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Nanolaminate Nano-Optoelectrodes Enable Dual-Channel
Plasmon-Enhanced Raman Spectroscopy for

Electrochemistry

Yuming Zhao, Elieser Mejia, Chuan Xiao, Junyeob Song, Wengi Zhu, Henri Lezec,

Amit Agrawal, and Wei Zhou*

In situ monitoring of short-lived transition states (TSs) is crucial for
understanding electrochemical reaction mechanisms but remains challenging.
Conventional electrochemical surface-enhanced Raman spectroscopy
(EC-SERS) primarily provides vibrational information, with limitations in
hotspot reproducibility and often overlooking electronic information associated
with TSs. This study introduces a dual-channel EC-SERS strategy using
nanolaminate nano-optoelectrode (NLNOE) devices, integrating plasmon-
enhanced vibrational Raman scattering (PE-VRS) and plasmon-enhanced
electronic Raman scattering (PE-ERS) to concurrently probe TS dynamics within
electrically connected plasmonic nanocavities. Using the AgCl(s) + e~ =Ag(s)
+ CI~ (aq) redox system, this approach distinct PE-VRS and PE-ERS signatures
of the (AgCl)" TS. Notably, a significant increase in PE-ERS signals concurrent
with (AgCl)" TS emergence, characterized by filled bonding and unoccupied
antibonding orbitals with negligible energy gaps. This enhanced PE-ERS signal
correlates with increased (AgCl)* TS polarizability, leading to amplified PE-VRS
signals due to enhanced electron cloud distortion. By modulating Cl~ ion
concentrations via electrolyte composition (1x PBS and 1x PBS-equivalent
KH,PO,) while maintaining constant total ion concentration, the competition
between Ag/AgCl and Ag/AgH,PO, redox reactions within Ag nanolayers is
influenced. These results demonstrate the capability of dual-channel EC-SERS
to distinguish interfacial redox reactions based on distinct electronic and
vibrational signatures associated with covalent and ionic bond characteristics.

short-lived, high-energy molecu-
lar configurations in the reaction
pathway.']  While recent advances

in spectroscopy®®! and computational
modeling®’] have provided valuable
insights into TSs, directly observing
these transient species in real time
remains a significant challenge. This
challenge is particularly severe for inter-
facial electrochemical reactions, which
occur within nanometer-thin layers at
the electrode-electrolyte interfacel*#!
and are crucial for applications ranging
from catalysisl®) and biosensing!!? to
energy conversion.[!'l The confined
spatial extent and fleeting nature of
TSs demand highly sensitive detection
techniques capable of discerning weak
signals amidst background noise from
the bulk electrolyte and electrode.['?13]

Surface  plasmon-enhanced  spec-
troelectrochemistry has emerged as
a promising approach to amplify
the sensitivity of optical probes for
interfacial  studies.'* 1 Through
nanolocalized enhancement of opti-
cal fields at metal-dielectric interfaces,!”]
surface plasmons amplify the local

1. Introduction

Understanding the mechanisms that drive electrochemical reac-
tions hinges on the ability to study transition states (T'Ss)—the

density of optical states, thereby
enhancing various nonlinear luminescence processes, including
fluorescence, Raman scattering, and harmonic generation.[18-2¢]
The integration of plasmonics with spectroelectrochemistry
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offers the potential to monitor interfacial electrochemical activ-
ities with unprecedented sensitivity. While time-resolved stud-
ies using plasmonic nanostructures coupled with ultrafast spec-
troscopy have been pivotal in advancing our understanding of
chemical dynamics,[?7°! existing pump-probe methods often
rely on pulsed optical excitation,3!32] This reliance poses a limi-
tation for directly tracking short-lived TSs in electrochemical re-
actions, which require precisely timed electrical modulation to
initiate and control the reaction kinetics.**!

Electrochemical surface-enhanced Raman spectroscopy
(EC-SERS) has become a widely used spectroelectrochem-
istry technique for investigating interfacial electrochemical
processes,** 3 even enabling the detection of semi-stable inter-
mediate states.[*#*] Nevertheless, the application of EC-SERS
for probing highly transient TSs remains unexplored. More-
over, conventional EC-SERS predominantly provide vibrational
information,[*’-*2#%1 limiting their ability to probe interfacial
electronic state changes accompanying interfacial reactions.
Past EC-SERS studies often overlook the voltage-modulated
metal luminescence signals with plasmon enhancement!*?! and
suffer from inconsistent and unstable plasmonic hotspots, 72
hindering the reliability and reproducibility of measurements.

This study presents an in situ dual-channel EC-SERS method-
ology that synergizes plasmon-enhanced vibrational Raman scat-
tering (PE-VRS) with plasmon-enhanced electronic Raman scat-
tering (PE-ERS). This approach uniquely enables the simulta-
neous monitoring of both vibrational and electronic transitions
associated with TSs within electrochemically active plasmonic
nanocavities. By employing nanolaminate nano-optoelectrode
(NLNOE) devices, which feature electrically connected, spa-
tially uniform, and mechanically robust plasmonic hotspots, we
achieve highly sensitive and reproducible detection of TS dy-
namics. Utilizing the AgCl(s) + e"=Ag(s) + Cl~(aq) redox system
on Au/Ag NLNOEs, we demonstrated the efficacy of this dual-
channel EC-SERS approach in capturing correlated vibrational
and electronic Raman signatures of the (AgCl)* TSs. Our findings
reveal a significant increase in PE-ERS signals during interfacial
redox reactions concurrent with the emergence of (AgCl)* TSs,
characterized by filled bonding and unoccupied antibonding or-
bitals with negligible energy gaps. Additionally, the observation
of increased PE-VRS signals during the redox reaction reveals
that the (AgCl)" TS with partial bonding can increase electron
cloud distortion under laser excitation to elevate Raman cross-
section and PE-VRS signals. Furthermore, we observe a tempo-
ral discrepancy between the electrochemical current and the PE-
ERS/PE-VRS emission patterns, which we ascribe to spatial vari-
ations in plasmonic field enhancement factors within the Au-
Ag-Au nanogap’s porous Ag/AgCl networks formed during the
redox reaction. To further explore the versatility and universal-
ity of our dual-channel EC-SERS methodology, we conducted in
situ EC-SERS measurements with Au-sidewall-coated Au-Ag-Au
NLNOE devices under different chemical environments. By vary-
ing the electrolyte composition (1x PBS and 1x PBS-equivalent
KH,PO,) while maintaining a constant total ion concentration,
we modulated the relative concentrations of Cl~ ions, thereby in-
fluencing the competition between Ag/AgCl and Ag/AgH,PO,
redox reactions within the Ag nanolayers. Our results demon-
strate the capability of the dual-channel EC-SERS approach to dis-
tinguish different interfacial redox reactions based on the distinct
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electronic and vibrational signatures associated with covalent and
ionic bond characteristics. This expanded capability highlights
the broad applicability of our methodology for investigating in-
terfacial redox reactions in diverse electrochemical systems.

2. Results and Discussion

Recent studies!*’*! have revealed that PE-ERS primarily ac-
counts for the low-wavenumber background in SERS measure-
ments from noble metal nanocavity hotspots under continuous
wave (CW) laser excitation at near-infrared (NIR) wavelengths,
as the interband transitions!>**! do not occur by low photon en-
ergy and intraband transitions(>>3] are unlikely due to momen-
tum mismatch from sp-band dispersion. PE-ERS signals in metal
originate from the electron-hole pair transitions near the Fermi

energy E, (Figure 1A), with intensity proportional to n,_,(Aw) «
hAw

n(EF)|exp(—kB—T) - 1|71, where n(E;) denotes the free electron
density and |exp(—;k‘A—;’ - 1|_1 is the Bose-Einstein distribution
of the electron-hole ;airs at Raman-shift frequency Aw. Utilizing
a long-pass filter to eliminate elastic laser scattering, we obtain
a PE-ERS pseudo peak in the spectra (Figure 1A, bottom).[*¥] In
contrast to the continuous nature of PE-ERS signals, PE-VRS sig-
nals exhibit discrete peaks due to inelastic scattering involving
distinct molecular vibrational modes (Figure 1B). Both ERS and
VRS signals undergo enhancement by a factor of |Egp|*/|Eo|* in
plasmonic nanocavity hotspots, where E, is the local plasmonic
electrical field and E; is the electrical field of incident excitation
light.[*’] During in situ EC-SERS measurements (Figure 1C), PE-
ERS and PE-VRS signals, originating from electronic states and
molecular vibrational bonds at electrode/electrolyte interfaces,
respectively, within the plasmonic hotspots can provide comple-
mentary insights into interfacial electrochemical activities during
redox reactions.

The NLNOEs, depicted in Figure 1C, support an electrical
dipole (ED) plasmon mode, concentrating enhanced electric
fields at nanocavities’ upper edges and consequently facilitating
the generation of PE-ERS and PE-VRS signals with a shared plas-
monic enhancement factor (EF).[*¥! Through electric potential
modulation using a potentiostat, NLNOEs enable comprehen-
sive EC-SERS spectral data collection, encompassing PE-ERS and
PE-VRS signals. The NLNOE substrate functions as the working
electrode (WE) in our in situ EC-SERS setup,“** connected to
the potentiostat via a copper wire, while a saturated Ag/AgCl elec-
trode and a platinum wire acts as the reference (RE) and counter
electrodes (CE), respectively. To optimize the observation of PE-
ERS signals and minimize interference from photoluminescence
generated by interband transitions in the gold and silver lay-
ers, a 785 nm near-infrared CW laser is employed for excitation.
This EC-SERS configuration permits multiple cyclic voltammetry
(CV) runs, capturing a temporally evolving EC-SERS spectrum.

Efficient signal collection in spectroelectrochemical tech-
niques necessitates hotspots that are electrochemically active,
electrically connected, and possess high plasmonic EFs. To
achieve this, we designed two-tier Au-Ag NLNOEs with alternat-
ing gold and silver layers (Figure 1C). Our prior work!“5*] es-
tablished the foundation for this approach. Here, we utilize a
scalable nanoimprinting fabrication process (Figure 1D) to pro-
duce wafer-scale NLNOE substrates specifically tailored for in
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Figure 1. Overview of Plasmon-Enhanced Raman Scattering Processes and Nanolaminate Nano-Optoelectrode Devices. A) lllustration of electronic

Raman scattering (ERS) in a metal sp-band near the Fermi energy level,

Er. B) Schematic representation of vibrational Raman scattering (VRS).

C) Top: Depiction of both plasmon-enhanced electronic Raman scattering (PE-ERS) and plasmon-enhanced vibrational Raman scattering (PE-VRS)
in the hotspots of nanolaminate nano-optoelectrodes (NLNOEs) composed of alternating nanoscale layers of Au and Ag. Bottom: Schematic of in
situ electrochemical surface-enhanced Raman spectroscopy (EC-SERS) measurements employing Au/Ag NLNOEs during cyclic voltammetry (CV). D)
Sequential steps outlining the fabrication process of Au/Ag NLNOEs. E) Scanning electron microscopy (SEM) top-view image of NLNOEs. Inset: Cross-
sectional SEM image obtained through focused ion beam (FIB) milling. F) Optical image displaying NLNOEs on a three-inch silicon wafer substrate,
demonstrating the uniformity and scalability of the nanoimprinting-based fabrication process.

situ EC-SERS measurements. The fabrication process begins
with a reusable inverse template of perfluoropolyether (PFPE)
nanohole arrays on a polyethylene terephthalate (PET) substrate.
PFPE’s low surface energy and high Young’s modulus make
it ideal for repeated use. This template is created from a sil-
icon master of square pillar arrays via nanoimprint lithogra-
phy. We then mold the template using a multiwall carbon nan-
otube (MWCNT, a mass fraction of 20%) doped commercial UV
light-curable polyurethane (PU, NOA83H) compound, yielding
conductive MWCNT/PU nanopillar arrays on Si substrates.l>*
Next, alternating layers of Au (25 nm) and Ag (=8, ~10, and
~12 nm from bottom to top) are deposited onto the nanopil-
lar arrays via electron-beam evaporation, creating Au/Ag NL-
NOE arrays. The thicker gold layers (x~25 nm) compared to the
silver layers (=8, ~10, and ~12 nm) in our nanolaminate de-
sign serve two primary purposes: ensuring robustness by pro-
tecting the reactive silver during electrochemical processes, and
promoting the hybridization of plasmonic electric dipole and
magnetic dipole modes in the visible-NIR range for enhanced
near-field intensity and strong SERS signals, as demonstrated in
our previous studies!>>*®! A brief wet etching (1 min) of Ag us-
ing Cr etchant forms nanocavities, exposing plasmonic Au-Ag-
Au nanocavity hotspots to the electrolyte, crucial for AgCl(s) +
e =Ag(s) + Cl™ (aq) redox reactions. While AgCl redox reactions
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can change surface roughness,’] this effect is generally less
critical for plasmonic enhancement than intense gap plasmonic
modes. Figure 1E shows a focused ion beam (FIB) milled cross-
section of the NLNOE sample obtained using scanning electron
microscopy (SEM). Figure 1F demonstrates the scalability of the
process with the wafer-scale NLNOE sample exhibiting homoge-
nous light diffraction, indicating large-area uniformity in the pe-
riodic nanostructures.

To assess the suitability of NLNOEs for in situ EC-SERS, we
conducted a thorough investigation of their optical and elec-
trochemical properties. We used a visible-to-near-infrared (vis-
NIR) spectrophotometer to perform reflectance spectroscopy on
a ~2 cm? NLNOE sample. Figure 2A compares the measured re-
flectance spectra with finite-difference time-domain (FDTD) sim-
ulations in the 400 to 1000 nm wavelength range. The measured
reflectance spectrum displays a broad reflective dip (%20%) from
400 nm to 500 nm attributed to gold interband transitions. Re-
flectance increases to ~80% between 500 nm and 700 nm due
to higher linear backscattering. Our FDTD simulations, qualita-
tively aligning with the measurements, reveal an electric dipole
mode at #720 nm. This mode corresponds to localized field en-
hancement at the upper rim of the nanocavity (see the X-Z cross-
section of near fields |E|? in Figure 2A). Minor discrepancies in
the spectra (e.g., dips at ~#550 nm and =720 nm in simulations)

© 2025 The Author(s). Small Methods published by Wiley-VCH GmbH
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Figure 2. Analysis of Plasmonic and Electrochemical Interfacial Properties of NLNOEs. A) Comparative reflectance spectra derived from both FDTD
simulations and direct measurements, spanning 400 nm to 1000 nm wavelengths. Inset: x-z cross-section of the electric field intensity |E|> at 720 nm,
with white lines representing Au boundaries. The FDTD simulation uses a plane wave source with x-polarization and z-traveling direction. B) PE-VRS
enhancement factor (EF) characterization using benzenethiol (BZT) molecules on both flat Au film and NLNOEs coated with a monolayer of BZT. SERS
measurements cover an 8x8 um? area, with integration times set at 100 s for flat Au and 0.5 s for NLNOEs. Inset: Spatial distribution of the PE-VRS peak
at 1082 cm™! from BZT on NLNOEs. C) Electrochemical impedance spectroscopy (EIS) results for NLNOEs and the corresponding equivalent circuit
model with parameters obtained from fitting. Further details on EIS measurements and analysis are provided in the Supporting Information.

can be attributed to plasmonic mode broadening due to varia-
tions in the fabrication process.

To further validate the simulation results, we compared the
SERS spectra from NLNOEs and flat gold samples with surface-
modified benzenethiol (BZT) monolayers (details in Supporting
Information). Figure 2B displays the comparative analysis of aver-
aged spectra of BZT on planar gold and NLNOEs from area scans.
While flat gold yielded no discernible BZT peaks, the NLNOEs
significantly amplified the signature peaks due to plasmonic en-
hancement. We calculated an estimated SERS EFs of ~10° for NL-
NOEs under 785 nm laser excitation with the formula: SERS EF
= (Isers/Nsers)/(Iraman/ Nraman)» Where Isgps, Tpamans Nsgrs, and
Ngaman are the BZT SERS intensity, neat BZT Raman intensity,
and the numbers of BZT molecules contributing to BZT SERS
and neat BZT Raman intensities, respectively.8!

Electrochemical impedance spectroscopy (EIS) was performed
on NLNOEs immersed in 1x Phosphate-Buffered Saline (PBS)
solution (pH 7.4) at ambient temperature to study their electrical
and electrochemical properties. The PBS solution was chosen to
mimic the cellular environment. Figure 2C shows the Nyquist
plot and the equivalent circuit fitting curve (see Supporting In-
formation, Table S1 for detailed fitting results). Notably, the non-
ideal capacitor Q, has a coefficient of order (a, = 0.745),5*> re-
flecting the nanostructured geometry of the NLNOE interface on
top of the MWCNT/PU nanopillar arrays.

To precisely control the redox reaction within the Ag nanogap
cavities, we performed cyclic voltammetry within a potential win-
dow of 0.4 to —0.6 V. We used a low scan rate of 50 mV s™! to in-
duce the AgCl(s) + e”=Ag(s) + Cl~ (aq) redox reaction while main-
taining the inertness of the Au layer.[®"] Figure 3A (upper seg-
ment) shows the periodic current modulations resulting from the
cyclic voltage sweeps. This behavior confirms both the reversible
nature of Faradaic and non-Faradaic processes and the stability
of the NLNOEs.

The lower segment of Figure 3A presents a time-resolved EC-
SERS waterfall plot spanning six cycles (=50 to 1500 cm™!). For
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a closer examination of spectral features, we isolated 2 X 6 spec-
tra (=50 to 500 cm™') within a single redox cycle (100 to 140 s,
the 3rd cycle), as shown in Figure 3B. We chose the 3rd cycle to
ensure the stability of the redox reaction within the nanocavities
under the laser spot (diameter = 2 pm). Our analysis revealed
three key observations: i) Elastic Scattering Stability: The elastic
scattering peak at 0 cm~! remains constant throughout the redox
reaction. ii) PE-ERS and PE-VRS Modulation: Both the PE-ERS
pseudo-peak at ~87 cm™! and the PE-VRS peak at ~258 cm™!
(associated with Ag-Cl bonds!*’!)) undergo substantial modula-
tion during oxidation (+0.2 V) and reduction (—0.2 V). Notably,
the PE-VRS peak maintains its spectral position throughout. iii)
Asynchronous PE-VRS Behavior: The PE-VRS intensity exhibits
amore pronounced increase during oxidation (+0.2 V) compared
to reduction (—0.2 V).

Figure 3C highlights the intricate relationship between elec-
trochemical modulations and the dynamic changes observed
in EC-SERS spectral features. By examining the correlation be-
tween electrochemical current (I) and the normalized inelas-
tic scattering intensities of PE-ERS, PE-VRS, and elastic scatter-
ing signals during voltage modulation, we uncover several crit-
ical insights. First, the well-defined Faradaic peaks (oxidation at
~0.38 V, reduction at #—0.22 V) confirm the occurrence of AgCl(s)
+ e"=Ag(s) + Cl™(aq) redox reaction.l®"] The large peak-to-peak
distance (~0.6 V) compared to typical Ag/AgCl cyclic voltamme-
try (20.152 V),[%2] even considering the Nernst effect due to low
electrolyte concentration, suggests a quasi-reversible reaction.!?!
This behavior can originate from the formation of nanoporous
electrolyte networks within the Ag/AgCl matrices inside the Au-
Ag-Au nanocavities. These networks hinder the mass transport
of ions in the reaction, thus slowing down the electron trans-
fer rate.’”] Second, The PE-VRS peak at ~258 cm™, correspond-
ing to Ag-Cl stretching vibrations,!*”¢!l displays asynchronous in-
tensity modulation during the Faradaic region. Notably, the PE-
VRS peak intensity precedes the peak voltage of the Faradaic
current, pointing to the crucial role of (AgCl)* TSs. These TS

© 2025 The Author(s). Small Methods published by Wiley-VCH GmbH
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Figure 3. EC-SERS Measurement Insights of PE-ERS and PE-VRS Signals from Au/Ag NLNOEs under Electrode Potential Modulation during AgCl(s) +
e~ =Ag(s) + CI~ (aq) redox cycles. A) Temporal current measurements (top) taken during CV from 0.4 to -0.6 V, alongside time-resolved EC-SERS spectra
(bottom) under 785 nm laser excitation using NLNOEs in 1x PBS solution. B) EC-SERS emission spectra from NLNOEs in 1x PBS under 785 nm laser
excitation at potentials ranging from 0.4 to -0.6 V during a single redox cycle, showcasing oxidation (left) and reduction (right) phases. C) Cyclic potential-
dependent current (top) and normalized EC-SERS emission intensities (bottom) for critical spectral features: the PE-VRS peak at 258 cm™" associated
with the stretching vibration of Ag—Cl bonds, the PE-ERS pseudo-peak at 87 cm™!, the broad continuum intensity of PE-ERS signals integrated from 400

to 1400 cm™~', and elastic scattering peak at 0 cm™1.

exhibit partial bonding, allowing greater vibrational degrees of
freedom compared to the steady-state, polar covalent Ag—Cl
bond. This increased freedom amplifies the VRS transition
dipole moment, amplifying the PE-VRS signal. The short-lived
nature of TS makes direct time-resolved optical observation of
individual TSs challenging; however, plasmonic hotspots within
our nanocavities significantly boost scattering events of ensem-
ble TSs, enabling their ensemble detection. Furthermore, the
contrasting electrical fields during oxidation and reduction can
influence the orientation of the microscopic VRS dipole moment
for (AgCl)” relative to the plasmonic field, leading to the ob-
served intensity variations. Third, the voltage-dependent behav-
ior of both the PE-ERS pseudo-peak (~87 cm™!) and the tail inten-
sities (400-1400 cm™!) suggests a common origin. Importantly,
the PE-ERS pseudo-peak and the PE-VRS peak (~258 cm™!) ex-
hibit a strong correlation in their voltage-dependent behavior, in-
dicating that the generation of (AgCl)" TSs influences both PE-
VRS and PE-ERS events. While PE-VRS intensity is modulated
asymmetrically under oxidation and reduction, PE-ERS intensity
changes remain consistent, suggesting that the ERS dipole mo-
ment orientation of (AgCl)” relative to the plasmonic field is un-
affected by opposing electrical field directions. Finally, the elas-
tic scattering peak (0 cm™) exhibits minor random fluctuations
(~10%). These could be attributed to plasmonic heating effects,
which can induce local refractive index changes!®! or to the for-
mation of vapor/gas nanobubbles.[**]

To explain the dynamic PE-ERS and PE-VRS variations ob-
served in Figure 3, we propose a microscopic model illustrated in
Figure 4. This model captures the evolution of these signals dur-
ing the electrochemical redox processes. Figure 4A depicts the
potential energy landscape as a function of the generalized co-
ordinate (Ag-Cl interatomic distance) during AgCl(s) + e~ =Ag(s)
+ CI”(aq) at the electrode/electrolyte interface. At the minimum
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energy configuration (r,), strong coupling between Ag sp bands
and Cl p orbitals forms hybridized Ag-Cl orbitals with a 3.3 eV
energy gap.!®! This stable state corresponds to the steady-state
Ag-Cl bond, which is polar covalent and possesses a low Raman
scattering cross-section.

As the reaction progresses, the system transitions through an
energy-maximized state (r), representing the (AgCl)” transition
state complex. These (AgCl)” transition states can be attributed
to the formation of trap states at the Ag-solution interface, ex-
hibiting a continuous energy distribution between bonding and
antibonding orbitals and indicating a less stable electronic con-
figuration. At this point, the coupling between Ag and Cl orbitals
weakens, leading to negligible energy gaps between hybridized
bonding and antibonding orbitals within (AgCl)*, contributing to
the observed extra PE-ERS signals. Our hypothesis regarding the
(AgCl)”" transition state electronic structure aligns with ab initio
calculations,”! where a possible transition state is described as a
cluster at the interface exhibiting a continuous half-filled energy
band. Notably, the synchronous modulation of PE-ERS with PE-
VRS during the redox process supports the critical role of TSs
with additional continuous energy states in explaining both sig-
nals. These considerations exclude alternative explanations in-
volving intermediate states with significant energy gaps.

Furthermore, the enhanced electron cloud distortion within
(AgCl)" leads to increased polarizability changes and a higher
VRS transition dipole moment (|u”|) compared to the steady-
state Ag—Cl bond. Such increased polarizability translates to
amplified PE-VRS signals. This premise, where the (AgCl)* TS
features filled bonding and unoccupied antibonding orbitals
with negligible energy gaps and a larger VRS transition dipole
moment, serves as the foundation for our subsequent analy-
sis of modulated PE-VRS and PE-ERS signals in the Faradaic
process.
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Figure 4. Correlated Monitoring of Transition States in Electrochemical Redox Reactions Using PE-ERS and PE-VRS. A) Diagram illustrating the inter-
facial electronic and vibrational structures linked to Ag—Cl bond dynamics during the AgCl(s) + e"=Ag(s) + CI~ (aq) electrochemical redox reaction
within Au/Ag/Au nanogap hotspots at the electrode-electrolyte interface. B) Time-dependent, voltage-resolved representation of measured electrical
current, PE-VRS, and PE-ERS intensities. The plots present average signals with shaded regions indicating standard deviation (+ SD) over five cycles at
different voltages (n = 5, the electrical current standard deviation is not shown due to <1% variation). Blue and red shadings highlight the oxidation
(potential increase) and reduction (potential decrease) phases, respectively. The labels t; to t; mark six characteristic times within one redox cycle. The
dashed line beneath the PE-ERS and PE-VRS signal curves represents non-Faradaic voltage modulation-induced contributions. C) FDTD-estimated near-
field enhancement factor |Egp|*/|Eo|* as a function of x position for PE-ERS and PE-VRS emissions within the Au-Ag-Au nanogap containing Ag/AgCl
nanoporous networks. D) Microscopic illustration of changes between the steady-state covalent Ag—Cl bonds (or Ag and Cl elements) and the (AgCl)*
transition state (TS) within the nanoporous Ag/AgCl network at six representative times (¢, to t¢) corresponding to Figure 4B.

Figure 4B highlights a crucial finding: a temporal discrepancy  influenced by the spatial locations where (AgCl)* TSs emerge
exists between the peaks and turn-on/turn-off phases of the elec-  within the plasmonic nanocavities. Meanwhile, it should be
trochemical current and the PE-VRS/PE-ERS emission intensi- noted that the PE-ERS signal in the high wavenumber range
ties. This observation, coupled with insights from Figure 3C,  (400-1400 cm™?) has a weaker Faradaic modulation compared to
suggests that the behaviors of PE-ERS and PE-VRS signals are  the low wavenumber range (87 cm™). This difference arises from
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energy constraints within the hybridized electronic states of the
transition state complex, which can limit the allowed electronic
transitions in the high wavenumber range where the energy sepa-
ration between initial and final states is larger. Figure 4C presents
FDTD-estimated average enhancement factors (EFs), |Esp|*/| Eo|*
in which E,, represents the local electric fields at the wavelength
= 720 nm where the surface plasmonic mode is in resonance
for both PE-ERS and PE-VRS as a function of location (x) within
the top, middle, and bottom Au-Ag-Au nanogap cavities of our
NLNOE structure. It is important to note that we approximate
the exact EF = |E(w;)|*| E(wg)|*/|E,|*, where E(w;) and E(wy) are
local electric fields at the excitation laser frequency w; and Ra-
man emission frequency wy. This approximation is valid since
the plasmon resonance is sufficiently broad to encompass both
the excitation and Raman emission wavelengths and E(w, ), E(wyg)
and Ep have nearly the same intensity. We approximate the com-
plex Ag-AgCl nanoporous network using an idealized cylindri-
cal NLNOE with random dielectric nanoparticles within the Ag
layers. Notably, the enhancement factor exhibits a sharp decline
as x decreases. This spatial decay of plasmonic field enhance-
ment arises because the Ag/AgCl network effectively behaves as
ananoporous metal with reduced ohmic losses compared to pure
Ag. The resulting metal-insulator-metal (MIM) configuration ex-
hibits a characteristic decay of the enhancement factor away from
the gap edges.

Figure 4D illustrates the interplay between electrochemical dy-
namics and signal evolution at six distinct times (t, to t;, marked
in Figure 4B) during oxidation and reduction. i) Pre-reaction (t,
and t,): Before oxidation or reduction begins, PE-ERS is modu-
lated by capacitive charging/discharging of the metal surface. In
the absence of TSs, PE-VRS remains unaffected. ii) Reaction On-
set (t, and t;): When AgCl(s) + e~ =Ag(s) + CI~ (aq) redox reaction
initiates, Faradaic current increases, and PE-ERS/PE-VRS peaks
occur due to TS formation. iii) Peak Current with Declining PE-
ERS/PE-VRS Signal (t; and t;): While Faradaic current reaches
its maximum, PE-ERS and PE-VRS intensities begin to decrease.

Understanding how (AgCl)” transition states (TS) contribute
to the emission intensity of the PE-ERS signal is crucial. These
TSs involve the hybridization of Ag sp bands near the Fermi
level with Cl atomic orbitals, leading to continuous energy states.
These new states offer additional pathways for electron transition
and relaxation, thereby enhancing PE-ERS intensity. To system-
atically analyze the contributions of different electron transition
pathways to the total PE-ERS intensity, Ipp¢(6w,r, A), we can in-
troduce the following equation:

Iggs (60,1, A) =T

TS
Ers (B, 1) +1

Los B, 1, A) + I (5,1, A) (1)

ERS
This equation categorizes PE-ERS processes into three groups
based on their electronic transition pathways. i) I7.. (6w, r) =

ERS
fSP 660 ranL./gm fT gm E+h6w [1 fT

)JdE: This term
represents PE ERS processes occurring solely within the Ag
sp band. It depends on the PE-ERS enhancement factor (EF),
Jfsp(6w,1) = |Esp(8w,1)|*/|E,|*, at the shifted frequency (5w) and
position (r). The integral incorporates the electronic density of
states for the metal (Ag) sp-band at energy E, denoted by g, (E).
The Fermi-Dirac distribution (f;(E)) accounts for electron oc-
cupation probabilities at each energy level. Q,, is the corre-
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sponding ERS cross-section constant in metal. ii) 2

fsp (600,7) QTsngs (E)fr(E

represents PE ERS processes involving transitions mediated
by both initial and final states residing within the hybridized
(AgCl)" TSs. It incorporates the electronic density of states
for the TSs with an energy bandgap of A and centered
at energy E, denoted by gf(E). Qs is the corresponding
ERS cross-section constant for TSs. iii) I7.[° (6,1, A)=

fsp (B, 1) {QTSamngs (E)fr(E)g(E + héw)[1 — fr(E)JAE + Q,,, 15

/ gm E)fT

ERS processes involving transitions where only one of the initial
or final states resides within the (AgCl)" TSs. They utilize g2, (E)
for the TS electronic density of states with an energy bandgap (A)
and centered energy (E). Qrs_ ,, and Q,, _, 15 are the respective
ERS cross-section constants.

Notably, I7,. is solely influenced by non-Faradaic capacitive
charging/discharging and is independent of the Faradaic redox
process. In contrast, IT5. and I ] can increase due to the for-
mation of hybridized (AgCl)” TSs with continuous energy lev-
els. These TSs provide an additional density of states through
the atom’s p orbitals. When a steady-state covalent Ag—Cl bond
forms, strong interatomic hybridization creates bonding and an-
tibonding states with a large energy gap, eliminating their con-
tribution to PE-ERS signals. Therefore, the additional PE-ERS
terms (I1>  and I E”RSTS ) only appear during the Faradaic redox pro-
cess when (AgCl)” TSs are formed, depicted in the top row of
Figure 4D, where the transition pathways contributing to PE-ERS
(I, It and I7, %) are color-coded.

Like PE-ERS, PE-VRS also arises only in the presence of
(AgCl)* TSs. The weakly coupled electrons in these TSs have an
enhanced capacity for electron cloud distortion compared to the
polar covalent Ag—Cl bond in the steady state. This distortion
leads to more significant VRS transition dipole moments (|u*|),
resulting in stronger PE-VRS signals. Consequently, PE-VRS fol-
lows PE-ERS trends with the emergence of (AgCl)* TSs during
the redox reaction.

However, PE-VRS exhibits a distinct feature: a difference in the
amplitude of Faradaic modulation for oxidation and reduction.
This variation may arise from the varying average orientations
of the (AgCl)” TSs due to the attractive or repulsive electrostatic
forces exerted by the positive or negative metal electrode voltages,
respectively As illustrated in the bottom plots of Figure 4D, the
(AgCl)* TSs appear at the boundary of Ag-AgCl porous network
channels with different orientations due to the polarity change
of induced charges on the metal surface. These different orienta-
tions lead to varying alignments of the VRS dipole moment (x*)
with the plasmon-driven electric field (Egp) in hotspots. As a re-
sult, the Faradaic modulation amplitude is more pronounced dur-
ing reduction than oxidation. While the formation of the (AgCl)*
transition state involves modifications in the Ag—Cl bond, these
changes do not induce a significant shift in the vibrational fre-
quency; the modifications primarily affect the bond’s polarizabil-
ity, influencing the PE-VRS intensity, rather than causing a no-
ticeable change in the peak position.

While the formation of AgCl* transition states contributes to
the observed spectral changes, it is important to consider the

(6w, 1,A) =
)g2s(E + héw)[1 — fr(E)]dE: This term

)g2s(E + héw)[1 — fr(E)]dE}: This term represents PE-
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potential influence of any variations in the NLNOE nanostructure
during the oxidation-reduction cycle. However, as demonstrated
in our previous work!*®l and as shown in Figure S3 in Supporting
Information, the electrochemical processes do not induce signif-
icant modifications to the NLNOE geometry. Moreover, the dom-
inance of the emissions tied to the gap modes in our NLNOE-
based SERS platform, with their strong field enhancements, out-
weighs the influence of any minor morphological changes on the
SERS signal.

The plasmonic amplification of both PE-ERS and PE-VRS sig-
nals is proportional to |Egp|*/|E,|*. As depicted in Figure 4C,
|Esp|*/|E,|* decays exponentially along the nanoporous Ag/AgCl
networks formed within the Au-Ag-Ag nanocavities during the
redox reaction. This spatial decay of plasmonic field enhance-
ment arises because the Ag/AgCl network effectively behaves
as a nanoporous metal but exhibits reduced ohmic losses com-
pared to pure Ag. During oxidation/reduction reactions, the gen-
erated (AgCl)” TSs migrate inward within the nanoporous net-
work (middle row, Figure 4D). This inward migration, driven
by the electrochemical reaction, leads to progressively weaker
field enhancements for both PE-ERS and PE-VRS signals. Con-
sequently, the peak intensities of PE-ERS and PE-VRS signals
deviate from the Faradaic current profile (Figure 4B) due to the
combined effects of TS generation and their dynamic spatial re-
distribution within the nanocavities, which modulates the local
electric field intensity experienced by TSs.

We have previously discussed the effect of non-Faradaic mod-
ulation on PE-ERS and PE-VRS in depth.[*] It is important to
reiterate that surface charge modulation within the Debye length
of the electrode surface causes a shift in the Fermi energy level on
the Ag surface (top row, Figure 4D). This effect leads to a linear,
voltage-dependent decline in the PE-ERS signal intensity from
metal hotspots, I7,.(6w, ). Since this charge modulation over-
laps with the decay length of the plasmonic field, the resulting
PE-ERS signals are highly sensitive to both Faradaic and non-
Faradaic variations in voltage.

To further explore the broader applicability of our dual-channel
EC-SERS methodology, we investigated its performance with Au-
sidewall-coated Au-Ag-Au NLNOE devices immersed in a mixed
electrolyte of PBS and KH,PO,. These NLNOE devices,*! fab-
ricated on pure PU nanopillar arrays with an additional Au side-
wall coating for electrical conductivity, retain the same Au/Ag/Au
layer structure as the NLNOEs used in the previous experiment.
The fabrication details of the Au-sidewall-coated Au-Ag-Au NL-
NOEs are provided in the Supporting Information.

We investigated the Au-sidewall-coated Au-Ag-Au NLNOE de-
vices in solutions with varying proportions of 1x PBS and 1x
PBS-equivalent KH,PO, (152 mMol/L) to maintain a constant
total ion concentration while altering the Cl~ concentration. This
mixed electrolyte approach allows us to systematically modulate
the availability of Cl~ ions and selectively promote different redox
reactions involving silver, specifically Ag/AgCl or Ag/AgH,PO,
while maintaining a constant total ionic strength. Figure 5A dis-
plays the cyclic voltammograms for varying proportions of 1x
PBS and 1x PBS-equivalent KH,PO, (152 mMol L™'). The non-
Faradaic current remains constant due to the fixed total ion con-
centration. However, multiple Faradaic peaks suggest the occur-
rence of multiple electrochemical reactions. i) Silver Oxide Re-
dox: Broad Faradaic peaks near 0.2 V, with amplitudes increasing
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with higher Cl- concentration (PBS proportion), are attributed
to the redox reaction of silver oxides at the NLNOE surface. ii)
Ag/AgCl and Ag/AgH,PO, Redox: Narrower pairs of peaks be-
tween —0.05 and 0.2 V correspond to redox reactions between
Ag and CI7/KH, PO, ions. A single oxidation peak suggests that
both AgCl and AgH,PO, share an oxidation process where Ag
is converted to Ag*. However, two distinct reduction peaks with
varying intensities as a function of Cl- concentration indicate sep-
arate reduction pathways for AgCl and AgH, PO,. Specifically, the
peak at the increased positive voltage is due to the reduction of
AgCl and the peak at the decreased negative potential is due to
the reduction of AgH,PO,. Such closed reduction voltages agree
with the cyclic voltammetry results from the previous work.[®] Tt
should be noted that between Figures 3 and 5, the Faradaic volt-
age peak-to-peak separation is different under 1x PBS solution.
Such difference is influenced by the ohmic resistance of the NL-
NOE, which can vary depending on the specific nano-geometries
and nanostructures at plasmonic nanocavity hotspots. However,
the quasi-reversible nature of the Ag/AgCl redox reaction does
not affect the core findings of this study. On the contrary, the mea-
surements with different NLNOEs present the tendencies of PE-
ERS and PE-VRS which follow the principles we have established
previously in this work. Such consistency proves the universality
and credibility of our theory.

Figure 5B illustrates the voltage modulation of PE-ERS and PE-
VRS under low and high Cl- concentrations. These plots present
average intensity curves at specific voltages over complete cycles,
with error bars representing standard deviations. There are sev-
eral key observations. i) At low Cl~ concentration (KH,PO,:PBS
= 10:1), only non-Faradaic linear modulations are observed on
AgCl PE-VRS and PE-ERS intensities. ii) At higher Cl~ concen-
tration (KH,PO,:PBS = 1:10 & 1:1), both Faradaic (=0 V) and
non-Faradaic modulations exist. Higher Cl~ concentration leads
to higher Faradaic PE-ERS and PE-VRS modulations and volt-
age shifts consistent with CV plots. iii) AgCl transition states
support PE-VRS peak at 258 ¢cm~!, while AgH,PO, does not.
iv) Linear PE-ERS non-Faradaic modulation is consistent with
Figure 4B. The modulation depths of non-Faradaic modulations
remain constant across all Cl~ concentrations due to unchanged
total ion concentrations.

To gain deeper insights into the interplay between the Ag/AgCl
and Ag/AgH, PO, redox reactions and their influence on the plas-
monic response, we analyzed the normalized modulation depths
of the PE-ERS and PE-VRS signals. These modulation depths
were statistically derived from each set of EC-SERS measure-
ments, as shown in Figure 5C. (Details of the calculation are
provided in the Supporting Information.) We observe that sig-
nificant Faradaic modulations on both PE-ERS and PE-VRS sig-
nals occur predominantly when the Cl~ concentration is high
(KH,PO,:PBS < 1:1). This observation suggests the crucial role
of the Ag/AgCl redox reaction in generating these modulations.
In contrast, the normalized non-Faradaic modulation remains
consistent across all experimental conditions. This consistency is
attributed to the unchanged total ion concentration and electric
double-layer capacitance, which are the primary factors govern-
ing the non-Faradaic response.

To further elucidate the observed trends, we propose a mecha-
nistic interpretation illustrated in Figure 5D. This schematic de-
picts the competition between the Ag/AgCl and Ag/AgH,PO,
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Figure 5. Modulating Electrochemical Reactions and PE-VRS/PE-ERS Responses in Mixed 1x PBS/KH,PO, Solutions. A) Cyclic voltammograms ob-
tained in solutions with varying volume ratios of 1x PBS and 1x PBS-equivalent KH,PO, portions (152 mMol L™"). Each voltammogram represents the
average of 10 cycles. B) Potential-dependent PE-ERS (87 cm™') and PE-VRS (258 cm~" for Ag—Cl bond) intensities recorded during cyclic voltammetry in
the mixed solutions. The curves represent averages over a total 10 cycles (n = 10), with error bars indicating the standard deviation (+ SD) at 20 uniformly
selected voltages. C) Normalized modulation depths of PE-ERS and PE-VRS signals as a function of 1x PBS/KH,PO, ratio, separated into Faradaic and
non-Faradaic contributions. Faradaic modulation depth is calculated by subtracting the peak intensity from the linear non-Faradaic background in both
anodic and cathodic directions and normalizing by the non-Faradaic background intensity at the peak potential. Non-Faradaic modulation depth is de-
termined by the intensity difference between 0.5 and 0 V, normalized by the intensity at 0 V. Details of the modulation depth calculation are provided
in the Supporting Information. The result modulation depths are represented as averages with error bars of standard deviations (+ SD) from a total of
10 cycles (n = 10). D) Schematic illustration of the distinct PE-VRS/PE-ERS responses and electronic structures of AgCl and AgH,PO, formed during
the Faradaic processes. The spectrum represents the difference in optical response between pure 1x PBS and pure KH,PO, solutions (152 mMol L™1)

during the oxidation process (0 to 0.5 V).

redox reactions within the Ag nanolayers in Au-Ag-Au NL-
NOE devices. First, the finite number of reaction sites within
the porous Ag network are occupied by either Ag/AgCl or
Ag/AgH,PO,, as both reactions involve the formation of solid
layers via oxidation within the porous layers. Second, only the
AgCl transition states provide additional PE-ERS and PE-VRS
signals during the Faradaic reactions. This selectivity is sup-
ported by the spectral comparison at 0 V between pure PBS
and pure KH,PO, solutions (shown in the middle panel of
Figure 5D). Third, during the redox reaction, AgH,PO, pos-
sesses predominantly ionic bonds. Such ionic bonds at the
Ag/AgH, PO, interface do not support strong surface-enhanced
Raman signal as previous work has presented.l®] Furthermore,
the ionic bonds also do not support the continuous interfa-
cial hybridized states to support the additional ERS pathway,
as depicted in the right panel of Figure 5D. In contrast, the
AgCl transition state, with its more covalent character, can re-
sult in both PE-ERS and VRS signal enhancements. Notably,
this proposed mechanism explains the absence of significant
Faradaic modulation for PE-ERS and PE-VRS when the Cl~ con-
centration is low (KH,PO,:PBS > 1:1). Under these conditions,
the limited availability of reaction sites for Ag/AgCl formation
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restricts the generation of detectable signals above the noise
level.

The dual-channel EC-SERS measurements conducted with
different NLNOEs, and chemical environments demonstrate
the universality of the PE-ERS and PE-VRS signal analysis for
Faradaic processes. This approach enables tracking and analyz-
ing the ensemble electronic structure of electrochemical inter-
faces during Faradaic processes, going beyond traditional EC-
SERS methodologies that primarily focus on vibrational finger-
prints. The ability to detect electronic information for short-lived
transition states from ensemble optical responses of redox reac-
tion events offers new dimensions of information for interfacial
chemical reactions, opening opportunities in the study of inter-
facial catalysis and biological sensing.

3. Conclusion

In summary, we have introduced a pioneering dual-channel EC-
SERS methodology that synergistically combines PE-ERS and
PE-VRS to capture both vibrational and electronic Raman infor-
mation, providing unprecedented insights into interfacial tran-
sition state activities. This approach allows us to successfully
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probe the (AgCl)* TS activities during redox reactions within the
plasmonic nanocavities of Au/Ag NLNOEs. By simultaneously
monitoring both electronic and vibrational transitions, this dual-
signal strategy offers a richer understanding of interfacial elec-
tronic states and significantly expands the scope of EC-SERS ap-
plications. Our novel NLNOE design strategically aligns electro-
chemical reaction sites with plasmonic nanogap hotspots, en-
abling efficient and accurate spectral measurements for reac-
tion monitoring. The inherent versatility of the NLNOE plat-
form, including the possibility of substituting the silver layer
with other reactive materials, opens avenues for extensive ex-
ploration of various electrochemical reactions. The effectiveness
of this method is demonstrated across different NLNOE nanos-
tructures and chemical environments. Furthermore, our dual-
channel EC-SERS methodology can distinguish different inter-
facial redox reactions based on the distinct electronic states as-
sociated with covalent bond and ionic bond characteristics, mak-
ing it widely applicable for studying interfacial redox reactions
in diverse electrochemical systems. While further research is
needed to refine control over electrochemical interfacial proper-
ties and optimize nano-optoelectrode sensitivity, this work estab-
lishes a solid foundation for advancing EC-SERS methodologies.
Our approach enables real-time, in situ observations of diverse
electrochemical and electrocatalytic processes at electrode inter-
faces, holding enormous potential for significant advancements
in fields ranging from electrocatalysis to biological sensing.

4. Experimental Section

Cr etching:  After the fabrication of the NLNOE, a Cr etching was ap-
plied to the NLNOE to open the Ag layer gaps and add roughness to the
NLNOFE’s sides. The etching process was performed under room temper-
ature and the Cr etchant (CHROMIUM ETCHANT 1020, Transene Com-
pany, Inc.) was diluted with deionized water (etchant: water = 1: 50). The
NLNOE was immersed in the diluted etchant in 1 min and immersed in
deionized water twice and isopropyl alcohol once (each immersion took
2 min), sequentially. After all the immersion, the NLNOE was dried by an
air blower.

Reflection measurements:  The reflectance spectra of the samples were
obtained using a UV-vis—near-infrared (NIR) spectrophotometer (Cary
5000), with a wavelength range extending from 400 to 1000 nm at inter-
vals of 0.5 nm. At 830 nm, the detector was switched thus it provided a
stitching error in the measured spectrum.

Numerical FDTD simulations: The 3D FDTD simulations were ac-
quired using commercial software (FDTD solutions, Ansys-Lumerical Inc.)
to numerically calculate the far-field spectra and the near-field distributions
of the plasmonic systems. Optical constants of Au and Ag were taken from
Johnson and Christyl®’! in the spectrum range from 400 to 1000 nm. For
the refractive index of MWCNT doped PU, a flat sample was fabricated
with ~1 um polymer thickness on glass and ellipsometry to obtain the re-
fractive index of MWCNT doped PU as n = 1.54 + 0.05i. To mimic the ge-
ometry of the sample according to the SEM and FIB images, the 400 nm x
400 nm square lattice was constructed with periodic boundary conditions
in the x-y plane. For the nanopillar structure, a cone-shaped nanoparticle
model and an angled gap surrounding the MWCNT doped PU pillar and
the nanowell is adapted to mimic the shadowing effect in the deposition.
The mesh size is 1 nm in the x, y, and z directions.

Electrochemical Measurements: A custom-made EC cell mounted onto
the sample was designed to contain the liquid and hold the Ag/AgCl ref-
erence electrode (saturated in KCl) and platinum coil counter electrode.
The electrodes are all connected to a commercial potentiostat (SP-200,
BiolLogic), which provides the potential control and current probe. The
electrolyte solution was a phosphate buffer saline (PBS) composed of
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137 mMol L=" NaCl, 2.7 mMol L~! KCl, 10 mMol L=' Na,HPO,, and
1.8 mMol L= KH,PO,, with deionized water utilized for dilution. The EC
cell was filled with 2 mL of electrolyte solution, with all measurements
conducted at ambient temperature. All cyclic voltammetry measurements
were performed under the scan rate of 50 mV s~ for the optimized tem-
poral spectral resolution and signal-to-noise ratio of spectral and elec-
trochemical signals. It should be noted that while the scan rate in cyclic
voltammetry affects the temporal resolution of spectral acquisition and the
peak-to-peak separation in the voltammograms due to the quasi-reversible
nature of the Ag/AgCl and redox reaction, it does not alter the fundamental
chemical reactions or the associated PE-VRS and PE-ERS spectral shifts.
Measurements were performed within 10 min after introducing the liquid
to avoid electrolyte purging issues over a prolonged experiment (hours).
The substrate was intermittently rinsed with the corresponding concen-
tration of PBS solution to ensure its cleanliness and the reliability of the
measurements. The same experimental setup was applied for the elec-
trochemical measurements in Figure 5, except for replacing the NLNOE
sample and the electrolytes.

EC-SERS measurements: Laser excitation at a wavelength of 785 nm
and power of 2 m\W was used for the Raman measurements, focused with
a 10x objective (NA = 0.25) lens in a commercial confocal microscope
(WITec alpha 300 SR System) in the backscattering configuration. The Ra-
man spectroscopic microscope and potentiostat were controlled by sep-
arate computer workstations. Synchronization between the workstations
was achieved through a network connection, enabling coordinated con-
trol of both instruments. The differing response times of the two instru-
ments were calibrated to ensure accurate temporal alignment of the op-
tical and electrochemical data. Single-point measurements were done at
a 0.5 s integration time and captured by a CCD camera in a commercial
spectrometer to measure the Stokes-Raman scattering. A long-pass filter
was used to block elastically scattered light at the wavelength correspond-
ing to the laser line (Rayleigh scattering), with the Stokes scattering trans-
mitted through a multimode fiber (100 pm core diameter) wherein the
cleaved fiber core functioned as the confocal pinhole. EC modulation was
performed using a custom EC cell and commercial potentiostat, with the
NLNOEs serving as the working electrode, a platinum coil as the counter
electrode, and Ag/AgCl as the reference electrode, as previously described.

Statistical Analysis: During the in situ EC-SERS measurements the
optical and electrochemical signals were collected with different interval
times (optical: 0.5 s; electrochemical: 0.01 s). The spectrum-voltage rela-
tionship is then deducted from linear interpolation from spectrum-time
and voltage-time relationships. Then the averaging is processed for fur-
ther analysis among all the cycles performed (n =5 for Figures 3 and 4,
n = 10 for Figure 5), and the standard deviations are represented as the
error bars (+ SD). The data processing is achieved via OriginLab and MAT-
LAB software.
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