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ABSTRACT: An effective and reversible tuning of the intensity of
surface-enhanced Raman scattering (SERS) of nonelectroactive
molecules at nonresonance conditions by electrochemical means has
been developed on plasmonic molecular nanojunctions formed
between Au@Ag core—shell nanoparticles (NPs) and a gold nano-
electrode (AuNE) modified with a self-assembled monolayer. The Au@
Ag nanoparticle on nanoelectrode (NPoNE) structures are formed in
situ by the electrochemical deposition of Ag on AuNPs adsorbed on the
AuNE and can be monitored by both the electrochemical current and
SERS signals. Instead of introducing molecular changes by the applied
electrode potential, the highly effective SERS intensity tuning was
achieved by the chemical composition transformation of the ultrathin
Ag shell from metallic Ag to insulating AgCl. The electrode potential-
induced electromagnetic enhancement (EME) tuning in the Au@Ag

Ag shell SAM AgCl shell SAM
/ Onidution i

Flectrode Reduction Electrode

Electrochemical -Controlled Effective SERS Modulation

) Potential
Ppa?
> Fa
-
. -
Current

hift (cm

= 12

0 20 40 ai 1)
Time (s)

NPoNE structure has been confirmed by finite-difference time-domain simulations. Moreover, the specific Raman band associated
with Ag—molecule interaction can also be tuned by the electrode potential. Therefore, we demonstrated that the electrode potential
could effectively and reversibly modulate both EME and chemical enhancement in Au@Ag NPoNE structures.

Bl INTRODUCTION

Surface-enhanced Raman scattering (SERS) has become a
powerful molecular spectroscopy tool to probe molecules in
plasmonic nanostructures, and a wide range of applications in
materials, electronics, energy, environment, agriculture, and
biomedical fields have been demonstrated.” Controllable
modulation of SERS intensity of molecules can further
empower the SERS technique for fundamental studies and
various applications. Compared with other means, electro-
chemical (EC) modulation is effective and convenient to use.
The integration of electrochemistry and SERS has been proven
to be highly useful for surface and interfacial studies’ " and
biochemical and biosensing applications.” > The SERS
enhancement mechanisms are well-known: electromagnetic
enhancement (EME) and chemical enhancement (CME). In
previous studies, the tuning of SERS intensity by the EC
potential is mainly based on the CE change because of the
potential-controlled molecule changes, including the redox
states of the molecule, the metal—molecule interactions, and
the molecule geometry and orientations. Most of the reported
SERS changes modulated by the EC potentials are from the
chemical transformations of electroactive molecules.'*™'® For
nonelectroactive molecules, the SERS intensity modulation has
been observed due to the potential-dependent molecular
geometry5 or orientation changes.2 It is also important to
consider that the EC potential induced changes in the optical
properties of plasmonic substrates,'’~"* such as localized
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surface plasmon resonance (LSPR) and substrate—molecule
charge transfer.” The properties of the molecule, plasmonic
substrate, and substrate—molecule interaction all play
important roles in the observed SERS spectra of plasmonic
molecular junctions and can be utilized to achieve highly
effective and reversible SERS intensity modulation by the EC
potential.

Herein, we demonstrate that the SERS intensity of
plasmonic molecular junctions with nonelectroactive molecules
can also be effectively modulated at nonresonance conditions
by the electrode potential after introducing an ultrathin silver
layer at the molecule—metal interface in the plasmonic
nanostructures. It has been demonstrated that reversible and
active tuning of plasmonic field enhancement by the electrode
potential can be achieved on plasmonic AuNPs coated with a
thin Ag layer.”'~** The dramatic optical property changes are
attributed to the changes of LSPR of NPs during the reversible
redox process of the Ag layer regulated by the electrode
potential. The excitation of LSPR in plasmonic substrates is the
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Figure 1. Fabrication of Au@Ag NPoNE structures. (A) SEM image of BPT-modified AuNE apex with adsorbed AuNPs. To improve the SEM
image quality, the AuNE was not insulated. (B) Plasmonic BPT molecular junctions in the Au NPoNE structure. (C) Scheme of the experimental
setup for the EC-SERS measurements. The AuNE is partially insulated by high-density polyethylene. The electrode potential E was applied to the
WE AuNE, and the Ag/AgCl wire electrode was the quasi-reference electrode (RE) and counter electrode (CE). (D) Top panel:
chronoamperogram of Ag deposition. The applied electrode potential (solid black line) and acquired electrochemical current (solid red line) are
plotted. Bottom panel: the corresponding SERS intensity heatmap. The exposure time for SERS is 0.1 s/frame. (E) Selected SERS spectra from the
heatmap before Ag deposition at ¢ = 42 s and after Ag deposition at t = 62, 200, and 500 s. (F) SEM image of a AuNE apex with Au@Ag NPs after
30 min of Ag deposition. (G) Scanning transmission electron microscopy (STEM) image and element analysis by energy-dispersive X-ray
spectroscopy (EDS) of a Au@Ag core—shell NP formed after 30 s Ag deposition. Distribution of Au and Ag component in the Au@Ag core—shell
NP obtained by the rectangle-scan analysis which is indicated as a red dashed box.

critical factor for achieving significant EME in SERS.>*7%¢ Il EXPERIMENTAL SECTION

;herefore’ fw;expe;t tfhat t,he SI;RS inte nSitylcanl be,tunifi in Fabrication and Chemical Modification of the AuNE.
¢ same 1ashion By Iorming pasmonic molecuiar junctions The details of electrochemical etching, insulation, and

using‘Au@Ag core—shell NPs. The experiment was performed characterization of AuNEs have been reported previously.””*’

by using an NP on the nanoelectrode (NPoNE) geometry (see The tip of the dl d AuNE aked i M molecul

Figure 1). We have demonstrated that the NPoNE geometry e tip of the cleaned AuNE was soaked in 5 mM molecule
[BPT or 4-MBA (4-mercaptobenzoic acid)] ethanol solution

ide single-molecule level itivity with a 10 s of
can provide single-molecule level sensitivity with a 10 s of ms various times from 7 h to overnight. The chemically modified

time resolution at a relatively low laser power.27_29 Because of . ] } )
the ultrasmall exposed tip area of the gold nanoelectrode AuNE was then rinsed thoroughly with ethanol and dried with

(AuNE), the NPoNE geometry is advantageous in EC-SERS argon gas.

measurements for higier serizitivity and gbetter correlation Formalflon of AU@AQ NPoNE.Structures. The AuNE
between the EC current and SERS signals. After AuNPs were covered with 2 SAM was 1‘mmersed in a 75 pM 40 nm AuNP
adsorbed on the molecule-modified AuNE surface, an ultrathin aqueous solution for 20 min and then rlns-ed to remove weakly
shell of silver was electrochemically deposited in situ on the attached AuNPs. Because the current is small in the EC

surface of adsorbed AuNPs. The thickness of the silver shell measurements, a Fwo-electrode system was used. The SAM'
can be controlled by the silver deposition time and estimated modified AuNE with adsorbed AuNPs was used as the working

from the electrochemical current. With the presence of elect.rode (WE), and the Ag/ AS.C.I wire was used as both the
chloride ions in solution, the shell can be converted from Ag quasi RE and CE. For Ag deposition, the chronoamperometry

to AgCl by the applied positive electrode potential, leading to a setup was used at a constant electrode potential of —0.2 'V in
significant reduction of EME in the nanocavity. With the 10 uM AgNO;. The deposition potential is chosen based on
optimization of shell thickness, the reversible SERS intensity the reduction potential of Ag" ions on the AuNE (see Figure
change up to two times could be achieved in a small electrode §1); the details of simultaneous EC and SERS measurements
potential window. The intensity modulation by the electrode can be found in Supporting Information S2. The time
potential is achieved by EME, while the molecules remain resolution of SERS spectra is normally 0.1 s/frame, if not
unchanged. However, for molecules having a stronger mentioned otherwise.
interaction with Ag atoms, bigger SERS intensity tuning by TEM Methods. High-angle annular dark-field (HAADF)
the electrode potential can be achieved on specific vibrational STEM imaging and EDS mapping were carried out using
bands with the contributions from both EME and CME JEOL-JEM300CF double aberration-corrected TEM, operating
modulations. at 300 kV. The Au tip was mounted on a Hummingbird
4442 https://dx.doi.org/10.1021/acs.analchem.0c04398

Anal. Chem. 2021, 93, 4441-4448



Analytical Chemistry

pubs.acs.org/ac

A

Type L. At <305

o~ ]
— E=-04V

—E=04V )

Type L 30 s< AL <2005

Current (nA)

0 20

ol =

Time (s)

100

120

1< [94< 2

IJ‘P l- '
i a
I||.|

Type IL AL= 2005
P> 2

w

1000 1200 1400 1600
Raman shift (cm™)

Raman Tntensity

140 160

Figure 2. SERS intensity tuning at different Ag deposition times At. (A) (i) Top panel: the double potential step chronoamperogram shows the
applied potential waveform (black trace) on the Au@Ag NPoNE and recorded EC current (red trace) in 1x PBS. The period of the square
potential waveform is 20 s. The exposure time for SERS is 0.1 s/frame. (ii) Bottom panel: the corresponding SERS intensity heatmap of BPT. This
structure is formed with a Ag deposition time At = 180 s. (B) Typical SERS spectra of BPT from three types of Au@Ag NPoNE structures at E =

—0.4 V (red color) and +0.4 V (olive color).

Scientific single-tilt tomography holder with a home-made
sample clamp tip. EDS was conducted using JEOL dual EDS
detectors.

Simulation Methods. Modeling and simulations were
performed using the finite difference time domain (FDTD)
method (Lumerical’s Multiphysics software). The modeling
structures are discussed in the Results and Discussion section.
The refractive index of the water medium is 1.33. The
dielectric functions of Au and Ag used in the simulation are
from experimental data of the Johnson and Christy hand-
book.>' The refractive index of AgCl is 2.02.3%* The small
difference in the dielectric function of Ag between the ultrathin
film and bulk is ignored.

B RESULTS AND DISCUSSION

Formation of the Au@Ag NPoNE Structure. The
exposed apex area of the partially insulated AuNE is in the
range of 30—80 um” (see $3). A monolayer of biphenyl-4-thiol
(BPT) was self-assembled on the AuNE apex. Figure 1A shows
the typical scanning electron microscopy (SEM) image of a
BPT-modified AuNE tip (not insulated) after immersion in the
solution with 40 nm AuNPs. The average number density of
the adsorbed AuNPs on the exposed AuNE apex is about 11
um™ (see Supporting Information S4). A typical laser spot
focused on the AuNE apex can cover up to ~50 adsorbed
AuNPs. Plasmonic molecular junctions are formed in these Au
NPoNE structures, as shown in Figure 1B. Using the setup
illustrated in Figure 1C, Ag was selectively deposited on the
surface of the adsorbed AuNPs on the AuNE apex. The
deposition was carried out by the chronoamperometry method
at a reduction potential of —0.2 V with 10 uM AgNOj in the
electrolyte.”” The amount of deposited Ag was controlled by
the deposition time, which varied from 20 to 600 s. Figure 1D
shows the time-resolved changes of simultaneously acquired
reduction current (top panel, red color trace) and SERS signals
in the intensity heatmap (bottom panel) during the Ag
deposition. While the reduction current magnitude increases
(more negative) slightly, the SERS intensity increases
significantly with the deposition time. The rapid increase of
SERS intensity is also demonstrated in Figure 1E, showing four
SERS spectra at different times sampled from the SERS
trajectory in Figure 1D. All spectra show three major peaks of
BPT (see the Supporting Information S$ section, assignment
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of BPT Raman peaks), confirming the formation of NPoNE
structures containing BPT molecular junctions.

Figure 1F shows the SEM image of a AuNE apex after 30
min of Ag deposition. The size of Au@Ag NPs is much bigger
than the initial 40 nm size of AuNPs. It should be noted that
the 30 min deposition time is much longer than the actual time
used for SERS measurements, which is only used here to
visualize the Ag deposition by SEM. It is clear that the silver
deposition mainly happens on the adsorbed AuNPs. The
STEM image in Figure 1G shows a Au@Ag NP formed on the
AuNE apex after 30 s of Ag deposition. The NP size is still
about 40 nm. The element analysis by EDS reveals the well-
distributed Ag on the Au NP, confirming the formation of
Au@Au and the ultrathin Ag layer. It has been well-studied
that metal NP-mediated electron transfer across an insulating
thin film, such as SAM, is highly effective.>* Therefore, the
adsorbed AuNPs can serve as the nucleation sites for Ag
deposition. The BPT SAM helps to prevent random silver
deposition and facilitates the in situ fabrication of Au@Ag
core—shell NPs on the AuNE apex, leading to the formation of
Au@Ag NPoNE structures and the enhancement of SERS
intensity. The bigger number density of NPs on the AuNE
apex after 30 min of Ag deposition also suggests that pure Ag
NPs can indeed form on the SAM, which is likely through the
SAM defects. However, the possibility should be very small
within 5 min of Ag deposition due to the preferred deposition
on the adsorbed Au NPs. In addition, even though some pure
Ag NPs are formed, their size should be quite small within 5
min of Ag deposition. Their SERS contribution should be
much smaller than the Au@Ag core—shell NPs at an excitation
laser wavelength of 633 nm”™ (see more discussion in
Supporting Information section S6). In this work, we have
ignored the possible formation of pure Ag NPs within 5 min of
Ag deposition.

Reversibility of SERS Intensity Modulation by the
Potential. To evaluate the efficiency and reversibility of the
potential modulation of SERS intensity, we performed double
potential step chronoamperometry on the fabricated Au@Ag
NPoNE structures in the 1X PBS electrolyte. The silver atom
was oxidized to become a silver ion (Ag") at the positive
potential step, and the Ag" ion was reduced back to a Ag atom
at the negative potential step. In a representative current—time
trace (i) of Figure 24, a current spike appears at the beginning

https://dx.doi.org/10.1021/acs.analchem.0c04398
Anal. Chem. 2021, 93, 4441-4448
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Figure 3. Comparison of CV and SERS measurements of Au and Au@Ag NPoNE structures. (A) The triangle waveform was applied to the AuNE
in the 1X PBS electrolyte. Sweep rate: 0.14 V/s. (B—C) SERS intensity heatmap of BPT in the nanocavities of the Au NPoNE (B) and Au@Ag
NPoNE (C) structures. SERS spectra were recorded at 10 frame/s. The EC current (solid white line) is superimposed on the heatmap. (D—G) EC
current (D,E) and SERS intensity (F,G) of three main peaks of BPT as a function of E for the Au NPoNE (D,F) and Au@Ag NPoNE (E,G)
structures. Arrows indicate the sweeping direction of E. Right panel: the zoom-in view of oxidation and reduction peaks of silver on the NPoNE.
The oxidation and reduction peaks of a silver microelectrode (black line) are added as the reference.

of each square wave, which is due to the charging current.
Following the decay of charging current, a stable Faraday
current plateau due to the Ag redox reaction appears. The
magnitude of the Faraday current is bigger when the step
potential magnitude is increased from 0.2 to 0.4 V, indicating
that more Ag atoms are involved in the redox process at the
higher potential.

The bottom panel (ii) of Figure 2A shows the corresponding
SERS trajectory. The SERS intensity of the BPT molecule is
higher at —0.4 V than that at —0.2 V, which is consistent with
the higher EC current at —0.4 V. The SERS intensity is clearly
modulated by the potential as low as +0.2 V, demonstrating
that the potential modulation is highly effective. The potential
modulation is also highly reversible at both potential
magnitudes. We also notice that the SERS intensity change
is slower when the electrode potential decreased from +0.4 to
—0.4 V but much faster when the electrode potential increased
from —0.4 to +0.4 V (see the zoom-in view with more details
in Figure S10B). This is attributed to the slower reduction
kinetics of Ag" ions (see the next section), which has been
observed for the reduction of Ag" from the solution and on the
surface of Au@Ag core—shell NPs.”*

The reversibility of the SERS intensity modulation also
depends on the thickness of the Ag shell. Based on the
magnitude and reversibility of the SERS intensity ratio at +0.4
V (I"%*/1°%), the performance of the prepared Au@Ag NPoNE
structures can be divided into three types, which is clearly
associated with the silver deposition time At (thus the
thickness of the Ag shell). Here, I"** is defined as the SERS
intensity of the peak at 1611 cm™' after subtracting the
baseline when E = —0.4 V. The baseline is defined as the

average SERS intensity in the range from 1340 to 1440 cm™/,

4444

where no Raman peaks are present. Figure 2B shows the
typical SERS spectra pair of all three types. Type I structures
are normally obtained when At < 30 s. For this type, I"%*/1°% s
close to 1. The short deposition time leads to a thin and
incomplete shell, resulting in a negligible intensity change.
Type 1I structures are obtained when At is between 30 and
200 s. The intensity modulation ratio is between 1 and 2, and
the modulation is highly reversible. The example in Figure 2A
belongs to this type. Type III structures are obtained when At
> 200 s. For this type, the intensity modulation ratio is bigger
than 2, although the reversibility is compromised (see an
example in Supporting Information section S7 and Figures S5
and S6). For the thick Ag/AgCl layer, some Ag* ions are likely
dissolved in the solution, leading to the gradual reduction of
SERS intensity in the repeated potential modulation cycles.
This type of structure can be useful in applications when large
intensity modulation is desired and reversibility is not
important.

Mechanism of Silver Shell-Assisted Large Modulation
of SERS Intensity by the Electrode Potential. We further
investigated the mechanism of silver shell-assisted potential
modulation of SERS intensity based on reversible type II Au@
Ag NPoNE structures. To understand the redox reaction of the
shell, cyclic voltammetry (CV) and SERS measurements were
conducted simultaneously. As shown in Figure 3A, the
electrode potential was swept between —1 and 0.4 V in the
1X PBS solution. The acquired EC current—time (i—t) traces
(white color) are superposed on the SERS intensity heatmaps
in Figure 3B,C. Stochastic current spikes appear in the i—t
trace of Figure 3C. The corresponding CVs of AuNPs without
(black curve) and with (red curve) Ag shells are shown in
Figure 3D,E, respectively. In both CVs, the obvious current

https://dx.doi.org/10.1021/acs.analchem.0c04398
Anal. Chem. 2021, 93, 4441-4448



Analytical Chemistry

pubs.acs.org/ac

A Configuration (i) B 20
Ag/AnCl shell
7 SAM £
L, : |
. 0
15
Configuration (ii} C

Ag/AgCl shell

SAM
K- L

Au@Ag

Configuration (i)
Au@AgCl

X (nm)

a Configuration (i)
& Conliguration (ii)
8 Experimental data _

=2

1 _|.-.-\2__.-| IF ApCl

% (nm)

-1 1 2 3
d,, (nm)

Figure 4. FDTD simulations of EC modulation of the EME mechanism in the cavity of the Au@Ag NPoNE structure. (A) Two possible
configurations of Au@Ag NPoNE structures. (B) |[E/E,l distribution in the nanogap of configuration (i) with Ag (left) and AgCl (right) shell of 2
nm thickness. The incident direction and polarization of 632.8 nm light are shown. (C) Electric field enhancement (EF) distribution at the center
of SAM (z = 0.65 nm) along the x-axis in the nanogap of the Ag shell (red color) and AgCl shell (olive color). (D) Left y-axis: FDTD simulation
results of EF*8/EF* at x = 0 and z = 0.65 nm as a function of dag for configuration (i) (black open squares) and configuration (ii) (black open
triangles). The black solid line is the fit by the exponential equation: 0.55 X exp (d,/1.12) + 0.54 (R* = 0.99). Right y-axis: Red open squares are
experimental data at 1611 cm™" of BPT, which are fitted by the exponential equation: 0.55 X exp[(dy, — 2)/1.12] + 0.54 (red line, R* = 0.90).

drop beyond —0.4 V is attributed to the hydrogen evolution
reaction (HER). Figure 3F,G shows the corresponding
intensity changes of three main SERS peaks of BPT as a
function of E. As shown in Figure 3F, the modest SERS
intensity increases of all three peaks are only observed at the
negative potential beyond —0.4 V. The correlation coefficient
of the current magnitude and SERS intensity is 0.86, indicating
a strong correlation between HER and SERS intensity
enhancement, which has been reported in previous
research.'”'® The pH-dependent experiments, as shown in
the Supporting Information S8 section, further confirm the role
of HER in SERS intensity enhancement.

The CV in Figure 3E of Au@Ag NPoNE structures shows
new oxidation peaks at E; = 0.07 V and reduction peaks at E, =
—0.05 V. This pair of redox peaks should be from the redox
reaction of Ag/AgCl on the surface of adsorbed AuNPs.”” The
oxidation potential to form Ag,O is much higher at about 0.4
V.>”3% In addition, in the control experiment without chloride
ions in the solution, no oxidation peaks were observed in the
same potential range (see Supporting Information S9). The
small oxidation and reduction peaks in the CV are expanded
on the right side of Figure 3E. It is clear that the redox peaks
are composed of a series of stochastic spikes (also see Figure
3C). For comparison, the redox peaks from a silver
microelectrode have the same peak positions but are rather
smooth. The stochastic nature of Ag/AgCl redox peaks
suggests that only a limited number of silver atoms are
involved in the redox process. Figure 3G shows the significant
SERS intensity jump near the Ag/AgCl redox potential of all
three bands of BPT. The HER-induced SERS intensity change
beyond —0.4 V is much smaller. Therefore, the effective SERS
modulation is attributed to the reversible redox process Ag +
CI” < AgCl + e happened at the Ag shell of the Au@Ag
NPoNE. To avoid HER, a potential range between —0.4 and
0.4 V was used in most of our experiments. In this potential
range, the SERS intensity modulation is mainly induced by the
potential-controlled chlorination/dechlorination of the Ag/

4445

AgCl shell. As we mentioned earlier, the level of modulation
can be defined by the intensity ratio of I” 04 /04 (or IAg/IAgCl).
Here, I"%*/1°* at 1611 cm™ is only 1.09 for the Au NPoNE
but increases to 1.78 for the Au@Ag NPoNE.

Simulations of EME in Au@Ag and Au@AgCl NPoNE
Structures. To better understand the geometry of the
nanocavity and the potential modulation mechanism, we
have simulated the EME change in the NPoNE nanocavity
induced by the Ag/AgCl transformation using the FDTD
method. Figure 4A shows the schemes of two configurations
based on the possible structure of the shell. More
configurations were discussed in Supporting Information S8.
The 40 nm AuNP, which is covered with a uniform Ag shell,
sits on a AuNE surface modified with a SAM. Considering the
BPT SAM, we used a thickness of 1.3 nm with a refractive
index n = 1.45 based on the previous report.’” For
configuration (i), Ag covers the whole AuNP surface, leading
to a full shell and a Au/Ag-molecule-Au junction configuration
in the cavity. For configuration (ii), the Ag deposition only
happens on the exposed surface of the adsorbed AuNP but
does not penetrate into the nanogap, leaving an incomplete
shell and no Ag inside the nanogap. Figure 4B (left) shows the
normalized electric field amplitude (IE/Eyl) distribution across
the nanogap of the configuration (i) with a Ag shell of 2 nm
thickness. |Egl is the electric field amplitude of the incident
laser. Because the AuNPs typically have different facets,”® we
used a facet diameter of 13 nm for the 40 nm AuNPs to form
the nanogap. The greatest field strength appears in the
nanogap across the SAM, which is the so-called “hotspot”.
Figure 4B (right) shows the |E/E| distribution in the same
structure when the Ag shell is changed to the AgCl shell. In the
experiment, when Ag is transformed to AgCl, the shell
thickness should be slightly bigger due to the intercalation of
chloride ions. For simplicity, we still assume that the AgCl shell
thickness remains as 2 nm here. Inside the nanogap, the |E/E|
is greatly reduced in the SAM and its distribution is also
extended into the AgCl shell.

https://dx.doi.org/10.1021/acs.analchem.0c04398
Anal. Chem. 2021, 93, 4441-4448
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Figure 4C compares the enhancement factor (EF) in the
center of the SAM inside the nanogap of (B,C) as a function of
x position for both Ag and AgCl shells. The EF is the fourth
power of |E/E,l. The maximum EF was denoted as EF*¢ and
EF*$“! when the shell is Ag and AgCl, respectively. The EF*$ is
several times higher than EF48%, As shown in Figure 4D, we
also calculated EF*8/EF*8% a5 a function of shell thickness d A
for configuration (i) (black open squares) and (ii) (black open
triangles). The EF*8/EF* of configuration (i) shows an
exponential increase with du,. The EF*/EFAY of config-
uration (i) remains about 1 at different d,, showing almost no
intensity modulation by the shell transformation from Ag to
AgCl (also see Supporting Information S$10). The experimental
data (red solid squares) are also plotted for comparison. The
dyg of experimental data is estimated based on the total charge
transferred during the AgCl/Ag redox process under the
assumption that the Ag shell is uniform on the surface of
AuNPs (see detailed calculation in Supporting Information
S10). The experimental data of 1*8/1°¢°! are between the
simulated EF,,/EF,c; data of configurations (i) and (i),
suggesting that the shell thickness in the nanogap is thinner
than the estimation of configuration (i). It is reasonable to
expect that less Ag is deposited inside the nanogap, considering
the hindered diffusion of Ag" ions into the nanogap. Thus, a
more realistic configuration is proposed, as shown in the inset
of Figure 4D. We found that the experimental data can be
fitted by the same exponential decay equation as the simulated
data of configuration (i) after substituting dpg with (alAg -2),
supporting the proposed nonuniform shell thickness config-
uration.

EC Modulation of Chemical Enhancement. Without
introducing molecular transformation and geometry and
orientation changes, the SERS intensity may still be modulated
by the electrode potential through the CME mechanism due to
the change of the molecule—shell interaction. Molecule 4-MBA
(see Figure SA) has been used for the investigation of various
CME mechanisms in SERS."' ™ The scheme in Figure SA
illustrates the interaction between the deprotonated carboxyl
group of 4-MBA and Ag but not AgCl. As shown in Figure SB,
a square-wave potential was applied to the 4-MBA-modified
AuNE to modulate the Ag/AgCl transformation of the shell.
The SERS intensities of all 4-MBA vibration peaks are high at
E =—0.4V and low at E = 0.4 V. The intensity modulation by
the electrode potential is fully reversible over continued cycles,
which is consistent with the case of the BPT molecule in type
II structures. Same as the BPT molecule, a slower SERS
intensity change during the dechlorination of the AgCl layer
(reduction of Ag" ions) is also observed (see Figure S11C).
Because of the Ag shell-4-MBA interaction, the CME
mechanism also contributes to the observed intensity increase
at the negative potential. To decouple the CME from the
EME, the intensity of the spectra can be normalized to Iy, of
v(C—=S), which is mainly affected by the EME but less affected
by the CME induced by the Ag—COO" interaction. Figure 5C
shows two normalized SERS spectra taken from two time spots
in the SERS trajectory of Figure 5B, indicated by the red and
green dashed lines. The biggest spectral change happens near
1392 cm ™', which is from the stretching mode of COO™. This
mode is greatly enhanced by the interaction with the Ag atom
at —0.4 V. In addition, smaller relative intensity increases of the
aromatic ring ¥(C—C) vibration mode at 1588 cm™" were
observed in the normalized spectra at —0.4 V, which is also
affected by the CME.
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Figure 5. EC modulation of CME. (A) Illustration of the molecule—
metal interaction between the deprotonated carboxyl group of 4-MBA
and Ag or AgCl. (B) SERS intensity heatmap of 4-MBA in the
nanocavity of the Au@Ag NPoNE as a function of electrode potential
in square waveform (IEl = 0.4 V, T = 20 s). The exposure time for
SERS is 0.2 s/frame. The Ag deposition time is 150 s. (C) Selected
SERS spectra at E= —0.4V (t=75s) and E= 0.4 V (t = 82 s) from
the heatmap in (B). The spectra are normalized at 1077 cm™". The
black dashed line is the baseline of Raman spectra. (D) Average
intensity ratio 18/1%8% of three main bands for both BPT and 4-MBA
molecules. The error bar is the calculated standard deviation of three
experiments with three different AuNEs.

Figure SD summarizes the average intensity ratio I*8/[*¢“! of
three major SERS peaks for both 4-MBA and BPT molecules
in three type II structures. The ratio is ~1.6 for all three bands
of BPT and two bands of 4-MBA. The modulation of these
bands is mainly attributed to the EME mechanism, as
discussed in the FDTD simulation. However, the ratio is
~6.8 for the band at 1392 cm™' of 4-MBA. The selective
enhancement of additional 4.5 times for this specific band is
mainly attributed to the CME induced by the specific
carboxylate—Ag interaction.

B CONCLUSIONS

In summary, this study shows that effective and reversible
electrochemical tuning of SERS intensity of nonelectroactive
molecules can be achieved with the assistance of the chemical
transformation at the shell of shell—core plasmonic NPs. The
Au@Ag NP can be formed in situ on the SAM-covered AuNE
surface, and the formation of the Ag shell can be interrogated
in real time through monitoring both the EC current and SERS
changes. When the electrode potential was swept on the
formed Au@Ag NPoNE structures, the simultaneously
acquired EC current and SERS revealed the strong correlation
between the redox reaction of the silver shell and the SERS
intensity modulation. The degree and reversibility of SERS
tuning were controlled by the Ag deposition time on AuNPs,
as well as the Ag shell thickness. 3D-FDTD simulation
confirmed that the EME modulation is mainly due to the large
refractive index change of the shell when the metallic Ag is
converted to insulating AgCl. In addition to the modulation of
EME, the CME can also be modulated during the chlorination
of the Ag shell. The specific interaction between the molecule

https://dx.doi.org/10.1021/acs.analchem.0c04398
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end group and shell, which is affecting the polarization of
molecule, can be switched on and off during the chemical
conversion of the shell between Ag and AgCl. The
combination of EME and CME modulations can further
boost the tuning effect. The electrode potential tunable SERS
based on the Au@Ag NPoNE geometry can help to better
understand the EME and CME mechanisms in plasmonic
molecular junctions. The electrode potential also provides a
facile and fast means to tune the SERS intensity of a wide
range of molecules in the plasmonic molecular nanostructures
and devices, and the reported method can trigger new EC-
SERS applications in electroanalysis, heterogeneous catalysis,
plasmonics, molecular electronics, and biosensing.
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