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attention in the past two decades owing to 
its fascinating ability of confi ning light 
at the nanoscale. The localized plasmon 
modes of Au and Ag nanostructures are 
highly tunable over a wide spectral range 
from the visible to near-infrared region, 
which has enabled widespread potential 
applications of noble metal nanostruc-
tures in nanooptics, [ 1 ]  chemical/biological 
sensing, [ 2,3 ]  photocatalysis, [ 4 ]  photothermal 
therapeutics, [ 5 ]  solar energy harvesting, [ 6 ]  
and surface-enhanced spectroscopies. [ 7 ]  

 Owing to the unique dielectric func-
tion of Ag, Ag nanostructures possess the 
highest plasmonic activity among different 
metals, which is advantageous for various 
plasmonic applications. Owing to the joint 
effect of the real part of the dielectric func-
tion and its spectral dispersion, Ag nano-
structures exhibit higher refractive index 
sensitivities than Au nanostructures in the 
visible and near-infrared regions. [ 8–11 ]  The 
plasmon-enabled fi eld enhancements of 
Ag nanostructures are usually larger than 
those of Au ones with similar shapes and 
sizes, which makes Ag nanostructures 
superior to Au ones in surface-enhanced 

Raman and fl uorescence applications. [ 12,13 ]  Ag nanostructures 
also exhibit larger solar energy conversion effi ciencies than 
Au nanostructures. [ 14 ]  Therefore, Ag nanostructures are very 
attractive in various plasmon-based technological applications. 
Many excellent results have been obtained by use of Ag nano-
structures. For example, a refractive index sensitivity (RIS) of 
1096 nm RIU −1  (refractive index unit) at the in-plane dipolar 
plasmon wavelength of 1093 nm has been determined for trian-
gular Ag nanoplates, suggesting that they are good candidates 
for developing ultrasensitive plasmonic sensing devices. [ 15 ]  Ag 
overgrowth on Au nanorods has been shown to be kinetically 
programmable, and has been employed to fabricate time–tem-
perature indicators for monitoring the quality of perishable 
products. [ 16 ]  (Au core)@(Ag shell) nanostructures have been 
explored as highly sensitive intracellular sulfi de probes. [ 17 ]  The 
detection limit at the single-particle level reaches as low as 
0.01 × 10 −9   M . 

 Despite their outstanding plasmonic performances as 
mentioned above, Ag nanostructures suffer from two major 
drawbacks, making them disadvantageous for many practical 
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  1.     Introduction 

 Localized surface plasmon resonance, that is, the collective 
oscillation of electrons in noble metal nanostructures in reso-
nance with an incident electromagnetic fi eld, has received much 
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applications. First, although the syntheses of a number of Ag 
nanostructures have been demonstrated, Ag nanostructures 
with strong, narrow plasmon bands in the visible and near-
infrared regions have still remained limited. Inhomogeneous 
distributions of Ag nanostructures in shape and size give rise 
to relatively large ensemble plasmon linewidths, which are 
usually characterized with the full widths at half maximum 
(FWHMs). Of Ag nanostructures that have been reported so far 
with synthetically tunable plasmon wavelengths, Ag nanoplates 
possess the narrowest ensemble plasmon linewidths (Table S1, 
Supporting Information), with values of 0.22–0.36 eV in 
aqueous solutions. [ 18 ]  Such plasmon linewidths are still broad 
in comparison with those of single Ag nanostructures. Second, 
the poor chemical and structural stability of Ag nanostructures 
is also a drawback for practical applications. Unprotected Ag 
nanostructures are instable thermodynamically. Their sharp 
edges are often rounded automatically when stored in aqueous 
solutions. [ 19,20 ]  These two obstacles severely hinder the realiza-
tion of the full potential of Ag nanostructures in many plas-
monic applications. Therefore, methods are still strongly 
desired for the preparation of Ag nanostructures with narrow 
plasmon linewidths and improved chemical stability. 

 In this work, we produce Ag nanostructures with narrow 
plasmon linewidths and improved chemical stability through 
Ag overgrowth on Au nanobipyramids (NBPs). The plasmon 
wavelengths of the produced Au NBP@Ag nanostructures 
vary with the increase of the Ag precursor amount. Ag atoms 
are found to grow preferentially on the side surfaces of the Au 
NBPs. The length of the nanostructures is nearly identical to 
that of the Au NBPs and the diameter becomes slightly larger. 
The shape of the Au NBP@Ag nanostructures therefore evolves 
from bipyramid through rice to rod. During the overgrowth 
process, the plasmon linewidths of the Au NBP@Ag nano-
structures show gradual increases as more Ag precursor is sup-
plied. The dependences of the RIS and fi gure of merit (FOM, 
sensitivity divided by linewidth) values of the Au NBP@Ag 
nanostructures are systematically examined as functions of the 
Ag precursor amount. The RIS and FOM values of the nano-
structures can be separately maximized to be larger than those 
of the Au NBPs by optimizing the Ag precursor amount. More-
over, the stability of the nanostructures in aqueous solutions 
is clearly improved in comparison with Ag nanoplates with a 
close ensemble plasmon wavelength. The superior sensing 
characteristics of the Au NBP@Ag nanostructures are fi nally 
demonstrated by the detection of sulfi de ions, with a detection 
limit as low as 0.1 × 10 −6   M .  

  2.     Results and Discussion 

  2.1.     Gold NBP-Supported Growth of Silver Nanostructures 

 A combination of seed-mediated growth and Ag overgrowth 
was utilized to prepare the Au NBP-supported Ag nanostruc-
tures, with cetyltrimethylammonium bromide (CTAB) and 
cetyltrimethylammonium chloride (CTAC) as the stabilizing 
agents, respectively. The starting Au NBP sample was produced 
and purifi ed using seed-mediated growth and depletion force-
induced separation, respectively, as described in our previous 

works. [ 21,22 ]  Au NBPs were chosen as the support owing to their 
excellent size and shape uniformities. The number percentages 
of purifi ed Au NBPs approach 100%. Each Au NBP is made up 
of two pentapyramids, which are base-to-base connected. [ 22–24 ]  
In each Au NBP, there are fi ve twinning planes, which are all 
aligned parallel to the length axis and equally angularly sepa-
rated around the length axis. Owing to their particular crystal-
line structure, the relative standard deviations of Au NBPs in 
length and middle diameter are in the ranges of 3%–9% and 
3%–11%, respectively. For example, because of the high shape 
and size uniformities, the FWHM value of the longitudinal 
plasmon peak at 680 nm for an ensemble Au NBP sample is 
60 nm, only 12 nm larger than that of the single Au NBPs from 
the same batch of the sample. [ 22 ]  In comparison, for a typi-
cally prepared Au nanorod sample with the same longitudinal 
plasmon wavelength, the ensemble FWHM value of the longi-
tudinal plasmon peak is 105 nm, about twice the corresponding 
single-particle value. In fact, among all reported Au nanostruc-
tures, the plasmon peak widths of Au NBPs are the narrowest 
at the ensemble level (Table S2, Supporting Information). The 
longitudinal plasmon wavelengths of Au NBPs can be syn-
thetically tuned from 700 to 1200 nm by varying the volume 
ratio between the seed and growth solutions. Considering that 
≈800 nm is the most commonly used wavelength in the fi rst 
near-infrared biological transparency window, metal nanostruc-
tures with plasmon wavelengths around 800 nm will be useful 
for many biotechnological applications. [ 25,26 ]  We therefore chose 
Au NBPs with their longitudinal plasmon wavelength around 
800 nm as a candidate to prepare the Au NBP@Ag nanostruc-
tures in our work. 

 The overgrowth of Ag on the Au NBPs was realized through 
the reduction of AgNO 3  by ascorbic acid in the presence of 
CTAC, following our previous procedure for the synthesis 
of (Au nanorod core)@(Ag shell) nanocuboids from single-
crystalline Au nanorods. [ 27 ]   Figure    1  a shows schematically the 
shape evolution of the nanostructures during Ag overgrowth. 
Ag atoms are fi rst deposited on the side surfaces, enlarging 
the thinner segments. As more Ag atoms are deposited, the 
nanostructures become cylindrical, with the Au NBP encapsu-
lated at the center. The extinction spectra of the nanostructures 
obtained by adding different amounts of AgNO 3  are shown 
in Figure  1 b. For these extinction spectra, the dilution caused 
by the addition of the AgNO 3  and ascorbic acid solutions has 
been corrected. The particle concentrations in the solutions 
are therefore the same for all of the samples. The longitudinal 
and transverse dipolar plasmon modes of the starting Au NBP 
sample are located at 805 and 512 nm, respectively. With Ag 
overgrowth, the longitudinal and transverse plasmon modes of 
the Au NBP@Ag nanostructures fi rst blueshift, owing to the 
increasing effect of the optical properties of Ag over those of 
Au, which has been elucidated in our previous work on Ag 
overgrowth on Au nanorods. [ 27 ]  The plasmon shifts induced by 
metal overgrowth depend on the specifi c type of the metal. For 
example, Pd overgrowth on Au nanocrystals causes a red shift 
on the plasmon resonance. [ 28 ]  In our study, the blue shift con-
tinues until the added volume of the AgNO 3  solution reaches 
90 µL. When the AgNO 3  volume is above 90 µL, the longitudinal 
plasmon peak starts to redshift. Such a variation arises mainly 
from the evolution of the shape of the nanostructures instead of 
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the optical properties of Ag. For all of the AgNO 3  volumes used 
in our overgrowth experiments, the transverse plasmon peak 
stays around 500 nm and blueshifts slightly. When the AgNO 3  
volume is above 90 µL, two new peaks emerge around 400 and 
350 nm. They can be attributed to the transverse multipolar 
plasmon mode of the Au NBP@Ag nanostructures and the 
plasmon resonance of bulk Ag, respectively. [ 22,27 ]  The extinction 
intensities of all of the four plasmon bands increase with the 
AgNO 3  amount. In addition, the 60 µL Au NBP@Ag nanostruc-
ture sample also exhibits a discernible peak around 550 nm. 
This peak can be ascribed to a higher-order longitudinal 

plasmon mode. The occurrence of the higher-order longitu-
dinal plasmon modes has been found to be very sensitive to the 
size and exact shape of the Au NBPs. [ 22 ]  The spectral evolution 
of the plasmon modes gives rise to vivid color changes for the 
colloidal nanostructure solutions (Figure  1 c).  

 The Au NBP@Ag nanostructures grown with different 
amounts of AgNO 3  were imaged under both transmission 
electron microscopy (TEM) and scanning electron micro scopy 
(SEM) (Figure  1 d–q). Their sizes were measured on the acquired 
TEM images. The imaging results show that the starting Au 
NBPs and the produced Au NBP@Ag nanostructures possess 
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 Figure 1.    Gold NBP-supported sliver nanostructures. a) Schematic illustrating Ag overgrowth on the Au NBPs. b) Extinction spectra of the Au NBP 
and Au NBP@Ag nanostructure samples grown with varying amounts of AgNO 3 . c) Digital photograph of the colloidal solutions of the Au NBP and 
Au NBP@Ag nanostructure samples. The samples from left to right correspond to those produced with the increasing AgNO 3  amounts. d–q) TEM and 
SEM images of the Au NBP and Au NBP@Ag nanostructure samples produced with 20, 40, 60, 90, 120 and 160 µL of AgNO 3  (0.01  M ), respectively. A 
total of seven samples are shown. For each sample, on the top is the TEM image and at the bottom is the SEM image.
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uniform morphologies and narrow size distributions. The puri-
fi ed Au NBP sample used in this study has an average length 
of 122 ± 4 nm and diameter of 39 ± 2 nm, where the diameters 
were measured at the middle. The average lengths/diameters of 
the Au NBP@Ag nanostructures grown with 20, 40, 60, 90, 120 
and 160 µL of the AgNO 3  solution are 122 ± 3 nm/39 ± 2 nm, 
121 ± 4 nm/39 ± 2 nm, 122 ± 4 nm/40 ± 2 nm, 123 ± 4 nm/41 ± 
1 nm, 123 ± 4 nm/41 ± 2 nm and 122 ± 3 nm/41 ± 2 nm, respec-
tively. As the AgNO 3  amount is increased, the Au NBP@Ag 
nanostructures gradually change from the bipyramid shape 
through a rice shape to a fi nal cylindrical rod shape, which veri-
fi es the schematic models shown in Figure  1 a. Moreover, all of 
the produced nanostructure samples are highly pure, with their 
number percentages approaching 100%. The high purities are 
enabled by two factors. One is that our starting Au NBP sample 
is highly pure. The other is that no self-nucleation occurs in 
the overgrowth process. Ag +  ions are only reduced and depos-
ited on the surfaces of the Au NBPs. The high purity and high 
dimensional uniformity allows the nanostructures to pack into 
highly ordered structures, as shown in Figure  1 m,o,q. The for-
mation of such highly ordered superstructures has been found 
to be dependent on the surfactant type and concentration, the 
shape and dimensional uniformities of nanoparticles, and the 
solvent evaporation conditions. [ 29–31 ]  

 To better ascertain the overgrowth process, we performed 
high-angle annular dark-fi eld scanning transmission electron 
microscopy (HAADF-STEM) imaging and elemental map-
ping on the Au NBP@Ag nanostructures ( Figure    2  a–d and 
Figure S1, Supporting Information). With these imaging 
techniques, the structure and composition of the nanostruc-
tures can be obtained simultaneously. The elemental mapping 
shows clearly that each nanostructure contains a gold NBP at 
the center, with Ag atoms located on the side surfaces of the 
Au NBP. This preferential deposition of Ag atoms is because 
the side surfaces of the Au NBPs are high-index-faceted. [ 24,32,33 ]  
The deposition of Ag atoms on these facets can lower their 
surface energies. To quantify the amount of Ag deposited on 
the Au NBPs, inductively coupled plasma atomic emission 
spectrometry (ICP-AES) measurements were carried out on 
the Au NBPs and Au NBP@Ag nanostructures. The particle 
concentrations in the different sample solutions were main-
tained to be the same for the ICP-AES measurements. The Au 
and Ag mass concentrations in the samples were determined 
according to the calibration lines determined in advance from 
the standard Au and Ag solutions (Figure S2, Supporting 
Information). The obtained Au and Ag molar concentrations 
for the seven samples are listed in Table S3 in the Supporting 
Information. The Ag molar concentrations in the samples 
were determined to be (3.7–34.1) × 10 −6   M . The presence of Ag 
in the starting Au NBP sample is because AgNO 3  is employed 
in the seed-mediated growth to increase the number yields 
of elongated Au nanocrystals. [ 21,34,35 ]  As shown in Figure  2 e, 
the Ag-to-Au molar ratios of the nanostructures are linearly 
dependent on the AgNO 3  volume. From the linear depend-
ence, we can estimate that ≈48% of Ag added in the growth 
solution is reduced and grown onto the Au NBPs. Such a 
specifi c relationship makes it convenient to produce desired 
Au NBP@Ag nanostructures by simply adjusting the added 
AgNO 3  amount.   

  2.2.     Variations of the Plasmon Peak Position and Linewidth in 
Wavelength and Energy 

 We have shown in our previous work that ensemble Au NBP 
samples possess much narrower plasmon peak widths than 
ensemble Au nanorod samples, mainly owing to their high 
shape and size uniformities. [ 22 ]  For many potential plasmonic 
applications, the Au NBP@Ag nanostructures are highly 
desired to maintain the uniformities and therefore narrow 
plasmon peak widths in the Ag overgrowth process. In this 
regard, we carefully investigated the dependences of the sizes, 
plasmon wavelengths and linewidths of the Au NBP@Ag nano-
structures on the added AgNO 3  volume. The use of the same 
starting Au NBP sample for all Ag overgrowths allows for quan-
titative comparison among the seven nanostructure samples. 
In addition, only the longitudinal dipolar plasmon mode was 
considered, because it is much stronger than the other plasmon 
modes and its wavelength is mainly determined by the length-
to-diameter aspect ratio. The average lengths and diameters 
measured from the TEM images are plotted in  Figure    3  a as 
functions of the added AgNO 3  volume. The obtained Au NBP@
Ag nanostructures possess narrow size distributions with rela-
tive standard deviations of 3%–5%. During Ag overgrowth, the 
lengths remain nearly unchanged while the diameters undergo 
a slight increase. Such size variations suggest that Ag atoms are 
preferentially deposited on the side surfaces of the Au NBPs 
to transform the bipyramid shape into the rod shape. After 
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 Figure 2.    HAADF-STEM characterization and the Ag-to-Au molar ratio 
of the Au NBP@Ag nanostructures. a) HAADF-STEM image of a single 
120 µL Au NBP@Ag nanostructure. b,c) Elemental mapping images of 
Au and Ag on the nanostructure shown in panel (a), respectively. d) Over-
lapped image. The scale bar in panel (a) also applies for panels (b–d). 
e) Dependence of the measured Ag-to-Au molar ratios of the Au NBP@
Ag nanostructure samples on the added volume of the AgNO 3  solution. 
The coeffi cient of determination for the linear fi tting is  R  2  = 0.9655. The 
error bar height for each point represents one standard deviation.
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the nanostructures assume the rod shape, further addition of 
AgNO 3  will cause the nanorods to grow longer, producing Ag 
nanorods with variable lengths. We have described the growth 
of Ag nanorods by this method and discussed their multipolar 
plasmon properties in a separate report. [ 36 ]  Remarkably, the 
high dimensional uniformity of the Ag nanorods allows for the 
observation and study of sharp multipolar plasmon modes at 
the ensemble level in colloidal solutions.  

 The plasmon linewidths of ensemble metal nanoparticles 
contain contributions from both inhomogeneous and homo-
geneous line broadening. Inhomogeneous line broadening is 
mainly caused by shape and size distributions. High shape and 
size uniformities are required for minimizing or eliminating the 
inhomogeneous line broadening of ensemble metal nanoparti-
cles. For homogeneous line broadening, a narrower plasmon 
peak width implies a smaller plasmon damping and a larger 
local electric fi eld enhancement. [ 37 ]  Homogeneous plasmon 
linewidths play a paramount role in many plasmon-based 
applications, such as monitoring electron transfer between 
metal nanoparticles and other materials, [ 38 ]  studying chemical 
bonding on metal nanoparticles, [ 39 ]  and developing ultrasensi-
tive chemical and biological sensors. [ 2 ]  In most studies, the data 
points for plasmon wavelengths and linewidths are analyzed 
and reported in wavelength with the unit of nanometer. In our 
study, apart from the wavelength values, we also provided the 
corresponding energy values in order to facilitate the under-
standing and unraveling of the underlying variation trends. 
The longitudinal dipolar plasmon wavelengths and linewidths 

of the ensemble nanostructures were obtained by Lorentzian 
curve fi tting of the extinction spectra in Figure  1 b. For the 
corresponding energy values, the extinction spectra were re-
plotted by changing the wavelength values to the energy ones 
for the  x -axis before the curve fi tting. With the increase of the 
added AgNO 3  amount, the ensemble plasmon wavelength fi rst 
blueshifts and then redshifts, with the turning point located at 
90 µL, which is a minimum on the wavelength plot (Figure  3 b) 
but a maximum on the energy plot (Figure  3 c). On the wave-
length plot, the ensemble FWHM values of the Au NBP@
Ag nanostructures are almost constant at ≈67 nm before the 
turning point, and increase after the turning point (Figure  3 d). 
On the energy plot, however, the ensemble FWHM values 
increase gradually with increasing AgNO 3  amounts for all over-
growths (Figure  3 e). 

 In order to eliminate the possible inhomogeneous line 
broadening effect associated with the ensemble measurements, 
we further recorded the single-particle scattering spectra of the 
Au NBP@Ag nanostructures by dark-fi eld scattering spectros-
copy. [ 40 ]  The nanostructures were deposited on glass slides at 
appropriate surface number densities, which were verifi ed by 
dark-fi eld scattering imaging ( Figure    4  a). Figure  4 b shows fi ve 
typical spectra of the 120 µL Au NBP@Ag nanostructure sample. 
The spectra of the other samples are provided in Figure S3 
in the Supporting Information. The scattering spectra of more 
than 60 individual nanoparticles were acquired for each sample. 
The peak positions and widths in both wavelength and energy 
for the longitudinal plasmon mode were determined similarly 

Adv. Funct. Mater. 2016, 26, 341–352

www.afm-journal.de
www.MaterialsViews.com

 Figure 3.    Sizes, longitudinal dipolar plasmon wavelengths, and linewidths of the Au NBP@Ag nanostructure samples. a) Length (left, red) and diam-
eter (right, blue) changes as functions of the added AgNO 3  volume. b) Variations of the longitudinal dipolar plasmon wavelengths. The solid red circles, 
hollow green triangles, and solid blue squares represent the data points for the ensemble samples, single-particle values, and FDTD-simulated results, 
respectively. c) Variations of the longitudinal dipolar plasmon energies. d) Variations of the longitudinal dipolar plasmon linewidths in wavelength. 
e) Variations of the longitudinal dipolar plasmon linewidths in energy. f) Schematic illustrating the models utilized in the FDTD simulations. The 
labeling numbers for the models were used as the  x -axis values in plotting the simulated data points in (b–e). The symbols in (c–e) have the same 
meanings as those in (b). The error bar height for each data point represents one standard deviation.
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by Lorentzian curve fi tting. The obtained values were then aver-
aged and plotted as functions of the added AgNO 3  volume in 
Figure  3 b–e. The small standard deviations in the longitudinal 
plasmon peak positions refl ect that the Au NBP@Ag nano-
structures have narrow shape and size distributions. The overall 
variation trends of the plasmon positions obtained from the 
single-particle measurements are very similar to those obtained 
from the ensemble extinction measurements. However, for all 
samples, the average plasmon wavelengths determined from 
the single-particle measurements are smaller than the corre-
sponding ensemble values (Figure  3 b,c). The shorter plasmon 
wavelengths and therefore higher plasmon energies are caused 
by the change of the surrounding medium from water in the 
ensemble measurements to a non-uniform environment of 
air and glass in the single-particle measurements. In the case 
of the peak widths in wavelength, the FWHM values increase 
gradually (Figure  3 d). The single-particle FWHM values are all 
smaller than the corresponding ensemble ones. In contrast, on 
the energy plot, the single-particle FWHM values fi rst increase 
up to the turning point at 90 µL and then start to decrease 
(Figure  3 e). Moreover, the single-particle FWHM values are 
almost identical to the corresponding ensemble values up to 
the turning point, but become smaller than the corresponding 
ensemble ones after the turning point. There are two implica-
tions from these results. First, the plasmon linewidth in wave-
length is inherently dependent on the plasmon wavelength. As 
the plasmon wavelength gets shorter, the plasmon linewidth in 
wavelength generally becomes smaller. This dependence com-
plicates the variation trend of the plasmon linewidths in wave-
length. Second, before the turning point, the contribution of 
inhomogeneous line broadening to the plasmon linewidths is 
very small, suggesting that the related Au NBP@Ag nanostruc-
ture samples are highly uniform in shape and size. Only after 
the turning point, does the contribution of inhomogeneous 
line broadening become apparent and get larger. The inho-
mogeneous line broadening arises probably from the shape 
distributions because a relatively large amount of Ag atoms are 
deposited on the Au NBPs for these nanostructure samples.  

 Finite-difference time-domain (FDTD) simulations were 
also performed to assist in understanding the evolutions of the 
structural and plasmonic properties of the Au NBP@Ag nano-
structures with increasing AgNO 3  amounts. The geometrical 
models utilized in the FDTD simulations were set according 

to the shapes observed on the TEM images, but the exact cor-
respondence of a simulation model to a nanostructure sample 
prepared with a specifi c amount of AgNO 3  was not pursued, 
due to the limited spatial resolution under the HAADF-STEM 
imaging. The length and diameter of the Au NBP were set at 122 
and 39 nm, and those of the Au NBP@Ag nanostructures were 
122 and 42 nm, respectively, with Ag atoms increasingly added 
on the side surfaces of the Au NBP, as shown in Figure  3 f. The 
excitation light direction was perpendicular to the length axis, 
with the electric fi eld polarized along the length axis. There-
fore, only the longitudinal plasmon mode was excited. The 
refractive index of the surrounding medium was set at 1.33, the 
refractive index of water. We considered only the longitudinal 
dipolar plasmon mode and extracted the plasmon positions and 
linewidths in both wavelength and energy by Lorentzian curve 
fi tting of the simulated extinction spectra. In general, the simu-
lated variation trends are in agreement with the experimental 
ensemble observations for the plasmon wavelengths, plasmon 
energies and plasmon linewidths in wavelength (Figure  3 b–d). 
The blue shifts on the longitudinal plasmon peak for the Au 
NBP@Ag nanostructures supported on glass slides in com-
parison with the corresponding ones immersed in water were 
verifi ed by the FDTD simulations (Supporting Information, 
Figure S4). For the plasmon linewidths in energy, before the 
turning point, the simulated FWHM values are almost identical 
to the experimental ensemble values as well as to the measured 
single-particle values (Figure  3 e). The nearly equal FWHM 
values in energy imply again the importance of using energy in 
studying the plasmon linewidth and the related effects, such as 
inhomogeneous contribution and plasmon damping. After the 
turning point, the simulated FWHM values differ from both 
the measured ensemble and single-particle values. We believe 
the discrepancy between the simulated and measured single-
particle FWHM values is probably due to the limitation in mod-
eling the exact geometry of the Au NBP@Ag nanostructures 
when a relatively large amount of Ag atoms is deposited on the 
Au NBPs. On the other hand, we also performed FDTD simula-
tions by replacing the Ag part in the structure models with Au. 
The simulation results indicate that the optical properties of Ag 
indeed contribute to the blue shifts of the longitudinal dipolar 
plasmon resonance (Supporting Information, Figure S5). How-
ever, the longitudinal plasmon wavelength variations caused 
by the shape changes are larger than those arising from the 
different metals.  

  2.3.     Refractive Index Sensitivity 

 Because of inhomogeneous line broadening, ensemble metal 
nanostructures are usually inferior to the corresponding single 
nanostructures in various sensing applications, especially 
where ultrahigh sensitivities are pursued. For our Au NBP@
Ag nanostructures, due to their excellent monodispersity, the 
inhomogeneous broadening of their longitudinal plasmon 
peak is relatively small. The ensemble Au NBP@Ag nano-
structures are therefore expected to show comparable sensing 
performances to those of the single nanostructures, making 
them attractive for sensing applications in solutions. RIS and 
FOM are two most important parameters for characterizing the 
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 Figure 4.    Dark-fi eld scattering results of the 120 µL Au NBP@Ag nano-
structure sample. a) Representative scattering image. b) Five representa-
tive single-particle scattering spectra.
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refractive index sensing capability of plasmonic metal nano-
structures. RIS is defi ned as the slope of the linear dependence 
of the plasmon red shift on the refractive index of the sur-
rounding medium. FOM is expressed as the ratio of the RIS 
to the plasmon linewidth. [ 41 ]  A high FOM brought about by a 
narrow linewidth is strongly desired, because it enables the 
detection of minuscule spectral changes. Therefore, narrow 
plasmon linewidths are also crucial for plasmonic sensing. To 
determine the RIS and FOM values of the Au NBP@Ag nano-
structures, the nanostructures were dispersed in water–glycerol 
mixture solvents with the volume percentages of glycerol varied 
among 0%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and 
90%. Pure glycerol was not used because it is too viscous. The 
refractive indices of water and glycerol are 1.3334 and 1.4746, 
respectively. The refractive indices of the liquid mixtures were 
calculated according to the Lorentz–Lorenz equation. [ 42,43 ]  

  Figure    5  a shows as an example the extinction spectra of 
the 20 µL Au NBP@Ag nanostructure sample dispersed in 
the liquid mixtures of varying compositions. To reveal more 
clearly the plasmon shifts, the spectra were plotted only in a 
narrow wavelength range containing the longitudinal plasmon 
peak. The extinction spectra in a wide spectral range for all 
of the seven samples are provided in Figure S6 in the Sup-
porting Information. For all samples, the longitudinal plasmon 
peak exhibits red shifts as the volume percentage of glycerol 
is increased. The peak shifts display approximately linear 
dependences on the refractive index of the mixture solvent 
(Figure  5 b). For the same reason as mentioned above for the 
plasmon linewidths, we also obtained the plasmon shifts in 
energy and plotted them as functions of the refractive index 
(Figure  5 c). The plasmon shifts in energy also show approxi-
mately linear dependences on the refractive index. The RIS 
values were obtained by linearly fi tting the plasmon shifts of 
the nanostructure samples. The FOM values were calculated 

by use of the plasmon peak widths of the nanostructure sam-
ples dispersed in water. The results are plotted as functions 
of the added AgNO 3  volume in Figure  5 d–g. In wavelength, 
upon Ag deposition, the RIS is increased (Figure  5 d), mainly 
because at similar plasmon wavelengths, Ag nanoparticles 
possess higher RISs than Au nanoparticles. [ 9 ]  With increasing 
Ag deposition, the RIS fi rst decreases and then increases. 
This trend is coincident with the change of the longitudinal 
plasmon wavelength (Figure  3 b). It is mainly because for simi-
larly shaped metal nanoparticles, longer plasmon wavelengths 
give rise to higher RISs. [ 42 ]  For the plot of the FOM values 
determined in the wavelength unit, Ag deposition causes an 
increase in the FOM (Figure  5 e). As more Ag is deposited, 
the FOM decreases. There exists a certain amount of AgNO 3  
(20 µL) that gives the largest FOM value. The decrease of the 
FOM after the maximal value is caused fi rst by the reduction 
of the RIS and then by the increase of the plasmon linewidth. 
In energy, the RIS exhibits a large increase upon Ag depo-
sition and then steady increases as more Ag is deposited 
(Figure  5 f). This monotonous increase behavior in the RIS 
values expressed in energy is distinct from the trend observed 
with the RIS values expressed in wavelength. In contrast, the 
FOM values determined in both the wavelength and energy 
units display almost identical variation trends, in spite of dis-
crepancies in their absolute values (Figure  5 e,g). The FOM 
values determined in the wavelength unit for the Au NBP@Ag 
nanostructure samples are in the range of 5.2–6.7 RIU −1 , with 
the 20 µL sample possessing the largest value. The FOM values 
determined in the wavelength unit in our work are among the 
highest that have been reported for colloidal plasmonic metal 
nanoparticles in solutions at the ensemble level. [ 44 ]  Such high 
FOM values suggest that our Au NBP@Ag nanostructures 
have great potential in the development of high-performance 
plasmonic sensors.   
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 Figure 5.    Refractive index sensing characteristics of the Au NBP@Ag nanostructures. a) Extinction spectra of the 20 µL sample dispersed in the water–
glycerol liquid mixtures of varying compositions. Each spectrum has been normalized against its extinction peak intensity. The arrow indicates the 
direction of the increase in the refractive index of the solvent mixture as well as that of the shift of the longitudinal plasmon peak. b,c) Dependences 
of the longitudinal plasmon shifts in wavelength and energy on the refractive index of the liquid mixture, respectively. d) Plot of the RISs in wavelength 
against the AgNO 3  volume. e) FOM values calculated in the wavelength unit. f) RISs in energy. g) FOM values calculated in the energy unit. The labels 
in panel (b) also apply for panels (a) and (c). The error bar height for each point represents one standard deviation.
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  2.4.     Stability of the Au NBP@Ag Nanostructures 

 The structural and optical stabilities of metal nanoparticles are 
crucial for many practical applications. The nanoparticle shape 
has been well known to play an important role in determining 
the plasmonic properties of metal nanoparticles and therefore 
affect practical plasmonic applications. The thermodynamic 
instability poses a grand challenge for the preservation of Ag 
nanostructures in particular shapes in aqueous solutions. [ 45 ]  Ag 
nanoplates, which possess much narrower plasmon linewidths 
than many other types of Ag nanostructures, are instable ther-
modynamically. They tend to transform spontaneously into 
other shapes with lower surface energies during storage. [ 19,20 ]  
As a new type of Ag nanostructures with narrower plasmon 
linewidths than Ag nanoplates, our Au NBP@Ag nano-
structures were examined and compared with Ag nanoplates 
in terms of their stability. The 90 µL nanostructure sample 
was taken as an example. Triangular Ag nanoplates were pre-
pared by a modifi ed seed-mediated method. [ 46 ]  Their sizes were 
comparable to those prepared by laser excitation, which have 
the highest quality among all Ag nanoplate samples demon-
strated so far. [ 18 ]  Both the Au NBP@Ag nanostructure and Ag 
nanoplate samples were washed once to remove excess sur-
factant molecules and then aged at room temperature for dif-
ferent periods of time. The Au NBP@Ag nanostructures have 
the rice shape while most of the Ag nanoplates are triangular 
with rounded corners ( Figure    6  a,b). Their major plasmon 
peak wavelengths are located at 700 and 750 nm, respectively 
(Figure  6 c).  

 The extinction spectra of the two samples during the aging 
process in aqueous solutions were monitored and shown 
in Figure S7 in the Supporting Information. The extinction 
peak of the Ag nanoplates was too weak to be detected after 
16 d of aging. In contrast, the extinction peak intensity of 
the Au NBP@Ag nanostructures remained unchanged even 

after 22 d. For better comparison, the peak wavelength and 
intensity of the two samples were extracted from their time-
dependent extinction spectra and plotted as functions of the 
aging time (Figure  6 d,e). The plasmon peak of the Au NBP@
Ag nanostructures shows a slight red shift of 10 nm within 
22 d, while that of the Ag nanoplates blueshifts rapidly by 
≈40 nm in the fi rst three days and then exhibits a slight blue 
shift of ≈5 nm within next 13 d. No clear change of the extinc-
tion peak intensity is seen for the Au NBP@Ag nanostruc-
tures, while the extinction peak intensity of the Ag nanoplates 
undergoes a decline and approaches to zero after 16 d. We 
examined the Au NBP@Ag and Ag nanoplate samples under 
TEM after 22 and 16 d of storage, respectively. The shape 
and size of the Au NBP@Ag nanostructures were found to 
remain almost unchanged (Figure  6 f). The slight red shift on 
the extinction peak of the Au NBP@Ag nanostructures might 
be caused by the detachment of a tiny amount of Ag from the 
nanostructures. There are two possible reasons for the high 
stability of the Au NBP@Ag nanostructures. One is the large 
electronegativity of Au, which can reduce the electron den-
sity on the Ag part and therefore make the Ag part diffi cult 
to be attached by O 2  dissolved in aqueous solutions. [ 47–49 ]  The 
other is the charge redistribution from the 4s orbitals to the 3d 
orbitals for Ag atoms upon alloying with Au. [ 50 ]  The reduced 
electron density in the 4s subshell increases the resistance of 
Ag to oxidation. In contrast, rounded and shrunk Ag nano-
plates as well as much smaller spherical Ag nanoparticles are 
existent in the Ag nanoplate sample after storage (Figure  6 g). 
The initial rapid blue shift in the extinction peak of the Ag 
nanoplates is believed to be caused by the rounding process. 
The slight blue shift, accompanied with the intensity reduc-
tion, at the later stage is believed to result from the fragmen-
tation of the rounded Ag nanoplates into small spherical Ag 
nanoparticles. The results from the stability tests unambigu-
ously show that our Au NBP@Ag nanostructures are highly 
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 Figure 6.    Stability tests. a,b) TEM images of the 90 µL Au NBP@Ag nanostructures and Ag nanoplates, respectively. c) Extinction spectra of the Au 
NBP@Ag nanostructures and Ag nanoplates dispersed in aqueous solutions before aging. d) Plots of the extinction peak wavelengths as functions of 
the storage time. The peak wavelengths have been subtracted with those before aging. e) Plots of the extinction peak intensities as functions of the 
storage time. The extinction peak intensities have been normalized against the corresponding values before aging. The labels in panel (d) also apply for 
panel (e). f,g) TEM images of the Au NBP@Ag nanostructures and Ag nanoplates after they were kept at room temperature for 22 and 16 d, respectively.
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stable when kept in aqueous solutions, which is advantageous 
for their plasmon-based applications.  

  2.5.     Sulfi de Detection Using the Au NBP@Ag Nanostructures 

 H 2 S has traditionally been considered as a corrosive and toxic 
gas with the unpleasant smell of rotten eggs. It is mainly pro-
duced by the decomposition of organics or as by-products of 
chemical processes. In addition, recent studies have shown 
H 2 S as another gaseous transmitter besides NO and CO for 
its vital roles in fundamental signaling processes involved in 
human health and diseases. [ 51,52 ]  Therefore, the design of new 
and improved methods for detection of sulfi de ions is of biolog-
ical and medical interests. [ 53 ]  In the presence of O 2 , sulfi de ions 
have been known to selectively and quickly react with Ag atoms 
to generate Ag 2 S at room temperature. [ 54,55 ]  Therefore, our Au 
NBP@Ag nanostructures can be used for sulfi de detection. The 
Ag part reacts with sulfi de ions, causing structure and composi-
tion changes and in turn plasmonic changes. The changes can 
then be revealed spectrally. 

  Figure    7  a shows the extinction spectra of the 20 µL Au 
NBP@Ag nanostructure sample exposed to Na 2 S at different 
concentrations. The sulfi de concentration employed in our 
experiments ranged from 0.1 × 10 −6  to 10 × 10 −3   M , covering a 
difference of fi ve orders of magnitude. At 30 min after the addi-
tion of Na 2 S, the longitudinal plasmon peak, which is located at 

780 nm originally, shifts to longer wavelengths with decreasing 
intensities. The peak wavelengths and intensities were extracted 
and plotted against the concentration of Na 2 S in Figure  7 b,c, 
respectively. The plasmon peak redshifts with increasing Na 2 S 
concentrations. A detection limit of 0.1 × 10 −6   M  is achieved. 
This detection limit is close to that obtained in a recent study 
with (Au nanorod core)@(Ag shell) nanostructures at the 
ensemble level. [ 17 ]  The extinction peak is seen to gradually 
decrease in intensity and become broader as the Na 2 S concen-
tration is increased. The spectral dependence on the Na 2 S con-
centration can be attributed to two factors. One is the structural 
change caused by sulfi dation, because as discussed above, the 
plasmon wavelength of the Au NBP@Ag nanostructures varies 
largely with the amount of deposited Ag atoms. The other is 
the change in the surrounding dielectric environment of the 
Au NBP@Ag nanostructures if they are covered with a layer 
of Ag 2 S. Although the amount of Ag 2 S is small, the Ag 2 S layer 
is right on the surfaces of the nanostructures, where the local 
electric fi eld enhancement is the largest. The peak broadening 
and intensity reduction are ascribed mainly to the plasmon 
damping induced by Ag 2 S, because Ag 2 S is a semiconductor 
with a band gap of ≈1.0 eV. The small band gap causes Ag 2 S 
to absorb light strongly in the visible and near-infrared regions. 
Therefore, Ag 2 S has a large imaginary part of the dielectric 
function in these spectral regions (Supporting Information, 
Figure S8). [ 56 ]  The plasmon damping gets more severe when 
more Ag 2 S is formed on the metal nanostructures. In addition, 
the sulfi dation is expected to differ among the different nano-
particles. This inhomogeneous sulfi dation also causes plasmon 
peak broadening.  

 The reason for the similar detection limits between our 
work and the previous one [ 17 ]  at the ensemble level is that the 
Au@Ag nanostructures themselves are changed upon sulfi da-
tion. When plasmonic metal nanostructures are utilized for 
molecular sensing, metal nanostructures remain unchanged 
upon molecular adsorption. The detection limit of molecules is 
determined by the index sensitivity of metal nanostructures. In 
the detection of sulfi de ions with the Au@Ag nanostructures, 
the Ag component is either partially or completely transformed 
from Ag metal into Ag 2 S semiconductor, depending on the 
sulfi de concentration. In our work, Ag atoms are mainly depos-
ited on the side surface of the Au NBPs. In contrast, in the 
previous work, [ 17 ]  Ag atoms are deposited at both the side and 
end surfaces of the Au nanorods. Upon sulfi dation, for our Au 
NBP@Ag nanostructures, each particle is only partially covered 
with Ag 2 S. However, for the (Au nanorod core)@(Ag shell) 
nanostructures, each particle is encapsulated completely with a 
layer of Ag 2 S. Therefore, even though the index sensitivities of 
our Au NBP@Ag nanostructures are believed to be higher than 
those of the (Au nanorod core)@(Ag shell) nanostructures, the 
detection limits of S 2−  are similar. 

 The sulfi de sensing experiments were also performed with 
the other Au NBP@Ag nanostructure samples. The results 
are given in Figures S9−S13 in the Supporting Information. 
With the nanostructures containing more Ag, the plasmon 
shifts tend to show abrupt increases at higher concentrations 
of Na 2 S (Figures S10–S13, Supporting Information). In addi-
tion, the plasmon peak is almost completely damped at higher 
concentrations of Na 2 S. The occurrence of the complete 
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 Figure 7.    Sensing of sulfi de ions with the 20 µL Au NBP@Ag nano-
structures at the ensemble level. a) Extinction spectra of the nanostruc-
tures recorded after the addition of Na 2 S at different concentrations. 
b) Dependence of the extinction peak shift on the Na 2 S concentration. The 
peak shift was calculated relative to the plasmon wavelength of the nano-
structures before Na 2 S addition. c) Dependence of the intensity change 
on the Na 2 S concentration. The peak intensity of each spectrum has been 
normalized against that of the spectrum recorded before Na 2 S addition.
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plasmon damping is because a thicker layer of Ag 2 S will be 
formed for the Au NBP@Ag nanostructures with more Ag at 
high concentrations of Na 2 S. To fully understand the spectral 
variation behaviors of the different nanostructures at different 
concentrations of Na 2 S will require more elaborate and sys-
tematic studies. Nevertheless, our results show that the nano-
structures containing less Ag will be more suitable for sulfi de 
detection.   

  3.     Conclusions 

 We have successfully prepared Au NBP-supported Ag nano-
structures with narrow plasmon linewidths and improved 
chemical stability. As the supplied amount of the Ag precursor 
is increased, the nanostructures undergo a shape evolution 
from NBP through nanorice to nanorod upon Ag overgrowth, 
suggesting that Ag atoms are preferentially deposited on the 
side surfaces of the Au NBPs. The accompanying spectral evo-
lutions of the Au NBP@Ag nanostructures acquired at both 
the ensemble and single-particle levels indicate that with a rel-
atively small amount of Ag deposited, the nanostructures are 
nearly monodisperse without inhomogeneous line broadening. 
The shape and size inhomogeneities start to take effect when a 
higher amount of Ag is overgrown on the Au NBPs. Systematic 
determination of the RIS and FOM values in both the wave-
length and energy units shows that the RIS in energy increases 
as more Ag is overgrown on the Au NBPs. There exists an 
appropriate amount of deposited Ag atoms for the nanostruc-
tures to exhibit a maximal FOM, whose value determined in the 
wavelength unit is among the highest that have been reported 
for colloidal plasmonic metal nanoparticles in solutions at the 
ensemble level. Moreover, our nanostructures are found to pos-
sess a higher chemical stability than Ag nanoplates at a close 
ensemble plasmon wavelength. The use of the Au NBP@Ag 
nanostructures in the detection of sulfi de ions is fi nally dem-
onstrated, with a detection limit of 0.1 × 10 −6   M . Taken together, 
our results show that the Au NBP@Ag nanostructures can be 
a promising candidate in the development of highly sensitive 
plasmonic sensors as well as in various plasmon-enhanced 
spectroscopies.  

  4.     Experimental Section 

  Chemicals : HAuCl 4 ·3H 2 O (99%), NaBH 4  (98%), trisodium citrate 
(99%), ascorbic acid (99%), AgNO 3  (99%), and poly(sodium 
4-styrenesulfonate) (PSS, MW: ≈1 000 000) were purchased from Sigma-
Aldrich. CTAB (98%) was obtained from Alfa Aesar. NH 3 ·H 2 O solution 
(25 wt%) and HCl solution (5  M ) were ordered from E. Merck and 
Scharlab, respectively. H 2 O 2  solution (30 wt%) and CTAC (97%) were 
purchased from Aladdin Reagent. Deionized water with a resistivity of 
18.2 MΩ cm obtained from a Direct-Q 5 UV water purifi cation system 
was used in all experiments. 

  Preparation of the Au NBPs : The Au NBP sample was prepared using 
the seed-mediated growth method, as described in previous works. [ 21,32 ]  
Briefl y, a freshly prepared, ice-cold NaBH 4  solution (0.01  M , 0.15 mL) 
was added under vigorous stirring into an aqueous solution that was 
pre-made by mixing together HAuCl 4  (0.01  M , 0.125 mL), trisodium 
citrate (0.01  M , 0.25 mL), and water (9.625 mL). The resultant seed 
solution was kept at room temperature for 2 h before use. The seed 

solution (0.2 mL) was injected into the growth solution that was made 
in advance by mixing together CTAB solution (0.1  M , 40 mL), HAuCl 4  
(0.01  M , 2 mL), AgNO 3  (0.01  M , 0.4 mL), HCl (1  M , 0.8 mL), and ascorbic 
acid (0.1  M , 0.32 mL), followed by gentle inversion mixing for 10 s. The 
reaction solution was left undisturbed overnight at room temperature. 
The longitudinal plasmon wavelength of the obtained Au NBP sample 
was ≈805 nm. The purifi cation of the as-prepared Au NBPs was 
conducted by using a depletion-induced separation method, as reported 
in a previous work. [ 22 ]  The number percentage of Au NBPs in the purifi ed 
product was found from the TEM images to be 99%. The particle 
concentration of the purifi ed Au NBP sample used in our experiments 
was adjusted to be 4.8 × 10 10  particles mL −1  on the basis of the Au mass 
concentration measured by ICP-AES and the average nanocrystal size 
determined from the TEM images. 

  Preparation of the Au NBP@Ag Nanostructures : The purifi ed Au 
NBPs (5 mL) were centrifuged at 7000 rpm for 10 min. The precipitate 
was redispersed in a CTAC solution (0.08  M , 20 mL), followed by 
subsequent addition and mixing of AgNO 3  (0.01  M ) and ascorbic acid 
(0.1  M ). The volumes of the AgNO 3  solution were 20, 40, 60, 90, 120 and 
160 µL for the samples shown in Figure  1 , respectively. The volume of 
the ascorbic acid solution was a half of that of the AgNO 3  solution for 
each overgrowth. The mixture solution was placed in an air-bath shaker 
(60 °C, 120 revolutions per minute) and kept for 4.5 h, during which Ag 
was overgrown on the Au NBPs to form Au NBP@Ag nanostructures. 
The resultant samples were centrifuged at 5000–6500 rpm for 15 min. 
The precipitate was redispersed in water (10 mL) for further use. 

  Preparation of the Ag Nanoplates : Triangular Ag nanoplates were 
prepared by a modifi ed seed-mediated growth method. [ 46 ]  In a typical 
preparation, Ag seeds were produced by combining trisodium citrate 
(2.5 × 10 −3   M , 5 mL), PSS (1 g L −1 , 0.125 mL), and a freshly prepared, 
ice-cold NaBH 4  (0.01  M , 0.3 mL), followed by the addition of AgNO 3  
(0.5 × 10 −3   M , 5mL) at a rate of 2 mL min −1  under continuous stirring. 
The Ag nanoplates were produced by combining water (5 mL), ascorbic 
acid (0.01  M , 75 µL), and the seed solution (40 µL), followed by 
the addition of AgNO 3  (0.5 × 10 −3   M , 3 mL) at a rate of 1 mL min −1 . 
Trisodium citrate (0.01  M , 1 mL) was subsequently added to stabilize the 
particles. The resultant sample was centrifuged once at 4000 rpm for 
10 min and then redispersed in water (5 mL) for further use. 

  Stability Tests : The Au NBP@Ag nanostructures and Ag nanoplates 
were placed in 15 mL plastic centrifuge tubes and then aged at room 
temperature for varying periods of time. 1 mL of the solution was taken 
out from time to time for extinction measurements. 

  Refractive Index Sensitivity Measurements : To determine the RISs, the 
Au NBP@Ag nanostructures were centrifuged at 6000 rpm for 10 min 
and then redispersed into the water–glycerol mixture solvents of varying 
volume ratios. The volume percentage of glycerol in the liquid mixture 
was varied from 0% to 90% at a step of 10%. The extinction spectra 
of the Au NBP@Ag nanostructure samples dispersed in the mixture 
solvents were measured. The extinction peak shifts relative to the 
plasmon wavelengths of the nanostructure samples dispersed in water 
were calculated and plotted as functions of the refractive index. The 
RISs were obtained by linear fi tting. The FOM values were obtained by 
dividing the RISs with the FWHM values determined from the extinction 
spectra of the aqueous dispersions of the Au NBP@Ag nanostructure 
samples. 

  Sulfi de Sensing : For the detection of sulfi de ions, the Au NBP@Ag 
nanostructure solution (10 mL) was placed in a 15 mL plastic centrifuge 
tube. An aqueous Na 2 S solution (0.1 mL) at different concentrations 
was then added dropwise to the nanostructure solution within 5 s. The 
fi nal concentration of Na 2 S in the mixture solution was adjusted from 
0.1 × 10 −6  to 10 × 10 −3   M . After the mixture solution was kept under 
continuous shaking for 30 min, the extinction spectra were recorded. 
Our extinction measurements showed that the sulfi dation reaction 
for the 90 µL Au NBP@Ag nanostructure sample at different Na 2 S 
concentrations took several minutes to reach a plateau. We therefore 
chose 30 min to make sure that the sulfi dation reaction reached a steady 
state before the extinction measurement for all of the Au NBP@Ag 
nanostructure samples at different Na 2 S concentrations. 
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  Instrumentation : Extinction spectra were measured on a Hitachi 
U-3501 ultraviolet/visible/near-infrared spectrophotometer with plastic 
cuvettes of 0.5 cm optical path length. SEM imaging was performed on 
an FEI Quanta 400 FEG microscope operated at 20 kV. TEM imaging 
was carried out on an FEI Tecnai Spirit microscope operated at 120 kV. 
HAADF-STEM imaging and elemental mapping were carried out on an 
FEI Tecnai F20 microscope operated at 200 kV and equipped with an 
Oxford energy-dispersive X-ray analysis system. ICP-AES measurements 
were performed on a PerkinElmer Optima 4300DV system. Single-
particle dark-fi eld scattering images and spectra were recorded on an 
upright optical microscope (Olympus, BX60) that was integrated with 
a quartz–tungsten–halogen lamp (100 W), a monochromator (Acton, 
SpectraPro 2360i), and a charge-coupled device camera (Princeton 
Instruments, Pixis 400). During the measurements, the camera was 
thermoelectrically cooled to −70 °C. A dark-fi eld objective (100×, 
numerical aperture 0.9) was employed for both exciting the individual 
Au NBP@Ag nanostructures with the unpolarized white light and 
collecting the scattered light. The scattering spectrum from an individual 
nanoparticle was corrected by fi rst subtracting the background spectrum 
taken from the adjacent region without any nanoparticles and then 
dividing it with the precalibrated response curve of the entire optical 
system. The exposure time was set at 30 s. 

  FDTD Simulations : The FDTD simulations of the Au NBP@Ag 
nanostructures were performed using FDTD Solutions 8.7, which was 
developed by Lumerical Solutions, Inc. During the simulations, an 
electromagnetic plane wave in the spectral range from 300 to 1200 nm 
was launched into a box containing a target nanostructure. A mesh 
size of 0.5 nm was employed in calculating the extinction spectra of the 
Au NBP@Ag nanostructures. The refractive index of the surrounding 
medium was set to be 1.33, the refractive index of water. The dielectric 
function of Au was obtained by fi tting the measured data of Johnson 
and Christy, and that of Ag was fi tted from Palik's data. For the purpose 
of simplifi cation, the Au NBP was modeled as being composed of two 
circular cones with spherically rounded tips, using the average diameters 
and lengths determined from the TEM images. The two cones were 
back-to-back stacked together. Such a simplifi ed geometrical model has 
been shown to be able to simulate the plasmonic properties of variously 
sized Au NBPs in reasonably good agreement with experiments. [ 22,57 ]  
The diameter and length of the Au NBP were set at 39 and 122 nm, 
respectively. The tip angle and radius were adjusted to be 30° and 6 
nm, respectively, to match the simulated longitudinal dipolar plasmon 
wavelength with the experimental values. To model the Au NBP@Ag 
nanostructures, Ag atoms were placed at the side surfaces of the Au NBP 
by employing a parabola cone together with an end-rounded cylinder and 
adjusting their geometrical parameters. Except the 20 µL Au NBP@Ag 
nanostructure sample, the thickness of the Ag layer at the middle of the 
nanostructures was set at 1.5 nm, according to the TEM measurements. 
All of the considered models are shown in Figure  3 f. Because we were 
interested in the variation behaviors of the longitudinal plasmon positions 
and linewidths, the excitation light direction was set perpendicular to the 
length axis, with the electric fi eld aligned along the length axis.  
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