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Nano- and mesoporous materials have attracted considerable atten-
tion because they can be used to produce adsorbents, delivery carriers,
photonic devices, and (photo)catalysts.1 Recently, mesoporous TiO2

materials such as hollow spheres, opals, and nanotubes have been
synthesized with the objective of designing an efficient photocatalyst
having a high specific surface area and high molecular selectivity;2

these materials can also find potential applications as the diffusion-
controllable membranes3a and in dye-sensitized solar cells (DSSCs),3bc

and water-splitting systems.3d In these applications, the performance
of reagent molecules should be directly determined by their accessibility
to the active sites for adsorption onto and reaction with the surfaces
of materials. However, the structural disorders and agglomerates present
in bulk samples often hinder efficient molecular transport.2d-f Fur-
thermore, because conventional measurement methods cannot be used
to observe and distinguish between (photo)catalytic reactions occurring
on active sites distributed over the catalyst, the inherent properties can
only be obtained as the ensemble mean of heterogeneities. Therefore,
an improved technique for examining a single fragment of a porous
material is strongly required.4

In this paper, we describe the single-molecule imaging of photo-
catalytic reactions in a porous TiO2 nanotube using total internal
reflection fluorescence microscopy (TIRFM). Our method is shown
in Figure 1. A TiO2 nanotube synthesized by the sol-gel template
method has a porous structure containing a straight macropore (pore
size: 100-150 nm) and mesopores between the anatase nanoparticles
(pore size: 5-10 nm) (Figures S1 and S2, Supporting Information).5

The photocatalytic activity of the porous structure is evaluated by the
single-molecule counting of hydroxyl radicals (•OH) using a specific
fluorescent probe, aminophenyl fluorescein (APF),6a because •OH is
the principal reactive oxygen species (ROS) in photocatalytic oxidation
owing to its high oxidation power.6b The •OH in the photocatalytic
reaction can be generated by the reduction and/or photodecomposition
of H2O2, which is formed via the reduction of O2 by the conduction
band and/or trapped electrons in TiO2 (see Supporting Information
for details, section 1). An experiment on a single TiO2 nanotube is
conducted by using a custom-made sample chamber; in this chamber,
the same nanotube can be observed under different substrate solutions
(Figure S3A, Supporting Information). Each TiO2 nanotube placed in
this chamber is completely irradiated with UV light (wavelength: 365
nm) and evanescent light produced by a CW Ar+ laser (wavelength:
488 nm) to excite the nanotube and fluorescein, respectively (Figure
S3B, Supporting Information). Thus, it is expected that the photocata-
lytic reaction will occur randomly on the entire nanotube.

Figure 2 shows the results of the single-molecule counting of
•OH generated in a single TiO2 nanotube under static conditions
(i.e., without sample flow). The fluorescence intensity increased
significantly immediately after UV irradiation (t > 60 s) with a
500 nM APF phosphate buffer solution (pH 7.4) used as the
substrate (Figure 2A). In contrast, in the presence of DMSO as an
•OH quencher, the increase in fluorescence was suppressed (Figure

2B). Additionally, the single-molecule fluorescence spectra of the
fluorescence generated under UV irradiation are consistent with
that of fluorescein in a bulk solution (Figure S4, Supporting
Information). These results confirm that fluorescein was produced
by •OH and not by the auto-oxidation of APF caused by the intense
UV irradiation (Figure S6, Supporting Information). Interestingly,
the fluorescence can be observed only within the time resolution
(33 ms); this result suggests that the fluorescein generated in the
pores rapidly diffused out of the nanotube to the bulk solution.
Considering the fact that the fluorescence bursts occurred less
frequently than the data acquisition rate, we can almost rule out
the possibility that multiple fluorescein molecules were detected
simultaneously. Figure 2C shows the histograms of the fluorescence

Figure 1. Schematic representation of photocatalytic reaction occurring
on a single nanotube. (Top) Generation of emissive fluorescein induced by
the photocatalytic reaction in the porous structure of the TiO2 nanotube.
(Bottom) The porous TiO2 nanotube on the cover glass is simultaneously
irradiated with UV light (wavelength: 365 nm) and evanescent light
produced by a CW Ar+ laser (wavelength: 488 nm) to excite the nanotube
and fluorescein, respectively.

Figure 2. Time trajectories of the fluorescence intensity of the entire TiO2

nanotube in the absence (A) and presence (B) of 100 mM DMSO as an
•OH quencher. The histograms of the fluorescence intensity are also shown
for comparison (C).
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intensity in the absence (black) and presence (red) of DMSO. By
determining the threshold of the fluorescence intensity in the
histograms (dotted line), the apparent quantum yield of the
generation of •OH in the TiO2 nanotube7 can be roughly estimated
to be 7.4 × 10-6, which is significantly larger than that obtained
by the bulk experiment (1.1 × 10-8) (Figure S5, Supporting
Information). Moreover, by considering that only the fluorescein
present in the TiO2 nanotube can be detected (Figure S3B,
Supporting Information), we expect the quantum yield to be larger
than that estimated here. Such a high apparent reaction efficiency
as compared to the bulk experiment can be attributed to several
effects, such as the low light scattering from the single nanotube,
accumulated local concentration of •OH,8 and fast transport process
of the reagents (APF) to the active sites during the reaction due to
the facility of the diffusion in the pores, which is hindered by the
heterogeneities existing in the bulk sample.

To precisely evaluate the transport properties of the porous
structures associated with the photocatalytic activity, pores in which
fluorescein is generated should be discriminated.

Figure 3A and 3B show TiO2 nanotubes that exhibit diffusion
behavior inherent in the macropore and mesopore, respectively. The
figures also show the transmission image (left), fluorescence image
(right) captured at the same position, and trajectories of the displace-
ment of the spots indicated by arrows (inset, blue). Because of the
scattering of light from the nanotube, the apparent diameter in the
transmission image is larger than the actual diameter (ca. 200 nm).

The trajectory of the fluorescent spot shown in Figure 3A was recorded
at only one point because it disappeared in the next acquired image
(Figure 3C (bottom), red). Additionally, the width of the line profile
of the fluorescent spot shown in Figure 3C (top) is broader than the
size of the diffraction-limited spot (ca. 200 nm) commonly observed
in the immobilized molecule. These results suggest that the fluorescein
shown in Figure 3A is generated in the straight macropore in which
the molecule can diffuse freely (diffusion coefficient of fluorescein in
solution, D ) 2.8 × 10-10 m2 s-1).9

On the other hand, the fluorescent spot shown in Figure 3B
represents contrasting results, for example, the trajectory owing to slow
diffusion (Figure 3B (inset)), the line profile seen as the diffraction-
limited spot (Figure 3D (upper)), and maintenance of the fluorescence
intensity for a duration longer than the time resolution of data
acquisition (Figure 3D (bottom)). It is also noteworthy that the diffusing
molecule mainly exists in a region within an area of ca. 40 × 40 nm2,
which is of the same order as the wall thickness of the nanotube. The
possibility of the adsorption of fluorescein on a TiO2 particle can be
ruled out because of the following reasons: movement of the molecule
(Figure 3B), fluorescence quenching due to electron transfer, and
electrostatic repulsion between the negatively charged fluorescein and
the TiO2 particle in the phosphate buffer solution (see Supporting
Information for details, section 4).10 Thus, the fluorescein molecule
shown in Figure 3B must be present in the mesopores between
nanoparticles.11

Figure 3E shows histograms of the size of the fluorescent spot
calculated from the width of the Gaussian distribution; the results
indicate the possibility of diffusion in the pores. The narrow distribution
around 230 nm is obtained from the TiO2 nanotube shown in Figure
3B, corresponding to the mesopore (blue). In contrast, the histogram
of the macropore has a peak at around 1 µm and it is broad (red),
which can be explained by the residence time of fluorescein in the
pores. For example, the average residence time, tR, is calculated from
the spot size and diffusion coefficient in the solution as 450 µs (see
Supporting Information for details, section 5). The distributed tR values
are also responsible for the broad distribution of the fluorescence
intensity shown in Figure 2C. To examine the specific interaction
between the wall of the TiO2 nanotube and the fluorescein diffusing
in the macropore, the result obtained from an SiO2 nanotube that does
not contain the mesopores (Figure S1, Supporting Information) is also
shown (Figure 3E, green). In this case, fluorescein was generated by
auto-oxidation after intense UV irradiation (Figure S6, Supporting
Information). The histograms of both TiO2 and SiO2 nanotubes with

Figure 3. (A, B) Transmission image (left) and fluorescence image (right).
Inset shows the peak trajectory of single-molecule fluorescence generated
in the macropore (A) and mesopore (B) of the TiO2 nanotube. (C, D) Line
profile (upper panel) and time trajectory (lower panel) of the fluorescence
intensity at the spots indicated by the arrows shown in A and B, respectively.
The red lines in both panels correspond to each other. The line profiles are
well fitted by Gaussian distribution (blue). (E) Histograms of the size of
the fluorescent spot calculated from the width of the Gaussian distribution.
The red and blue lines indicate the histograms obtained from the TiO2

nanotubes shown in A and B, respectively. The histogram of the SiO2

nanotube is also shown for comparison (green).

Figure 4. (A) Histograms of the counting rates of single fluorescein
molecules, RFl, in the macropore (red) and mesopore (blue) of the TiO2

nanotube. (B) The integrated fluorescence intensity of the TiO2 nanotube
(shown in Figure 3A) over 120 s during the photocatalytic reaction. The
fluorescence intensity should be directly correlated with the photocatalyti-
cally active sites. There are three highly active sites indicated by arrows.
(C) Line profile of the integrated fluorescence intensity along the long axis
shown by a dotted line in Figure 4B (blue) and the histogram of the number
of fluorescein molecules generated at the position, which is determined from
the peak of the Gaussian distribution (red).
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a length of ca. 10 µm exibit a similar distribution, confirming that the
fluorescein in the macropore of the TiO2 nanotube diffuses without
interaction with the surface, such as adsorption. From the results
mentioned above, the photocatalytic activity inherent in the porous
structures can be separately estimated.

Figure 4A shows the histograms of the counting rates of single
fluorescein molecules, RFl, measured at the macropore and mesopore,
indicating that the average values of RFl in the pores are 0.85 and 0.065
molecules µm-1 s-1, respectively. RFl of the mesopore is 1 order of
magnitude smaller than that of the macropore, despite the possible
advantage that its small volume facilitates the accumulation of •OH;
this strongly indicates the effect of the kinetics of the transport of
reagents on the photocatalytic activity, which is not evident in the bulk
measurement (Figure S5, Supporting Information). As a next step, we
have attempted to study the spatial heterogeneity of active sites on
individual TiO2 nanotubes.

Figure 4B shows the integrated fluorescence intensity over 120 s
arising from the fluorescein generated on the surface of TiO2 nanotube
during the photocatalytic reaction; this should reveal the active sites
distributed over the nanotube, where the photocatalytic reaction occurs
efficiently. Interestingly, it was found that there are three highly active
sites on the nanotube, as indicated by the arrows. To confirm that these
sites are not due to the enhanced light scattering arising from the
existence of cracks or branches on the nanotube, the histogram of the
number of fluorescein molecules counted along the dotted line in Figure
4B was carefully examined, as shown in Figure 4C (red). In this case,
the precise position at which fluorescein is generated is determined
from the Gaussian fits to the fluorescence intensity profiles of
fluorescein that disappeared immediately by fast diffusion (Figure 3C,
upper). For the sake of comparison, the line profile of the integrated
fluorescence intensity is also shown in Figure 4C (blue). The fact that
the peaks in both profiles approximately correspond to each other
reveals the heterogeneous distribution of the active sites even in the
isolated nanotube. The origin of the observed heterogeneity has not
yet been fully explained; however, it is possibly attributed to the
intrinsic distribution of surface defects such as oxygen vacancies that
are present in the respective nanotubes,12 which should mediate the
electron transfer from the conduction band to O2, thus leading to the
generation of H2O2 as the precursor of •OH.13 To clarify the relationship
between the distributions of (photo)catalytically active sites and surface
defects, however, further studies are required to also consider the direct
observation of defect-mediated photoluminescence at the single-
nanotube level, which we have recently developed.14

In conclusion, we have investigated the photocatalytic activity of
individual porous TiO2 nanotubes by the single-molecule counting of
•OH using a specific fluorescent probe. The time- and space-resolved
observation of emissive fluorescein generated by the photocatalytic
reaction clearly reveals that the transport of reagents inherent in the
porous structures is closely related to the photocatalytic activity.
Furthermore, we discovered the spatial heterogeneity of reactive sites
in an isolated TiO2 nanotube for the first time. Experiments on a single
nanotube provide information that is useful for elucidating the reaction
mechanism of the heterogeneous (photo)catalyst and for designing
advanced porous materials.
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