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a b s t r a c t

Titanium films were deposited on ITO (indium tin oxide)-coated PEN (polyethylene naphthalate) and flex-
ible clay substrates by ion beam sputter deposition method. The surface morphology of the deposited films
was smooth on PEN and rough on clay substrates. The titanium film deposited on Clay-mo (98% montmo-
rillonite) substrate was anodized in ethylene glycol + 2 vol% H2O + 0.3 wt% NH4F solution, and the titanium
films deposited on Clay-st (99% stevensite) substrate was anodized in 2-propanol + 16 vol% H2O + 0.14 M
NH4F solution. Then nanohole-structured titania (TiO2) films were firstly and successfully fabricated on
eywords:
itania nanostructure
lexible
lectrochemical
nodization

the flexible transparent clay substrates. The nanohole structures of TiO2 on both clay substrates were
similar to those on PEN and glass substrates. The TiO2 nanohole structure was almost maintained after
annealing at 450 ◦C for 4 h in air. The optical transmittance of the nanohole-structured TiO2 films on
Clay-st increased from 26% to 54% at 800 nm in wavelength after annealing at 450 ◦C for 1 h in air.

© 2009 Elsevier B.V. All rights reserved.

eat resistance
ransparency

. Introduction

Nanostructured titania is a very attractive material due to
ts large surface area and thereby high electrochemical catalytic
ctivity. Nanostructured titania was prepared in the form of sev-
ral morphologies for examples, nanoparticle [1], nanorod [2],
anowire [3], nanohole [4] and nanotube [5], which can be fabri-
ated by sol–gel method [6], hydrothermal synthesis in an alkaline
olution [7] and electrochemical anodization in a solution contain-
ng fluoride ion [8], chorine ion [9] and so on. Those nanostructures
re expected to be applied for photocatalytic surfaces [10], a pho-
oanode and a cathode in a photoelectrochemical system designed
o split water into hydrogen (for use in fuel cells) [11] and elec-
rochemical electrodes such as a non-platinum cathode material
f polymer electrolyte fuel cells and direct methanol fuel cells
DMFCs) [12], hydrogen sensors [13], redox capacitors [14] and
ye-sensitized solar cells [15]. Among them, we focused on titania
anotube or its related structure by anodization. The nanotube-

elated structure can be fabricated on the bulky substrate; therefore
n electron produced at the surface of nanotube can be directly
ransported into a current collector without large point contact
esistance which occurred at the boundary between nanoparticles.

∗ Corresponding author. Tel.: +81 70 6953 8414; fax: +81 22 237 7027.
E-mail address: hi-nanjo@aist.go.jp (H. Nanjo).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.11.097
Since the nanotube formed by electrochemical anodization makes
array structure perpendicular to the substrate and is difficult to
separate from the substrate, the recent concerns related to health
risks because of the usage of nanometer size materials are less.

For energy applications, flexibility [16,17] is an important fea-
ture because it leads to low cost roll-to-roll production [18]. In
addition, the wide surface area usage on not only the flat plates but
also the flexible or curved surfaces, the light weight, and tough-
ness for impact attack are highly demanded advantages for mobile
applications. However, a lot of plastics are generally weak to with-
stand heating over 200 ◦C. Though titanium foils or thin plates
[18–20] have flexibility and heat resistance, it is impossible to get
transparency. Therefore it is necessary to find transparent, flexi-
ble and heat resistant substrate that can withstand over 300 ◦C in
order to sinter and crystallize amorphous titania into crystalline
structure such as anatase, which allows fast electron transporta-
tion and increase the quantum efficiency in several applications
[12–15]. Recently we developed self-standing clay films [21,22]
with flexibility, light weight and high temperature heat resistance
over 450 ◦C. Some kinds of the clay films [23–25] have enough
transparency, which is suitable for solar cells. However, so far,

nanostructured titania has not been fabricated on such excellent
clay films yet.

In this paper, titanium (Ti) films were deposited on clay
substrates by ion beam sputter deposition method and were elec-
trochemically anodized in fluoride-containing solutions, and then

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:hi-nanjo@aist.go.jp
dx.doi.org/10.1016/j.jpowsour.2009.11.097
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Fig. 1. Flexibility of Clay-mo with ITO

anostructured titania (TiO2) was fabricated. The surface morphol-
gy, surface roughness, structural and optical properties of the
ynthesized films were evaluated, and compared with the titania
lms which were formed on Clay-mo, polyethylene naphthalate
PEN), titanium foil, bulk titanium plate, glass and Clay-st substrate
rom the point of view of nanostructure, flexibility, heat resistance,
ransparency and so on.

. Experimental

The Ti films were deposited by ion beam sputter deposition
ethod (EIS-220ER, Elionix Co., Ltd.). Pure titanium (99.98% Ti) was

sed as a target; prior to deposition, the chamber was evacuated
o a base pressure of 1 × 10−4 Pa by a turbine pump and then high
urity argon gas was introduced into the chamber. Pure Ti films
ere deposited on flexible clay substrates coated with indium tin

xide (ITO), ITO-coated PEN and FTO (fluorine-doped tin oxide)-
oated glass substrate. The thickness of the deposited Ti was about
00 nm or 290 nm while the thickness of ITO layer was 130 nm.

TO-coated PEN and FTO-coated glass with a standard electrical
esistance for dye-sensitized solar cells were taken from Peccell

echnology Inc. and Hohsen Corp., respectively. For comparison, Ti
oil (99.5%) of 50 �m in thickness was used with the condition of
s-received from Nilaco Corp. Ti plate (99.5%) of 0.5 mm in thick-
ess was used after mechanically polishing with 9 �m diamond
aste. Two kinds of clay substrates were used. The one is Clay-mo

Fig. 2. SEM images of Ti surfaces before anodization; Ti/ITO/Clay-mo (a), Ti/ITO/
) and Clay-st with ITO and Ti films (b).

(98% montmorillonite, X0.3(Al,Mg)2Si4O10(OH)2·nH2O, X: Li or Na)
and another is Clay-st (99% stevensite, X0.3Mg3Si4O10(OH)2·nH2O,
X: Li or Na). Those were prepared by aqueous dispersion, degassing
from the aqueous solution, casting in a tray and drying the solution.
The precise method of clay film preparation was described in the
literatures [21,22].

The anodization was performed in a solution of ethy-
lene glycol (EG) + 2 vol% H2O + 0.3 wt% NH4F for Clay-mo and
2-propanol + 16 vol% H2O + 0.14 M NH4F for Clay-st by using Poten-
tiostat/Galvanostat (HA-3001A, Hokuto Denko Co., Ltd.). We used
two electrodes anodization system, one of which was a platinum
counter electrode and another was a sample (working electrode).
All the samples were anodized for an hour at an applied volt-
age of 20 V which was ramped from 0 to 20 V with the rate of
200 mV s−1 [8] for Clay-mo and 200 V s−1 for Clay-st. Anodized clay
film was annealed at 450 ◦C for 4 h for Clay-mo or 1 h for Clay-st
in air. The surface morphologies of the Ti films before and after
anodization were observed by using field emission scanning elec-
tron microscopy (FESEM, S-4800, Hitachi High-Technologies Corp.).
The structural and optical analyses of the anodized and annealed
titania films were studied by X-ray diffractometer (XRD, RINT

2200VK/PC, Rigaku Corp.) and UV-VIS-NIR spectrophotometer (UV-
3150, Shimadzu Corp.) or spectroscopic ellipsometry (FE-5000,
Otsuka Electronics Co., Ltd.), respectively. Electrical resistance of
a substrate was measured by a digital multimeter with two nee-
dles separated from each other by 1 cm. The electrical resistances

PEN (b), Ti foil (c), bulk Ti plate (d), Ti/FTO/glass (e), and Ti/ITO/Clay-st (f).
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Table 1
The properties of substrates and anodization conditions.

Clay-mo PEN Foil Ti Bulk Ti Glass Clay-st

Heat resistance (◦C) 700 160 1668 1668 720 700
Flexibility Good Good Good Bad Bad Good
Transparency with TCO (%) 12.2 86.2 0 0 81.6 76.0
Sample thickness (�m) 96 207 51 502 1128 13
Ti thickness (�m) 0.5 0.5 51 502 0.5 0.29
RMS roughness (nm)a 105 10.1 30.8 9.23 36.8 49.8
Electrical resistance (�) 140 27 <0.1 <0.1 23 76
Anodization conditions A A A A A B

Clay-mo: 98% montmorillonite purity of (98%), Clay-st: 99% stevensite, TCO: trans-
parent conductive oxide films of ITO or FTO, A: ramping rate of 200 mV s−1 and 20 V
for 1 h in ethylene glycol + 2 vol% H2O + 0.3 wt% NH4F, B: ramping rate of 200 V s−1

and 20 V for 1 h in 2-propanol + 16 vol% H2O + 0.14 M NH4F.
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on ethylene glycol, 2 vol% H2O and 0.3 wt% NH4F in comparison
a Surface roughness of Ti in the area of 5 �m2 measured by atomic force micro-
cope.

f transparent conductive oxide (TCO) films on clay substrate were
arger than those on PEN and glass substrates due to the thin ITO
lms (130 nm) on the substrates with large surface roughness.

The important properties of the substrates and anodization con-
itions were summarized in Table 1.

. Results and discussion

.1. Characterization of the substrate materials

Fig. 1 shows the flexibility of the Clay-mo with ITO film and
lay-st with ITO and Ti films. It was found that ITO-coated Clay-mo
ubstrate had good flexibility of ca. 10 mm in curvature diameter
23–26]. It reveals that the flexibility of ITO-coated Clay-mo sub-
trate was close to that of Ti foil and it was much better than bulk
i plate and Ti-coated FTO/glass substrate.

Fig. 2 shows the surface morphologies of Ti films on ITO-coated
lay-mo and PEN, FTO-coated glass substrates and Ti foil and bulk
i plate before anodization. Ti film on Clay-mo had particle-like
tructure with very large surface roughness; its root mean square
oughness (RMS) was measured as 105 nm. The RMS roughness of Ti
lm on Clay-mo substrate was larger than that of other substrates.
i on PEN also had particle-like structure with small RMS roughness
f 10.1 nm. Ti foil had smooth surface and long clacks. Polished-bulk
i plate also had a very smooth surface with an RMS roughness of
.2 nm. Ti films on FTO-coated glass substrate had grain-like struc-
ure; it is due to the FTO grains on the substrate. The properties of
lay-st are mentioned later. It was found that Ti films had widely
ifferent morphologies on different substrates.

.2. Electrochemical anodization

Fig. 3(a) shows the current density variation with anodization
ime. The current density increased with time up to initial 100 s
ue to ramping period of applied voltage. Under constant poten-
ial of 20 V, current density continued to go down. The current
ensity of Clay-mo was larger than those of the other substrates,
robably because of large surface roughness, that is, wide surface
rea. Generally rough surface is hard to be covered with strong
arrier oxide film. Therefore current density was also hard to
apidly go down in comparison with the other smoother substrates.
ig. 3(b) shows the current density variation of Ti on Clay-st in

-propanol + 16 vol% H2O + 0.14 M NH4F. The current density after
00 s rapidly decreased with time in comparison with Clay-mo
ample, probably because of smaller roughness (49.8 nm for Clay-st
105 nm for Clay-mo) as shown in Table 1.
Fig. 3. Current density variation during anodization with time. (a) Ti/ITO/Clay-mo,
bulk Ti plate, Ti/FTO/Glass, Ti/ITO/PEN and (b) Ti/ITO/Clay-st samples.

In the early stages of the anodization, the Ti surface is oxidized
at the high potential according to the following reaction [8,27];

Ti(s) + 2H2O(l) = TiO2(s) + 4H+ + 4e− (1)

Eventually, F− ions start etching the TiO2 surface at several sites.
This reaction is called high field dissolution because it is assisted
by applying the high anodization potential of 20 V;

TiO2 + 4H+ + 6F− = TiF6
2− + 2H2O (2)

The Reaction (1) continues leading to growth of the TiO2 com-
pact (barrier) layer in the direction of the film thickness. At the same
time the Reaction (2) also continues leading to deeper nanoholes
and the nanoporous layer grows towards the film thickness just
following the compact layer. As the anodization proceeds, at the
proper anodization conditions, both reactions reach equilibrium
leading to that the observed current tends to reach equilibrium or
steady state current value.

3.3. Morphology and composition of the anodized surfaces

Fig. 4 shows the surface morphologies of anodized-Ti films
on the several kinds of substrates. The surface morphology of
polished-Ti plate after anodization shows the titania nanotubes
in Fig. 4(d). The intertubular distances were slightly narrow and
almost all the nanotubes were in contact with each others. This
anodization behavior is characteristic of the electrolytes based
with the fluoride and water solutions containing glycerol [8] or
2-propanol [28]. Anodized-Ti films did not exhibit nanotubular
structures on PEN and glass substrates, but nanohole-structured
titania films were formed on PEN and glass substrates (Fig. 4(b
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Fig. 4. SEM images of Ti surfaces after anodization; Ti/ITO/Clay-mo (a), T

nd e)). On the other hand, though nanohole layer covered the
urface, under the nanohole surface nanotubes on Ti foil were in
ontact with each others which are clearly shown at the right cen-
er in Fig. 4(c). The nanohole-structured titania with very huge
umber of density was also formed on Clay-mo substrate, which
as very similar to those on PEN and glass substrates. The diam-

ter and the interval of the nanohole were ca. 35 and 5 nm,
espectively. The nanohole interval was very similar in size to
he wall thickness of common nanotubes [8]. Such small inter-
al gives wide surface area. When we suppose the bottom region
f the nanotubes; though very long nanotubes are weak and it
an be easily broken in the bottom region, the nanohole struc-
ure with very large number of density is strong which improves
he nanotube strength in the bottom region. It was reported
y Kalantar-zadeh et al. [29] that nanopores were generated on
C-sputtered Ti films at 600 ◦C and nanotubes were generated
n RF-sputtered Ti films at 300 ◦C and those structures were
ainly depended on the crystal planes. That is, nanopores were

bserved on Ti (1 0 0) or (0 0 2) planes and nanotubes were observed
n Ti (1 0 1) plane. It was considered according to this paper
hat since the Ti films deposited by ion beam sputtering do not
ave (1 0 1) plane, i.e., no nanotubes but nanoholes were fabri-

ated.

The nanohole-structured titania film on ITO-coated Clay-mo
ubstrates (Fig. 4(a)) was then annealed at 450 ◦C for 4 h in air.
ig. 5 shows the surface morphologies of annealed titania films

Fig. 5. SEM images of anodized and annealed Ti/ITO/
EN (b), Ti foil (c), bulk Ti plate (d), Ti/FTO/glass (e) and Ti/ITO/Clay-st (f).

on ITO-coated Clay-mo substrates. The top of the surface became
round by long time annealing and TiO2 grains were expected to
grow (Fig. 5(a)), which probably assists better electron transporta-
tion because of the reduction in number of grain boundaries. The
thickness of the oxide layer shown with a white arrow was 600 nm
calculated from the tilted view at 60◦ as shown in Fig. 5b. The cylin-
drical holes were confirmed at the section region around the white
arrow. TiO2 nanostructure on Clay-mo was almost maintained after
annealing at 450 ◦C for 4 h in air. On the other hand, it was confirmed
in a preliminary test that in a high vacuum condition lower than
4 × 10−5 Pa, the color of Clay-mo substrate turned from white into
black after annealing at 450 ◦C for an hour. Therefore, annealing
in air was a suitable condition which improves the optical trans-
mittance of the clay substrate, which is appropriate for solar cell
electrodes.

Fig. 6 shows X-ray diffraction patterns of nanostructured-Ti
films on ITO-coated Clay-mo substrate before and after anodiza-
tion. In Fig. 6, the peaks marked as “m” correspond to the Clay-mo
substrate. After anodization, a few peaks in the X-ray diffrac-
tion pattern were split into two due to the swelling because clay
sheets absorbed water or interacted with the electrolyte. Since Ti
films deposited at room temperature and its anodized titania were

both amorphous [27], diffraction peaks of Ti and titania were not
observed. After annealing at 450 ◦C for 4 h, the separated peaks of
Clay-mo were united and crystalline anatase and titania (PDF#35-
0088) were detected (see Fig. 6).

Clay-mo. (a) Top view and (b) 60◦-tilted view.
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ig. 6. X-ray diffraction patterns of Ti/ITO/Clay-mo sample before anodization, after
nodization and after annealing at 450 ◦C for 4 h in air.

.4. Morphology and composition of the anodized surface of
lay-st

Clay-mo gets swollen after anodization as mentioned in the
revious section and it was confirmed in a test the optical transmit-
ance of the Clay-mo substrate was measured as 12.2% at 800 nm

n wavelength (figure not shown). Here, another clay film called as
lay-st was introduced. In this case, firstly Clay-st substrate was
nnealed at 550 ◦C for 24 h and then ITO films were deposited on
lay-st substrate. Interestingly this annealing process has changed

ig. 7. SEM images and XRD patterns of Ti/ITO/Clay-st. (a) After anodization in 2-propano
aying on the surface, (e) X-ray diffraction patterns Ti/ITO/Clay-st sample before anodizat
urces 195 (2010) 5902–5908

the Clay-st substrate property from hydrophilic into hydropho-
bic, which was very convenient for electrochemical anodization
because the swelling of clay substrate can be inhibited. After depo-
sition of 130 nm ITO film, the optical transmittance was measured
as 76.0% at 797 nm in wavelength (Table 1). Then Ti film of 290 nm in
thickness was deposited on ITO-coated Clay-st substrate. The flexi-
bility of Ti/ITO/Clay-st system was measured as 10 mm in diameter
as shown in Fig. 1(b). The Ti/ITO/Clay-st system has smooth surface
with an RMS roughness of 49.8 nm, its surface roughness was lower
than that of Clay-mo substrate (RMS = 105 nm) (see Fig. 2(f)).

Fig. 4(f) shows the surface morphology of the Ti/ITO/Clay-st
sample after anodization. It shows that nanohole-structured tita-
nia was formed on Clay-st substrate. Here the electrochemical
anodization was performed in 2-propanol + 16 vol% H2O + 0.14 M
NH4F for an hour. The nanohole diameter was measured as 25 nm,
but the nanohole diameter on Clay-mo was measured as 35 nm
(see Fig. 4(a)). It shows that the nanohole diameter of titania on
Clay-st substrate is smaller than that on Clay-mo substrate. The
interval between the nanoholes on Clay-st was wider than that
on Clay-mo. Such a wide interval of nanostructure was seen on
bulk Ti plate anodized in 2-propanol + 16 vol% H2O + 0.14 M NH4F
[28]. Whereas, it was observed in Fig. 7(a) that the other nanohole
morphology on Clay-st was almost same with that on Clay-mo.
Inspection of Fig. 7(b) and (e) revealed that the nanohole mor-
before and after annealing at 450 ◦C for 1 h in air. Tetsuka et al. [23]
reported that a flexible and transparent clay film (saponite–20%
sodium polyacrylate) was decomposed at 460 ◦C and was dehy-
droxylated at 740 ◦C. It was clarified that titania nanohole structure

l–H2O–NH4F, (b) after annealing at 450 ◦C for 1 h in air, (c) and (d) titania nanotubes
ion, after anodization and after annealing at 450 ◦C for 1 h in air.
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ig. 8. Optical transmittance spectra (a) and Tauc’s plot (b) of anodized nanostruc-
ured TiO2 on Clay-st substrate before and after annealing at 450 ◦C for an hour in
ir.

as also good heat resistance over 450 ◦C, which allows crystal-
ization of amorphous titania on clay substrates. In Fig. 7(e), since
i diffraction peaks disappeared after anodization and annealing
or 1 h in air, it reveals that the Ti film was almost consumed in
he anodization process and converted almost entirely into tita-
ia, TiO2. This helps to increase the optical transmittance of Clay-st
ample.

On a part of the surface, an assembly of very long nanotubes over
�m in length with an outer diameter of 100 nm was observed (see
ig. 7(d)). It seems that broken seeds of nanotubes rapidly grew by
ssistance of excessive high density of [TiF6]2− and their precipi-
ation with the form of nanotube on the surface. Such type of long
anotubes lying on a bulk Ti plate was also seen in the literature
28].

.5. Optical properties of the modified clay film

Fig. 8(a) shows the optical transmittance spectra of the nanos-
ructured titania films on ITO-coated Clay-st substrate, which
as measured by spectroscopic ellipsometer. The optical trans-
ittance of the TiO2 film before annealing was measured as

6% at 800 nm in wavelength. Since the optical transmittance of
iO2/ITO/Clay-mo sample was found to be 0.2% at 800 nm, the opti-
al transmittance of TiO2/ITO/Clay-st sample was much higher than
hat of TiO2/ITO/Clay-mo sample; it is due to low purity of Clay-

o substrate, swelling under anodization and surface scattering.

he maximum optical transmittance of TiO2/ITO/Clay-st sample
ncreased from 26% to 54% at 800 nm after annealing at 450 ◦C for an
our in air. It is attributed that small amount of metallic titanium,
hich was not detected by X-ray diffraction, was almost entirely

xidized by annealing, and that optical scattering decreases, i.e.,

[

[

[

urces 195 (2010) 5902–5908 5907

grain boundary decreases after annealing at 450 ◦C for an hour in
air [30].

Based on the data of Fig. 8(a), the optical band gap of titania
on ITO-coated Clay-st substrate was calculated from Tauc’s plot as
shown in Fig. 8(b). It reveals that the optical band gap increased
from 2.97 eV before annealing to 3.08 eV after annealing. Though
those values were slightly lower than 3.09 eV for as-grown TiO2
nanotube powder and 3.13 eV for the annealed one at 480 ◦C in the
literature [31]. However, the tendency of increasing of band gap
after annealing agreed with the literature.

4. Conclusions

Pure titanium films were sputter-deposited on different clay
substrates (Clay-mo and Clay-st) coated with ITO films, and the
titanium films on ITO-coated Clay-mo substrates were anodized
in an ethylene glycol + 2 vol% H2O + 0.3 wt% NH4F solution, and the
titanium films on ITO-coated Clay-st substrates were anodized in 2-
propanol + 16 vol% H2O + 0.14 M NH4F solution. Then titania (TiO2)
nanohole structure was firstly and successfully fabricated on the
flexible transparent clay films. The nanohole structures of TiO2 on
both clays substrates were similar to those on PEN and glass sub-
strate. The TiO2 nanohole structure was almost maintained after
annealing at 450 ◦C for 4 h in air. The optical transmittance of Clay-st
increased from 26% to 54% at 800 nm in wavelength after annealing
at 450 ◦C for an hour in air.
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