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ABSTRACT: Aerobic oxidation on a heterogeneous catalyst
driven by visible light (4 >400 nm) at ambient temperature is a
very important reaction for green organic synthesis. A metal
particles/semiconductor system, driven by charge separation
via an injection of “hot electrons (e, ~)” from photoactivated
metal particles to semiconductor, is one of the promising
systems. These systems, however, suffer from low quantum
yields for the reaction (<5% at S50 nm) because the Schottky
barrier created at the metal/semiconductor interface sup-

presses the e, injection. Some metal particle systems promote aerobic oxidation via a non-e,,, -injection mechanism, but
require high reaction temperatures (>373 K). Here we report that Pt nanoparticles (~5 nm diameter), when supported on
semiconductor Ta,0s, promote the reaction without ey~ injection at room temperature with significantly high quantum yields
(~25%). Strong Pt—Ta, Oy interaction increases the electron density of the Pt particles and enhances interband transition of Pt
electrons by absorbing visible light. A large number of photogenerated ey~ directly activate O, on the Pt surface and produce
active oxygen species, thus promoting highly efficient aerobic oxidation at room temperature.

B INTRODUCTION

Aerobic oxidation by heterogeneous catalysts with O, as an
oxidant is an essential reaction for organic synthesis from the
viewpoint of green and sustainable chemistry." Photocatalytic
oxidation with O, has also been studied extensively with
semiconductor TiO,,>”® because it oxidizes several types of
substrates such as alcohols, amines, hydrocarbons, and sulfides
at room temperature. One critical issue for practical application
of the photocatalytic processes is the low catalytic activity under
irradiation of visible light (4 >400 nm), the main component of
solar irradiance. Several TiO, materials doped with nitrogen,”®
sulfur,”'® carbon,""'? or boron atoms'*'* have been proposed
to extend the absorption edge into the visible region. All of
these doped catalysts, however, suffer from low quantum yields
for the reaction (<0.5%), because they inherently contain a
large number of crystalline lattices that behave as charge
recombination centers."> The creation of visible-light-driven
photocatalysts that efficiently promote aerobic oxidation is still
a challenge.

A metal particles/semiconductor system, driven by an
absorption of visible light by metal particles,"® is one of the
promising photocatalysts for aerobic oxidation. As shown in
Scheme 1, Au'’7>* or Pt particles® >® supported on
semiconductors such as TiO,, CeO,, ZrO,, and SrTiO; absorb
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visible light and produce hot electrons (e, ) via an intra- or
interband transition of 6sp or 5d band electrons.”>' These
e are injected into the semiconductor conduction band
(CB) through the metal/semiconductor interface. The positive
charges (hot holes, 6*) formed on the metal oxidize substrates,
while the CB electrons (ecs~) are consumed by the reduction
of O,, promoting aerobic oxidation even at room temperature.
The quantum yields for the reactions are, however, <5% (at 550
nm), although much higher than those obtained by the doped
catalysts (<0.5%).”'* The rate-determining step is the
injection of e, into the semiconductor CB because it
requires the energy to overcome the Schottky barrier (¢g)
created at the metal/semiconductor interface.>>3? Develop-
ment of a new catalyst that promotes the reaction without ey~
injection is therefore a key to efficient aerobic oxidation.
Recently, some metal absorption systems that promote
reactions on the metal particles “without ey~ injection” have
been proposed.®* Laser photoexcitation (4 >450 nm) of Au
particles (ca. 10—20 nm) supported on SiO, promotes H,
dissociation (H, + D, — 2HD) at room temperature by the
enor photoformed on the Au particles.® In that, a TiO,
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Scheme 1. Aerobic Oxidation on a Metal/Semiconductor
System under Irradiation of Visible Light”
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“Ep and ¢pg [= W — y (eV)] are the Fermi level and the height of
Schottky barrier, respectively [W = work function of metal (eV); y =
electron affinity of semiconductor CB (eV)].

support is less effective because the ey~ injection into the TiO,
CB decreases the number of e;,,~ on the Au particles.3’6 Aerobic
oxidation of carbon monoxide (CO) is promoted on Pt
particles (ca. 2—3 nm) supported on a-Al,O; under visible light
irradiation by a Xe lamp with relatively high quantum yield (ca.
5% at 550 nm).>” The reaction is promoted by photoexcitation
of CO molecules adsorbed on the Pt surface. In that, a high
temperature (>373 K) is necessary for high catalytic activity.
Aerobic oxidation of ethylene (C,H, + '/,0, - C,H,0) is
promoted on Ag nanocubes (75 nm edge length) supported on
a-ALO; by visible light irradiation with a Xe lamp.*** It is
considered that, based on ab initio calculation by density
functional theory (DFT), the reaction occurs via a donation of
ey to O, adsorbed on the Ag surface. The formed anionic
oxygen species are proposed to be the active species for
oxidation, although the species are not detected directly. The
Ag/a-Al)O; system promotes the reaction with very high
quantum yield (ca. 60% at 380—800 nm) but needs high
reaction temperature (>373 K). This is probably because
vibrational activation (dissociation) of the active oxygen species
by thermal stimuli is required for oxidation.* The design of a
visible-light-driven metal particle system that promotes aerobic
oxidation at room temperature is therefore still a challenge.

Herein, we report that visible-light-induced aerobic oxidation
at room temperature is facilitated by Pt nanoparticles (~5 nm
diameter) supported on semiconductor Ta,O;. These Pt
nanoparticles possess very high electron density due to the
strong Pt—Ta,05 interaction. This enhances interband
transition of the Pt 5d electrons by absorbing visible light. A
large number of e~ produced on the photoactivated Pt
surface directly activate O, and create active peroxide species
for oxidation. The formation of the species was detected by
spectroscopic analysis. The Pt/Ta,O; catalysts successfully
promote aerobic oxidation of alcohols with significantly high
quantum yield, ~25% (at 550 nm).

B RESULTS AND DISCUSSION

Catalyst Preparation. The Pt,/Ta,O; catalyst loaded with
2 wt % Pt (= Pt/Ta,05 X 100) was prepared by impregnation
of H,PtCls-6H,0 onto Ta,05 (average particle size, 1.3 um;
BET surface area, 2.6 m* g~') followed by H, reduction at 673
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K** Transmission electron microscopy (TEM) observation

of the catalyst (Figure la and 1b) exhibits spherical Pt particles
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Figure 1. (a) Typical TEM image of Pt,/Ta,0; catalyst and (b) size
distribution of the Pt particles. (c—f) High-resolution TEM images of
the catalyst.

with an average diameter 3.6 nm. High-resolution TEM images
(Figure 1c and 1d) reveal that these particles can be indexed as
fec structures, as is the case for bulk Pt (JCPDS 04-0802). As
shown in Figure 2a, diffuse-reflectance (DR) UV—vis spectra
reveal that bare Ta,O; absorbs light at 4 <330 nm, whereas Pt,/
Ta,O5 shows a broad absorption band at 4 >350 nm, assigned
to interband transition of 5d electrons on the Pt particles.”
These data clearly suggest that visible light activates the Pt
particles but does not activate the Ta,O; support.

Catalytic Activity. High catalytic activity of Pt,/Ta,05 is
demonstrated by aerobic oxidation of 2-propanol (2-PrOH).
The reactions were performed by stirring the catalyst (10 mg)
in 2-PrOH (S mL) under an O, balloon (~1 atm) in the dark
or under visible light irradiation with a Xe lamp (1 >450 nm).
The temperature of the solution was kept rigorously at 298 +
0.5 K by a digitally controlled water bath. Figure 3 summarizes
the amount of acetone formed by 6 h reaction in the dark
(black) or under photoirradiation (white). It is noted that all of
the systems selectively produce acetone (mass balance >99%),
as is the case for related metal/semiconductor systems.'” >®
Bare Ta,0O; is inactive for the reaction in both conditions. In
contrast, Pt,/Ta,05 produces acetone relatively efficiently even
in the dark (ca. 0.3 mmol). The striking aspect of this catalyst is
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Figure 2. (a) DR UV-—vis spectra of the catalysts and (b) action
spectrum for aerobic oxidation of 2-PrOH on Pt,/Ta,O;. The
apparent quantum yield for acetone formation (®,qy) was calculated
with the equation: @,qy (%) = [{(Yyis — Yau) X 2}/(photon number
entered into the reaction vessel)] X 100, where Yy;g and Yy, are the
amounts of acetone formed under visible light irradiation (4 >450 nm)
and in the dark conditions, respectively.
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Figure 3. Amount of acetone formed by aerobic oxidation of 2-PrOH
on the respective catalysts at 298 K, (black) in the dark, (white) under
visible light irradiation (4 >450 nm; light intensity at 450—800 nm is
16.8 mW cm™), and (gray) under UV—visible light irradiation (4
>300 nm; light intensity at 300—800 nm is 21.0 mW cm™>). DR UV—
vis spectra of the catalysts are summarized in Figure S2 (Supporting
Information), and spectral irradiances for the light sources are shown
in Figure S3 (Supporting Information).

the drastic activity enhancement by visible light irradiation;
about 5 times the amount of acetone (ca. 1.6 mmol) is
produced by the irradiation of 4 >450 nm light. Other
semiconductors (TiO,, CeO,, ZrO,, and SrTiO;) loaded with
Pt or Au particles, which 8promote the reaction by the ey~
injection mechanism,'””>® exhibit only a minor activity
enhancement (<0.2 mmol) even by visible light irradiation.
In addition, Au, Ag, or Pd particles supported on Ta,O5 show
almost no activity enhancement. These data suggest that Pt
particles, when supported on Ta,Os, specifically promote
efficient aerobic oxidation under visible light irradiation.

It is generally accepted that a Pt/TiO, catalyst shows very
high photocatalytic activity under UV irradiation because Pt
particles efficiently trap the CB electrons on the photoexcited
TiO, and create a charge separated state.**”* However, as
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shown by the gray bar in Figure 3, a Pt,/TiO, catalyst, when
irradiated by UV—visible region light (4 >300 nm), produces
only a small amount of acetone (ca. 0.25 mmol). This
emphasizes extraordinary high catalytic activity of Pt,/Ta,0s
under visible light irradiation. It must be noted that, as shown
in Figure S1 (Supporting Information), Pt,/Ta,0Os maintains its
activity even after prolonged photoirradiation (~36 h),
indicating that the catalyst is stable under photoirradiation.

Figure 2b shows the action spectrum for aerobic oxidation of
2-PrOH on Pt,/Ta,O5 obtained by monochromatic light
irradiation. A good correlation is observed between the
absorption spectrum of the catalyst and the apparent quantum
yields for acetone formation (®,qy). This suggests that
interband transition of Sd electrons on the Pt particles by
absorbing visible light indeed promotes the reaction. It is noted
that the ®,qy obtained by 550 nm light irradiation is ~25%,
which is much higher than that for early reported metal
nanoparticle/semiconductor systems (<5%)"’>® and doped
catalysts (<0.5%). '

No e}, Injection from Pt to Ta,0s5. On Pt,/Ta,Oq, the
enoe  produced on the photoactivated Pt particles are not
injected into the Ta,Og5 CB. The work function of the Pt
particles (average diameter: 3.6 nm) is determined to be W =
6.0 eV,*~* and the electron affinity of Ta,O5 CB is y = 3.2
eV.>%*! The height of Schottky barrier created at the Pt—Ta,Oy
interface is therefore calculated with the equation, ¢pg = W —
2777 to be 2.8 eV (1 = 443 nm). This is larger than the energy
of light irradiated in the present photoreaction system (4 >450
nm). This suggests that, on Pt/Ta,O;, the high ¢y suppresses
the ey, injection from Pt particles to Ta,O5 CB. The no ey~
injection is confirmed by electron spin resonance (ESR)
analysis of the catalysts. The Pt,/TiO, catalyst, which gromotes
aerobic oxidation by the ey~ injection mechanism, 5728 was
irradiated by visible light (4 >450 nm) with O, at 298 K. As
shown by the blue line in Figure 4a, the sample, when subjected
to ESR analysis at 77 K, shows strong signals assigned to
superoxide anion formed on the TiO, surface (g,, = 2.002, &y =
2.009, g, = 2.028).52 This suggests that, as shown in Scheme 1,
the e, photoformed on the Pt particles are indeed injected

a) Pt/TiO,

b) Pty/Ta,05

T
2.00
g factor

2.04

Figure 4. ESR spectra of (a) Pt,/TiO, and (b) Pt,/Ta,05 measured
with O, at 77 K. The catalysts were left at 298 K with 20 Torr of O,
(black) in the dark or (blue) under visible light irradiation (1 >450
nm) for 3 h. After evacuation, the respective samples were subjected to
analysis at 77 K.
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into the TiO, CB and reduce O, on the TiO, surface. In
contrast, as shown by the blue line in Figure 4b, visible light
irradiation of Pt,/Ta,O4 with O, does not create superoxide
signal. This clearly indicates that ey,  injection from Pt
particles to Ta,Og does not occur.

Catalysis Mechanism on Pt/Ta,0s;. Mechanism for
aerobic oxidation on Pt/Ta,Os can be explained by Scheme
2. In the dark condition, Pt particles partially donate their 5d

Scheme 2. (A) Energy Diagram and (B) Proposed
Mechanism for Aerobic Oxidation on Pt/Ta,0; in the Dark
or under Visible Light

E\/B

electrons (es3”) to LUMO (7%) of O, (Scheme 2A.a).37>°
This activates O, and produces anionic peroxo species (Ptsy—
0—0°", Scheme 2B.a).***’ Visible light absorption of the Pt
particles promotes interband transition of their eg4~, producing
a large number of e, (Scheme 2A.b and 2B.b). The e, also
activate O, by partial electron donation (Scheme 2A.c),*
producing a large number of anionic peroxo species (Pt;,o,—O—
0°; Scheme 2B.c). These peroxo species (Pt;q—O—0°" and
Pt,,,c—O—0%") behave as the active species for oxidation: they
abstract the a-hydrogen of alcohos and produce alcoholate and
hydroperoxide species on the Pt surface (Scheme 2B.d).**
Subsequent abstraction of p-hydrogen from the alcoholate
species produces the corresponding carbonyl product (Scheme
2B.e).

Formation of Peroxo Species. In the present Pt/Ta,Oq
system, anionic peroxo species (Pt,,,—O—0°") formed by e;,,,~
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donation to O, on the Pt surface act as the active species. As
reported,® aerobic oxidation of ethylene on the Ag/a-ALO;
catalyst under visible light irradiation is also considered to occur
via ey, donation to O, on the Ag surface. Similar anionic
peroxo species (Ag—O—O‘S_) are proposed to act as active
species based on the DFT calculation. The formation of the
Pty —O—0°" species (Scheme 2B.c) on the Pt surface by
visible light irradiation is confirmed by the diffuse-reflectance
infrared Fourier transform (DRIFT) analysis of O, adsorbed
onto the catalysts. As shown in Figure Sa, bare Ta,0 measured

Pthof—Ol—OS‘

F(R,)|0.05

¢) Pt,/TiO,
d) Pt,/CeO,
e) Pt,/ZrO,

0 min
f) Pt,/Ta,O5
(+ 2-PrOH)
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2100 2000 1900
v/iem™

Figure S. (a—e) DRIFT spectra of O, adsorbed onto the catalysts,
measured (black) in the dark at 303 K, (green) in the dark at 343 K,
(blue) under 450 nm light irradiation at 303 K, or (red) under 450 nm
light irradiation at 343 K. The catalyst (20 mg) was evacuated (6.8 X
1073 Torr) at 423 K for 3 h. O, (1.5 Torr) was introduced to the cell
at the designated temperature and left for 1 h in the dark or under
photoirradiation. (f) Time-dependent spectral change (intervals: §
min) monitored in the dark at 303 K after addition of 2-PrOH (7.5 X
107" Torr) to the Pt,/Ta,O; sample obtained after 450 nm light
irradiation at 303 K with O, for 1 h (sample b, blue).

with O, shows almost no signal in the dark (black) or under
irradiation of 450 nm light (blue). In contrast, as shown in
Figure Sb (black), Pt,/Ta,O5 measured with O, in the dark
creates a band at 2037 cm ™}, assigned to O—O vibration of
peroxo species.”” This suggests that, as shown in Scheme 2A.a
and 2B.a, the peroxo species (Ptg—O—0°") are indeed
produced by partial es;~ donation to 0,°*%” In contrast,
visible light irradiation of Pt,/Ta,Og with O, (Figure Sb, blue)
creates a very strong O—O band at the blue-shifted position
(2048 cm™). This suggests that, as shown in Scheme 2A.c and
2B.c, a large number of more anionic peroxo species (Pt,,,—O—
0°") are indeed produced via a strong e;,,,~ donation to O,. It
is noted that, as shown in Figure Sb (green), the Pt,/Ta,O;
catalyst, when treated with O, at high temperature (343 K) in
the dark, shows a red-shifted signal at 2037 cm™, which is
similar to that obtained in the dark at 303 K (black). This
indicates that, under present photoirradiation conditions,
photothermal conversion® on the Pt particles does not

occur.® 7% This again suggests that, as shown in Scheme
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2A.c and 2B.c, visible light irradiation of the Pt/Ta,Oy catalyst
produces peroxo species (Pthot—O—O‘s_) via an ey, donation
to O,.

In contrast, as shown in Figure S5c—e, Pt,/TiO,, Pt,/CeO,,
and Pt,/ZrO, do not show O—O band even under visible light
irradiation. The O—O band intensities on the respective
catalysts are consistent with the activity data (Figure 3). This
suggests that, on Pt/Ta,Oy;, the enhanced e~ formation on
the Pt particles efficiently activates O, and produces a large
number of peroxo species; this is the crucial factor for high
catalytic activity. Figure 5f shows the time-dependent change in
the Pt,,,,—O—0°%" signal on the Pt,/Ta,Oj catalyst, when left in
the dark at 303 K after addition of 2-PrOH in the gas phase.
The signal decreases with time, and GC analysis of the fouling
on the resulting catalyst detected a formation of acetone. These
findings clearly suggest that abstraction of alcohol hydrogen by
the peroxo species (Scheme 2B.c — d) indeed promotes
aerobic oxidation.

Electron Density of Pt Particles on Ta,Os. The efficient
ey, formation on the Pt particles, when supported on Ta,Oj,
is due to the high electron density of the Pt particles by strong
Pt—Ta,O; interaction. The Fermi levels of Pt and Ta,O; lie at
—5.65 eV (bulk)* and —4.25 eV,* respectively (from vacuum
level), indicating that there is a large Fermi level difference
between Pt and Ta,Os. Strong metal—support interaction,**®*
if it occurs, may therefore promote electron donation from
Ta,O; to Pt for the Fermi level balancing and result in high
electron density of Pt particles. X-ray photoelectron spectros-
copy (XPS) of the catalysts confirms this. As shown in Figure
S4 (Supporting Information), the Pt/Ta,Oy catalyst exhibits Pt
4f 5/2 and 7/2 peaks at 73.0 and 69.7 eV, respectively. In
contrast, the Pt peaks for other catalysts (Pt/TiO,, Pt/CeO,,
and Pt/ZrO,) appear at higher binding energy. This indicates
that the Pt particles on Ta,O; are indeed charged more
negatively. These data clearly indicate that strong Pt—Ta,O;
interaction enhances electron donation from Ta,O; to Pt at the
interface and, hence, increases electron density of the Pt
particles.%’

It is well-known that a reducible metal oxide support is
crucial for strong metal—support interaction, where the oxygen
vacancies of the support adjacent to the reduced metal cations
facilitate strong adhesion of metal.>® A correlation between the
reducibility of supports and the interaction strength with metal
indicates strong metal—Ta,O4 interaction.”” Strong Pt—Ta,04
interaction is supported by HRTEM observations. As shown in
Figure 2e,f, the Pt(111) plane is adsorbed onto the Ta,04(023)
plane. Their lattice spacings are determined to be 0.227 and
0.240 nm, respectively. A good agreement of the spacings
(deviation: ~6%) indicates epitaxial growth of Pt particles on
the Ta,05(023) plane.”"”* These data suggest that strong
adhesion of Pt onto the oxygen vacancies of Ta,Os surface
facilitates strong Pt—Ta,Oj interaction.

The high electron density of the Pt particles on Ta,Oy is
further confirmed by DRIFT analysis of carbon monoxide
(CO) adsorbed onto the Pt particles, because the stretching
frequency of the adsorbed CO depends strongly on the
electron density of metal particles.’””* Figure 6 shows the
DRIFT spectra of CO adsorbed onto the catalysts at 303 K.
Bare Ta,0; measured in the dark (Figure 6a) shows almost no
signal, indicating that its surface is inactive for CO adsorption.
As shown in Figure 6b (black), Pt,/Ta,O;5 shows a CO
stretching band at 2046 cm™. Other Pt-loaded catalysts show
blue-shifted bands (Figure 6c—e). This indicates that the Pt
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Figure 6. DRIFT spectra of CO adsorbed onto the catalysts (black) in
the dark or (blue) under 450 nm light irradiation at 303 K. The
catalysts (20 mg) were evacuated (6.8 X 10~ Torr) at 423 K for 3 h.
CO (1.5 Torr) was introduced into the cell at 303 K and left for 1 h in
the dark or under photoirradiation.

particles on Ta,O; indeed possess high electron density. The
XPS and DRIFT data therefore imply that the high electron
density of the Pt particles on Ta,Os enhances interband
transition of esq” and produces a large number of e~

As shown in Figure 6b (blue), CO molecules, when adsorbed
onto Pt,/Ta,O5 under 450 nm light irradiation, exhibit a red-
shifted and stronger stretching at 2040 cm™". This indicates that
the Pt particles are charged more negatively by visible light
irradiation. This is because CO molecules are strongly adsorbed
onto the Pt surface via stronger electron donation from the
photoformed ey, ~. This is consistent with the DRIFT data for
the formation of peroxo species (Figure Sb, blue). The results
strongly support the proposed mechanism for efficient aerobic
oxidation via O, activation by the photogenerated ey~
(Scheme 2).

Effect of Pt Amount. The catalytic activity of the e, -
induced aerobic oxidation on Pt/Ta,O; depends on the
amount of Pt loaded. The Pt,/Ta,O; catalysts with different
Pt loadings [x (wt %) = Pt/Ta,O5 X 100; x = 0.5—3 wt %]
were prepared by H, reduction at 673 K. As shown in Figure 7a
(orange), these catalysts contain Pt particles with similar sizes
(3.6—3.8 nm). The black and white bars show the amounts of
acetone formed by aerobic oxidation of 2-PrOH on the
catalysts for 6 h in the dark or under irradiation of visible light,
respectively. The activity enhancement by photoirradiation
increases with the Pt loadings because an increased number of
surface Pt atoms produces a larger number of e,,,~. Among the
catalysts, Pt,/Ta,O5 shows the largest activity enhancement,
and further Pt loadings (x > 2.5) are ineffective. This is because,
as often observed for related metal/semiconductor systems,74
larger Pt loadings lead to an inefficient electron donation from
Ta,O; to Pt and creates Pt particles with lower electron density.
This is confirmed by higher binding energy for the Pt XPS
peaks of Pt;/Ta,Os than that of Pt,/Ta,O; (Figure S$4,
Supporting Information). As a result of this, the Pt,/Ta,O;
catalyst containing Pt particles with high electron density
enhances interband transition of their ejq” and exhibits the
highest activity enhancement by visible light irradiation.

DOI: 10.1021/jacs.5b04062
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Figure 7. Effect of (a) Pt loading (x) of Pt,/Ta,O; catalysts and (b)
H, reduction temperature of Pt,/Ta,0O; catalysts on the amount of
acetone formed by aerobic oxidation of 2-PrOH (6 h reaction),
performed (black) in the dark or (white) under visible light irradiation
at 298 K. The reaction conditions are identical to those in Figure 3.
Circles denote the average diameters of Pt particles on the respective
catalysts. The H, reduction temperature for the catalysts (a) is 673 K,
and the Pt loading of the catalysts (b) is 2 wt %, respectively. Typical
TEM images of the catalysts and size distributions of the Pt particles
are summarized in Figure SS (Supporting Information).

Effect of Pt Particle Size. The size of Pt particles also
affects the catalytic activity. The Pt,/Ta,O; catalysts were
prepared by H, reduction at different temperatures (673—873
K) while maintaining 2 wt % Pt loading. As shown in Figure 7b
(orange), the size of Pt particles increases with a rise in
reduction temperature due to the sintering of Pt particles.” It is
noted that, as shown in Figure S6 (Supporting Information), X-
ray diffraction (XRD) patterns of the catalysts reveal that phase
transition of Ta,O5 support scarcely occurs during H, reduction
at this temperature range. As shown by the bar data in Figure
7b, the increase in the Pt particle size significantly decreases the
activity enhancement by visible light irradiation. The size
increase decreases the number of surface Pt atoms. This may
decrease the number of ey, probably resulting in decreased
activity enhancement. These data indicate that the Pt/Ta,Oq
catalyst with 2 wt % Pt, containing <S5 nm Pt particles,
efficiently promotes interband transition of their ey~ and
exhibits the largest activity enhancement by visible light
irradiation.

Effect of Reaction Temperature. The catalytic activity of
Pt,/Ta,O5 is also affected by reaction temperature. Figure 8
summarizes the results of aerobic oxidation at different reaction
temperatures on the Pt,/Ta,O; catalyst prepared by H,
reduction at 673 K. The dark activity (black bars) increases
with a rise in reaction temperature because this enhances the
esq~ donation to 0,>>7*° and produces a larger number of
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Figure 8. Effect of reaction temperature on the amount of acetone
formed during oxidation of 2-PrOH (6 h reaction) with Pt,/Ta,0;
catalyst, performed (black) in the dark or (white) under visible light
irradiation. The reaction conditions are identical to those in Figure 3.

active peroxo species (Pt;;—O—0°"), as shown in Scheme 2A
and 2B.a. In contrast, under visible light irradiation (white
bars), the highest activity is obtained at 298 K, and the activity
decreases at lower or higher temperature. Two factors may
affect the reaction. The activity decrease at <298 K is probably
due to the decrease in electron conductivity of Pt particles with
decreasing temperature.”>””’ This may suppress the ey~
formation on the Pt surface and, hence, decrease the catalytic
activity.

In contrast, the activity decrease at higher temperature is
probably due to the enhanced egq~ donation to O,. This may
suppress interband transition of es4” and results in decreased
eno formation. As shown in Figure 8, a rise in temperature at
>298 K decreases the photocatalytic activity while increasing
the dark activity, and almost no photocatalytic reaction occurs
at >333 K. This means that acceleration of the dark reaction at
higher temperature suppresses photocatalytic reaction. This is
confirmed by DRIFT analysis. As shown by the black line
(Figure Sb), Pt,/Ta,O5 measured with O, at 303 K in the dark
shows a peak at 2037 cm™!, assigned to the Pty;—O—0°"
species formed via an egq~ donation to O,. As shown by the
green line, the sample, when measured at 343 K in the dark,
shows a stronger peak at the same position, indicating that egq~
donation to O, is accelerated by thermal activation of esq~ at
higher temperature. In contrast, as shown by the blue line, the
sample measured at 303 K under visible light irradiation shows
a peak at 2048 cm™, assigned to the Pt,,—O—0°" species
formed via an ey~ donation to O,. However, as shown by the
red line, the sample measured at 343 K under visible light
irradiation shows a red-shifted peak at 2037 cm™’, which is
similar to that measured at 343 K in the dark (green). These
data suggest that the ey~ formation is suppressed at higher
temperature. Thermal activation of esq” at higher temperature
enhances the ey~ donation to O,. This may suppress the
interband transition of egy” and results in decreased ey~
formation.

The above findings suggest that visible light irradiation at
around room temperature is the condition suitable for
maximizing the activity of the Pt,/Ta,O; catalyst for aerobic
oxidation. It must be noted that, at this photoirradiation
condition, the Pt,/Ta,O5 catalyst selectively oxidizes various
types of alcohols. As summarized in Table S1 (Supporting
Information), reactions of aliphatic (linear and cyclic) and
benzylic alcohols on Pt,/Ta,O5 successfully produce the
corresponding aldehydes and ketones with very high yields
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(>90%), even in the presence of electron-withdrawing Cl and
NO, substituents.

B CONCLUSION

We found that Pt nanoparticles (~5 nm diameter), when
supported on Ta,Os, behave as visible-light-driven catalysts for
efficient aerobic oxidation at room temperature. Visible light
absorption of the Pt particles produces a large number of ey~
via the enhanced interband transition of their Sd electrons.
They activate O, and produce a large number of peroxide
species behaving as key active species for oxidation. The basic
concept presented here, based on the enhanced e;,,~ formation
on the metal particles by an appropriate semiconductor support
and the promotion of photocatalysis without e~ injection into
the semiconductor CB, may contribute to the creation of more
active catalyst driven by visible light and to the design of
sunlight-driven organic synthesis.

B EXPERIMENTAL SECTION

General. All of the reagents used were supplied from Wako, Tokyo
Kasei, and Sigma-Aldrich and used without further purification. Water
was purified by the Milli Q system. Ta,0;5 and SrTiO; were purchased
from Wako. TiO, (JRC-TIO-1 and JRC-TIO-4), ZrO, (JRC-ZRO-3),
and CeO, (JRC-CEO-3) were kindly supplied from the Catalyst
Society of Japan (Japan Reference Catalyst). These properties are
summarized in Table S2 (Supporting Information).

Catalyst Preparation. Pt,/Ta,O; [x (wt %) = Pt/Ta,O5 X 100; x
= 0.5, 1, 1.5, 2, 2.5, or 3] were prepared as follows: Ta,05 (1 g) was
added to water (40 mL) containing H,PtCl,-6H,0 (13.3, 26.8, 40.4,
54.2, 68.1, or 82.1 mg). The solvents were removed by evaporation at
353 K with vigorous stirring for 12 h. The obtained powders were
dried under air flow and reduced under H, flow at the identical
temperature. Unless otherwise noted, the H, reduction was carried out
at 673 K. The heating rate was 2 K min™", and the holding time at the
designated temperature was 2 h, respectively. Pt,/TiO, (JRC-TIO-1),
Pt/CeO,, Pt,/ZrO,, and Pt,/SrTiO; were prepared in a similar
manner to that of Pt,/Ta,0s. Ag,/T2,05 and Pd,/Ta,05 were also
prepared in a similar manner, with AgNO; (32 mg) or Pd(NO;), (44
mg) as a metal source.

Au,/Ta,05 and Au,/TiO, were prepared by a deposition—
precipitation method."” Ta,O or TiO, (JRC-TIO-4, 1 g) was added
to water (50 mL) containing HAuCl,-4H,0 (46 mg). The pH of the
solution was adjusted to ~7 with 1 mM NaOH, and the solution was
stirred at 353 K for 3 h. The particles were recovered by centrifugation,
washed thoroughly with water, and dried at 353 K for 12 h. The
powders were calcined under air flow, where the heating rate was 2 K
min~" and the holding time at 673 K was 2 h, respectively.

Photoreaction. Catalyst (10 mg) was added to 2-PrOH (S mL)
within a Pyrex glass tube (¢ 12 mm; capacity, 20 mL). The tube was
sealed with a rubber septum cap. The catalyst was dispersed well by
ultrasonication for S min, and O, was bubbled through the solution for
5 min. The tube with an O, balloon was immersed in a temperature-
controlled water bath, and the temperatures of the solutions were kept
rigorously at the designated temperature (deviation: +0.5 K).'” The
tube was photoirradiated with magnetic stirring using a 2 kW Xe lamp
(USHIO Inc, 4 >300 nm). The light intensity at 300—800 nm was
21.0 mW cm ™2 A glass filter (CS3-72; Kopp Glass Inc.) was used to
give light wavelength at A >450 nm, where the light intensity at 450—
800 nm was 16.8 mW cm™2 After photoreaction, the catalyst was
recovered by centrifugation, and the resulting solution was analyzed by
GC-FID (Shimadzu, GC-1700).

Action Spectrum Analysis. Catalyst (8 mg) was suspended in 2-
PrOH (2 mL) within a Pyrex glass tube (¢ 12 mm; capacity, 20 mL).
The tube was sealed with a rubber septum cap. The catalyst was
dispersed well by ultrasonication for 5 min, and O, was bubbled
through the solution for S min. The tube with an O, balloon was
photoirradiated with magnetic stirring by a 2 kW Xe lamp (USHIO

9330

Inc.), where the incident light was monochromated by band-pass glass
filters (Asahi Techno Glass Co.).*> The full-width at half-maximum
(fwhm) of the lights was 11—16 nm. The temperature of the solutions
during photoirradiation was kept at 298 + 0.5 K in a temperature-
controlled water bath. The photon number entered into the reaction
vessel was determined with a spectroradiometer (USR-40; USHIO
Inc.).

ESR Measurement. ESR spectra were recorded at the X-band
using a Bruker EMX-10/12 spectrometer with a 100 kHz magnetic
field modulation at a microwave power level of 10.0 mW, where
microwave power saturation of the signal does not occur.”” The
magnetic field was calibrated with 1,1’-diphenyl-2-picrylhydrazyl
(DPPH). Catalyst (10 mg) was placed in a quartz ESR tube and
evacuated at 423 K for 3 h. After cooling the tube to room
temperature, O, (20 Torr) was introduced to the tube and left for 3 h
at 298 K in the dark or under photoirradiation using a Xe lamp (2 kW;
USHIO Inc.) at 4 >450 nm (with CS3-72; Kopp Glass Inc.). The ESR
tube was then evacuated for 10 min to remove the excess amount of
O, and subjected to analysis at 77 K.

DRIFT Analysis. The spectra were measured on a FT/IR-610
system (JASCP Corp.),”® equipped with an in situ DR cell (Heat
Chamber HC-500, ST Japan, Inc.). The catalyst (20 mg) was placed in
the DR cell, and the cell was evacuated (6.8 X 107> Torr) at 423 K for
3 h. O, or CO (1.5 Torr) was introduced to the cell at the designated
temperature. The cell was left at the temperature for 3 h in the dark or
under irradiation of 450 nm monochromatic light with a Xe lamp (300
W; Asahi Spectra Co. Ltd.; Max-302) equipped with 450 nm band-
pass filter. The fwhm of the light was 10 nm, and the light intensity
was 68 W cm ™, respectively. The cell was then evacuated for 10 min
to remove the excess amount of O, or CO and subjected to analysis at
303 K.

Other Analysis. TEM observations were performed on a FEI
Tecnai G2 20ST analytical electron microscope operated at 200 kV.”
XRD patterns were measured on a Philips X'Pert-MPD spectrometer.
XPS measurements were performed using a JEOL JPS9000MX
spectrometer with Mg Ka radiation as the energy source. C 1s binding
energy at 284.8 eV was used as a reference for the calibration of XPS
lines.”® Diffuse-reflectance UV—vis spectra were measured on an UV—
vis spectrometer (Jasco Corp; V-S5O with Integrated Sphere
Apparatus ISV-469) with BaSO, as a reference.
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