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Photocatalytic Reactions of TiO, Studied by Two-Color Two-Laser Flash
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Abstract: The one-electron redox pro-
cesses of several compounds during
polyoxometalate (POM)-mediated
photocatalytic reactions of TiO, were
investigated using the two-color two-
laser flash-photolysis technique. The ef-
ficiency of the one-electron oxidation
of aromatic sulfides by the trapped
hole (h,") or the surface-bound OH

fer from the conduction band (CB) of
TiO, to the POM. The efficiency of the
electron transfer from the CB of TiO,
to the POM decreases in the order
H,W,,0," < SiW,,0," <
PW,,0,,°", that is, it depends on the re-
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duction potential (E,q) of the POMs.
Electron injection from PW;,0,' in
the excited state (PW,,0,'") to the
CB of TiO, was clearly observed using
the two-color two-laser flash-photolysis
technique. Storage of electrons in the
TiO,/PW,,0,,> /methyl viologen
(MV?T) ternary system was also ach-
ieved upon two-color two-laser irradia-

radical (OHy) is found to be signifi-
cantly enhanced due to electron trans-

Introduction

Semiconductor-based nanocomposite materials are expected
to have a significant impact on the fields of optoelectronics,
catalysis, and biochemistry.'! To date, many attempts have
been made to improve the photocatalytic ability of TiO,
nanoparticles with various metals and ions because TiO, has
been extensively used in areas such as environmental purifi-
cation, hydrogen production, gas sensors, and dye-sensitized
solar cells.”! Typically, the reaction processes are initiated by
the band-gap excitation of the TiO, particles with UV irradi-
ation to generate reactive species, such as photogenerated
electrons (e7) and holes (h*),* O,~" H,0," and OH
radicals (OH").*™ For example, it has been proposed that
the surface hydroxy groups react with the holes to form sur-
face-bound OH" (OHy’), which then oxidize the surface ad-
sorbates.”® Recently, Nakato etal. have investigated the
photooxidation of water adsorbed on the TiO, surface by in
situ FT-IR absorption and photoluminescence methods;
they concluded that the photoevolution of oxygen is initiat-
ed by nucleophilic attack of an H,O molecule at a photo-
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generated h at a surface lattice O site rather than by oxida-
tion of a surface OH group by h*.[""

The reactivity and lifetime of these oxidizing species are
thought to play an important role in controlling the overall
kinetics of the oxidative processes, although the photocata-
Iytic efficiency of TiO, also depends upon the degree of
charge separation of the photogenerated e~ and h* pairs at
the surface of the TiO, particles. To enhance the charge sep-
aration, suitable metals have been deposited on the surface
of Ti0,.2?2l However, the deposition of metal islands can
be problematic because the island size can potentially grow
large enough to cover the active sites.

Recently, Keggin-type polyoxometalates (POMs)™! have
been applied to TiO, photocatalytic systems as electron
scavengers to retard the fast charge-recombination with h*
in TiO, and, consequently, enhance the photocatalytic redox
processes.?*?) In addition, the POM™, which is generated
by a one-electron reduction reaction with a conduction band
e” (ecg”) in TiO,, subsequently absorbs visible light to form
the excited-state POM~ (POM ), which synergistically cata-
lyzes the reduction of methyl orange during TiO, photocata-
Iytic reactions. Such an electron-transfer mechanism is
analogous to the “Z-scheme” mechanism for plant photo-
synthetic systems. This novel nanocomposite system contain-
ing TiO, and a POM has the potential for application in
electronic devices and medical chemistry as well as the pho-
tocatalytic degradation of organic pollutants. Therefore, a
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further understanding of the interfacial redox reactions be-
tween TiO, and POM and the subsequent reactions with or-
ganic molecules at the interface are very important.

Here we investigate the one-electron redox reactions that
take place during POM-mediated TiO, photocatalytic reac-
tions using a two-color two-laser flash-photolysis technique.
This technique is a powerful tool for the investigation of
electron-transfer reactions in the excited state,*” an we have
successfully applied it for understanding the mechanism of
photocatalytic redox reactions. To the best of our knowl-
edge, there is only one report concerning the investigation
of TiO, photocatalytic reactions by two-color two-laser flash
photolysis.”" First, we studied the influence of the POM on
the photocatalytic one-electron oxidation reactions of sub-
strates (S), such as aromatic sulfides, using a one-laser flash-
photolysis technique. The one-electron oxidation processes
of aromatic sulfides in a TiO, colloidal solution or adsorbed
on a TiO, surface were examined. Next, we investigated the
reaction dynamics of PW,0,* in the excited state
(PW,04"") using a two-color two-laser flash-photolysis
technique. These techniques not only verify the applicability
of this nanocomposite material, but also provide important
information about the mechanisms of the TiO, photocatalyt-
ic redox reactions.

Results and Discussion

Electron transfer from the conduction band of TiO, to
POMs: First, to clarify the electron-transfer process from
the CB of the TiO, to the POM, we observed the transient
absorption spectra during laser flash photolysis (at 355 nm)
of argon-saturated TiO,/POM colloidal solutions in which
the TiO, nanoparticles are selectively excited by the laser
pulse because of the lower absorbance of the POMs
(Figure 1). All POM reactions were carried out at pH 1 be-
cause of the excellent stability of PW,0,,°>~ at this pH.
Figure 2 shows the transient absorption spectra observed
after laser irradiation at 355 nm (20 mJ per pulse) of TiO,
and TiO,/POM colloidal solutions at room temperature. The
spectral shape is very complex because of contributions
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Figure 1. Steady-state UV absorption spectra observed for H;PW,0,
(dotted line), Na,SiW,0,, (broken line), and (NH,)H,W,,0,, (dashed-
and-dotted line) (0.05 mm) in acidic water (pH 1) in the absence of TiO,
nanoparticles. The absorption spectrum of the TiO, colloidal aqueous so-
lution is shown as a solid line. The optical path length is 1 mm.

Chem. Eur. J. 2006, 12, 3124-3131

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

104 A 15+ c
8. . _/'""“""\.-'\_ . . g
/ l\‘.},_\/ 104 /./_ " e LN V "
6 A £oc00 08, o0
44 o %%OO\ oo % 0-0..0-0 oj A A/—‘?AA“ as A"*ko;g A"“‘jii
A
oA "A e A“u./‘\‘/‘\‘_‘/‘/‘ 54 2A B A e A
24 vawVVVVWWVVV > \{v . v
; 0 T T 01+ T T T T
g 400 500 600 700 800 400 500 600 700 800
£
g
15 B ern. aa 304D
'/- h" - 6700~ %N0u 00 ‘;...--—"'1— N
104 c.c,, °p°o aaaAA AL aa 204 oooooo 00050 WR
,Oj:r/‘ vVVWVVVVV‘V—vV‘V VogTg VY / ‘ﬁ,ﬁ AM ek 53 c’\A
o S V-
54 104 4 VVVVW T
7

0~ T T T T 0 T T T T
400 500 600 700 800 400 500 600 700 800
Wavelength / nm

Figure 2. Transient absorption spectra observed at 0.1 (solid squares), 0.5
(open circles), 1 (solid triangles), and 5 ps (open inverted triangles) after
the laser flash during the 355-nm laser photolysis of argon-saturated TiO,
(A), TiIO/PW,0,5° (B), TiO,/SiW,0,,*~ (C), and TiO,/H,W,,0,,°~ (D)
colloidal solutions. The POM concentration ([POM]) is 0.05 mm.

from the trapped h* (h,*) and e~ (e, ), and POM" in the
present time and spectral ranges."**? However, the intensi-
ties of the absorption bands observed at 0.1 pus for TiO,/
POM (Figure 2B-D) are significantly greater than that ob-
served for TiO, alone (Figure 2A), and depend on the POM
concentration, as shown in Figure 3. Therefore, electron
transfer from the photogenerated ecz~ and/or e,  to POM
occurs as given by Equations (1), (2), and (3):

20 A [PW;,04°]
0.05 mm
15 0.04
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Figure 3. A) Time traces observed at 550 nm during the 355-nm laser
flash photolysis of argon-saturated TiO,/PW,0,,>~ (0-0.05 mm) colloidal
solutions. B) Dependence of increases in the initial AO.D. values
(AAO.D."=") observed at 550 nm, which are calculated by subtracting the
AO.D. value in the absence of POM from those in the presence of
PW,,0,° (solid squares), SiW,,0,'" (open circles), and H,W,,0,°"
(solid triangles), on the POM concentration. Solid lines are visual guides.
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TiO, + hv — hyg™ +ecg” (1)
hVB+ - htr+7 eCB7 - elr7 (2)
CCBf(elrf) + POM — POM7 (3)

The absence of the expected increase (see Figure 3A)
shows that the electron transfer is completed within the
laser duration of 5 ns. The transferred e~ (“blue” electron),
which is located in a predominantly nonbonding b, orbital
of the C,, distorted WO; octahedron, is delocalized over all
12 tungsten atoms (the rate of intramolecular electron trans-
fer is about 10" to 10" s™' at room temperature) by a ther-
mal hopping mechanism."!

Figure 3B shows the dependence of increases in the initial
AO.D. values (AAO.D.=% observed at 550 nm, which are
calculated by subtracting the AO.D. value in the absence of
POM from that in the presence of POM, on the POM con-
centration.

It was found that the apparent generation yields of POM™
increase in the order SiW,0,"% < PW,0, <
H,W,,0,". The reduction potentials (E,.;) of PW,0,°,
SiW,,0,*", and H,W,0,° are -+0.218, +0.054, and
—0.162 V versus NHE,*! respectively, as summarized in
Table 1. These values are lower than that (—0.19 V versus

Table 1. Reduction potential (E,4) of POMs, adsorption constant (K,g),
the AO.D. values assigned to POM~ (AAO.D...4~"), and concentration of
the generated POM™ ([POM™]) observed during the 355-nm laser flash
photolysis of argon-saturated TiO,/POMs colloidal solutions.

POM E, K, AAOD,; " [POM |9
[V vs.NHE] [10*M7"] [107°M]
PW,0.~  +0218 57406 (1.0)< 0.009! 45 (1.0)°
SIW,0,"  +0.054 6.0+0.8 (1.1)€ 0.006 2.9 (0.6))
H,W,0. —0.162 2044 (35) 0,024 11 (2.4)

[a] From reference [23b]. [b] Equilibrium constants of adsorption of
POMs on the P25 TiO, powder in water (pH 1). [¢] AAO.D...,=AO.D.-
(TiO,/POM)—AO.D.(TiO,). [d] Calculated from AAO.D..4/€.q [e] Rel-
ative values. [f] At 751 nm (£,=2000 M 'cm™). [g] At 729 nm (g,q=
2100 M 'ecm™"). [h] At 689 nm (&,,q=2100 M 'cm™).

NHE) of ecz~ at pH 1,04 thus suggesting that the electron
transfer from the CB of TiO, to the POM is an exothermic
process.

To compare the scavenging efficiency of ez, the
amounts of POMs adsorbed on the surface of the TiO,
powder (P25, Japan Aerosil) were estimated from the
steady-state UV absorption measurements, and the adsorp-
tion constants (K,q) for POMs were then determined based
on the Langmuir adsorption model.'*%2%! The K, values
were determined to be 5.7, 6.0, and 20x10°m™' for
PW,,0,°", SiW,0,*, and H,W,0,", respectively. The
maximum adsorbed quantity per unit mass of TiO, was also
determined to be 20-30 umolg™', which is consistent with
that (26.7 umolg™') reported by another group.? It seems
that the amount of adsorbed POMSs on the TiO, surface de-
pends on the anion valence of the POMs. The surface of the
TiO, particles is positively charged in acidic solution, where-
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as the POMs are negatively charged, thus the adsorption of
POMs on the surface of the TiO, particles is facilitated by
simple Coulombic interactions.2**"!

As summarized in Table 1, the concentration of the gener-
ated POM~ ([POM™)) increases in the order SiW,,0," <
PW,,0," < H,W,,0,,°", while the K, values increase in
the order PW,,0,," < SiW,,0,'" < H,W,,0,,5". In partic-
ular, a relatively high POM™ concentration was observed for
PW,0,° compared with that for SiW,,O,,"", although the
K, values for PW,,0,,°~ and SiW,,0,,'" are almost identi-
cal. Therefore, we consider that the efficiency of the e™ scav-
enging process can be mainly explained in terms of the E,
values of the POMs.

One-electron oxidation of aromatic sulfides: In the presence
of (methylthio)toluene (MTT; 0.5 mM), a new absorption
band with a peak at 550 nm is clearly observed at >S5 ps, as
shown in Figure 4 A. The differential spectrum (open dia-
monds in Figure 4 A), which is obtained by subtracting the
transient absorption spectrum for the TiO,/PW,,0,°>" from
that for TiO,/PW,,0,> /MTT at 20 ps, is quite consistent
with that (broken line) of MTT'" obtained from pulse radi-
olysis measurements. As shown in Figures 4B and 4C, the
obtained kinetic traces also strongly suggest that MTT'* is
generated in the microsecond time regime (traces ¢ and d).
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Figure 4. A) Transient absorption spectra observed at 0.1 (solid squares),
0.5 (open circles), 5 (solid triangles), and 20 ps (open inverted triangles)
after the laser flash during the 355-nm laser photolysis of argon-saturated
TiO,/PW,0,,°~ colloidal solutions in the presence of MTT (0.5 mm). The
open diamonds in (A) indicate the differential transient absorption spec-
trum obtained by subtracting the transient absorption spectrum for TiO,/
PW,,0,,>~ from that for TiO,/PW,0,,> /MTT at 20 ps. The broken line
indicates the transient absorption spectrum of MTT'* generated by the
pulse-radiolysis technique. B) Time traces observed at 550 nm during the
355-nm laser flash photolysis of argon-saturated TiO, colloidal solution
in the absence (a) and presence (b) of MTT (0.5 mm), and of the TiO,/
PW,,0,,°" colloidal solution in the absence (c) and presence (d) of MTT
(0.5 mm). (C) The differential time trace obtained from trace (d) minus
trace (c) in (B). The solid line indicates the single exponential fit. D) De-
pendence of the observed one-electron oxidation reaction rates (k")
for an argon-saturated TiO,/PW,0,°> /MTT colloidal solution on the
MTT concentration.
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A slight increase in the signal intensity was observed for
bare TiO, due to the generation of MTT* (traces a and b).

The resulting MTT"* concentration for TiO,/PW,,0,,>" at
[MTT]=0.5mm was calculated to be (4.3+£0.4)x10"m
using an &55,* value of 6700 ' cm ™% This value is almost
twice that of bare TiO,. This result suggests that PW,,0,,*"
can assist in the generation of the photogenerated oxidizing
species because of its effective electron scavenging from the
CB of TiO,.

The fact that MTT* is not generated within the laser du-
ration of 5 ns indicates that MTT is not directly oxidized by
the valence band h* (hyz*) at the present concentrations.
As is well-known, hyg* is promptly scavenged by chemisor-
bed molecules that chelate the Ti atom at the surface.'™"]
This reaction is very rapid and competes with the charge re-
combination and trapping of hyg* by other surface defects.
In fact, we have observed the formation of MTT'* within
the laser duration of 5 ns during the 355-nm laser photolysis
of TiO, powder at a higher concentration of MTT (10 mm)
in acetonitrile."®! In addition, no formation of MTT'* in
the microsecond time regime was observed in the presence
of hole scavengers, such as 2-propanol and fert-butyl alcohol.
Based on these experimental results, one can consider that
the oxidizing species is one or both of h,*, OH;, and a free
OH' (OHy).

To clarify the one-electron oxidation mechanism, we esti-
mated the rate constant (k,,) from the relationship between
the observed formation rates of MTT* (k,°®) and the
MTT concentrations, as shown in Figure 4 D.

The determined k,, value of (3.5+£0.3)x10°m 's! is sig-
nificantly smaller than that of MTT ((8+2)x10°m 's™!) by
OHy in acidic water (pH 1), which was determined from the
pulse radiolysis measurements, thereby suggesting that OH;
is not the oxidizing species in the present system. As previ-
ously reported, the energy of h,* is in the range of +1.6 V
< =TiO", H*/=TiOH < +1.7V versus NHE,® which is
sufficient for the one-electron oxidation of MTT. On the
other hand, some groups have reported that OH; has a
peak at about 350 nm using a pulse-radiolysis technique.!'*!"!
The redox potential of 1.5V versus NHE for OH;", which
is insufficient for the one-electron oxidation of MTT, was
determined from the oxidation kinetics of SCN™.['! Howev-
er, it is considered that the redox potential of OHj is slightly
higher than this value because the one-electron oxidation of
aromatic sulfides such MTPM (+1.59 V versus NHE) and 2-
phenythioethanol (4+1.67 V vs. NHE) has been reported.!"”

Unfortunately, OHy" is kinetically indistinguishable from
h," in the present aqueous systems. Therefore, MTT'" was
generated by the one-electron oxidation with h,* or OH,
as given by Equations (4) and (5).

hyg* + H,O or OH™ — h," or OH; (+H™) (4)
h,* or OH, + MTT — MTT* (5)

These results present strong evidence for the indirect one-
electron oxidation of organic compounds during the TiO,
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photocatalytic reactions. The relatively small k, value is
mainly due to the steric hindrance of the TiO, surface, that
is, the decrease in the spatial freedom of the reaction and/or
the lower oxidation potentials of h,* and OH, compared
with that (+2.72V versus NHE) of OH; in an aqueous
acidic solution.®”)

We also observed the transient absorption spectra during
the 355-nm laser photolysis of argon-saturated TiO,/
PW,04° colloidal solutions in the presence of 4-(methyl-
thio)phenyl methanol (MTPM; 0.5 mm) and 4-(methylthio)-
phenylacetic acid (MTPA; 0.5 mm), as shown in Figures 5 A
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Figure 5. Transient absorption spectra observed at 0.1 (solid squares), 0.5
(open circles), 5 (solid triangles), and 20 us (open inverted triangles)
after the laser flash during the 355-nm laser photolysis of argon-saturated
TiO,/PW,,0,,°~ colloidal solutions in the presence of MTPM (0.5 mm)
(A) and MTPA (0.5 mm) (C). Time traces observed for MTPM (B) and
MTPA (D) at 550 nm during the 355-nm laser flash photolysis of an
argon-saturated TiO, colloidal solution in the absence (a) and presence
(b) of substrate (0.5 mm), and of the TiO,/PW,,0,,°" colloidal solution in
the absence (c) and presence (d) of substrate (0.5 mm).

and 5C, respectively. For both systems, and particularly in
the case of MTPA, transient absorption bands with a peak
at about 550 nm, which are assigned to MTPM'* and
MTPA"+ 4] were observed immediately after a laser flash,
clearly suggesting that the one-electron oxidation of the sub-
strate (S) occurs by hyg* on the surface of TiO, within the
laser pulse duration of 5 ns, as given by Equation (6)

hyg" +8 — S (6)

It is noteworthy that the ratio of the maximum concentra-
tion of SF ([S™*]max) for TIO)/PW,0,0>" to [S™+]mex for TiO,
increases in the order MTPA < MTPM < MTT, as sum-
marized in Table 2. The present results indicate that the
one-electron oxidation processes depend on the properties
of the organic compounds, for example the oxidation poten-
tial (E,,) and the adsorption ability. The excess adsorption
of S on the TiO, surface would inhibit this enhancement
effect due to competitive adsorption processes between S
and POMs.
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Table 2. The maximum concentration of S+ ([S'¥],..) generated during
the 355-nm laser flash photolysis of argon-saturated TiO, and TiO,/
PW,,0,,°~ colloidal solutions in the presence of substrates (S).

Substratel®! [S ™ imax™ [un] E, [ K49

TiO, TiO,/PW,,0,>" [V vs. NHE] [m7}]
MTT 026+0.03 0.43+0.04 (1.7 1.57 2045
MTPM 0.38+0.04 0.4840.05 (1.3)1 1.59 6010
MTPA 0.4340.04 0.49+0.04 (1.1 1.67 110004000

[a] At [S] of 0.5 mm. [b] Calculated from &* and AO.D. [c] From refer-
ence [10c]. [d] Ratio of [S™*]y for TiO,/PW,0,,>" to [S e for TiO,.

Electron injection from POM™* into the conduction band of
TiO,: Next, we confirmed the possibility of electron transfer
from POM™ in the excited state (POM™") using a two-color
two-laser flash-photolysis technique.

Figure 6 A shows the transient absorption spectra ob-
served after a second, 532-nm laser flash (100 mJ per pulse,
5ns FWHM) following the first 355 nm laser flash with a
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Figure 6. A) Transient absorption spectra obtained at 0.1 ps (solid
squares) before and 0.2 (open circles), 4 (solid triangles), and 20 ps (open
inverted triangles) after a second, 532-nm laser flash (100 mJ per pulse,
5 ns FWHM) following the first, 355-nm laser flash with a delay time of
1 ps during the two-color two-laser flash photolysis of an argon-saturated
TiO,/PW,,0,,>" colloidal solution. The open diamonds indicate the nor-
malized differential transient absorption spectrum obtained from open
circles (after second, 532-nm laser flash) minus solid squares (before
second, 532-nm laser flash). B) Time traces observed at 605 nm during
one-laser (a) and two-color two-laser (b) flash photolysis of the argon-sa-
turated TiO,/PW,,0,,>~ colloidal solution.

delay time of 1 ps during the two-color two-laser flash pho-
tolysis of an argon-saturated TiO,/PW,0,,°>" colloidal solu-
tion at room temperature. Bleaching of the absorption band
was clearly observed immediately after the second laser
flash, as shown in Figure 6B (trace b).

On the other hand, no detectable bleaching was observed
for the bare TiO,, which indicates that the observed bleach-
ing is due to electron injection from PW,,0,,* " into the CB
of TiO,. The spectrum that appeared immediately after the
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532-nm laser flash (open circles in Figure 6 A) is almost
identical to that before the 532-nm laser flash (solid
squares), which is mainly assigned to h,™ and PW,0,,*". A
similar tendency was observed for the other POMs. The nor-
malized differential spectrum (open diamonds) is juxtaposed
on the spectrum observed before the 532-nm laser flash,
suggesting that most of the injected e~ recombine with h,*
in TiO, within the laser duration of 5 ns, as given by Eqsua-
tions (7) and (8).

POM* + TiO, — POM + ecy™ (7)

ecg (ey ) +hy" — TiO, + hv (8)

From the & value of 2000m 'cm™' at 751 nm for
PW,0,,*",% one can estimate the decrease in concentration
of the injected e~ due to the charge recombination with h,*
as (1.6£0.2) x10~°m.

Such photostimulated charge recombination has already
been reported by Shkrob et al.’*! They found that 532- or
1064-nm laser photoexcitation of e,  generated during the
355-nm laser flash photolysis of TiO, nanoparticles causes
rapid photobleaching of the absorption bands in the visible
and near-IR regions. This photobleaching occurs within the
duration of the laser pulse (6 ns) and is caused by photoin-
duced e~ de-trapping followed by recombination of the re-
sulting free ecy” and h,, ™.

It should also be noted that a deceleration of the decay
process was observed, as shown in Figure 6 B. This decelera-
tion indicates a decrease in concentration of h, ™, which is
due to the photostimulated charge-recombination process
between injected e~ and h,,*.

Electron storage in the TiO,/PW;,0,> /MV** ternary
system: As discussed above, it is expected that irradiation of
TiO,/PW,,0,,°~ with UV or visible-light should not be effec-
tive for the photocatalytic reaction because of the fast
charge-recombination between ecz~ (e, ) and h,* via
PW,0,"". To maintain the electron trapped in PW,,0,,*"
adsorbed on the TiO, surface, we used methyl viologen
(MV?*) as an electron mediator.

As shown in Figure 7 A, the transient absorption spectra
obtained during the two-color two-laser flash photolysis of
TiO,/PW,,0,," in the presence of MV** (10 mm) are quite
similar to those obtained during the 355-nm laser flash pho-
tolysis of TiO/PW,0,,>" (Figure 2B). The extent of bleach-
ing also decreases with increasing MV?* concentration, as
shown in Figure 7B. In acidic solution, MV?* cannot be ad-
sorbed on the surface of the TiO, particles because of the
electrically positive surface due to the adsorption of H*.P!
In addition, the E,., value of MV?** (-0.45V versus
NHE)" is more negative than that of ecy™ (-0.19V vs.
NHE),? which suggests that direct electron transfer from
ecg” to MV?* is quite difficult. The fact that no recovery
was observed in the presence of neutral electron acceptors
such as chloroacetonitrile (0.16m; —0.52 V versus NHE)®!
suggests that complex formation between PW,,0,°  and
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Figure 7. A) Transient absorption spectra obtained at 0.1 pus (solid
squares) before and 0.3 (open circles), 4 (solid triangles), and 30 us (open
inverted triangles) after a second, 532-nm laser flash (100 mJ per pulse,
5 ns FWHM) following the first, 355-nm laser flash with a delay time of
1 ps during the two-color two-laser flash photolysis of an argon-saturated
TiO,/PW,,0,,>" colloidal solution in the presence of MV?* (10 mm). B)
Time traces observed at 605 nm during the two-color two-laser flash pho-
tolysis of the argon-saturated TiO,/PW,,0,* colloidal solution in the ab-
sence and presence of MV?* (1-10 mwm).

MV?* occurs. Kochi and co-workers have reported the for-
mation of charge-transfer complexes in the solid state be-
tween POM and aromatic compounds that have a cationic
pyridinium or trialkylammonium substituent.! Thus, we
considered that MV'* is generated by electron transfer from
PW,,0,*" to MV?**, where the Coulombic interaction be-
tween the anionic PW,,0,*~ and cationic MV** would sup-
port the complex formation, as given by Equation (9).

POM~ /MV*" — POM/MV* (9)

In addition, the E,.q value of MV is much more negative
than that of PW,0,5°~ (+0.218 V vs. NHE),"! thus indicat-
ing that the cascade electron transfer from MV't to
PW,,0,,’" is energetically possible. Therefore, no transient
absorption band with a peak at about 600 nm,*"! which is at-
tributable to MV'*, is observed after the second laser pulse.

Mechanisms of the POM-mediated TiO, photocatalytic
redox reactions: Figure 8 summarizes the energy diagram
for the TiO,/POM photocatalytic redox processes. For the
one-electron oxidation processes, the efficiency of the one-
electron oxidation of substrates by OH; is significantly en-
hanced due to electron transfer from the CB of TiO, to
POM. However, the excess adsorption of substrates on the
TiO, surface inhibits this enhancement effect due to com-
petitive adsorption processes between the substrates and
POM.

For the one-electron reduction processes, POM™ is gener-
ated from a one-electron reduction by eqg~ in TiO, and sub-
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Figure 8. Energy diagram for the TiO,/POM photocatalytic redox pro-
cesses. Dotted and broken arrows represent the deactivation and charge-
recombination processes between ecg~ or e,” and hygt or h,*, respec-
tively.

sequently absorbs visible light to form POM~". The generat-
ed POM ™" then injects electrons into the CB of TiO, within
the laser duration. In the presence of a cationic electron ac-
ceptor such as MV?* however, electron transfer from
POM™ to MV?* is observed. Finally, a cascade electron
transfer from MV'* to POM occurs to give POM™. Our ob-
servations clearly suggest the formation of a pre-associated
complex or a pre-associated equilibrium of POM with the
electron acceptor in aqueous solution.

Conclusion

In conclusion, we have successfully investigated the one-
electron oxidation and reduction processes of several com-
pounds during POM-mediated TiO, photocatalytic reactions
using a two-color two-laser flash-photolysis technique. It
should be noted that both processes were examined using
the same system. For the one-electron oxidation processes,
the efficiency of the one-electron oxidation of MTT by h,*
or OHy is significantly enhanced due to electron transfer
from the CB of TiO, to PW,0,,’". According to the deter-
mined K,, values between POMs and TiO,, it seems that the
efficiency of the electron transfer from the CB of TiO, to
the POM increases in the order H,W,,0,%" < SiW,;,0,*"
< PW,,0,5", that is, it depends on the E,4 values of the
POMs. For the one-electron reduction processes, we ob-
served electron injection from PW,,0,*" to the CB of
TiO,, and achieved storage of the electrons in the TiO,/
PW ;04> /MV?** ternary system using a two-color two-laser
irradiation. The present results will lead to further applica-
tion of TiO,/POM photocatalysts and demonstrate that the
two-color two-laser flash-photolysis technique is a powerful
tool for the investigation of interfacial electron transfer at
the heterogeneous surfaces of nanocomposite materials.

Experimental Section

Materials: Colloidal aqueous solutions of TiO, were prepared by the con-
trolled hydrolysis of TiCl, at 2°C. In a typical preparation, 7.58 g of fresh
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TiCl, (Wako) was slowly added dropwise over 1 h to 1 L of Milli-Q water
(2-4°C) with vigorous stirring. The 0.3 L TiO, colloidal solutions were
subsequently dialyzed at 4°C (Visking tube presoaked for one week in
approximately 2.5 L of Milli-Q water, which was replaced several times
per day), resulting in a pH of 1.0 for the colloidal solution ([Cl1 ]=4.5x%
107°m). Dynamic light scattering (Horiba, LB-550) indicated that the
mean particle size of the material was 16 nm. H;PW,04 (Aldrich),
Na,SiW,0, (Nippon Inorganic Colour &  Chemical), and
(NH,)sH,W,0,, (Aldrich) were used without further purification as the
ion source. Methyl viologen dichloride hydrate (MV>*) (Tokyo Kasei)
was used as an electron acceptor without further purification. 4-(Methyl-
thio)toluene (MTT; Tokyo Kasei) was used without further purification.
4-(Methylthio)phenyl methanol (MTPM) (Aldrich) was purified by
vacuum sublimation before use. 4-(Methylthio)phenylacetic acid (MTPA)
was recrystallized from ethanol. Chloroacetonitrile (Tokyo Kasei) was
used as an electron acceptor without further purification. 2-Propanol
(Wako) and tert-butyl alcohol (Nacalai Tesque) were used as hole scav-
engers without further purification.

Adsorption of the POMs on the TiO, surface: To estimate the amount of
adsorbed POMs on the TiO, surface, aqueous solutions (pH 1) of POMs
(0.05-0.5 mm) and the TiO, powder (P25, Japan Aerosil) (5gL™") were
sonicated for 10 min, and the TiO, particles in suspension were then com-
pletely removed by centrifugation (10000 rpm, 10 min) in a high-speed
microcentrifuge (Hitachi, himac CF16RX) at 22°C for the UV absorption
measurements. All procedures for the sample preparation were per-
formed with shielding from UV light. The steady-state UV absorption
spectra were measured with a UV-Vis-NIR spectrophotometer (Shi-
madzu, UV-3100) at room temperature.

One-laser flash photolysis: The one-laser flash-photolysis experiments
were performed by using the third harmonic generation (355 nm, 5 ns full
width at half-maximum) from a Q-switched Nd**:YAG laser (Contin-
uum, Surelite II-10) for the excitation operated with temporal control by
a delay generator (Stanford Research Systems, DG535). The analyzing
light from a 450-W Xe arc lamp (Ushio, UXL-451-0) was collected by a
focusing lens and directed through a grating monochromator (Nikon,
G250) onto a silicon avalanche photodiode detector (Hamamatsu Pho-
tonics, S5343). The analyzing lamp, sample, monochromator, and photo-
diode detector all lie on the same axis, with the excitation beam incident
at 90° to the axis. The transient signals were recorded with a digitizer
(Tektronix, TDS 580D). Suitable filters were employed to avoid stray
light and pyrolysis of the sample by the probe light. The samples were
contained in a transparent rectangular quartz cell (10x10x40 mm°®). All
measurements were carried out at room temperature. The irradiation
energy was measured using a power meter.

Two-color two-laser flash photolysis: The two-color two-laser flash-pho-
tolysis experiments were carried out using the third harmonic oscillation
(355 nm) of an Nd®*:YAG laser (Quantel, Brilliant; 5ns fwhm) as the
first laser and the 532-nm flash from a Q-switched Nd**:YAG laser (Con-
tinuum, Surelite II-10) as the second laser. The delay time of the two
laser flashes was adjusted to 1 s by the delay generators (Stanford Re-
search Systems, model DG 535). The two laser beams were adjusted so
as to overlap at the sample.

Pulse radiolysis: Pulse-radiolysis experiments were performed using an
electron pulse (28 MeV, 8 ns, 0.87 kGy per pulse) from a linear accelera-
tor at Osaka University. All experiments were performed with aqueous
acidic solutions (pH 1) that had been saturated with purified N,O gas for
a minimum of 20 min by a capillary technique. Saturation of the solution
with N,O was done to quantitatively convert all solvated electrons into
OH’ in the radiolysis experiments. The kinetic measurements were per-
formed with a nanosecond photoreaction analyzer system (Unisoku,
TSP-1000). The monitor light was obtained from a pulsed 450-W Xe arc
lamp (Ushio, UXL-451-0), which was connected to a large-current,
pulsed-power supply that was synchronized with the electron pulse. The
monitor light was passed through an iris with a diameter of 0.2 cm and
sent into the sample solution at a perpendicular intersection to the elec-
tron pulse. The monitor light passing through the sample was focused on
the entrance slit of a monochromator (Unisoku, MD200) and detected
with a photomultiplier (Hamamatsu Photonics, R2949). The transient ab-
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sorption spectra were measured using a photodiode array (Hamamatsu
Photonics, S3904-1024F) with a gated image intensifier (Hamamatsu Pho-
tonics, C2925-01) as detector.
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