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The exposed active sites of semiconductor catalysts are essential to
the photocatalytic energy conversion efficiency. However, it is
difficult to directly observe such active sites and understand the
photogenerated electron/hole pairs’ dynamics on a single catalyst
particle. Here, we applied a quasi-total internal reflection fluores-
cence microscopy and laser-scanning confocal microscopy to identify
the photocatalytic active sites at a single-molecule level and visual-
ized the photogenerated hole–electron pair dynamics on a single
TiO2 particle, the most widely used photocatalyst. The experimental
results and density functional theory calculations reveal that holes
and electrons tend to reach and react at the same surface sites, i.e.,
crystal edge/corner, within a single anatase TiO2 particle owing to
the highly exposed (001) and (101) facets. The observation provides
solid proof for the existence of the surface junction “edge or corner”
on single TiO2 particles. These findings also offer insights into the
nature of the photocatalytic active sites and imply an activity-based
strategy for rationally engineering catalysts for improved photoca-
talysis, which can be also applied for other catalytic materials.
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Photocatalysis is an efficient and sustainable way to harness
the inexhaustibly abundant, clean, and safe energy of the Sun

(1, 2). Titanium oxide (TiO2) with different crystal structures and
various morphologies has great potential as an ideal and pow-
erful photocatalyst for various reactions owing to its chemical
stability, nontoxicity, and high reactivity (3, 4). The efficient
separation and transfer of photogenerated electron–hole pairs are
well known to play an important role in photocatalysis. First,
photoexcitation of TiO2 generates hole–electron pairs of which
electrons are trapped at the defects (for example, oxygen vacan-
cies) and/or donor impurities (5–7). The behavior of the trapped
electrons has a great impact on the properties of TiO2, including
the optical absorption, the electrical conductivity, and the chemical
reactivity (8, 9). Second, the photogenerated electrons can transfer
from (001) to (101) facets owing to their relative levels of con-
duction band minimum (10–15). The electron transport property of
anatase TiO2 is essential in photocatalysis, where the electron
trapping sites can severely limit the overall performance (16, 17).
Understanding the behavior of electrons in anatase TiO2 is thus
crucial for improving the photocatalytic performance of TiO2.
Photocatalytic reactions and their mechanisms in TiO2 have

been explored using a number of spectroscopies (18–27). Scanning
tunneling microscopy was used to in situ explore the molecular
oxygen adsorption behaviors (28), adsorption sites for CO (29),
photocatalytic dissociation of water (30), and roles of point defect
in TiO2 surface (31). Recently, photogenerated charge carriers on
surfaces and interfaces of photocatalysts could be directly mea-
sured by using spatially resolved surface photovoltage microscopy
(SPV) (32–36). Furthermore, in particular, kelvin probe force mi-
croscopy (KPFM) (37) based on spatially resolved SPV techniques

could be applied in charge separation imaging (38–40). Meanwhile,
a current-mapping image of the photoelectrodes was measured by
photoconductive atomic force microscope (41–44).
Moreover, a spatial correlation between hole- and electron-induced

redox reactions on TiO2 nanorods with a cocatalyst was obtained by
superresolution hole and electron reaction mapping (20, 45–47). Re-
cently, the single-particle confocal fluorescence microscopic mea-
surement was used as a direct tool to investigate the generation,
transfer, separation, and recombination of electrons/holes on photo-
catalysts (48, 49). Charge carrier mobility and recombination can be
investigated with spatially and temporally resolved photoluminescence
(PL) measurements on individual anatase TiO2 particles. Further-
more, the single-particle and -molecule images of TiO2 photocatalytic
reactions using total internal reflection fluorescence (TIRF) micros-
copy confirm the crystal-face–dependent photocatalytic reductive
sites on individual anatase TiO2 particles (18). Thus, single-particle
detection can be used for direct visualization of the structure–activity
relationship on TiO2 particles, while single-molecule detection can be
applied for a spatial correlation of redox reactions (50, 51).
In this work, the distribution of active sites on anatase TiO2

particles was probed by using single-particle confocal fluorescence
and TIRFmicroscopes. Also, the most active sites for charge-carrier
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recombination in the single-particle spatiotemporal resolution were
explored. Moreover, density functional theory (DFT) calculations
were performed to connect the photocatalytic performance of the
fluorogenic probe reactions on the surfaces and at the crystal edge
with the location of the reaction sites. In this way, direct evidence
can be obtained to identify crystal edge/corners as highly efficient
catalytic sites for TiO2 particles.

Results and Discussion
Characterization of the Obtained Sample. The TiO2 nanoparticles
are synthesized via the hydrothermal reaction. The power X-ray
diffraction (XRD) patterns of the obtained samples in SI Appendix,
Fig. S1A are in agreement with the standard anatase (JCPDS no.
21-1272), indicating that the samples were anatase TiO2 and the
peaks from other phases were not overlapped. As shown in SI
Appendix, Fig. S1B, the anatase TiO2 particles are uniform with an
average size of 2 to 3 μm. In the high-magnification micrograph (SI
Appendix, Fig. S1B, Inset) and TEM image (SI Appendix, Fig. S1C),
the surface of the anatase TiO2 particle was smooth (or flat)
without small particles. The distinguished 1D lattice fringes in SI
Appendix, Fig. S1D indicate that the obtained TiO2 was well crys-
tallized with a lattice fringe spacing of 0.19 nm (measured by digital
micrograph), corresponding to the (001) facet of anatase TiO2. The
selected-area electron diffraction (SAED) (SI Appendix, Fig. S1D,
Inset) confirms the formation of anatase TiO2 particles with a
highly exposed (001) facet. Moreover, the XPS analysis was per-
formed to explore the adsorbed fluorine ions on TiO2 particles (SI
Appendix, Fig. S2). Thus, the removal of adsorbed fluorine ions on
TiO2 particles was confirmed as no peak of F 1s was observed (SI
Appendix, Fig. S2C). The C 1s peak observed in the survey came
from the background (SI Appendix, Fig. S2D).

Single-Particle PL Images on a Single TiO2 Particle. It is essential to
clarify the mechanisms for the high-photocatalytic activities espe-
cially near the edges and corners of anatase TiO2 particles. Single-
particle spectroscopic measurements were performed to explore
the electron transfer and PL lifetime in a single anatase TiO2
particle as shown in Fig. 1A. Fig. 1C shows a typical single-particle
PL lifetime mapping of a single anatase TiO2 particle, while SI
Appendix, Fig. S3A illustrates a phase-contrast microscopic image
of the corresponding TiO2 particle (red arrow). In addition, the
single TiO2 particle on a grid cover glass was confirmed with re-
spect to its SEM image in Fig. 1B and SI Appendix, Fig. S3B.
Thus, the single-particle PL lifetime image can be investigated

with the dependence on spatially resolved surfaces. First, it indi-
cates that the PL lifetime on the middle of a single anatase TiO2
particle was relatively shorter (Fig. 2A). Meanwhile, the longest PL
lifetime was observed at the around-surface heterojunction of (001)
and (101) facets, suggesting that the charge lifetimes were longer at
the around-surface heterojunction than those in the middle of the
surface. Fig. 2B and SI Appendix, Fig. S4 illustrate several sites of a
single anatase TiO2 particle. The normalized PL spectra at several
sites on a single anatase TiO2 particle were measured as shown in
Fig. 2C. The PL peak at 630 nm originates from the charge re-
combination on the surface of a single anatase TiO2 particle (52).
The normalized PL intensity increased along the line from the
middle area (site Sm) to the edge (sites E101) and the corners (site
C). The single-particle PL spectra at several sites exhibited no
obvious spectral shift. Moreover, the PL intensities observed at the
certain facet with the same spatial characters (surface S1 to S4, edge
E001-1 to E001-4, edge E101-1 to E101-4, and corner C1 to C4) are
almost the same (SI Appendix, Fig. S5). These results indicate that
the varied photocatalytic activities of a single anatase TiO2 particle
depend on the crystal nature such as surfaces, edges, and corners.
Furthermore, to investigate the interfacial charge transfer in

anatase TiO2 particles, the PL decay profiles of anatase TiO2
particles were measured. Fig. 2D shows the spatial variations in
charge-carrier lifetimes within a single anatase TiO2 particle. From
site Sm to E101 and C, the intensity-weighted lifetime also increased,
in agreement with the PL lifetime image results. Moreover, both
sites E001 and E101 had a similar value of intensity-weighted

lifetime, indicating that the area near crystal edges is highly ac-
tive sites (Fig. 2D). It was because that surface heterojunction exists
in the area to promote the separation of the photogenerated
charges. All sites such as surface S1 to S4, edge E001-1 to E001-4, edge
E101-1 to E101-4, and corner C1 to C4 have similar lifetimes (SI
Appendix, Fig. S6). The lifetimes at several sites of anatase TiO2
particles are shown in SI Appendix, Fig. S7 A and B and Table S1.
According to the location of active sites on anatase TiO2

particles, the intensity-weighted average lifetimes for the middle,
surface, edge (in), edge (out), and corner were 1.50, 1.86, 3.05,
3.45, and 4.15 ns, respectively (Fig. 2E). This result is in good
agreement with the PL intensity of anatase TiO2 particles.
Similar results were obtained for other anatase TiO2 particles with

irradiation at other excitation wavelengths (375 and 405 nm as
shown in Fig. 3 and SI Appendix, Fig. S8, respectively, and the images
shown in SI Appendix, Figs. S9 and S10, respectively). Meanwhile,
the lifetimes at several sites of 2 anatase TiO2 particles (Fig. 3 A and
D) are shown in SI Appendix, Fig. S7 C–F and Tables S2 and S3.
These results further confirm the validity of our hypothesis that main
hole–electron pairs are formed and transfered near the surface
heterojunction (edges and corners) of anatase TiO2 particles and
they can indeed diffuse through the inner bulk of the particles to
reach the surface. Moreover, the corner exhibited better electron
transfer than the edge area because the former had a smaller co-
ordination number and greater localized electric field enhancement.
The detailed explanations are provided in SI Appendix, Part S1. This
result indicates that the more highly active sites are near the surface
heterojunction (edges and corners) of anatase TiO2 particles.

Single-Molecule Probing of Photocatalytic Sites on a Single TiO2

Particle. The photocatalytic redox reactions of TiO2 particles
were investigated at the bulk and single-particle level using 2
fluorogenic probes, i.e., amplex red and resazurin. Photogenerated
holes (or consequent oxidizing species, such as surface-adsorbed
hydroxyl radicals, OH radicals) were probed by the oxidative
N-deacetylation of amplex red to resorufin, and photogenerated
electrons were probed by the reductiveN-deoxygenation of resazurin
to resorufin. The UV-vis absorption and fluorescence spectra
of the progress of photocatalytic oxidation are shown in SI
Appendix, Fig. S11 B and C. Since amplex red did not absorb
visible light, an increase in the absorption band at 570 nm clearly

Fig. 1. (A–C) Experiment setup for single-particle PL measurements of a
single anatase TiO2 particle (A), the high-resolution SEM image of a single
anatase TiO2 particle (B), and the PL lifetime mapping of a single anatase
TiO2 particle with the colors standing for different lifetimes from single-
particle PL measurements (C).
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demonstrates the formation of resorufin as a result of the pho-
tocatalytic oxidation of amplex red. Moreover, the peak of
fluorescence at 570 nm increased simultaneously. The UV-vis
absorption and fluorescence spectra of the progress of photo-
catalytic reduction are shown in SI Appendix, Fig. S11 E and F.
The UV-visible absorption spectrum of resazurin in basic
aqueous solutions consisted of an intense absorption band at
604 nm and a weak band at 380 nm, which are assigned to the
ππ* transition of the phenoxazin-3-one and to the weak nπ*
transition of the N-oxide, respectively (53). The absorption
spectrum of resorufin was characterized by an intense band
centered at 570 nm with a shoulder at 535 nm (53). Thus,
according to the equation in SI Appendix, Fig. S11D, when

resazurin was reduced to resorufin, the weak nπ* transition of the
N-oxide of resazurin at 604 nm disappeared and a peak of
resorufin was formed at 570 nm. Thus, the peak at 570 nm in-
creased and the raw peak at 604 nm for resazurin decreased in the
photocatalytic reduction of resazurin. Also, the peak of fluores-
cence at 570 nm for the highly fluorescent resorufin increased.
With the photocatalytic activity tests at the bulk level (SI Appendix,

Fig. S11), fluorogenic reactions are validated to reflect the photo-
catalytic reactions of TiO2 particles. Thus, it is feasible to apply
fluorescence detection of resorufin to explore the interfacial electron
transfer reactions on individual particles at the single-molecule level.
Furthermore, to view redox reactions and occurrence sites

directly, a quasi-TIRF microscopy was used to investigate the

Fig. 3. (A and D) PL lifetime images of a single anatase TiO2 particle (λex = 375 nm, a femtosecond pulsed laser) (intensity bar: 0 to 4.5 ns). (B and E) The PL
spectra. (C and F) The lifetime from middle site to corner site for a single anatase TiO2 particle.

Fig. 2. (A–E) PL lifetime mapping of a single ana-
tase TiO2 particle and the color standing for differ-
ent lifetimes (A), schematic sites of a single anatase
TiO2 particle (B), PL spectra (C), lifetime (D) observed
at sites 1 to 4, and intensity-weighted lifetimes (E)
on a single anatase TiO2 particle.
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crystal-facet- and defect-dependent photocatalytic reductions
(oxidation) of resazurin (amplex red) on individual anatase TiO2
particles (Fig. 4). To induce the photocatalytic redox reaction
and excite fluorogenic probes at the same time, simultaneous
irradiations at 405 nm and 532 nm with a CW laser were re-
spectively applied to excite a TiO2 particle and resorufin.
Fig. 5 shows the typical quasi-TIRF images captured for anatase

TiO2 particles in a water (methanol/water) solution containing
amplex red (resazurin) under 532-nm and 405-nm laser irradia-
tions. Fig. 5A illustrates a schematic diagram for the photocatalytic
oxidation reaction of amplex red on a single TiO2 particle. A
number of fluorescence bursts with signals higher than the back-
ground (SI Appendix, Fig. S12 A and B) were observed in the
photoirradiation, and their locations were determined using cen-
troid analysis. Interestingly, under all of the experimental condi-
tions fluorescence spots were found to be preferentially located on
the edges and corners of the crystal in both oxidation and re-
duction reactions (Fig. 5 B–G) (Movies S1 and S2). These results
highlight the significant effects of the crystal face and defect on the
photocatalytic activity, which were not observed in the bulk
measurements (SI Appendix, Fig. S11). Similar results were
obtained for the other anatase TiO2 particles under the same
conditions (SI Appendix, Fig. S13), ensuring the repeatability of
the experiments. It is worthwhile to note that surface defects near
the edges and corners served as highly active sites, which is con-
sistent with our results on the single-particle PL lifetime mapping.

DFT Calculations of the Fluorogenic Probe Reactions on the Surfaces
and Crystal Edge. To better understand the photocatalytic activity
of the (001) surface, the (101) surface, and the crystal edge in a
single anatase TiO2 particle and gain further insights into the
nature of different interfaces, the fluorogenic probe reaction
processes were simulated on the cluster model (Fig. 6A) with
DFT calculations. The density of states (DOS) of the cluster
model reveals that the crystal edge exhibits other characteristics of
energy band structure distinguished from the (001) surface and the
(101) surface. The absolute value of the bandgap is under-
estimated by the density functional approach, but the relative
energy level of the bands can still be used for theoretical analysis
(54). The details of band alignment with the experimental
bandgap are described in SI Appendix. As shown in Fig. 6 B and C,
the conduction band minimum (CBM) and the valence band

maximum (VBM) of the crystal edge locate lower than those of
the (001) surface. Thus, the photogenerated electrons (e−) are
able to flow from the (001) surface to the edge site, while the
holes (h+) move in the opposite direction, promoting the sepa-
ration of photoexcited h+/e− pairs. In this junction, the edge site
serves as the photocatalytic reduction site for resazurin re-
duction. Simultaneously, both the CBM and the VBM of the
(101) surface are lower than those of the crystal edge, resulting in
another junction between the crystal edge and the (101) surface
to allow the valence band of the edge site for photocatalytic
oxidation. The results of the electronic structure indicate that the
crystal edge formed by the (001) surface and the (101) surface
accumulates the photogenerated electrons and holes and acts as
the redox reaction site.
Furthermore, the fluorogenic probe reaction processes on the

surfaces and at the crystal edge of anatase TiO2 were calculated,
and their Gibbs free energy changes (ΔG) and energy barriers (Ea)
are shown in SI Appendix, Table S4. A previous work has shown
that the photogenerated electrons and holes in the bulk of anatase
TiO2 separately migrate to the (101) facets and (001) facets and
then participate in the reduction and oxidation processes in pho-
tocatalytic reactions (18). Thus, to further discover the reductive
sites, the capability of resazurin reduction is compared between the
crystal edge and (101) facets. The more negative ΔG value dem-
onstrates that the crystal edge has a higher ability to enhance the
equilibrium constant attributed to the accumulation of more pho-
togenerated electrons at the crystal edge than on the (101) surface.
Moreover, a similar analysis suggests that the crystal edge owing to
more photogenerated holes than the (001) surface also promotes
the amplex red oxidation reaction to achieve the equilibrium state.
At the same time, the lower Ea of the fluorogenic probe reactions
(SI Appendix, Table S4) further indicates that the crystal edge is a
kinetically feasible site for photocatalytic reaction with a higher
reaction rate. Therefore, the theoretical calculation at the atomic
level demonstrates that the unique geometric configuration of the
crystal edge improves the trapping probability of the photo-
generated charge carriers for photocatalysis, consistent with our
experimental results.
Based on the above results, the mechanism for the photo-

generated electron/hole pairs transfer on a single anatase TiO2
particle is proposed. First, due to a bandgap in the conduction band
of (001) and (101) facets, more photogenerated electrons move

Fig. 4. A schematic diagram: single-molecule and
-particle fluorescence microscopic mesurements for
amplex red oxidation and resazurin reduction.

18830 | www.pnas.org/cgi/doi/10.1073/pnas.1907122116 Wang et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907122116/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1907122116/video-1
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1907122116/video-2
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907122116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907122116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907122116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907122116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907122116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1907122116


from (001) facets to (101) facets by the surface heterojunction
(edge and corner) formed by (001) facets and (101) facets.
Meanwhile, more photogenerated holes can move from (101)
facets to (001) facets by the surface heterojunction (edge and
corner) owing to the bandgap in VB. As a result, more electrons
and holes will gather near the surface heterojunction (i.e., edge and
corner). Thus, on the surface heterojunction, an efficient separation
of the photogenerated electron–hole pairs is achieved. Considering
that the lifetime of the electron is longer and the intensity of PL is
also stronger than those on other areas, the surface heterojunction
(edge and corner) is the active site for oxidation/reduction.
The above observations provide convincing evidence to dem-

onstrate the existence of the surface junction “edge or corner” on
single TiO2 particles and offer deep insights into the nature of the
photocatalytic active sites. These findings also imply an activity-
based strategy for rationally engineering catalysts for improved
photocatalysis, which can be also applied for other catalytic ma-
terials, in addition to TiO2. Therefore, our discovery is expected to
accelerate the pace of development of next-generation photo-
catalysts. Furthermore, the integrated approach used in this work
may offer a versatile tool in probing redox reactions in photo/
electro/chemical catalysis,and heterogeneous catalytic applications.

Conclusions
In summary, we have measured the spatially and temporally
resolved PL on anatase TiO2 particles and observed the differ-
ences in charge-carrier mobility and recombination. Also, we
have mapped both PL intensity and lifetime of anatase TiO2
particles. Moreover, with the in situ single-molecule PL de-
tection we have identified the photocatalytic oxidative/reductive
sites on anatase TiO2 particles. These results indicate that the
observed PL lifetime depends on not only the bandgap between
(101) and (001) facets, but also the nature and density of crystal
defects. Our single-molecule and single-particle approaches
provide valuable insights into the mechanism for photocatalytic
reactions on TiO2 and can be useful for reliable real-time de-
tection of redox reactions in heterogeneous catalysis.

Experimental Methods
Chemicals and Synthesis of Anatase TiO2 Particles. All chemicals used in this
work, e.g., resazurin (Sigma-Aldrich), TiOSO4 (Sigma-Aldrich), HF (Sigma-Aldrich),
and amplex red (Thermo Fisher Scientific Inc.), were analytical-grade reagents
and used without further purification. The anatase TiO2 particles were synthe-
sized as reported previously (the detailed experiments are described in SI Ap-
pendix, Text S1) (55).

Fig. 6. Cluster model of anatase TiO2 and the electronic structures. (A) Model of anatase TiO2 with both (001) and (101) surfaces and their crystal edge. The
sites in the dotted boxes were used for analyzing the DOS. (B) DOS of the edge site, the (001) surface, and the (101) surface of the cluster model without the
scissor operator. (C) The relatively energy level of the bands for different photocatalytic sites from the positions of the VBM and the CBM in DOS and the flow
route of photogenerated charge carriers.

Fig. 5. A schematic diagram for the photocatalytic
oxidation reaction of amplex red and the photo-
catalytic reduction of resazurin on a single TiO2

particle (A). Single-molecule fluorescence images on
a single TiO2 particle for the photocatalytic oxida-
tion of amplex red (B–D) and the photocatalytic re-
duction of resazurin (E–G) at various times. Time
trace of fluorescence intensity observed over the
yellow circle region (D, Inset). (Scale bar, 1 μm.)
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Characterization of Anatase TiO2 Particles. The detailed characterization
methods are described in SI Appendix, Text S2.

Sample Preparation for Single-Molecule Fluorescence Microscopy and Single-
Particle PL Measurements. The quartz cover glasses (DAICOMFG Co.) and grid
cover glasses (Matsunami Glass Inc.; thickness 0.15 to 0.18 mm) were pur-
chased for wide-field and confocal microscopic tests, respectively. Prior to the
measurements, cover glasses were thoroughly cleaned by sonication in a 20%
detergent solution (As One; Cleanace) for 7 h, followed by repeated washings
with warm water and Milli-Q ultrapure water (Millipore Inc.).

To obtain the isolated anatase TiO2 particles, well-dispersed methanol
suspensions at very low concentrations of TiO2 were spin coated on a
cleaned cover glass. The particle-coated cover glass was annealed at 373 K
for 60 min to immobilize the particles on the glass surface. Details of the
sample preparation are given in SI Appendix.

Single-Particle PL Measurements by Confocal Microscopy. Single-particle PL
images and spectra of samples were recorded by using an objective scanning
confocalmicroscope system (MicroTime200; PicoQuant) coupledwithanOlympus
IX71 inverted fluorescence microscope. The samples were excited through an oil-
immersion objective lens (UplanSApochromat; 100×, 1.4 NA Olympus) either by a
circular-polarized 375-nm femtosecond pulsed laser (Spectra-Physics; Mai Tai
HTS-W with an automated frequency doubler, Inspire Blue FAST-W; 0.8-MHz
repetition rate) or a circular-polarized 405-nm picosecond pulsed laser controlled
by a PDL-800B driver (PicoQuant). The emission from the sample was collected by
the same objective and detected by a single photon avalanche photodiode
(Micro Photon Devices; PDM 50CT) through a dichroic beam splitter (Chroma;
405rdc) and a long-pass filter (Chroma; HQ430CP). For the spectroscopy, only the
emission that passed through a slit was detected by an EM-CCD camera
(Princeton Instruments; ProEM) equipped with the imaging spectrograph (Acton
Research; SP-2356). The spectra were typically integrated for 30 s. The spectrum
detected by the EM-CCD camera was stored and analyzed by using a personal
computer. All of the experimental data were obtained at ambient temperature.

Single-Molecule Fluorescence Measurements by Wide-Field Microscopy. The
single-molecule fluorescence measurements were conducted on an Olympus
IX81 inverted fluorescence microscope. The position of the anatase TiO2 par-
ticles immobilized on the cover glass was determined from the transmission
image obtained using a halogen lamp (Olympus; U-LH100L-3). Simultaneous
irradiation at 405 nm and 532 nm with a CW laser (OZ Optics) was respectively
used to excite a TiO2 particle and a fluorescence probe through an oil objective

(Olympus; PlanApo 100×/1.40 oil). The emission image was collected with the
same objective and recorded by an EMCCD camera (Roper Scientific; Evolve
512) through a dichroic beamsplitter (Semrock; FF552-Di02) and a band-pass
filter (Semrock; FF01-575/30) to monitor the signal from a fluorescence probe
selectively. The images were recorded at a frame rate of 20 frames·s−1 using
MetaMorph (Molecular Devices) and processed using ImageJ (National Insti-
tutes of Health) or OriginPro 8.5 (OriginLab). All experimental data were
obtained at ambient temperature.

Theoretical Calculations. The fluorogenic probe reaction mechanisms on the
crystal edge and the surfaces of anatase TiO2were exploredwith first-principles
DFT calculations. To reflect the crystal edge, a cluster model of anatase TiO2

with both (001) and (101) facets (see details in the model structure of SI Ap-
pendix, Text S3) (56) was used for simulating the electronic structure and
calculating the thermodynamic and kinetic properties of fluorogenic probe
reactions at different sites. All of the calculations were performed based on
the plane-wave basis sets and ultrasoft pseudopotentials (57), as implemented
in the CASTEP module (52). The exchange-correlation energy and potential
were described self-consistently using the Perdew, Burke, and Ernzerhof (PBE)
functional (58) of generalized gradient approximation (GGA). The cutoff en-
ergy and self-consistent field (SCF) tolerance were set as 340 eV and 1 ×
10−4 eV/cell, respectively. The k-point mesh of the Brillouin zone sampling
for this cluster model in the electronic property calculation was set at 1 × 5 × 1
based on the Monkhorst–Pack scheme, depending on the unit cell size and
shape (59). The structures of the reactants and products in the reaction process
on (001) facets, (101) facets, and the crystal edge of nanoscale TiO2 were en-
ergy minimized. The transition-state structure of amplex red oxidation and
resazurin reduction was searched to obtain the activation energy by linear
synchronous transit (LST)/quadratic synchronous transit (QST) methods (60).
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