also analyzed in detail. In the XRD pattern shown
in Figure 3b, the peak near 2θ ) 10° attributed to the titanate
was scarcely observed. In the SEM image, a small amount
of fibrous substance was observed, suggesting the existence
of nanotubes. It can thus be considered that the nanotubes
did not form easily on the Co-Cr alloy disk surface that
was not counter to the titanium metal. As mentioned above,
the white TNT film reflecting the square form of the titanium
plate was observed on the Co-Cr alloy disk that was counter
to the titanium plate (Figure 2a and the Supporting Informa-
tion, part 3). Thus, it can be concluded that the titanium
species capable of forming TNT were present near the
surface of the titanium, and that the TNT pattern reflecting
the form of the titanium plate was formed on the surface of
the Co-Cr disk counter to the titanium plate. The above
results suggest that by using several forms of the titanium
plate as the titanium source, different patterns of TNT can
be formed on heterogeneous substrates. On the other hand,
when only the Co-Cr alloy disk was hydrothermally treated
in 10 mol/L NaOH aqueous solution, the surface of the
reacted Co-Cr alloy plate changed to dilute black, and
blocklike images were observed in the SEM image (see the
Supporting Information, part 4). In the XRD pattern, only
the peaks attributed to the Co-Cr alloy were observed. It is
thus concluded that amorphous oxyhydroxides of Co or Cr
form on the surface. Therefore, it is considered that by
hydrothermally reacting the titanium plate and the Co-Cr
alloy disk along with countering, before the dissolution/
redeposition reaction of the Co-Cr alloy progresses exces-
sively, copious amounts of titanium species originating from
the titanium plate spread into the solution and reached the
surface of the Co-Cr alloy. These species were immediately
redeposited and they grew as TNT through the OH group
produced on the surface of the Co-Cr alloy. As a result, it
is considered that excessive reaction of the Co-Cr alloy
surface counter to the titanium plate in NaOH aqueous
solution was remarkably suppressed.

When the same experiment was conducted with the
SUS316L plate (see the Supporting Information, part 5)
instead of the Co-Cr alloy disk, it was found that, as in the
case of the Co-Cr alloy, diluted white film was formed on
the surface of the SUS316L plate that was counter to the
titanium plate, as shown in Figure 4a and the Supporting
Information, part 6. From the SEM image of this film (Figure
4b), a surface covered with several domes was observed,
which differed from the smooth surface of the raw SUS316L.
These domes were composed of uniform fibrous substances,
as shown in Figure 4c. From the TEM image of the film

Figure 2. (a) Digital camera, (b, c) SEM images, and (d) TEM image for
the obtained thin film formed on the surface of the Co-Cr alloy that was
counter to the titanium metal.

Figure 3. XRD patterns for (a) the Co-Cr alloy disk surface counter to
the titanium metal, (b) the Co-Cr alloy disk surface not counter to the
titanium metal, and (c) the surface of the SUS316L plate counter to the
titanium metal. Peak assignment: O, TNT; 0, Co-Cr alloy; 9, SUS316L.
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(Figure 4d), the fibrous substances were confirmed as
nanotubes. From the EDX analysis, it was found that the
film contained Na, Ti, O, Fe, Mn, Cr, and Si, and that the
molar ratio for the film was Na:Ti:O:Fe:Mn:Cr:Si ) 0.407:
1:2.432:0.188:0.001:0.057:0.022. In the XRD pattern (Figure
3c) of the film, diffraction peaks attributed to the titanate
nanotubes and SUS316L were observed, and diffraction
peaks resulting from iron compounds such as iron hydroxide,
iron oxyhydroxide, and iron oxide were not observed.
Therefore, sodium titanate nanotube4 film is thought to be
formed. The elements Fe, Mn, Cr, and Si dissolved in the
SUS316L plate and were incorporated into the titanate
framework and/or the interlayer spacing of the titanate. Thus,
it is considered that TNT grew on the surface of the
SUS316L plate that was counter to the titanium plate to form
the TNT film with several domes. The surface morphology
of the TNT film formed on the SUS316L plate differed from
that of the relatively flat TNT film obtained in the experiment
with the Co-Cr alloy. The obtained results suggest that the
surface morphology of the TNT film can be controlled by a
substrate.

On the other hand, when the same reaction was performed
using the SUS430 plate instead of the Co-Cr alloy disk,
brown and black iron compounds were formed on the
SUS430 plate, although white TNT film was formed in part
(see the Supporting Information, part 7). SUS430 is an
industrial-grade stainless alloy, whereas SUS316L is a
stainless alloy used in implants that has exceptionally high
corrosion resistance; the results obtained reflected this
corrosion resistance. When the same reaction was performed
with the tantalum plate instead of the Co-Cr alloy plate,
copious amounts of white products were produced on the
tantalum plate (see the Supporting Information, part 7), and
particles other than nanotubes were observed. In addition,
when the same experiment was performed using a silicon
plate instead of the Co-Cr alloy disk, the silicon plate was
completely dissolved by the hydrothermal reaction. Consid-
ering the differences in the responsiveness of the substrates

observed in the above experiments, it is inferred that the
dissolution rate of the titanium plate and substrates and the
redeposition rate of the chemical species that arose from the
dissolved titanium plate and substrates should be considered.
In particular, in this experimental system, it is considered
that the dissolution rate of the substrates has a large effect
on the results of the experiments. The dissolution rate, as in
this study, can be explained by the ionization tendency, i.e.,
oxidation–reduction potential. Because titanium has a large
ionization tendency than hydrogen existing in the solution,
it is considered that titanium dissolves into titanium ions
(Ti4+) and hydrogen ions transform into H2; these dissolved
ions immediately form chemical species14 such as TiO3

2-,
TiO2(OH)2

2-, and TinO2n+m
2m-, which are redeposited as

TNT. When a substrate whose ionization tendency is smaller
than that of titanium, particularly materials such as SUS316L
and Co-Cr alloy with ionization tendencies smaller than
hydrogen, is simultaneously hydrothermally treated with
titanium, the dissolution rate of titanium is higher than that
of the substrate. In this reaction, the titanium species were
immediately produced following the dissolution of titanium
and are spread and redeposited on the substrate as the TNT
film, which predominated the dissolving reaction of the
substrates. As a result, the surface of the substrate was
covered by the TNT film, and the dissolution of the substrate
was further suppressed (although minimally). On the other
hand, it is considered that when substrates with ionization
tendencies larger than that of titanium, i.e., substrates such
as silicon and tantalum, were hydrothermally treated at the
same time as titanium, the dissolution reaction of the
substrates predominate the dissolution reaction of titanium.
TNT film was thus not obtained on the substrates.

In this study, we have reported the novel growth of the
TNT film on substrates such as Co-Cr alloy and SUS316L
and the formation of simple patterns of the TNT. Because
these substrates have superior mechanical properties and
corrosion resistance, they are frequently used in implants such
as artificial joints. Therefore, we are investigating the
application of the obtained TNT/substrate composites as
implants. We believe that these composites can be used in
sensors or catalysts. We also think that the hydrothermal
transcription method could be applied to the formation and
patterning of various compounds on a variety of substrates.
Currently, we are investigating the detailed observation of
TNT-substrate interfaces, the patterning of TNT film, and
the formation of the TNT film on several ceramic substrates
such as Al2O3 and ZrO2 with high corrosion resistance using
the same technique.
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Figure 4. (a) Digital camera, (b, c) SEM images, and (d) TEM image for
the obtained thin film formed on the surface of the SUS316L counter to
the titanium metal.
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