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ABSTRACT Visible light irradiation (A > 450 nm) of Pt—Cu bimetallic alloy
nanoparticles (~3—5 nm) supported on anatase Ti0, efficiently promotes aerobic
oxidation. This is facilicated via the interband excitation of Pt atoms by visible light
followed by the transfer of activated electrons to the anatase conduction band.
The positive charges formed on the nanoparticles oxidize substrates, and the

conduction band electrons reduce molecular oxygen, promoting photocatalytic

cycles. The apparent quantum yield for the reaction on the Pt—Cu alloy catalyst is

~17% under irradiation of 550 nm monochromatic light, which is much higher than that obtained on the monometallic Pt catalyst (~7%). Cu alloying
with Pt decreases the work function of nanoparticles and decreases the height of the Schottky barrier created at the nanoparticle/anatase heterojunction.
This promotes efficient electron transfer from the photoactivated nanoparticles to anatase, resulting in enhanced photocatalytic activity. The Pt—Cu alloy

catalyst is successfully activated by sunlight and enables efficient and selective aerobic oxidation of alcohols at ambient temperature.
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erobic oxidation by heterogeneous
Acatalysts with molecular oxygen (0,)

is an indispensable process for the
synthesis of chemicals from the viewpoint
of green chemistry." Photocatalytic oxida-
tion with O, has also been studied exten-
sively with semiconductor titanium dioxide
(TiO,);?~® several types of substrates such as
alcohols, amines, hydrocarbons, and sul-
fides are successfully oxidized at atmo-
spheric pressure and room temperature.
One of the critical issues for practical appli-
cation of the photocatalytic processes is the
low catalytic activity under irradiation of
visible light (1 > 400 nm), the main compo-
nent of solar irradiance. Several TiO, materi-
als doped with nitrogen,”® sulfur,®'® car-
bon,'"'? or boron atoms'>'* have been
proposed to extend the absorption edge
into the visible region. These doped cata-
lysts, however, suffer from low quantum
yields for reaction (<0.5%) because they in-
herently contain a large number of crystalline
lattices that behave as charge recombina-
tion centers.'® Design of visible-light-driven
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catalysts that promote efficient aerobic oxi-
dation is still a challenge.

Metal nanoparticle/semiconductor het-
erojunction is one powerful system for the
creation of photocatalysts activated by visi-
ble light.'® Earlier, we reported that gold
(Au) nanoparticles loaded on TiO, promote
aerobic oxidation under visible light.'” The
reaction is promoted via the absorption of
visible light by the Au nanoparticles due to
the resonant oscillation of free electrons
coupled by light, known as localized surface
plasmon resonance.'® Collective oscillation
of 6sp band electrons (e ™) on the surface Au
atoms promotes intraband transition to the
sp conduction band. The e™ is transferred
to the TiO, conduction band. The positive
charge formed on the surface of Au particles
oxidizes the substrate, while the e~ on the
TiO, conduction band is consumed by the
reduction of O,. This catalytic cycle success-
fully promotes aerobic oxidation of sub-
strates even at room temperature. The
apparent quantum yield for oxidation of
alcohol determined by the irradiation of
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Scheme 1. Proposed mechanism for electron transfer from
photoactivated Pt particles to anatase. Ex and ¢g denote
the Fermi level and the height of the Schottky barrier,
respectively.

550 nm monochromatic light is 3.8%, which is much
higher than that obtained with the doped catalysts
(<0.5%).”~'* The metal/semiconductor system is che-
mically stable even under aerated conditions as com-
pared to the doped catalysts and shows a potential as a
visible-light-driven catalyst.

Platinum (Pt) nanoparticles also absorb light in the
visible region due to the interband transition of 5d
band e to the sp conduction band,'® as schematically
shown in Scheme 1. Very recently, we found that Pt
nanoparticles loaded on anatase TiO, (Pt/anatase)
efficiently promote aerobic oxidation under visible
light irradiation.'® The apparent quantum yield for
the reaction is 7.1% (550 nm), which is much higher
than that obtained with the Au catalyst (3.8%). The very
high activity is due to the strong affinity between Pt
nanoparticles and the anatase surface.?° This facilitates
efficient e transfer from the photoactivated Pt parti-
cles to anatase.

We then explored further activity improvement of
the Pt/anatase system. The rate-determining step for
this system is the e~ transfer from photoactivated
nanoparticles to anatase. As shown in Scheme 1, the
metal/semiconductor heterojunction creates a Schott-
ky barrier (¢g) at the interface.?’ Photoactivated e~ on
the Pt particles must therefore overcome this barrier
and is transferred to anatase. This implies that the
height of ¢g strongly affects the efficiency for e~
transfer. The ¢g is defined as the difference between
the work function of metal (W) and the electron affinity
of the semiconductor conduction band (y):*2

dg =W —y (1)

It is well-known that the work function of metal
decreases by the alloying of other metal components
with a lower work function.”®** This suggests that
alloying of other metal with Pt would decrease the
work function of Pt nanoparticles. This may decrease
¢ and promote efficient e transfer from nanoparti-
cles to anatase.
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Here we report that bimetallic alloy nanoparticles
consisting of Pt and copper (Cu), supported on anatase
TiO,, significantly enhance aerobic oxidation under
visible light. The apparent quantum yield for the reac-
tion, 17% (550 nm), is more than double that obtained
with monometallic Pt catalyst (7.1%).'° The activity of
this alloy system depends strongly on the mole ratio of
Pt and Cu and the size of alloy particles. The catalyst
loaded with alloy nanoparticles, consisting of 80 mol %
of Ptand 20 mol % of Cu with 3—5 nm diameter, exhibits
the highest activity. The catalyst is successfully activated
by sunlight and enables efficient and selective aerobic
oxidation of alcohols at ambient temperature.

RESULTS AND DISCUSSION

Preparation and Properties of Bimetallic Catalysts. Pt—Cu
bimetallic alloy particles were loaded on anatase TiO,
(Japan Reference Catalyst, JRC-TIO-1; average particle
size, 21.1 nm; Brunauer—Emmett—Teller (BET) surface
area, 81 m? g ") by the impregnation of Pt and Cu
precursors followed by reduction with H,:*>?® Anatase
particles were added to water containing H,PtCls and
Cu(NOs),, and the water was evaporated with stirring.
The resultant mixture was calcined in air for 2 h and
reduced with H, for 2 h at 673 K, affording Pt;_,Cu,/
anatase catalysts as brown powders. The total metal
loading on the support is set at 0.4 mol % [= (Pt 4+ Cu)/
anatase x 100], and x denotes the mole fraction of Cu
in the alloy [x = Cu/(Pt + Cu)].

Figure 1a shows a typical transmission electron
microscopy (TEM) image of Pt gCug,/anatase. Small
nanoparticles were highly dispersed on the support. As
shown in Figure 1c—h, high-resolution TEM images
showed metal particles indexed as face-centered
cubic (fcc) cuboctahedron structures. The average di-
ameter of the particles (d) was calculated to be 3.4 nm
(Figure 1b). As shown in Figure S1 (Supporting
Information), Pt;/anatase, Pty 4Cug¢/anatase, and Cu;/
anatase catalysts contain metal particles with similar
diameters (3.3, 3.4, and 3.3 nm, respectively), indicating
that Cu alloying scarcely affects the size of metal
particles.

X-ray photoelectron spectroscopy (XPS) of the alloy
catalysts (Figure S2, Supporting Information) shows Pt
4f peaks (70 and 74 eV) and a Cu 2p peak (~932 eV).?’
As observed for related Pt—Cu alloy systems,?® 3 the
increase in Cu amount shifts the Cu peak to lower
binding energy due to the expansion of atomic dis-
tance, although the Pt peak scarcely shifts. The surface
Pt/Cu ratio of metal particles on PtygCug>/anatase
determined by XPS analysis is 4.02 mol/mol. This is
similar to the ratio of the total amount of Pt and Cu
(3.95 mol/mol) in the catalysts determined by the
inductively coupled plasma (ICP) analysis and the aver-
age Pt/Cu ratio (3.90 mol/mol) determined by the
energy-dispersive X-ray spectroscopy (EDX) of some
metal particles (Figure S3, Supporting Information).
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Figure 1. (a) Typical TEM image of Pty gCu, y/anatase cata-
lyst (0.4 mol % of metal loading) and (b) size distribution of
metal particles. (c—h) High-resolution TEM images.

In addition, as shown in Figure 1c—h, the lattice
spacing of alloy particles (111) determined by TEM
observation (0.223 nm) is between the lattice spacing
for standard Pt(111) (JCPDS 04-0802, 0.226 nm) and
Cu(111) (JCPDS 04-0836, 0.209 nm) and is the same as
the value calculated based on Vegard's law (0.223 nm).
These data suggest that Pt and Cu components in the
alloy particles are mixed homogeneously. As shown in
Figure 2, diffuse-reflectance UV—vis spectrum of Pt;/
anatase shows a broad absorption band at A > 400 nm,
assigned to the interband transition of Pt particles.®’
Cu,/anatase shows similar absorption at 1 > 400 nm,
assigned to the light scattering by the Cu particles. 333
As a result of this, Pt—Cu alloy catalysts exhibit similar
absorption spectra independent of their Pt/Cu ratio.
Photocatalytic Activity of Alloy Catalysts. The activity of
alloy catalysts was tested by oxidation of benzyl
alcohol, a typical aerobic oxidation.>* The reactions
were performed by stirring a toluene solution (5 mL)
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Figure 2. Diffuse-reflectance UV—vis spectra of Pt,_,Cu,/
anatase (0.4 mol % of metal loading).
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Figure 3. Amount of benzaldehyde formed by aerobic
oxidation of benzyl alcohol with respective catalysts
(0.4 mol % of metal loading), (black) in the dark, or (white)
under irradiation of visible light (1 > 450 nm; light intensity
at 450—800 nm, 16.8 mW cm?).

containing benzyl alcohol (0.1 mmol) and catalyst
(5 mg) with O, (1 atm). The temperature of the solution
was kept continuously at 298 + 0.5 K by a digitally
controlled water bath. Figure 3 summarizes the
amount of benzaldehyde produced by 4 h reaction
with respective catalysts in the dark or visible light
irradiation by a Xe lamp (1 > 450 nm). It is noted that
both reactions selectively produce benzaldehyde
(mass balance: >99%). In the dark (black), bare anatase
promotes almost no reaction, but Pt;/anatase pro-
duces 3 umol of benzaldehyde due to the catalytic
activity of Pt particles.3>*® The increase in Cu amount
decreases the activity, and Cu;/anatase promotes
almost no reaction. Visible light irradiation enhances
the activity (white): Pt;/anatase produces 9 umol of

VOL.7 = NO.10 = 9287-9297 = 2013 W)

WWww.acshano.org

1101 L¢

9289



benzaldehyde, which is 3 times that obtained in the
dark. Alloy catalysts further enhance activity; Pt gCug 5/
anatase produces the largest amount of benzaldehyde
(18 umol), which is twice that obtained with Pt;/
anatase (9 umol). Further Cu alloying, however, de-
creases the activity, and Cu;/anatase shows almost no
activity. These data suggest that the alloy catalyst with
a small amount of Cu promotes efficient aerobic
oxidation under visible light irradiation. In addition,
as shown in Figure S4 (Supporting Information), the
PtosCugy/anatase catalyst maintains its activity even
after prolonged photoirradiation (~24 h), indicating
that the catalyst is stable under photoirradiation.

Anatase TiO; is necessary as the support. As shown
in Figure 3 (PtygCuq,/P25), visible light irradiation of
the Pty gCug, alloy loaded on P25 (a mixture of anatase
and rutile TiO,) also enhances activity, but the en-
hancement is lower than that of Pt;gCug,/anatase. In
addition, PtygCuq,/rutile shows much lower activity.
These data suggest that Pt—Cu alloy particles loaded
on anatase TiO, exhibit very high activity, as also
observed for monometallic Pt/anatase system.'® It
must also be noted that (Figure 3) Pt—Au,*” Pt—Ag,*®
Pt—Pd,*® and Au—Cu® alloy particles, often used
for aerobic oxidation, show activity much lower than
that of the Pt—Cu alloy. In addition, the Ptyg + Cug,/
anatase catalyst, prepared by a step-by-step deposi-
tion of respective Pt and Cu metals onto the anatase
surface, scarcely exhibits reaction enhancement by
visible light irradiation. These data clearly suggest that
homogeneously mixed Pt—Cu alloy particles loaded on
anatase TiO; are necessary for efficient aerobic oxida-
tion under visible light.

Mechanism for Reaction Enhancement. In the PtCu/ana-
tase system, photoactivated alloy particles efficiently
transfer e to anatase. This enhances the reduction of
O, by e™ on the anatase surface, resulting in enhanced
aerobic oxidation. The enhanced e~ transfer from the
alloy particles to anatase is confirmed by electron spin
resonance (ESR) analysis of the catalysts. Figure 4a
(black) shows the ESR spectra of PtygCug,/anatase
measured in the dark at 77 K after exposure to O,.
Two signals observed at g = 2.001 and 2.029 are
assigned to O~ produced by dissociative adsorption
of O, onto the oxygen vacancy sites of the TiO,
surface.*' As shown by the blue line in Figure 4a, visible
light irradiation of the sample creates strong signals
assigned to superoxide anion stabilized on the TiO,
surface (0, gy = 2.002, gy, = 2.009, g, = 2.028, g, =
2.033, g, = 2.038, and g,y = 2.052).* This indicates
that visible light irradiation of alloy nanoparticles in-
deed transfers their e~ to anatase, and the e™ reduces
O, on the anatase surface. As shown in Figure 4b, Pt,/
anatase catalyst also exhibits an O, signal by visible
light irradiation, but the signal intensity is much lower
than that obtained on the alloy catalyst. These data
suggest that photoactivated PtCu alloy particles

SHIRAISHI ET AL.

« Pt
Zrrg Brr B, By B ~
8z, | Tt T 8 @cw ,C\_v.r‘
: ALY -
O-_O_ *"’\." .
‘!
a) Pty dCug» g =2.002 =
/anatase -
£yy=2.008
=2.038
2.052
Ay
ba ™ g

b) Pt,/anatase

d) Cuy/anatase

R "\

1.98 Bt

———
2,02 2.00
g factor

T T T
2.06 2.04

Figure 4. ESR spectra of (a) Pty gCug/anatase, (b) Pt,/ana-
tase, (c) Pty 4Cup ¢/anatase, and (d) Cu;/anatase measured at
77 K. The respective samples were treated with O, (20 Torr)
for 3 h in the dark at 298 K (black). The samples were
irradiated by visible light for 3 h at 298 K (blue). The metal
loading of the catalysts is 0.4 mol %.

transfer their e~ to anatase more efficiently than the
monometallic Pt particles.

The efficiency for e™ transfer from photoactivated
nanoparticles to anatase depends on the Pt/Cu ratio of
alloy particles. As shown in Figure 4c, visible light
irradiation of Pty 4Cuge/anatase with O, shows O,
signals much weaker than that formed on PtygCuq./
anatase (Figure 4a). In addition, as shown in Figure 4d,
Cu,/anatase shows almost no O, signal. The intensity
of the O, signal on the respective catalysts (Figure 4a—d)
is consistent with the catalytic activity under visible
light irradiation (Figure 3). These data suggest that
the e transfer from photoactivated nanoparticles to
anatase is the crucial factor controlling the photocata-
lytic activity. The Pty gCuqo/anatase catalyst efficiently
promotes e~ transfer and exhibits very high activity.

Figure 5 (black) shows the action spectrum for
aerobic oxidation of benzyl alcohol with Pt gCugs/
anatase obtained by irradiation of monochromatic
light. A good correlation is observed between the inter-
band absorption of the catalyst and the apparent
quantum vyield for benzaldehyde formation (Paqy).
This suggests that, as shown in Scheme 1, the inter-
band excitation of alloy particles by visible light indeed
promotes aerobic oxidation. It is also noted that ®aqy
for Pt gCugy/anatase is much higher than that for Pt,/
anatase (white); the ®aqy for Pty gCug/anatase deter-
mined at 550 nm (17%) is more than twice that for Pt;/
anatase (7.1%).
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Figure 5. Action spectra for aerobic oxidation of benzyl
alcohol on the Pt, gCug ;/anatase and Pt;/anatase catalysts
(0.4 mol % of metal loading). The apparent quantum yield
for benzaldehyde formation (®qy) was calculated with the
equation @aqy (%) = [{(Yyis — Ydark) X 2}/(photon number
entered into the reaction vessel)] x 100, where Y,;s and Yga«
are the amounts of benzaldehyde formed (#mol) under light
irradiation and dark conditions, respectively.

As shown in Scheme 1, visible light absorption of Pt
promotes interband transition of e from the 5d band
to the sp conduction band.'® The e~ is transferred to
the anatase conduction band, where the e~ overcomes
the Schottky barrier (@) created at the hetero-
junction.?’ The enhanced e~ transfer from photoacti-
vated alloy particles to anatase is due to the decrease in
the height of ¢g by Cu alloying. As shown by eq 1, ¢ is
defined as the difference between the work function of
alloy particles and the electron affinity of the anatase
conduction band.?* The work function of the bimetallic
alloy is expressed by the sum of the work functions of
two metal components.?*?* The work function of bulk
Pty _.Cu, alloy (Waiioye..) is expressed as follows:

Walloyoo(ev) = (1T —x) X Whptwo + X X Weyeo (2)

Wpto and We,.. are the work functions of bulk Pt
(565 eV) and Cu (4.65 eV),* respectively. Wijoy.. for
the bulk PtggCuq, alloy is therefore calculated to be
545 eV. As reported,*® the work function of metal
particles depends on their size (d). The work function
of alloy particles (Wayoy) is expressed as follows:

1.08

Walloyoo + T 3)

The average diameters of nanoparticles on Pt;/
anatase and PtygCug,/anatase are determined by
TEM observations to be 3.3 and 3.4 nm, respectively.
The W0y values for the nanoparticles on these cata-
lysts are therefore calculated to be 5.98 and 5.77 eV,
respectively. Smaller work function of the alloy parti-
cles indicates that alloying of Cu possessing a smaller
work function decreases the height of ¢g. This thus
promotes efficient e transfer to anatase and results in
higher photocatalytic activity of PtygCug,/anatase. At
the metal/semiconductor heterojunction, Fermi level
pinning usually occurs and makes the Schottky barrier
height less sensitive to the work function of metal
loaded.* It is, however, well-known that the pinning

Waioy (€V) =
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effect depends on the type and size of semiconductors.
In particular, the size of TiO, particles strongly affects
the pinning effect:**” the effect scarcely occurs on the
TiO, particles with small diameter (~60 nm) due to the
high electronegativity of the Ti—O bond. The TiO,
particles used in the present work are very small
(average diameter, 21.1 nm). This implies that the
Fermi level pinning may scarcely occur on the present
system. This therefore results in a decrease in the
height of ¢ by the Cu alloying, thus facilitating the
enhanced e transfer from photoactivated alloy nano-
particles to anatase on the PtygCuq,/anatase catalyst.
In contrast, further increase in the Cu amount of
nanoparticles would decrease the height of ¢g more
significantly. In this case, interband excitation of 5d e~
of Pt atoms is suppressed due to the decrease in Pt
amount. This results in decreased efficiency for e~
transfer to anatase (Figure 4d) and decreases photo-
catalytic activity (Figure 3).

The reaction mechanism on the PtCu/anatase cat-
alystis explained as Scheme 2. As shown in Scheme 2A,
the dark reaction is initiated by activation of O, on the
anionic Pt site (a).”® The activated species removes the
H atom from alcohol and produces hydroperoxide and
alcoholate species on the surface (b).** Subsequent
removal of the H atom from alcoholate species affords
the product (c). Under irradiation of visible light
(Scheme 2B), photoactivated alloy particles transfer
e~ to anatase (d). In that, the height of the Schottky

H
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Scheme 2. Proposed mechanism for aerobic oxidation of
alcohol on the alloy catalyst (A) in the dark and (B) under
visible light.
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barrier created at the interface is decreased by Cu
alloying, thus promoting efficient e™ transfer. The e~
reduces O, and produces O, species on the anatase
surface (e). The O, attracts the H atom from alcohol
and produces the hydroperoxide and alcoholate spe-
cies (f), giving rise to the product (g).

Effect of the Amount of Metal Loaded. The activity of
PtosCugo/anatase depends on the amount of metal
loaded. This is confirmed by aerobic oxidation using
the PtygCugo/anatase catalysts with different metal
loadings [(Pt + Cu)/anatase x 100 = 0.2—2.4 mol %].
As shown in Figure 6a (orange), the particle sizes (d) of
these catalysts are similar (3.4—3.6 nm), although the
absorbance of catalysts in the visible region increases
with the metal loadings (Figure 7a). The bar graphs in
Figure 6a shows the results for aerobic oxidation of
benzyl alcohol with respective catalysts. The dark
activity (black) increases with the metal loadings due
to the increase in the number of surface Pt atoms,
active for aerobic oxidation.>®*" Visible light irradiation
(white) further enhances the reaction. The activity
enhancement for the catalyst with 0.2 mol % of
PtosCug, alloy is low, but that for the catalysts with
>0.4 mol % of Pty gCuy >, alloy is similar. This means that
the >0.4 mol % of metal loadings scarcely affects the
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Figure 6. Effect of the (a) amount of Pt, gCuy , alloy particles
loaded and (b) calcination and reduction temperature on
the amount of benzaldehyde formed during aerobic oxida-
tion of benzyl alcohol with Pt,gCug,/anatase catalysts,
(black) in the dark, and (white) under visible light irradia-
tion. Orange keys denote the size of Pty gCuy  alloy particles
(d) on the catalysts. The calcination and reduction tempera-
ture employed for catalysts (a) is 673 K, and the metal
loading of the catalysts (b) is 0.4 mol %. Reaction conditions
are identical to those in Figure 3.
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Figure 7. Diffuse-reflectance UV—vis spectra of (a) Pty gCug 5/
anatase catalysts with different metal loadings prepared at
673 K and (b) Pt, gCug/anatase catalysts with 0.4 mol % of
metal loading prepared at different calcination and reduction
temperature.

activity enhancement by visible light irradiation,
although a larger number of alloy nanoparticles are
loaded on the surface. As reported,®? the increase in
the amount of metal loaded onto the semiconductor
leads to an increase in ¢g, due to the decrease in the
Fermi level of the semiconductor. The ¢g increase
probably suppresses e™ transfer from photoactivated
nanoparticles to anatase, resulting in almost similar
photocatalytic activity.

Effect of Partide Size. The size of PtygCup, alloy
particles (d) also affects the photocatalytic activity.
The PtogCug,/anatase catalysts were prepared at
different calcination and reduction temperatures
(573—873 K) while maintaining 0.4 mol % of metal
loading. As shown in Figure 6b (orange), d of the
catalysts increases with a rise in temperature due to
the sintering of nanoparticles; the treatment at 573,
673,773, and 873 K creates metal particles with 2.8, 3.4,
5.3,and 42 nm diameters, respectively. X-ray diffraction
(XRD) pattern of the catalysts (Figure S5; Supporting
Information) indicates that the anatase-to-rutile phase
transition scarcely occurs. In addition, dynamic laser
scattering analysis of the catalysts revealed that
the size of these catalysts is 22.4 nm (573 K), 23.8 nm
(673 K), 23.9 nm (773 K), and 24.2 nm (873 K), respec-
tively. This means that the size of anatase support is
almost similar, although the size of alloy nanoparticles
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increases with a rise in temperature. As shown by the
black bars in Figure 6b, in the dark conditions, the
catalysts prepared at 673 and 773 K show relatively
high activity, and the catalysts with smaller or larger
particles show lower activity. The lower activity of
smaller particles is due to the decreased density of
low-coordination sites that are active for oxidation.>® In
contrast, larger particles contain a decreased number of
surface Pt atoms and, hence, show decreased activity.

As shown by the white bars (Figure 6b), photoca-
talytic activity of Pt gCug,/anatase prepared at differ-
ent calcination and reduction temperature shows d
dependence similar to the dark activity. The catalyst
prepared at 673 K shows the highest activity, and the
catalysts with smaller or larger particles show de-
creased activity. As shown in Figure 7b, absorbance
of the catalysts in the visible region is similar, although
their d values are different (Figure 6b). This indicates
that the light absorption efficiencies for these catalysts
are similar. The low activity of the catalysts with smaller
Pt particles is due to the height of ¢g created at the
nanoparticle/anatase interface. As shown by eq 3, the
work function of metal particles increases with a
decrease in their particle size. The d values for the
catalysts prepared at 573, 673, 773, and 873 K are 2.8,
3.4,5.3,and 42 nm, respectively, and their W0, values
are calculated to be 5.84, 577, 5.65, and 548 eV,
respectively. As summarized in Figure 8 (black), the
Waioy values become more positive with a decrease in
the particle size. This suggests that the catalysts with
smaller Pt particles create higher ¢g. This may suppress
smooth e transfer from photoactivated alloy particles
to anatase, thus resulting in decreased photocatalytic
activity (Figure 6b).

In contrast, larger alloy particles create lower ¢g due
to their lower work function; therefore, the e™ transfer
to anatase would occur more easily. However, as
shown in Figure 6b, photocatalytic activity of the
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Figure 8. (Black) Work function of Pty gsCuy , alloy particles
(Waioy) and (white) the number of perimeter metal atoms
(Nperimeter) for Pto gCug o/anatase catalysts with 0.4 mol %
of metal loading prepared at different calcination and
reduction temperature. The detailed calculation results
for Nperimeter are summarized in Table S1 (Supporting
Information).
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perimeter metal atoms

d= 28 3.4 53 nm
m= 7 8 12
Npermeter = 1.1 0.76 0.32  pmolg™!

Scheme 3. Relationship between the size of metal particles
and the number of perimeter metal atoms on Pty gCug ,/
anatase catalysts prepared at different calcination and
reduction temperature.

catalysts with larger alloy particles is much lower than
that prepared at 673 K. As shown in Scheme 3, the e™
transfer from photoactivated metal particles to anatase
occurs through the perimeter atoms indicated by the
green spheres.'”® The number of perimeter metal
atoms may therefore affect the e™ transfer efficiency.
As shown in Figure 1c—h, the high-resolution TEM
images of catalysts revealed that the shape of many
alloy particles is a part of a cuboctahedron, which is
surrounded by (111) and (100) surfaces. The PtCu alloy
particles on the anatase surface therefore can simply
be modeled as a fcc cuboctahedron,®* as often used for
related systems.>>*® This thus allows rough determina-
tion of the number of perimeter metal atoms. Con-
sidering the full shell close-packing cuboctahedron for
the PtCu alloy particle, where one atom is surrounded
by 12 others, the number of total metal atoms per
particle (Nyai®) can be expressed by eq 4 using the
number of shells (m). Nial® is rewritten with the
average diameter of alloy particle (d) and the average
atomic diameter of Pt and Cu [daom (= 0.274 nm) =
0.8 X datompt (=0.278 nM) + 0.2 X daromcu (=0.256 nm)1.>7
The number of perimeter atoms per particle (Nperimeter®)
is expressed by eq 5>

10m* —15m?*+11m -3

Nigtal (=) = 3
d 3
S — 4
(1.105 X datom) @
Nperimeter*( -)=3m-3 (5)

The number of alloy particles per gram catalyst (Nparticie)
is expressed by eq 6, using the percent amount of
metal loaded [0.87 wt % = (Pt + Cu)/(Pt + Cu + anatase)
x 100], average molecular weight of Pt and Cu [My
(=1688gmol™") =08 x Mp (= 1951 gmol™") + 02 x
Mc, (= 635 g mol™")], and Niw® The number of
perimeter metal atoms per gram catalyst (Nperimeter)
is therefore expressed by eq 7.
0.87

Npartice(mol g71) = ———— ©)
particle 9 100 X My X Niotal
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TABLE 1. Effect of Sunlight Exposure on Aerobic Oxidation of Alcohols®

entry substrate catalyst sunlight’ coon Z product ylf 13 /
/% %o
1 Pty.gCug»/anatase + 75 72
2 gOH Pty 3Cug »/anatase - 13 @O 12
3 Pt,/anatase + 37 35
4 Pty sCug »/anatase + 84 80
5 /@AOH Pty gCup »/anatase - 9 /@O 9
6 Pt,/anatase + 60 59
7 Pty sCug»/anatase + >99 99
8 /©/\ on Pty gCug2/anatase - 14 /©A ° 14
MeO MeO
9 Pt;/anatase + 77 77
10 Pty sCug»/anatase + 73 73
11 /EjA ont Pty gCug »/anatase — 7 /©A ° 7
cl cl
12 Pt,/anatase + 43 40
13 OH Pty.gCug »/anatase + 72 o 72
14 ©)\ Pt sCug/anatase - 11 (j)K 10
15 Pt;/anatase + 34 34
16 OH Pty sCug»/anatase + 85 o 84
17 /©)\ Pty sCuy »/anatase - 5 /@J\ 5
18 MO Pt,/anatase + 49 MeO 49

“ Reaction conditions: toluene (5 mL), alcohol (25 zemol), catalyst (5 mg), metal loading of catalysts (0.4 mol %), 0, (1 atm), exposure time (4 h). The average light intensity at
300—800 nm was 4.6 mW cm 2, which involves A < 400 nm light with only ~2% (Figure S6, Supporting Information). The solution temperature during exposure was
288—293 K. ® The dark reaction (—) was performed at 293 K. ¢ (Alcohol converted)/(initial amount of alcohol) x 100. d(Product formed)/(initial amount of alcohol) x 100.

-1 *
Nperimeter(m0| 9~ ) = Nperimeter X Nparticle (7)

The Nperimeter Values for respective Pty gCug,/anatase
catalysts prepared at different temperature can there-
fore be calculated using their d values determined by
TEM observations (Table S1, Supporting Information).
As shown in Figure 8 (white), Nperimeter decreases with
anincrease in the particle size; the value for the catalyst
prepared at 573 Kis 1.1 umol g ™', but the value for the
catalyst prepared at 873 Kis only 5.3 x 10> umol g™ ".
This suggests that the particle size increase signifi-
cantly decreases Nperimeter- This may suppress e
transfer from photoactivated alloy particles to anatase,
resulting in low photocatalytic activity. As shown in
Figure 6b, the catalysts prepared at 573,673, and 773 K
contain alloy particles with similar diameter (2—6 nm),
but the catalyst prepared at 673 K shows the highest
photocatalytic activity. This means that the particle size

SHIRAISHI ET AL.

strongly affects Waioy and Nperimeter Values, and this
trade-off relationship is critical for activity. The 3—5 nm
PtosCuq. alloy nanoparticles with shell number 7—11
create relatively low ¢g and large number of perimeter
metal atoms at the nanoparticle/anatase heterojunc-
tion and, hence, exhibit high photocatalytic activity.
Effect of Sunlight As the Light Source. The PtygCug./
anatase catalyst prepared at 673 K successfully pro-
motes aerobic oxidation of alcohols under sunlight
irradiation at ambient temperature. Table 1 sum-
marizes the results for oxidation of various alcohols
obtained with Pty gCug,/anatase under sunlight expo-
sure, where the temperature of solution during expo-
sure was 288—293 K. Sunlight irradiation selectively
oxidizes alcohols to the corresponding carbonyl
compounds with very high yields (75—99%). These
yields are much higher than those obtained with
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Pto.sCup/anatase in the dark or with Pt;/anatase under
sunlight exposure. These data suggest that the PtCu/
anatase catalyst is successfully activated by sunlight
and acts as an efficient photocatalyst.

CONCLUSION

We found that bimetallic alloy nanoparticles con-
sisting of 80 mol % of Pt and 20 mol % of Cu, supported
on anatase TiO,, behave as highly efficient photocata-
lysts for aerobic oxidation under visible light irradia-
tion. The activity of the alloy catalyst is much higher
than that of the monometallic Pt catalyst. The en-
hanced activity is due to the decrease in the work
function of nanoparticles by Cu alloying. This decreases
the height of the Schottky barrier created at the
nanoparticle/anatase heterojunction and promotes
smooth e~ transfer from the photoactivated nanoparticles

EXPERIMENTAL SECTION

Materials. All reagents used were purchased from Wako,
Tokyo Kasei, and Sigma-Aldrich and used without further
purification. Water was purified by the Milli-Q system. Anatase
TiO, (JRC-TIO-1), P25 (JRC-TIO-4; average particle size, 24 nm;
BET surface area, 57 m?g ™' ; anatase/rutile = ~83/17), and rutile
TiO, JRC-TIO-6; 15 nm; 104 m? g~ ') were kindly supplied from
the Catalyst Society of Japan.

Pt; _,Cu,/Ti0,. These catalysts with 0.4 mol % of metal loading
[x {= Cu/(Pt + Cu)} = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 1]
were prepared as follows. TiO, (1.0 g) and H,PtCls-6H,0/
Cu(NOs),-3H,0 (26.8/0, 24.2/1.2, 21.4/2.4, 9.4/3.6, 8.1/4.8, 6.7/
6.1, 5.3/7.2, and 0/12.2 mg) were added to water (40 mL), and
the solvent was evaporated with vigorous stirring at 353 K for
12 h. The resultant mixture was calcined under air flow and
reduced with H, flow at the identical temperature. The tem-
perature employed for calcination and reduction was 673 K
unless otherwise noted. The heating rate and holding time for
these treatments were 2 K min~" and 2 h, respectively.

Ptos + Cuga/Anatase. The catalyst with 0.4 mol % of metal
loading was prepared by a step-by-step method as follows:
Anatase TiO, (1.0 g) and H,PtCls - 6H,0 (21.4 mg) were added to
water (40 mL), and the solvent was evaporated with vigorous
stirring at 353 K for 3 h. The particles were recovered by
centrifugation, washed with water, and dried at 353 K for
12 h. The powders were calcined at 673 K for 2 h under air flow
and reduced at 673 K for 2 h under H, flow. The obtained
powder and Cu(NOs),-3H,0 (2.4 mg) were added to water
(40 mL), and solvent was evaporated with vigorous stirring at
353 Kfor 12 h. The resultant mixture was calcined at 673 Kfor 2 h
under air flow and reduced at 673 K for 2 h under H, flow.

Pty sMo o/Anatase (M = Au, Ag, Pd). These catalysts with 0.4 mol %
of metal loading were prepared as follows: Anatase TiO, (1.0 g)
and H,PtCls-6H,0/HAuCl,-4H,0 (21.4/4.2 mg), H,PtCls-6H,0/
AgNOs (21.4/1.7 mg), or H,PtCls-6H,0/Pd(NOs), (21.4/2.3 mg)
were added to water (40 mL), and solvent was evaporated with
vigorous stirring at 353 K for 12 h. The resultant mixture was
calcined at 673 K for 2 h in air and reduced at 673 K for 2 h with H.

Aug gCug o/Anatase. This catalyst with 0.4 mol % metal load-
ing was prepared according to the procedure described
previously.*® Anatase TiO, (1.0 g) was added to water
(100 mL) containing HAuCl,4-4H,0 (16.8 mg) and Cu(NOs),-
3H,0 (2.6 mg). The pH of 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 obtained powders were
reduced at 673 K under H, flow. The heating rate was 2 K min~",
and the temperature was kept at 673 K for 2 h.

SHIRAISHI ET AL.

to anatase. The activity strongly depends on the size of
alloy particles. Smaller particles (<3 nm diameter) have
larger work function and create a larger Schottky
barrier, resulting in decreased activity. In contrast,
larger particles (>5 nm diameter) possess a smaller
number of perimeter metal atoms. This thus sup-
presses smooth e~ transfer from photoactivated nano-
particles to anatase, resulting in decreased activity.
As a result of this, alloy nanoparticles with 3—5 nm
diameters exhibit the highest photocatalytic activity.
Sunlight activation of the catalyst successfully pro-
motes selective and efficient oxidation of alcohols.
The efficient charge separation at the Pt—Cu alloy
nanoparticle/anatase interface clarified here may con-
tribute to the creation of more active photocatalysts
driven by visible light and the design of photocatalytic
systems for selective organic transformation by sunlight.

Reaction Procedure. Catalyst (5 mg) was added to toluene
(5 mL) containing an alcohol 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
0O, was bubbled through the solution for 5 min. The tube was
immersed in a temperature-controlled water bath (298 + 0.5 K).
The tube was photoirradiated with magnetic stirring using a
2 kW Xe lamp (USHIO Inc.) and filtered through a glass filter
(CS3-72; Kopp Glass Inc.) to give light wavelength of A > 450 nm,
where the light intensity at 450—800 nm was 16.8 mW cm 2.
Sunlight reactions were performed on December, 4, 2012 at
10:00—14:00 at the top of the laboratory building (latitude 34.7°
north, longitude 135.5° east). The light intensity at 300—800 nm
was 4.6 mW cm™2 The highest temperature during reaction
was 293 K, and the dark reactions were performed at 293 K. After
the reaction, the catalyst was recovered by centrifugation. The
liquid-phase products were analyzed by GC-FID (Shimadzu, GC-
2040).

Action Spectrum Analysis. Catalyst (8 mg) was suspended in
toluene (2 mL) containing benzyl alcohol (0.4 mmol) 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 5 min. The solution was photoirradiated with
2 kW Xe lamp (USHIO 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 monochro-
matic light was 11—16 nm. The temperature of solution during
photoirradiation was kept at 298 + 0.5 K with a temperature-
controlled water bath. The photon number entered into the
reaction vessel was determined with a spectroradiometer
USR-40 (USHIO Inc.).

ESR Measurement. The spectra were recorded at the X-band
using a Bruker EMX-10/12 spectrometer with a 100 kHz mag-
netic 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-picryl-
hydrazyl (DPPH). Catalyst (20 mg) was placed in a quartz ESR
tube and evacuated at 423 K for 3 h. After cooling the sample
tube to room temperature, O, (20 Torr) was introduced to the
tube and kept for 3 h at 298 K. The tube was photoirradiated for
1 h at 298 K using a Xe lamp (2 kW; USHIO Inc.) at A > 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.

Analysis. Total amounts of Pt and Cu in the catalysts were
analyzed by an inductively coupled argon plasma atomic
emission spectrometer (Seiko Instruments, Inc.; SPS7800), after
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dissolution of the catalysts in an aqua regia. Diffuse-reflectance
UV—vis spectra were measured on an UV—vis spectrophot-
ometer (Jasco Corp.; V-550 with Integrated Sphere Apparatus
ISV-469) with BaSO, as a reference. TEM observations were
carried out using an FEI Tecnai G2 20ST analytical electron
microscope operated at 200 kV, equipped with an energy-
dispersive X-ray spectroscopy (EDX) detector.®® EDX spectra
from a metallic particle were taken under scanning transmission
electron microscopy (STEM) mode. XPS measurements were
performed using a JEOL JPS-9000MX spectrometer using Mg Kot
radiation as the energy source. XRD patterns were obtained on a
Philips XXX diffractometer with Cu Kot radiation. Hydrodynamic
diameter of the catalysts was measured by a dynamic laser
scattering spectrometer (LB-500, HORIBA).>®
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