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Titanate nanosheets with a lamellar mesostructure were
developed using the lamellar self-assembly of cationic 1,12-
dodecanediamine (DDA) as a template. An electrostatic
interaction between negatively charged titanate nanosheets and
positively charged DDA molecules was required to form layered
titanate nanosheets. This approach leads to titanate nanosheet
surface characteristics such as visible light absorption and high
adsorption of hydrophobic organic compounds.

Two-dimensional metal oxide nanosheets have attracted
much attention as a new class of nanoscale material because of
their attractive features such as high surface area, protonic
acidity, and favorable electron-transfer characteristics.15 Re-
cently, metal oxide nanosheets have been developed using the
lamellar phase of surfactant self-assembly as a template.6

Layered germanium oxide nanosheets with a lamellar meso-
structure have been prepared by the hydrolysis and condensation
of germanium alkoxide using a two-dimensional water layer
in a lamellar phase of dodecylamine.6 This lamellar template
preparation can produce metal oxide nanosheets over shorter
times and at lower reaction temperatures than the general
nanosheet preparation using the exfoliation of an inorganic
layered compound15 or the intercalation of a surfactant into the
inorganic layered compound.7 Therefore, the lamellar template
preparation is an environmentally friendly method for the mass
production of metal oxide nanosheets. An effective surface
modification of these nanosheets is possible by this method
because surfactant molecules cover the entire surface of nano-
sheets. In addition, a possible chemical interaction between the
nanosheets and the surfactant molecules during the preparation
is also expected. This approach offers a variety of opportunities
to obtain desired chemical properties for the nanosheets by
combining different kinds of nanosheets and surfactants.
Although some papers have reported the preparation of titanate
nanosheets and related nanostructures in surfactant solutions,810

layered titanate nanosheets with a lamellar mesostructure have
not been obtained to date.

In this work, we developed layered titanate nanosheets with
a lamellar mesostructure using the lamellar phase of 1,12-
dodecanediamine (DDA) self-assembly as a template by a one-
pot synthesis. We focused on the electrostatic interaction
between nanosheets and surfactant molecules for the formation

of a stable lamellar mesostructure because of the negative charge
of the titanate nanosheets. It is important to note that the
obtained layered titanate nanosheets with a lamellar mesostruc-
ture show better visible light absorption and improved adsorp-
tion toward hydrophobic phenol compounds.

The preparation consists of self-assembly based on the
interactions between titanium precursors and amine surfactants, as
reported in the literature.810 In a typical experiment, tetraiso-
propyl orthotitanate (TIPT) was mixed with triethanolamine
(TEOA) in a molar ratio of TEOA/TIPT = 4 to form a Ti(IV)
compound, which is stable against hydrolysis at room temper-
ature. A 1.0M DDA aqueous solution was added to the Ti(IV)
stock solution. The pH of the mixed solution was 10.5 after the
addition of DDA and TEOA. The pH was adjusted to 8.0 or 12.0
by adding aqueous HCl or NH4OH as necessary. The mixed solu-
tion was then transferred to a Teflon autoclave, aged at 373K for
24 h and kept at 413K for 96 h. The resulting solid products were
centrifuged, washed with distilled water and ethanol to remove
possible residual ions in the final products, and then dried at 353K
in air. The obtained sample was denoted Ti+DDA+TEOA.

The adsorption properties were evaluated using several
organic compounds to investigate the adsorption behavior by
changing the hydrophobicity of the organic compounds. The
organic compounds used were phenol (logPow = 1.37, Pow is the
distribution coefficient between octanol and the aqueous phase),
2-methylphenol (1.72), 4-ethylphenol (2.03), and 2-naphthol
(2.36).11 The samples were dispersed in an aqueous solution that
contained these organic compounds at 303K for over 2 h until an
adsorptiondesorption equilibrium was obtained. After centrifu-
gation, the concentration of the organic compounds in the
solution was estimated by measuring the absorbance with a UV
spectrophotometer.

Figure 1 shows XRD patterns of Ti+DDA+TEOA pre-
pared at different pH values. In the higher angle region at
2ª > 20°, the peaks of the Ti+DDA+TEOA prepared at pH 8.0
comes from the TiO2 anatase phase (JCPDS file No. 21-1272).
In contrast, some peaks were observed at 2ª = 25.3, 48.1, and
62.7° for the Ti+TEOA+DDA prepared at pH 10.5 or 12.0. The
peaks at 2ª = 48.1 and 62.7° seem to correspond to the 20 and
02 reflections of the lepidocrocite titanate phase8,10,12 and the
very small peak at 2ª = 25.3° corresponds to the 101 reflection
of the TiO2 anatase phase. In the lower angle region at 2ª < 20°,
a sharp peak at 2ª = 9.6 was observed for the Ti+DDA+TEOA
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prepared at pH 12.0. This peak corresponds to layered pairs with
an interlayer spacing of 0.92 nm for lepidocrocite titanate.10,12

This result is almost the same as that of reported titanate
nanosheets.8 In contrast, three peaks at 2ª = 4.7, 9.0, and 14.0°
were observed for the Ti+DDA+TEOA prepared at pH 10.5.
These peaks indicate the formation of a strictly ordered lamellar
phase with an interlayer spacing of 1.8 nm.

A remarkable difference was found for the mesostructure
in the Ti+DDA+TEOA prepared at pH 10.5 and 12.0. The
formation of the lamellar mesostructure is related to DDA self-
assembly and to the nature of the titanate crystal structure. From
our previous in situ measurements of small-angle X-ray
scattering using synchrotron radiation, an ordered lamellar
mesostructure was found to form at the liquidliquid interface
when amine surfactants such as dodecylamine and 1,12-
dodecanediamine were brought into contact with water.6,13

Therefore, the hydrolysis and condensation of TIPT are expected
to occur in the two-dimensional water layer in the lamellar
phase. Considering the crystal structure, a two-dimensional sheet
structure of an anionic TiO6 framework is constructed contain-
ing cations in a layered titanate structure.12 Lepidocrocite
titanate was present in both the samples that were prepared at
pH 10.5 or 12.0 (Figure 1). For the Ti+DDA+TEOA that was
prepared at pH 12.0, ammonium ions function as natural cations
during the formation of the layered titanate. On the other hand,
no cations other than the amine surfactants were included in
the Ti+DDA+TEOA prepared at pH 10.5. According to our
previous work, positively charged DDA molecules exist as
H2N(CH2)12NH3

+, which becomes hydrophobic and creates a
lamellar phase when the pH of the solution is adjusted to 10
11.13 Therefore, we assume that positively charged DDA
molecules work as cations during the formation of the layered
titanate in the Ti+DDA+TEOA prepared at pH 10.5 upon the
hydrolysis and condensation of TIPT that was modified with
TEOA. Thus, DDA molecules play an important role in the
lamellar template for nanosheet formation and in the cations for
the formation of the lepidocrocite titanate crystal.

Ti+DDA and Ti+TEOA were synthesized to examine the
role of DDA or TEOA molecules for the nanosheet formation.
Figure S1 in Supporting Information14 shows XRD patterns of
Ti+DDA and Ti+TEOA. The crystal structure of both samples
was anatase phase. A small peak at 2ª = 4.8° was observed in
Ti+DDA indicating the formation of a lamellar mesostructure.
Figure 2 shows SEM images, a TEM image, and selected area
electron diffraction (SAED) patterns of the obtained samples

prepared at pH 10.5. Spherical nanoparticles with a diameter of
ca. 50 nm were observed in Ti+TEOA (Figure 2a). On the other
hand, flaky forms with a thickness of 1020 nm were observed
in Ti+DDA (Figure 2b) and Ti+DDA+TEOA (Figure 2c).
Multilayer structures were also observed in Ti+DDA+TEOA
and the interlayer spacing of this layered structure was estimated
to be 1.01.5 nm (Figure 2d). This value corresponds to that
calculated for the lamellar structure using the low-angle XRD
patterns. The SAED patterns were composed of a series of
diffraction rings (inset of Figure 2d). The ring spacing of
0.362 nm corresponds to the 101 reflection of the anatase phase
of TiO2. The other ring spacings of 0.233, 0.189, 0.150, and
0.117 nm correspond to the 11, 20, 02, and 22 indices for the
lepidocrocite titanate structure, respectively.8,10,12

To characterize the layered titanate nanosheets with a
lamellar mesostructure, the optical properties and adsorption
toward several phenol compounds were determined. Figure 3
shows the optical properties of the samples that were prepared at
pH 10.5 as determined by UVvisible diffuse reflectance spec-
troscopy. Degussa P-25 was used as a standard TiO2 sample and
is shown for comparison. In the shorter wavelength region
( < 400 nm), the onset of Ti+DDA+TEOA absorption was
observed at around 300 nm and this is significantly shifted
toward shorter wavelengths compared with the bulk TiO2

crystals with an onset around 320 nm. The band gap energy
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Figure 1. XRD patterns of the Ti+DDA+TEOA prepared at different
pH values.

Figure 2. SEM image of (a) Ti+TEOA and (b) Ti+DDA. (c) SEM
image and (d) TEM image of Ti+DDA+TEOA, inset: SAED patterns.
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Figure 3. UVvisible diffuse reflectance spectra of the obtained
samples.
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shift that is caused by exciton confinement in anisotropic 2-D
crystallites is determined by crystallite dimensions and, therefore
the shift toward a shorter wavelength is predominantly governed
by the sheet thickness.15 This indicates the formation of a two-
dimensional nanosheet structure for Ti+DDA+TEOA. Further-
more, in the longer wavelength region ( > 400 nm), Ti+
DDA+TEOA shows light absorption in the visible region. This
result is obviously different from that obtained for previous
titanate nanosheets.8 In addition, visible light absorption has not
been reported for organically modified layered niobate nano-
sheets prepared using the intercalation of a surfactant into an
inorganic layered compound.7 To investigate the bonding state
of the Ti, O, and N atoms, XPS was carried out (Figure S2 in
Supporting Information14). A small peak attributed to TiN
bonding was observed around 396 eV indicating the possible
formation of nitrogen-doped lepidocrocite titanate4,5 in Ti+
DDA+TEOA. The optical properties of Ti+DDA, Ti+TEOA,
and P-25+DDA+TEOA which was synthesized using mixture
of P-25, DDA, and TEOA in hydrothermal solution were
determined (Figure 3). There was a little shift toward longer
wavelength for the absorption edge in P-25+DDA+TEOA and
Ti+DDA compared with P-25. In contrast, Ti+TEOA gave a
larger wavelength shift for the absorption edge in the visible
region. We assume that the modification of TIPT with TEOA
would affect the formation of nitrogen-doped titanate nanosheets
in Ti+DDA+TEOA. Therefore, the lamellar template prepara-
tion gives nitrogen-doped titanate nanosheets at the relatively
low temperature of 413K and this is advantageous because the
general preparation of nitrogen-doped metal oxide nanosheets
needs heat treatment at temperatures higher than 673K.4,5

Figure 4 shows the relationship between the adsorbed
quantity, q (mmol g¹1), for Ti+DDA+TEOA, and the equi-
librium concentration, C* (mmol dm¹3), of several phenol
compounds in the aqueous phase. As shown by the solid lines,
all the experimental data were correlated using a Langmuir type
equation. The adsorption quantities increased as follows: phenol,
2-methylphenol, 4-ethylphenol, and 2-naphthol, which corre-
sponds to an increase in hydrophobicity. The maximum
adsorption quantity q¨ of 2-naphthol was determined by a
Langmuir plot. Table 1 shows the BET specific surface area and
q¨ of 2-naphthol of the obtained samples. The value of q¨ on
Ti+DDA+TEOAwas found to be around 100 times higher than
that of P-25 despite the fact that the BET specific surface area of
Ti+DDA+TEOA was only 2 times larger than that of P-25.
Relatively high q¨ value was also obtained for Ti+DDA. A

lamellar mesostructure was observed in Ti+DDA+TEOA and
Ti+DDA in the XRD result (Figure S1 in Supporting Informa-
tion14). These results suggest that organic compounds can be
solubilized into the lamellar mesostructure by a hydrophobic
interaction between the solutes and the two-dimensional hydro-
phobic spaces that consist of alkyl chains in the lamellar phase.
Previous reports discussed the adsorption of hydrophobic
organic compounds into samples that included a surfactant
phase,11,16 which supports our results. Thus, the layered titanate
nanosheets showed better adsorption toward hydrophobic
organic compounds.

In summary, we developed layered titanate nanosheets with
a lamellar mesostructure using the lamellar phase of cationic
DDA molecules. Effective surface modifications leading to
visible light absorption and the adsorption of hydrophobic
phenol compounds were achieved. The obtained nanosheets are
expected to be used as photocatalysts or photovoltaic devices
because of their unique surface properties.
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Nakagawa. The authors gratefully acknowledge Professors S.
Tanaka and Y. Miyake (Kansai University) for their assistance
with XPS experiments.

References and Notes
1 R. E. Schaak, T. E. Mallouk, Chem. Mater. 2000, 12, 2513.
2 T. Tanaka, K. Fukuda, Y. Ebina, K. Takada, T. Sasaki, Adv. Mater. 2004,

16, 872.
3 A. Takagaki, M. Sugisawa, D. Lu, J. N. Kondo, M. Hara, K. Domen, S.

Hayashi, J. Am. Chem. Soc. 2003, 125, 5479.
4 X. Li, N. Kikugawa, J. Ye, Chem.®Eur. J. 2009, 15, 3538.
5 G. Liu, L. Wang, C. Sun, X. Yan, X. Wang, Z. Chen, S. C. Smith, H.-M.

Cheng, G. Q. Lu, Chem. Mater. 2009, 21, 1266.
6 M. Adachi, K. Nakagawa, K. Sago, Y. Murata, Y. Nishikawa, Chem.

Commun. 2005, 2381.
7 Q. Wei, K. Nakamura, Y. Endo, M. Kameyama, T. Nakato, Chem. Lett.

2008, 37, 152.
8 F. Wang, J. Jiu, L. Pei, K. Nakagawa, S. Isoda, M. Adachi, Chem. Lett.

2005, 34, 418.
9 F. Wang, J. Jiu, L. Pei, K. Nakagawa, S. Isoda, M. Adachi, Chem. Lett.

2005, 34, 1238.
10 F. Wang, J. Jiu, L. Pei, K. Nakagawa, S. Isoda, M. Adachi, Mater. Lett.

2007, 61, 488.
11 Y. Miyake, T. Yumoto, H. Kitamura, T. Sugimoto, Phys. Chem. Chem.

Phys. 2002, 4, 2680.
12 R. Ma, Y. Bando, T. Sasaki, Chem. Phys. Lett. 2003, 380, 577.
13 F. Wang, Z. Shi, F. Gong, J. Jiu, M. Adachi, Chin. J. Chem. Eng. 2007,

15, 754.
14 Supporting Information is available electronically on the CSJ-Journal

web site, http://www.csj.jp/journals/chem-lett/index.html.
15 T. Sasaki, M. Watanabe, J. Phys. Chem. B 1997, 101, 10159.
16 Q. Wei, T. Nakato, Microporous Mesoporous Mater. 2006, 96, 84.

Figure 4. Adsorption isotherms of several phenols in the aqueous
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Table 1. The BET specific surface area and q¨ of 2-naphthol of the
obtained samples

Sample
BET specific
surface area
/m2 g¹1

q¨ of 2-naphthol
/mmol g¹1

P-25 54 0.02
Ti+TEOA 63 0.13
Ti+DDA 40 1.38
Ti+DDA+TEOA 104 1.98
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