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Development of efficient photocatalysts based on semiconductor materials for organic synthesis, fuel
generation, and environmental purification is a central theme in current research and various industries. In
this study, we propose a novel strategy for improving the photooxidation activity of photocatalysts by
combining metal oxide superstructures and oxygen/hydrogen—evolving co-catalysts. Cobalt phosphate
(CoPi) and Pt nanoparticles were selected as model co-catalysts and photochemically deposited on
anatase TiO, mesocrystals. The structures and reaction dynamics of the composites were thoroughly
studied by ensemble-averaged and single-particle spectro-microscopies. Time-resolved diffuse reflectance
and electron spin resonance spectroscopy measurements revealed that photogenerated holes in TiO, are
transferred to the Co species in CoPi upon UV light irradiation. The photooxidation properties of the
composites were tested using fluorescence dye probes. It was found that CoPi-loaded TiO, mesocrystals
had higher activity than standard TiO, photocatalysts, and their activity was further enhanced by
introducing Pt nanoparticles on specific surfaces. In situ fluorescence imaging on a single crystal provides
information on the location of reactive sites and the diffusion of product molecules. Consequently, the
site-specific modification of co-catalysts tailored by anisotropic electron flow in the mesocrystal
superstructures significantly retarded the charge recombination between the holes and electrons, thereby
resulting in enhanced (up to approximately 300 times) photooxidation activity.

Introduction

Metal oxide semiconductors have been studied extensively
because of their potential applications in photocatalysis,
photovoltaics, batteries, and sensors.'®  For instance,
photocatalytic water splitting into H, and O, allows for the
storage of solar energy as fuel.® Rapid and efficient collection of
multiple electrons (e”) and holes (h") on the catalytic sites of the
semiconductor surface to accompany the redox events and bond
formation is of paramount importance in the entire reaction
sequence. In this regard, surface modification of semiconductors
with co-catalysts such as iridium oxides (IrO,)"” and cobalt
oxides/oxyhydroxides (CoO,/CoOOH)'"!? has attracted great
interest, since such composites are widely applied as efficient
photocatalysts to promote oxidation of water. The photocatalytic
properties of such composites are known to be strongly
influenced by both the method of preparation and the electronic
and morphological structures of the semiconductors and co-
catalysts. Therefore, understanding the relationship between the
structural characteristics and the interfacial charge transfer

dynamics allows for optimization of the composite systems,
leading to highly improved catalytic performance.
Titanium dioxide (TiO,) is one of the most promising
semiconductors for heterogeneous photocatalysis owing to its low
ss cost, stability, and nontoxicity."*'® In general, traditional metal
oxide nanoparticles have some limitations in practical
applications as photocatalysts and electrode materials because of
the rapid recombination of photogenerated ¢ and h" both in the
bulk and on the surface. To overcome this drawback, metal oxide
so mesocrystals, which have high surface area and highly ordered
superstructures composed of metal oxide nanocrystal building
blocks, have recently emerged as a new class of porous
semiconductor materials.””?®  Anatase TiO, mesocrystal
(MesoTiO,) superstructures could strongly enhance charge
ss separation upon UV light irradiation, yielding remarkably long-
lived charges, and consequently, higher photoconductivities and
photocatalytic activities.'”® However, to the best of our
knowledge, there is no report dealing with the fabrication and
characterization of photoactive mesocrystal superstructures with
6 oxygen-evolving co-catalysts.
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Fig. 1 Schematic illustration of charge transfer on the surface of CoPi-Pt-
MesoTiO,. MesoTiO, is composed of aligned anatase TiO, nanocrystals.
The width and thickness of MesoTiO, structures are 2—10 pm and 50-300
nm, respectively. Pt nanoparticles are mainly deposited on the lateral
surfaces of CoPi-MesoTiO,. Active Co™ species in CoPi as well as
TiO, holes (h") oxidize 3'-p-aminophenyl fluorescein (APF) and 3'-p-
hydroxyphenyl fluorescein (HPF) substrates to generate fluorescein as a
fluorescent product and p-benzoquinone imine or p-benzoquinone as a
byproduct, respectively, via O-dearylation reaction. TiO, electrons (e")
migrate to the edges of MesoTiO, through the TiO, nanocrystal network,
and they are eventually captured by Pt nanoparticles.”’

As shown in Fig. 1, the plate-like structure of MesoTiO, is
composed of aligned anatase TiO, nanocrystals with exposed
dominant {001} facets. Such a superstructure is beneficial as it
allows for the migration of photogenerated e between adjacent

s TiO, nanocrystals upon UV light irradiation. One possible way to
facilitate both charge separation and subsequent water splitting
has been the deposition of cobalt phosphate (CoPi),*> known as
an efficient oxygen-evolving catalyst, onto semiconductor
materials such as ZnO,"" TiO,,?* Fe,05,'**2 W0;,” and

10 BiVO,*%! Tt has been considered that the phosphate ions
terminate the molecular cobaltate clusters and act as proton
acceptor in the oxygen evolution cycle.”*?® In the present systems,
the h*-accepting states of Co species (Co™ and Co™) in CoPi are
located at energy levels above the valence band (VB) of TiO,.

15 Therefore, upon UV light irradiation, h" in the TiO, VB can be
transferred to the CoPi catalysts deposited on the surface.”>** The
e in the conduction band (CB) of TiO, is possibly transferred to
the high valence Co ion, eventually inhibiting the oxidation
reactions owing to the undesired charge recombination.

20  Here, we applied a simple photochemical deposition method to
modify MesoTiO, with CoPi and platinum (Pt) nanoparticles,
which are commonly used as a co-catalyst for hydrogen
evolution, and investigated the reaction dynamics of
photogenerated charges in the composite materials by using

»s steady-state and time-resolved spectroscopies. To explore the
charge transfer processes in inhomogeneous structures and
environments, in situ single-particle fluorescence imaging
techniques with redox-responsive fluorescence probes were
utilized. So far, direct imaging methods based on optical
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Fig. 2 (A) FESEM and elemental mapping images of CoPi-MesoTiO,.
(B) FESEM-EDX spectra of MesoTiO, after the photodeposition of CoPi
for 0, 3, and 6 h. (C) TEM images (left and middle) and diffraction
pattern (right) observed for CoPi-MesoTiO,. The middle image represents
the enlarged white square in the left image. (D) STEM-EDX spectra
measured from the center and edge (which are represented by pink and
green squares in TEM image (left), respectively) of CoPi-MesoTiO,
synthesized by photodeposition for 3 h.

30 absorption and fluorescence have been applied for screening and
optimization of water oxidation catalysts,**** but the present
work is the first example of exploring the photooxidation activity
of semiconductor-based composites at single-particle or single-
aggregate level. It was eventually demonstrated that the

35 photogenerated h™ in MesoTiO, is effectively trapped by Co
species in CoPi, followed by the subsequent oxidation of reaction
substrates to fluorescent products. Owing to superior interparticle
electron transfer ability, the CoPi and Pt-co-deposited MesoTiO,
composites exhibited up to approximately 300 times higher
photoactivity than bare MesoTiO, and other standard TiO,
photocatalysts.

s
=

Results and discussion
Structural characterization

45 0.1 M phosphate (Pi) buffer suspensions (pH 7.0) containing
TiO, powder and Co*" ions were irradiated by UV light (315-400
nm, 580 mW cmfz) for 3 h to deposit CoPi on the TiO, surface
without any applied bias potential. Fig. 2A shows the field-
emission scanning electron microscopy (FESEM) and energy

so dispersive X-ray (EDX) spectroscopic mapping images of CoPi-
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Table 1 Structural Characteristics and Photoactivity of CoPi-TiO,

TiO, crystalline particle size surface area deposition  Co loading relative
phase’ (nm)” m’gh? time (h) (Wt%) reaction rate ¢

MesoTiO, A 39 63 3 0.69°¢, 0.80¢ 1.0 (15)

Pt-MesoTiO, A - - 0.5 114254 36 (1.6)

P25 A/R 25 55 3 0.42°,0.35¢ 1.7(5.1)

ST21 A 20 50 3 0.48¢,0.29¢ 1.6 (5.1)

NanoTiO, A 25 41 3 0.49°¢,0.53¢ 1.0 (3.5)

“ A and R mean anatase and rutile, respectively.

" Refs. 19 and 20.

¢ Calculated from the absorbance of Co ions in solution.
¢ Obtained from FESEM-EDX analysis.

¢ Calculated from the temporal change of fluorescence intensity for the sample solutions before and after the UV light irradiation.
The numbers in parentheses are the enhancements in the reaction rates after the CoPi deposition. See text for details.
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CoPi-MesoTiO, (orange) in phosphate buffer solutions (0.1 M, pH 7.0)
before (solid lines) and after (broken lines) 355-nm laser irradiation.

loaded MesoTiO, (CoPi-MesoTiO,). MesoTiO, is composed of
aligned anatase TiO, nanocrystals with an average diameter of
around 40 nm, and has a plate-like structure with a width of
several micrometers and thickness of around 100 nm. Elemental
mapping analysis revealed that Co and P elements are distributed
over the surface of MesoTiO,, and their concentrations are lower
than 1 wt%. As shown in Fig. 2B, EDX spectrum obtained from
the surface of CoPi-MesoTiO, indicates a Co Ka peak, which
was not observed for the as-synthesized MesoTiO,. Transmission
electron microscope (TEM) images revealed that CoPi-MesoTiO,
consists of assembled TiO, nanoparticles and that it has many
pores on its surface (the left and middle images of Fig. 2C). The
electron diffraction pattern of the selected area shows single-
crystal diffraction along with the anatase [001] zone axis (the
image on the extreme right of Fig. 2C). Scanning TEM (STEM)-
EDX spectral measurements were selectively performed for the
center and the edge of CoPi-MesoTiO,, as demonstrated in Fig.
2D, where Ti Ka peaks have been normalized for comparison. Co
concentrations are 0.57 + 0.15 and 0.71 + 0.35 wt% near the
center and the edge of MesoTiO,, respectively (five different
crystals were analyzed).

The concentrations of Co deposited on different TiO, samples
were further determined by two independent methods as follows:
UV-Vis absorption measurements of residual Co*" ions (with a
peak at around 520 nm) in solutions after UV light irradiation and
FESEM-EDX measurements. The concentrations of deposited Co
under the same synthesis conditions are summarized in Table 1
along with the structural characteristics of TiO, used in this
study. To facilitate the comparison, two TiO, samples with the
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Fig. 4 Time-resolved-diffuse reflectance spectra during-the:355-nm laser
photolysis of MesoTiO, (A) and CoPi-MesoTiO, (B) in phosphate buffer
solutions. Comparisons of transient spectra at 1 us (C) and time traces at
500 nm (D).

a0N

500

anatase crystal phase were used, commercial TiO, (ST21) and
synthesized TiO, (NanoTiO,) nanocrystals. NanoTiO, has a
truncated bipyramidal morphology with dominant {001} facets,
analogous to the TiO, nanocrystal building blocks of
MesoTiO,."? P25 consists of anatase and rutile crystalline phases
and is frequently used as a benchmark in photocatalysis.

From Table 1, it is evident that Co species can be deposited
more effectively on the surface of MesoTiO, than on the surface
of other TiO, nanocrystals. During photochemical deposition, h*
in the TiO, VB is used to oxidize Co*" ions to deposit Co™
species as an oxide or as oxyhydroxides on the TiO, surface,
while ¢ in the TiO, CB reduces the Co™ species back to the
starting Co" material >** Therefore, the highest deposition ability
of MesoTiO, is possibly due to the efficient charge separation
owing to the ordered structure of TiO, nanocrystals. In addition,
Pt nanoparticle-loaded MesoTiO, (Pt-MesoTiO,), with Pt
nanoparticles of ~3 nm mostly located on the lateral surfaces
containing {101} facets of MesoTiO,,° was found to be more
efficient for the deposition of Co species on the surface (Fig.
Sland S2+t). Pt nanoparticles loaded on TiO, could collect e, and
thus greatly improve the oxidation -efficiency, enhancing
significantly the photochemical deposition of the Co species.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3



Journal of Materials Chemistry A

Table 2 Decay Time Constants of Transient Absorption at 500 nm

TiO. lifetime (ms) “
MesoTiO, 0.009 (39%), 0.18 (22%), 5.7 (39%)),
CoPi-MesoTiO2 0.0015 (54%), 0.026 (16%), >10 (30%)

“ Determined by the non-linear least squares curve fitting. The numbers in
parentheses are relative amplitudes.
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Fig. 5 Differential EPR spectra for MesoTiO, (black line) and CoPi-
MesoTiO; (red line) in frozen buffer solutions, obtained by subtracting
the spectra observed before the UV light irradiation from those after the
UV light irradiation at 77 K. “Obs.” and “sim.” are the observed and
simulated spectra, respectively. To reproduce the observed spectra,
simulations were performed with the following EPR parameters: g, =
2.(3)205, g,y =2.0015, g.. = 2.0035 for O and g = 1.9915, g, = 1.9620 for
Ti*".

T
2.02

Time-resolved diffuse reflectance spectroscopy

Fig. 3 shows the steady-state UV-Vis diffuse reflectance spectra
of MesoTiO, (black solid line) and CoPi-MesoTiO, (orange solid

s line). CoPi-MesoTiO, sample displayed broad absorption
covering the visible range, in addition to the strong absorption by
TiO, in the UV region. Co oxides and oxyhydroxides with Co™ or
Co™ states are known to have light-yellow or gray color,
respectively,® which are in accordance with the observed spectra

10 for CoPi-MesoTiO,.

Time-resolved diffuse reflectance spectroscopy was employed
to explore the reaction dynamics of photogenerated ¢ and h" in
TiO,. As seen in Fig. 4A, MesoTiO, exhibits a broad transient
absorption band in the visible to near-infrared range upon 355-nm

15 laser excitation, which represents the overlapping of trapped h*
(mainly 400-700 nm) and trapped ¢ (mainly 500-850 nm).*>*
Fig. 4C compares the transient absorption spectra observed at 1
ps in the presence and absence of CoPi on MesoTiO,. From
spectral deconvolution into individual components, it was found

2 that the presence of CoPi decreases the absorption intensity of
trapped h™ at around 500 nm (also see Fig. 4B for the spectra at
different time regions). These results suggest that photogenerated
(free and trapped) h' is transferred to the Co" or Co™ species on
the TiO, surface.

25 Cowan et al. observed long-time-scale bleaching at 580 nm for
CoPi-Fe,O; nanoparticles by time-resolved diffuse reflectance
spectroscopy.®’” They explained this phenomenon in terms of the
depletion of photogenerated h' in Fe,0; by the transfer to Co, or
losing the characteristic optical absorption of Co" or Co™ species.

30 The decay profiles at 500 nm were analyzed by multi-exponential
curve fitting and the determined lifetimes are summarized in
Table 2. By CoPi deposition, the lifetimes of trapped h* shortened

E,eq/ Vs NHE
-1.0+
CB
-0.53 o
\Wi 028
0.0+
An**/An
————— 1063
i n
+1.0+ Co'"/Co //”1.14
CO'V/CO"' =
+2.0 4
OH/H,0 i
+2.67
+3.01 I
Tio, CoPi

Fig. 6 Energy diagram for the interfacial charge transfer on CoPi-TiO,.*
CB and VB are conduction and valence bands of TiO,, respectively. The
band potentials are calculated from Ecg = —0.12 — 0.059-pH and band gap
energy of 3.2 eV.* “An” is aniline,*® which is the preferable moiety for
the oxidation of APF. The redox potential (E.q) of phenol, which is the
preferable moiety for the oxidation of HPF, is +0.86 V vs. NHE.*

significantly compared with those in pure MesoTiO,, and a new
long-lived component with lifetime of >10 ms appeared.
35 Furthermore, we noticed that the color of CoPi-MesoTiO,
suspension changed from pale yellow to dark blue upon the laser
irradiation. This color change was significantly suppressed by
saturating the suspension with oxygen gas (electron scavenger)
before the UV light irradiation. Steady-state diffuse reflectance
4 measurements confirmed that a broad absorption band emerged in
the 400-800 nm wavelength region when CoPi-MesoTiO,
powder in phosphate buffer solution was exposed to 355-nm laser
light (Fig. 3). This resembles a well-known feature of e
accumulated in TiO,,*** inferring that the observed non-decay
4s component can be ascribed to the prolonged lifetime of trapped e .

EPR spectroscopy

The photoinduced charge transfer processes in CoPi-MesoTiO,
were also confirmed by electron paramagnetic resonance (EPR)
spectroscopy. EPR spectra of the samples were taken at 77 K
before and after the UV light irradiation for 20 min at 77 K, and
are given as differential EPR spectra in Fig. 5. The spectrum of
MesoTiO, exhibits intense resonance peaks at g = 2.017, 2.012,
and 2.003. This spectral feature has been assigned to the trapped
ssh', ie, O in TiO,, as reproduced from the reported EPR
parameters (pink solid line).***! The very weak resonance signal
at g = 1.992 could be attributed to the trapped e, i.e., Ti’ in
bulk.*? This Ti*" signal is known to weaken upon annealing at
>250 °C in air (MesoTiO, used in this study was annealed at
o0 500 °C during the synthesis).*> On the other hand, the spectrum
of CoPi-MesoTiO, has no assignable peaks related to the trapped
charges in TiO,. Although the EPR signals of Co species were
not observed in the magnetic field range of 8001580 mT,*
possibly due to their low concentrations, our observation suggests
ss that photogenerated h” is scavenged by the CoPi deposited on the
TiO, surface.

w
=

Photooxidation activity

The energy diagram for the charge transfer on CoPi-TiO, surface
70 is illustrated in Fig. 6. The hole transfer from excited TiO, to

Page 4 of 9
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Fig. 7 (A) Fluorescence spectra of phosphate buffer solutions (0.1 M, pH
7.0) before and after the UV light irradiation of sample suspensions
containing CoPi-Pt-MesoTiO, (0.07 g L), APF (2 uM), and DMSO (100
mM) as an ‘OH scavenger (excitation at 470 nm). TiO, powder was
removed by centrifugation before the measurements. (B) UV light
irradiation time dependence of fluorescence intensities monitored at 512
nm. In the illustrated structures of the samples, MesoTiO, and CoPi-
MesoTiO; are shown in gray and ivory, respectively. Black dots indicate
the Pt nanoparticles deposited on the surface. (C) Relative reaction rates
obtained for MesoTiO,-based samples. The reaction rates were
determined from the initial slopes of fluorescence intensity changes. The
n of CoPi-Pt-MesoTiO,-n (n = 1-5) is the number of repetitions for the
CoPi deposition ([MesoTiO,] = 1 g L™, [Co*'] = 0.5 mM, UV light
irradiation time = 30 min). Each procedure can deposit ~1.1 wt% Co
(estimated from UV-Vis absorption measurements) on the MesoTiO,
surfaces. (D) Dependence of fluorescence intensity on the UV light
irradiation time and photodeposition time for phosphate buffer solutions
containing the reaction products.

Co™ species is thermodynamically possible, and this process
enhances the efficiency of photoinduced charge separation,
thereby ensuring substantial enhancement in photocatalytic
activity for redox reactions. The photooxidation activity of bare

s TiO, and CoPi-TiO, was first evaluated by using ensemble-
averaged spectroscopy. We used two fluorescence dye probes, 3'-
p-aminophenyl fluorescein (APF) and 3'-p-hydroxyphenyl
fluorescein (HPF), to monitor the oxidation reaction. For instance,
upon the oxidation of p-aminophenyl group of APF by TiO, h" or

10 active Co™V species, APF produces fluorescein as a main
fluorescent product and p-benzoquinone imine as a byproduct (p-
benzoquinone for HPF) via oxidative O-dearylation reactions
(Fig. 1 and 6). Based on product analysis, a possible reaction
mechanism is proposed in the ESL.

15 In bulk experiments, TiO, powder (0.07 g L™") dispersed in 3
mL of 2 uM APF phosphate buffer solution (pH 7.0) was
irradiated in a 1 cm x 1 cm quartz cell by UV lamp (centered at
365 nm, 6 mW cm 2). Dimethyl sulfoxide (DMSO) (100 mM)
was added to the sample solution to scavenge *OH, which is

20 highly reactive oxygen species generated during the TiO,
photocatalytic reactions.*® As shown in Fig. 7A, after UV light
irradiation of CoPi and Pt nanoparticle-loaded MesoTiO, (CoPi-
Pt-MesoTiO,) sample, the fluorescence intensity of the peak at
512 nm gradually increased, indicating the generation of

25 fluorescein. Fig. 7B shows the time course of the fluorescence
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Fig. 8 Optical transmission (A,D) and fluorescence (B,E) images of single
CoPi-MesoTiO, crystals before and after the UV light irradiation. The
arrows in the panels D and E indicate the disordered part of the
mesocrystal. (C,F) Differential fluorescence images obtained by
subtracting the image before the UV light irradiation from the image just
after the UV light irradiation. The acquisition time for one frame was 50
ms. (G) Histograms of UV light-induced change in fluorescence intensity
measured on the surface of the crystal and in solution at the distance of 1
um from the edge of the crystal. (H) The relationship between the initial
fluorescence intensity and UV light-induced fluorescence intensity
change. The background was subtracted from the original data.

intensity for the MesoTiO,-based samples during UV light
irradiation. In the absence of TiO, or UV light, the increase in the
fluorescence intensity due to the UV light-induced oxidation or
auto-oxidation of APF is almost negligible. The photocatalytic
30 activity of CoPi-Pt-MesoTiO, remains well after repeated use,
ensuring its durability (Fig. S4t). The oxidation reactivity
followed the order CoPi-Pt-MesoTiO, > Pt-MesoTiO, > CoPi-
MesoTiO, > MesoTiO,. The deposition of Pt nanoparticles
greatly enhances the activity, because part of ¢ in TiO, is
35 transferred to Pt before the charge recombination, thus increasing
the concentration and lifetime of h' in TiO,. The repeated
deposition of CoPi on Pt-MesoTiO, enhances the photooxidation
by an order of magnitude (Fig. 7C). Excess amount of CoPi
caused a decrease in the activity, probably due to the deactivation
a0 of Co™ species by capturing ¢ . We also compared the activity
of CoPi-MesoTiO, with those of the TiO, nanocrystal reference
samples. As demonstrated in Fig. 7D, CoPi-loaded MesoTiO,
showed the highest fluorescence intensity and activity
enhancement among the tested TiO, samples, thus highlighting
4s the importance of the ordered structure of MesoTiO,, especially
when compared with NanoTiO, (see also Table 1).

Single-particle fluorescence imaging

Based on the results above, we have evaluated the photooxidation
so activity of individual CoPi-MesoTiO, crystals by in situ
fluorescence imaging. Experiments on a single crystal provide

This journal is © The Royal Society of Chemistry [year]
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Fig. 9 (A) Fluorescence lifetime image of CoPi-MesoTiO, in phosphate
buffer solution (0.1 M, pH 7.0) containing HPF (2 uM) and DMSO (100
mM) during 485 nm laser irradiation. The line profile of the fluorescence
intensity obtained along the broken line is shown in red. (B) Time traces
of fluorescence intensity measured on the center and the edge of the
crystal as well as in solution at the distance of 1 um from the edge of the
crystal (see the panel A). Fluorescence decay profiles measured on the
center of the crystal (C) and in solution (D) before (gray) and after (red)
UV light irradiation. Insets indicate the analyzed time regions in the time

traces of fluorescence intensity (see the panel B).

useful information for elucidating the inherent heterogeneity of
the reaction processes on surfaces.** Fig. 8A and B show
typical optical transmission and fluorescence images of a single
CoPi-MesoTiO, crystal in 2 uM HPF phosphate buffer solution
(0.1 M, pH 7.0), respectively. The crystal was illuminated by the
evanescent light of 488-nm continuous wave laser (penetration
depth is ~200 nm) or 365-nm LED light to excite the fluorescence
dye or TiO,, respectively. The initial fluorescence observed prior
to the UV light irradiation is ascribed to the HPF molecules
adsorbed on the surface. Under our experimental conditions, the
contributions of the scattered light from the crystal and the
fluorescence from the photooxidation products directly formed by
UV light irradiation are negligible due to the low excitation
intensity (~3 W cm 2 and ~5 mW cm 2 at the cover glass surface
for 488 nm and 365 nm light, respectively).**® Interestingly, the
area near the edge of the CoPi-MesoTiO, crystal showed higher
fluorescence intensity than that near the center (Fig. 8B and 9A,
respectively). The average intensity ratio of the edge (within 1
um distance from the lateral faces) and the center is 1.4 + 0.2,
which is greater than that (1.1 + 0.1) of the bare MesoTiO,.
Previously, it was demonstrated by site-selective deposition of Pt
nanoparticles and single-molecule fluorescence imaging of
reduction sites with a specific fluorogenic probe that the
photogenerated e in MesoTiO, can reach the lateral surfaces
over a micrometer distance through the nanocrystal network.?
Assuming that fluorescence intensity correlates directly with the
number of adsorbed HPF molecules, the observed spatial
distribution of fluorescence intensity implies that Co species are
readily deposited on the basal surfaces near the edges of
MesoTiO,, and their concentration gradually decreases towards
the center. This tendency was also confirmed by the STEM-EDX
analysis (Fig. 2D). Moreover, it is obvious from the transmission
and fluorescence images (Fig. 8D and E) that the well-structured

Table 3 Fluorescence Lifetimes of Substrates and Products on CoPi-
MesoTiO; and Reference Compounds

sample location UV light fluorescence lifetime (ns) “

. . off 0.28 (77%), 1.8 (23%)

CoPi-MesoTiO,/HPF surface on 0.41 (58%), 2.5 (42%)

off 0.20 (82%), 3.2 (18%)*

. on 0.14 (43%), 3.3 (57%) "

solution -

off 0.13 (87%), 3.7 (13%)

on 0.14 (74%), 3.8 (26%)

. off 0.14 (86%), 4.0 (14%)

HPF solution on 0.14 (86%), 4.0 (14%)
Fluorescein solution off 4.0 (100%)

“ The numbers in parentheses are relative amplitudes.
» Measured at the 1 um distance from the edge of the crystal.
“ Measured at the 10 um distance from the surface of the crystal.

parts of MesoTiO, exhibit higher fluorescence intensity, i.e.,
35 higher concentration of Co species, than the disordered parts of
MesoTiO,. From the TEM analysis, it was also found that Pt
nanoparticles are deposited more effectively on the edge of the
well-ordered parts of MesoTiO, than on the edge of the
disordered parts of MesoTiO, (Fig. S1t). Although it is difficult
40 to observe selectively the reaction processes on the basal and
lateral surfaces of CoPi-MesoTiO, because of the limited spatial
resolution (~250 nm), our findings support the hypothesis that
well-ordered structures of MesoTiO, can effectively deliver e to
the lateral surfaces, thereby increasing the oxidation reaction
45 efficiency.

As predicted by the ensemble experiments, the fluorescence
intensity on the crystal underwent a substantial increase
immediately after the UV light irradiation (Fig. 8C and F).
Moreover, the UV light-induced increase in fluorescence

so intensity around the perimeter of the crystal indicates that the
fluorescent products diffused from the crystal surface into the
bulk solution. This result supports the proposed mechanism for
the oxidation of the probes (Fig. 1 and S3t), and it is well
consistent with the fact that more than 90% of fluorescent
ss products are separated from the sample suspensions by
centrifugation or filtration, possibly owing to the electrostatic
repulsion between negatively charged TiO, surface (isoelectric
point = 5.5) and fluorescein dianion (pKa 6.4) in water at pH
7.0.>' Considering the pore size distribution of MesoTiO, (5.1 +
60 2.5 nm)'® and the hydrodynamic radius of fluorescein (0.8 nm),*
the escape of the product fluorescein molecules into the bulk
solution should however be partially restricted, allowing us to
observe the change in fluorescence intensity over the crystal. The
change in the fluorescence intensity varies strongly from crystal
6s to crystal, as shown in Fig. 8G. Meaningful positive correlation
was observed for the initial fluorescence intensity with UV light-
induced fluorescence intensity changes on the surface (corrected
R?=0.72) and in solution near the crystal (corrected R* = 0.51)
(Fig. 8H), again indicating the photooxidation of preadsorbed
70 HPF molecules.

Space- and time-resolved confocal fluorescence measurements
for individual crystals provided further insight into the
mechanism of photooxidation reactions. As demonstrated in Fig.
9A, the fluorescence lifetime measured for CoPi-MesoTiO, in 2

7s uM HPF buffer solution was approximately 1.5 ns, and it was
nearly homogeneous over the entire crystal. Similar tendency was
observed for more than four individual crystals. This result infers
that the spatial distribution of fluorescence intensity is likely due
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to the differences in the local concentrations of HPF molecules on
the surface, not due to the differences in fluorescence lifetimes.
We analyzed the temporal changes of the fluorescence intensity
and lifetime at different locations on the crystal upon UV light
irradiation. Typical results are shown in Fig. 9B. Fluorescence
intensity at locations 1 and 2 in Fig. 9A underwent a substantial
spike-like increase immediately after the UV light irradiation,
followed by a decrease to the level below the initial intensity.
This behavior is qualitatively independent from the location on
the crystals, though it varies from one location to another. The
fluorescence decay profile for the selected time region of the
spike-like enhancement exhibited an increase in the lifetime of
approximately 50% when compared with the lifetime before the
UV light irradiation (Fig. 9C and Table 3). This increase in the
fluorescence lifetime again supports the generation of fluorescent
products, i.e., fluorescein, upon UV light irradiation. The shorter
lifetime compared with that of free fluorescein molecules in the
bulk solution (4.0 ns) may stem from the electron transfer from
excited chromophore to TiO, and/or Co species.”> The
subsequent decrease to the level below the initial intensity could
be explained by the balance between the depletion of HPF
molecules adsorbed on the surface by photooxidation, the
dissociation of fluorescent products into the bulk solution, and the
adsorption of HPF from the bulk solution.

Meanwhile, the time trace of the fluorescence intensity in
solution at 1 pum distance from the edge of the crystal showed

only the spike-like signal upon UV light irradiation (trace 3 in Fig.

9B). Quantitative analysis of the fluorescence decay profiles
revealed significantly prolonged fluorescence lifetime upon the
UV light irradiation (Fig. 9D and Table 3). Control experiments
showed no detectable change in the fluorescence intensities and
lifetimes of HPF in buffer solutions with and without UV light
irradiation (Table 3). Thus, the notably different fluorescence
lifetimes on the surface and in solution suggest that fluorescent
products are present in different environments (Fig. 9C and D,
and Table 3). To confirm the diffusion of fluorescent products
from the crystal, we measured the fluorescence signals at
different distances above the crystal. The fluorescence rise times
upon UV light irradiation, which were analyzed by exponential
fitting, clearly increase with increasing distance from the surface
(Fig. S51). The details of the diffusion processes are discussed in
the ESI.

Conclusions

In summary, we studied the reaction dynamics of photogenerated
charge carriers in CoPi-deposited TiO, using ensemble-averaged
and single-particle spectroscopies. In single-particle
fluorescence imaging technique with specific probes was served
as electrodeless analytical tool for monitoring the
photooxidation reaction on individual catalysts. The combination
of CoPi/Pt deposition and the anisotropic electron flow in the
superstructure of MesoTiO, significantly retarded the charge
recombination of h* and e, resulting in remarkably enhanced
photooxidation activity. This is highly beneficial for developing
novel photoactive materials for numerous applications, including
photocatalysis for water splitting and environmental remediation.
In principle, our strategy based on mesocrystal superstructures

situ

an

90

95

100

105

110

115

120

can be applied to a variety of semiconductor materials and their
composites with co-catalysts. Further efforts are required to
assemble the structures in photoelectrochemical cells for water
splitting.
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