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The structural change on the molecular scale of anatase-type TiO, during hydrothermal treatment was investigated in
detail by various analytic techniques such as X-ray absorption fine structure and transmission electron microscopy in
order to clarify the formation mechanisms of titanate-based nanotubes. It revealed that the nanosheet-like products
composed of highly distorted TiOg octahedra were generated by hydrothermal treatment of anatase-type TiO,, and
then the anatase-like structures are partially built up with the formative nanotubes by scrolling up these nanosheet-like

products and nanosheets.

1. Introduction

Nanomaterials with one-dimensional nanostructures have
attracted much attention because of their potential applica-
tions in a variety of novel devices." Especially, TiO,-derived
nanotubes,” which are prepared by hydrothermal treatment
of TiO, particles in a concentrated NaOH aqueous solution,
are expected to be useful for several application studies such
as electrochromism,’ bone regeneration,” proton conduction,’
photoinduced hydrophilicity,® photocatalysts,” ' and dye-
sensitizing solar batteries.'" Recently, many attempts on the
morphologic control such as preparations of film and bulk for
these nanotubes have been carried out extensively in order to
make full use of the characteristics of TiO,-derived nanotubes
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as several applications.>*!>71¢ It is also desirable to control
the size and morphology in order to improve their functional
properties. For example, ribbonlike potassium and sodium
titanate has been successfully synthesized by improving an
alkali solution synthetic process.'”~'” However, the crystalline
structure and formation mechanism of TiO,-derived nano-
tubes are still topics under discussion. The elucidation of the
crystalline structure and formation mechanism for TiO»-
derived nanotubes will be expected to lead to the further
development of novel functional materials with one-dimen-
sional nanostructures.

It has been discussed whether obtained TiO,-derived nano-
tubes are anatase-type TiO, or a titanate compound. Tsai
et al. and Yang et al. have reported that the final pH value of
the washing water after the washing process had much effect
on the structure of the nanotubes, and the layered titanate
transformed into a nanotube through Na™ — H™ substitu-
tion on the washing process and eventually transformed
into anatase-type Ti0,.>°"?? In their previous study, the
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nanotubes prepared by washing treatments at pH values of
5—13 were composed of a titanate compound, and the
nanotubes prepared by acidic post-treatment washing at
pH values of 0—2 had X-ray diffraction (XRD) patterns
analogous to that of anatase-type TiO, rather than that of the
titanate compound. In terms of the formation mechanism, it
has been generally recognized that the nanotubes are formed
by scrollin}g sheets exfoiled from titanate compounds such as
AzTi3O7,2 -3l AzTi204(OH)2/A2Ti205'HQO, 0-22,32 or lepi-
docrocite-type A, Tir— 40,404 (A = Na and/or H; O =
vacancy).” *> On the other hand, Kukovecz et al. pointed
out some major shortcomings of the currently accepted sheet
rollup mechanism and proposed the oriented nanotube
crystal growth from nanoloop seeds as a mechanism.*®
Tsai et al. and Yang et al. reported the mechanism for
nanotube formations.””* Thus, the investigation of the
formation mechanism of TiO,-derived nanotubes is now of
specific interest and important.

Our previous study revealed that TiO,-derived nanotubes
prepared by the hydrothermal process (the final pH value of
the washing water was 6.8—7 for the HCI washing process)
were mainly composed of layered titanate and the anatase-
like structure was partly present in the titanate-based
nanotubes.**~** This formation of the anatase-like structure
was thought to be caused by consolidation of the nanotubes.
In the present work, the structural change on the molecular
scale of anatase-type TiO, involved in the formative nano-
tube was investigated in detail by various analytical methods
such as X-ray absorption fine structure (XAFS) and trans-
mission electron microscopy (TEM) in order to clarify the
detailed formation mechanism of TiO,-derived titanate-
based nanotubes.

2. Experimental Section

A total of 2 g of anatase-type TiO, powder (3 m?/g;
Kojundo Chemicals, Saitama, Japan) with a particle size of
ca. 50 nm or a metal titanium plate (10 mm x 10 mm x0.1 mm,
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Niraco, Japan) as the starting material was used. Specimens
were added in a 10 M NaOH aqueous solution (20 mL). Then
the specimens were treated under hydrothermal reaction at
383 K for 1—96 h. Obtained products after hydrothermal
treatments were sufficiently washed with deionized water and
a dilute HCl aqueous solution (0.1 M) and were subsequently
separated from the washing solution by filtration. This treat-
ment was repeated until the washing water showed pH <7.
The final pH value of the washing water was 6.8—7. After
washing treatment, they were filtered and subsequently dried
at temperatures above 323 K for more than 12 h in an electric
oven.

Phase identification was carried out by a XRD method
(Rint 2100, Rigaku Co., Ltd., Tokyo, Japan) using Cu Ka
radiation at 40 kV and 20 mA. The XRD profiles were
collected between 26 angles of 5 and 60° with a step interval
0f 0.02° and scanning rate of 1°/min. Various microstructural
analyses were performed by a field-emission scanning elec-
tron microscopy (FE-SEM; S-4500, Hitachi, Tokyo, Japan)
with and accelerating voltage of 15 kV and by TEM
(JEM2010/SP, JEOL, Tokyo, Japan) with an accelerating
voltage of 200 kV. Nitrogen adsorption isotherms at 77 K
were obtained by an automatic gas adsorption measurement
apparatus (BELSORP 18PLUS-SPL, BEL Japan, Osaka,
Japan). Some pieces of product were pretreated at 403 K
for 10 h.

Ti K-edge X-ray absorption near-edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) were
recorded at room temperature with BLO1B1 in a SPring 8
with the Japan Synchrotron Radiation Research Institute
(aringenergy of 8 GeV and a stored current of about 100 mA).
The Ti K-edge XAFS data for this study were collected by
transmission mode using a Si(111) double-crystal monochro-
mator (2d = 0.627 nm). The data were collected using
ionization chambers filled with gas (I chamber, He/N, = 7/3;
I chamber, N,). For XAFS measurements, the samples were
prepared as pellets with the thickness varied to obtaina 0.5—1
jumps at the Ti K-edge absorption. Ti metallic foil was used to
carry out for the energy calibration. XANES was analyzed by
subtracting a linear background computed by a least-squares
fitting from the pre-edge region and normalized segment.
EXAFS spectra were analyzed by using standard methods.
The pre-edge region was subtracted, and then the EXAFS
spectrum was extracted by fitting the absorption coefficient
with a cubic spline method. In most cases, k> weighting was
used in the analysis and Fourier transforms were taken
between k£ = 2.5 and 12 A~'. The Fourier transformation
of the k>-weighted EXAFS oscillation from k space to r space
was performed over the range 2.5—12 A~! to obtain a radial
distribution function (FT-EXAFS). Analysis of the EXAFS
data was conducted using the commercial software REX2000
(Rigaku Co., Ltd., Tokyo, Japan).

3. Results and Discussion

Figure 1 shows typical SEM images of products prepared
by hydrothermal treatments of anatase-type TiO, at 383 K
for 1-96 h. From the results of SEM observations, the
morphology of the product prepared by hydrothermal treat-
ment for 1 h did not change (Figure 1b). However, it was
clearly shown that the morphology of anatase particles
started to change and the nanotube-like products were
observed on the surface of TiO, after hydrothermal treat-
ment for 3 h (Figure 1¢). With an increase of the time of
hydrothermal treatments, a lot of nanotube-like products
were synthesized for 6 h (Figure 1d) and for 12 h (Figure le).
After 96 h of hydrothermal treatment, large amounts
of nanotube products were synthesized. These observa-
tions of the microstructure change of the product with the
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Figure 1. SEM images of the products prepared by hydrothermal treatments of anatase-type TiO, at 383 K for (a) 0 h (anatase), (b) I h, (c) 3h, (d) 6 h, (e)

12 h, and (f) 96 h.
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Figure 2. BET surface area values obtained by nitrogen adsorption
measurement for hydrothermally treated products.

hydrothermal time suggested that the nanotube-like products
were first generated on the surface of TiO, powder as a
starting material in the stage of the initial term of the
hydrothermal reaction. Furthermore, the effect of the sodium
content on the microstructure of nanotubes is important.
Therefore, energy-dispersive X-ray (EDX) evaluation was
carried out for products prepared by hydrothermal treatment
for 3—96 h. The Na/Ti atomic ratio for products prepared by
hydrothermal treatment for 96 h was approximately 0.2
without acid treatment with a 0.1 M HCI aqueous solution.
On the contrary, after acid treatment with a 0.1 M HCI
aqueous solution, sodium could not be detected in this
sample by EDX analysis, and consequently sodium could
be removed from the products. Therefore, the influence of the
sodium content is negligible for the products in this study.
Figure 2 shows the Brunauer—Emmett—Teller (BET) sur-
face area values estimated by nitrogen adsorption measure-
ment for hydrothermally treated products. Furthermore,
from nitrogen adsorption measurement, it was found that
the BET value dramatically increased according to this

Figure 3. Typical TEM image of the product prepared by hydrothermal
treatment of anatase-type TiO, at 383 K for 96 h.

change of morphology. The SEM images and BET surface
area values of each sample indicated that nanotubes were
formed in hydrothermal treatment for 3—6 h. The mor-
phology of anatase particles has been completely changed
into a nanowhisker after hydrothermal treatment for 96 h
(Figure 1f). According to TEM observation, it was obvious
that these nanowhisker-shaped products were nanotubes with
about 10 nm outer diameter, 5 nm inner diameter, and a few
hundred nanometers length (Figure 3). Figure 4 shows the
XRD results of the products prepared by hydrothermal
treatments of anatase-type TiO, at 383 K for 0, 3, 6, 12, 48,
and 96 h. XRD profiles showed that a synthesized product
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prepared by hydrothermal treatment for 96 h had a single
phase for anatase-type TiO,, although unreacted anatase
existed in the products after hydrothermal treatments for
1—48 h (Figure 4). The products synthesized by hydrothermal
treatments for 6, 12, and 48 h were composed of a mixture of
anatase (for 0 h reaction) and nanotubes (for 96 h reaction).
This nanotubular product prepared by hydrothermal treat-
ment for 96 h had a high BET surface area value of
approximately 200 m*/g. FT-IR measurements were done
for anatase and the dried nanotubular product, as was
previously reported.*’ For the nanotubular products, three
absorption bands centered at 3400, 1630, and 950 cm™ " are
assigned to the O—H stretching mode for interlayer water,
oxonium ions, and hydroxyl groups, H—O—H bending for
water and oxonium ions, and O—H bending for hydroxyls,
respectively. These results indicate the most replacement of
Na™ in the nanotubular product by H'.

Typical TEM images of products prepared by hydrother-
mal treatments of anatase-type TiO, for 3 and 6 h and
anatase-type TiO, as the starting material are shown in
Figure 5. Nanosheet-like products, as shown in Figure 5b,
were observed on the surface of an anatase-type TiO, particle
after hydrothermal treatment for 3 h by TEM. The selected-
area electron diffraction (SAED) of these nanosheet-like
products nearly showed a halo pattern, implying that these
nanosheet-like products were identified as not crystalline
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Figure 4. XRD patterns of the products prepared by hydrothermal
treatments of anatase-type TiO, at 383 K for (a) 0 h (anatase), (b) 3 h,
(¢) 6 h,(d) 12 h, (e) 48 h, and (f) 96 h.
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TiO, but amorphous. In the case of hydrothermal treatment
for 6 h, nanotubular products with scrolled structures were
observed in large numbers (Figure 5¢). The synthesis of TiO,-
derived nanotubes was also attempted through the same
treatment as that for a metal titanium plate,** and products
on the metal titanium plate were observed by TEM. Figure 6
shows that scrolling of nanosheet-like products on the surface
of a titanium plate was observed by TEM for the hydro-
thermally treated titanium plate in a 10 M NaOH aqueous
solution at 383 K for 3 h. These products prepared by
hydrothermal treatment of a titanium plate were the same
nanotubes as those from anatase TiO,. Because the surface of
a titanium metal has thin films of titanium oxide, we carried
out hydrothermal treatment under the same conditions as
those for titanium as well as anatase in order to understand
the mechanism of nanotube formation. As shown in Figure 6,
scrolling of nanosheet-like products, i.c., layered sodium
titanate, was still observed on the titanium plate by TEM
observations. These observations suggest that, in the primary
stage of hydrothermal treatment, the nanosheet-like products

Figure 6. TEM image of a titanium plate hydrothermally treated in a
10 M NaOH aqueous solution at 383 K for 3 h.

Figure 5. TEM images of products prepared by hydrothermal treatments of anatase-type TiO, at 383 K for (a) 0 h (anatase), (b) 3 h, and (d) 6 h. (c) SAED

pattern of the area enclosed by the circle in part b.
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Figure 7. Schematic drawing of the exfoliation and scrolling mechanism of nanosheets for nanotubular products in these experiments.

(layered sodium titanate) were preferentially formed and,
subsequently, their nanosheets were exfoliated from layered
sodium titanate and then the nanosheets were curled and
scrolled to nanotubes.

The nanosheets grow with the increasing tendency of
curling, leading to the formation of nanotubes by exfoliation
of layer sheets from layered sodium titanate. The surface
tension caused by the charge of the surface of layer sheets of
layered sodium titanate during excessive intercalation of Na™
between layered sodium titanate on the primary stage of
hydrothermal treatments is closely related with exfoliation
and scrolling of nanosheets, leading to the formation of
nanotubes. Discussion about the driving force for nanotube
formation from a nanosheet is underway, although various
mechanisms are proposed. In this study, the nanotube for-
mation from anatase TiO, is proposed in Figure 7. Figure 7
shows the schematic drawing of the exfoliation and scrolling
mechanism of nanosheets for nanotubular products in these
experiments. As shown in Figure 7, we proposed the follow-
ing the three-stage mechanism for nanotube formation:

(1) Nanosheet-like products, i.c., layer sheets of layered
sodium titanate from layered sodium titanate, are
formed on the surface of TiO, during the primary
stage of hydrothermal treatments.

(2) Subsequently, nanosheets are exfoliated.

(3) Curling and scrolling of exfoiliated nanosheets
lead to nanotube formation.

Consequently, it is concluded that the scrolling mechanism
of an exfoliated TiO,-derived nanosheet is dominant for
nanotube formation

The structural changes of anatase-type TiO, with the for-
mation of nanotubes in a hydrothermal process were investi-
gated from information on the local structure around titanium
by Ti K-edge XAFS (EXAFS and XANES) measurements.

Figure 8 shows k*-weighted EXAFS ocsillations for products
prepared by hydrothermal treatments at 383 K for 0 h
(anatase), 3 h, 6 h, and 96 h. Figure 9 shows the Fourier-
transformed (FT) EXAFS for anatase-type TiO, and products
prepared by hydrothermal treatments for 3, 6, and 96 h. These
represent a radial distribution function plot around the Ti
atoms. Furthermore, in order to obtain the structural para-
meters, the curve fitting of the nearest Ti—O shell was
performed by inverse FT. The structural values were obtained
from simulation of the experimental spectrum using the
theoretical curves calculated by Mckale et al.*** The inverse
FT of the first-shell single and the best fit for each sample
are shown in Figure 8. In all samples, the agreement between
the two curves is quite satisfactory. The parameters obtained
by EXAFS analysis are summarized in Table 1. As shown in
Figures 8 and 9, the magnitude of the first peak and the smaller
subsequent ones at higher r in FT-EXAFS with an increase in
the reaction time, implying a lowering of the crystallinity or
generation of some vacancies of the neighboring atoms such
as O. Furthermore, the nearest Ti—O peak for anatase-type
TiO, broadened and shifted toward smaller distances through
hydrothermal treatment. The shift of the nearest Ti—O peak
toward smaller distances and the difference of the peak
geometry are thought to be due to highly distorted TiOg
octahedra. Thus, the results of EXAFS analysis indicate that
the geometry of TiO4 octahedra in anatase-type TiO, changed
with consolidation of the nanotubes.

Figure 10A shows background-subtracted and normalized
Ti K-edge XANES spectra for hydrothermally treated sam-
ples, anatase-type TiO,, rutile-type TiO,, Ti,Os, and TiO.
The edge region in the absorption spectra provides much

(43) Mckale, A. G.; Veal, B. W.; Paulikas, A. P.; Chan, S. K.; Knapp,
G. S. J. Am. Chem. Soc. 1988, 110, 3763.
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Figure 9. FT-EXAFS for products prepared by hydrothermal treatments of anatase-type TiO, at 383 K for (a) 0 h (anatase), (b) 3 h, (¢) 6 h, and (d) 96 h.

Table 1. Nearest Ti—O Distance and Average Coordination Number for
Products Prepared by Hydrothermal Treatments at 383 K for 0 h (Anatase),
3h,6h,and 96 h

nearest Ti—O average
reaction time/h distance coordination number
0 1.96 6
3 1.95 5.7
6 1.95 5.5
96 1.92 5.2

information on the environment geometry and the electronic
structure of the absorption atom. Figure 10B shows the first
derivative regions of Ti K-edge XANES spectra shown in
Figure 10A. The edge energy is defined as the energy position
corresponding to the peak maximum of the first derivative
function. Through hydrothermal treatment, XANES spectra
revealed a lower-energy position for the peak maximum of

the first derivative function (edge energy), although the peak
positions of the hydrothermally treated products were very
close to the peak position of TiO,. It is considered that the
shift of the edge energy might be caused by the presence of
some oxygen vacancies. As shown in Figure 10A, the charac-
teristic pre-edge peaks were also observed at 4960—4970 eV.
The pre-edge peak can be assigned to forbidden transitions
from the core 1s level to unoccupied 3d states of Ti 'Y

The pre-edge peaks of Ti K-edge XANES for anatase
TiO,, hydrothermally treated samples, and layered K,Ti,O5
as a reference sample are shown in Figure 11. K,Ti,Os as a
reference can be selected as a layered titanate material
containing five-coordinate titanium.** The pre-edge spec-
trum of anatase TiO, contains three major features in this
region (peaks A, C, and D in Figure 11). According to the
previous studies, the origin of peak A is assigned to an exciton
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Figure 11. Pre-edge spectra of Ti K-edge XANES for products pre-
pared by hydrothermal treatments of anatase-type TiO, at 383 K for (a)
0 h (anatase), (b) 3 h, (¢) 6 h, (d) 96 h and (e) K,Ti,Os.

band or a transition from 1s — 1t;,.**~* The peaks C and D
are attributed to the 1s — 3d transition and designated as
Is— 2ty  and 1s — 3e, transitions (e, = electronic transitions),
respectively.** % Furthermore, Chen et al. reported that
peak C reflects the distortion from the octahedral TiOg unit
and the intensity at peak C increases with the distortion from
the octahedral TiOg4 unit. Other studies also suggested that a
substantial distortion of the octahedral titanium site results in
an increase of the relative intensity for peak C.*> As shown
in Figure 11, the intensity of peak C for products prepared by
hydrothermal treatments for 3 and 6 h increased, compared
with anatase TiO, as the starting material. With progres-
sion of the hydrothermal reaction, the structure of the
octahedral TiO4 unit from anatase unsurprisingly changed
and, as a consequence, the intensity of peak C positively
increased. Accordingly, the increase of distortion from the
octahedral TiOg unit during hydrothermal treatments implies
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the progression of the hydrothermal reaction, being consis-
tent with the results of XRD and TEM. Therefore, the change
of the intensity at peak C in Figure 11 suggests that anatase
TiO; as the starting material reacted with products of nano-
sheet/nanotube during hydrothermal treatment.

On the contrary, in the pre-edge spectrum of K,Ti,O5 with
five-coordinate titanium, a strong peak was located at 4961 eV.
This peak B is thought to be assigned to the allowed 1s — t5,
transition for tetrahedral symmetry, suggesting that such a
peak dominates the pre-edge XANES of layered sodium
titanate (K, Ti,Os) containing five-coordinate titanium.** As
shown in the figure, the peak was located at 4961 eV (peak B)
in the pre-edge spectrum of Ti K-edge XANES for a sample
prepared by hydrothermal treatment for 6 h, indicating that
the five-coordinate titanium species are locally present in
this sample. Therefore, the nanosheet-like product and nano-
sheets in the products prepared by hydrothermal treatments
for 3 and 6 h might have five-coordinate titanium, implying
that these nanosheet-like products and nanosheets were
composed of the highly distorted TiOg octahedra. Further-
more, progression of the hydrothermal reaction (the increase
of the hydrothermal reaction time) led to an increase of the
intensity of peak B, similar to the pre-edge feature from
layered K,Ti,Os. It is noted that nanosheet/nanotube pro-
ducts with five-coordinate titanium were synthesized during
hydrothermal treatments.

As mentioned in Figure 7, in the primary stage of hydro-
thermal treatment, the nanosheet-like products (layered
sodium titanate) were preferentially formed and, subse-
quently, their nanosheets were exfoliated from layered so-
dium titanate and then the nanosheets were curled and
scrolled to nanotubes. Thus, the nanotubular products com-
posed of sodium titanate were formed by exfoliation and
scrolling up of these nanosheet-like products/nanosheets
during these hydrothermal treatments. Consequently, from
these results, it is obvious that distortion of the octahedral
TiO¢ unit increased with progression of the hydrothermal
reaction and finally led to formation of the five-coordinate
titanium species, judging by the fact that both peaks C and B
increased with hydrothermal treatments.

However, the XANES spectrum of nanotube products
prepared by hydrothermal treatments for 96 h, in which the
hydrothermal reaction from anatase to nanotube products
was completely finished, was a little different from layered
K,Ti,0s5 as a reference, especially around peak C. Although
peak C is confirmed for the product prepared by hydrother-
mal treatment for 96 h in the pre-edge spectrum of Ti K-edge
XANES, this peak C may be derived from the anatase
structure. The nanotubes prepared by hydrothermal treat-
ments for 96 h may contain partly anatase-like structure,
because peak C still remains after the hydrothermal reaction
for 96 h, as shown in Figure 1 1. Although there is no denying
that nanotube products possess, in part, the anatase-like
structure, the detailed study is under investigation.

4. Conclusions

In this study, the structural change on the molecular scale
of anatase-type TiO, during hydrothermal treatment was
investigated in detail by various analytical techniques such as
XAFS, TEM, and so on, in order to clarify the formation
mechanisms of titanate-based nanotubes prepared by a
hydrothermal process. According to TEM observation, it
was found that the nanosheet-like products and nanosheets



5852 Inorganic Chemistry, Vol. 49, No. 13, 2010

were generated on the surface of an anatase-type TiO,
particle by hydrothermal treatment of anatase-type TiO,.
Ti K-edge XAFS results implied that these nanosheet-like
products and nanosheets were composed of highly distorted
TiOg octahedra. From Ti K-edge XANES pre-edge spectra,
it was speculated that the anatase-like structures are partially
built up with the formative nanotubes by scrolling up of these
sheetlike products.

Consequently, in the primary stage of hydrothermal treat-
ment, the nanosheet-like products (layered sodium titanate)
were preferentially formed and, subsequently, their nano-
sheets were exfoliated from layered sodium titanate and then
their nanosheets were curled and scrolled to nanotubes. Thus,

Nakahira et al.

the nanotubular products composed of sodium titanate
were formed by exfoliation and scrolling up of these na-
nosheet-like products/nanosheets during these hydrothermal
treatments.
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