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Abstract

Revealing the intrinsic relationships between the structure, properties, and
performance of the electrochemical interface is a long-term goal in the elec-
trochemistry and surface science communities because it could facilitate the
rational design of electrochemical devices. Achieving this goal requires in
situ characterization techniques that provide rich chemical information and
high spatial resolution. Electrochemical tip-enhanced Raman spectroscopy
(EC-TERS), which provides molecular fingerprint information with
nanometer-scale spatial resolution, is a promising technique for achieving
this goal. Since the first demonstration of this technique in 2015, EC-TERS
has been developed for characterizing various electrochemical processes
at the nanoscale and molecular level. Here, we review the development
of EC-TERS over the past 5 years. We discuss progress in addressing the
technical challenges, including optimizing the EC-TERS setup and solving
tip-related issues, and provide experimental guidelines. We also survey the
important applications of EC-TERS for probing molecular protonation,
molecular adsorption, electrochemical reactions, and photoelectrochemical
reactions. Finally, we discuss the opportunities and challenges in the future
development of this young technique.
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1. INTRODUCTION

Electrochemistry is receiving increasing attention, especially recently, due to its broad applica-
tion in such various areas as batteries, fuel cells, corrosion, synthesis, and catalysis as well as its
important role in our daily lives. In an electrochemical system, various complex processes, in-
cluding adsorption, desorption, and diffusion of species; surface reconstruction; charge transfer
between the surface and species; the formation or breaking of chemical bonds; and chemical re-
actions, take place at the electrochemical interface. Therefore, the structure of the electrochemi-
cal interface determines the electrochemical response and the properties and performance of the
whole electrochemical system. There is a long-term effort to reveal the intrinsic relationships be-
tween structure, property, and performance to promote the design of materials for electrochemical
devices.

Conventional electrochemical characterization techniques, which are based on the measure-
ment of electrical signals, including current and potential, are the most basic and widely used
methods for understanding an electrochemical system. A wealth of information, including ther-
modynamic and kinetic information about interfacial properties, the amount of reacting species
on the surface, and the reactivity of the electrodes, can be obtained by analyzing the electrical
signals according to electrochemical theory (1). However, the lack of chemical fingerprint infor-
mation on the reacting species makes it challenging to identify the chemical structure without
prior knowledge of the species. Additionally, the measured electrical signal comes from the re-
sponse of the whole electrode surface, making it a challenge to spatially resolve the heterogeneity
of the structure and properties on an inhomogeneous electrode surface (Figure 1a). Conventional
electrochemical methods have reached their limit in meeting the growing requirements of char-
acterizing complex and sophisticated electrochemical systems, which are usually dynamic in time
and space in the nanoscale dimension. Therefore, it is desirable to develop in situ characterization
methods with rich chemical information and high spatial resolution, up to several nanometers, for
a comprehensive understanding of electrochemical interfaces and processes.

A convenient way to obtain in situ chemical information is to employ spectroscopic techniques
such as electronic spectroscopy [ultraviolet-visible (UV-Vis) absorption (2) and fluorescence spec-
troscopy (3)], vibrational spectroscopy [infrared (IR) (4), Raman (5), and sum-frequency genera-
tion (SFG) spectroscopy (6)], and X-ray spectroscopy [X-ray absorption spectroscopy (XAS) (7)/
X-ray absorption fine-structure spectroscopy (XAFS) (8), X-ray diffraction (XRD) spectroscopy
(9), and other X-ray scattering spectroscopies (10)], which have been combined with electrochem-
istry to result in a field called spectroelectrochemistry (Figure 1a). Among these techniques, vi-
brational spectroscopy can providemolecular fingerprint informationwithout the requirement for
an expensive synchrotron light source. Among various vibrational spectroscopic methods, Raman
spectroscopy is particularly powerful for characterizing the electrochemical interface for the fol-
lowing reasons: It can work in the presence of electrolyte solutions because the Raman scattering
intensity of water is weak and the interference is low; visible laser light can be used as the excitation
source; and the full energy range of vibrational modes of chemical species can be detected.

Raman scattering is an inelastic scattering process. When a molecule is excited by the light,
the electron cloud of the molecule is deformed and polarized to absorb photons, generating a
virtual state with a higher energy. With very low probability, the polarized electron cloud can
exchange energy with the vibration of nuclei via vibronic-electronic coupling, scattering photons
with an energy that is different from incident photons. This is Raman scattering, and the energy
difference, reflecting the vibration of nuclei, is termed the Raman shift. The Raman shift and the
relative intensities of vibrationalmodes can reflect the bond strength and the atoms contributing to
the modes and the surrounding chemical environment (11, 12). As a result, Raman spectroscopy
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(a) Graph showing in situ characterization techniques for investigating electrochemical systems. (b) Timeline of milestone techniques
leading to the development of EC-TERS. (c–e) Schematic illustrations of SERS, SPM, and EC-TERS, respectively. Abbreviations:
AFM, atomic force microscopy; basic EC, basic electrochemical method; EC-AFM, electrochemical atomic force microscopy;
EC-STM, electrochemical scanning tunneling microscopy; EC-TERS, electrochemical tip-enhanced Raman spectroscopy; Fl,
fluorescence spectroscopy; IR, infrared spectroscopy; Raman, Raman spectroscopy; SECM, scanning electrochemical microscopy;
SERS, surface-enhanced Raman spectroscopy; SFG, sum-frequency generation; SPM, scanning probe microscopy; SRFl,
super-resolution fluorescence spectroscopy; STM, scanning tunneling microscopy; TERS, tip-enhanced Raman spectroscopy; UV-Vis,
ultraviolet-visible absorption spectroscopy; XAFS, X-ray absorption fine-structure spectroscopy; XRD, X-ray diffraction spectroscopy.
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is widely used to determine molecular structures and their interactions with the environment.
In addition, Raman intensity is proportional to the number of molecules, so it can be used for
quantitative analysis. However, due to the inherently weak inelastic scattering efficiency of the
Raman process, only about one in every 106–1010 incident photons is Raman scattered, making it
difficult to directly probe monolayer species at the electrochemical interface.

However, the discovery of surface-enhanced Raman spectroscopy (SERS) in the 1970s (5, 13,
14) greatly expanded the application of Raman spectroscopy for electrochemistry (Figure 1b).
The SERS effect is boosted by the localized surface plasmon resonance (LSPR) effect of noble
metal nanostructures (Figure 1c). The LSPR is the collective oscillation of free electrons in the
noble metal nanostructure excited by light of a suitable wavelength, which can tightly confine and
strongly enhance the electromagnetic field surrounding the metal nanostructure surface (15–17).
As a result, the Raman intensity of molecules on the metal surface can be amplified by over a
million times, making SERS a suitable tool for the in situ probing of electrochemical interfaces
and interfacial processes with submonolayer and even single-molecule sensitivity (18, 19). How-
ever, the requirement for the noble metal nanostructure in SERS restricts its general application
to a limited number of electrode surfaces. This shortcoming can be partially overcome by using
shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS). By depositing Au or Ag
nanoparticles coated with an ultrathin inert shell onto the electrode surface and borrowing the
enhancement from the Au or Ag core, SHINERS can be applied to various electrode surfaces that
do not support a large surface-enhancement effect and to single-crystal surfaces that do not show a
SERS effect (20–24). The ultrathin inert shell can minimize the chemical and electronic interfer-
ence of nanoparticles with the probed electrode surface. Both SERS and SHINERS are far-field
techniques performed using a conventional optical microscope; hence, the spatial resolution is
limited by optical diffraction to the submicrometer level, which does not meet the requirement
for nanoscale chemical imaging of electrochemical interfaces.

The development of scanning probe microscopy (SPM) offers a way to characterize the elec-
trode surface with nanoscale or atomic spatial resolution (Figure 1a). Electrochemical scanning
tunneling microscopy (EC-STM) and electrochemical atomic force microscopy (EC-AFM), im-
plemented in the 1980s (25–27) and 1990s (28) (Figure 1b), respectively, can provide in situ to-
pographic information on the electrode surface (Figure 1d), which allows determination of the
atomic structure of the electrode surface, the configurations of adsorbed species, and the structures
of specific active sites during electrochemical deposition. Scanning electrochemical microscopy
(SECM), which involves measurement of the current through an ultramicroelectrode when it is
held or moved over an electrode (substrate) surface, provides information about local electro-
chemical properties and the reactivity of the substrate at micro- or nanoscale resolution (29–32).
These electrochemical SPM (or EC-SPM) techniques provide high spatial resolution that is not
possible using conventional electrochemical methods. However, SPM cannot provide chemical
fingerprint information.

To simultaneously obtain topographic and molecular fingerprint information for the electrode
surface, Tian et al. (33) combined STM with a fiber-based Raman spectrometer in 1996. In this
case, the Raman signal was from the electrode surface illuminated by the laser; therefore, the
spatial resolution of the Raman measurement was still diffraction limited. This problem can be
overcome by tip-enhanced Raman spectroscopy (TERS) (Figure 1a). TERS combines plasmon-
enhanced Raman spectroscopy and SPM techniques (34–37) by replacing theW or Pt–Ir tip with
a plasmonic Au or Ag tip. Under the illumination of a laser with the proper wavelength and polar-
ization, the nanometer-sized Au or Ag tip apex with a strong LSPR effect can confine the electro-
magnetic field and enhance the Raman scattering of the sample species close to the tip apex, offer-
ing single-molecule sensitivity and nanometer (and even subnanometer) spatial resolution. These
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benefits, together with its ability to work in aqueous solution, make TERS a promising tool for
molecular-level and nanoscale analysis of electrochemical interfaces and processes (Figure 1e).

We proposed the idea of combining TERS with electrochemistry as early as 2003 (38), just two
years after the discovery of TERS.However, due to technical challenges, the first electrochemical
TERS (EC-TERS) work was not reported until 2015 (Figure 1b) (39, 40). It is now timely to re-
view and summarize the development of EC-TERS over the past 5 years and to discuss the future
development of this young but promising technique. In this review, we first discuss the challenges
encountered when extending TERS from the ambient environment to the electrochemical envi-
ronment and introduce the development of EC-TERS setups. Then, we discuss tip-related issues
in EC-TERS and provide experimental guidelines, followed by coverage of current progress in
the application of EC-TERS to the study of electrochemical interfaces and processes, including
molecular protonation, molecular adsorption, electrochemical reactions, and photoelectrochem-
ical reactions. Finally, we discuss the opportunities and challenges in the future development of
the EC-TERS technique for a wide variety of applications in electrochemistry.

2. IMPLEMENTATION OF EC-TERS

EC-TERS involves a complex combination of a potentiostat, SPM (sensitive to vibrational inter-
ference with limited open space), and a Raman microscope. Although prior technical knowledge
on the EC-SERS and electrochemical SPM techniques provides some support to the develop-
ment of EC-TERS, extending TERS from air to the electrochemical environment is still very
challenging. In comparison with the 5 years’ time used to develop EC-STM (or EC-AFM) from
STM (or AFM), it took a much longer time (about 15 years) to successfully push TERS to the
electrochemical environment (Figure 1b). The technical challenges lie mainly in the EC-TERS
setup and tip-related issues in practical experiments.

2.1. EC-TERS Setups

When developing an EC-TERS setup, the first challenges to be overcome are those relating to
the extension of TERS to the liquid environment. When light passes from air to the electrolyte
solution, the optical path is severely distorted as a result of the mismatched refractive indices.
The optical distortion dramatically reduces the image quality of the view of the tip apex and leads
to defocusing of the laser spot, making it very challenging to achieve precise optical coupling
and high-efficiency excitation of the single plasmonic hot spot beneath the tip. Therefore, the
Raman optical path should be optimized to minimize the optical distortion in the EC-TERS sys-
tem. There is a conflict between the limited space of the commercial EC-SPM with its compact
structure and the requirement for adequate open space to accommodate the high numerical aper-
ture (NA) optics needed to achieve high excitation and collection efficiency.Thus, both the Raman
optical system and the EC-SPM system should be carefully designed and optimized to accommo-
date each other to maintain the high performance of the EC-SPM and achieve the necessary high
efficiency of the Raman optical system.

Three optical configurations commonly used in ambient conditions can be modified for the
electrochemical environment (Figure 2a,d, f ). In the side-illumination configuration, the light
passes through a meniscus liquid layer formed due to the capillary force of the tip, which severely
distorts the optical path (Figure 2a). To reduce the optical distortion, we developed the first EC-
TERS setup based on a modified side-illumination configuration (Figure 2b) (39). In this setup,
the laser beam was introduced into the specially designed electrochemical cell horizontally and
focused via an objective onto the tip apex. The substrate was tilted 10° to decrease the amount
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(a,d, f ) Schematic illustrations of side-illumination, bottom-illumination, and top-illumination optical configurations, respectively, for
EC-TERS. (b) Schematic of a modified side-illumination EC-TERS setup with an air objective. (c) Schematic showing a
side-illumination EC-TERS setup with a water-immersion objective. (e) Schematic of a bottom-illumination EC-TERS setup with an
oil-immersion objective (40). Panel e adapted from Reference 40 with permission; copyright 2015 American Chemical Society.
(g) Schematic showing a top-illumination EC-TERS setup with a water-immersion objective (47). Panel g adapted from Reference 47
with permission; copyright 2019 Elsevier. Abbreviations: AFM, atomic force microscope; CE, counter electrode; EC-TERS,
electrochemical tip-enhanced Raman spectroscopy; NA, numerical aperture; RE, reference electrode; STM, scanning tunneling
microscope; WE, working electrode; XYZ, three axes.

of light it blocks. The advantages of this configuration are that the influence of the curved liquid
surface in the focused optical path was avoided, and the liquid layer thickness in the optical path
was reduced to∼1mm to reduce the optical distortion.As a result, the tip apex was clearly observed
in optical microscopy, and the laser spot was well-focused onto the tip apex.This configuration was
adapted later by the Kim group (41) for characterizing the oxidative desorption of a self-assembled
monolayer of thiophenol (TP) on Au(111).

However, the optical distortion still was not completely eliminated in this configuration. The
bottom-illumination configuration was a more effective way to decrease the optical distortion. In
this configuration, the laser was focused from the bottom to illuminate the tip apex, which elimi-
nates the need for it to pass through the thick electrolyte layer (Figure 2d). The VanDuyne group
(40) developed EC-AFM-TERS (electrochemical atomic force microscopy tip-enhanced Raman
spectroscopy) based on the bottom-illumination configuration (Figure 2e). Because the Raman
optics were located on the opposite side of the cell from the EC-SPMcomponent, there was a large
open space,which allowed the use of an oil-immersion objective with a highNA (∼1.4) to improve
the excitation and collection efficiency. This enabled the probing of the nanoscale redox behavior
of a few Nile blue (NB) molecules on a transparent indium tin oxide (ITO) electrode. However,
the transmission configuration cannot be used to study opaque electrodes, such as single-crystal
metal electrodes, which are important in electrochemistry. Therefore, further improving the
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performance of EC-TERS setups based on the side-illumination or top-illumination configu-
ration is still quite important.

Thereafter, both the Domke group (42) and the Van Duyne group (43) developed the side-
illumination EC-TERS setup with air objectives. To reduce the optical distortion, the Domke
group (44) adapted a spatial light modulator to modulate the phase of the excitation light to
correct the optical distortion. Recently, our group (45) introduced a water-immersion objective
with a short working distance and a high NA (0.8) into the side-illumination EC-TERS setup
(Figure 2c). The air in the gap between the objective and the glass window was replaced by a
droplet of water. Thus, the mismatch between the refractive indices of different media was effec-
tively decreased and the optical distortion largely eliminated by using the water-immersion objec-
tive (46).Due to the highNA and elimination of the optical distortion, the sensitivity was improved
fivefold compared with our first-generation EC-TERS setup. In the same year, the Maisonhaute
group (47) developed a top-illumination EC-TERS setup based on a water-immersion objective
(Figure 2g) in which the objective is vertically immersed in the electrolyte solution. With this
setup, they demonstrated the 8-nm-resolution EC-TERS imaging of an Au surface functionalized
with azobenzenethiol derivatives. To accommodate the objective with a short working distance, a
special tip holder was designed to bring the TERS tip into the focal point of the objective at a 45°
angle. Such a design eliminates the air–liquid interface in the optical path and has no optical dis-
tortion. More recently, we also developed an AFM-based top-illumination EC-TERS setup with
a water-immersion objective to eliminate optical distortion and achieved a high detection sensitiv-
ity (48). Compared with the side-illumination setup, the top-illumination configuration provides
better microscopic imaging quality due to its normal incidence and symmetrical focus on the sam-
ple, making it more convenient to observe the electrode surface and the laser spot. The side- and
top-illumination EC-TERS setups using water-immersion objectives are applicable to opaque
electrodes with no optical distortion and improved sensitivity, and thus empower EC-TERS for
in situ nanoscale characterization and exploration of more important electrochemical systems.

In addition to the specially designed optical configuration, the electrochemical potential should
be properly controlled in the EC-TERS setup. Until now, EC-TERS has been based on either
EC-STM or EC-AFM. In EC-AFM-TERS, only the electrode potential of the substrate needs
to be controlled. Therefore, a standard three-electrode system can be used, with a potentiostat
controlling the potential of the substrate [as the working electrode (WE)] versus the reference
electrode (RE) in EC-AFM-TERS. However, in the EC-STM-TERS setup, both the tip and the
substrate potentials need to be controlled. Therefore, it requires a four-electrode [substrate, tip,
RE, and counter electrode (CE)] electrochemical system and a bipotentiostat to independently
control the potentials of the tip and the substrate versus the RE. The bias is determined by the
potential difference between the tip and the substrate. The currents on the substrate and tip can
be independently measured by the bipotentiostat. Because all of the currents (including the tun-
neling, charging, and Faradaic currents) flowing through the tip are amplified by the STM current
preamplifier and used as the STM feedback, the tip needs to be insulated to reduce the charging
and Faradaic currents, so that they are much smaller than the tunneling current. In this way, the
charging and Faradaic currents do not interfere with the STM feedback.

2.2. Tip-Related Issues

The tip is the core of TERS in air, vacuum, and liquid conditions. Generally, STM-TERS tips
are fabricated by the electrochemical etching of Au or Ag wires (49–51). AFM-TERS tips are
fabricated by depositing a layer of Au or Ag metallic film on commercial AFM tips with vac-
uum (52–54), electrochemical (55, 56), or chemical (57, 58) deposition methods. The geometrical
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Table 1 Tip-related issues in EC-TERS

Characteristic EC-STM-TERS tips EC-AFM-TERS tips
Fabrication methods Electrochemical etching Vacuum deposition

Chemical deposition
Electrochemical deposition

Tip insulation Required Not required
Insulation materials Polyethylene glue

Paraffin wax
Zapon
Nail polish

NA

Prevention of delamination NA Buffer layer: SiOx or Cr–Au
Dielectric material coating layer: Al2O3 (applicable

in neutral solution), SiO2 (pH < 10)
ZrO2 (pH 3.6–12.6)

Prevention of
contamination

Dielectric material coating
Assembled with thiols

LSPR position tuning Dielectric material coating
Refractive index modification
FIB milling

Abbreviations: EC-AFM-TERS, electrochemical atomic force microscopy tip-enhanced Raman spectroscopy; EC-STM-TERS, electrochemical scanning
tunneling microscopy tip-enhanced Raman spectroscopy; EC-TERS, electrochemical tip-enhanced Raman spectroscopy; FIB, focused ion beam; LSPR,
localized surface plasmon resonance; NA, not applicable.

parameters of the tip apex play important roles in determining the enhancement factor. Related
issues in the preparation of TERS tips and the use of the TERS tip under the conventional air
condition have been discussed in detail in our previous reviews (59, 60). Here we focus on their
use in EC-TERS (Table 1).

2.2.1. Insulation for EC-STM-TERS tips. In EC-STM-TERS, the tip needs to be insulated
to minimize the interference of the Faradaic and charging currents with the tunneling current.
Although insulation methods are mature for EC-STM tips, there are additional requirements for
EC-STM-TERS tips. The insulation materials should be Raman and fluorescence inactive and
under laser illumination should not produce any spectral signals that interfere with the TERS
signal. In addition, the insulation layer should be stable and not swell in the electrolyte during
long-term EC-TERS experiments. Therefore, the properties and the quality of the insulation
layer are important. Previously, polyethylene glue (39), Zapon (42, 47), paraffin wax (41), and nail
polish (61–64) have been successfully used as insulation materials for EC-STM-TERS tips. A
typical method used to obtain an insulated TERS tip is to push a metallic tip through a liquified
insulation material. The liquified materials attach to the surface of the tip (Figure 3a) and with-
draw from the tip apex due to surface tension (39). This process usually needs to be repeated from
one to three times, depending on the material, to ensure that most of the surface area of the tip
except for the apex has been effectively insulated. After the insulation procedure, the exposed area
can be determined with cyclic voltammetry (CV) by mathematically describing the tip as a conic
ultramicroelectrode (41) (see Section 2.3.1).

2.2.2. Improving the stability of metal coatings for EC-AFM-TERS tips. The metallic
layer of an AFM-TERS tip easily delaminates when the tip is working in solution due to the weak
binding force between the metallic layer and the AFM tip. In addition, the morphology of the
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(a) SEM image of an STM-TERS tip after insulation. The dotted red lines indicate the boundary between the Au tip and the coated
polymer film. Panel a adapted with permission from Reference 39; copyright 2015 American Chemical Society. (b,c) SEM images of an
Ag-coated tip before and after immersion in water. (d,e) SEM images of a Cr–Au–Ag–coated AFM-TERS tip before and after
immersion in water. Panels b–e adapted with permission from Reference 66; copyright 2018 Royal Society of Chemistry.
( f ) Transmission electron microscopy image of a pinhole-free shell-coated tip. The thickness of the SiO2 coating was ∼2 nm. (g) TERS
spectra of 4-PBT assembled on Au(111) acquired by a bare STM-Au tip (black line) and an SiO2-coated STM-Au tip (red line) in an
electrolyte solution containing 10-mM NaClO4 and 5-mM pyridine. Panels f and g adapted with permission from Reference 69;
copyright 2018 John Wiley & Sons. Abbreviations: 4-PBT, 4′-[(pyridin-4-yl)biphenyl-4-yl]methanethiol; AFM-TERS, atomic force
microscopy tip-enhanced Raman spectroscopy; SEM, scanning electron microscopy; STM-TERS, scanning tunneling microscopy
tip-enhanced Raman spectroscopy; TERS, tip-enhanced Raman spectroscopy.

apex may be altered by the high-frequency (∼100 kHz) vibration that occurs during tapping mode
operation in solution, leading to a dramatic decrease in the TERS enhancement. Therefore, the
mechanical stability of the metallic coating films needs to be improved for EC-AFM-TERS tips.

Two strategies may be used to accomplish this.One is to strengthen the adhesion of themetallic
coating on the AFM tips by precoating the AFM Si tips with a buffer layer of SiOx (65) or Cr–
Au (66). This prevents the coating layer from peeling off when the tip is working in solution
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(Figure 3b–e). The other method is to deposit a protective layer of a dielectric material, such
as SiO2, Al2O3, or ZrO2, over the Au or Ag coatings with the wet-chemistry or atomic layer
deposition (ALD) method to effectively improve the stability of the metallic coating layers in
liquid. However, the protective layer inevitably increases the gap between the tip and the sample
and so sacrifices the TERS enhancement.Therefore, a delicate balance needs to be found between
effective protection and maintaining high enhancement. In addition, the applicable pH range of
the protective dielectric layers should be taken into consideration in the EC-TERS experiment.
Due to the dissolution of Al2O3 in acidic and basic solutions, an Al2O3-protected tip is applicable
only in neutral electrolyte solution. Tips coated with SiO2 via ALD can be used in electrolyte
solutions with pH < 10 (67). Tips coated with ZrO2 by the wet-chemistry process (68) can be
used over a broad pH range from 3.6 to 12.6 (67).

All of these methods can effectively prevent the metallic coating from peeling off of AFM-
TERS tips when they are working in contact mode in solution. However, to the best of our
knowledge, there is still no method that can effectively prevent the degradation at the tip apex
in the tapping mode caused by the strong interaction between the tip and solution under high-
frequency vibration. Therefore, protection methods need to be further developed to extend the
EC-AFM-TERS method to work in tapping mode.

2.2.3. Preventing the adsorption of contaminants on the tips. To date, EC-TERS has been
performed in simple electrolyte solutions that contain only supporting electrolytes with a weak
adsorption ability and have small Raman scattering cross sections that do not interfere with TERS
measurements. However, in many practical electrochemical systems, the solution contains analyte
molecules or other complex components. These species in the solution may adsorb on the TERS
tips and give rise to enhanced Raman signals, which may interfere with the TERS spectra of
the target molecules. One effective solution is to deposit ultrathin and pinhole-free dielectric
materials on the tip (Figure 3f ), as mentioned in Section 2.2.2 (69). The pinhole-free dielectric
coating can effectively prevent the adsorption of molecules and suppress their interference with
the detection of the species of interest on the substrate surface (Figure 3g). An alternative solution
is to assemble a layer of molecules on the tip that have small Raman scattering cross sections
but stronger interactions with the metallic surface than with the species in the solution, such
as ethanethiol (65). By properly designing the surface functional groups, this assembled layer can
inhibit the adsorption ofmolecules and contamination.Thesemethods could allow the application
of EC-TERS to more complex electrochemical systems.

2.2.4. Variation of the localized surface plasmon resonance position. As mentioned in
Section 1, the field enhancement of TERS mainly originates from the LSPR effect. When the
environment is changed from air to water, the dielectric constant of the medium increases, which
causes a notable red shift of the LSPR peaks (70). Taking a single Au or Ag nanoparticle for an
example, there is approximately a 40–60-nm red shift for Ag (71, 72) and a 60–80-nm red shift
for Au (73) upon changing the environment from air to liquid. The red shift of the tip LSPR in
liquid may lead to a shift away from the optimal wavelength obtained in air and a decrease in the
TERS sensitivity. To solve this problem, one method used is to change the laser wavelength to
match the LSPR position in solution. However, this requires a Raman system with tunable exci-
tation wavelengths. The other method is to tune the LSPR position of the TERS tip by various
methods, including coating with some dielectric materials (74) or refractive index modification
(75). Recently, a focused ion beam has increasingly been used to precisely modify the tip length
(76) as well as to mill the tip with some special structures (77–79) to tune the LSPR position.
Furthermore, with the help of numerical simulation methods, it is now possible to simulate the
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optical response and electromagnetic field of the TERS tip and tip-substrate system to guide the
optimization of the experimental parameters of EC-TERS tips.

2.3. Experimental Guidelines for EC-TERS

Successful EC-TERS experimentation requires careful, delicate, and skillful operation to obtain
reliable EC-TERS spectra of probed species. This section provides the important operational
steps and details that may determine the success of EC-TERS experiments.

2.3.1. Characterization of the tip properties. For EC-STM-TERS tips, the quality of tip
insulation should be checked by CV measurement. The exposed area of the tip after insula-
tion can be considered to be an ultramicroelectrode with a conical shape. The size of the ex-
posed apex can be estimated from the Faradaic current using the standard electrochemical redox

[Fe(CN)3−6 /Fe(CN)4−6 or Ru(NH)3+6 /Ru(NH)2+6 ] solutions and the formula r =
√

I
FDC . Here, r

is the radius of the ultramicroelectrode and I, F, C, and D are the steady-state current obtained
from CV, Faraday’s constant, the concentration, and the diffusion coefficient of the redox cou-
ple, respectively. Before the EC-TERS measurement, the electrochemical response of the tip in
the practical electrolyte solution should be tested to obtain the potential window of the tip and
the substrate that can be applied in the EC-TERSmeasurement. Generally, the tip should be kept
within the potential range inwhich the electrochemical current of the tip is one order ofmagnitude
smaller than the set point of the tunneling current. For the EC-AFM-TERS tip, the performance
of the tip after coating with the protection layer should be checked. Usually EC-TERS experi-
ments (especially mapping) are time-consuming, so the long-term stability and enhancement of
the AFM-TERS tip in the electrolyte need to be checked under the working conditions. Above
all, only tips with high stability and high enhancement can be used for EC-TERS experiments.

2.3.2. Protection of the scanning probe microscopy unit and objective. In EC-TERS ex-
periments, the tip holder and the water-immersion objective may be immersed in the electrolyte
solution. The electrolyte and evaporated solutions may corrode the SPM unit and the objective.
Therefore, important SPM components need to be coated with protective materials to prevent
corrosion by the electrolyte. The water-immersion objective should be carefully covered with a
thin, soft, and optically transparent polyethylene film to protect the objective while maintaining
the excellent optical properties of the objective.During EC-TERS experiments, extra caremust be
taken to avoid spillage and leakage of the electrolyte solution, which can corrode the instrument.

2.3.3. Modulation of the potential. In the EC-STM-TERS experiment, there are two meth-
ods of setting the potentials of the sample and tip. One method is to fix the tip potential while
modulating the sample potential. In this way, the bias is changed with varied sample potentials,
which can lead to a change in the gap distance and the plasmonic coupling between the tip and
substrate. As a result, however, this methodmay lead to variation in the TERS intensity.The other
method is to fix the bias while modulating the sample potential.This strategy canmaintain the dis-
tance between the tip and substrate, avoiding variation of the TERS intensity during modulation.
In the EC-AFM-TERS experiment, the potential is applied only to the substrate, and considering
the influence of the tip potential on the system is not necessary.

2.3.4. Methods to check the reliability of EC-TERS spectra. Due to the small distance
between the tip and the sample in EC-TERS (from subnanometer to a few nanometers), instability
in the TERS setup and the environmental vibrations can cause the transfer of molecules from the
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substrate to the tip, which contaminates the tip. It is crucial to double-check that the Raman
signals are actually from the molecules adsorbed on the substrate surface so that the obtained
TERS spectra reflect the true behavior of surface species on the probed substrate electrode (60).
A reliable method for checking the cleanliness of the tip and the reliability of EC-TERS spectra is
to perform a TERS measurement on a clean substrate with the same tip following the EC-TERS
measurement. For EC-STM-TERS, a more convenient strategy is to monitor the TERS spectra
upon changing the potential of either the tip or the sample. If the molecular behavior is sensitive
only to the modulation of the tip potential, this indicates that the tip is contaminated.

3. APPLICATIONS OF EC-TERS

3.1. Probing Molecular Adsorption and Molecular Structure

In the first demonstration of EC-TERS, this technique was found to be more sensitive than
EC-SERS to subtle changes in the molecular configuration at the electrochemical interface
(39). Figure 4a–d shows a comparison of the EC-TERS spectra of 4′-[(pyridin-4-yl)biphenyl-
4-yl]methanethiol (4-PBT) assembled on an Au(111) surface and EC-SERS spectra of the same
molecule on Au nanoparticles (NPs). In the EC-TERS spectra, the doublet peaks at 1,592 cm−1

(vibration of the pyridine ring) and 1,605 cm−1 (vibration of the benzene ring) were observed at
0.3 V (Figure 4a). When the potential was moved to −0.7 V, the 1,592 cm−1 peak blue-shifted
to overlap with the 1,605 cm−1 peak and appeared as a single peak after the pyridine ring was
protonated (Figure 4b). However, such a potential-dependent spectral change due to molecular
protonation and deprotonation was not observable in EC-SERS spectra (Figure 4c). The main
reason is that double-end-bonded 4-PBT molecules can easily form among Au NPs in the SERS
configuration (Figure 4d), which may interfere with the formation of protonated species. This
work demonstrates how the well-defined configuration makes EC-TERS a reliable method for
probing molecular structure changes at the electrochemical interface.

The Domke group (80) employed EC-TERS to study the molecular adsorption geometry as
well as the protonation process on atomically flat Au(111) electrodes as a function of the applied
potential (Figure 4e–g). Generally, vibrational modes with a component parallel to the direction
of the surface electrical field can be effectively enhanced. On the basis of the surface selection rule
and the polarizability anisotropies of the Raman tensors, the decrease of intensities of the 736 cm−1

peak (ring breathing) and the 1,464 cm−1 peak (N–C stretch, C–H bend, and NH2 scissors) with
the positive shift of the potential (Figure 4e) can reflect the reorientation of adsorbed adenines
from tilted to upright to flat with respect to the Au(111) surface. However, the peak frequencies
of the above vibrational modes are sensitive to the molecule-ion interaction (Figure 4f ), which
can reflect the molecular transitions between protonated, neutral, and partially positive charged
states. In addition, the peak at 260 cm−1 (Au–Nmode) can provide a wealth of information on the
adsorbate–electrode interaction. The blue shift of this mode with the positive-shifted potential
reveals a strengthening of the Au–N bond due to an increased donation of the N lone pairs of
the deprotonated adenine adsorbate to the Au d-band. Because of the well-defined configuration
and the rich chemical information, EC-TERS is particularly promising in probing the molecular
structure and adsorption configuration of the adsorbate at the electrochemical interface. With
nanoscale spatial resolution, nanoscale spectral imaging of an electrochemical interface can be
used to reveal the relationship between the surface structure and molecular behavior.

3.2. Characterization of Electrochemical Reactions

In situ monitoring of the evolution of the chemical structure of reaction-related species with
nanometer-scale resolution during the electrochemical reaction would help to reveal the
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(a) Graph showing potential-dependent TERS spectra of 4-PBT molecules adsorbed on an Au(111) electrode surface in 0.1-M
NaClO4 (pH 10). (b) Schematic illustration of the TERS configuration for studying the protonation of 4-PBT. (c) Graph of
potential-dependent SERS spectra of 4-PBT molecules adsorbed on an Au NP surface in 0.1-M NaClO4 (pH 10). (d) Schematic of the
SERS configuration for studying the protonation of 4-PBT. Elements shown in pink letters are double-end bonding to the Au NPs.
Panels a–d adapted with permission from Reference 39; copyright 2015 American Chemical Society. (e) Graph of potential-dependent
TERS spectra of adenine adsorbed on an Au(111) electrode surface in 0.01-M H2SO4. The inset shows the molecular structure of
adenine. (f) Graphs of fitted peak positions of the 260 cm−1 (blue), 736 cm−1 (purple), and 1,464 cm−1 (green) peaks as a function of the
potential of the Au(111) substrate. (g) Schematic of the potential-dependent reversible adsorption and protonation of adenine on
Au(111) within the potential window of cyclic voltammetry. The dashed arrows clearly divide the potential axis into three segments,
indicating the different adsorption configurations in corresponding potential regions. Panels e–g adapted with permission from
Reference 80; copyright 2017 John Wiley & Sons. Abbreviations: 4-PBT, 4′-[(pyridin-4-yl)biphenyl-4-yl]methanethiol; NP,
nanoparticle; SERS, surface-enhanced Raman spectroscopy; TERS, tip-enhanced Raman spectroscopy.

reaction mechanism and further shed light on the structure-function relationship in electro-
catalysis. Due to its high spatial resolution and ability to provide rich chemical information,
EC-TERS is a promising in situ tool for investigating the heterogeneous behaviors of reactants
and electrocatalysts.

EC-TERSwas used tomonitor the nanoscale electrochemical redox behavior of NBmolecules
on an ITO electrode (Figure 5a–c) (40, 81, 82).When the potential wasmoved from 0V to−0.6 V,
theTERS intensities greatly decreased as a result of the transformation ofNB from the resonant to
the nonresonant state, owing to the reduction of theNBmolecules (Figure 5a). At a low coverage,
a steplike feature in the TERS intensity-potential curve (termed a TERS voltammogram) was ob-
served (Figure 5b,c) that corresponds to the reduction and oxidation of a few molecules or even a
single molecule. In addition, the formal potential E0 in the TERS voltammograms differed on dif-
ferent sites, indicating the nanoscale heterogeneity of the reaction behavior on the polycrystalline
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(a) Graph showing EC-TERS spectra of adsorbed NB on ITO acquired at different potentials. (b,c) TERS voltammograms at different
positions using the 591-cm−1 intensity versus applied potentials. Surface coverages beneath the tip are tens of molecules in panel b and
a few molecules or a single molecule in panel c, respectively. Panels a–c adapted with permission from Reference 40; copyright 2015
American Chemical Society. (d) Reconstructed formal potential EFormal map of an Au nanoplate on ITO. The white dashed line
indicates the boundary between the Au nanoplate and ITO. Panel d adapted with permission from Reference 83; copyright 2019
American Chemical Society. (e) Graph showing EC-TERS spectra of defects on Au(111) at 1.1 V (black) and 1.45 V (green) versus
Pd–H. The blue background highlights the peak area of the Au oxide. ( f, top) EC-STM and (bottom) EC-TERS images of the same
area. The black arrow shows the direction of scanning and the straight white dotted lines separate the lower part, corresponding to a
potential of 1.1 V, from the upper part, corresponding to 1.45 V. The white dotted circles indicate defects on Au(111). The white
L-shaped bars indicate the scale in the horizontal and vertical directions; the scale bars equal 10 nm. (g) Graph of AuOx peak area versus
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electrochemical scanning tunneling microscopy; EC-TERS, electrochemical tip-enhanced Raman spectroscopy; ITO, indium tin oxide;
NB, Nile blue; TERS, tip-enhanced Raman spectroscopy.

ITO. To spatially resolve the heterogeneity of the reduction behavior of NB, EC-TERS mapping
was performed at the boundary between a 20-nm-thick Au(111) nanoplate and an ITO substrate
surface with a spatial resolution of about 40 nm (83). The formal potential E0 was extracted from
the fitting of the TERS voltammogram at each site to construct the reactivity distribution over
the electrode surface (Figure 5d). The mapping result clearly shows that the E0 is more negative
at sites on Au than it is on ITO, indicating a higher reactivity on ITO. The statistical analysis of
the site-dependent E0 on Au and ITO further confirmed this result. Interestingly, the reactivity
difference of the nanograins on ITO could be resolved by a direct comparison of the E0 and the
AFM friction image. Such site-specific reactivity information with nanoscale spatial and few-mV
energy resolutions is not achievable by using conventional spectroelectrochemical methods.
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In addition to molecular reactants, it was found that the active sites of electrocatalysts may
also undergo chemical conversions during the electrochemical reaction. For example, recently
the Domke group (84) implemented EC-STM-TERS to monitor the oxidation reaction of Au
nanodefects on Au(111) before the oxygen evolution reaction with 10-nm spatial resolution. Two
Raman peaks related to the Au oxidation (Au2O,>565 cm−1; Au2O3,<565 cm−1) (Figure 5e) can
be obtained only at the defect sites of Au(111) after applying a positive oxidation potential to the
electrode (1.45 V versus Pd–H) (Figure 5f ). Furthermore, the maximum depth (about 3 nm) of
AuOx at the defects was obtained by linear correlation of the intensity of the EC-TERS spectra
with the height of the nanodefects (Figure 5g).These results clearly reveal that defects on Au(111)
are the electrocatalytically active sites during the Au oxidation reaction and further demonstrate
that EC-TERS is a promising in situ tool to monitor the chemical transformation of catalytically
active sites.

3.3. Characterization of Photoelectrochemical Reactions

The surface plasmon (SP) in the EC-TERS configuration could be used not only to enhance
the Raman scattering process but also to simultaneously drive the SP-assisted photochemi-
cal reactions. Therefore, EC-TERS is an ideal tool for the in situ characterization of the SP-
assisted photochemical reaction. In addition, EC-TERS provides flexible electrochemical con-
trol of the electronic and chemical properties of catalysts, making this technique a potential
method to study the synergistic effect of SP and electrochemistry on reactions at the nanometer
scale.

Recently, we used EC-TERS to monitor in situ an SP-driven decarboxylation reaction at the
nanoscale and resolve the spatial distribution of reactive hot carriers beneath the plasmonic tip
(Figure 6) (85). The time-series TERS spectra (Figure 6a) show that the feature peaks (998 cm−1

and 1,020 cm−1) of TP gradually appeared after the TERS tip approached the 4-mercaptobenzoic
acid (4-MBA)-adsorbed Au(111) electrode, demonstrating that the 4-MBAmolecules beneath the
plasmonic tip had been converted to TP. The potential-dependent TERS spectra indicate that
the decarboxylation reaction was promoted by the positive shift of the potential from −0.7 V to
−0.4 V (Figure 6b) due to the elevation of the energies of hot holes. Because the decarboxylation
reaction is irreversible, the feature peak of TP remained even when the potential was returned to
−0.7 V. In this way, we could flexibly modulate the electrode potential to turn on (before TERS
mapping) or turn off (during TERS mapping) the SP-driven reaction. Thus, we took advantage
of the nanoscale resolution of EC-TERS to visualize the SP-induced reaction region without
further perturbing the reaction during TERS mapping. On considering that the reaction profile
depends on the initial distribution of the hot carriers generated by the localized plasmonic elec-
trical field and the carrier transport, which follows an exponential decay function (Figure 6c),
we obtained the transport distance of the reactive plasmonic hot carriers in real space (∼20 nm)
from the experimentally obtained reaction profile. Furthermore, we found that the profile of the
reaction induced at the negative potential is narrower (Figure 6d), which indicates that the hot
holes with higher energies could be collected only within a shorter distance. These conclusions
could guide the development of SP-assisted photocatalysts by encouraging designs that arrange
the reactant molecules within the transport distance of reactive hot carriers to efficiently collect
and utilize them. This work shows the unique advantages of EC-TERS in the characterization
of SP-assisted photoelectrocatalysis.With further improvements in sensitivity, EC-TERS will be
able to address more interesting and challenging issues in photoelectrocatalytic systems, including
probing the distribution of hot carriers in metal-semiconductor composite photoelectrocatalysts
and identifying the active sites in complicated photoelectrocatalysts.
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(a) Graph of the time-series TERS spectra obtained in 0.1-M NaClO4 (pH 10) after a TERS tip approached an Au(111) surface coated
in 4-MBA. The numbers on top of the graph indicate the peak position. The abbreviations TP and 4-MBA indicate the origins of the
peaks. (b) Graph showing the potential-dependent TERS spectra of 4-MBA. The dashed arrow highlights that the potential is moved
from −0.4 V (green spectrum) to −0.7 V (purple spectrum) while the tip is not moved. (c) Schematic illustration of hot carrier generation
and transport on the surface. The initial generation distribution of the hot carriers follows the localized plasmonic electrical field, and
the carrier transport follows an exponential decay function. Iota (ι) is the transport distance of the hot carriers.N is the number of hot
carriers.N0 and N(x) are the number of hot carriers at the generated site and at the site after transporting for a distance of x,
respectively. The red curve indicates the initial profile of hot carriers generated by the localized plasmonic electrical field. The blue
curve indicates the overall distribution of hot carriers after transport. (d) Graph of profiles of the reaction induced at −0.6 V (red) and
−0.4 V (gray). The lines were fitted using the model in panel c. The fitted transport distances of reactive hot holes are ∼17 nm at −0.6
V and ∼20 nm at −0.4 V. Abbreviations: 4-MBA, 4-mercaptobenzoic acid; TERS, tip-enhanced Raman spectroscopy; TP, thiophenol.
Figure adapted with permission from Reference 85; copyright 2020 Springer Nature.

4. SUMMARY AND OUTLOOK

At present, TERS is the only nanospectroscopy technique capable of working in electrochem-
ical conditions; this provides a unique advantage over nano-IR, which is hampered by the in-
terference of water. The inherent advantages of EC-TERS, that is, nanoscale spatial resolution
and rich chemical information, make it a powerful technique for studying electrochemical inter-
faces, in particular correlating the electrochemical activity of specific sites on a surface with their
nanoscale structures. However, due to the limited enhancement and reproducibility of fabricating
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tips, EC-TERS is mainly applied to the study of some basic and model systems on an Au or Ag
substrate. Once these bottleneck problems are tackled in the near future, the development and
application of EC-TERS to various fields ranging from fundamental research to industrial ap-
plications, such as electrocatalysis, photovoltaics, and fuel cell and lithium ion batteries, will be
boosted.

In the following, we discuss challenges and opportunities within the issues of tips, sensitivity,
and time resolution.

1. TERS tips. Even after 20 years’ development, the TERS tip is still the key determining
factor for TERS, as it plays the dual roles of providing both high-resolution morphologi-
cal information on the surface and enhanced Raman signals. At present, fabricating highly
active TERS tips with high reproducibility is still a great challenge, which hampers TERS
from becoming a standard analytical tool (59). Further work in this field is needed to de-
velop microfabrication methods that allow the batch production of TERS tips with high
reproducibility. Alternatively, focused ion beam (78, 79, 86, 87) or field-directed sputtering
sharpening (88) can be used to finely modify the radii and geometry of the tip apex, ensuring
both high TERS activity and high reproducibility. It is also important to combine efficient
techniques for in situ monitoring of the optical response of the tip, so that it can provide
feedback to guide the fabrication process and improve reproducibility (89).

2. Sensitivity. Though EC-TERS has demonstrated its ability to observe single-molecule be-
havior, the pursuit of higher sensitivity has never stopped. As most (EC-)TERS measure-
ments rely on an Au or Ag substrate that can effectively couple with the tip to provide strong
enhancement, developing single tips with ultrastrong plasmonic enhancement is impor-
tant to achieving noncoupling mode (EC-)TERS.With this, the application of (EC-)TERS
could be extended to more general systems in the fields of energy, materials, and biology
without the use of an Au or Ag substrate to provide plasmonic coupling. The realization of
such a tip requires a comprehensive design for both the optics and the microstructure or
nanostructure of the tip,which requires close collaboration between physicists and chemists.
Nonlinear Raman effects whose intensity increases nonlinearly with increased laser power,
such as stimulated Raman scattering, can also be introduced to enhance the Raman sig-
nal (90). Another potential solution to improve the sensitivity is to adsorb reporter Raman
molecules on the tip to indirectly sense the chemical changes above specific sites (91). This
indirect strategy is especially powerful when the pH and temperature at the reaction sites
change with the electrochemical reactions.

3. Time-resolved (EC-)TERS.The ultimate goal of the electrochemistry and surface science
communities is to monitor the dynamics of chemical reactions at a specific site to reveal
the reaction mechanism.With specially designed detection systems, the time resolution for
SERS has reached milliseconds (92) and even microseconds. However, sensitivity is still
the bottleneck issue for using TERS to acquire Raman signals with a reasonable signal-to-
noise ratio in an ultrashort time. Introducing ultrafast optics to TERSwould simultaneously
enable nanoscale spatial resolution and ultrafast time resolution.

4. Operando analysis. A TERS setup has already been installed in a glove box to ex situ probe
the nanoscale composition of the solid electrolyte interphase on a silicon anode after gal-
vanostatic cycling of a Li-ion battery (93). However, more interesting would be to perform
EC-TERS measurements in a glove box or other atmosphere-controlled environment for
the operando study of the reaction processes of batteries as well as other electrocatalytic
systems. This can be achieved by further improvement in the design of optics and spectro-
electrochemical cells as well as optimization of the experimental protocol.
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5. Combination with other techniques. (EC-)TERS can provide chemical information on
surface species, and it will be able to accurately correlate the chemical, physical, and elec-
trochemical properties of different sites on the surface if it can be combined with such tech-
niques as Kelvin probe force microscopy, scanning electrochemical microscopy, and others.
As a result, it will be possible to clarify the relationships between the structure, properties,
and performance of some important electrochemical systems with heterogeneous structures
including bimetallic materials, two-dimensional materials, and metal-semiconductor com-
posite electrocatalysts.
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