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Au-Cu bimetallic nanoparticles supported on TiO,-nanobelt (TiO,-NB) have been designed and
synthesized by one pot photodeposition-galvanic replacement method. The TEM observation
revealed that small-sized metal nanoparticles (less than 2 nm) uniformly and finely dispersed on
TiO, nanobelt. Characterization by XRD coupled with XPS demonstrated that the Au-Cu
bimetallic nanoparticles are composed with an Au-rich core/CuQ, shell structure. The as-
synthesized one dimensional Au-Cu/TiO,-NB nanostructure can be easily assembled into paper-like
porous monolithic catalyst and applied in the heterogeneous catalysis. The formed bimetallic
nanopaper catalyst presented synergistically enhanced activity and improved stability for
catalyzing the aerobic oxidation of benzyl alcohol compared to their monometallic counterparts. It
is likely that the Au-CuO, heterostructure is responsible for the superior catalytic properties of the
bimetallic Au-Cu/TiO,-NB catalysts, and the catalytic activity can be significantly affected by the
Au/Cu ratio. The uniform and high dispersion of metal nanoparticles on TiO, nanobelts are also
believed to contribute to the stability of Au—Cu/TiO,-NB catalysts, suggesting that the one-
dimensional TiO, nanobelts are desirable support for the preparation of nanoscale metal catalysts.
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1. Introduction

It is well established that the catalytic properties of bimetallic
nanoparticles are superior to their monometallic counterparts
because of their tunable and synergistic effect.'> Many

researchers have made great efforts to develop various

nanostructured bimetallic catalysts via different synthesis

approaches. In particular, the synthesis and synergistic catalysis
of Au-based bimetallic nanocatalysts have received considerable
interest along with the “gold rush” in catalysis." Exemplarily,

various Au-Cu bimetallic structures have recently been

constructed and applied in many important chemical reactions,

such as low temperature CO oxidation,*® the preferential

oxidation of CO in H,-rich gas,'® propane epoxidation,' "

aerobic oxidation of alcohols and other organic matters.'*'” Most
of them showed enhanced activity and improved stability
compared to monometallic counterparts.> '¥!7

As it is known, the -catalytic properties of Au-based

nanocatalysts strongly depend on their composition,'™ size and

interaction with the support.'*?* Higher catalytic activity is

40 generally expected for smaller particles due to the large quantity
of high active sites with the increased specific surface area.
However, extremely small size tends to cause deactivation due to
the occurrence of particle sintering during the catalytic process at
elevated temperature. Bimetallic structure comprising Au with

4s non-noble metal (such as Cu) can mitigate the particle sintering
on account of the phase segregation upon treatment in an
oxidizing atmosphere or under catalytic reaction condition, i.e.
Cu oxides are easily formed and enriched on the particle surface.
The oxides will decorated on Au-rich core in the forms of patches

so or shells and formed an Au-CuO, heterostructure.” The formed
oxides or Au-oxide interfaces were supposed to be the active sites
for the activation of oxygen molecules and account for the
enhanced activity of bimetallic systems for the aerobic oxidation
reactions.!%!” Meanwhile, these oxides can act as a shield to
ss suppress the particle growth during reaction and therefore endow
an improved stability.>*® Furthermore, for the application of
heterogeneous catalysis, metal nanoparticles or clusters normally
need to be finely dispersed on oxide supports to achieve high

mass activity and resistance to aggregation. For these supported
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catalysts, the collective properties such as the relative spatial
distribution of nanoparticles and particle size distribution were
found to have pronounced impact on catalyst stability.”**

Generally, high dispersed nanoparticles with equal sizes
(minimum driving force for ripening) and broad neighbour-
distance distributions are ideal for a growth-resistant catalyst.
However, it is quite common for many technical catalysts in
which the spatial distributions of metal nanoparticles on supports
are non-uniform, which has significant effect on metal particle
growth.

Titanium dioxide (TiO,) is a well-known support material for
noble metallic catalysts because of its low cost, chemical
stability, and environment-friendly properties. One-dimensional
nanomaterials (e.g. TiO, nanobelts), which have comparable
large surface area to the nanoparticles, peculiar formability and
integratability, can function as support materials for anchoring
catalytically active metal species. Generally, the well-crystallized
TiO, nanobelts with clean and smooth surface can be synthesized
by the controllable hydrothermal method easily.”** In our
previous work,*®  well-dispersed small Au-Ag bimetallic
nanoparticles deposited on TiO, nanobelts have been prepared.
Most significantly, these formed nanostructures can be readily
assembled into paper-like porous monolithic catalyst which
exhibited high activity and stability for the selective oxidation of
benzyl alcohol to benzaldehyde at elevated temperature. In
comparison with the common supported nanocatalysts based on
silica gel or other porous supports, the as-prepared nanopaper
catalysts not only have highly porous structure to ensure the
accessibility of active sites, but also enable the even dispersion of
metal nanoparticles within the three-dimensional spatial
framework. All these properties mentioned above endow the
catalysts with excellent catalytic activity and stability.

As is well known, TiO, is an excellent photocatalyst and has
attracted great attention for its promising applications in
photocatalysis and photovoltaics.>'** For the preparation of TiO,
supported catalysts, the photodeposition has been shown to be a
simple “green” approach for obtaining clean metallic metal oxide
nanoparticles highly dispersed on TiO, surface.*>*® In previous
work, we have developed a facile successive photodeposition-
galvanic replacement approach to synthesize Au-Ag/TiO,-NB
nanostructure.’® However, the low electronegativity of 1.9 for
metallic Cu leads to nanoparticulate Cu can be immediately

oxidized when they are exposed in air, and there are only few
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reports about metallic Cu nanoparticles photodeposited on TiO,
or other semiconductor photocatalysts.”” Hence, it is difficult to
synthetize Au-Cu/TiO,-NB nanostructure via the successive
photodeposition-galvanic replacement approach.

In the present study, we report the fabrication of Au-Cu/TiO,-
NB nanostructure for the first time by one-pot photodeposition-
galvanic replacement method. The synthesis strategy is depicted
in Scheme 1. During the preparation process, we managed to
by

photodeposition time, and adjust the Au-Cu composition via

control the metal nanoparticle sizes regulating the
tuning the ratio of Cu®" and AuCl, in the mixed solution. Based
on these Au-Cu/TiO,-NB nanostructures, a monolithic paper-
structured catalyst was fabricated using the modified paper-
making process which was depicted in our earlier work.*® The
aerobic oxidation of benzyl alcohol was used as a probe reaction
to evaluate the catalytic properties of as-synthesized Au-Cu/TiO,-

NB nanopaper catalysts.

2. Experimental

2.1 Materials

Titania (P25, Evonik, 50m2g‘1, 80% Anatase, 20% Rutile) powder
was hydrothermally treated in concentrated NaOH aqueous
solution to synthesize the TiO, nanobelts.***** Acros Chemicals
(HAuCl,) was used as a gold precursor and copper acetate (Cu
(CH3CO0O0),) as a copper precursor, directly used without further
treatment. Sodium hydroxide (NaOH) and ethyl alcohol
(CH;CH,0H) were all of analytical reagent grade. Ultrapure

water was used all through our experiments.

2.2 Synthesis of M/TiO,-NB nanostructure (M=Au, Cu, Au-
Cu)

Synthesis of Au-Cu/TiO,-NB nanostructure. The Au-Cu/TiO,-
NB nanostructures were prepared by a one-pot photocatalytic-
galvanic replacement approach. Firstly, 0.1g TiO, nanobelts were
dispersed evenly in 2 mL 0.1 M Cu (CH;COOQ), aqueous solution
and 20 mL CH3CH,OH. The turbid liquid was deaerated by N,
gas flow for 30 min, and adjusted the pH of the precursor solution
to 7 with NaOH aqueous solution. Secondly, the obtained
solution was irradiated for 20 min under a 500W Xe lamp to
photodeposit Cu nanoparticles onto TiO, nanobelts. Then, 15 mL
HAuCl, (0.003 M) aqueous solution deaerated by N, gas flow
was added into the irradiated solution to perform the galvanic

replacement reaction between photodeposited Cu particles and

2 | J. Mater. Chem, [year], [vol],
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AuCly for 15 min in dark. Vigorous magnetic stirring and
nitrogen purge to eliminate oxygen were maintained during entire
process. The resulting product was filtrated and washed with
ultrapure water for several times, and dried in vacuum stove for
24 h.

Synthesis of Cu/TiO,-NB nanostructure. The Cu/TiO,-NB was
synthesized by the same photodeposition method as that for Au-
Cu/TiO,-NB without the galvanic replacement process.

Synthesis of Au/TiO,-NB nanostructure. The Au/TiO,-NB was
prepared via the photodeposition method. 0.1 g TiO, nanobelts
and 1 mL 0.5 M HAuCl, were added into the mixture of 0.02 M
sodium citrate and 0.1 M NaOH solution. The mixed solution was
irradiated by the Xe lamp for 2 minutes under vigorous magnetic
stirring. The resulting product was filtrated and washed with
ultrapure water for several times, and dried in vacuum stove for

24 h.

2.3 Characterization

X-ray diffraction (XRD) analysis was conducted on a German
Bruker D8 X-ray diffractometer. Transmission electron
microscopy (TEM) and high resolution transmission electron
microscopy (HRTEM) images were obtained with a JOEL JEM
2100 microscope. HITACHI S-4800 field emission scanning
electron microscope (FE-SEM) was used to characterize the
morphologies. X-ray photoelectron spectroscopy (XPS) data were
acquired on a Thermo ESCALAB 210 X-ray photoelectron
spectrometer and the binding energies were determined utilizing
Cls spectrum as reference at 285.0 eV. The UV-vis absorption
spectra  were recorded on a Shimadzu U-2400PC
spectrophotometer with barium sulfate as a standard for the
background correction. The metal loading and the Au/Cu molar
ratio in the samples were detected by inductively coupled plasma
spectrometer (ICP-AES) on an IRIS Intrepid II XSP instrument

(Thermo Electron Corporation).

2.4 Catalytic reaction tests
The gas-phase selective oxidation of benzyl alcohol was carried
out with a continuous flow fixed-bed microreactor (8 mm i. d.).
In the catalytic test, four pieces Au-Cu/TiO,-NB paper (8 mm in
diameter and total weight of 20 mg) were stacked vertically on a
Teflon ring fixed to the inner wall of the reactor, and the process
was carried out at atmospheric pressure and a lower reaction
of 240°C. The streams (44 mL/min,

temperature gas

0,/N,=21:79) were supplied by mass flow controllers, and benzyl

4

o

alcohol (20 uL/min, WHSV of 63 h™') was fed continuously
through a syringe pump. Liquid vaporization occurred in the
preheater prior to the catalytic reaction bed. The condensable
reaction products and the unreacted benzyl alcohol were cooled
and collected using a cold trap (0 °C). Then, the mixture was
analyzed with a Shimadzu Type GC-14C equipped with a flame
ionization detector, using a SGE-30QC2/ACS5 capillary column
and N, as carrier gas. 1-Butanol was employed as an internal
standard. GC-MS (Thermo Trace GC Ultra DSQ) was also

employed to determine the reaction products.

3. Results and Discussion

Bimetallic Au-Cu/TiO,-NB nanostructures were prepared by one-
pot photodeposition-galvanic replacement method. Inductively
coupled plasma (ICP) analysis indicated that the metal loading
and Au/Cu ratio in Au-Cu/TiO,-NB nanostructures are tuneable
by simply controlling the composition of precursor solution,
photodeposition time and galvanic replacement time. Herein, we
regulate the Cu loading by varying the photodeposition time,
keeping the Au loading at about 2 wt. %. No diffraction peaks of
Au or Cu species were found in the XRD pattern of the as-
prepared Au-Cu/TiO,-NB sample (Fig. S1, ESI}), which may be
due to the rather low loading and small sizes of metal
nanoparticles. In order to characterize the Au-Cu bimetallic
structure, XRD pattern of Au-Cu/TiO,-NB sample with several
times of metal loading amount was acquired (Fig. S2, ESIt), As
can be seen, the strong diffraction peaks are indexed to the TiO,
nanobelts support, the small diffraction peaks at 26=38.2, 44.3
and 64.5 can be attributed to the face-centered cubic (fcc)
structure of metallic Au (PDF No. 01-1172). Diffraction peaks at
20=36.5 and 42.4 are likely to be Cu’, and the other peaks at
20=35.4 and 38.8 are mostly to be Cu**. However, no
characteristic peaks related to metallic Cu® are observed in the
XRD pattern. It is obvious that Cu was successfully loaded on
TiO, nanobelts via photodeposition, and the following galvanic
replacement  process produced the Au-Cu bimetallic
nanostructure using the photodeposited Cu particles as templates.
Evidently, due to the Cu nanostructures are easily oxidized under

ambient or aqueous conditions,***!

the phase segregation
occurred in the freshly-formed Au-Cu/TiO,-NB nanostructure
when exposed to air during sample handling, and thus the
element Cu in Au-Cu/TiO,-NB is detected to be mainly in the

form of copper oxide species (CuO,). These Cu oxides would

This journal is © The Royal Society of Chemistry
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enrich on the surface and resulted in an Au-rich core and CuO,
shell in the nanoparticles, so the as-prepared Au-Cu/TiO,-NB
samples can be regarded as Au-CuO,/TiO,-NB nanostructures.

Fig. 1a, b present the TEM images of photodeposited Au and
Cu nanoparticles on TiO, nanobelt as well as the as-prepared Au-
Cu/TiO,-NB nanostructure. For both Au/TiO,-NB and Cu/TiO,-
NB nanostructures, it can be seen that large amounts of small-
sized metal nanoparticles are dispersed uniformly over TiO,
nanobelt which has a width of 50-200 nm and length of up to
dozens of micrometers. The corresponding histograms of particle
size distribution for Au and Cu show an average size of 1.7 + 0.1
nm and 2.2 + 0.1 nm, respectively. The TEM image in Fig. 1c
reveals that the obtained Au-Cu/TiO,-NB nanostructures have
similar morphology of small well-dispersed particles on nanobelt
compared to that of Cu/TiO,-NB samples. This feature is just like
that observed for the previously synthesized Au-Ag/TiO,-NB
catalyst,’® demonstrating that the one-dimensional TiO, nanobelts
are ideal for the preparation of finely dispersed nano-scale metal
catalysts. Compared with the porous or particle supports, the
clean and flat surface of TiO,-NB contains less step and kink
sites, which might account for the highly and uniformly
dispersion of metal clusters or nanoparticles in metal
nanopartcles/Ti0,-NB nanostructures. A narrow size distribution
with an average diameter of 1.7 = 0.1 nm (Fig. 1f) was observed,
suggesting that the metal particles strongly combine with the
TiO, nanobelts without leaching or agglomeration during the
galvanic replacement process. For comparison, the reaction of
pure TiO, nanobelts with HAuCl, solution was carried out under
the same conditions, and no formation of Au nanoparticles was
detected by TEM.

Fig. 2a and 2b present the HRTEM images of Au-Cu/TiO,-NB
nanostructure. It shows uniform lattice fringes continuously
spaced across the surface of TiO, nanobelts in the length
direction, indicating its single crystalline structured nature. The
interplanar distance of 3.36 A (Fig. 2a, inset) corresponds to the
(101) crystal plane of anatase TiO,. The hemispherical particles
anchored to TiO, nanobelt are featured with a highly crystallized
core and a blurring layer. That is consistent with the XRD
analysis that the Au-Cu bimetallic nanoparticles are constructed
with Au-CuO, nanostructure. The measured lattice spacing of
particle core is 2.32 A, a value close to Au (reference value of
2.35 A in PDF No. 01-1172). Thus, the lattice spacing of the core

can be assigned to the cubic Au (111) plane, accounting for the
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Cu existing could lead to a reduction of lattice parameter of Au.

4s The less intense contrast layer is probably a CuO, film which is

around the Au particle to create an Au-rich core and CuOy shell
structure. The nanostructure of Au-Cu bimetallic particles could
be simulated in Fig. 2c.

To obtain more information about the structural feature of
bimetallic Au-Cu/TiO,-NB nanostructure, further characterization
have been carried out using XPS analysis and UV-vis diffuse
reflectance spectra. Fig. 3a, c-d show the XPS spectra of Au 4f
and Cu 2p in bimetallic nanoparticles anchored on TiO, nanobelts.
For the bimetallic Au-Cu/TiO,-NB sample, the Au 4f and Cu 2p
signals were detected simultaneously in the XPS spectrum,
further confirming a galvanic replacement reaction did occur
between photodeposited Cu particles and AuCly. The identical
binding energies values of 83.0 eV (Au 4f;,) and 87.3 eV (Au
4fs,) in both Au/TiO,-NB and Au-Cu/TiO,-NB match with that
of the inert nature of metallic gold (Fig. S3, ESIt) . In Fig. 3c and
3d, the Cu 2p;, and 2p;, regions can be deconvolved into
different copper species because of Cu nanostructures are easily
oxidized to Cu" and Cu®* under ambient or aqueous conditions,
and the binding energies of Cu 2ps, in Cu, CuyO and CuO are
932.2, 932.6, and 933.2 eV respectively.*> As seen in Fig. 3c,
there are two main XPS peaks at 933.4 and 953.2 eV, which can
be assigned to CuOy for two spin orbit components, viz., Cu 2ps),
and Cu 2p, ), and the Cu pieces in Au-Cu/TiO,-NB nanostructures
are contributed by Cu’ (11.1%), Cu" (44.4%) and Cu*" (44.5%).
This XPS analysis agrees with the bimetallic particles existed in
an Au-core/CuOy shell structure in Au-Cu/TiO,-NB.

The UV-vis diffuse reflectance spectra shown in Fig. 3b
indicate that, in contrast to only UV absorption at wavelengths
below 400 nm for TiO, nanobelts, distinct visible light absorption
appeared for all three types of metal nanoparticle deposited on
TiO, nanobelts. The wide absorption peak located at 620 nm for
the Au/TiO,-NB sample is attributed to the surface plasma
resonance (SPR) of photodeposited Au nanoparticles.”® In the
case of Cu/TiO,-NB, the visible light absorption resolves into two
bands: one is centered at about 450 nm, the other one is a wide
absorption band in the visible and near infra-red regions,
indicating that there are at least two species in the CuO, shell.****
For Au-Cu/TiO,-NB, it shows a superposition absorption peak of
Au/TiO,-NB

and Cu/TiO,-NB nanostructures. The entire

ss absorption enhancement in the visible region compared to that of

Au/TiO; is clearly caused by the existence of copper species and
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the formation of an Au/CuQ, bimetallic structure.*>*¢

The as-synthesized bimetallic Au—Cu/TiO,-NB nanostructure
(without any pretreatment) was applied as a paper-like structured
monolithic catalyst in the selective gas-phase oxidation of benzyl
alcohol and compared to the monometallic counterparts. The
typical SEM image (Fig. 4a) of these nanopaper catalysts presents
the nanobelts overlap in a disordered fashion to form an
intersecting 3D porous structure. Fig. 3b and Fig. 4b show digital
pictures of the integrated paper-like catalysts and the fixed-bed
vertical quartz tubular reactor filled with them. In the catalytic
test, 20 mg nanopaper catalysts were stacked vertically on a
Teflon ring fixed to the inner wall of the reactor, and the process
was carried out at atmospheric pressure and reaction temperature
of 220°C ~ 240°C. A high space velocity of 1.55x105 h™' was
used to eliminate the mass transfer limitation. As shown in Fig.
4c, it is obvious that all of the photodeposited Au and Cu on TiO,
nanobelt, as well as the as-synthesized Au-Cu/TiO,-NB, are
active for the oxidation of benzyl alcohol to benzaldehyde with
high selectivity. The bimetallic catalyst shows remarkably
enhanced activity and improved stability for this reaction
compared to monometallic Au and Cu, and a benzyl alcohol
conversion of above 50% was obtained at a low temperature of
220°C (Fig. S4, ESIf). As demonstrated above, the metal
nanoparticles in Au-Cu/TiO,-NB are composed of Au-CuO,
heterostructure, i.e. CuO, patches or shell decorated on Au-rich
core. Clearly, such enhanced activity can be ascribed to the
cooperative effect of Au and CuOy species.*”'*” Furthermore,
the activity of Au-Cu/TiO,-NB nanostructures was found to be
very dependent on their composition. Fig. 4d compares the
catalytic performances of Au-Cu/TiO,-NB nanopaper catalysts
with different Au/Cu ratios. The benzyl alcohol conversion
decreased with the increase of Cu content under the same Au
loading, the highest activity (conversion of ~93%) was achieved
for the Au-rich sample with a high Au/Cu atomic ratio of ~1:2.3.
Such activity dependent on the Cu content in Au-Cu/TiO,-NB
catalysts demonstrated that the existence of much more CuO, will
reduce the accessibility of reactive molecules to the Au active
sites and thus decrease the catalytic activity. A high TOF number
of 5517 h™! was calculated based on the total number of Au atoms
for Au-Cu/TiO,-NB nanopaper catalysts with the best Au/Cu
ratio of 1:2.3 (the reaction temperature of 240°C), which is twice
times of the value (2160 h™') obtained on bimetallic Au-Ag/TiO,-

NB nanopaper catalyst with comparable metal nanoparticle
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sizes.’® Similar findings that Au-Ag alloy catalysts were less
active for the oxidation of alcohols than Au—Cu alloy catalysts
with similar particle sizes were reported by Zhang et al.'® To
further investigate how the Au-CuO, heterostructure affected the
catalytic activity, the Au-Cu/TiO,-NB (Au/Cu ratio of 1:2.3)
catalysts were pretreated with CO (21.2 mL/min N, +8.8 mL/min
CO) at 300°C for 1 h, and the catalytic performance is presented
in Fig 4e. The reduced samples which should have some Au-Cu
alloy structure exhibited lowered activity compared to the as-
prepared one. The result suggests that the oxides or Au-oxide
interface may be the active sites for the activation of oxygen
molecules and account for the enhanced activity of bimetallic
systems. Similar findings were obtained for CO oxidation and the
selective oxidation of ethanol over Au-Cu nanocatalysts, where
the Au-CuO, heterostrcture played an important role in the
promoted catalytic activity.®*!"47

As shown in Fig. 5d, the bimetallic catalysts exhibited high
stability (>98%) for benzyl alcohol oxidation at elevated
temperature of 240°C, and with the best Au/Cu ratio of 1:2.3, a
high and stable benzyl alcohol conversion of ~93% was obtained
over 30 h time-on-stream performance. Such high catalytic
stability of these catalysts implies that the small Au-Cu particles
(sub-2 nm) in the Au-Cu/TiO,-NB have a high resistance to
sintering and structural changing during the benzyl alcohol
oxidation reaction at 240 °C. The identical Au 4f binding
energies as well as only slight change in the composition of Cu
pieces with Cu® (11.1% to 8.8%), Cu" (44.1% to 44.4%) and Cu**
(44.5% to 47.1%) for fresh and used Au-Cu/TiO,-NB were
measured (Fig. 3a, ¢ and d), suggesting that the Au-Cu/TiO,-NB
nanostructure keeps its electronic structure almost unchanged
before and after reaction for 30 h. This means that there is no
significant change in the structure and size for the used catalysts.
Indeed, only less particle aggregation was observed for the Au-
Cu/Ti0,-NB sample after reaction at 240 °C for 30 h (Fig. 5b).
The average particle size of Au-Cu nanoparticles only increased
to 2.0 £ 0.1 nm (Fig.5¢) after reaction for 30 h. The encapsulation
effect of CuO, shell in Au-CuO,/TiO,-NB nanostructure may be
largely responsible for this high-resistant performance. As
detected by XRD, HRTEM and XPS characterizations, the as-
synthesized bimetallic catalysts in fact are comprised of an Au-
rich core/CuQOy shell heterostructure, and that this core/shell
structure can still be observed from the HRTEM image of the
sample after reaction for 30 h (Fig. S5, ESIt). So the CuO, shell

This journal is © The Royal Society of Chemistry
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can be regarded as the main constituent for contributing to the replacement method could enable to tune the catalytic properties
stability of the Au-CuO,/TiO,-NB catalysts. It is common that the 45 via controlling the ratio of Au and Cu. We expect this work could
surface oxide can serve as a shield against the agglomeration and contribute to designing and assembling nanostructured catalysts

>2 Moreover, the narrow size with high activity and durability.

growth of metal particles.
s distribution and the even dispersion of metal nanoparticles on

TiO, nanobelts which seems ideal for sintering-resistant catalysts Inserting Graphics

should also be considered.”'*** Fig. 5e shows the catalytic

50

performance of Au-Cu/TiO,-NB catalyst with Au/Cu ratio of

HAuCI,
1:2.3 which was stored in ambient environment for three months. _— cyo added in > AuCly
10 A relative lower initial conversion of 79% was obtained, then the ~ cuo Au-Cu NPs
reaction rate gradually increased which may be ascribed to the \' Cu2 / » Galvanic
l Photodeposition replacement
release of adsorbed moisture on catalysts and a same conversion G O | ([eueigeige: wie
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of ~93% that obtained for freshly-prepared sample was reached o
after reaction for 8 h, further demonstrating the high stability of TiQ; menobelt SulMBNBE Au-GuMO,NB
15 Au-Cu/Ti0,-NB nanopaper catalyst.

In addition to the above-mentioned high catalytic stability of Scheme 1 Schematic illustration for the preparation of Au-
Au-Cu/TiO,-NB nanostructure, the high sintering-resistance of Cu/TiO-NB

TiO, nanobelts plays a role in stabilizing the porous structure and

the active sites for the nanopaper catalysts. The SEM observation
20 (Fig. 5a) depicts that indeed no sintering among nanobelts has
occurred after the reaction at 240 °C for 30 h. Furthermore, the

nanopaper catalysts are easily recycled by calcination to remove

d D, =17204nm
N =100

coke, or through the paper-making process to reassemble them

into new paper. In this respect, one dimensional metal

25 nanoparticles/TiO,-NB  nanostructures are  desirable  for

application in catalysis by assembling into nanopaper catalysts. )

o
3z 08 a 08 an
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4 Conclusions

Fig. 1 Representative TEM images of (a) Au/TiO,-NB, (b)
Cu/TiO,-NB and (c¢) Au-Cu/TiO,-NB; the corresponding particle
size distribution of (d) Au/TiO,-NB, (e) Cu/TiO,-NB and (f) Au-
Cu/TiO,-NB.

In summary, one pot photodeposition-galvanic replacement

method has been developed to synthesize highly dispersed small

o
S

30 Au-Cu bimetallic nanoparticles (sub-2 nm) on TiO, nanobelts.

The resulting Au-Cu/TiO,-NB nanostructures in which the

bimetallic nanoparticles are composed of Au-rich core and CuO,

shell can be easily assembled into paper-like porous monolithic

catalyst. The Au-Cu/TiO,-NB nanopaper catalysts based on these

CuOx shell

35 nanostructures exhibited superior catalytic performance for

benzyl alcohol aerobic oxidation to benzaldehyde compared to

e
s ~ A - .

Fig. 2 (a, b) HRTEM images and (c) scheme illustration of Au-

their monometallic counterparts. In the bimetallic catalysts, the
Au-CuO, heterostructure likely contributed to enhance the i
6s Cu/Ti0,-NB nanostructure.
catalytic activity, while the encapsulation effect of Cu oxides on
s Au core coupled with the even distribution of metal
nanaoparticles on TiO, nanobelt seem to ensure the catalytic
stability by preventing the particles from aggregating and

sintering. Furthermore, the one pot photodeposition-galvanic

6 | J. Mater. Chem, [year], [vol], 00-00This journal is © The Royal Society of Chemistry [year]
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before and after reaction; (b) UV-vis spectra and digital pictures
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s spectra in Au-Cu/TiO,-NB nanostructure (c) before and (d) after

reaction.
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Fig. 4 (a) SEM image and (b) digital picture of nanopaper
catalyst bed; (c) the comparison of benzyl alcohol oxidation over

10 Au/TiO)-NB, Cu/TiOp-NB and Au-Cu/TiO,-NB nanopaper
catalysts; the catalytic performances of (d) Au-Cu/TiO,-NB
nanopapers with different Au/Cu ratios and (e) Au-Cu/TiO,-NB
as-prepared and pretreated with CO. The reaction temperature is

240°C.
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Fig. 5 (a) SEM image, (b) TEM image and (c) the corresponding
particle size distribution of Au-Cu/TiO,-NB after reaction for 30
h at 240 °C; (d) the stability test of Au-Cu/TiO,-NB nanopaper
catalyst for 30 h at 240 °C; (e) time-dependent oxidation of
20 benzyl alcohol over Au-Cu/TiO,-NB catalyst freshly-prepared

and stored for three months.
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The synergistic catalysis of Au—Cu/TiO,-NB nanostructure
synthesized by one pot photodeposition-galvanic
replacement method in benzyl alcohol oxidation



