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spectral line shape, and resonance energy of single Au/Ag nanoparti-
cles (Fig. 1). Ag chloro-complex ions were produced anodically from
an Ag/AgCl counter electrode and reduced on cathodically polarized
bare Au 50-nm spherical nanoparticles to form Au/Ag core-shell nano-
particles in a transparent spectroelectrochemical cell (28–31). The light-
scattering properties of individual Au/Ag nanoparticles were reversibly
tuned by repeatedly interconverting the shell between Ag and AgCl by
electrochemical potential cycling (Fig. 1A). High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) and
energy-dispersive x-ray spectroscopy (EDS) elemental maps showed the
clear core-shell structure of the Au/Ag nanoparticles (Fig. 1B and fig. S1).

Multiple series of scattering spectra of individual Au/Ag nanopar-
ticles were collected during cyclic voltammetry experiments. Scattering
spectra displayed well-defined potential-dependent plasmon resonance
energy (E), full width at half maximum (G), and intensity (I) (Fig. 1C).
Others have shown recently that, under specific electrolyte conditions,
electrochemical oxidation of pure Ag nanoparticles resulted in com-
plete oxidation and dissolution of the nanoparticles (28, 32). In con-
trast, the use of the core-shell geometry and the inclusion of chloride
ions in our system allowed for reversible tuning between two stable
states with well-defined optical properties. Here, the different oxidation
potentials of Ag and Au allowed us to electrochemically oxidize the
Au/Ag nanoparticle to Au/AgCl. Mean changes in E, G, and I were
tracked as a function of potential over five cycles (Fig. 1C) under
three different cell conditions: a bare Au nanoparticle in a cell with
Pt reference and counter electrodes, thus containing no Ag (gray); an
Au nanoparticle in the presence of a low-concentration Ag chloro-
complex solution (green); and a higher-concentration Ag chloro-
complex solution (blue), achieved by using a Ag counter electrode
and by tuning the Cl− electrolyte concentration. In the control sam-
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ple containing no Ag, E, G, and I showed small linear shifts with
applied potential due to electrochemically induced charge density
tuning, as previously reported (7, 8). In contrast, redox tuning of
the Ag shells of Au/Ag nanoparticles resulted in nonlinear plasmon
resonance shifts. At a low Cl− concentration and therefore low Ag
chloro-complex concentration, redox tuning induced much larger
shifts than charge density tuning alone. Increasing Cl− concentration
by a factor of 10 (to 1 M) raises the Ag chloro-complex solubility near-
ly 30-fold (26), which led to much larger shifts because of increased
Ag shell thickness. Therefore, the extent of reversible optical tuning is
directly controllable by means of the salt concentration.

At 1 M NaCl and negative applied potentials where AgCl is reduced
to Ag, we observed spectral blue shifts of 15 meV followed by large red
shifts of 50 meV (Fig. 1C, blue lines). This complex response is the
product of three competing mechanisms and their impacts on the
nanoparticle plasmon: (i) In the AgCl shell case, the local refractive
index seen by the nanoparticle plasmon is that of the AgCl dielectric
shell. Once the shell is converted into Ag, the surface plasmon resides
on the outer Ag surface and the medium refractive index is that of the
surrounding electrolyte, resulting in a decrease from nAgCl (s) = 2.02
(33, 34) to nelectrolyte = 1.34. The decrease in refractive index causes E
and G to increase and I to decrease. (ii) A change in nanoparticle op-
tical properties occurs as the dielectric AgCl is replaced by Ag metal
that supports plasmon resonances in the visible. This effect causes E
and I to increase and G to decrease. (iii) In the AgCl shell case, the sur-
face plasmon resides on the Au core surface; but in the Ag shell case,
the entire Au/Ag nanoparticle supports the plasmon oscillation (fig. S2).
This increase in effective size and the elimination of the dielectric shell
cause E to decrease and G and I to increase. The opposite responses
are expected when the Ag shell is converted back into AgCl. The first
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Fig. 1. Reversible redox tuning of Au/Ag nanoparticles. (A) Nanoparticle shells were reversibly switched between Ag and AgCl using redox electro-
chemistry. The optical response to redox tuning was measured using single-particle spectroscopy under electrochemical potential control. (B) HAADF-

STEM and EDS elemental maps of a single Au/Ag nanoparticle show clear core-shell geometry. (C) Mean response over five cycles of changes in resonance
energy (DE), full width at half maximum (DG), and intensity (DI) as a function of applied potential under different electrolyte conditions. (Inset) Small-
intensity response for control and thin-shell cases. Shaded bounds indicate standard error. au, arbitrary units.
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two mechanisms cause an initial blue shift; but as the Ag shell grows
thicker, mechanism (iii) causes a net red shift and increases in G and I.
In this system, single-particle plasmon spectroelectrochemistry (our
method) during cyclic voltammetry is crucial in analyzing nanopar-
ticle plasmonic responses to chemical processes. Unlike cyclic voltam-
metry, which measures the electric current passed to and from the
entire working electrode, the potential-dependent plasmon resonances
report on changes in the composition, charge, damping, and scattering
cross section of individual nanoparticles.

Redox tuning of strongly coupled nanoparticle dimers
The Ag-AgCl redox spectroelectrochemistry was extended to individual
strongly coupled plasmonic dimers to take advantage of nonlinear gap
effects (Fig. 2). Dimers nominally consisting of Au nanoparticles
50 nm in diameter were chemically assembled using a nonspecific ag-
gregation method and were enriched through electrophoretic separation
(35, 36). Transmission electron microscopy (TEM) micrographs re-
vealed that Au dimers had gap widths ranging from 1 to 5 nm and
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mean core diameter of 45.5 nm, with significant size and shape dis-
persity (fig. S3).

We hypothesized that the effective gap width of the dimers could
be tuned by depositing a thin switchable Ag shell. Full-wave simulations
using the finite element method (FEM) showed that for Ag shells, the
shell itself would dominate the optical response (Fig. 2A, left). How-
ever, when switched to AgCl, the Au cores should dominate (Fig. 2A,
right) (charge density maps generated at a plasmon resonance of
1.88 eV; additional details of FEM simulations can be found in Supple-
mentary Materials). Charge primarily resides on the metallic Ag shells
under electrochemically reducing conditions and on the Au cores under
oxidizing conditions, leading to a change in effective gap width. The
strong electric field enhancement caused by the cores also causes a visible
polarization in the AgCl shell in the gap region (Fig. 2A, bottom right).
The nonlinear response to gap width change allows significant tuning
of the longitudinal bonding (LB) dipolar plasmon mode (Fig. 2B). Be-
cause the transverse (T) mode weakly depends on gap width, predicted
changes are smaller (fig. S4).
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Fig. 2. Dimer surface plasmon response to reversible electrochemical redox tuning. (A) Thin shells on strongly coupled Au dimers were reversibly
switched between Ag and AgCl. Charge density maps of the core and shell surfaces show that the optical response is dominated by Au cores in Au/AgCl

dimers, but by Ag shells in Au/Ag dimers. Maps were generated at 1.88 eV. (B) Scattering spectra during dynamic potential control show clear modulation
with changes in shell composition. (C) Mean LB mode DE, DG, and DI over five cycles as a function of applied potential. Shaded bounds indicate standard
error (smaller than linewidth at most points).
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The spectral response of an individual dimer’s LB mode to Ag shell
redox tuning is compared to a bare Au dimer control (Fig. 2C). In
the absence of a redox-tunable Ag shell, E, G, and I decreased linearly
with increasing potential. These results are consistent with the single-
nanoparticle charge density tuning described in Fig. 1C (gray lines;
0.1 M NaCl) and reported previously (7). In stark contrast, the plas-
monic response to redox tuning of Au/Ag dimers exhibited a large
hysteretic response, with E strongly decreasing with increasingly neg-
ative potentials. This inverted trend is easily explained within the plas-
mon ruler model (37); as the gap between metallic surfaces decreases
when AgCl salt shells are reduced to metallic Ag shells, capacitive plas-
mon coupling strongly increases (fig. S5).

The plasmonic drawbridge: Reversible switching between
capacitive and conductive coupling
By further increasing the thickness of the Ag shells and by applying
sufficient step potentials, the coupling mechanism for nanoparticle
dimers was reversibly switched between capacitive and conductive
coupling (Fig. 3). TEM imaging revealed the detailed structure of Au/
Ag bridged dimers (Fig. 3A). Under electrochemical potential control,
the shell can be actively tuned between semiconducting AgCl and
highly conductive metallic Ag. It is expected that as the advancing me-
tallic surfaces of the nanoparticles approach contact, electron
tunneling provides a charge transfer pathway between nanoparticles
(16, 23). Electric contact of the two Au nanoparticles established
through the Ag metal bridge results in an oscillating current between
Byers et al. Sci. Adv. 2015;1:e1500988 4 December 2015
the nanoparticles and multiple corresponding charge transfer plasmon
modes (14, 38). Simulated and experimental spectra both reveal the
emergence of a new longitudinal screened bonding (SB) dipolar plas-
mon mode (Fig. 3B). The SB mode is a longitudinal charge transfer plas-
mon mode characterized by a significant charge transfer between Ag
shells and by a weak quadrupolar polarization of the cores (14–17, 39).

A series of scattering spectra of an individual Au/Ag dimer shows
broad tuning of the plasmon modes in response to repeated formation
and removal of the conductive bridge between the Au cores (Fig. 3C).
The transition from capacitive to conductive coupling at negative bias
is clearly visible with the emergence of significantly brighter shell-
dominated SB and T modes (Fig. 3C). By then applying a positive bias,
conductive coupling was broken as the shell composition was switched
to AgCl. This event is visible in the scattering spectra with the re-
emergence of the core-dominated LB and T modes. This plasmonic
“drawbridge” effect was reversible over at least 30 full cycles and was
not observed to disappear or degrade. This effect was observed for all
dimers studied and was clearly visible by eye in dark-field microscopy
through changes in both color and intensity (figs. S6 and S7). We also
observed that the chloridation reaction (Ag → AgCl) under oxidizing
potentials causes much faster spectral changes than the reduction re-
action (AgCl → Ag) under reducing potentials (video S1). The asym-
metric response rate may be due to sluggish Ag reduction kinetics, as
recently reported for the reduction of Ag ions from solution (40).

As in the thin-shell case, simulations revealed that the Ag shell dom-
inates the optical response in the reduced state, whereas the Au cores
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Fig. 3. Reversible electrochemical tuning of a dimer between capacitive and conductive coupling. (A) Overlapping shells on Au dimers were
switched between Ag and AgCl to create a switch between capacitive and conductive coupling. TEM image shows an Au dimer enveloped by Ag shell.

(B) Simulated and experimental scattering spectra show a drastic optical response to switching the plasmon coupling mechanism. (C) Series of scattering
spectra during step potential application to switch shell composition. (D) Surface charge density plots of shell and core surfaces for SB and LB modes.
Charge plots were calculated at 2.0 eV for the SB mode and at 1.67 eV for the LB mode.
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dominate in the oxidized state. Charge density plots demonstrate the
relative contributions of the shells and cores to the two longitudinal
modes, SB and LB (Fig. 3D). For the SB mode, charge density on Ag
shell surfaces is more than 10 times greater than that on Au core sur-
faces (Fig. 3D, left). For the LB mode, charges are distributed primarily
on the Au core surfaces, with no current flowing between the two Au
cores (Fig. 3D, right). Again, the strong electric fields induce a visible
polarization response in the AgCl shells near the gap (Fig. 3D, bottom
right). Charge density plots of the T modes of both shell states re-
vealed the same relative contribution of shells and cores to the optical
response as the longitudinal modes (fig. S8).

By decreasing the size of the Au cores to 40 nm and lowering the
reductive overpotential, we characterized the spectral evolution of the
pure CTP mode in addition to the SB and T modes for an individual
dimer (Fig. 4A). FEM simulations correctly predicted that, given the same
Ag shell thickness andcore separationdistance, theCTPresonance energy
blue shifts with decreasing Au core size as a result of a reduction in cou-
pling between the Ag shells (fig. S9). In addition, by lowering the Ag/
AgCl redox overpotentials, the rates of the chloridation and reduction
reactions were decreased (41). The AgCl shell was slowly reduced to Ag
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by applying a step potential slightly more negative than the equilibrium
potential (−0.22 V versus Pt). Because of the smaller dimer, the pure
CTP mode remained within the spectral detection range of our silicon
photodetector. We clearly observed the formation of the SB mode, com-
pared with the LB mode, at higher energy. The formation of the SB
mode at roughly 42 s indicates the formation of a conductive pathway
between the two lobes of the bridged dimer. As the shell is further con-
verted into Ag, an increase in coupling between the Ag shells leads to a
red shift of the CTP and SB modes (Fig. 4A). Then, by switching to an
oxidizingpotential, theAg shell was converted back toAgCl. As demon-
strated for the larger bridged dimer (Fig. 3), the charge density
distribution for the longitudinal modes is dominated by the Ag shells.
The calculated charge density plot of the CTP mode shows a char-
acteristic dipolar charge distribution on the Ag shell surface, with charge
strongly localized near the gap region (Fig. 4A, inset).

Detailed mechanistic information can be extracted from the slow
evolution of the scattering spectrum during electrochemical conver-
sion of the bridging shell. Soon after the application of a reduction po-
tential, a rapid red shift occurred along with the disappearance of the
core-dominated LB and T modes (Fig. 4A, bottom). This transition
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Fig. 4. Dynamic evolution of the CTP mode using 40-nm Au cores and decreased overpotential. (A) Experimental static (top) and dynamic (bottom)
scattering observations of slow bridging during the conversion between AgCl and Ag shells for an individual Au/Ag dimer with 40-nm Au cores at � 0.22 V.

(Inset) Surface charge density plot of the outer Ag shell surface for the CTP mode (calculated at 1.35 eV). (B) Predicted spectral evolution with
electrochemical shell conversion from pure AgCl to pure Ag using isotropic dielectric mixing approximation. (C) CTP mode splitting in simulations using
bridged concentric Ag growth mechanism at the point of Ag shell overlap (full evolution in fig. S10B).
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