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ABSTRACT: Silver is an ideal candidate for surface
plasmon resonance (SPR)-based applications because of
its great optical cross-section in the visible region.
However, the uses of Ag in plasmon-enhanced spectros-
copies have been limited due to their interference via
direct contact with analytes, the poor chemical stability,
and the Ag® release phenomenon. Herein, we report a
facile chemical method to prepare shell-isolated Ag
nanoparticle/tip. The as-prepared nanostructures exhibit
an excellent chemical stability and plasmonic property in
plasmon-enhanced spectroscopies for more than one year.
It also features an alternative plasmon-mediated photo-
catalysis pathway by smartly blocking “hot” electrons.
Astonishingly, the shell-isolated Ag nanoparticles (Ag
SHINs), as “smart plasmonic dusts”, reveal a ~1000-fold
ensemble enhancement of rhodamine isothiocyanate
(RITC) on a quartz substrate in surface-enhanced
fluorescence. The presented “smart” Ag nanostructures
offer a unique way for the promotion of ultrahigh
sensitivity and reliability in plasmon-enhanced spectros-
copies.

g nanostructures, with the excellent SPR properties, are

considered to be a fascinating substrate for ultrasensitive
analyses down to the single-molecule level in surface-enhanced
Raman scattering (SERS)," and also commonly used as the
scanning probe microscopy (SPM) tip for the chemical imaging
with a nanoscale spatial resolution in tip-enhanced Raman
scattering (TERS).” It is also attractive for plasmon-enhanced
fluorescence. However, there are several factors that should be
taken into consideration when the bare Ag nanostructures are
used: (i) the probes/analytes are in direct contact with the silver
surface and can cause an interference in the spectroscopic
analysis; (ii) in SPR-mediated chemical reactions, the mecha-
nisms are complex due to the dual functions of Ag nanostructures
as local electric field amplifiers and as “hot carrier” donors;”’
and (iii) Ag can be easily oxidized under ambient conditions,
which is a bottleneck for its applications and leads to a significant
decrease in the plasmonic enhancement.’** Importantly, Ag*
ions that are released from silver NPs occur even in a hypoxic
condition, and adsorbed Ag" will transform to oxides in an
alkaline environment or may interact with the atmospheric
sulfur-containing compounds to form sulfides.’
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To improve the plasmonic performance of silver nanostruc-
tures, extensive efforts have been devoted to synthetic method-
ologies,’ such as covering silver nanoparticle (NP) with
graphene *“ and introducing Au to prepare bimetallic NPs. 6ad
However, the substrate generality issue is not solved because of
the immobile property of the plasmonic substrate,” the
interference from the background signals of the graphitic
shell,”™ and the poor plasmonic performance below ~530 nm
due to the interband transition of Au.®** Therefore, it is
necessary to utilize a chemically inert and optically transparent
material as a coating shell, such as silica, to fulfill the above-
mentioned requirements.” To obtain accurate information
during spectroscopic analysis, the silica shell should be free of
pinholes; otherwise, the target analytes or contaminants can
directly interact with the Ag core and generate strong
interferential or misleading SERS signals. However, the silica
shell prepared via the traditional Stober method is porous and
cannot protect the Ag surface from corrosion and the direct
contact with probes/analytes.”*

In 2010, our group invented a novel technique, called “shell-
isolated nanoparticle-enhanced Raman spectroscopy”
(SHINERS) in which the shell-isolated nanoparticle (SHIN)
consists of a gold core and an ultrathin SiO, shell.* The compact
and ultrathin silica shell efficiently transmits the strong
electromagnetic enhancement from the gold core and protects
the core from the analyte/probed molecules.” However, in
contrast to Au, it is extremely difficult to avoid the formation of
Ag,0 or Ag,S during the chemical synthesis of Ag@SiO,. The
released Ag” will retard the coating due to the further formation
of sulfides/oxides on the Ag NP surface.” Thus, it is still highly
desirable to develop a method to prepare pinhole-free shell-
isolated Ag nanostructures for plasmon-enhanced spectros-
copies.

Herein, we introduce a facile chemical method to prepare
shell-isolated Ag nanostructures by a simple treatment with
NaBH, under ambient conditions, which requires neither
deoxygenation systems nor expensive instruments. The as-
prepared Ag SHINs exhibit remarkable plasmon-enhancing
capabilities with high stability even after 16 months of storage.
This method also works for shell-isolated tip-enhanced Raman
spectroscopy (SITERS), showing the capability of smartly
blocking “hot” electrons in plasmon-mediated reactions. Finally,
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by simply spreading the “smart plasmonic dusts” on a RITC-
functionalized quartz substrate, a strong ensemble enhancement
(~1000-fold) can be obtained.

Ag nanospheres with a diameter of 96 nm were synthesized
using a seed growth method. The concentration of the released
Ag" from the Ag NPs in the as-prepared sol was measured with an
ion selective electrode to be 1.09 ytg/mL (0.8 wt %). Based on the
thermodynamic analysis, Ag° will not be persistent in realistic
conditions that contain trace amounts of dissolved oxygen, and
then Ag" release occurs.’ Thus, NaBH, treatment was
introduced in our preparation to reduce the surface-adsorbed
Ag" species. The extinction spectra in Supporting Information
Figure S1 depict the role of NaBH, in retaining the activity of the
Ag NPs. The interaction between the fresh silver surface and the
silane coupling agent, (3-aminopropyl)trimethoxysilane
(ATPMS), was facilitated by the NaBH, treatment. Thus, a
compact and ultrathin silica shell was uniformly coated on silver.
As shown in Figures 1B and S2, Ag SHINs with a silica shell
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Figure 1. (A) Schematic diagram of “smart” Ag nanostructure-enhanced
spectroscopies. (B) SEM image of Ag SHINs with a 4 nm shell. Inset:
HR-TEM image of a single Ag SHINs. (C) TEM image of a Ag tip
coated with 1-2 nm of SiO,. Inset: HR-TEM image of sharp tip end.
(D) Three-dimensional FDTD simulation of four Ag SHINs (2 X 2
array) on a gold substrate (side-view) excited at 638 nm. (E) Three-
dimensional FDTD simulation of a nanocavity formed by a silica-coated
Ag tip and a Au substrate that is illuminated from the side at an angle of
60° (633 nm). The shell thickness, tip—substrate distance, tip radius,
and cone angle were set to 2, 1, and 30 nm, and 30°, respectively.

thickness that varied from 2 to 20 nm were obtained using our
method. Additionally, Figure S3 clearly shows that the NaBH,
treatment ensures the formation of pinhole-free Ag SHINs even
with a smaller Ag core (52 nm diameter, released Ag” increased
to 3.64 wt % due to higher surface energy). To determine the role
of NaBH,, Ag SHINSs were prepared under the same conditions
without NaBH,, as shown in Figures S3C,D and S4, and the
prepared Ag NPs contained many pinholes. When the NaBH,
treatment was absent, the surface oxidation impedes the
interaction between the Ag surface and the silane molecules,
which results in an uneven silica coating.

To determine the versatility of our method, a shell-isolated
TERS tip was also prepared with the NaBH, treatment. TERS is a

powerful surface technique that can provide strong Raman
vibrational information with high spatial resolution.”*~¢ How-
ever, the formation of Ag,0/Ag,S is difficult to avoid when a bare
Ag tip is exposed to the atmospheric environment, which induces
the loss of TERS activity.'” Therefore, shell-isolated tip coating
method could improve the stability and sensitivity of the TERS
under the ambient conditions and protect the tip from the
interferences of electrolytes, other species in solution, or even
probes at electrochemical interface. Using NaBH,, we success-
fully prepared a shell-isolated silver tip with a ~2 nm silica shell
for the TERS measurements (Figure 1C).

Figure 2a shows the remarkable stability of the shell-isolated
Ag NPs in the corrosive environment (6 wt % H,0,). The SPR
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Figure 2. Ultrahigh stability of “smart” Ag SHINs. Time-dependent
extinction spectra of (A) Ag SHINs with a 4 nm shell thickness and (B)
bare Ag NPs in a 6 wt % H, O, solution. All of the spectral intensities are
normalized to the original intensity before H,0, was added (control
sample). The insets show the corresponding photographs at different
times. (C) The shell thickness dependence on the integrated SHINERS
intensity of 10 mM Py (black square) and the corresponding 3D-FDTD
calculation result (red triangle). (D) Comparison of the SHINERS
intensity of Py on a Ag SHINs coated smooth Ag substrate and on bare
Ag NPs after different storage times.

intensity decreased slightly after H,O, injection, while the bare
Ag NPs were almost etched within 2 min (Figure 2B).
Concurrently, the pinhole-free character of the silica shell is
examined with a SERS measurement, and the shell is proven
effective for protecting the core from the analytes (see section S2
in SI). Furthermore, the results obtained with the shell-isolated
chemical method were compared with the traditional Stber
method. Although the 5 nm silica shell was coated via the
hydrolysis of tetraethoxysilane (TEOS), the strong Raman signal
of Py was observed in the pinhole test, and the NPs were
evidently etched in the H,0, solution (Figure S6). Figure 2c
shows the SHINERS intensities of the 2/, mode (at 1008 cm™") of
pyridine (Py) adsorbed on the smooth Ag substrates modified
with Ag SHINs with different silica shell thickness (the
corresponding spectra are shown in Figure S7A). As expected,
the SHINERS intensity of Py decreases significantly with an
increase in the shell thickness.

To investigate the long-term stability of SHINs, Ag NPs and
Ag SHINs were stored under ambient conditions for a long
period of time. The SERS/SHINERS intensities of the v; mode
of Py (10 mM) versus the storage time are plotted in Figure 2D.
The decrease in the SERS intensity of the bare Ag NPs is
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significant, and the signal was no longer visible after S days of
storage. Due to the formation of an oxide/sulfide layer on the Ag
NP surface, the losses in the electromagnetic and chemical
enhancements are significant.” However, with the protection of
the ultrathin silica shell, the Ag SHINs exhibits remarkable long-
term plasmonic properties (in Figure S7B). Compared with a
freshly prepared sample, the decay in the Raman intensity is less
than 20% even after 16 months of storage. Because of the
outstanding chemical stability and long-term plasmonic
property, Ag SHINSs are extraordinarily suitable for commerci-
alization and practical applications.

Although Ag is commonly preferred in plasmon-mediated
chemical reactions, it is difficult to obtain an exact mechanism
due to the multifaceted process.””**”*78 To elucidate plasmon-
mediated reactions, it is necessary to monitor and control the
reaction pathways. 4-Aminothiophenol (PATP) is a common
probed molecule with a unique SERS signal; however, it is easily
oxidized to 4,4'-dimercaptoazobenzene (DMAB) on silver
surface under laser illumination.”® In conventional Raman
measurements, “hot” electrons are excited in Ag NPs and then
transferred into the antibonding O—O 27*-state of surface-
adsorbed O, to yield O, anions. ' The presence of O, anion
promotes the formation of metal oxides on the NP surface, which
will further oxidize PATP to DMAB.* To achieve controllable
chemical transformation of PATP to DMAB, a gap-mode
configuration was employed, which consists of an atomically flat
Au(111) surface/PATP self-assembled monolayer/nanopar-
ticles. As shown in Figure 3, when bare Ag NPs were cast,
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Figure 3. Probing plasmon-mediated chemical reactions by “smart” Ag
nanostrustures. (A) SERS spectra of Au(111)/PATP/Ag SHINSs (red
line) and Au(111)/PATP/Ag NP junctions (black line). (B) TERS
spectra of the Au(111)/PATP/silica-coated Ag tip (red line) and the
Au(111)/PATP/Ag tip (black line) nanocavities. (C,D) Schematic
diagrams of the chemical reaction of PATP to DMAB with the assistance
of “hot” electrons in the bare and shell-isolated nanogaps.

PATP transformed to DMAB under 638 nm illumination with
the appearance of “b, modes” at 1145, 1393, and 1438 cm™".
When Ag NPs were replaced by Ag SHINs (4 nm shell), the
chemical transformation of PATP was prevented by the silica
shell with the absence of the “b, modes”, although the
illumination power was intensified by 10 times. The same results
were obtained when using a $32 nm excitation (Figure S8B).

Furthermore, TERS is also an impressive tool to distinguish
the reaction pathways. The photoinduced oxidation of PATP at
633 nm excitation was observed with a Ag tip (Figure 3B),*
while the “smart” shell-isolated Ag tip prevented the photo-
catalytic reaction even though the laser power was intensified by
3 times. The “far field” spectrum when tip was retracted from the
surface is shown in Figure S9.

Ag nanostructures play a pivotal role in light harvesting
processes by generating “hot” electron—hole pairs, enhancing the
local electric field and other mechanisms.”® This chemical
transformation of PATP to DMAB is attributed to the SPR-
induced charge transfer mechanism, which is supported by the
SHINERS/SITERS results. During our measurements, the SPR-
induced charge transfer from Ag NPs to O, was uniquely isolated
by the ultrathin pinhole-free shell, and the chemical trans-
formation was inhibited. Especially, SITERS is expected to help
with further understanding of the influence of tunneling
electrons in SPR-mediated reactions.

Shell-isolated Ag nanoparticles inherit the advantage of
acquiring a high-quality Raman signal, and they can be further
expanded to surface-enhanced fluorescence, which is widely used
for biological imaging and sensing.'' Although silica-coated
metal NPs are favorable in plasmon-enhanced fluorescence due
to the controllability of the shell thickness for minimizing the
nonradiative energy transfer to the metal, it is necessary to
improve the average fluorescence enhancement, which is
reported typically by 10—20-fold.”"'>'* In this work, RITC
molecules were functionalized on a quartz surface via covalent
bonding, and SHINs were spread over the RITC film as “smart
plasmonic dusts”. Figure 4a shows the plasmon-enhanced
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Figure 4. Ultrasensitive surface-enhanced fluorescence using “smart” Ag
SHINS. (A) Reference and plasmon-enhanced fluorescence spectra of
the RITC film modified by Ag SHINs with different shell thicknesses of
2, 6, 10, and 20 nm, respectively. The inset shows the lifetime
measurements. (B) Cartoon diagram of the plasmon-enhanced
fluorescence measurement. (C) Corresponding SEM images of the
SHINs-RITC film-quartz substrate.

fluorescence spectra with the Ag SHINs and the Ag NPs at an
excitation of 532 nm. The background signals from the NPs were
corrected in all of the fluorescence spectra, and the NPs-RITC
film-quartz substrate configurations were also characterized
using SEM (Figure 4C). The fluorescence signal was strongly
quenched due to the direct contact with the Ag NPs. However,
SHINSs exhibited an ensemble enhancement up to about 700-,
370-, 1000-, and 30-fold for the 2, 6, 10, and 20 nm silica shells,
respectively. The emission intensity enhancement is simulta-
neously affected by both the excitation efficiency and quantum
yield modification.''“® With the strong confinement of incident
light, the excitation efficiency of molecule nearby is prominently
improved. Meanwhile, the increased local density of states
provides an extra rapid decay channel for emitter, which leads to
the modifications of the radiative/nonradiative decay rates and
the enhancement of final quantum yield,"'** which is indicated
by the increased decay of lifetime as shown in the inset of Figure
4A and section S4. When the shell thickness is 10 nm, the decay

DOI: 10.1021/jacs.5b09682
J. Am. Chem. Soc. 2015, 137, 1378413787


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b09682/suppl_file/ja5b09682_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b09682/suppl_file/ja5b09682_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b09682/suppl_file/ja5b09682_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b09682/suppl_file/ja5b09682_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b09682

Journal of the American Chemical Society

Communication

of lifetime is enhanced by ~25-fold, which means the same
enhancement in the emission cyclic rate.'” Particularly, when the
silica shell thickness is optimum (10 nm), the energy dissipation
to metal could be minimized and then the huge fluorescence
enhancement is obtained.”''*" “Smart” Ag SHINs reveal
excellent adaptability on diverse substrates for plasmon-
enhanced spectroscopies and ultrahigh sensitivity in the
spectroscopic analysis. In the near future, SITERS may enhance
and control the emission of molecules on a nanometer spatial
resolution.

We demonstrated several applications of shell-isolated Ag
nanostructures in plasmon-enhanced spectroscopies, which
exhibited the ultrahigh stability and the excellent long-term
plasmonic performance even after 16 months of storage.
SHINERS and SITERS can also be employed to control the
photocatalytic reaction pathway of PATP to DMAB. Remark-
ably, a ~1000-fold enhancement in fluorescence intensity is
obtained by simply casting Ag SHINs onto a RITC molecule
film. We are optimistic that shell-isolated Ag nanostructures will
open up a new avenue in fundamental research and practical
applications with great potentials.
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