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Controlled Preparation of Au/Ag/SnO, Core-Shell
Nanoparticles Using a Photochemical Method and
Applications in LSPR based Sensing

Na Zhou,®® Chen Ye,® Lakshminarayana Polavarapu®and Qing-Hua Xu™ "

A photochemical method for controlled preparation of core-shell Au/Ag/SnO, nanorods
(NRs) and nanospheres (NSs) has been developed based on photo-induced electron transfer
processes in the plasmonic metal-semiconductor system. Au/AgNR/SnO, and
Au/AgNS/SnO, were prepared by UV irradiation on a mixture solution of mesoporous SnO,
coated AuNRs or AuNSs and AgNO3, in which AgNO; was reduced by electrons transferred
from photo-excited mesoporous SnO, (semiconductor) to gold (metal). This method allows
precise control over the composition and optical properties of the obtained nanoparticles.
LSPR refractive index sensitivity of the obtained Au/AgNR/SnO, nanoparticles has been
optimized to give a refractive index sensitivity of ~442 nm/RIU. The optimized
nanoparticles were subsequently chosen for LSPR based sensing of glutathione (GSH) with
limit of detection of ~7.5x107" M. This photochemical method allows controlled preparation

of various Au/Ag/SnO, nanoparticles to adjust their LSPR to tailor various applications.

Introduction

Noble metal nanoparticles have attracted lots of attention due to
their unique optical and electronic properties™ and potential
applications in various fields such as biosensors,® °©
phototherapy,”® organic solar cells,’®*? and catalysis.** ** In
particular, they display unique localized surface plasmon
resonance (LSPR) due to collective oscillation of conduction
band electrons.* ¥ The optical properties of noble metal
nanoparticles are strongly dependent on their morphology.® %/
Different synthetic approaches have been developed to control
nanoparticle morphology to tailor their properties.*®%°
Photochemical preparation of plasmonic nanoparticles has
recently attracted a lot of attention as it allows precise control
over nanoparticle growth through the modulation of light
intensity or choice of excitation wavelength.?! 22 Light induced
growth methods are attractive because they do not need
chemical reducing agents.® Since the discovery of light
induced conversion of spherical silver (Ag) nanoparticles into
Ag triangular nanoprisms by the Mirkin group,?® ?* Ag
nanoparticles of various morphologies have been prepared by
using various photochemical methods.”>?’ Photochemical
methods have also been extended to deposition of metal onto
the surface of semiconductors.?®% Light assisted nucleation of
platinum on the surface of TiO, was first reported by Kraeutler
et al.?® Semiconductor materials can generate electron-hole
pairs upon photo-excitation and the generated electrons could
be utilized to reduce the nearby metal cations to prepare
hybridized ~ metal-semiconductor ~ nanostructures.® %
Hybridized metal-semiconductor nanostructures have attracted
lots of attention due to their wide variety of applications for
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enhanced photo-catalytic activities,* enhanced
photovoltaics,* and water splitting.®

Motivated by the previous work on photo-induced deposition
of metal on the surface of semiconductor,®® 3° here we
developed a photochemical method for controlled preparation
of core-shell Au/Ag/SnO, nanoparticles to precisely fine-tune
their composition and LSPR bands. The core-shell
AU/AgNR/SNnO, and Au/AgNS/SnO, nanoparticles were
prepared by UV light irradiation on a mesoporous SnO, coated
AuNRs or AuNSs and AgNO; mixture solution. As the outer
mesoporous SnO, shell is permeable to small molecules or ions,
Ag ions that diffuse through the mesoporous SnO, shell can be
reduced by electrons transferred from photo-excited SnO, to Au
nanoparticles at the interface to form an interlaced Ag layer
between the Au core and SnO, shell. A series of core-shell
AU/AgNR/SnO, and Au/AgNS/SnO, with tunable LSPR bands
have been successfully prepared by controlling the irradiation
time. LSPR refractive index sensitivity of the Au/Ag/NR/SnO,
nanoparticles has been optimized and the optimized one was
subsequently chosen for applications in LSPR based sensing of
GSH. This photochemical method allows controlled preparation
of various Au/Ag/SnO, nanoparticles to adjust their LSPR to
tailor various applications.

plasmon

Experimental Section

Synthesis of Au/SnO, core/shell nanoparticles: Au nanorods (NRS)
and Au nanospheres (NSs) were prepared according to a previously
reported method.’® ** SnO, coated AuNRs were prepared by
hydrolysis Na,SnOs in 75 °C.* Typically, 5.0 ml of CTAB capped
Au NRs were diluted to 20 mL with DI water in a 50 mL round
bottom flask. 0.1 M NaOH was added to adjust the pH of the
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solution to 10.5. The round bottom flask was placed in a 75°C oil
bath. The solution was vigorously stirred for 15 min followed by
rapid addition of 2.5 mL freshly prepared Na,SnO; (0.004 M)
solution. The stirring was continued for another 2 hr and cooled
down to the room temperature. The obtained AUNR/SnO, core-shell
nanoparticles were collected by centrifugation at a speed of 7000
rpm, then washed with DI water twice, and finally re-dispersed into
5 mL DI water. SnO,-coated Au NSs were prepared by using 5.0 mL
of AuNSs and 1.0 mL of 0.004 M Na,SnOs.

Preparation of Au/AgNR/SnO, and Au/AgNS/SnO, by light
induced reduction of Ag*: 0.5 mL of as-prepared AUNR/SnO, was
diluted to 3 mL with DI water in a quartz cuvette followed by
addition of 30 pL of 0.01 M AgNOs. The solution was purged with
N, gas for 5 min to remove the dissolved air before sealing the
cuvette. A 254 nm UV light source was utilized to irradiate the
samples under stirring. The UV-vis spectrum was measured every 4
min. The Au/AgNS/SnO, was prepared by UV light irradiation of
the mixture of 2.0 mL of AuNS/SnO, solution (4 times diluted from
the as-prepared solution) and 40 pL of 0.01 M AgNO3.

Journal Name

Characterizations: The UV-vis extinction spectra were measured
by using a Hitachi UH5300 spectrometer. Transmission electron
micrograph (TEM) images were taken by using a Philips CM 300
FEGTEM electron microscope. High-angle annular dark field
scanning-TEM (HAADF-STEM) measurements and detailed
elemental composition analysis were carried out on a FEI Titan 80-
300 electron microscope operating at 200 kV, which was equipped
with an electron beam monochromator and energy dispersive X-ray
spectroscopy (EDX).

Refractive index sensitivity measurements: The refractive index
sensitivities of metal/SnO, nanoparticles were determined by
measuring the extinction spectra of the nanoparticles dispersed in
water-DEG (Diethylene glycol) mixture solvents with varying
volume percentages. The refractive indices of the mixture solvents
were calculated according to the Lorentz-Lorentz equation.®* The
refractive index unit (RIU) was obtained by linear fitting of the plot
of LSPR shifts versus solvent refractive indices.
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Figure 1 (a, b) TEM images and (c) UV-visible extinction spectra of AUNRs and AuNR/SnO; core-shell nanoparticles.
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min; (c, d, &) TEM images of Au/AgNR/SnO; nanoparticles with LSPR band maximum at 720, 688 and 660 nm respectively.

Results and Discussion

Figure 1a shows the TEM image of the prepared AuNRs. The
average length and diameter of the Au NRs are 59+2 and 17+1
nm, respectively. The extinction spectrum of AuNRs (Figure
1c) displays two LSPR bands at 510 and 763 nm,
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corresponding to their transverse and longitudinal LSPR modes,
respectively. Mesoporous SnO, shells were coated onto the
AuNRs by a one-pot hydrothermal reaction using sodium
stannate trihydrate (Na,SnO3+3H,0) as the precursor.> %7
Uniform SnO, coating in AuNR/SnO, was confirmed by the
TEM image (Figure 1b). The averaged thickness of SnO, shell
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on Au NRs is 10+1 nm. The UV-Vis extinction spectrum of the
obtained AuUNR/SnO, in water (Figure 1c) displays a
longitudinal LSPR band centered at 775 nm and a transverse
LSPR band centered at 512 nm. Both the longitudinal and
transverse LSPR bands were slightly red-shifted upon coating
the Au NR with SnO, due to an overall increase in the
refractive index of the dielectric environment surrounding the
Au NRs.*® X-ray diffraction (XRD) pattern and high-resolution
TEM image of AuNR/SnO, (see Figure Sl in the ESI) show
that the lattice fringes obtained from HR-TEM match with the
planes of SnO, obtained from XRD data. The mesoporous SnO,
shell is permeable to solvents, small molecules and ions to
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access the Au NR surface, which is critical for the following
designed experiments.

It has been previously reported by Bard and co-workers
that Ag"* ions could be reduced on the surface of semiconductor
under the UV light illumination. Upon absorption of UV light,
electrons were promoted from the valance band to the
conduction band of the semiconductor, which were
subsequently captured by Ag* ions. Motivated by this work, we
extended this method to preparation of Au/AgNR/meso-SnO,
core-shell nanostructures based on electron transfer processes
in the plasmonic metal-semiconductor system.3% 4°
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Figure 3 (a)High-angle annular dark-field scanning TEM (HAADF-STEM) image of the obtained Au/AgNR/SnO; (b) The EDX line scan and (c)
element mapping of one Au/AgNR/SnO, for Au (purple), Ag (green), and Sn (orange), respectively. The scan step size is 1.55 nm.

Figure 2a shows the evolution of extinction spectra of
AUNR/SnO; in the presence of AgNO; under the 254 nm UV
light irradiation. The growth of Ag shells on AuNRs is
manifested by the dramatic change in their extinction spectra.*!”
43 The longitudinal LSPR band of AUNR/SnO, was centered at
775 nm before the UV light irradiation. Upon UV light
irradiation, the longitudinal LSPR band gradually shifted to
blue with simultaneous increase in its intensity. At the same
time, a broad band appeared in the 350-450 nm range with
steady increase in its intensity under prolonged light irradiation.
During the course of UV-light irradiation, the solution color
changed dramatically from red to green (Figure 2b). These
observations are similar to those when formation of Ag shell on
Au NRs was induced by chemical reduction of Ag* using
ascorbic acid.** *® The formation of Ag shell was confirmed by
the TEM images of three samples with LSPR band centered at
720, 688 and 660 nm, respectively. The boundary between Au,
Ag and SnO, can be clearly distinguished by the brightness
contrast (Figure 2c-2e). The thicknesses of Ag shell were
estimated to be 2.0, 3.3, and 5.1 nm, respectively, for these
three samples.

This journal is © The Royal Society of Chemistry 2012

780 B A A A A ‘ ‘
‘ v v v W v
- - ——a
A 750 F —A— AUNR/SnO, without light
= —¥— AUNR/SIO, with UV
o 720 —=— Au NR with UV (no SnO,)
g —®— AUNR/SNO, with UV
690 |
660 |
0 10 20 30 40 50 60
Time (min)

Figure 4 Time dependent change of LSPR band in extinction spectra of
AuNR/SnO; and AgNO3z mixture solution with or without UV irradiation,
AUNR/SIO; and AgNO; mixture solution with UV irradiation and the mixture
solution of AuNR and AgNO; with UV light irradiation.
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Au/AgNR/SnO, Sno,

Scheme 1. Proposed mechanism for light-induced growth of
AU/AgNR/SnO,.

The formation of Ag shell has been further confirmed by the
high-angle annular dark-field scanning TEM (HAADF-STEM)
images. The HAADF-STEM image (Figure 3a) yielded a clear
contrast between AuUNR, Ag shell and SnO, shell. The
corresponding EDX line scan results (Figure 3b) show the
presence of Au, Ag and Sn elements in the nanoparticle. The
relative positions of these elements indicate that Ag (green line)
grew on the Au (purple line) surface to form a core-shell nano-
structure. The Sn (orange line) element was across the whole
nanoparticle, indicating that the SnO, shell was located at the
outside layer. The composition of the nanostructure was further
confirmed by elemental mapping of Au, Ag and Sn on one
single nanoparticle (Figure 3c). Different colors indicate the
presence of different elements. It can be clearly seen that the
distribution of Au element matches well with the core of
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composite while the Ag element distributes around the Au core
and the Sn element was across the whole nanoparticles. The
element mapping clearly indicates that the Ag shell was formed
inside the SnO, shell.

The formation of Ag shell under UV light irradiation can be
explained by the mechanism as shown in Scheme 1. 254 nm
UV light irradiation excites SnO, shell to promote the electrons
from the valance band to the conduction band. The electrons in
the conduction band were subsequently transferred to the Au
NRs at the interface.’® * As mesoporous SnO, shell is
permeable to Ag"® ions, the electrons at the interface can be
captured by Ag* ions that diffuse through the mesoporous SnO,
shell. AgNO; became reduced at the interface of Au/SnO,,
resulting in formation of a thin layer of Ag inside the
mesoporous SnO,. Consequently an interlaced thin layer of
Ag/SnO, was formed between the AuNR core and the outside
SnO, shell.

To confirm the proposed mechanism, we have also done
control experiments on the uncoated or SiO, coated AuNRs and
AgNO; mixture solution. Under 254 nm UV light irradiation,
neither solution displayed the above blue-shift in the
longitudinal LSPR band (Figure 4 and Figures S2-S3 in the
ESI). These results indicated that SnO, plays a key role for the
formation of Ag shell. When there is no UV light irradiation, no
change in the longitudinal LSPR band was observed in the
mixture of AUNR/SnO, and AgNO; (Figure 4 and Figure S4
in ESI), which confirmed the essential role of the UV light. We
have also done control experiments by adjusting the UV light
intensity. As the intensity of the UV light increased, the LSPR
peak shifted to blue with a faster rate (Figures S5). All these
results support our proposed mechanism.

(e) 1.2

—20
—— o5 Before After

—30

Extinction

300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 5 TEM images of (a) AuNS, (b) AuUNS/SnO; and (c) Au/AgNS/SnO,; (d) UV-visible extinction spectra of AUNS and AuNS/SnO,; (e) UV-

vis extinction spectra of the AuUNS/SnO, and AgNO; solution mixture
before and after UV light irradiation.
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under UV light irradiation. Inset e shows the photographs of the sample
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This photochemical method could be further extended to
deposition of Ag shells into  metal-semiconductor
nanostructures of other shapes. To confirm the generality of this
method, the same method has been utilized to the prepare
AU/AgNS/SnO,  core-shell nanostructure. AUNS/SnO,
nanoparticles were first prepared by coating AuNSs of 20+1 nm
in diameter (Figure 5a) with a mesoporous SnO, shell with
thickness of 16+2 nm (Figure 5b). The LSPR band of
AUNS/SnO, was centered at 527 nm (Figure 5d). When the
mixture of AUNS/SnO, and AgNO; was irradiated with 254 nm
UV light, the original LSPR band became blue-shifted with an
increase in its intensity, which can be explained by the increase
in particle volume and the dielectric properties of silver.* A
new peak between 350 to 450 nm appeared arising from the
deposited of Ag shell (Figure 5e). After irradiation for 30 min,
the solution color changed from pink to yellow (Figure 5e
inset). The TEM image of the obtained sample further
confirmed the formation of an Ag shell between the AuNS and
outer SnO, shell. The thickness of Ag shell was estimated to be
around 3.5+0.3 nm (Figure 5c).
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Figure 6. (a) LSPR band shift of AuNR/SnO, and different

AU/AgNR/SNO,(ALspr) Versus refractive index of the medium and (b)
their refractive index sensitivity.

LSPR band of noble metal NPs has been known to be highly
sensitive to refractive index of their surrounding environments,
which allows their applications in LSPR based molecular
sensing.> © The mesoporous SnO, shells can stabilize metal
nanoparticles in water and various organic solvents.*’ It was
also reported that the metal/SnO, NPs were quite stable in
aqueous solution of different pH.*® Our experiments showed
that these Au/Ag/SnO, nanoparticles displayed excellent long
term stability (Figure S6). Most importantly, the mesoporous

This journal is © The Royal Society of Chemistry 2012
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SnO, shells are permeable to solvent or small molecules to
allow their access to the metal core. Mesoporous SnO, shell
coated metal nanoparticles are good candidates for LSPR based
molecular sensing. To investigate the LSPR sensitivities of
AUNR/SNnO, and Au/AgNR/SnO, with different LSPR bands to
the solvent refractive index, extinction spectra of these SnO,
coated metal nanoparticles in the water-DEG mixture solvents
with various ratios were measured. The longitudinal LSPR
bands of all these nanoparticles were found to redshift with the
increasing refractive index of the solvent (Figure S7). The
refractive index sensitivities of these nanoparticles were
obtained by linear regression analysis of redshift in LSPR band
(Figure 6a). The refractive index units (RIUs) of different
nanoparticles are summarized in Figure 6b. The refractive
index sensitivity of AUNR/SnO,(775 nm) (240 nm/RIU) was
similar to that of AuNR with a similar aspect ratio of 3.4 (224
nm/RIU),% which indicates that the mesoporous SnO, coating
does not compromise its sensitivity to the surrounding
environments. After photochemical growth of Ag shell onto the
AuUNR, the refractive index sensitivity of the nanoparticles
increased first from 240 nm/RIU for AuNR/SnO,(775nm) to
442 nm/RIU for Au/AgNR/SnO,(720 nm), then decreased to
302 nm/RIU for Au/AgNR/SnO,(660 nm). The initial increase
in refractive index is consistent with the previous results that
Ag nanoparticles display larger refractive index sensitivity than
Au nanoparticles of the same shape.*” The decrease in RIU of
AU/AgNR/SnO, for thick Ag shells can be ascribed to
decreased aspect ratios when the Ag shell became thicker. It
has been known that metal nanorods with larger aspect ratios
are more sensitive the surrounding environments.*
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Figure 7. (a) Normalized extinction spectra and (b) LSPR shift of
AU/Ag/SNO,(720nm) in the presence of different concentrations of
GSH. The inset shows that the LSPR shift is linearly proportional to the
[GSH] in the low concentration range.
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The photochemical methods allowed us to fine-tune LSPR
band of Au/AgNR/SnO, to achieve the nanostructure with the
optimum refractive index sensitivity. Au/AgNR/SnO,(720nm)
displayed the best sensitivity (442 nm/RIU) of the series and
was chosen for applications in LSPR based detection of
glutathione (GSH) (Figure 7). GSH has thiol groups and
displays high affinity to metal surface.”® It can be seen that
LSPR band of Au/Ag/SnO,(720nm) gradually shifted to red
with a total redshift of up to 40 nm as the concentration of GSH
increased. In contrast, maximum LSPR shifts of AuNR and
AUNR/SIO, after GSH binding were previously reported to be
1.5 nm or 6 nm, respectively.®® This result suggests that
AU/Ag/Sn0,(720 nm) can provide a more sensitive response
than AuNR or AuNR/SiO, in GSH sensing. The limit of
detection (LOD) was determined to be ~7.5x107" M.

Conclusions

A photochemical method for controlled preparation of core-
shell Au/Ag/SnO, nanoparticles has been developed. This
method is based on photo-induced electron transfer processes in
plasmonic metal-semiconductor system. As the outer
mesoporous SnO, shell is permeable to small molecules or ions,
Ag ions that diffuse through the mesoporous SnO, shell can be
reduced by electrons transferred from photo-excited SnO, to Au
at the interface to form an interlaced Ag layer between the Au
core and SnO, shell. A series of core-shell Au/AgNR/SnO,
with tunable LSPR have been successfully prepared by UV
illumination of AUNR/SnO, and AgNO; mixture solution.
LSPR refractive index sensitivity of these AUNR/SnO,
nanoparticles has been optimized. AUNR/SnO, (720nm) was
found to give the largest refractive index sensitivity (442
nm/RIU) and was subsequently chosen for LSPR based sensing
of GSH. The limit of detection (LOD) was determined to be
~7.5x107 M. This method has been further extended to
preparation of Au/AgNS/SnO,. This photochemical deposition
Ag shell method is expected to be useful in preparation of many
metal/semiconductor core-shell nanostructures. This
photochemical method allows controlled preparation of various
Au/Ag/SnO, nanoparticles to adjust their LSPR to tailor various
applications. Compared to the conventional chemical
deposition method, this photochemical method shows some
advantages such as easy control of their LSPR band position
and room temperature preparation.
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