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Photocatalytic reactions include several different steps and routes for photoexcited carriers, and each
dynamic is closely related to the reaction efficiency. Although commonly used time-resolved techniques
can reveal the kinetics of photoexcited carriers, the reaction pathways are difficult to distinguish due to
decay kinetics extending over many temporal orders and various contributions from the carriers and
species involved. Herein, we report the distinction of the electron dynamics in the photocatalytic
processes of titanium oxide through the combination of the transient grating method and maximum
entropy analysis for the estimation of time constants. We were able to confirm three different carrier
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state due to the acceleration in the adsorption/desorption exchange of ions, which explains the shorter
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Introduction

Inorganic photocatalytic materials have been utilized for the
decomposition of environmental pollution, in particular they
are expected to work under sunlight." Recently, such materials
have been intensively applied to artificial photosynthesis
such as hydrogen or oxygen generation and CO, reduction.>”’
Furthermore, various organic syntheses have been proposed using
photocatalytic reactions.® In these applications, both photo-
excited electrons and holes are effectively utilized for reduction
and oxidation. For the development of efficient photocatalytic
materials, doping of various atoms has been applied to expand
the absorption wavelength region,”* and deliberately con-
trolled deposition of metal nanoparticles has also been utilized
for the enhancement of photocatalytic activity.*>'® Recently,
active reaction sites were studied using a single-molecule
imaging technique, and the surface activities of the crystals
and the deposited metal nanoparticles were revealed.'”'®

For material researchers, the activity of photocatalytic materials
has been typically evaluated from the yield of products. However,
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cycles of the photocatalytic reactions for platinum.

from a mechanistic point of view, photocatalytic reactions include
various processes; it is necessary to understand the photo-
excitation of electrons and holes, diffusion, interfacial charge
transfer and trapping of these carriers, formation of radical and
intermediate species, etc., and these processes must be well
understood to control the total reaction. It has been clarified
that the fundamental processes, such as the interfacial charge
transfer, charge trapping, and recombination, occur in broad
time scales from picoseconds to seconds.'®>" The key point is to
specify which process affects the photocatalytic reactions and
how they do so0.>*?* Time-resolved spectroscopic techniques,
such as transient absorption/reflectance spectroscopy, have been
utilized'®?%*"?*34 to reveal the dynamics of photogenerated
electrons and holes by using a specific absorption band for each
carrier from the ultraviolet (UV) region to the infrared (IR)
region, and electron-hole recombination and trapping processes
have been studied.

With regard to titanium oxide (TiO,), one of the most well-
known photocatalysts, it has been clarified that there are some
specific absorption bands for photo-excited electrons and holes
in the visible to the near-infrared region, and the trapped holes,
trapped electrons, and free electrons were assigned to the bands in
400-600 nm, 500-1000 nm, and >500 nm, respectively.2>*343¢
Mostly, the corresponding transient responses cannot be fitted to
a simple exponential decay and they extend over many orders of
time; an earlier report by Yamakata et al. showed that the decay
kinetics were composed of multiple exponential components with
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six different lifetimes in the range of sub-nanoseconds to
seconds.’® For photogenerated electrons, the responses are
typically composed of different lifetimes and have been often
observed in the time regions of (i) <1 ps, (ii) 1-10 us, and
(iii) milliseconds to seconds. However, it is still unclear what
the differences between each process are and which response
is actually responsible for the photocatalytic reaction, meaning
which types of electrons are transferred to the reactants. Although
electron/hole scavengers or reactive vapors could cause changes
in the responses, the reasons have not been understood well. In
many cases, the absorption of the target carriers overlapped with
those for other carriers and co-catalysts, and the extraction of
sufficient information about the target carriers from the obtained
transient responses has been one of the issues. Additionally, IR
transmission/reflectance spectroscopy is a powerful tool to distin-
guish carriers, but usually it cannot be applied for photocatalysts
in contact with liquid reactants.

On the other hand, the heterodyne transient grating (HD-TG)
method is one of the time-resolved methods that monitors the
refractive index change due to photochemical or photophysical
processes.’” The dynamics of photo-generated electrons and
holes in a particulate TiO, film have been detected by this
method.*®*™*® Furthermore, the generation of active oxygen
species on spherical TiO, surfaces with nanometer sizes in a
sol solution and their adsorption/desorption were successfully
observed.’ Recently ionic dynamics at the TiO,/electrolyte
interface in dye-sensitized solar cells, such as the motion of
the charged ion species, were monitored by this method.*>*?
This is because the refractive index change is sensitive to the
change in dipole at a solid/liquid interface, which is the reason
why this method could exclusively detect such transparent
dynamics at the interfaces.

In this study, a nanoporous TiO, thin film in contact with
various liquids was measured by the HD-TG technique after UV
pump excitation, and the responses were compared in the
presence and absence of the chemicals which were subject to
the photocatalytic reactions. Photo-generated carriers were success-
fully detected in three different time regions. Each response was
assigned as the electron-hole recombination in a bulk, the trapped
electrons at the interface, and the polarons in TiO,, assigned not
only by the HD-TG but also by the transient absorption responses,
and further confirmed by comparing responses in the presence
and absence of the radical and hole scavengers. Based on the
results, the effect of the co-catalysts on the carrier dynamics
was investigated.

Experimental

A titania nanoparticle paste with an anatase crystal structure
(Ti-Nanooxide T, SOLARONIX) was used for the deposition of a
transparent mesoporous TiO, layer. It was coated on a glass
slide with a fluorine doped tin oxide (transmittance: 80-82%
(visible), Aldrich) using the doctor-blade technique, and it was
sintered at 450 °C for 1 h. A cell for the measurement was
prepared by putting another glass plate together with a silicon
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rubber spacer (thickness: 0.5 mm), and a solution was sandwiched
within the gap.

For the deposition of metal nanoparticles onto the sintered
TiO,, a platinum nanoparticle dispersion (3 nm in diameter,
Aldrich) was dropped onto the TiO, substrate. Then, the dis-
persion was washed away with distilled water after 1 minute.
Finally, the prepared substrate was sintered again at 450 °C
for 1 h. Gold nanoparticles (5 nm in diameter, stabilized
suspension in citrate buffer, Aldrich) were also deposited onto
the TiO, substrate in the same procedure. Since the absorption
spectrum for the TiO, substrate with metal nanoparticles did
not change by deposition, the effect of the absorption of the
pump and probe light by the nanoparticles is minimal. The
dispersions of the gold and platinum nanoparticles were used
as purchased. Distilled water, ethanol, and acetonitrile were
used as purchased. (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
(TEMPO) was dissolved in acetonitrile at 0.1 M.

In the HD-TG measurements, the pump light source was the
third harmonic of a Nd:YAG pulsed laser (pulse width: 4 ns,
wavelength: 355 nm) with an intensity of 1-1.5 m] per pulse,
and the probe light source was a Nd:YVO, laser (wavelength:
532 nm). The grating spacing used for the HD-TG measurement
was 80 um. The responses were detected by a photodiode
(DET110, Thorlabs) connected to a voltage amplifier (DHPVA,
Femto), the signal was sent to the oscilloscope (Wave Runner
6100A, Lecroy), and the data was stored.

For the lifetime analysis of the obtained HD-TG responses, a
hybrid analysis that combines the maximum entropy method
(MEM) developed by P. J. Steinbach, MemExp software, was
utilized, which can give the lifetime distribution in responses
and it is a powerful tool for the analysis for the responses
extending over many temporal orders. All fitting data were
normalized before the lifetime analysis. Thus, the quantitative
information such as the number of carriers was not considered.

Results and discussions

Fig. 1 shows the HD-TG responses for nanoporous TiO, thin
films in contact with liquids. The HD-TG signal intensity decreased
initially with an oscillation in the time region of 10”7 to 107 >° s,
then rose up and back to the baseline in the time region of
107°-10">> s, which was similar to the responses for a TiO, thin
film in air as previously reported.*® The oscillating signal up to
several microseconds was due to an acoustic response induced
by the generated heat, and the rising component corresponds to
the thermal diffusion in the TiO,/liquid system, and these two
responses are typically observed in the HD-TG method. Since a
fringe pattern of the pump pulse is irradiated in this technique,
photo-excitation is induced by the same pattern. The generated
heat causes thermal expansion to occur inhomogeneously accord-
ing to the fringe pattern, and an acoustic standing wave with a
wavelength equal to the fringe spacing is induced, causing oscilla-
tion of the signal. Similarly, thermal diffusion occurs in the sample
with an inhomogeneous temperature distribution according to the
fringe pattern. Since the sample is a nanoporous TiO, substrate

This journal is © the Owner Societies 2016
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Fig.1 HD-TG responses for TiO, films in acetonitrile (black) and 0.1 M
TEMPO/acetonitrile (blue). HD-TG response in a Pt/TiO5 film in acetonitrile
is also shown (red). The time constant distributions were analysed by using
the MEM/NLS method in the range of 107 to 10> s (inset).

10°*

including liquid in the pores and the fringe spacing is much larger
than the nanostructure, the thermal diffusion reflects the thermal
property of the TiO,/liquid as a whole. The dropping response in
the microsecond region is related to the dynamics of the photo-
excited carriers.

The time constant of the dropping response in the time
range of 10~7-10""> was analysed using MEM analysis,** which
gives a continuous distribution of the lifetimes of discrete
exponential responses by maximizing the entropy of the error
between the experimental data and the fitting. As shown in the
inset in Fig. 1, the decreasing part consisted of two components
with the average time constants of 0.21 ps and 0.96 ps as shown
in Table 1 (see the ESI{ for the fitting curves). It is thought that
the two components obtained in the HD-TG response were
caused by trapped electrons or holes in the TiO, since trapping
of the carriers occurs at less than 1 ps.>'**?”

To confirm the origin of each component, a commonly used
radical scavenger, TEMPO, was added to the solution. In the
presence of the radical scavenger, the second component with a
time constant of 0.96 us disappeared, and correspondingly the
dropping response became faster than the response in aceto-
nitrile only. It can be understood that the electrons trapped at
the surface defects were immediately transferred to TEMPO
because the process was faster than the recombination with
holes. Similarly the HD-TG response for a platinum deposited

Table 1 The time constants of the first and the second HD-TG components
analysed by MEM analysis. They correspond to the peak positions of the time
constant distributions in the analyses

Photocatalyst Solvent T1st/ S Tond"/HS
TiO, ACN 0.21 0.96
TiO, TEMPO/ACN 0.21 —
Pt/TiO, ACN 0.21 —

TiO, EtOH 0.21 2.4
Pt/TiO, EtOH 0.21 4.2

“ The time constants for the components which had the amplitudes
<0.05 were ignored.
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TiO, film also lost the second component (Fig. 1). This result is
consistent with the report that photo-generated electrons were
transferred to platinum within a few picoseconds for platinum
deposited TiO,.>” Based on these results, the second component
was assigned as surface-trapped electrons at the TiO,/solution
interface (t = 0.96 us), while the first component was assumed to
be due to intrinsic decay due to the electron-hole recombination
inside TiO, (r = 0.21 ps). The distinction between electrons and
holes was not possible at the moment, and a better time resolu-
tion measurements are necessary.

Fig. 2 shows the HD-TG response of a TiO, film in ethanol,
which is well-known to work as a hole scavenger, and the time
constant distribution in the microsecond region was analyzed
by MEM analysis. The time constant of the second component
in ethanol increased compared with that in acetonitrile. It is
understood that the probability of recombination with the
photo-generated holes was reduced in the presence of the hole
scavenger, causing the survival of the surface-trapped electrons.
On the contrary, the hole scavenger did not affect the time
constant for the first component, probably because the scavenger
removed only the surface-trapped holes.

Interestingly, a new component appeared in the time range
of 1073-1 s in the presence of ethanol. In this time region,
the diffusion of the photo-generated chemical species is often
observed. To distinguish whether it is due to the diffusion
of species, the grating spacing dependence for the HD-TG
response was checked (Fig. S2, ESIf),*® but no dependence
was observed, which indicated that this component was not due
to the diffusion of species. The HD-TG method also provides
the distinction between whether it is due to the refractive index
or the absorption change, by changing the phase difference
between the signal and the reference probe lights.?” The response
up to 10~ * s was reversed by changing the phase, which indicated
the signal was due to the refractive index change, while the slower
component (10~ to 1 s) did not, indicating that it was caused by
the absorption change. Furthermore, it was confirmed that this
slow component was also observed in the transient absorption
response (Fig. S2 in ESI¥).

Signal intensity / a.u.

Time /s

Fig. 2 HD-TG responses in a TiO; film in acetonitrile (black) and ethanol
(green). The time constant distributions were analysed by the MEM analysis
in the range of 10~ to 10~° s (inset).
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Alcohol molecules are known to adsorb onto TiO, in the
form of alkoxide, and it is predicted that photo-generated holes
are transferred to the adsorbed alkoxide on the order of
femtoseconds, while the photo-generated electrons are trapped
and stabilized in the d-orbital of the Ti site, representing the
polaron state.*>*” Polarons have been observed by the transient
absorption in the near-infrared region only in the presence of
water or methanol vapor as hole scavengers,'®*® which are
similar conditions to this case. Furthermore, it was confirmed
by the naked eye that the TiO, film turned blue at the pump
spot in ethanol when it was irradiated with high excitation light
intensity >3 m]J. It is known that this color change is caused by
the change in the valence number of Ti (Ti(v) to Ti(m))."” The
wavelength of the probe light (532 nm) is in the wavelength
range for the color change. Thus this slower component
(107-1 s) was assigned to electrons self-trapped in the form
of polarons, localized at the individual Ti site.

The long lifetime of the polaron state is considered. Photo-
generated electrons are trapped either in the bulk state or the
surface state. In the presence of hole scavengers, a lack of holes
in TiO, reduced the electron-hole recombination, meaning
that the transfer of electrons to acceptors on the liquid side
was the only pathway for the decay of the remaining electrons.
However, the electron acceptors, possibly protons released from
alcohol at the interface,"® would be consumed by the surface-
trapped electrons; further electron acceptors are necessary for the
decay of the excess electrons, which could be transported from
the bulk liquid. It was reported that adsorption/desorption for the
active oxygen species at the TiO, nanoparticles/water interface
occurred on the order of milliseconds to seconds,*’ and it is
understood that the lifetime of polarons was controlled by the
transport of the electron acceptors; namely the rate of the
adsorption/desorption of species on the liquid side (Scheme 1).
With regard to the acceptor, we could not detect hydrogen until
now, possibly because of the small amount of sample in the cell.
Since the response did not depend on the pump intensity, namely
the electron number, the trap states were filled with electrons, and
the decay was controlled by the acceptors on the liquid side under
our experimental conditions.

The effect of the metal nanoparticles deposited on TiO, was
studied from the responses. The component corresponding to
the surface-trapped electrons disappeared in the presence of
metal nanoparticles, either gold or platinum in acetonitrile, as
shown in Fig. 3, which indicated that both types of metal
nanoparticle worked as electron acceptors. In ethanol, however,
the component for the surface-trapped electrons was observed
even in the presence of metal nanoparticles (Fig. 4a). It is
understood that the removal of photo-generated holes gave a
pathway not only to the metal nanoparticles, but also to the
surface-trapped states. The time constants for the surface-trapped
electrons were increased for Pt/TiO, compared with those for TiO,
alone or Au/TiO, (Fig. 4b), probably because of the better electron/
hole separation for Pt/TiO,.

The lifetime of the polarons in ethanol was decreased in
the presence of platinum nanoparticles compared with those
in TiO, alone and Au/TiO,. (Fig. 4a, ¢ and Table 1, Scheme 1).
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Scheme 1 Schematic illustrations of the carrier dynamics in photo-
catalytic processes in the time range of microseconds to seconds; (top)
in acetonitrile, (middle) in ethanol, and (bottom) in ethanol in the presence
of a co-catalyst.
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Fig. 3 HD-TG responses in acetonitrile with TiO, (black), Pt/TiO, (red)
and Au/TiO, thin film (blue). (inset) The time constant distributions were
analysed by MEM analysis in the range of 10~ to 10> s.
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Fig. 4 (a) HD-TG responses in ethanol with TiO; (black), Pt/TiO, (red) and
a dispersion of Au/TiO, thin film (blue). (b and c) The time constant
distributions analysed by the MEM method (b) in the range of 1077 to
1075 s and (c) 107* to 10 s.

The result indicated that the rate of the adsorption/desorption
of protons on platinum nanoparticles was faster than those for
TiO, alone and Au/TiO,, as a result of the acceleration of the
transport of protons. Muhich et al. reported that the binding
energy of the electron scavengers on the surface depended on
the defect states or the deposited metals on TiO, and also the
charge stored in TiO,.*® It is assumed that the adsorption/
desorption of protons on the platinum nanoparticles was
accelerated due to such reasons, and this is in consensus with
the high affinity between protons and platinum.

Conclusions

In conclusion, by using the HD-TG method, the three different
electron dynamics, the intrinsic recombination with holes, a
transfer or the decay of the surface-trapped electrons, and the
decay of polarons were successfully distinguished in different
time regions, respectively. In the presence of metal nano-
particles on the TiO, films, the surface-trapped electrons were
captured at the nanoparticles in acetonitrile, while a part of the
excess electrons could survive in the surface-trap state in the
presence of ethanol. The polaron state with a lifetime of
0.1-0.5 s was observed in ethanol solutions, and its lifetime
was shortened in the presence of platinum nanoparticles
because the adsorption/desorption of electron acceptors was
accelerated. The shorter lifetime of polarons in the presence of
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platinum nanoparticles indicates that the valence number of Ti
was regenerated smoothly, and it would provide faster catalytic
cycles. The HD-TG method will pave the way to explore the carrier
dynamics of various inorganic films by combination with the
transient grating method.
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