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ABSTRACT: Nobel-metal nanostructures strongly localize and manipulate light at
nanoscale dimension by supporting surface plasmon polaritons. In fact, the optical
properties of the nobel-metal nanostructures strongly depend on their morphology and
composition. Until now, various metal nanostructures such as nanocubes, nanoprisms,
nanorods, and recently hollow nanostructures have been demonstrated. In addition, the
plasmonic field can be further enhanced at nanoparticle dimers and aggregates because of
highly localized and intense optical fields, which is known as “plasmonic hot spots”.
However, colloidally synthesized and circular-shaped nanoring nanostructures with
plasmonic hot spots are still lacking. We, herein, show for the first time that colloidal
bimetallic nanorings with plasmonic nanocavities and tunable plasmon resonance
wavelengths can be synthesized via colloidal synthesis and galvanic replacement reactions.
In addition, in the strong coupling regime, plasmons in nanorings and excitons in J-aggregates interact strongly and nanoring-shaped
colloidal plexcitonic nanoparticles are demonstrated. The results reveal that the optical properties of the nanoring and the onset of
strong coupling can be tamed by the galvanic replacement reaction. Further, the plasmonic nanocavity in the nanorings has immense
potential for applications in sensing and spectroscopy because of the space, enclosed by the plasmonic nanocavity, is empty and
accessible to a variety of molecules, ions, and quantum dots.

■ INTRODUCTION

Metallic nanoparticles have attracted a tremendous amount of
interest, owing to their extraordinary optical properties caused
by their localized surface plasmon polaritons (SPP).1 Metallic
nanoparticles are cavities or tiny antennas at the nanoscale
dimension. They enable strong localization and guidance of
optical fields. The plasmonic field can be further enhanced at
nanoparticle dimers and aggregates because of highly localized
and intense optical fields at the nanoparticle−nanoparticle
junctions, which is known as “plasmonic hot spots”.2 The
plasmonic hot spots have been used to enhance fluorescence of
dye molecules or quantum dots,3 and Raman scattering of
molecules, and to demonstrate single-molecule strong coupling
as well.4,5 In fact, the optical properties of metallic nanostruc-
tures strongly depend on their geometry, size, composition, and
dielectric environment.6 Until now, various metallic nanostruc-
tures such as nanocubes,7 triangular nanoprisms,8 nanorods,9

nanodisks,10 nanostars,11 and hollow nanostructures12,13 have
been demonstrated by various techniques. Among them,
colloidal synthesis of metal nanoparticles is very attractive
because large quantities of metal nanoparticles can be
synthesized; no specialized instrumentation is required; size
and shape of the nanoparticles can be easily controlled by
playing around with the reaction ingredients such as metal ions,
reducing agents, and capping agents.14 The metallic hollow
nanoparticles including nanoframes,15,16 nanocages,17 and
nanorings18−20 are a relatively new class of metallic nanostruc-
tures with tunable plasmon resonance wavelengths. For
example, Lin et al. reported synthesis of gold nanoframes and

nanorings by first depositing gold on silver nanotemplates and
then selectively etching the silver layer.15 In another study,
colloidal synthesis of gold- and silver-alloyed triangular
nanoframes was reported.21 Also, Krishnan et al. converted
silver nanoplates to silver−gold nanodisks by galvanic
replacement-deposition reactions and, consequently, enor-
mously improved the stability of bimetallic nanodisks.22

Additionally, lithographic techniques have been used for
fabricating hollow metallic nanostructures.19,23 Previously
reported approaches for the synthesis of hollow metal
nanostructures require (i) special instrumentation,19 (ii) etching
and metal deposition steps,15 (iii) limited control over the size
and geometry of the hollow in the nanostructures, (iv) high
temperature,24 and (vi) reactions involving gold ions and a
reducer (e.g., formaldehyde),25 which make them impractical
for many plasmonic applications. In fact, colloidally synthesized
and truly circular-shaped nanoring nanostructures with tunable
plasmon resonance and plasmonic nanocavities are still lacking.
In the weak coupling regime, metal nanoparticles interact

weakly with a molecular transition or electron−hole pairs,
namely excitons, and emission of molecules or semiconductor
quantum dots are greatly modified with respect to the free space
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value, which is also called Purcell effect.26 When the resonance
interaction between exciton and plasmon is larger than their
decay rates, strong coupling occurs between exciton and
plasmon, and hence two new hybrid modes (plexcitons)
separated by the characteristic Rabi splitting energy are
formed.27 Until now, plasmonic metal nanostructures with a
variety of shapes such as core−shell nanoparticles,27,28 nano-
prisms,29−31 nanorods,32 nanoparticle dimers,33 and recently
nanodisks10 have been used to observe plasmon−exciton hybrid
states. In a recent study, a hollow gold nanoprism was used to
observe strong coupling in the hollow gold nanoprism and J-
aggregate dye.34 However, the reported Rabi splitting energies
are around 200 meV, and the transparency dip at the resonance
condition is heavily damped because of the interband transitions
in gold. Here, we report for the first time, colloidal synthesis of
bimetallic circular-shaped plexcitonic nanorings with tunable
properties, Figure 1. Different from the previous studies, the
present work has the following main advantages: (i) colloidal
synthesis of bimetallic plasmonic nanorings, (ii) demonstration
of nanocavities or plasmonic hot spots in nanodisks, (iii)
colloidal synthesis of nanoring-shaped plexcitonic nanoparticles,
and (iv) controlling the onset of strong coupling by galvanic
replacement reactions.

■ METHODS

Chemicals. Poly(sodium 4-styrenesulfonate) (PSS),
NaBH4, AgNO3, trisodium citrate, ascorbic acid, and HAuCl4
were purchased from Sigma-Aldrich and used without any
further purification. 5,5′,6,6′-tetrachlorodi(4-sulfobutyl)-
benzimidazolocarbocyanine (TDBC) dye was purchased from
FEW Chemicals GmbH and used as received. In all of the
reactions and preparations, Milli-Q water with a resistivity of
18.2 MΩ cm was used.
Synthesis of Silver Seeds. Isotropic, spherical silver

nanoparticles were used as seeds in the synthesis of anisotropic
silver nanoprisms.29,30 Typically, silver seeds were prepared by
using the following protocol. Trisodium citrate solution (5 mL,
2.5 mM) was loaded in a plastic vial. After this, 0.25 mL of PSS
(500 mg/L) and 0.3 mL of freshly prepared NaBH4 (10 mM)
were added to trisodium citrate solution. Subsequently, 5 mL of
0.5 mM AgNO3 solution was added dropwise with a rate of ∼2

mL/min to themixture described above undermagnetic stirring.
Appearance of yellow color after around half an hour and strong
extinction peak at around 400 nm are strong indications of
spherical silver nanoparticle colloid formation. Then, seed
solution was aged for about 2 h for decomposing excess boron
hydride, and consequently, the yellow-colored seed colloid was
obtained.

Synthesis of Silver Nanoprisms and Nanodisks. Silver
nanodisks were synthesized through a seed-mediated growth
process described in detail in our previous work.10 First, 5 mL of
Millipore water was loaded in a plastic vial. Then, 75 μL of 10
mM ascorbic acid and various amount of seed solution (60, 100,
and 150 μL) were added to the vial. Subsequently, 3 mL of 0.5
mMAgNO3 solution was added dropwise with a rate of∼1 mL/
min into the solution mixture under stirring. The obtained silver
nanoprism colloid was stabilized with the addition of 0.5 mL of
25 mM trisodium citrate solution, and then the colloid was aged
for around half an hour. In this way, plasmon resonance
wavelength of the nanoprisms can be tuned from 400 nm to
more than 1100 nm. In order to provide morphological
evolution from the nanoprism to nanodisk, the obtained silver
nanoprism colloid was placed in an oil bath at 95 °C and
magnetically stirred for around 2 h. After 2 h, the silver nanodisk
colloid was cooled down to room temperature with quenching in
water and then stored in the dark for further use.

Synthesis of Silver−Gold-Alloyed Nanorings. In order
to synthesize plasmonic nanorings, first, the silver nanodisk
colloid was synthesized. Immediately thereafter, 0.5 mL of 5
mg/L HAuCl4 solution was injected into the silver nanodisk
colloid for several times (between 4 and 18 times) with 2 min
time intervals for obtaining silver−gold-alloyed nanorings.
Increasing the total amount of HAuCl4 injected into the silver
nanodisk colloid resulted in the hollow site in silver−gold alloy
nanorings. Further, silver−gold-alloyed nanorings were centri-
fuged at 15,000 rpm for 10 min. Supernatant was discarded, and
the precipitate was redispersed in water. This procedure was
applied several times until all the reaction byproducts were
totally removed.

Synthesis of Plexcitonic Nanorings. Plexcitonic nanor-
ings were synthesized by mixing 1 mL of alloyed nanoring
colloid with varying amounts of 0.1 mM TDBC dye.29

Figure 1. Shape engineering of plasmonic nanoparticles. The scheme represents synthesis of plexcitonic nanorings. When the inner diameter of the
nanoring is small, plasmonic hot spots appear. Adding trace amount of Au3+ into the nanodisk colloid generates small-diameter nanorings (plasmonic
hot spots). However, addition of excess amount of Au3+ yields large-diameter nanorings.
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Thereafter, obtained solution was centrifuged at 15,000 rpm for
10 min. The supernatant was discarded for removing uncoupled
dye molecules, and the precipitate was dispersed in water. The
nanodisk- and nanoring-shaped plexcitonic nanoparticles shown
in this study do not contain any uncoupled dye molecules in the
colloid.
Characterization. Scanning transmission electron micros-

copy (STEM) was used in order to investigate morphological
evolution of nanocrystals (SEM; Quanta 250, FEI, Hillsboro,
OR, USA). The STEM detector was also attached to SEM
Quanta. The electron beam energy was 15 kV, and the spot size
was 2.5. The working distance was set at 5.3 mm. The
microscope can be used in bright- and dark-field contrast modes
independently. The samples were prepared by drop-casting
nanocrystal suspensions onto the 200 mesh carbon-coated
copper grid. Extinction measurements of colloids in the aqueous
environment were performed by using a balanced deuterium−
tungsten halogen light source (DH2000-BAL, Ocean Optics)
and a fiber-coupled spectrometer (USB4000, OceanOptics). All
the characterization measurements were performed at room
temperature.
Numerical Calculations. The finite difference time domain

(FDTD) method was employed to explore optical properties of
bare and coupled plasmonic nanoparticles by using a
commercial FDTD package from Lumerical (see also Support-
ing Information). The plasmon−exciton coupling regimes in J-
aggregate-coated silver and silver−gold-alloyed nanoparticles
were extensively investigated from the weak to strong coupling
regimes. It should be noted here that silver−gold-alloyed
nanoring diameter and nanoring thickness were deduced from
the STEM images. In FDTD simulations, the electric field
polarization is along the x-axis, and the plane wave moves in the
z-axis. The mesh size is 1 nm during the extinction spectra
simulations and 0.1 nm during the electric field map simulations.

■ RESULTS AND DISCUSSION
General synthesis procedure of nanoring-shaped plexcitonic
nanoparticles is displayed in Figure 1. Isotropic, spherical silver
nanoparticles synthesized in aqueous medium were employed as
seeds in the synthesis of anisotropic silver nanoprisms.10 The
number of seed nanoparticles in the reaction medium directly
determines the final edge length of the nanoprism and hence
localized SPP resonance wavelength. The anisotropic silver and

gold nanoparticles have dipole plasmon resonance, which can be
effectively tuned by changing the size and shape of the
nanoparticle.35 Silver nanodisks were synthesized through a
seed-mediated growth process described in detail in our
previous work.30 The shape conversion of silver nanoprisms to
nanodisks through heating was accomplished by placing the
nanoprism colloid in an oil bath.10

In order to synthesize hollow metal nanoparticles, we used
galvanic replacement reactions, Figure 2a. A schematic
representation represents conversion of nanodisks into nanor-
ings. Previously, these reactions were used for the synthesis of
gold and silver nanoframes, nanocages, and nanoboxes.21,24

Galvanic replacement reaction involves an electrochemical
reaction between silver and gold, owing to the difference in
their standard electrochemical reduction potentials.

EAu 3Ag Au 3Ag 0.7 V3 o+ → + Δ = ++ +

The silver atoms on the silver nanodisks are oxidized, and gold
ions in the solution are reduced in the vicinity of silver atoms.
The reaction between gold ions and silver atoms in the nanodisk
is spontaneous because the free energy of the above reaction,
ΔGo = −nFEo, where n is the number of electrons, F is the
Faraday constant, and Eo is the standard cell potential of the
reaction, is negative.36 Additionally, each gold ion replaces three
silver atoms in the nanoparticle, and hence the silver nanodisk is
hollowed out by the electrochemical reaction. Remarkably, the
amount of gold ions in the reaction medium effectively controls
the size of the nanoholes.

Figure 2. Tuning plasmon resonance by galvanic replacement reaction. (a) Schematic representation of conversion of nanodisks into nanorings. (b)
Photo of silver nanodisk colloid treated with varying amounts of gold ions. (c,d) Experimental extinction spectra of silver nanodisk colloid upon
addition of varying amounts of gold ions and corresponding plasmon resonance wavelength shift. (e,f) Calculated extinction spectra of plasmonic
nanodisk with a central nanohole for varying nanohole diameter, that is, from 2 to 10 nm.

Figure 3. Plasmonic nanorings. (a) STEM image of nanorings
synthesized by adding excess amount of gold ions into the silver
nanodisk colloid. (b) Addition of trace amount of gold ions into the
silver nanodisk colloid generates nanoholes on the nanodisks.
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In order to synthesize the bimetallic nanoring, first, the silver
nanodisk colloid was synthesized. We injected various quantities
of HAuCl4 solution into the silver nanodisk colloid and traced
the extinction spectra of the colloid, Figure 2b−d. The color

variation of the colloid is shown in Figure 2b. The origin of
plasmon resonance redshift upon addition of gold ions is
ascribed to the coupling of dipolar modes at the inner and outer
surfaces of the nanoring.13 The plasmon resonance wavelength

Figure 4. Tunable Rabi splitting energy in nanoring-shaped plexcitonic nanoparticles. The extinction spectra of plexcitonic nanoparticles with varying
amount of J-aggregate dye added to the nanoring colloid containing (a) small nanoholes and (b) large nanoholes. Owing to the presence of larger
amount of gold in (b), the extinction curves shown in (b) indicate very clear interband transitions of gold. (c) Rabi splitting energies as a function of
square root of dye concentration calculated from the extinction spectra shown in (a,b). Theoretically calculated extinction spectra of a nanoring-shaped
plexcitonic nanoparticle as a function of dye oscillator strength for (d) a silver nanoring and (e) a silver−gold nanoring. (f) Rabi splitting energies as a
function of square root of oscillator strength of the dye.

Figure 5.Numerical calculation of a nanoring. (a) Schematic representation of simulation of a nanoring with a central hole. (b,c) The curves from left
to right represent theoretically calculated extinction spectra for a nanohole diameter ranging from 2 to 9 nm. (d) Onset of the transition from weak to
strong coupling for a nanohole diameter ranging from 0 to 12 nm. (e−i) Electric field distribution of a single nanoring at resonance wavelength with
varying inner diameter ranging from 0 to 18 nm.
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of the colloid is tuned more than 100 nm in Figure 2c. A careful
analysis of the extinction spectra shown in Figure 2c,e reveals
that the quality factor of the plasmon resonance decreases with
the increase in the inner diameter of the nanoring. The quality
factor of the plasmon resonance of the plasmonic cavity
representing the degree of damping in the plasmonic cavity
can be calculated asQ =wc/γ, the ratio of the plasmon resonance
frequency to the cavity damping, where wc is the resonance
frequency, and γ is the damping rate. Therefore, as the size of the
nanohole increases, plasmon damping in the plasmonic cavity
increases. Besides, we performed numerical calculations of the
nanorings. The size of the nanohole is varied from 2 to 10 nm. In
fact, compared to the silver nanodisk, the bimetallic nanoring
represents a red-shifted plasmon resonance that can be tuned
over an extended wavelength range by simply changing the ring
inner diameter. Actually, the experimentally observed wave-
length variation shown in Figure 2c,d is qualitatively well
reproduced by theoretical calculations in Figure 2e,f.
STEM images and energy-dispersive X-ray (EDX) elemental

analysis show that silver−gold nanorings are formed. Addition of
excess amounts of gold ions yielded silver−gold nanorings,
Figure 3a. On the other hand, addition of trace amounts of gold
ions yielded very small nanoholes on the nanodisks, Figure 3b.
Most of the nanorings are in circular shape, and nearly all of the
nanodisks are drilled by the gold ions, see the Supporting
Information for the large-area STEM image of nanorings.
Besides, EDX spectra confirmed the presence of silver and gold
in the bimetallic nanoparticles, see the Supporting Information.
Plexcitonic nanorings were synthesized by self-assembly of J-

aggregate dyes on bimetallic nanorings.29 In the strong coupling
regime, plasmons and excitons interact strongly, and con-
sequently, new hybrid polariton modes are formed. By using the
coupled oscillator model, the energies of the upper and lower
polariton branches can be represented as E1,2 = (Ep + Eex)/2 ±
1/2 ((4g2 + (Ep − Eex)

2))1/2, where E1 and E2 are the upper and
lower polariton energies, g is the coupling strength, and Ep and
Eex are the plasmon and exciton resonance energies.37 At zero
detuning, the energy difference between the upper and lower
polariton branches is called Rabi splitting energy defined as ΔE
= E2 − E1 = h̵Ω = 2g, where g is the coupling strength. Including
plasmon damping rate, γp, and exciton damping rate, γex, the
Rabi splitting is now h̵Ω = 4g2 + (γp − γex)

2. Strong coupling
occurs when coupling strength, g, is at least larger than (γp −
γex)/2. In order to tune coupling strength, we added various
quantities of J-aggregate dyes into the nanoring colloid and
extensively analyzed the extinction spectra of the hybrid system,
Figure 4a−c. In Figure 4b, the amount of gold ions added to
silver nanodisk is larger than the one in Figure 4a. Owing to the
presence of a larger amount of gold in Figure 4b, the extinction
curves indicate very clear interband transition in gold. It is worth
noting that the calculated and experimentally observed
interband edge of gold is at around 2.38 eV.38 The calculated
Rabi splitting energies as a function of the square root of dye
concentration are displayed in Figure 4c. Theoretically
calculated extinction spectra of the plexcitonic nanoparticle for
a silver nanoring and for a silver−gold alloyed nanoring are
shown in Figure 4d,e, respectively. The calculated Rabi splitting
energies from theoretically obtained curves are indicated in
Figure 4f. It should be pointed out here that Rabi splitting
energy, h̵Ω ≈ ( f 0)

1/2, depends on the oscillator strength, f 0, of
the exciton. The experimental and theoretical results shown in
Figure 4 clearly demonstrate that transition from weak coupling
to strong coupling regime can be controlled by gold.

Theoretical calculations further support that plasmonic hot
spots can be generated in bimetallic nanorings by adjusting the
inner diameter of the nanoring, Figure 5. In addition, the onset
of the strong coupling is lowered at the plasmonic hot spots. The
schematic representation depicts a single nanoring with varying
inner diameter size, Figure 5a. The spectra shift to longer
wavelengths with an increase in the diameter of the nanohole,
Figure 5b,c. Owing to the plasmonic hot spot formation at 6 nm
nanohole diameter, the onset of the transition from weak to
strong coupling is the lowest for a 6 nm nanohole diameter,
Figure 5d. Indeed, the electric field intensity and localization in
the nanohole are the largest for a nanohole of 6 nm, Figure 5d−
h. Because the coupling strength (g), h̵Ω = 2g − 1/(V)1/2, is
proportional to the effective mode volume of the cavity, V, we
expect to see large enhancement in light matter interaction in
plasmonic nanocavities. Therefore, the nanoholes (∼6 nm)
drilled in nanodisks by gold ions are indeed plasmonic
nanocavities.

■ CONCLUSIONS
In summary, we have demonstrated for the first time that
colloidal bimetallic nanorings with plasmonic hot spots and
tunable plasmon resonance wavelengths in the visible spectrum
can be synthesized by galvanic replacement reactions. The size
of the inner diameter of the nanoring can be controlled by the
amount of gold ions introduced in the galvanic replacement
reaction. The nanorings with small holes produce plasmonic hot
spots (plasmonic nanocavities). Furthermore, we have shown
for the first time that J-aggregate dyes self-assemble on the
bimetallic nanorings, and hence nanoring-shaped plexcitonic
nanoparticles are formed. The results reveal that the onset of
strong coupling can be tamed by the galvanic displacement
reactions. Theoretical calculations reveal that transition from
weak coupling to strong coupling is lowered for the 6 nm-
diameter nanohole. Furthermore, the space enclosed by
plasmonic nanocavities on silver nanodisks is empty and
hence accessible to a variety of molecules, ions, and quantum
dots for sensing and spectroscopy applications at the nanometer
scale.5
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