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Plasmonic photocatalysts composed of Au and bimetallic Au-Pd alloy nanoparticles (NPs) on one-
dimensional TiO, nanobelt (TiO,-NB) were used for aerobic oxidation of benzyl alcohol under visible
light irradiation. Remarkable light-promoted activity was observed for the as-synthesized M/TiO,-NB (M
= Au, Au-Pd) nanostructures based on TiO,(B)/anatase heterostructured nanobelt. The difference in band
structure and the well matched interface between TiO,(B) and anatase phases, coupled with the one-
dimensional nanostructure, enable an enhanced charge transfer within the heterostructured nanobelt. This
inter-phase charge transfer greatly facilitates the flow of hot electrons from metal NPs to TiO, and
promotes benzyl alcohol oxidation. This efficient electron transfer was identified by the much higher
photocurrent response measured for Au/TiO,-NB nanostructure with TiO,(B)/anatase heterojunction than
those with either of the single phases under visible light irradiation. The alloying Au with Pd in Au-
Pd/TiO,-NB results in a significant improvement in the visible light-promoted activity as compared to
monometallic Au/TiO,-NB sample. It is supposed that the plasmon-mediated charge distribution within

alloy NPs is mainly responsible for the enhanced photocatalytic activity of bimetallic nanostructures.

1. Introduction
It is always a challenge to develop environmentally benign
catalytic process with high product selectivity. In the past decades,
the rapid expansion of gold (Au) catalysis has developed many
new approaches to achieve the chemical transformation under
milder reaction conditions, such as low temperature CO
oxidation,'™ propene epoxidation,® aerobic oxidation of alcohols
and other organic matters.”'® However, some of these reactions
are energy intensive and the product selectivity is relatively low.
Fortunately, the conduction electrons of Au resonating with
visible light (localized surface plasmon resonance, LSPR) can
generate hot electrons and holes which can drive chemical
reactions at room temperature with high product selectivity. "'
Plasmonic-metal/semiconductor heterojunction structures, such
as the integration of Au NPs with titanium dioxide (TiO,), have
been proved to be promising visible light-driven photocatalysts.'>
7 It has been shown that the ideal Aw/TiO, plasmonic
photocatalysts must allow an efficient separation and transfer of

the photoinduced charge carriers, which is advantageous to

achieve the high efficiency of plasmon-mediated catalysis

a0 process.'® When irradiated with visible light, the hot electrons
excited in Au NPs can be injected into the conduction band of
TIOZ the

photoinduced charge carriers can be achieved.'*?' However, the

over the Schottky barrier, thus separation of
hot electrons transfer would lead to an electron accumulation in
ss the conduction band of TiO,, which would prohibit the
consecutive electron transfer from Au NPs to TiO,.'"*# 1t is
essential to promote the charge transfer within TiO, to smooth the
injection of hot electrons. As reported in the literature, the mixed
TiO, phases, such as the well-known P25 composed of anatase
so and rutile phases, exhibited superior photocatalytic activity to
either of the component phases.? It is believed that the promoted
charge transfer between different TiO, phases resulted from the
difference between their band structure accounts for the excellent
photocatalytic performance.**?® In fact, the structure of TiO,
ss indeed has also shown a strong impact on the photocatalytic
activity of plasmonic Au/TiO, catalysts by mediating the transfer
of hot electrons.'®*"?® For example, Hirai et al found that Au NPs
located at the interface of anatase and rutile in P25 are much
more efficient for aerobic oxidation of benzyl alcohol than those

¢ on pure anatase and rutile TiO, owing to the consecutive electron
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transfer in this heterojunction.”” One-dimensional TiO, nanobelts
which are synthesized by the controllable hydrothermal method
can readily form a heterostructure composed of anatase and the
metastable phase TiO,(B) by controlling the calcination
temperature of H,Ti;0; nanobelts.”’ Just like the case of P25,
TiOy(B)/anatase  heterostructure ~ with  coherent boundary
bicrystalline has shown enhanced photocatalytic activity due to
the efficient inter-phase charge transfer.”>** Moreover, compared
with nanoparticles, the special one-dimensional nanostructure of
TiO, nanobelts and nanorods would lead to a distinctive
electronic properties, like free transport of electrons with a high
speed along with the axial direction.***” As a result, the efficient
electron transfer within TiO, nanobelts can be expected.
Furthermore, the TiO, nanobelts obtained by hydrothermal
method normally have clean and smooth surfaces, which can
highly disperse the catalytically active metal NPs or clusters.***°

As is well known, for conventional heterogeneous catalysis,
the bimetallic catalysts often show tunable and synergistic effect
compared to their monometallic counterparts.***> Moreover, it
has been shown that the incorporation of a second metal can also
effectively improve the photocatalytic performance of Au-based
plasmonic photocatalysts.**** Some of bimetallic nanostructures,
such as Au-Pt*® Au-Cu* Au-Ag“‘46 and Au-Pd*® NPs
supported on TiO,, exhibited much higher light-promoted activity
for various chemical reactions than their monometallic
counterparts.

Herein, Au and Au-Pd alloy NPs which are highly dispersed on
TiO, nanobelts were synthesized. As expected, the visible light-
promoted activity of Au/TiO,-NB photocatalysts strongly
depends on the structure of TiO, nanobelt, and the highest
activity enhancement for benzyl alcohol oxidation was obtained
with TiO,(B)/anatase heterostructured nanobelt under visibile
light irradiation. Compared to monometallic Au/TiO,-NB sample,
the alloying Au with Pd in bimetallic Au-Pd/TiO,-NB
nanostructures resulted in improved catalytic activity. The
photoelectrochemical measurement was used to discern the role
of plasmon-mediated electron transfer process in the light-

promoted activity of M/TiO,-NB photocatalysts.

2. Experimental section

2.1 Materials

H,Ti;0; nanobelts were synthesized via a typical hydrothermal
process in concentrated NaOH aqueous solution with commercial

P25 (Evonik, 50m?> g'l, 80% Anatase, 20% Rutile) as the starting

45

93
S

o
a

=
a

85

material.?’ Calcining the H,Ti;O; nanobelts at 673, 873 and 1173
K, TiO, nanobelts with different structure were obtained, which
were labeled as T-1, T-2 and T-3, respectively. HAuCl, and PdCl,
(Acros Chemicals) were used as gold and palladium precursors.
Urea of analytical reagent grade was used as the precipitation
agent. All of the reagents were directly used without further

treatment. Ultrapure water was used throughout our experiments.

2.2 Synthesis of M/TiO,-NB nanostructures
Au/TiO,-NB: These nanostructures were synthesized by the
deposition-precipitation method. 0.1 g TiO, nanobelts were
dispersed evenly in 50 ml aqueous solution comprising HAuCl,.
Subsequently, a designated amount of urea with a metal/urea
molar ratio at 1/200 in 100 ml water was added as the
precipitation  agent.  Thereafter, the suspension was
thermostatically held at 353 K and kept constant for 6 h under
vigorous magnetic stirring in the absence of light. After the
deposition-precipitation procedure, the resulting product was
filtrated and washed with ultrapure water for several times. The
filter cake was dried at 353 K under air for 12 h and then was
calcined at 673 K for 2 h with a 5 K min™' heating rate under N,
flow.
Au-Pd/TiO,-NB: A range of bimetallic Au-Pd/TiO,-NB
nanostructures were synthesized by the similar method of
Au/TiO,-NB nanostructures, but PdCl, with a controlled Au/Pd
molar ratio was added and the dry filter cake was calcined at 673
K under H, flow.

In all nanostructures, subscript numbers denote the molar
fractions of Au or Pd which are calculated on the basis of the

metal atom amount in precursor suspension.

2.3 Characterization
The metal loading was detected with an inductively coupled
plasma spectrometer (ICP-AES) on an IRIS Intrepid II XSP
instrument (Thermo Electron Corporation). X-ray diffraction
(XRD) analysis was conducted on a German Bruke D§ Advance
powder X-ray diffractometer with Cu-Ka (A = 0.15406 nm).
Transmission electron microscopy (TEM) and high resolution
transmission electron microscope (HR-TEM)

obtained with a JOEL JEM 2100 microscope. The UV-visible

images were

(UV-vis) absorption spectra were recorded on a Shimadzu U-
2400PC spectrophotometer with barium sulfate as the standard
for the background correction. X-ray photoelectron spectroscopy
(XPS) data were acquired on a Thermo ESCALAB 250 X-ray

photoelectron spectrometer and the binding energies were
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determined utilizing Cls spectrum as reference at 284.6 eV.

2.4 Catalytic reaction test
The photocatalytic activities of the as-synthesized M/TiO,-NB
nanostructures were estimated via the aerobic oxidation of benzyl

alcohol under visible light irradiation. The catalyst (20 mg) was

[

dispersed well by ultrasonication in 5 ml toluene containing 40
umol benzyl alcohol within a Pyrex glass tube (15 mm in
diameter with a capacity of 20 ml). After purging the suspension
with O, for 5 min, the tube was sealed with a rubber septum cap.
10 The irradiation was carried out under vigorous magnetic stirring
for 5 h using a 500 W Xenon lamp with a 450 nm long pass filter
(160 mW cm) as the light source. The temperature of the system
was controlled by water bath (303 + 0.5 K) running through the

outer casing of the Pyrex glass tube to avoid light induced heating.

15 The reaction in the dark was tested under the same condition just
in the absence of light. After the reaction, the suspension was
separated by centrifugation, and the solution was analyzed with
Shimadzu Type GC-14C equipped with a flame ionization
detector, using a SGE-30QC2/ACS capillary column and N, as

20 carrier gas. GC-MS (Thermo Trace GC Ultra DSQ) was also

employed to determine the reaction products.

2.5 Photoelectrochemical performance measurement

The photoelectrochemical measurements were performed using a

classical three-electrode cell consisting of M/TiO,-NB

25 nanostructures as photoanode (working electrode), Pt counter
electrode and a saturated calomel reference electrode (SCE). The
photocurrent response was recorded on a CHI 660C

electrochemical workstation (the current density was normalized

by the geometric surface area of electrode) using 0.2 M Na,SO,

3

S

as the electrolyte solution. The working electrode was irradiated

by a 300 W Xenon lamp with a 450 nm long pass filter.

3. Results and discussion
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Fig. 1 Representative TEM images of (a) TiO, nanobelts, (b)
35 Auy/T-1, (¢) Auy/T-2 and (d) Au,/T-3, and HR-TEM image of (e)
T-2 nanobelt and the corresponding particle size distributions of

(f) Auy/T-1, (g) Auy/T-2 and (h) Au,/T-3.

One-dimensional TiO, nanobelts with several tens of micrometers
40 in axial direction were synthesized via the hydrothermal process
(Fig. 1a). Their structure was tuned by controlling the calcination
temperature of H,Ti;0; nanobelts. As shown in Fig. S1, TiO,(B)
(T-1) and anatase (T-3) nanobelts were formed at 673 and 1173 K
respectively, and TiO,(B)/anatase heterostructured nanobelts (T-2)
4s with a composition of 40% TiOy(B) and 60% anatase were
obtained at 873 K. The HR-TEM image (Fig. le) displays that
two clear lattice fringes continuously spaced across the surface of
T-2 nanobelts. The interplanar distances of 3.60 and 3.70 A can
be respectively indexed to (101) plane of anatase and (110) plane
s0 of TiOy(B), and the interface of the two phases is well matched.

This journal is © The Royal Society of Chemistry
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This reveals the coherent boundary bicrystalline TiO,(B)/anatase
heterostructure of T-2 nanobelts.”*> TEM observation (Fig. 1b-d)
shows that large amount of small-sized Au NPs were uniformly

dispersed over the surface of TiO, nanobelts in all as-synthesized

o

Au/TiO,-NB nanostructures. The morphologies of Au/TiO,-NB
nanostructure were scarcely affected by the nanobelt structure,
and comparable d,, (average diameter of Au NPs) values were
measured for Au;/T-1 (3.3 nm), Auy/T-2 (2.8 nm) and Aus s/T-3
(3.0 nm) (Fig. 1f-h).
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Fig. 2 (a) Diffuse reflectance UV-vis spectra of TiO, nanobelts
and Au/TiO,-NB nanostructures, and (b) XPS spectra of Au 4f in
Auy/T-1, Auy/T-2 and Au,/T-3.

Fig. 2a presents the diffuse reflectance UV-vis spectra of TiO,
nanobelts and Au/TiO,-NB nanostructures. In contrast to only
absorption at wavelength below 450 nm for bare TiO, nanobelts,
Au/TiO,-NB nanostructures showed a wide absorption peak at

around 570 nm assigned to the LSPR of Au NPs.”*’ XPS analysis

20 (Fig. 2b) reveals that the binding energies of Au 4f;, and 4fs), in

Au/TiO,-NB nanostructures shifted to lower values (such as 83.2
and 86.9 eV in Au/T-2) compared with the XPS data of bulk gold
(84.0 and 87.7 V). This implies that a Schottky barrier exists at

Au/TiO, interface, which will lead to the electron transfer from

25 TiO, nanobelts to Au NPs and thus gold is negatively charged.””
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Fig. 3 Amount of benzaldehyde formed during benzyl alcohol

oxidation in the dark (grey) and under visible light irradiation

30 (shadow) over Au/TiO,-NB photocatalysts with (a) different TiO,

nanobelts and (b) different Au loadings.

The efficacy of the as-synthesized Au/TiO,-NB nanostructures

for plasmonic photocatalysis was assessed by aerobic oxidation

35 of benzyl alcohol under visible light irradiation (Xe lamp, A >

450 nm). Remarkably, benzyl alcohol was converted to
benzaldehyde with high selectivity > 99% over all samples, while
no other products were detected. For comparison, the control

experiment in the absence of photocatalysts was also performed,
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and no conversion of benzyl alcohol was observed. Fig. 3a shows
that all bare TiO, nanobelts exhibited no activity in the dark,
while the oxidation of benzyl alcohol to benzaldehyde can be
observed under visible light irradiation. This visible light driven
activity can be attributed to the complex formed by the adsorption
of benzyl alcohol onto TiO, surface.””>* The ligand-to-metal
charge transfer of the surface complex rather than the direct
excitation of TiO, should account for the visible light-promoted
activity of TiO, nanobelts.”

It is noted that all Au/TiO,-NB nanostructures showed
enhanced catalytic activity for benzyl alcohol aerobic oxidation
both in the dark and under visible light irradiation. As expected,
the amounts of Au loaded markedly affected the catalytic activity
of Au/TiO,-NB with or without light irradiation. Take Au/T-2
catalysts for example, the amount of benzaldehyde increased
monotonically with the increment of Au loading < 3.5 mol% but
decreased at higher loading in both case (Fig. 3b). The da, values
for Auy/T-2, Au;s/T-2 and Auys/T-2 are 2.8, 4.0 and 5.5 nm,
respectively (Fig. S2, ESIY), implying that the large Au NPs with
day > 5 nm are less active for reaction. Moreover, the light-
promoted activity enhancement showed the same dependence on
the Au loadings. The highest activity enhancement obtained over
Aus 5/T-2, produced 30.1umol of benzaldehyde under visible light
irradiation which is 3.7 times of that obtained in the dark (8.2
pmol).

However, the remarkable visible light-promoted activity was
obtained only for Au/T-2 catalysts based on TiO,(B)/anatase
heterostructured nanobelt. As is depicted in Fig. 3a, the light-
promoted activity of Au/T-2 is much higher than those of Au/T-1
and Au/T-3 catalysts both with low and high Au loadings. Under
visible light irradiation, Au;/T-2 produced 12.5 upmol of
benzaldehyde, while even the high-loaded Aus s/T-1 and Aus 5/T-3
samples produced only < 9 pmol of benzaldehyde. It should be
noted that the Au/TiO,-NB nanostructures based on different TiO,
nanobelts are composed of comparable sized Au NPs when they
are with the same Au loading (Fig. 1b-d, f-h). Obviously, the
structure of TiO, nanobelts has a strong impact on the visible
light-promoted activity of Au/TiO,-NB nanostructures. For
Au/TiO, plasmonic photocatalysts, it has been reported that
oxygen molecules adsorbed on TiO, can capture the electrons
injected from Au NPs and form O-O" species which can promote
the oxidation of benzyl alcohol.”” We infer that the excellent

visible light-promoted activity of Au/T-2 photocatalysts should
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result from the efficient transfer of hot electrons from Au NPs to

-

the heterostructured nanobelt.
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Fig. 4 (a) The photocurrent responses of Au/TiO,-NB and Au/P25
nanostructures under visible light irradiation, and (b) plots of

(Ahv)*® vs. hv of TiO, nanobelts.

In order to elucidate the role of plasmon-mediated electron
transfer process in the visible light-promoted activity of Au/TiO,-
NB nanostructures, a series of photoelectrochemical tests were
performed. Au/TiO,-NB nanostructures and bare TiO, nanobelts
were used as the working photoanodes. The I-t curves responding
to light turning on and off measured at zero bias voltage are
presented in Fig. 4a. As can be seen, bare TiO, nanobelts (T-2)
did not produce any photocurrent signal, while all Au/TiO,-NB
nanostructures exhibited significant anodic photocurrent response
under visible light irradiation. For example, the measured

photocurrent density is about 1.50 pA cm? for Au,/T-2, which

quickly decreased as soon as the light irradiation was stopped.

This journal is © The Royal Society of Chemistry
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This result demonstrates that bare TiO, nanobelts indeed cannot
absorb visible light with wavelength above 450 nm and produce
photoinduced charge carriers. Therefore, the photocurrent
responses of Au/TiO,-NB nanostructures can be attributed to the
injection of hot electrons mediated via plasmonic excitation of Au
NPs."®2! 1t is noted that the transient photocurrent response of
Auy/T-2 is much stronger than those of Au;/T-1 and Au,/T-3,
indicating an efficient interfacial electron transfer between Au
NPs and the heterostructured nanobelt. This photocurrent
response on the respective catalysts is consistent with the
catalytic activity under visible light irradiation, suggesting that
the electron transfer from Au NPs to TiO, nanobelt mediated the
photocatalytic activity of Au/TiO,-NB nanostructures for benzyl
alcohol aerobic oxidation.

According to the UV-vis spectra of TiO, nanobelts obtained at
different calcination temperatures, the band gaps of T-1, T-2 and
T-3 nanobelts were calculated to be 2.83, 2.92 and 3.02 €V,
respectively (Fig. 4b). This means that there should be a
difference between the band structure of TiO,(B) and anatase
phases, which would result in an inter-phase charge transfer when
they are in contact. Up to now, the efficient charge separation and
promoted photocatalytic activity have been observed for various
TiO,(B)/anatase heterostructures, and several models regarding to
the charge transfer in these cases have been proposed.”** Among
them, Ke et al have demonstrated that the potentials of
conduction and valence band in TiO,(B) are higher than the
corresponding ones of anatase.® The higher conduction band
edge of TiO,(B) provides a higher Schottky barrier,”” which is
unfavourable for the electron migration from Au NPs to TiO,,
corresponding to the much lower photocurrent density of Au;/T-1
than that of Au,/T-3. The electron transfer from excited Au NPs to
TiO, (< 240 fs) is much faster than the reverse process, indicating

an electron accumulation in the conduction band of TiOz.lg’22 This

will inhibit the consecutive electron transfer from Au NPs to TiO,.

In our previous study, the heterostructured nanobelts show an
anatase-TiO,(B)-anatase sandwich structure.”’ Accordingly, for
Au/T-2 Au/TiO,-NB
heterostructured nanobelt, the HR-TEM images in Fig. S3 show

samples, nanostructures  with  the
that the Au NPs were mainly deposited on anatase phase. When
Au/T-2 catalysts were irradiated by visible light, most of the hot
electrons will be injected into the conduction band of anatase.
The electron accumulation in conduction band of anatase can

realign energy levels in TiO,(B)/anatase heterostructure, enabling
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the electron transfer from anatase to TiO,(B). Accordingly, the

TiO,(B)/anatase  heterojunction enables efficient electron
transport within the heterostructured nanobelt, which will in turn
facilitate the injection of hot electrons from Au NPs into TiO,.
This enhanced consecutive transfer of electrons between dual
heterojunction contributes to the much higher photocurrent
response and visible light-promoted activity of Au,/T-2 than those
of Auy/T-1 and Au;/T-3 based on single-phase nanobelt.

For comparison, Au/P25 with the same Au loading was
prepared and tested. The benzaldehyde formed over Au,/P25 in
the dark and under visible light irradiation are 13.5 and 21.6 pmol
respectively. However, the light enhanced benzaldehyde
formation obtained over Au;/P25 (8.1 umol) is lower than that
over Auy/T-2 (11.3 pmol, see Fig.2a). Correspondingly, a weaker
transient photocurrent response of Au,/P25 (0.95 pA cm™) than
that of Au/T-2 (1.50 pA cm™®) was observed (Fig. 4a). This
demonstrates that a more efficient electron transfer occurred in
Au,/T-2, which can be ascribed to the anistropic electron flow in
the heterostructured nanobelts. Moreover, due to the one-
dimensional  structure of TiO, nanobelts, Au/TiO,-NB
nanostructures can be easily separated from the resulting solution
after reaction by sedimentation in less than 5 min, while the
suspension with the Au/P25 is still turbid (Fig. S4, ESIT). This
additionally suggests that TiO,(B)/anatase heterostructured TiO,
nanobelt can function as an ideal support and electron transfer

mediator of plasmonic Au NPs.
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Fig. 5 Representative (a,b) TEM and (d) HR-TEM images of

Aug;5Pdgos/T-2, and (c) its corresponding particle size

distribution.

It has been shown that the photocatalytic performance of Au-
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based plasmonic photocatalysts can be effectively improved by
the incorporation of a second metal.**** Herein, we synthesized a
series of bimetallic Au-Pd/TiO,-NB nanostructures by the similar
method used in the synthesis of Au/TiO,-NB samples. Fig. 5a,b
show the representative TEM images of Aug 75Pd,s/T-2. Just like
the morphology of Au/TiO,-NB nanostructures, small-sized metal
NPs were highly dispersed on the surface of TiO, nanobelts. A
narrow size distribution with an average diameter of 2.1 nm was
obtained. As shown in Fig. S5, the average diameters of metal
NPs in Aug sPd, s/T-2, Aug»sPdg 75/T-2 and Pd,/T-2 nanostructures
are 2.0, 1.9, 1.7 nm, respectively. The particle sizes of Au-Pd NPs
decreased with the decrease of Au/Pd molar ratio which is in
agreement with the previous report.® In addition, the HR-TEM
image in Fig. 5d reveals that the metal NPs in Auyg ;5Pd ,5/T-2 are
well-faceted and the measured lattice spacing of 2.32 A is just
between the values of Au(111) (2.35 A in PDF No. 65-8601) and
Pd(111) (2.25 A in PDF No. 65-2867), indicative of Au-Pd alloy
NPs.

—AuT2
——Pd /T2
—Au,, Pd,_/T-2

Intensity (a.u.)

800 332 334 336 338 340 342 344 346 348
Binding Energy (eV)

@ |

500 600 700
Wavelength (nm)
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Fig. 6 (a) Diffuse reflectance UV-vis spectra of Auy/T-2, Pd,/T-2
and Aug;5Pdg,s/T-2, and XPS spectra of (b) Pd 3d in Pd,/T-2, (c)

Au 4f and (d) Pd 3din Au0'75Pd0'25/T-2.

80

It is known that the characteristic absorption peak of Pd NPs is

361 which is

in the UV region at a wavelength of 330 nm,
overlapped by the absorption peak of TiO,. However, an increase
of the baseline in the visible light region was observed for Pd,/T-
2 sample compared with bare TiO, nanobelts (T-2) in Fig. 6a,
which can be attributed to the light scattering or the interband
electronic transitions of Pd NPs.®*% For bimetallic Au-Pd/TiO,-

NB nanostructures, the Au alloyed with Pd led to the
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characteristic LSPR absorption peak of Au NPs at 570 nm
broadening or even disappeared, corresponding to the color
change of sample from purple to gray (inserted digital pictures in
Fig. 6a). The Pd 3d and Au 4f XPS spectra in Pd,/T-2 and
Aug 75Pd »5/T-2 are shown in Fig. 6b-d. It can be seen that the Pd
3d;, peak in Pd;/T-2 could be fitted by two peaks of 340.5 and
342.5 eV which are attributed to metallic Pd and PdO species
respectively.®*® The existence of PdO is due to the easy
oxidation of Pd NPs upon contact with O, in air or water at room
temperature. Compared to the values of Au 4f detected in Au/T-2
(Fig. 2b), the corresponding binding energies in Auy ;5Pdg,5/T-2
shifted to higher values of 84.0 and 87.7 eV, while the peak of Pd
3d;;, (339.1 eV) negatively shifted about 1.4 eV relative to the
data of metallic Pd detected in Pd;/T-2. This result indicates that
alloying Au with Pd gives Au a tendency to lose electrons. Given
that the work function of metal Pd (5.6 eV) is larger than that of
metal Au (5.3 eV), the migration of electrons from Au sites to Pd
sites can occur.*”**%" The positive shift of Au 4f and negative
shift of Pd 3d indicate that the redistribution of electrons occurs
in Aug75Pdg,s/T-2, charging Au positively and Pd negatively

when the equilibrium reaches.

[ dark
X % > 450 nm

10 15 20 25 30 35 40
Benzaldehyde (pmol)
Fig. 7 Amount of benzaldehyde formed during oxidation of

benzyl alcohol over Au-Pd/T-2 photocatalysts.

The surface charge heterogeneity of Au-Pd alloy NPs will
contribute to the improved catalytic performance of bimetallic
nanostructures.”*®' Fig. 7 indeed shows that all bimetallic Au-
Pd/T-2 nanostructures exhibited enhanced catalytic activity
compared to their monometallic counterparts in the dark. The
Pd/T-2 sample showed slightly enhanced catalytic activity
compared to bare TiO, nanobelts under visible light irradiation

and no photocurrent response was observed (Fig. S6, ESIt),

es indicating the nonplasmonic metal nature of metal Pd. The
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remarkable visible light-promoted catalytic performance was
observed for all bimetallic Au-Pd/T-2 nanostructures, and the
activity enhancement is strongly dependent on Au/Pd ratio. The
Aug 75Pdy,5/T-2 (ICP-measured Au/Pd molar ratio is 2.4) showed
the highest light-promoted activity, 35.2 pmol of benzaldehyde
was produced under visible light irradiation, which is almost
three times that obtained with Au;/T-2 (12.3 pmol). For
AusPdy s/T-2 and Aug,sPdg75/T-2 samples, even though the Au-
Pd NPs sizes become smaller, the photocatalytic efficiency is still
lower than that of Aug;sPdg,s/T-2. These data suggest a
plasmonic Au mediated benzyl alcohol oxidation over bimetallic
nanostructures under visible light irradiation. From Fig.7, it can
be seen that the light-promoted activity enhancement of
0.75Pdg25/T-2 is much higher than that of monometallic Au/T-2,
indicative of a promoting effect of alloying Au with Pd for
aerobic oxidation under visible light irradiation. This visible
light-promoted synergistic effect of Au-Pd alloy NPs for benzyl
alcohol oxidation can be ascribed to the charge transfer between
Au and Pd, and similar findings were found for ZrO, supported
Au-Pd alloy NPs photocatalysts reported by Zhu et al.***' The
redistribution of hot electrons within alloy NPs might decrease
the amount of electrons injected from alloy NPs into nanobelts to
some extent. It is shown that a weaker photocurrent response of
0.83 A cm’? was measured for Aug,sPdg,s/T-2 (Fig. Se6, ESIt)
compared to the value of 1.50 pA cm™ obtained for Au,/T-2,
though comparable light absorptions were measured for these two
nanostructures. Accordingly, less activated O-O" species is
expected to be produced on TiO, nanobelts surface in
Aug 75Pdg,s/T-2 as compared to the case of monometallic Au,/T-2,
which would result in the decrease of benzaldehyde formation.
Therefore, the remarkably improved visible-light-promoted
activity obtained for Aug;sPdg,s/T-2 suggests the synergistic

effect resulted from the charge transfer in alloy NPs under visible

light irradiation.

o
S

Fig. 8 Proposed mechanism for the aerobic oxidation of benzyl
alcohol over Au-Pd/T-2 nanostructures driven by visible light

irradiation.

It is generally accepted that the alcohol oxidation over both Pd
and Au NPs involves sequential cleavage of O-H and C-H bonds,
followed by abstraction of the hydrogen atom from the
intermediate of metal-hydride species.***¢” The light-promoted
catalytic activity of bimetallic Au-Pd/T-2 nanostructures can be
attributed to the efficient electron transfer between alloy NPs and
the heterostructured nanobelt and the redistribution of hot
electrons within alloy NPs. It has been proven that the electronic
structure of Pd strongly impacts its oxygen activation efficiency,
and electrons transferred into Pd are tend to have substantial
effects on its ability to activate oxygen molecules.®®”° Therefore,
the hot electrons transfer both from Au to TiO, nanobelt and to Pd
sites play a key role in the activation of oxygen molecules, and
facilitate the cleavage of O-H bond of the alcohol.
Simultaneously, the holes left in Au sites can react with the
alkoxide intermediate, accelerating the cleavage of C-H bonds.

On the basis of the results presented and discussed above, a
possible mechanism for the visible light-promoted aerobic
oxidation of benzyl alcohol over Au-Pd/T-2 photocatalysts is
proposed in Fig. 8. It illustrates that the oxidation of benzyl
alcohol proceeds through the cooperation between bimetallic Au-
Pd alloy NPs and the heterostructured nanobelt. In the first step,
plasmon activation of Au sites transfers hot electrons to Pd sites
and the heterostructured nanobelts. The hot electrons in Pd sites
and the heterostructured nanobelts can populate unoccupied
orbitals of oxygen molecules yielding a transient anion O-O

27,71,72

species, which can cleave the O-H bond of the alcohol to

form an alkoxide intermediate. In the second step, the
intermediate undergoes a rapid hydride transfer from C-H to the
positive charged Au to form benzaldehyde and Au-H species.®
The third step will be the elimination of Au-H species and the
recovery of the acitive sites. The proposed mechanism gives the
reasonable explanation for the

light-promoted ~ catalytic

performance of bimetallic Au-Pd/T-2 nanostructures.

4. Conclusions

In conclusion, deposition-precipitation method has been
applied to synthesize highly dispersed small-sized Au and Au-Pd
alloy NPs on TiO, nanobelts. The one-dimensional nanobelt

consisting of TiO,(B)/anatase heterojunction enables efficient
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transfer of hot electrons from Au NPs to TiO, nanobelts. This was
confirmed by the superior visible-light-promoted activity and
much higher photocurrent response of the dual heterostructured
Au/(TiOy(B)/anatase) nanostructure compared to Au/TiO,(B) and
Au/anatase counterparts. The bimetallic Au-Pd/TiO,-NB
nanostructures showed a remarkably improved visible light
driven activity compared to monometallic Au/TiO,-NB sample,
which can be attributed to the plasmon-mediated charge
distribution form Au sites to Pd sites within alloy NPs. We
anticipate that the findings obtained here are useful in the
utilization of solar energy and contribute to the design and

synthesis of more efficient plasmonic photocatalysts.
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