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ABSTRACT: Aggregation of plasmonic nanoparticles under harsh
conditions has been one of the major obstacles to their potential
applications. Here we present the preparation of uniform
mesoporous SnO, shell coated Au nanospheres, Au nanorods
and Au/Ag core—shell nanorods and their applications in
molecular sensing and catalysis. In these nanostructures, the
mesoporous SnO, shell stabilizes the metal nanoparticle and allows
the metal core to be exposed to the surrounding environment for

4-Nitrophenol e

MesoporousE
SnO ‘
Plasmonic-zm - Catalysls.‘-a"'-: mﬂ
. < 3
sensing  analyst s

4-Aminophenol

various applications at the same time. These nanostructures

display high refractive index sensitivity, which makes them promising materials for LSPR based molecular sensing. Applications of

these materials as catalysts for reduction of 4-nitrophenol by NaB

H, have also been demonstrated. Both uncoated and SnO,-

coated anisotropic Au and Au/Ag nanorods were found to display significantly better catalytic efficiency compared to the
corresponding spherical Au nanoparticles. Catalytic activities of different metal nanoparticles were significantly enhanced by 4—6

times upon coating with the mesoporous SnO, shell. The enhance

d catalytic activity of metal nanoparticles upon SnO, coating

was attributed to charge-redistribution between noble metal and SnO, that disperses the electrons to a large area and prolonged
electron lifetime in SnO,-coated metal nanoparticles. The charge transfer mechanism of enhanced catalytic efficiency for SnO,-

coated metal nanoparticles has been further demonstrated by photo

chemical reduction of silver ions on the outer surface of these

NPs. These metal/semiconductor core—shell nanomaterials are potentially useful for various applications such as molecular

sensing and catalysis.
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B INTRODUCTION

Noble metal nanoparticles (NPs) have received great attention
because of their interesting properties and potential applica-
tions in photonics, electronics, sensing and catalysis.' > They
display unique optical properties known as localized surface
plasmon resonance (LSPR). LSPR band is not only strongly
dependent on the morphology of the nanoparticles them-
selves,”® but also sensitive to the refractive index of the surface
bound molecules and surrounding environments. Strong
dependence of the LSPR band on local environment has
been utilized to develop LSPR based molecular sensing.’ Noble
metal NPs have also been known to act as catalysts for various
organic reactions.” However, noble metal NPs generally suffer
from poor stability and tend to form aggregates in harsh
environments,®® which hampers their various practical
applications.'® Formation of metal NPs aggregate will induce
a large shift in the LSPR band, which interferes with their
applications in LSPR based sensing.'"'* A lot of efforts have
been devoted to stabilize metal NPs by immobilizing them on
supports such as metal oxides,"* 713 silica,lé carbon nanotube,"”
or polymeric materials."® SiO,, TiO,, and polymer-coated metal
NPs have recently attracted lots of attention because these
coating shells can not only stabilize metal NPs, but also
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introduce new functionalities to exhibit unique multifunctional
advantages.'*?°

One important requirement for the coating shell is
permeability to allow external molecules or reactants to diffuse
into direct contact and interact with the metal core.
Mesoporous shells are attractive coating materials as they are
permeable to small molecules to maintain catalytic properties of
the metal core. Mesoporous SiO,-coated metal NPs are of
particular interest because of their easy preparation.”"** SiO,
shell can improve their biocompatibility and allow modification
with other molecules to display multifunctional capability.'**°
However, mesoporous silica-coated NPs also suffer from long-
term stability in water and tend to aggregate at slightly basic
conditions, which limit their applications.23 It is highly desirable
to search for new coating materials to develop more efficient,
durable, and eco-friendly catalysts.

Mesoporous SnO,-coated spherical Au nanospheres were
successfully prepared by Oldfield et al.** Application of SnO,
coated Au nanospheres as catalyst for CO oxidation was
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Figure 1. TEM images of (a) AuNS, (b) AuNR, (c) Au/AgNR, (d) AuNS/SnO,, (e) AuNR/SnO,, (f) Au/AgNR/SnO,. Their corresponding UV—

vis extinction spectra are shown in g—i.

subsequently explored by Yu et al.*> A very recent report by
Lee et al. showed that SnO, coated gold nanospheres displayed
better stability than SiO, coated ones at basic conditions.*® So
far most of the studies focus on SnO, coated nanospheres.
Anisotropic nanostructures such as nanorods have been known
to display more profound optical properties.””** Mesoporous
SnO, coated anisotropic metal nanostructures are expected to
display interesting multifunctional capability for various
potential applications, which have not been explored so far.

Here we report a series of mesoporous SnO, coated noble
metal NPs such as Au nanospheres (NSs), Au nanorods (NRs)
and core—shell Au/AgNRs. SnO, shell was coated onto metal
NPs by a simple one-pot hydrothermal reaction. SnO, shell
helps to protect the metal NPs from aggregation in harsh
environments, which significantly improves their stability.
These SnO,-coated metal NPs exhibited significant redshift in
LSPR as the refractive index of the medium increased,
confirming the mesoporous nature of the SnO, shell, which
allows external molecules to access metal core for various
applications. High refractive index sensitivity of Au/AgNR/
SnO, makes them promising materials for LSPR based
molecular sensing. Applications of these materials as catalysts
have been demonstrated in the reduction reaction of 4-
nitrophenol by NaBH, Both uncoated and SnO,-coated
anisotropic Au NR and Au/Ag NR displayed much better
catalytic activities than the corresponding spherical Au
nanoparticles. Catalytic activities of different metal NPs were
significantly enhanced upon coating with mesoporous SnO,
shell. The charge transfer mechanism of enhanced catalytic
efficiency of coated metal nanoparticles has been proposed and
demonstrated by photochemical reduction of silver ions on the
surface of these nanoparticles.

4845

B EXPERIMENTAL SECTION

Materials. Hexadecyltrimethylammonium bromide (CTAB, 98%),
cetyltrimethylammonium chloride solution (CTAC, 25%), sodium
borohydride (NaBH,, 99%), gold(III) chloride trihydrate (HAuCl,-
3H,0, 99.9%) and sodium stannate trihydrate (Na,SnO;-3H,0, 95%)
were purchased from Sigma-Aldrich. Silver nitrate (AgNO;), L-
(+)-ascorbic acid, and 4-nitrophenol were purchased from Alfa
Aesar. Deionized (DI) water was used in all the experiments.

Instruments. UV—vis extinction spectra were measured by using a
Shimadzu UV 2550 spectrometer. Reduction of 4-nitrophenol by
NaBH, was monitored by using an Agilent diode-array UV—vis
spectrophotometer, which can measure one spectrum within 1 s.
Transmission electron microscopy (TEM) images were taken on a
JEOL 1220 electron microscope. High-resolution TEM images were
taken on a Philips EM300 electron microscope operated at an
accelerating voltage of 300 kV. X-ray diffraction (XRD) patterns were
collected using a Bruker GADDS D8 Discover diffractometer with
Cuy, radiation (1.5418 A).

Preparation of SnO,-Coated Au and Au/Ag NPs. AuNSs,
AuNRs and Au/AgNRs were prepared by using previously reported
methods.”® ! The details are described in the Supporting
Information. AuNS/SnO, was prepared by following the method
previously reported by Oldfield et al.** We extended this method to
the preparation of AuNR/SnO, and Au/AgNR/SnO,. Briefly, 5.0 mL
of CTAB capped AuNRs were diluted to 20.0 mL with DI water in a
round-bottom flask. The pH of the solution was adjusted to 10.5 by
addition of NaOH. The solution was kept inside a 75 °C oil bath
under vigorous stirring for 15 min, followed by rapid addition of 3.0
mL of freshly prepared Na,SnO; aqueous solution (0.004M). After
stirring for another 2 h, the obtained AuNR/SnO, NPs were
centrifuged at 7000 rpm, washed twice and redispersed in 5.0 mL of
DI water. SnO,-coated Au/AgNR were prepared by using 4.0 mL of
Au/AgNR and 2.0 mL of 0.004 M Na,SnO;.

Catalyzed Reduction of 4-Nitrophenol. Two-hundred micro-
liters of AuNR and AuNR/SnO, (or 330 uL of AuNS and AuNS/
SnO,, or 100 uL of Au/AgNR and Au/AgNR/SnO, so that catalytic
efficiency of these NPs are compared on the base of containing same
mass of Au or Au/Ag core) were homogeneously dispersed into 2.0
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mL of 4-nitrophenol aqueous solution (10.0 mg/L) in a quartz cuvette
followed by rapid injection of 20.0 yL of freshly prepared NaBH,
(10.0 g/L). The initial molar ratio of 4-nitrophenol and NaBH, were
kept at 1:36 in all the experiments. The amount of NaBH, is excessive
for reduction of 4-nitrophenol so that the concentration of NaBH,
could be considered as nearly constant in the whole reaction process.
The extinction spectra were measured at regular intervals. All the
reactions were performed at 298 K.

Photochemical Reduction of Ag* on the Surface of AuUNR/
SnO,. One-half a milliliter of AuNR/SnO, NPs dispersion was diluted
to 2 mL with DI water in a quart cuvette before 30 uL of 0.01 M
AgNO; were added. The mixture solution was purged with N, gas for
S min to remove the inside O, before the cuvette was sealed. The
solution was then irradiated with a 775 nm laser beam (S0 mW) for 35
min.

B RESULTS AND DISCUSSION

Figure 1 shows TEM images and extinction spectra of the
prepared AuNSs, AuNRs and Au/AgNRs before and after
coating with SnO,. The prepared AuNSs have an average
diameter of 62 nm with LSPR band maximum at 531 nm. The
LSPR band maximum was found to redshift to 538 nm after
coating with 15 nm thick SnO, shells (size distributions of Au
NS core diameters and SnO, shell thickness are shown in
Figure Sla in the Supporting Information), which can be
ascribed to an overall increase in the refractive index of the
dielectric environment surrounding AuNSs.**** The same
method was extended to prepare SnO, coated AuNRs and Au/
AgNRs. The average diameter and length of Au NRs are 18 and
63 nm (The size distribution was summarized in Figure S1b in
the Supporting Information). The extinction spectrum of the
Au NRs dispersion displays a transverse LSPR band at 509 nm
and a longitudinal LSPR band at 774 nm, respectively. The
longitudinal LSPR band of AuNRs was found to redshift to 790
nm upon coating with 15 nm thick SnO, shells. Au/AgNRs
were prepared by coating the 18 X 63 nm AuNRs with 5.1 nm
thick layer of Ag. The longitudinal LSPR band of Au/AgNRs at
662 nm was found to redshift to 680 nm after coating with 15
nm-thick SnO, shells (The distribution of SnO, shell thickness
was summarized in Figure Slc in the Supporting Information).
The redshift of longitudinal LSPR band of AuNRs and Au/
AgNRs can also be ascribed to increasing refractive index of the
surrounding dielectric environment. AuNS/SnO,, AuNR/
SnO,, and Au/AgNR/SnO, NPs have also been characterized
with X-ray diffraction (XRD) pattern and high-resolution TEM
image (see Figure S2 in the Supporting Information). The
lattice fringes obtained from HR-TEM matched well with the
planes of SnO, obtained from XRD data.

TEM images of AuNS/SnO,, AuNR/SnO,, and Au/AgNR/
SnO, (Figure 1d—f) indicated that the outer SnO, shells are
mesoporous. The mesoporous structure of the SnO, shell
allows exposure of the noble metal core to the surrounding
environment to maintain their catalytic properties while
improving the stability of NPs in various organic solvents.
CTAB-capped Au NRs were known to form aggregates in
organic solvents,”” which was confirmed in our experiments
(Figure S3 in the Supporting Information). SnO,-coated Au
NRs were found to disperse very well in water and various
organic solvents such as ethanol, DMF, and DMSO, as
evidenced in the photograph and extinction spectra shown in
Figure S3 in the Supporting Information. These SnO,-coated
NPs were also quite stable in aqueous solution of different pH,
even very basic solutions (see Figure S3c in the Supporting
Information). The high stability of metal/SnO, NPs in different
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harsh environments is beneficial for their potential applications.
The mesoporous nature of the SnO, shell was confirmed by
measuring extinction spectra of these core—shell NPs in water—
DMF mixture solvents with varying volume ratios to change
their refractive index. The longitudinal LSPR band of AuNR/
SnO, was found to steadily redshift as the refractive index of
the mixture solvent increased (Figure 2b). Similar redshift in
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Figure 2. Normalized extinction spectra of (a) AuNS/SnO,, (b)
AuNR/SnO, and (c) Au/AgNR/SnO, in water-DMF liquid mixture
solvent of varying volume ratios. (d) LSPR band shift of AuNS/SnO,,
AuNR/SnO, ,and Au/Ag/SnO, versus refractive index of the medium.

LSPR band was observed for AuNS/SnO, and Au/AgNR/
SnO, (Figures 2a, c), which confirms that the mesoporous
structure of the SnO, shells allows exposure of the metal cores
to the surrounding environments. The linear regression analysis
of the redshift in LSPR band vyielded a refractive index
sensitivity of 124 nm/RIU (refractive index unit) for AuNS/
Sn0,, 290 nm/RIU for AuNR/SnO,, and 477 nm/RIU for Au/
AgNR/SnO,, respectively. AgNPs have been known to display
larger refractive index sensitivity than AuNPs of the same
shape.’*** On the other hand, rod-shape NPs display larger
refractive index sensitivity than spherical NPs.>**® AgNRs are
expected to display exceptional refractive index sensitivity.
However, AgNRs have been known to be very unstable.”” Au/
AgNRs have been proposed as the alternative for LSPR-based
molecular sensing with exceptional sensitivity.>> In combination
with their improved stability by SnO, coating, high refractive
index sensitivity of our Au/AgNR/SnO, makes them promising
materials for LSPR-based molecular sensing.

Catalytic efliciency of these metal NPs was tested by catalytic
reduction of nitrophenol to aminophenol. Aminophenol is an
important intermediate for medicines, dyes, and organic
synthesis.>*** The reduction rate of nitrophenol to amino-
phenol by NaBH, in the absence of catalyst is very slow.>®
Noble metal NPs have been demonstrated to display good
catalytic activity for reduction reaction of nitrophenol.”*®
Figure 3 showed catalytic activities of AuNS/SnO,, AuNR/
SnO, and Au/AgNR/SnO, for reduction of 4-nitrophenol to 4-
aminophenol. The progress of the reduction reaction was
monitored through their UV—vis absorption spectra (Figures
3a and Figure S4 in the Supporting Information). 4-
Nitrophenol in water has an absorption band around 317 nm
(Figure S4 in the Supporting Information).”” Addition of
NaBH, resulted in immediate formation of 4-nitrophenolate
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Figure 3. (a) Evolution of UV—vis absorption spectra during the
course of reduction of 4-nitrophenolate by NaBH, using AuNR/SnO,
as the catalyst. (b—d) Normalized absorbance (normalized against the
initial point) at 400 nm as a function of time in the absence and
presence of different NPs as the catalyst: (b) AuNS and AuNS/SnO,;
(c) AuNR and AuNR/SnO,; (d) Au/AgNR and Au/AgNR/SnO,.
The results of using SnO, and AuNS/SiO, as catalyst are shown in b
for direct comparison.

ions, which displayed an absorption band around 400 nm
(Figure S4 in the Supporting Information).'®* The final
product 4-aminephenol has an absorption band around 297
nm.'”* Figure 3a shows the evolution of UV—vis spectra of the
reaction mixture after adding NaBH, into the mixture of 4-
nitrophenol and the AuNR/SnO, catalyst. It can be clearly seen
that a gradual decrease in absorption band around 400 nm is
accompanied by simultaneous increase in absorption around
297 nm, indicating gradual conversion of 4-nitrophenolate into
4-aminophenol.*® The observation of two isosbestic points at
277 and 317 nm indicates that conversion of 4-nitrophenolate
into 4-aminophenol occurred without any side reactions.””*®
Catalysis kinetics of these reactions were examined by
monitoring the change in absorbance at 400 nm during the
course of reduction reaction (Figure 3). It can be seen that
reduction reaction did not take place in the absence of any
catalyst or in the presence of SnO, NPs (Figure 3b). In the
presence of various uncoated and coated metal NPs acting as
the catalyst, the reaction took places after an induction period,
during which NaBH, reacts with the dissolved oxygen and
became adsorbed onto the surface of catalysts.*’ When AuNR
was used as the catalyst, the induction time is 320 s and it took
another 240 s to reduce 50% of 4-nitrophenolate. When SnO,-
coated AuNR was used at the catalyst, not only the induction
period was shortened, the reduction reaction rate also became
much faster. The induction time became ~90 s and it only took
another 47 s to reduce ~50% of 4-nitrophenolate when AuNR/
SnO, was used as the catalyst. The rate constant of catalytic
reduction reactions can be estimated by using the Langmuir—
Hinshelwood apparent first-order kinetics model to fit the
In(C/C,)—t data (Figure SS in the Supporting Information),
where C and C are initial and time-dependent concentration of
4-nitrophenolate ions.*’ The fitting results are summarized in
Table 1. The rate of AuNR/SnO, catalyzed reaction was found
to be ~5.0 times faster than that of AuNR catalyzed reaction.
We have also tested the catalytic activity of AuNR/SnO, with a
different shell thickness of 10 nm (Figure S6 in the Supporting

4847

Table 1. Summary of Induction Time and Rate Constants for
Different Catalysts

induction time rate constant

catalysts (min) (min™")
AuNS uncoated metal 11.20 0.04
SnO, coated 2.25 0.18
SiO, coated 8.18 0.046
AuNR uncoated metal 5.33 0.18
SnO, coated 1.50 0.90
Au/AgNR  uncoated metal 9.93 0.08
SnO, coated 2.40 0.50

Information). AuNR/SnO,-10 nm was found to display slightly
lower catalytic efficiency compared to that of AuNR/Sn0O,-15
nm.
We have also tested the catalytic property of AuNS/SnO,
and Au/AgNR/SnO, in comparison with uncoated AuNS and
Au/AgNR, respectively (Figure 3b, d). The induction times and
rate constants for different catalysts are summarized in Table 1.
Among all the uncoated metal NPs, AuNS and Au/AgNR
showed lower catalytic efficiency compared to AuNR. The
reaction rate constants increase in the order of AuNS < Au/
AgNR < AuNR. Similar to the results of AuNR, the catalytic
activities of AuNS and Ag/AgNR have also been significantly
enhanced (by 4—6 folds) upon coating with the mesoporous
SnO, shell.

The different catalytic activities of AuNSs, Au/AgNRs, and
AuNRs can be partially ascribed to their different surface areas
as the measurements were conducted by using materials
containing noble metals of the same mass. As the volume of Au
NSs is larger than Au NRs, the number of Au NSs is less than
that of Au NRs. Consequently, the surface area of AuNSs is less
than that of Au NRs and the catalytic efficiency of Au NSs with
the same mass is lower than Au NRs. In addition to the similar
volume effects, the interactions between Au and Ag are also
responsible for lower catalytic activity of Au/AgNRs compared
to AuNRs. In the Au/Ag core—shell structure, Au and Ag
intimately contact with each other. Electron equilibration from
Ag to Au will cause some electrons transfer to the inner Au
core,** which are not accessible by the reactant and result in
reduced catalytic ability.

AuNS/SiO, has been previously reported to act as the
catalyst for reduction of 4-nitrophenolate, which displayed
reduced catalytic activity compared to uncoated AuNS. The
catalytic properties could be improved by etching the noble
metal core to create a cavity between AuNS and SiO,.*' TiO,-
coated AuNPs have also been previously reported to stabilize
the catalytic AuNPs. However, its catalytic efficiency was also
lower than that of uncoated AuNPs.">** We have also prepared
mesoporous SnO, coated AuNS and compared its catalytic
activity with AuNS and SiO, coated AuNS (TEM images of
AuNS/SiO, are shown in Figure S7 in the Supporting
Information). When AuNS/SiO, was used as the catalyst, the
reduction rate constant was found to be similar to that when
AuNS was used as the catalyst, although the induction time was
slightly shortened (Figure 3b). When AuNS/SnO, was used as
the catalyst, not only the induction time was shortened, the
reduction rate has been significantly increased (Figure 3b and
Table 1). These results demonstrate that mesoporous SiO, or
SnO, shell is permeable to allow 4-nitrophenol molecules come
into direct contact with the Au NP surface to maintain its
catalytic activity. The fact that mesoporous SnO,-coated Au
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NPs shows better catalytic activity than mesoporous SiO,
coated Au NPs indicating that the enhanced catalytic efliciency
of SnO, coated metal NPs is due to the intrinsic properties of
S$n0O,.

Different catalytic behaviors for SiO,-, TiO,-, and SnO,-
coated metal NPs could be understood by the mechanism as
illustrated in Scheme 1. When noble metal NPs act as the

Scheme 1. Proposed Mechanisms to Illustrate (a) Enhanced
Catalytic Activities in Mesoporous SnO,-Coated Metal NPs,
and (b, c) Different Catalytic Activities of SnO,- and TiO,-
Coated Metal NPs Due to Competing Reduction of H,0 by
Au/TiO,
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catalyst for reduction of 4-nitrophenol by NaBH,, electrons
from BH,” were transferred to noble metal NPs first and then
subsequently transferred to the 4-nitrophenol molecules
adsorbed on the surface of the noble metal to reduce 4-
nitrophenol. When SiO,, TiO, or SnO, coated metal NPs were
used as the catalyst, BH,” ions can travel through the
mesoporous coating shell and come into direct contact with
the metal surface to transfer the electrons to metal NPs. The
electrons were subsequently captured by the adsorbed 4-
nitrophenol (Scheme 1a). Better catalytic efficiency of SnO,-
coated metal NPs could be ascribed to a synergistic effect

between SnO, and plasmonic metal.*> When metal and
semiconductors are placed in contact, Fermi level alignment
will result in charge redistribution: electrons will leave the metal
into the semiconductor. When metal/SnO, NPs were used as
the catalyst, electrons injected by BH,~ to the metal surface can
transfer to SnO,. Mesoporous SnO, helps metal NPs disperse
electrons to a large area and increase the chances for 4-
nitrophenol to capture the electrons to be reduced, so as to
enhance the catalytic activity. There is no such charge
redistribution between SiO, and Au in Au/SiO, NPs due to
the insulator nature of SiO,. Charge redistribution will occur
between Au and TiO, in Au/TiO, nanostructures, in which
electrons transferred from Au to the conduction band of TiO,
will reduce 4-nitrophenol.** However, these electrons can also
be captured by H,O as the conduction band of TiO, is higher
than that required for reduction of H*/H,O to H, (Scheme
1b).*” AuNS/TiO, has been previously demonstrated to act as
photocatalyst for water splitting to generate H, under visible-
light irradiation.*® Competition between reduction of 4-
nitrophenol and H,O thus decreases the reaction rate of 4-
nitrophenol reduction. However, the conduction band of SnO,
is lower than that required for reduction of H* (Scheme 1c).
The electrons on the conduction band of SnO, can only be
captured by 4-nitrophenol without the competition reaction
with H"/H,O.

In a recent study on catalytic properties of Ag-carbon
nanofibers hybrid nanomaterials,>® Zhang et al. proposed that
electrons in the semiconductor can increases the chances of
reducing absorbed 4-nitrophenol, which is consistent with our
observation here. In another study on AuNS/SnO,, Oldfield et
al. observed that the capacitance of Au NSs will increase upon
coating with SnO,.** This suggests the lifetime of electrons on
the metal NPs will be prolonged, which will also promote the
interactions between the electrons and 4-nitrophenol. Con-
sequently, SnO, coating shells will help to improve catalytic
activity of various noble metal NPs.

To further confirm the above proposed charge transfer
mechanism for enhanced catalytic efficiency of SnO,-coated
metal NPs, we have designed a photochemical reduction of Ag"
ions on the surface of AuNR/SnO, (Figure 4). A cuvette
containing AgNO; and AuNR/SnO, NPs was illuminated with
a 775 nm laser beam for 35 min. Additional Ag NPs was found
to form on the outer surface of Au NR/SnO, NPs, which can
be clearly observed from the TEM images (Figure 4a). The
formation Ag NPs was also confirmed by comparing the
extinction spectra before and after laser irradiation (Figure 4b),
where a clear increase of extinction in the wavelength range of

2
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Figure 4. (a) TEM images and (b) UV—vis extinction spectra of AuNR/SnO, NPs and AgNO; mixture solution after irradiation with a 775 nm laser
beam for 35 min. Extinction spectra of AuNR/SnO, NPs before laser irradiation were plotted in b for direct comparison.
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350—550 nm due to formation of additional Ag NPs was
observed. As 775 nm can only excite Au NRs, not SnO,, hot
electrons will be injected from Au to SnO,. These electrons
were subsequently captured by Ag* ions to reduce them to Ag
NPs on the surface of SnO,. The observations in Figure 4
unambiguously confirm the charge transfer process from Au
NRs to SnO,. These electrons on the surface of SnO, could
subsequently be utilized to reduce AgNO; or 4-nitrophenol.

We have also tested the recyclability of these NPs and the
results are summarized in Table S1 in the Supporting
Information. It was found that there was a noticeable reduction
in their catalytic activity after the second cycle of use. We have
checked the TEM images of these metal/SnO, NPs before and
after catalytic reactions (Figure S8 in the Supporting
Information). No change in the size and shell thickness of
the NPs was observed, indicating that the reduced catalytic
ability was not due to the stabilities of these NPs. The reduced
catalytic activities are likely due to the adsorption of the yielded
4-aminophenol onto the surface of noble metals, which blocks
the reactants from approaching the metal surface and results in
a reduction in catalytic activity.'®

H CONCLUSION

In summary, mesoporous SnO,-coated AuNSs, AuNRs, and
Au/AgNRs have been prepared to study their applications in
molecular sensing and catalysis. These core—shell NPs
exhibited significantly improved stability in various organic
solvents. The mesoporous nature of the SnO, shell was
confirmed by the obvious redshift of LSPR band of these SnO,
coated metal NPs with the increasing refractive index of the
medium. High refractive index sensitivity of Au/AgNR/SnO,
makes them promising materials for LSPR based molecular
sensing. The mesoporous SnO, shell allows the metal core to
be directly exposed to the surrounding environment to
maintain their catalytic activity. The catalytic activities of
these core—shell NPs for reduction of 4-nitrophenol was found
to be dramatically enhanced compared to uncoated metal NPs.
SnO,-coated AuNR and Au/AgNR were found to display much
better catalytic efficiency than SnO, coated AuNS. The
enhanced catalytic activity of metal NPs upon SnO, coating
was attributed to charge redistribution between noble metal
and SnO, that helps to disperse electrons to a large area and
prolonged electron lifetime in SnO, coated Au NPs, which
facilitate the reduction of 4-nitrophenol. The charge transfer
mechanism of enhanced catalytic efficiency of coated metal
nanoparticles has been further demonstrated by photochemical
reduction of silver ions on the outer surface of these NPs.

B ASSOCIATED CONTENT
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Detailed preparation procedures of metal NPs; low-magnifica-
tion and size distributions of SnO,-coated metal NPs; XRD
pattern and high-resolution TEM images of metal/SnO, NPs;
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versus reaction time for various catalytic reduction of 4-
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