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Titanic acid nanotubes (with a chemical formulali3O4(OH),, abbreviated as TANTS) were synthesized by

the hydrothermal method using commercial Ti@noparticle powder (P25, Degussa, Germany) including
anatase and rutile phase as a starting material. Conversion from nanoparticles to nanotubes was achieved by
treating the nanoparticle powder with 10 M NaOH aqueous solution. Absorption and photoluminescence
(PL) data indicate that the nanotubes obtained under slow and suitable drying and heating conditions had
very strong and stable visible absorption with three peaks at 515, 575, and 675 nm and photoluminescence
at room temperature in air.

Introduction analogous and improved method in 268t former work these
nanotubular materials were regarded as “Ji@anotubes”.
However, Peng et & suggested that it was nanotube Ti®
H,Tiz05. After further investigation we found that the so-called
“TiO 2 nanotubes” were actually titanate sodium nanotubes which
could be converted to titanic acid nanotubes in HCI solution,
and the chemical formula could be written as;NaO4(OH),

and HTi,04(OH),, respectively??

By far, tens of papers on the properties of the titanate
nanotubes have been reported. However, there are few reports
on the unusual optical properties of titanate nanotubes in the
visible region. It is found that these tubular materials had bigger
§pecific surface area than that of Ti@anoparticles (P-25) and
could be used as novel photoelectric materaldchida et ak*
and Adachi et af® found that the nanotubes could be applied
to a dye-sensitized solar cell system and had better sunlight
electricity conversion. Recently we found that thelHO4(OH),

Titanium dioxide as a kind of large band gap semiconductor
material has been widely studied in recent years due to its
potential applications in photochemical water splittifgsolar
energy conversion syster$yvarious electro-optical devicés,
photocatalytic systenfs,photonic crystalg, degradation of
environmental contaminantstc. However, the lack of absorp-
tion in the visible region prevented applications on utilizing
sunlight. More efforts have been carried out in improving its
visible absorption through dye-sensitiz¥ngt and -doping?13
methods. By those methods, the optalectronic response of
TiO, can extend to the visible region. However, the stability
and spectral responding character of those materials in air need
to further meliorate before any applications. It is well known
that nanostructured materials have special properties than thei
bulk materials with a decrease of dimension. Since the discovery

of carbon nanotubes by lijim4,0ne-dimensional nanostructured . . o . .
Y Hime, nanotubes show special optical properties in the visible région

materials with exceptional electrical, optical, and mechanical and ESR respongéOn further investigation, it was found that

properties and potential applications have been extensively . . . .
studied. Besides carbon nanotubes, many other one-dimensionatlltamc acid nanotubes had strong and stable absorption and

nanostructured materials, such as-M compound semiconduc- photolumines_cen_ce pher)omenon in the visible region at room
tors nanowireds16 CdTe nanowired’ ZnO nanobeltd® and temperature in air. In this paper we present the results from
C—BN—C coaxial nanocabl®®, have been successfully fabri- this study.

cated. In recent years, there has been growing interest in the
preparation of Ti@-based nanotube materials because titanate
nanotubes can be synthesized readfily> Starting materials were TigOnanoparticles powder (P25,

In 1998, Kasuga et &P first obtained a kind of tubular  Degussa Co., Germany). It included anatase (80%) and rutile
material that was 8 nm in diameter and 100 nm in length by (20%) phase. The nanotubes were prepared through the hydro-
treating 80TiQ-20SiG; (in mol %) powders with a 510 M thermal treatment of Ti@nanoparticles powder in 10 M NaOH
NaOH aqueous solution. We also obtained tubular materials with solution under stirring for 24 h at 120C. The obtained
an inner diameter of 4:25.9 nm and a length of about a few dispersion was cooled to room temperature and the upper liquid
hundred nanometers from TiManoparticles (P-25) using an  poured off. Then the residual dispersion was rinsed in turn with
deionized water, acid solution, and deionized water, then dried
*To whom correspondence should be addressed. E-mail: zld@ at 60—70 °C for 48 h under vacuum, and finally annealed at

Experimental Section

he?“'ed“-cn- o 100, 200, 300, 400, and 50C for 2 h inair. The preparation
Henan University. .
+ Jilin University. process was the same as that of our previous ¥bfkexpect
8 Institute of Physics, Chinese Academy of Sciences. for the drying and heating conditions.
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Figure 2. XRD spectra of the raw material P-25 and the samples
annealed at different temperatures for 2 h: (a) 100(b) 200°C; (c)
300°C; (d) 400°C; (e) 500°C; (f) P-25 (A, anatase; R, rutile).

anatase phase and the nanotube morphology was destroyed. In
addition, the XRD pattern of 500C (Figure 2e) annealed
nanotubes is similar to that of the raw material (Figure 2f). The
intensities of the diffraction peaks belonging to the anatase phase
are increased. These results were in agreement with the above
TEM results.

Figure 1. TEM images of raw material P-25 and the samples annealed To our greqt surprise those tubullar. mater|a|§ showed
at different temperatures for 2 h: (a) P-25; (b) 2@ (c) 200°C; (d) extremely special absorption characteristic. According to the

300°C; (e) 400°C; (f) 500 °C. Kubelka—Munk (KM) theory for the diffuse reflectance of a
powder sample, the diffuse reflection spectra of the titanic acid
Examination of the Samp]es’ morpho|ogy was performed nanotubes are transformed into the absorption proportional
using a transmission electron microscope (TEM JEM-2010). The function. The KM function is as follow$29
samples were dispersed by ultrasonication in ethanol and then

placed on the perforated carbon copper grids. X-ray diffraction FR,) =(1—R,)%2R,=KIS 1)
(XRD) patterns of the samples were measured by an X'Pert ) o )
Pro X-ray diffractometer with Cu & (1 = 1.54 A) radiation. where constant andS characterize the losses of incident light

The diffuse reflectance spectra (DRS) were measured with adueé to absorption and scattering, respectively. Sices
TU-1901 UV-Visible spectrophotometer (reference substance, independent of wavelength, §¢R.) is proportional to the real
BaSQ). PL spectra of all samples were measured using an a@bsorption of sample

ultraviolet-visible spectrophotometer (SPEX F212) with a Xe ) )

lamp as the excitation light source at room temperature in air. F(R.) = (1 — R,)72R, U absorption 2

All specimens measured were powders. ) ) o
The plot ofF(R.,) as a function of wavelength is shown in Figure

3. Itis confirmed that the direct correlation between absorption
and wavelength is reasonable. From Figure 3 we could observe
Figure 1 shows TEM photographs of the raw materials, and the nanotubes had strong visible absorption compared to P-25
the samples were annealed at different temperature for 2 h. Frormanoparticles. Especially, in the region of &D0°C heating,
Figure 1a we could observe that the grain diameter of the raw the sample appeared to have three strong visible absorption
material is about 2630 nm. It is also obvious that at the low  peaks at 515, 575, and 675 nm (see Figure 3a, b, and c,
heating temperatures (shown in Figure—1) these tubular  respectively). When the heating temperature increases further,
materials were commonly multiwalled, of which typical size at 400 and 500C, the peaks disappeared and the absorption
was several nanometers in inner diameter and a few hundredintensity in visible region decreased (see Figure 3d, e).
nanometers in length. However, at higher heating temperatures Notice that the tubular structure was already destroyed when
(Figure 1e, f), we found the tubular structure was badly heating temperature was above 4@ observed by TEM and
destroyed. XRD. Obviously, the novel absorption in the visible region of
In order to better understand their structural behavior, XRD the nanotubes was from its special tubular structure. On the
experiments were performed. Figure 2 shows XRD spectra of other hand, we also noted that the relative absorption intensity
the raw materials and the samples annealed at differentof three peaks of the nanotubes varies irregularly with heating
temperatures for 2 h. It is obviously seen that at low heating temperature, namely, at lower temperature. At £@) the
temperatures (Figure 2a, b, and c) the tubular materials had threesample showed weaker absorption and the intensity of the three
diffraction peaks at 9.18 24.30, and 48.14. They can be peaks (515, 575, and 675 nm) increased gradually (Figure 3a);
indexed to (200), (110), and (020) crystal planes of the at200°C, the sample showed strong absorption and the relative
orthorhombic system (JCPDS, 47-0124), respectively. However, magnitude of the three peaks intensity was completely reversed
at 400°C (Figure 2d) it is accompanied with formation of (Figure 3b); while at 300C, the relative magnitude recovered

Results and Discussion



Photoluminescence of Titanic Acid Nanotubes
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Figure 3. Wavelength dependence BfR.) for P-25 and the samples
annealed at different temperatures for 2 h: (a) 100(b) 200°C; (c)
300°C; (d) 400°C; (e) 500°C; (f) P-25.

—a 100
——b 200
———c 300
—d 400
e 500
——f p25

200000 +

150000

Intensity (a.u.)

Excited by 470nm

100000

50000

T
600

700

800
Wavelength (nm)
Figure 4. PL spectra excited by 470 nm of P-25 and the samples

annealed at different temperatures for 2 h: (a) 100(b) 200°C; (c)
300°C; (d) 400°C; (e) 500°C; (f) P-25.

again (Figure 3c) and became similar to that heated atC00
They implied that the optical property of the tubular materials
was very sensitive to the heating temperature.

However, it is also found that TANTs had very strong

J. Phys. Chem. C, Vol. 112, No. 14, 2008363

—a 100
—b 200
—¢ 300
—d 400
—e 500
—f p25
Excited by 360 nm

Intensity (a.u.)

T T T
500 550 600

Wavelength({nm)
Figure 5. PL spectra excited by 360 nm of P-25 and the samples

annealed at different temperatures for 2 h: (a) 100(b) 200°C; (c)
300°C; (d) 400°C; (e) 500°C; (f) P-25.
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Figure 6. PLE spectra monitored at 520 nm of P-25 and the samples

annealed at different temperatures for 2 h: (a) 100(b) 200°C; (c)
300°C; (d) 400°C; (e) 500°C; (f) P-25.

and the PL intensity was lower than that excited by 470 nm. It
is obviously seen that the relative intensity of the two peaks
was invariant with the increase of temperature. However, the
PL intensity of TANTs was irregular with the evolution of

temperature. This indicates that their origin was consistent,

photoluminescence excited by visible light. Figure 4 shows the which results from the intrinsic emissiéf3! 1t is also explicit
PL spectra of TANTSs heated at different temperature and P-25that the PL emission of TANTs excited by 360 nm was

in which the excitation wavelength was 470 nm. From the figure

completely different from that excited by 470 nm.

one can clearly observe that the samples heated at 100, 200, In order to further determine the origin of the novel emission,

and 300°C (Figure 4a, b, and c, respectively) had a very strong

we also checked their photoluminescence excited (PLE) spectra

PL peak at about 540 nm with a weak shoulder at about 700 shown in Figure 6 (monitored at 520 nm). From this figure it

nm at the excitation of 470 nm radiations. However, for the
samples heated at 400 and 5U0 (Figure 4d and e), the PL

could be clearly seen that samples a, b, and c (heated at 100,
200, and 300C, respectively) had very strong PLE spectra in

intensity was very weak and no peak at about 540 nm appearedthe visible region (showed clear resonant excitation nature);

In fact, the PL spectra heated at 400 and 8Q0Owere rather
similar to that of P-25 (Figure 4f). Moreover, it is found that

samples d and e (heated at 400 and 30Qrespectively) and
P-25 had very low PLE intensity in the long-wavelength region

the strong PL peak of the nanotubes could vary from 420 to and instead had PLE peaks at about 400 nm (interband transition
650 nm with changing of excitation wavelength, and this also or valence band to conduction band transition). These suggested
suggested that the PL spectra of titanate nanotubes were alsehat the strong emission bands could be directly related to the
sensitive to the prepared conditions. visible absorption bands of the tubular structure.

As a comparison, the PL spectra excitation at 360 nm is also By far, we still lacked complete understanding for the origin
examined in which Ti@has normal intrinsic absorption. Figure of the absorption, especially for the three absorption peaks in
5 shows the PL spectra of TANTs heated at different temper- the visible region. In our former wotk?” we found that the
atures and P-25. It is found that in this case the PL had a peaknovel nanomaterials after being vacuum dehydrated had stronger
at about 426-450 nm with a shoulder peak at about 480 nm, absorption in almost all visible regions and strong PL when
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excited by visible light. The electron spin resonance (ESR) Acknowledgment. This work was supported by the Natural
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existed—so-called “single-electron-trapped” oxygen vacancies Program for New Century Excellent Talents in University of
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