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A new class of nanostructures were fabricated by one-step hydrothermal reaction of a mixture solution
of TiO2 anatase powder and a Sn-porphyrin,trans-dihydroxo[5,10,15,20-tetrakis(p-tolyl)porphyrinato]-
tin(IV) [SnTTP], and they were found to be well-crystalline trititanate (H2Ti3O7)-type multilayered
nanofibers (TiNFs) intercalated by SnTTP which have lengths in the range of 0.5-1 µm with an average
diameter of approximately 50 nm. Based on the femtosecond-diffuse reflectance transient absorption
and photoluminescence spectroscopic measurements, the SnTTP-intercalated TiNFs were observed to
exhibit efficient optoelectronic properties such as photoinduced electron transfer from deep surface states
of trititanate layer to SnTTP, forming an anion radical SnTTP.•- rapidly in a few picoseconds. These
results infer that electrons and holes are effectively separated in the SnTTP-TiNFs upon illumination,
and consequently remarkable UV-visible light-sensitive photocatalytic activities as compared to those
of free TiNFs and SnTTP, suggesting that the SnTTP-intercalated TiNFs have potential application in
development of efficient artificial photosynthetic systems and photoelectronic materials.

Introduction

TiO2 nanomaterials are of great current interest for
applications in photoelectronics, light-energy conversion,
artificial photosynthetic systems, and photocatalysis.1-3 The
success of these applications relies on the recombination
dynamics of the electron and hole (excitons) on the surface
of the TiO2 nanomaterials, and it is important to control the
recombination dynamics of the surface excitons. Thus, in
the past decades, the use of low-dimensional TiO2 nano-
structures such as nanotubes and nanofibers have attracted
considerable attention from the materials science community
as one of the most promising options to control the exciton
dynamics to improve the photoactivity4,5 because the inter-
crystalline contacts of TiO2 can be highly decreased to
facilitate electron transfer through the titania layer with high
BET specific surface area.

The TiO2 nanotubes of the anatase phase have been
synthesized by porous alumina templating, sol-gel, and
hydrolytic routes which require multistep processes.4,6,7 An

interesting synthesis alternative was to obtain needle-shaped
nanotubes, nanofibers, and nanowires by one-step hydro-
thermal treatment of TiO2 powders in 5-15 M NaOH
solution at different digestion temperatures.8-12 However,
these nanostructures are not either anatase or rutile but
trititanate (H2Ti3O7) phase,13-15 and do not inherit the
efficient photocatalytic activity as compared to the anatase
nanostructures. Nevertheless, we have recently found, by the
picosecond time-resolved photoluminescence studies, that the
separation of photoinduced electron-hole in the trititanate
nanostructures is more efficient than that in anatase titania
quantum dots.16 Therefore, if the trititanate building blocks
are modified by incorporation with a good electron-relay
metal, semiconductor, or molecule, a new class of photo-
functional trititanate nanostructures would be obtained.
Interestingly, one-dimensional Fe chain-intercalated trititanate
nanotubes were synthesized and observed to release differ-
ences in electronic and optical properties as compared to
those of the naked nanotubes,17 but no photocatalytic
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activities were effective. On the other hand, Hodos et al.
prepared the CdS-doped trititanate nanotubes and observed
their photocatalytic activity for the reduction of methyl
orange.18 Zhu et al.12 also prepared the trititanate nanofibers
covered with anatase nanocrystal and observed enhancement
of the photocatalytic activity for decomposition of sulfor-
hodamine. However, CdS or anatase TiO2 nanocrystal itself
has high photocatalytic activity under the light ilumina-
tion,19,20 and it is not so clear whether the photocatalytic
activity of the modified trititanate nanostructures is improved
by assistance of the doped CdS or surface-covered anatase
TiO2. Moreover, there is no direct evidence provided for the
photoinduced electron or hole transfer for the phocatalytic
activity in the modified trititanate nanofibers. Thus, there is
a need for well-defined trititanate nanostructures modified
by using an electron relay molecule.

Herein, to design not only the highly efficient nanostruc-
tural photocatalysts but also photoelectronic materials, we
synthesized new photoactive trititanate (H2Ti3O7)-type TiO2

nanofibers by intercalating the electron acceptor molecule
such as atrans-dihydroxo[5,10,15,20-tetrakis(p-tolyl)por-
phyrinato]tin(IV) [SnTTP]21 into the trititanate layers through
one-step hydrothermal reaction22,23and analyzed their crystal
phase and morphologies using FT-IR, XRD, TEM, and AFM.
Thereafter, we examined the optoelectronic properties such
as photoinduced electron transfer and its dynamics in the
porphyrin-trititanate nanocomposites by using femtosecond
(fs)-transient diffuse reflectance absorption and photolumi-
nescence spectral techniques, confirming that the porphyrin-
trititanate hybrid composites have highly photocatalytic
activities.

By the way, the synthetic porphyrins are often self-
organized and they have been used as attractive building
blocks for photoelectronic functional supramolecular sys-
tems24,25 or nanostructures,26-28 and particularly the metal-
loporphyrins including tin-porphyrins have been of great

interest as analogues of chlorophyll to develop artificial
photosynthetic systems splitting water to evolve hydrogen
in the presence of catalysts.29,30 Also well-defined J-
aggregate-type tin-porphyrin nanotubes31 mimicking the
light-harvesting rods of the aggregated green-sulfur bacteri-
ochlorophyl32-34 were synthesized by ionic self-assembly of
two oppositely charged porphyrins. However, their naked
morphologies are not so stable in the light,31 and they have
some limitations in applications in the artificial photosyn-
thetic systems. In this point of view, the intercalation of
porphyrins into the trititanate nanostructures would be a good
model for protection of the porphyrin aggregates from light
damage.

Experimental Section

Materials. The chemicals for the synthesis of the new trititanate
nanostructures, titanium(IV) isopropoxide (Aldrich), anantase TiO2

powder, and ethanol (>99.9%, Merck), were used as received.
trans-Dihydroxo [5,10,15,20-tetrakis(p-tolyl)porphyrynato]tin(IV)
(SnTTP) was prepared by the modified literature method22 by using
trans-dichloro-[5,10,15,20-tetrakis (p-tolyl)porphyrinato]tin(IV) (SnCl2-
TTP) which was prepared according to the reported procedures.35

A mixture of SnCl2TTP (0.450 g, 0.524 mmol) and potassium
carbonate (1.14 g, 8.89 mmol) in tetrahydrofuran (400 mL) and
water (100 mL) was heated at reflux for 4 h. The organic solvent
was removed and the aqueous layer was extracted into CH2Cl2.
The organic layer was washed with water, then dried over anhydrous
MgSO4, and filtered and then the solvent was removed to give the
crude product, followed by recrystallization from CH2Cl2/hexane
to give (TTP)Sn(OH)2. Yield: 0.365 g (85%).1H NMR (500 MHz,
CDCl3): 9.13 (s, 8H, -pyrrolic H), 8.21 (d, 8H,o-Ph), 7.62 (d, 8H,
m-Ph), 2.73 (s, 12H, CH3), -7.49 (s, 2H, OH).

Synthesis of Sn-Porphyrin-Intercalated Trititanate Nanofi-
bers. To fabricate the Sn-porphyrin-intercalated trititanate nanofi-
bers, 10 mL of ethanol solution oftrans-dihydroxo [5,10,15,20-
tetrakis (p-tolyl)porphyrinato]tin(IV) (SnTTP) (5× 10-5 M) was
mixed with 10 mL of 5 M NaOH aqueous solution. Fifty milligrams
of TiO2 anatase powder (Yakuri Pure Chemicals, extra pure grade)
was added into the mixed solution of SnTTP, followed by
hydrothermal digestion in a sealed Teflon autoclave by statically
heating at 200°C for 24 h. After the hydrothermal reaction, the
solution containing precipitates was diluted in 500 mL of deionized
water to prevent the membrane filter paper from damage due to
low pH condition. The precipitates were filtered using membrane
filter (Millipore, 0.1 µm VCTP membrane filter) and washed with
3 L of deionized water and 500 mL of ethanol to remove physically
absorbed SnTTP on the surface of precipitates. The final products
were obtained after drying at 50°C. The relative amount of
intercalated SnTTP in the produced materials was determined by
thermo-gravimetric-differential thermal analysis (TG-DTA) using
TA instruments SDT 2960 simultaneous DTA-TGA.
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For comparison purposes, free trititanate nanofibers (TiNFs) were
also prepared under the same conditions as those for the preparation
of SnTTP-intercalated TiNFs except addition of SnTTP.

Structural Characterization of Nanofibers. The crystalline
phase of the produced materials was characterized by recording
X-ray diffraction (XRD) patterns on a Rigaku Rotaflex diffracto-
meter (Model No. D/MAX-2200 Ultima/PC, rotating Cu KR target,
3 kW X-ray and set to 40 kV and 40 mA) at an X-ray incident
angle of 0.02°. The morphology of the synthesized materials was
examined by transmission electron microscope (TEM) (JEOL JEM-
2010, Japan) and atomic force microscope (AFM) (NanoScopeIIIA,
DI, USA). Samples for TEM measurement were prepared by dip
coating Formvar/carbon film Cu grids with nanocolloidal solution
obtained by sonicating the produced powder material in ethanol.
On the other hand, AFM images were measured by tapping mode
by using samples prepared by dip coating the dispersed solution
on highly oriented pyrolytic graphite (HOPG).

Steady-State Spectroscopic Measurements.Diffuse reflectance
UV-visible absorption spectra and FT-IR spectra were also
measured to recognize the interposition of the produced materials.
Diffuse reflectance UV-visible absorption spectra were recorded
on a Shimadzu UV-3101PC spectrophotometer and Varian Cary
3E UV-visible spectrophotometer for powder sample and ethanol
solution, respectively. FT-IR spectra were obtained by using a
JASCO FT/IR-4100 spectrophotometer at a resolution of 2 cm-1

and compared with that of SnTTP.
Photoluminescence (PL) spectra were measured on a scanning

SLM-AMINCO 4800 spectrofluorometer with the synthesized
nanofiber powders dispersed in water (0.03 g/L). Before the PL
measurement, the sample solution was bubbled with high-purity
Ar to remove the dissolved oxygen. The single nanoparticle
photoluminescence spectra were also measured to avoid the
inhomogeneous size distribution effects of the photophysical
properties of the nanofibers (see Supporting Information).

fs-Diffuse Reflectance Transient Absorption Spectral Mea-
surements.The details of the fs-diffuse reflectance spectroscopic
system have been reported elsewhere.36,37 Briefly, a light source
consists of a cw self-mode-locked Ti:sapphire laser (Mira 900)
Basic, Coherent) pumped by an Ar+ laser (Innova 310, Coherent)
and a Ti:sapphire regenerative amplifier system (TR 70, Continuum)
with a Q-switched Nd:YAG laser (Surelight I Continuum). The
fundamental output from the regenerative amplifier (780 nm, 3-4
mJ/pulse, 170 fs fwhm, 10 Hz) was frequency-doubled (390 nm)
and used as an excitation light pulse. The energy of the excitation
pulse measured with a Joule meter (P25, Scientech) was several
tens of microjoules and its spot size on the sample was nearly 2
mm. The shot-to-shot fluctuation of the energy was less than(10%.
The residual of the fundamental output was focused into a quartz

cell (1 cm path length) containing H2O to generate a white-light
continuum as a probe pulse. Transient absorption intensity was
displayed as percentage absorption,37

whereR andR0 represent intensity of the diffuse reflected light of
the probe pulse with and without excitation, respectively. The time
resolution of the system is shorter than 1 ps for the powder having
a large absorption coefficient.

Measurement of Photocatalytic Activities. Photocatalytic
activities were assessed by monitoring photo-oxidation of methyl
orange (MO) in aqueous solution containing the SnTTP-intercalated
trititanate nanofibers or free trititanate nanofibers as photocatalysts
as previously reported.38 Five milligrams of the nanofibers was
mixed with 10 mL of the aqueous MO solution (5× 10-6 M) in
optically matched Pyrex test tubes, and the mixed solutions were
simultaneously irradiated under oxygen flow. The visible light
irradiation was carried out with 450 W Hg lamp using cutoff filters
(400 nm). The UV-light irradiation was carried out with 355 nm
Nd:YAG laser. After a certain period of irradiation, each solution
was centrifuged to sediment the photocatalysts, followed by taking
the supernatant solution to measure the absorption spectral change
of MO at 474 nm to monitor the photooxidation. The photocatalytic
quantum efficiency was determined by ferrioxalate actinometric
method39 via measurement of the power of the irradiation light from
the Hg lamp and Nd:YAG laser.

Results and Discussion

Structural Characterization. Figure 1 shows atomic
AFM images of the as-synthesized powders coated on a
HOPG, showing that the hydrothermal reaction seems to
provide a high yield of two-dimensional nanostructures with
little dispersion in diameters. Most of the nanostructures
(95%) were 600 nm in length and have diameters in the range
of 30-50 nm, and the remaining 5% was observed to have
exceptionally large dimensions (∼300 nm in diameter and
micrometers in length). It is interesting to note that the sizes
of the nanostructures are larger than those of free TiO2
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Chem. B1999, 103, 3120-3127.

(38) Yoon, M.; Seo, M.; Jeong, C.; Jang, J. H.; Jeon, K. S.Chem. Mater.
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Figure 1. Tapping mode AFM images of the as-synthesized SnTTP-intercalated TiO2 nanostructures dispersed on highly oriented pyrolytic graphite (HOPG).

% absorption) 100× (1 - R/R0)
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nanostructures such as nanotubes or nanofibers (∼10 nm).14

The synthesized nanostructures were also identified from
TEM measurements (Figures 2a and 2b). However, it is
noteworthy that no hollows were observed from the newly
synthesized nanostructures, indicating that the synthesized
nanostructures have a fibroid nature rather than tubes. The
formation of the nanofibers may be due to the hydrothermal
digestion at 200°C as previously reported by many other
groups.40 Figure 2b shows TEM images of two selected
single nanofibers of different sizes (50 and 300 nm in
diameters) which have dark stripes. The dark stripes are not
observable from free TiO2 nanofibers (s-Figure 1), and they
must have originated from aggregated SnTTPs intercalated
into TiO2 nanofibers (TiNFs), as confirmed by the UV-
visible diffuse reflectance absorption spectrum of the syn-
thesized nanofibers (Figure 3), which exhibit the combina-

torial spectral features of both titania and porphyrins in the
wavelength range from 250 to 700 nm. The relative amount

(40) Zhu, H. Y.; Lan, Y.; Gao, X. P.; Ringer, Zheng, Z. F.; Song, D. Y.;
Zhao, J. C.J. Am. Chem. Soc.2005, 127, 6730-6736.

Figure 2. (a) Low-magnification TEM images of SnTTP-TiNFs. (b) High-resolution TEM images of the two selected single SnTTP-TiNTs of different
dimensions.

Figure 3. Diffuse reflectance UV-visible absorption spectra of SnTTP-
TiNFs (a) and SnTTP powders (b). The absorption spectrum of diluted
aqueous solution of SnTTP (5.0× 10-6 M) corresponding to that of SnTTP
monomer (c).
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of intercalated SnTTP in the SnTTP-intercalated TiNFs
(SnTTP-TiNFs) was determined by thermogravimetric-
differential thermal analysis (TG-DTA) (Figure 4). The TGA
curve shows a decrease of initial sample weight (4.769 mg)
in two steps with the temperature increased, exhibiting an
inflection point at 290°C. According to the DTA, the
decrease of the sample weight was analyzed to show two
minimum differential points at 100°C and second 400°C.
This indicates that the vaporization of water takes place first
from the surface of the nanofibers followed by vaporization
of the intercalated SnTTP as observed by the color change
from yellow to white. If there is no SnTTP, the TGA curve
should continuously decrease without the inflection point.
The second decrease of the sample weight from 290°C
corresponds to the weight of the intercalated SnTTP as shown
in the figure, and the estimated SnTTP is 0.56% of initial
sample weight.

The selected area electron diffraction (SAED) patterns of
both nanofibers (inset of Figure 2b) have also been observed
to exhibit numerous ordered diffraction spots characteristic
of typical trititanate crystal,10,14,15indicating that the SnTTP-
intercalated TiNFs (SnTTP-TiNFs) are very well crystal-
lized trititanate-type nanofibers. The trititanate-type crystal-
linity of the synthesized nanofibers is also supported by
observation of their sharply resolved XRD peaks correspond-
ing to the [200], [110], [221], [312h], [113], [020], and [422]
crystal faces of trititanate nanocystals.10,14,15The sharp XRD
peaks must be attributed to the increased crystal size as
compared to those of free trititanate nanofibers having the
diameter of 9 nm with length of several hundreds of
nanometers as shown in Figure 5b. Interestingly, the electron
diffraction spots in the SAED pattern are seen to be elongated
along the direction perpendicular to the fiber axis, being
indexed to be [200], [211], [020], [006], and [330] planes,
confirming that SnTTP-TiNFs are a class of multilayered
spiral trititanate nanofibers which are constructed by wrap-
ping a [200] sheet of trititanate along [001] as in the case of
the formation of trititanate nanotubes.13,14

It is also noteworthy that the XRD peak of the (200) plane
of SnTTP-TiNF showed slight decrement of the 2θ value
to 10.6° from that of free tritianate nanofibers (11.2°) (Figure
5), indicating that the intershelld-spacing between the

trititanate layers of SnTTP-TiNT increased from 7.8 to 8.3
Å. The increase ofd-spacing may be due to interposition of
SnTPP between the layers consisting of [200] trititanate
sheets as shown in the structure model (Figure 6) as proposed
on the basis of the reported formation mechanism of the free
trititanate nanotubes.10,14 As Zhang et al. reported,14 hydro-
thermal reaction of crystalline TiO2 with NaOH results in
growth of some trititanate-type plates through formation of
a disordered phase, from which H-deficient individual thin
Ti3O7 layers are peeled off. Consequently, SnTTP may be
chemisorbed on the surface of Ti3O7 layer through Sn-O-
Ti41 since SnTTP has two axial OH ligands and is oxophilic.
The chemisorption results in formation of an asymmetric
environment of the Ti3O7 layer so that the layer scrolls to
form the multilayered nanofibers intercalated with SnTTP.
Interestingly, Yang et al.20 also reported that a one-dimensinal
chain of Fe atoms is intercalated between Ti3O7 layers of
the trititanate nanotubes. Thus, it can be speculated that
scrolling of Ti3O7 layer adsorbed with SnTPPs results in
interposition of SnTTPs between Ti3O7 layers, forming the
linkages of Ti-O-Sn-O-Ti, as supported by the FT-IR
spectrum of SnTPP-TiNFs (Figure 7), showing broadening
of O-H and Ti-O stretching bands around 3000 and 500-
900 cm-1, respectively, as compared to those of free
trititanate nanofibers. Based on the known bond lengths of
Sn-O and Ti-O (2.09 and 2.01 Å, respectively),42,43 the
bond length of the Ti-O-Sn-O-Ti was determined to be
8.20 Å which is about the same as the intershelld-spacing
between the (200) layers as determined from the XRD data.
It is known that the number of layers of free trititanate cannot

(41) Andou, Y.; Shiragami, T.; Shima, K.; Yasuda, M.J, Photochem.
Photobiol. A: Chem.2002, 147, 191-197.

(42) Shannon, R. D.; Prewitt, C. T.Acta Crystallogr.1969, B25, 925-
946.

(43) Shannon, R. D.; Prewitt, C. T.Acta Crystallogr.1970, B26, 1046-
1048.

Figure 4. TG-DTA diagram of SnTTP-TiNFs. The TGA curve and DTA
curves are represented by a solid line and a dotted line, respectively. The
TGA curve is extrapolated to 600°C, assuming that no SnTTP is involved
in the weight decrease.

Figure 5. X-ray diffraction patterns of SnTTP-TiNFs (a) and free trititanate
nanofibers (b).
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be increased from 4 due to repulsive force between upper
and lower layers.11 However, the repulsive force of the layers
may be reduced by the intercalated SnTTP, and more scrolled
layers will be available. This may be the reason why the
SnTTP-TiNFs are formed with diameters much larger than
those of free trititanate nanofibers.

Optoelectronic Properties. The SnTTP-TiNFs were
observed to exhibit some interesting and potentially useful
optoelectronic properties. The porphyrins intercalated into
the layers of the nanofibers are supposed to be aggregated
as their UV-visible absorption spectral bands are broadened
as compared to the monomer bands and even broader than
those of the condensed solid state of SnTTP (Figure 3).
However, no significant red shifts were observed, indicating
existence of non-J-aggregates of SnTTP in the trititanate
nanofibers, The reason for the band broadening of the
nanofibers is not unambiguously understood at the moment,
but it might be suggested to be due to one possibility that
the coherent coupling of the transition dipoles may span
porphyrin molecules through coplanar interaction in parallel
with trititanate layers as shown in Figure 6. If that is the
case, such aggregate type may be beneficial to induce a
cascade of the photoinduced electrons from the parallel

trititanate layers, probably causing an efficient polarized
electron transfer without photodamaging of the porphyrin
aggregates.

To examine the possibility of the photoinduced electron
transfer in the nanofibers, the photoluminescence (PL)
emission spectra of the aqueous dispersion of SnTTP-TiNFs
and free trititanate nanofibers were measured as shown in
Figure 8. The free trititanate nanofibers exhibit broad surface
emission in the range from 450 to 600 nm as well as the
emission at 650 nm with excitation at 360 (Figure 8a), which
are originated from the deep exciton trapped surface states
and the defect levels such as oxygen vacancies, respec-
tively.16 When the SnTTP-TiNFs are excited at 420 nm,
which is absorbed by SnTTP only, the typical SnTTP
emission bands were observed at 610 and 665 nm without
the deep surface emission bands (Figure 8b). However, when
the SnTTP-TiNFs are excited at 360 nm, which are absorbed
mostly by trititanate, both the deep surface emission of
trititanate and the SnTTP emission were observed to be
entirely quenched while the defect level emission at 650 nm
of trititanate is unquenched (Figure 8c). Similarly, the single
nanoparticle PL spectrum of SnTTP-TiNFs was also
observed to exhibit the 650 nm emission only with excitation

Figure 6. Schematic structure model of SnTTP-TiNF formed by rolling the SnTTP-adsorbed trititanate sheet along the [010] direction with a chiral vector
along the [001] direction.

Figure 7. FT-IR spectra of SnTTP-TiNFs (a), free trititanate nanofibers (b), and SnTTP (c).
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at 405 nm whereas that of free trititanate exhibits all the
surface emission bands (s-Figure 2, Supporting Information).
These results indicate that the photoinduced electrons trapped
in the deep surface states are efficiently transferred to the
intercalated SnTTP, forming an anion radical SnTTP.•- which
is known to be nonfluorescent,29 suggesting that recombina-
tion of electron and hole pairs produced from trititanate is
inhibited by SnTTP.

To further explore the photoinduced electron transfer and
its dynamics, the fs-time-resolved diffuse reflectance transient
absorption spectra of both free trititanate nanofibers and
SnTTP-TiNTs were measured. Figure 9 shows development
and decay of the transient absorption spectra of free
trititanante nanofibers (a) and SnTTP-TiNFs (b) as a
function of delay time upon excitation at 390 nm. The
nanofibers exhibit two broad transient absorption spectra
centered at 500 nm immediately after excitation and at 700
nm over 10 ps (Figure 9a), which are attributed to electrons
trapped in different surface states as commonly observed
from Q-sized TiO2 powders.44 The trapped electrons exhib-
ited two decay components (2 ps and>10 ns), indicating
that at least two kinds of electrons, whose disappearance
pathways are different from each other, are generated.16 The
shorter decay time component may be ascribed to the
disappearance of electrons through interaction with phonons,
while the longer component is attributed to recombination
of deep surface state-trapped electrons with holes. On the
other hand, the development features of the transient absorp-
tion bands for SnTTP-TiNFs (Figure 9b) are different from
those observed for the free trititanate nanofibers. The spectra
exhibited new transient bands around 560, 620, and 670 nm
almost immediately upon excitation, adding to broad absorp-
tion band of the trapped electron from the surface states.
Particularly, it is interesting to note that the 670 nm band,
which is originated from the porphyrin anion radical as
usually observed from many other porphyrins,45 remains in
a nanosecond time scale. Furthermore, a relative yield of
the long lifetime component in the time profiles is small
compared to the free trititanate nanofibers. These results

suggest the mechanism of the photoinduced electron transfer
as shown in Figure 10. Upon excitation of the trititanate,
the exciton is generated and migrated through nonradiative
relaxation to deep surface states. Consequently, electrons
trapped in the deep surface states are transferred to SnTTP
very rapidly in a few picoseconds, forming the SnTTP anion
radical of 3 ns lifetime as speculated from the single-
nanoparticle fluorescence spectroscopic results. It is interest-
ing to note that the defect sites are not involved in the
electron transfer as the single nanoparticle surface emission
at 650 nm remains unquenched by SnTTP (Figure 8b).

Photocatalytic Activities. If the photoinduced electrons
and holes are well-separated in the SnTTP-TiNFs as
discussed above, photooxidation of some organic substrate

(44) Asahi, T.; Furube, A.; Masuhara, H.Chem. Phys. Lett.1997, 275,
234-238.

(45) Kim, Y.; Choi, J. R.; Yoon, M.; Furube, A.; Asahi, T.; Masuhara, H.
J. Phys. Chem. B2001, 105, 8513-8518.

Figure 8. Photoluminescence emission spectra of free trititanate nanofibers
(λex ) 360 nm) (a) and SnTTP-TiNFs (λex ) 360 nm (b),λex ) 420 nm
(c)).

Figure 9. fs-time-resolved transient absorption spectra and decay time
profiles of the optically scattering free trititanate nanotubes (a) and SnTTP-
TiNFs (b). The time profiles were observed at 500 nm (O) and 700 nm (3)
with decay times 2 ps and 9 ns for trititanate nanotubes and at 560 nm (O)
and 670 nm (3) with decay times 4 ps and 3 ns for SnTTP-TiNFs.
Excitation wavelength is 390 nm, and an excitation intensity is about 3
mJ/cm2.

Figure 10. Mechanistic scheme of photoinduced electron-transfer dynamics
in SnTTP-TiNFs.
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would be catalyzed efficiently by the composite SnTTP-
TiNFs. Thus, we attempted to assess the photocatalytic
oxidation of methyl orange (MO) in aqueous solution (5×
10 -6 M) containing SnTTP-TiNFs, free trititanate nanofi-
bers, and/or SnTTP upon irradiation with UV and/or visible
light. Figure 11 shows the plot of relative absorption change
of MO at 474 nm as a function of irradiation time under
different conditions. The curve (a) shows no absorption
change in the presence of free trititanate nanofibers or SnTTP
upon visible light irradiation while a slight decrease in
absorption was observed in the presence of free trititanate
nanofibers upon UV irradiation (curve (b)), indicating that
free trititanate nanofibers have very weak UV-sensitive
photocatalytic activity without visible light sensitivity.
However, it is noteworthy that in the presence of SnTTP-
TiNFs the enhanced photooxidation rate was observed (curve
(c)) even with visible light irradiation. This may be due to
the visible light-sensitive photocatalytic activity of the
aggregated SnTTP intercalated into the trititanate layers as
reported.31 Nevertheless, the visible light-sensitive photo-
catalytic activity of SnTTP-TiNFs is still weaker than the
photocatalytic activity (quantum efficiency, 0.15) obtained
by irradiation with both UV and visible light as the
photooxidation rate was observed to be significantly en-
hanced even in the aqueous solution MO (curve (d))
containing a simple mixture of free trititanate nanofibers and
SnTTP. This implies that the photocatalytic property of
SnTTP is synergistically activated by the UV-light-induced
generation and consequent transfer of electron from trititanate
nanofibers to SnTTP. Supporting this implication, the pho-
tooxidation rate of MO in the presence of SnTTP-TiNFs

was observed to be tremendously enhanced upon irradiation
with UV light only (curve (e)), exhibiting very high
photocatalytic quantum efficiency (0.33). This must be due
to close proximity of the intercalated SnTTP with trititanate
layer as compared to the simple mixture of SnTTP and free
trititanate nanofibers. Furthermore, it was found that, upon
additional illumination with visible light perpendicular to the
UV irradiation, the photocatalytic oxidation of MO was faster
with a little higher quantum efficiency (0.35) as compared
to the result obtained by illumination with UV light only
(curve (f)). This may be due to the visible light-sensitive
photocatalytic effect of SnTTP in addition to the photoin-
duced electron transfer from trititanate layer to SnTTP
intercalated. Effects of photoirradiation on stability was
examined by observing change of initial rates of the
photocatalytic oxidation with the number of the catalyst
reuse. As shown in s-Figure 3 (Supporting Information), the
SnTTP-TiNFs were observed to be used repetitively for 12
cycles of the photocatalytic reaction with little change of
the initial rates under UV-visible light ilumination, indicat-
ing high stability of SnTTP intercalated into trititanate
nanofibers under the light illumination.

Conclusion

A new class of photoactive composite nanofibers, SnTTP-
TiNFs, were synthesized by hydrothermal reaction of a
mixture of anatase TiO2 powders and SnTTP. It was found
that the composite nanofibers are spiral multiwalled trititanate
(H2Ti3O7)-type nanofibers in which SnTTPs are intercalated
so that the porphyrins are linearly aggregated on a coplanar
level of the molecular moiety. Based on the photolumines-
cence and fs-diffuse reflectance transient absorption spec-
troscopic studies, very efficient photoinduced electron trans-
fer takes place directly from trititanate surface states to
SnTTP in the composite nanofibers, inferring that electrons
and holes are effectively separated in the SnTTP-TiNFs
upon illumination. Subsequently, the SnTTP-TiNFs were
observed to have highly efficient photocatalytic activity with
high stability under light illumination, which is synergistically
enhanced by using both UV and visible light illumination.
These results imply that the SnTTP-TiNFs may be very
useful for potential application in developing an artificial
photosynthetic system mimicking natural plant photosyn-
thetic systems operated by so-called Z-scheme mechanism.3
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Figure 11. Absorption changes of methyl orange at 474 nm corresponding
to photooxidation of methyl orange in aqueous solution containing a mixture
of free trititanate nanofibers and SnTPP upon irradiation with visible light
(a), free trititanate nanofibers upon irradiation with UV light (b), SnTTP-
TiNFs upon irradiation with visible light (c), mixture of free trititanate
nanofibers and SnTPP upon irradiation with UV plus visible light (d),
SnTTP-TiNFs upon irradiation with UV light (e), and SnTTP-TiNFs upon
irradiation with UV plus visible light (f).R2: correlation coefficient.
Intensities of UV and visible lights are 1.08× 10-8 einstein/min and 6.85
× 10-9 einstein/min, respectively.
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