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Supported Au—Cu Bimetallic Alloy Nanoparticles: An Aerobic
Oxidation Catalyst with Regenerable Activity by Visible-Light

Irradiation*
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Aerobic oxidation by a heterogeneous catalyst with molecular
oxygen as an oxidant is a significant process for the synthesis
of various chemicals.! Gold nanoparticles supported on solid
supports have been extensively studied as promising cata-
lysts;>*# several types of substrates, such as alcohols,>”
aldehydes,® and hydrocarbons,”” are oxidized at ca. 393 K.
The current mission is the design of Au catalysts that exhibit
high activity under milder reaction conditions (room temper-
ature and atmospheric pressure), from the viewpoint of green
chemistry.[!11

One powerful approach for the design of a highly active
Au catalyst is the creation of alloy particles. Several reports
revealed that particles consisting of Au-Pt,'"” Au-Pd,"! and
Au-Ag!'¥ bimetallic alloys exhibit much higher activity than
monometallic Au particles. In particular, Au—Cu alloys have
attracted much attention, because of their high activity and
the low cost of Cu. Liu et al.' reported that Au-Cu alloy
particles (ca. 3 nm) supported on mesoporous silica are three
times more effective for the aerobic oxidation of carbon
monoxide than monometallic Au particles at room temper-
ature. Li et al." and Pina et al.'”! have reported that Au-Cu
alloy particles (ca. 3 nm) supported on silica are 1.5 times
more effective for the aerobic oxidation of alcohols than Au
particles. The enhanced activity of the Au-Cu alloy is
believed to be due to the efficient activation of O, on the
alloy site. The Au-Cu alloys, however, rapidly lose their
activity during the reaction, because O, oxidizes surface Cu
atoms!"™ and eliminates alloying effects. The protection of
surface Cu atoms from oxidation is therefore a challenge for
efficient aerobic oxidation under milder conditions.

Herein, we report that visible-light irradiation (4>
450 nm) of Au-Cu alloy particles during reaction suppresses
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the oxidation of surface Cu atoms and successfully promotes
aerobic oxidation without catalyst deactivation. This is
triggered through visible light absorption by the surface
Au atoms owing to the resonant oscillation of free electrons
coupled by light, an effect which is known as localized surface
plasmon resonance (SPR)."! Collective oscillation of e~ on
the surface Au atoms reduces the oxidized surface Cu atoms
and maintains the Au-Cu alloying effect. Sunlight irradiation
also facilitates activity regeneration and promotes aerobic
oxidation at room temperature.

Au-Cu alloy nanoparticles were loaded on Degussa P25
TiO, (diameter, 24 nm; BET surface area, 57 m?g'; anatase/
rutile = ca. 83:17) by simultaneous deposition of Au and Cu
precursors followed by reduction with H,.”*?! TiO, was
stirred in water (pH 7) with HAuCl, and Cu(NO;), at 353 K.
The obtained powders were reduced with H,, affording Au,.
Cu,/P25 catalysts as purple powders. The total amount of
metals ((Au+ Cu)/P25x100) was set at 1mol%, and
x denotes the amount of Cu loaded (x mol% = Cu/TiO, x
100). Figure 1a shows a typical transmission electron micros-
copy (TEM) image of Au,,Cu,3/P25. Spherical metal par-
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Figure 1. a) Typical TEM image of Au,;Cu,3/P25 catalyst and size
distribution of metal nanoparticles. b) HRTEM image.
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ticles with an average diameter of 3.4 nm were observed. As
shown in Figure S1 in the Supporting Information, Au,/P25,
AuysCuys/P25, and Cu,/P25 contain metal particles with
similar diameters (3.8, 3.5, and 3.1 nm, respectively), which
indicates that Cu alloying scarcely affects the size of metal
particles. As shown in Figure 1b, high-resolution TEM images
of the alloy catalyst revealed that metal particles are located
at the interface of anatase/rutile TiO,, as observed for the
monometallic Au/P25 catalyst,” owing to the strong adhe-
sion of metal particles onto the interface site of TiO,.*"

X-ray photoelectron spectroscopy (XPS) of alloy catalysts
(Figure S2) shows Au 4f peaks (ca. 82 and 86 eV) and Cu 2p
peak (ca. 932 eV).[*! The increase in the amount of Cu shifts
the Au peaks to lower binding energy due to the higher
electronegativity of Au.*! The surface Au/Cu molar ratio on
Au,,Cu,;/P25 was determined by XPS analysis to be 2.27.
This is similar to the molar ratio of the total amounts of Au
and Cu in the catalysts (2.32), as determined by inductively
coupled plasma (ICP) analysis and the average Au/Cu molar
ratio (2.35) determined by energy-dispersive X-ray spectros-
copy (EDX) of metal particles (Figure S3). Moreover, as
shown in Figure 1b, the lattice constants calculated from
lattice spacing of alloy particles by TEM observation (left: a =
0.394 nm), right: a=0.396 nm) are in between the lattice
constants for standard Au (JCPDS 04-0784, a =0.4079 nm)
and Cu (JCPDS 04-0836, a=0.3615 nm), and are similar to
the value calculated based on Vegard’s law (a =0.3940 nm).
These suggest that Au and Cu components in the alloy are
homogeneously mixed. As shown in Figure 2, the diffuse-
reflectance UV/Vis spectrum of Au,/P25 shows a distinctive
SPR band at 551 nm. Cu alloying decreases the SPR intensity
with a red shift of the band, as is the case for colloidal Au—Cu
alloy particles.””
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Figure 2. Diffuse-reflectance UV/Vis spectra of the catalysts.

Catalytic activity was tested by the aerobic oxidation of
2-propanol. The reactions were performed by stirring the
catalyst (5 mg) in 2-propanol (5 mL) under O, atmosphere
(1 atm) in the dark or under visible-light irradiation with a Xe
lamp (4 > 450 nm). The temperature of the solution was kept
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rigorously at (298 £0.5) K with a digitally-controlled water
bath. Figure 3 summarizes the amount of acetone produced
by 12 h reaction in the dark (black bars) or visible-light
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Figure 3. Amount of acetone formed during the aerobic oxidation of
2-propanol in the dark (black bars) or under visible-light irradiation
(white bars; A >450 nm; light intensity at 450-800 nm,

16.8 mWem™).

irradiation (white bars). Both reactions selectively produced
acetone (mass balance >99%) and little reaction was
observed in the absence of O,. In the dark, bare P25 promotes
almost no reaction, but Au,/P25 produces 8 umol of acetone.
The Au—Cu alloy catalysts exhibit much higher activity owing
to the alloying effect. The increase in the amount of Cu
enhances the activity, and Au,,Cu, /P25 produces the largest
amount of acetone (78 pmol). Larger Cu loadings are
ineffective, and Cu,/P25 promotes almost no reaction. These
activities of alloy catalysts in the dark are consistent with
those observed in early reports.'®7) The most interesting
feature of the alloy catalyst is the significant activity
enhancement observed under visible-light irradiation. As
indicated by the white bars, the alloy catalysts exhibit
enhanced acetone formation. Among them, Au,,Cu,/P25
produces the largest amount of acetone (278 umol), which is
nearly four times that obtained in the dark (78 umol). In
contrast, the reaction enhancement of the monometallic Au,/
P25 catalyst by visible-light irradiation is very small, and Cu,/
P25 shows almost no enhancement. These data suggest that
Au-Cu alloy catalysts are effective at promoting aerobic
oxidation under visible-light irradiation.

As shown in Figure 3, the reaction enhancement by
visible-light irradiation is scarcely observed when using the
catalysts loaded with Au-Pt, Au-Pd, and Au-Ag alloys.
Furthermore, the Auy;+ Cuy3/P25 catalyst prepared by
a step-by-step deposition of Au and Cu metals onto the
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support (see the Supporting Information) scarcely exhibits
reaction enhancement. These findings suggest that homoge-
neously mixed Au—Cu alloy particles are necessary for this
effect.

The enhanced activity of the Au—Cu alloy catalyst is due
to visible light reducing the surface Cu atoms that have been
oxidized by O,. This maintains the Au—Cu alloying effect and
promotes aerobic oxidation without catalyst deactivation.
This is confirmed by the time-dependent change in the
amount of acetone formed during aerobic oxidation of
2-propanol with Au,;C,3/P25. As shown in Figure 4 (@), the

400
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Acetone formed
/umol 100+
dark
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Figure 4. Time-dependent change in the amount of acetone formed by
aerobic oxidation of 2-propanol with the Aug;Cug3/P25 catalyst under
visible-light irradiation (o), in the dark (e), and in the dark for 8 h
followed by visible-light irradiation (). Reaction conditions are
identical to those in Figure 3.

reaction in the dark is effective in the early stage (ca. 2 h), but
the activity decreases with time. This is because the surface
Cu atoms are oxidized by O, during the reaction, thus
eliminating the alloying effect.'” In contrast, under photo-
irradiation (0), the rate of acetone formation in the early
stage is similar to that obtained in the dark, but the activity is
maintained even after 18 h. This suggests that visible-light
irradiation suppresses catalyst deactivation. To further clarify
this effect, the reaction was carried out in the dark for 8 h and
continued under visible-light irradiation (A). The catalytic
activity is successfully regenerated by photoirradiation.

Activity regeneration by visible-light irradiation is due to
the reduction of oxidized surface Cu atoms with alcohol as an
electron donor. ESR analysis confirms this. Figure 5a shows
the spectrum of Auy,Cu,;/P25 measured at 77 K after
exposure to O, in the dark. Strong signals, which are assigned
to Cu’*, are observed at g, =2.03-2.06,'" indicating that
surface Cu atoms are oxidized by O,. As shown in Figure 5b,
visible-light irradiation of sample (a) does not show any
spectral change. As shown in Figure 5c, exposure of sample
(b) to 2-propanol (10 Torr) in the dark still does not show
spectral change. However, as shown in Figure 5d, visible-light
irradiation of sample (c) leads to complete disappearance of
the Cu®" signals. GC analysis of the sample detects the
formation of acetone and water. This suggests that visible-
light irradiation of the alloy catalyst reduces oxidized surface
Cu atoms with alcohol as an electron donor.

The effectiveness of the reduction of oxidized surface Cu
atoms depends on the amount of Au in the alloy. As shown in

Angew. Chem. 2013, 125, 5403 —5407

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

® Aul
@ Cu

@ oxidized Cu

cu®  g=2.005
g, =2.03-2.06
a

g=1.982

alcohol i visible light

2 = 2.002
L/

T T )
2.05 2.00 1.95
g factor

Figure 5. ESR spectra of Augy;Cuq3/P25 samples (a-d) and a Au,/P25
sample (e) measured at 77 K. a) The Aug,Cu,;/P25 catalyst was
treated with O, (20 Torr) for 3 h in the dark. b) Sample (a) was
irradiated by visible light for 3 h. c) 2-Propanol (10 Torr) was added to
sample (b) in the dark. d) Sample (c) was irradiated by visible light for
3 h. e) The Au,/P25 catalyst was treated with O, (20 Torr) for 3 h and
irradiated by visible light for 3 h. The g=2.005 signal is due to the
electrons trapped by oxygen vacancy site of TiO,, and the g=1.982
signal is due to the Ti*" site on TiO,.”

Figure S4, visible-light irradiation of Au,;Cu,-,/P25 with
a lower amount of Au shows a much lower decrease in the
Cu®" signal than that of Auy,Cu,,/P25. Moreover, Cu,/P25
exhibits almost no signal decrease. These tendencies are
consistent with the SPR intensity of the catalysts (Figure 2),
suggesting that the reduction of Cu*" is promoted by the light
absorption of surface Au species in the alloy. This is further
confirmed by the action spectrum for aerobic oxidation of 2-
propanol with Aug,Cu,s/P25 obtained by irradiation of
monochromatic light. As shown in Figure 6, a good correla-
tion is observed between the SPR band of the catalyst and the
apparent quantum yield for acetone formation (@,qy). This
suggests that plasmon-activated surface Au atoms indeed
promote the reduction of oxidized surface Cu atoms.

As shown in Figure 7, plasmon-activated surface Au
atoms promote the intraband transition of 6 sp e .*®! The
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Figure 6. Action spectrum for aerobic oxidation of 2-propanol on the
Aug;Cuq3/P25 catalyst. The apparent quantum yield for acetone
formation (®,qy) was calculated with the following equation: @,qy
(%) =[{(Yeis— Yaan) X 2}/ (photon number entered into the reaction
vessel)] x 100, where Y,;; and Yy, are the amounts of acetone formed
(umol) under light irradiation and dark conditions, respectively.
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Figure 7. Possible energy diagram (vs. NHE) for plasmon-activated
AuCu/P25 catalysts under visible-light irradiation.

electrons are transferred to the adjacent oxidized Cu atoms to
reduce them. As we have reported earlier,”! visible-light
irradiation of monometallic Au particles loaded onto TiO,
transfers electrons to the TiO, conduction band, where the
plasmon-activated e~ overcomes the Schottky barrier (¢g)
created at the AwTiO, heterojunction.”” As shown in
Figure 5e, visible-light irradiation of Au,/P25 with O, gen-
erates oxygen anion (g, =2.002, g,, =2.004, g., =2.008). This
suggests that a plasmon-activated e” on the surface Au atom is
indeed transferred to the TiO, conduction band and reduces
0, there.™ In contrast, as shown in Figure 5b, visible-light
irradiation of Au,;Cu, /P25 with O, does not produce oxygen
anions. This suggests that e~ transfer to the TiO, conduction
band does not occur in the alloy system. As shown in Figure 7,
the potential of ¢y for TiO, (rutile) is located at —0.05 V (vs.
NHE)"" and is more negative than the reduction potentials of
Cu* (Cu*+e =Cu’% 0.52V) and Cu** (Cu** +2e =Cu’;
0.34 V). Plasmon-activated electrons are therefore prefer-
entially transferred to oxidized surface Cu atoms. These
results suggest that e~ transfer from plasmon-activated sur-
face Au atoms facilitates the successful reduction of oxidized
surface Cu atoms.

Aerobic oxidation on the Au—Cu alloy occurs as shown in
Scheme 1 A. a) The alloy site activates O, and produces an
anionic oxygen species.’! b) This attracts the H atom of the
alcohol and produces an alcoholate. c) Subsequent H atom
removal gives the corresponding carbonyl product. As shown
in Scheme 1B, d) parts of the surface Cu atoms are oxidized
by O, during the reaction. e) Plasmon activation of surface
Au atoms by visible light reduces the Cu atoms through the
transfer of activated electrons. f) The resulting positive charge
on the Au atoms oxidizes alcohol and produces the carbonyl
product and water. The regeneration cycle (B) successfuly
reduces the oxidized surface Cu atoms and allows promotion
of catalytic cycle (A).

Note that the activity of the Au—Cu alloy depends on the
metal oxide support. As shown in Figure S5, the P25 TiO,
support exhibits the highest activity both in the dark and
under visible-light irradiation. This is probably because, as
observed in related systems,*>* strong adhesion of Au-Cu
alloy on the P25 TiO, surface® > leads to efficient electron
transfer from the support to particles and increases the
electron density of alloy particles. This may result in the
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Scheme 1. Proposed mechanism for the A) catalytic cycle for aerobic
oxidation of alcohol on AuCu/P25 catalyst, and B) regeneration cycle
for the reduction of oxidized surface Cu atoms.

efficient activation of O,*! and enhanced transfer of plas-
mon-activated electrons to the oxidized surface Cu atoms.

The Au-Cu alloy catalyst promotes aerobic oxidation
even under sunlight irradiation at ambient temperature.
Table 1 shows the results for the oxidation of benzylic
alcohols with Aug;Cu,3/P25 under sunlight, where the tem-
perature of the solution during the reaction was 288-293 K.
Sunlight exposure selectively oxidizes these benzylic alcohols
to the corresponding carbonyl products with very high yields
(71-88 % ). These yields are much higher than those obtained
in the dark at 293 K. This suggests that the alloy catalyst is
successfully regenerated, even by sunlight, and is effective at
promoting aerobic oxidation.*!

In summary, we show that supported Au—Cu alloy nano-
particles promote aerobic oxidation under visible light. The
surface Cu atoms oxidized by O, during the reaction are
successfully reduced by plasmon-activated Au atoms. This
maintains the alloying effect and promotes aerobic oxidation.
Sunlight irradiation is also effective for activity regeneration.

Angew. Chem. 2013, 125, 5403 —5407
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Table 1: Effect of sunlight exposure on aerobic oxidation of alcohols with
the Aug;Cuq3/P25 catalyst.”!

Entry Substrate Sunlight® Conv.  Product Yield
[9%]1 (9]
1 ©/\OH + 84 /©/\OH 84
2 - 18 18
3 /©/\OH + 74 /©/\OH 74
4 MeO - 17 o 16
5 OH + 75 OH 75
6 /@)\ - 20 /@2\ 20
MeO
7 OH + 72 OH 71
8 II il - 16 16
9 ©Ao 79 /©Ao 78
10 - 21 20
11¢ /[:j/§o + 82 /[:j/Qo 81
[¢] _
2 32 o 31
13 o] + 88 O g8
14 /@)‘\ - 45 /©)K 44
MeO
15 + 81 o 80
- 1 10

%

_0
jce

[a] Reaction conditions: toluene (5 mL), alcohol (50 umol), catalyst

(20 mg), O, (1 atm), exposure time (6 h). The light intensity at 300—
800 nm was 4.6 mWcm™2, which involves only 2% UV light (1 <400 nm;
Figure S6). The temperature of solution was 288-293 K. [b] The dark
reaction (—) was performed at 293 K. [c] Conversion = (alcohol con-
verted)/(initial amount of alcohol) x 100. [d] Yield = (product formed)/
(initial amount of alcohol) x 100. [e] Catalyst (40 mg).

The catalytic system presented here, which enables activity
regeneration by the plasmon activation of Au atoms by visible
light, may contribute to the design of more efficient catalytic
systems and may provide a new strategy for the development
of green organic transformations using sunlight.
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