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Femtosecond time-resolved near-infrared spectra of TiO2 and Pt/TiO2 powders are measured at the wavelength
region of 0.9-1.5 µm with the direct absorption method. Broad absorption bands of charge carriers, mainly
free and trapped electrons, are observed for TiO2 and Pt/TiO2. The absorption band shape changes with a
time constant of 160 fs after the photoirradiation, which most probably reflects the trapping of the generated
free electrons. Population decay curves of the carriers after 1 ps, obtained for three different pump light
powers, are well-explained by the second-order decay kinetics with a common second-order rate constant,
indicating nongeminate recombination of the electron-hole pairs. When Pt is loaded to TiO2, an additional
decaying process of 2.3 ps is observed. This decay component represents the transfer of generated electrons
from TiO2 to Pt, which is consistent with the known increase of overall catalytic activities by the Pt cocatalyst.

Introduction

Photocatalytic reactions start when charge carriers are gener-
ated upon the photoirradiation. For studying the mechanism of
a photocatalytic reaction, it is essential to trace the behaviors
of the charge carriers from the moment they are generated. In
case of photochemical reactions involving TiO2, which have
been studied extensively,1-3 the carriers either oxidize or reduce
reactant molecules on the surface of the TiO2 particles. However,
it has not been fully understood how the carriers reach the
surface area, how they dissipate the excess energy and get
stabilized, how they oxidize or reduce the reactant molecules,
or how they migrate to cocatalyst particles such as Pt on Pt/
TiO2. When trying to answer these basic questions, it is helpful
to trace dynamic behaviors of the charge carriers with direct
time-resolved spectroscopic measurements. The methods can
give straightforward answers to some of the important questions.

Time-resolved visible absorption spectroscopy, or flash
photolysis, is commonly used when the mechanism of a
photochemical reaction is studied. There is a difficulty, however,
when this method is applied to the photocatalytic reactions on

the TiO2 powders. Strong light scattering by the sample particles
hinders the direct absorption measurement severely. Therefore,
diffuse reflectance spectroscopy has been applied to the scat-
tering powder or suspension samples.4-11 A pulsed laser output
at 620 nm4-6 or a white light continuum between 400 and 750
nm7-11 was used as the probe light. Although various kinetic
processes have been revealed with the use of femtosecond light
sources in these experiments, the time-resolution of the mea-
surements were stretched to a picosecond or longer. Wide
distribution of the probe light path lengths, caused by the
multiple scattering in the sample, broadened the temporal width
of the overall probe pulse. The response function of a diffuse
reflectance measurement was estimated by simulating the
multiple scattering process.12,13

Unlike the powder samples, direct absorption measurements
in the visible region are possible with TiO2 colloidal solutions.
Time-resolved visible absorption spectra have been recorded
with the time resolution of sub-microseconds,14,15a few tens of
picoseconds,16,17 or 50 to 200 fs.3,18-20 In the femtosecond
experiments, decay dynamics of the charge carriers have been
measured at a single wavelength of 620 nm5,18,19 or between
650 and 700 nm.20 Time-resolved absorption spectra of colloidal
solutions of ZnCdS and CdS were recorded as well.21 The
femtosecond transient reflecting grating method was applied to
the TiO2(001)/KSCN(aq) interface.22 From these studies, carrier
dynamics in the femtosecond time region has been successfully
revealed. If femtosecond time-resolved measurements of the
powder samples are possible, they will provide important
information on the mechanism of many photocatalytic reactions
occurring on the powder particle surfaces.

The probability of light scattering is decreased when the
wavelength of the light becomes longer. By using the infrared
probe light, instead of the visible light, time-resolved spectra
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of scattering samples can be measured with the direct absorption
method. Heimer and Heilweil used picosecond mid-infrared
pulses at 5.6-6.0 µm for monitoring the decay dynamics of
electrons in the TiO2 microparticles.23 Lian and his collaborators
used femtosecond pulses in the 5-6 µm region and observed
the electron injection process from the dye molecules to the
TiO2 particles.24-26 Yamakata et al. measured nanosecond time-
resolved infrared spectra in the 2.5-12 µm region and clarified
the effect of water, oxygen, and methanol on the charge carrier
quenching process.27-34 We originally used this method for
observing the charged carrier dynamics in a polyacetylene film
and discussed its mechanism in 1989.35,36 Although the direct
time-resolved absorption measurement in the mid-infrared region
is quite informative, it is technically not easy to measure a
picosecond or subpicosecond time-resolved infrared spectrum
with a wide spectral coverage.

In the near-infrared region, between 0.9 and 2.5µm, a few
time-resolved spectroscopic measurements on photocatalytic
reactions have been performed. Sundstro¨m and his collaborators
observed the injection and recombination of electrons from a
dye molecule adsorbed on TiO2 particles in a colloidal solution37

or in a thin film in acetonitrile38 by using femtosecond time-
resolved spectroscopy between 400 and 2000 nm. Katoh and
his collaborators observed the electron-transfer process from a
dye sensitizer to ZnO particles with time-resolved near-infrared
spectroscopy in the 1.0-2.8 µm region.39,40 They assigned the
near-infrared absorption bands measured 1µs after the photo-
excitation to those of free and trapped electrons and holes.41

Hannappel et al. reported the femtosecond dynamics of electrons
injected to the anatase TiO2 colloidal film observed at a single
wavelength of 1.1µm.42 Microsecond time-resolved spectra of
dye-sensitized anatase TiO2, for the spectral region of 0.5 to
2.0 µm, have been reported.43 For the TiO2 particles, however,
there has been no report on femtosecond time-resolved near-
infrared spectroscopy, to the best of our knowledge.

In this article, we report femtosecond time-resolved near-
infrared spectroscopy of TiO2 and Pt/TiO2 microparticle powders
in the wavelength region between 0.9 and 1.5µm. In this
spectral region, it is possible to record the decay kinetics of
photogenerated charge carriers with the direct absorption
method, while keeping the time resolution to 120 fs. We observe
the relaxation process of 160 fs, which most probably reflects
the relaxation of free electrons. Effects of the carrier densities
and the Pt loading on the decay dynamics are also examined.
For Pt/TiO2, we observe an additional decay component of 2.3
ps. We think that it represents the electron-transfer process from
TiO2 to the loaded Pt cocatalyst.

Materials and Methods

Time-resolved near-infrared spectra were measured with a
conventional pump-probe method. Details of the apparatus will
be published elsewhere. In short, femtosecond light pulses from
a Ti:sapphire regenerative amplifier (780 nm, 1 kHz, 120 fs, 3
mW, Spectra Physics Spitfire) were focused onto a sapphire
plate where a white light continuum was generated. The near-
infrared portion of the white light was used as the probe light.
The second harmonic of the regenerative amplifier output (1
kHz, 2.5-10 mW, 390 nm) was used as the pump light. The
beam diameter at the sample was 200µm. The probe light that
passed the sample placed in the air was analyzed by a
spectrograph (Oriel MS127i) and was detected by a linear
InGaAs array detector (256 channels, Hamamatsu G8031-256).
Fluctuation of the probe light was monitored separately by
another set of the spectrograph and the detector. The optical

Kerr effect was used for correcting the wavelength-dependent
shift of the time origin caused by the group velocity dispersion.44

The samples of TiO2 and Pt/TiO2 were prepared as reported
in the literature.27 Powders of TiO2 (TIO4) were supplied from
Catalysis Society of Japan. The sample was a mixture of the
anatase form and the rutile form (80/20). The average diameter
of the TiO2 particles was 20 nm. Platinum (1 wt %) was
photochemically deposited on the TIO2 from a H2PtCl6 aqueous
solution. For the spectroscopic measurements, the TiO2 and Pt/
TiO2 were fixed on CaF2 plates and heated in air at 573 K to
remove organic contaminants.

Results and Discussion

Direct Time-Resolved Absorption Measurement of TiO2

Microparticles in the Near-Infrared Region. The TiO2

photocatalyst particles on a CaF2 plate were irradiated by the
390-nm pump light. The changes induced to the sample by the
photoirradiation were monitored with the probe light in the near-
infrared wavelength region. A typical set of observed time-
resolved near-infrared spectra are shown in Figure 1. The pump
light power was 5 mW. In the figure, absorption change induced
by the pump light,∆A, is plotted against the wavelength from
900 to 1500 nm. Although the spectra were recorded at 150
different time delays between-0.7 and 1.2 ps, at 120 delays
between-5 and 20 ps, and at 80 delays between-50 and 350
ps, only three representative spectra are presented. Broad
absorption features are clearly observed at the time delays of 0
fs (Figure 1a), 400 fs (b), and 10 ps (c).

As mentioned in Introduction, time-resolved absorption
measurements of TiO2 have been performed in the visible and
mid-infrared regions. To the best of our knowledge, however,
no near-infrared time-resolved spectrum in the picosecond to
femtosecond time range has been reported.

Because the transient absorption appears immediately after
the photoexcitation and because the transient absorption of
electrons and holes have been observed in the visible to infrared
spectral regions, we think that the transient species that gives
absorption in the near-infrared region is either of the electrons
or of the holes, or both of them. The steady-state near-infrared
absorption spectra of electrochemically reduced colloidal anatase

Figure 1. Time-resolved near-infrared spectra of photoexcited TiO2

powders measured at 0 fs (a), 400 fs (b), and 10 ps (c) after the
photoexcitation at 390 nm. The pump power was 5 mW.
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films,16,45 chemically reduced rutile crystals,46 or electrons
injected to TiO2 by pulse radiolysis47-49 show broad and
structureless absorption bands, which are similar to the absorp-
tion bands shown in Figure 1. Yoshihara et al. estimated the
contribution of free electrons, trapped electrons, and trapped
holes to the time-resolved absorption spectra between 400 and
2500 nm recorded 1µs after the photoexcitation.41 They
concluded that all three species had absorption in the near-
infrared region, although the absorption from the holes was flat
and smaller than either of the trapped or free electrons. Judging
from the reported absorption bands of the electrons and holes,
we think that electrons contribute mostly to the transient
absorption shown in Figure 1.

In the visible region, a broad absorption band was observed
at 2 ps after the photoexcitation of the TIO4 powders by diffuse
reflectance measurements.7,9 The broad absorption band, which
covered the whole visible region between 400 and 750 nm, was
centered at around 700 nm. This visible absorption band can
be naturally connected to the near-infrared absorption band in
Figure 1, with a narrow spectral gap of 150 nm. The mid-
infrared absorption of charge carriers, observed by the nano-
second time-resolved infrared spectroscopy between 1000 and
3000 cm-1, or 10 to 3.3µm, shows a monotonic decrease toward
the short wavelength direction.27 The mid-infrared absorption
in the nanosecond time region is not simply connected to the
present near-infrared absorption band. The electrons injected
from coumarin 343 to TiO2 particles gives a flat absorption
between 1880 and 2000 cm-1 in the picosecond time region.25

Although there is a large spectral gap between the recorded near-
infrared and mid-infrared spectra, it is likely that the carriers
show a structureless absorption or reflection at the spectral range
covering the visible, near-infrared, and mid-infrared region, at
a few picoseconds after the photoirradiation. Free or loosely
bound electrons that follow the alternating external electric field
without a phase delay reflect the electromagnetic field regardless
of its frequency. The structureless absorption or reflection from
the visible to the mid-infrared region suggests that the carriers
are free or only loosely bound to the opposite charge centers in
this condition.

Carrier Decay Dynamics between 0 and 1 ps.In Figure 1,
two transient species are observed in the near-infrared spectral
region. At 0 fs, the observed spectrum shows a negative slope
toward the longer wavelength direction, indicating that the
absorption maximum is located at the wavelength shorter than
900 nm. The spectral shape is different, however, at 400 fs and
10 ps. The negative slope is not observed any more. The
transient species that the gives absorption maximum at the
shorter wavelength is absent at 400 fs and later. There are two
transient species, one with a lifetime shorter than 400 fs and
the other with a lifetime longer than 10 ps.

For analyzing the decay kinetics of the photogenerated charge
carriers, time dependence of the absorption change was extracted
from the recorded set of time-resolved spectra. In Figure 2, the
absorbance changes at 950 (a), 1200 (b), and 1400 nm (c) are
plotted against the time delays between-0.5 and 1.2 ps. The
pump light power was 5 mW. The observed decay curve at 950
nm is explained well by a combination of a single exponential
decay function and a constant offset. The constant component
represents a decay process whose time constant is so large that
the time dependence appears as a constant offset in this time
range. The best fit is obtained when the exponential time
constant is 160 fs. The function best fitted to the observed curve
is shown in Figure 2a with a dotted curve. When probed at
1400 nm, however, the 160-fs component is absent. Only the

constant signals are observed at 1400 nm. At 1200 nm, the
amplitude of the 160 fs component is smaller than that at 950
nm. The transient species that has an absorption maximum
shorter than 900 nm has a lifetime of 160 fs.

The time profile of the absorbance change at 950 nm was
measured at three different pump powers of 10, 5, and 2.5 mW.
The results are shown in Figure 3. The fast decaying component
of 160 fs and the slow decaying component were observed at
all of the pump powers. The ratios between the maximum
absorbance change, which includes the contribution from both
of the fast and slow decaying components, and the absorbance
change at 1.2 ps, which represents the slow decaying component,
are 1.6, 1.7, and 1.8 for the pump light powers of 10, 5, and
2.5 mW. Although the density of the generated charge carriers
is increased when the pump power is increased, as indicated
by the increased amplitude at the time origin, the ratio between
the fast decaying component and the slow decaying component
remains constant. The relative amplitude of the 160-fs compo-
nent observed at 950 nm is not affected by the density of the
generated charge carriers.

Figure 2. Time dependence of the absorption change of photoexcited
TiO2 powders measured at 950 (a), 1200 (b), and 1400 nm (c). The
pump power was 5 mW. The observed decay curve in part a was best
fitted by a combination of a single-exponential decay function with a
time constant of 160 fs and a constant offset (dotted curve).

Figure 3. Time dependence of the absorption change of photoexcited
TiO2 powders measured at 950 nm with the pump power of 10 (a), 5
(b), and 2.5 mW (c). The time delay was changed from-0.5 to 1.2 ps.
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The constant ratio between the fast decaying component and
the slow decaying component indicates that the fast decaying
process does not involve the interaction with the nearby charge
carriers. Most probably, this fast decay represents the trapping
process of free electrons. It is also possible that the geminate
recombination of the electron and hole pairs contributes to this
fast decay. The ordinary geminate recombination, however,
simply decreases the signal intensities of the charge carriers. It
does not explain the observed change of the spectral shape, at
least in a simple way.50

The decay time constant of 160 fs agrees with the reported
trapping time of photogenerated electrons in colloidal TiO2. The
trapping time has been estimated to be 180 fs for 2-nm particles
by Skinner et al.19 and 260 fs for particles whose diameter is
assumed to be a few nanometers by Yang and Tamai.20 The
trapping time of the holes has been estimated to be less than
50 fs,20 indicating the faster motion of holes compared with
the electrons. In our experiments, the geminate recombination
between the electrons and holes at 160 fs may be difficult, if
the holes are trapped at the surface when the electrons are still
inside the particles.

As discussed above, the observed spectrum is smoothly
connected with the visible absorption band observed 2 ps after
the photoexcitation.7,9 It was suggested that the absorption band
in the longer wavelength region was from the trapped electrons.
However, our absorption intensity decreases as the wavelength
increases, while the spectral shape of the intra-band absorption
of the electron has the opposite slope against the wavelength.
It is possible that the 160-fs decay represents the relaxation of
the exciton state. A decay process of a few picoseconds was
observed in the diffuse reflectance measurement of powder TiO2

when the frequency of the pump light matched the band gap
energy.50 It is also possible that the 160-fs component represents
the unrelaxed hole, although this is not exactly consistent with
the reported trapping time of 50 fs.

Carrier Decay Dynamics between 1 and 350 ps.After 1
ps, the charge carriers decay following a different kinetics. The
decay kinetics was extracted at 950 nm from the observed time-
resolved spectra between-30 and 350 ps for the pump light
power of 10, 5, and 2.5 mW. The results are shown in Figure
4 with solid curves. Shapes of the obtained decay curves are
quite different depending on the pump light power or the initial
density of the generated carriers. In this time range, charge

carriers affect the decay process of other charge carriers
originated from different electron-hole pairs.

Dependence of the decay curves on the probe wavelength
was also examined. The decay curves observed at 950, 1200,
and 1400 nm are shown in Figure 5, for the time delays between
-30 and 350 ps. The decay curves were identical, regardless
of the probe wavelength. This is consistent with the flat
absorption spectra observed after 400 fs (Figure 1).

All the observed decay curves in Figure 4 are well-explained,
if we assume the second-order decay kinetics with a common
rate constantk2 defined in a rate equation,

whereN(t) represents the number density of the charge carrier
at time t. In Figure 4, the results of the least-squares fitting
analysis are shown with dotted curves. The model function of
the fitting was the solution of the second-order rate eq 1. The
rate constantk2 was common for all the decay curves. The fitting
results are satisfactory.

The second-order decay kinetics shown in Figure 4 represents
a nongeminate recombination process between the electrons and
holes. In general, relaxation kinetics of the charge carriers should
be expressed by the rate equations

whereNe(t) andNh(t) represent the number densities of electrons
and holes at timet. In these equations, nongeminate recombina-
tion is expressed by the second-order term whereas other
oxidation/reduction or trapping/detrapping processes are ex-
pressed as the first-order terms for simplicity. Because the decay
signals have been observed in the microsecond time region,27

the first-order rate,k1
eNe(t) and k1

hNh(t), should be negligibly
slow for the decay kinetics in the picosecond time region. For
describing the picosecond kinetics, the eqs 2 and 3 can be written
as

Figure 4. Time dependence of the absorption change of photoexcited
TiO2 powders measured at 950 nm with the pump power of 10 (a), 5
(b), and 2.5 mW (c). The time delay was changed from-50 ps to 350
ps. The observed decay curves were explained well by a second-order
decay kinetics with a common rate constant (dotted curves).

Figure 5. Time dependence of the absorption change of photoexcited
TiO2 powders measured at 950 nm (b), 1200 nm (O), and 1400 nm
(×) with the pump power of 5 mW.

-
dN(t)

dt
) k2N(t)2 (1)

-
dNe(t)

dt
) k1

eNe(t) + k2′Ne(t) Nh(t) (2)

-
dNh(t)

dt
) k1

hNh(t) + k2′Ne(t) Nh(t) (3)

-
dNe(t)

dt
) -

dNh(t)

dt
) k2′Ne(t) Nh(t) (4)
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Because the fast decaying process of 160 fs represents the
trapping of charge carriers or geminate recombination of the
electron-hole pairs, we can assume that the initial number
densities of the electrons and holes for the nongeminate
recombination are equal. Therefore, they are equal at an arbitrary
time t, because the number densities change following the eq
4,

The eq 4 is then rewritten as

which is identical with the eq 1. The decay curves of the charge
carriers should follow the second-order decay kinetics with the
common rate constant after 1 ps or later, when the fast decaying
process is completed. Thus, the observed set of decay curves
for three levels of pump power (Figure 4) represents the
nongeminate recombination process between the electrons and
holes.

Effect of Pt Loading on Carrier Decay Dynamics. We
compare the carrier dynamics in TiO2 particles loaded by the
Pt cocatalyst (Pt/TiO2) with that in TiO2 without Pt, for
understanding the mechanism of the improved catalytic activities
by the Pt loading. Femtosecond time-resolved near-infrared
spectra of Pt/TiO2 were measured with the 390-nm pump light.
The results are shown in Figure 6. The observed time-resolved
spectra are quite similar to those of TiO2 without Pt (Figure 1).
Once again, broad absorption features covering the entire
spectral region were observed at the time delays of 0 fs, 400 fs,
and 10 ps. An absorption band with the maximum wavelength
shorter than 900 nm was observed only at 0 fs.

Time dependence of the absorption change at 1200 nm was
extracted from a set of time-resolved near-infrared spectra of
Pt/TiO2. The results are shown in Figure 7 (filled circles),
together with the results of TiO2 without Pt (open circles), for
the time delays of-0.5 to 1.2 ps (a),-4 to 20 ps (b), and-50
to 350 ps (c). The pump power was 5 mW.

At 10 ps or later, there is little difference observed between
the signal decay kinetics of Pt/TiO2 and that of TiO2 (Figure
7c). In this time region, decay kinetics of electrons is not affected
by the Pt loading. There is a clear difference observed, however,
at the time delays smaller than a few picoseconds (Figures 7a,b).
The decay curve observed for Pt/TiO2 has an additional decay
component compared with TiO2. Electrons generated in Pt/TiO2

seem to disappear much faster than those in TiO2 do.
The decay curves of Pt/TiO2 and TiO2 are well-explained by

exponential decay functions, for the time delays smaller than
1.2 ps. The results of the fitting are shown with dotted curves
in Figure 7a. For TiO2, the decay curve was fitted well by the
sum of a constant offset and a single exponential decay function
with a time constant of 160 fs. The amplitude for the constant
offset and the exponential decay was 0.0068 and 0.025. As
discussed above, the decay component of 160 fs is most likely
to correspond to the trapping of electrons, while the constant
component represents the slower nongeminate recombination
process. The electron decay process in Pt/TiO2 should involve
the same processes observed in TiO2, although the apparent
decay curves are different from each other. Therefore, the
observed decay curve for Pt/TiO2 was fitted by a combination
of a constant offset and two exponential decay functions, one
of which had the fixed time constant of 160 fs. The best fit was
obtained when the other time constant was 2.3 ps. The
amplitudes of the constant offset and the exponential decays of
160 fs and 2.3 ps were 0.012, 0.0096, and 0.0054, respectively.

Photocatalytic activities are improved largely by the Pt
loading to the TiO2 particles. The improved catalytic activities
in Pt/TiO2 are well-explained if electrons generated by the
photoirradiation are transferred to the Pt cocatalyst before they
combine with the holes. On Pt, they will have enough time for
reducing other reactant molecules. Our experimental results
agree with this presumed mechanism. The electron signals
disappear faster in Pt/TiO2 than in TiO2 because the electrons
are transferred to Pt from TiO2. We think that the decay

Figure 6. Time-resolved near-infrared spectra of photoexcited Pt/TiO2

powders measured at 0 fs (a), 400 fs (b), and 10 ps (c) after the
photoexcitation at 390 nm. The pump power was 5 mW.

Nh(t) ) Ne(t) (5)

dNe(t)

dt
) -k2′Ne(t)

2 (6)

Figure 7. Comparison of the decay curves observed at 1200 nm for
TiO2 (O) and Pt/TiO2 (b), for the time delays of-0.5 to 1.2 ps (a),
-4 to 20 ps (b), and-50 to 350 ps (c). The pump power was 5 mW.
The observed curves in part a are well fitted by a single-exponential
decay function (160 fs) with a constant offset (TiO2) or by a double
exponential decay function (160 fs and 2.3 ps) with a constant offset
(Pt/TiO2).
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component of 2.3 ps, observed only for Pt/TiO2, represents the
transfer of generated electrons from TiO2 to the Pt cocatalyst.
On the basis of the time-resolved diffuse reflectance measure-
ments with the pump wavelength of 390 nm, Furube et al. have
reported the charge separation time between the TiO2 particle
(TIO4) and the loaded Pt to be 0.6-5 ps.10 This is consistent
with our result, 2.3 ps, from the direct absorption measurements.

The above interpretation is valid only when the absorption
cross section of electrons at 1200 nm is larger in TiO2 than
that in Pt. If the Pt cocatalyst holds the metallic characters, it
has a half-filled conduction band. Transfer of an electron from
TiO2 to Pt increases the number of electrons in the conduction
band by one. Because Pt has its plasma frequency in the
ultraviolet, the contribution of one electron to the absorption
or reflection is spread to a wide spectral range. It is likely that
the band intensity for one electron at a single near-infrared
wavelength is smaller in Pt than in TiO2.

Although we observe the 2.3-ps decaying component for Pt/
TiO2, there remains considerable signal intensity even after
hundreds of picoseconds (Figure 7). It is not probable that all
the electrons are transferred to the Pt cocatalyst. A portion of
the generated electrons should remain in the TiO2 particle. It is
also possible that the observed signals have contributions from
the holes in addition to the electrons.

In the TiO2 colloidal system, the observed trapping time of
electrons and holes was compared with the time required for
the carriers to be transferred from the particle interior to the
surface.19,20The transfer time was estimated from the diffusion
coefficients of the electrons and holes. The average diffusion
time, or the transit time, from the interior to the surface is

where r0 is the radius of the particle andD is the diffusion
coefficient.51 Because the diffusion coefficient of electrons in
ordinary TiO2 (anatase) has been estimated to be 1× 10-6 m2

s-1,52 the transit time should be 10 ps ifr0 is 10 nm, which is
the average radius of the present sample. Ifτ is equal to 2.3 ps,
as is observed, the radius should be 4.9 nm, instead of 10 nm.
Apparently, agreement between the observed and estimated
transfer times is not poor, considering the simplicity of the
diffusion model used for the estimation.

If the observed time constant for the fast relaxation, 160 fs,
represents the trapping process of electrons at the surface, then
the kinetics is not consistent with the simple diffusion model.
It should take 10 ps on average for the generated electrons to
reach the surface by diffusion. They cannot be trapped at the
surface by 160 fs. There are two possibilities for accounting
for the apparent contradiction. First, the electron migration to
the particle surface may be much faster than diffusion in
ordinary crystals. In this case, electrons reach the surface and
are trapped there in 160 fs. There should be then an energy
barrier for the electron transfer from the TiO2 to Pt, which
proceeds in 2.3 ps. Second, electrons may be trapped inside
the particle as well as on the surface. Currently, we do not have
enough information for deciding which of the two is the case.
We should know the detailed structure of the 20-nm crystal that
we study and the behavior of electrons there.

Advantage of Femtosecond Time-Resolved Near-Infrared
Spectroscopy Applied to Scattering Samples.It is now clear
that we can measure femtosecond time-resolved spectra of TiO2

powders with the probe light in the near-infrared region, where
light scattering is reduced substantially. In the visible region,

diffuse reflectance spectroscopy is used for time-resolved
measurements of the scattering samples. Although various
dynamic behaviors of charge carriers have been revealed with
this method,4-11 time-resolution of the measurement is deter-
mined by the distribution of the probe light path lengths
originating from the multiple scattering. Typically, time resolu-
tion is limited to a few picoseconds even if femtosecond light
pulses are used as the light source.

It is possible to measure picosecond or femtosecond time-
resolved absorption spectra of powder samples with the probe
light in the mid-infrared region. This method has been success-
fully applied to the TiO2 samples.23-26 At present, however,
the spectral coverage of the mid-infrared probe light is limited
compared with the near-infrared measurement. In the near-
infrared, a continuous probe light with a wide spectral coverage
and multichannel detectors are readily available, which is still
not the case for the mid-infrared. Detector noises in the near-
infrared are smaller than those in the mid-infrared. When the
time-resolved measurements in the near-infrared and mid-
infrared regions provide same information, it is technically easier
to use the time-resolved near-infrared spectroscopy.

Conclusions

We observe the initial processes of photocatalytic reactions
proceeding in powder TiO2, by using femtosecond time-resolved
near-infrared spectroscopy with the spectral coverage of 900-
1500 nm. Unlike the visible region, the direct absorption
measurement is possible with the near-infrared probe light. The
dynamic behavior of charge carriers generated by the photoir-
radiation is successfully recorded.

The observed decay kinetics of the charge carriers is well
explained by the sum of two different mechanisms. At the time
delays between 0 and 1.2 ps, a single exponential decay process
with a time constant of 160 fs is observed. The relative
amplitude of this component is independent of the pump power
or the initial densities of the charge carriers. This fast decay
probably represents the trapping of free electrons. After the fast
process is completed, the decay curves recorded with three levels
of pump power are explained by the second order decay kinetics
with a common rate constant. The nongeminate recombination
between the electrons and holes is a dominant decay path in
this time region. The observed structureless absorption (or
reflection) in the near-infrared region, together with the struc-
tureless absorption reported in the visible and mid-infrared
regions, suggests that the carriers are free or only loosely bound
to the opposite charge centers in TiO2.

The generation and decay of the charge carriers are recorded
also in the TiO2 particles loaded with the Pt cocatalyst, or Pt/
TiO2. In addition to the 160 fs single-exponential decay and
the nongeminate recombination observed for TiO2, a decay
process of 2.3 ps is observed in Pt/TiO2. We think this
component represents the transfer of electrons from TiO2 to Pt.
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