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ABSTRACT: Scanning electrochemical probe microscopy (SEPM) techniques can disclose
the local electrochemical reactivity of interfaces in single-entity and sub-entity studies.
Operando SEPM measurements consist of using a SEPM tip to investigate the performance
of electrocatalysts, while the reactivity of the interface is simultaneously modulated. This
powerful combination can correlate electrochemical activity with changes in surface
properties, e.g., topography and structure, as well as provide insight into reaction
mechanisms. The focus of this review is to reveal the recent progress in local SEPM
measurements of the catalytic activity of a surface toward the reduction and evolution of O2
and H2 and electrochemical conversion of CO2. The capabilities of SEPMs are showcased,
and the possibility of coupling other techniques to SEPMs is presented. Emphasis is given to
scanning electrochemical microscopy (SECM), scanning ion conductance microscopy (SICM), electrochemical scanning tunneling
microscopy (EC-STM), and scanning electrochemical cell microscopy (SECCM).
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1. INTRODUCTION
Today, electrocatalysis plays a key role in achieving
defossilization in minimizing carbon emission and hence in
supporting the ambitious goals necessary to fight climate
change. The electrochemical conversion of abundant small
molecules like H2O, N2, O2, and CO2 into chemical feedstocks
or energy carriers using renewable electricity is considered a
promising approach to the global supply of sustainable
energy.1−6 Consequently, the development of (electro)-
catalysts that can maximize the rates of reaction and minimize
the overpotentials of these conversions is crucial for the large-
scale industrialization of this green technology.7,8 To enable a
rational design of electrocatalysts, an in-depth understanding of
the complex chemical occurrences at the electrochemical
interface during a reaction (e.g., adsorption and desorption,
charge and electron transfer, solvation and desolvation, and
electrostatic interactions) is of high importance and the basis
for engineering and optimizing electrocatalytic systems.2,7,9−11

A holistic study of the interfacial processes demands
measuring kinetic and thermodynamic parameters.12 One
strategy to enhance the selectivity and to investigate the
interfacial electrode−electrolyte composition is to couple
methods for real-time analysis, enabling so-called operando
measurements. The goal of most operando measurements is to
gain in-depth insight into the mechanism of a reaction. To this
end, working under operando conditions has been proposed as
a method that bridges experimental gaps in measurement
conditions between instrumental requirements and realistic
electrocatalytic reactions.13 This approach combines techni-
ques for simultaneously recording independent signals, where
one technique is employed as an actuator for altering the
interface properties (e.g., structure, morphology, activity,
mechanism), while a second technique acts as a spectator to
monitor the resulting changes.14 General aspects of operando
measurements are illustrated in Scheme 1. As such, changes in
chemical or structural compositions are typically monitored

using spectroscopic methods while controlling the reactivity of
the surface with e.g., electrochemical methods. Most applied
operando characterization methods including transmission
electron microscopy (TEM), X-ray absorption spectroscopy
(XAS), X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD), Raman spectroscopy, infrared (IR) spec-
troscopy, mass spectroscopy, online inductively coupled
plasma mass spectrometry (ICP-MS), among others, have
been developed to study electrocatalysts under realistic
reaction conditions.15−17 However, each approach shows its
advantages and limitations. For instance, operando XAS is
sensitive to the local coordination structure and oxidation state
of elements in the catalysts, but it is a bulk technique failing to
reflect detailed information on reactions occurring at the
catalyst surface.18 While operando XRD has been well-
developed, it is often challenging to detect amorphous
structures at the surface of a reconstructed OER electro-
catalyst.19 Considering the advantages and disadvantages, local
investigation of exclusively the catalytically active interface is
one important key to obtain a complete picture of the reaction.
In this regard, scanning electrochemical probe microscopy
(SEPM) has been largely explored in electrocatalysis to shed
light on the mechanism of a catalytic reaction and on the
activity of the catalyst.13,18,20 Besides the advantage of its
inherent high lateral resolution, the use of micro-nano-
electrochemistry in SEPM studies of electrocatalytic activity
circumvents the limiting mass transport condition of conven-
tional/traditional techniques due to the hemispherical diffusion
conditions.10,21−23

Although “operando” is not a typical wording used in the
majority of SEPM investigations, the combination of measure-
ments to invoke kinetics changes on a surface while monitoring
the subsequent effect is a common aspect in many in situ
SEPM analyses. Hence, to clarify this, we here refer to
operando SEPM for SEPM experiments when simultaneously:
(i) an actuator measurement is applied to tailor changes at the
investigated surface, and (ii) the SEPM tip is employed as a
spectator to monitor local changes at the investigated surface
by measuring processes directly or indirectly related to the
surface reaction. In the general case of operando SEPM, two
electrochemical reactions are controlled independently and
simultaneously, where the reaction of interest is invoked at the
sample surface and the SEPM response depends in real-time
on the modulation of the response at the sample surface. In
contrast with macroscopic techniques, the use of operando
SEPM can help to disclose the interfacial dynamics that
influence electrode kinetics and reaction mechanisms. More-
over, the correlation of intrinsic electrochemical reactivity with
the physical and chemical properties of an electrocatalyst is
possible by SEPM mapping or coupling with other techniques.

The literature is replete with review papers on applications
of SEPM for imaging electrochemical processes at interfaces
locally.24−26 Hence, the focus of this review is on the advances
made thus far using SEPM techniques in the field of
electrocatalysis however exclusively concerning operando
measurements, i.e., the simultaneous readout of an actuator
process and a spectator process usually at the tip of the SEPM
method. The discussed SEPM methods comprise scanning
electrochemical microscopy (SECM), scanning ion conduc-
tance microscopy (SICM), scanning electrochemical cell
microscopy (SECCM), and electrochemical scanning tunnel-
ing microscopy (EC-STM).

Scheme 1. Diagram Exemplifying a General Operando
Measurement Which Involves a Spectator and an Actuator
Method Performed Simultaneously, with the Spectator
Response Depending on the Actuator Modulation in Real-
Time
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The review is organized in two sections considering the
preknowledge of potentially interested readers. In the first
section, each SEPM method is presented with respect to
principles and modes of operation as well as potential
applicability. This is complemented by a description of the
prerequisites for operando SEPM measurement conditions
with examples to enable the reader to appreciate the potential
and current limitations of each technique. Moreover, the
diversity of the applicability of the different SEPM techniques
is covered to provide an overview of the limitations of each
technique for the evaluation of interfacial processes. The
second section focuses on the progress in operando SEPM for
electrocatalysis. Measurements as applied to monitor electro-
catalytic processes such as the oxygen reduction reaction
(ORR), the hydrogen evolution reaction (HER), the oxygen
evolution reaction (OER), and the CO2 reduction reaction
(CO2RR) are comprehensively discussed.

2. BACKSTAGE: PRINCIPLES AND APPLICABILITY OF
OPERANDO SEPM

SEPM represents a family of techniques that use an
electrochemical tip or probe to investigate the local properties
of an interface.27 The tip interacts with the surface under
investigation and physical quantities such as current or
potential are determined. SEPM has been employed for
electrochemical studies in corrosion,28−31 single-cells,32−41

batteries,42−48 bioelectrocatalysis,49−51 and electrocataly-
sis.52,53 Generally, the working principle of all SEPM
techniques hinges on the precise positioning of a localized
probe (the SEPM tip) to interact with a surface under
interrogation, allowing one to image and manipulate the
surface with submicron, nanometer and/or atomic scale
precision.54−56 To this end, the SEPM tip plays a central
role in SEPM measurements because its properties (size and
shape) define the resolution and applicability of the particular

Scheme 2. Typical Electrochemical Cell Configuration for the Operation of SEPM Techniquesa

aWE, working electrode; RE, reference electrode; CE, counter electrode; QRCE, quasi reference-counter electrode; colored curved arrows indicate
an electron-transfer reaction recorded at the WE 1 (orange arrows) and WE 2 (red arrows). (a) Four-electrode SECM cell, where a disk-shaped
micro/nanoelectrode is the SECM tip (WE 2). An electron-transfer reaction at the tip generates the SECM tip current, which is modulated by the
underlying surface (WE 1). (b) SICM two-electrode configuration, in which one QRCE is inserted inside the filled nanopipette (SICM tip), while
the other QRCE is immersed in the sample solution. A potential is applied between the QRCEs, and the SICM tip current is related to the ion flux
through the aperture of the capillary. (c) A sharp EC-STM tip is employed as working electrode (WE 2) in a four-electrode cell configuration. The
tunneling current is the set point for the EC-STM, due to the electron-transfer tunneling between the surface (WE 1) and the tip. (d) In the case of
SECCM, the electron-transfer reaction occurs directly on the investigated surface (WE 1). A single-barrel or double-barrel pipette is filled with the
electrolyte, and a QRCE is inserted in each channel. The SECCM tip droplet confines the electrochemical cell. In the double-barrel configuration, a
potential is applied between the two QRCEs to achieve the set point, while the sample potential is applied between the sample and the QRCEs.
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SEPM technique.54 Note, millimeter resolution and non-
scanning techniques such as the scanning vibrating electrode
technique (SVET)57−59 and single nanoparticle electro-
chemical impact (SNEI) measurements,60−63 which, although
powerful tools used to investigate corrosion and electron-
transfer processes, are not included in this review.

SEPM tips can be divided into solid and pipette-based
probes. For instance, tips used for EC-STM measurements
consist of a very-sharp metal or an alloy that allows resolutions
down to the atomic level.64−67 Likewise, SECM tips are solid-
based and predominantly made of platinum, gold, and carbon-
based disk-shaped electrodes allowing resolutions in the
micrometer to nanometer range. Surface-modified micro/
nanoelectrodes are also employed in SECM to increase
selectivity during amperometric or potentiometric measure-
ments.26,54,68−72 Electrolyte-filled pipettes are employed in
SICM and SECCM in which case the resolution (which
reaches the nanometer range) depends on the aperture of the
pipette.73,74 In coupled SEPM techniques (e.g., SECM-SICM),
solid- and pipette-based probes are merged into a single tip.75

Besides the SEPM tip, the positioning unit which enables
precise control of tip movement in the x-, y-, and z-directions
relative to the investigated surface is of high importance.54,68,76

The positioned tip monitors signals whose magnitude
corresponds to the tip-to-surface distance, which need to be
compared with a reference value, known as the set point or
feedback signal. For image generation the set point needs to be
established, and as the tip scans the surface of interest, a
feedback loop compares the measured signals (i.e., faradaic or
capacitive signals for SECM and SECCM, ion current for
SICM, and tunneling current for EC-STM) with the set
point.54,68,73−77

The main goal is to demonstrate the general principles and
the limitations associated with the use of operando SEPM.
Table 1 and Scheme 2 resume the general aspects and cell
configurations of each SEPM technique discussed in this
review. The intention is to present a snapshot of the general
principles and to give the reader an overview of the capability
of each SEPM technique for performing in situ measurements
as well as the possibility of simultaneously coupling
independent techniques to achieve operando conditions. The
applicability of operando SEPM is exemplified also with studies
not addressing specifically electrocatalysis to give the reader a
general overview of principle operando capabilities, while
examples of operando SEPM electrocatalysis are covered in the
next section.
2.1. Scanning Electrochemical Microscopy

SECM was first reported in 198954,78 and has since become a
robust and largely explored SEPM technique for electro-
chemical investigations. The SECM technique uses a micro/
nanoelectrode as a probe, typically a metallic disk-shaped
electrode encased in an insulating body. Scheme 2a shows a
SECM electrochemical cell in which WE1 and WE2 are
controlled independently. The principle of SECM is to register
the electrochemical conversion of free-diffusing species under
diffusion-limited conditions, such that the current recorded at
the tip during the lateral and vertical interrogation of the
interfacial region is invariable with time. The SECM tip current
results either from a faradaic process or a non-faradaic process
that occurs at the tip surface and is dependent on the distance
between the tip and the sample.54 Thus, one of the limitations
of SECM is that when the tip scans laterally (x- and y-

directions) over the surface at a constant height without
variations in the z-position of the tip, the recorded current
contains contributions from the sample topography. Deconvo-
lution of these two contributions is the primary motivation for
coupling SECM with other techniques to independently adjust
the working distance and obtain a constant distance mapping
condition. The tip−sample interaction condition occurs when
the polarized microelectrode is positioned very close to the
sample surface such that the diffusion layer of the tip is
modulated by the presence of the sample. The sample, on the
one hand, acts as a physical barrier to the diffusion of species to
the tip. Furthermore, the sample can locally perturb the
composition/flux of species reaching the tip by consuming or
releasing material. Under this condition, the sample surface can
be unbiased or polarized (WE2) simultaneously with the tip,
ensuring that the operando condition is intrinsically achieved
as the tip and surface are modulated independently. The
analytical aspects of SECM,83 its versatility for nanoscale
studies,84 applications in heterogeneous electron transfer,23,26

and biological processes have been reviewed.85,86 The
operation of SECM modes depends on the electrochemical
processes occurring at the tip and the sample surface. In the
ensuing sections, the main SECM modes and hybrid
techniques are described. We also highlight the conditions
that qualify a particular mode as an operando measurement,
where the SECM tip acts as a spectator while the WE1 is
employed as an actuator (Scheme 1).
2.1.1. Feedback SECM Mode. The feedback mode (FB)

is the most commonly used operational mode of SECM, where
due to the feedback effect, the sample does not necessarily
require polarization to enable the local biased tip-to-sample
electron-transfer kinetics.68,87 The tip current depends on
faradaic processes involving electroactive species like freely
diffusing reversible redox couples (redox mediators) in the
electrolyte. In the bulk solution, when a disk-shaped micro-
electrode is polarized at a potential, at which the mass
transport is limited by diffusion of the species, then the current
follows the equation for hemispherical diffusion:54

i nFDCr4bulk = (1)

where ibulk is the measured current at the tip at positions far
from the sample surface, n is the number of transferred
electrons involved in the electrochemical reaction, F is the
Faraday constant (s·A·mol−1), D is the diffusion coefficient of
the electroactive species (m2·s−1), C is the concentration of the
electroactive species in the bulk (mol·m−3), and r is the radius
of the electroactive surface of probe/tip/microelectrode (m).

When the SECM tip is moved toward the sample surface,
the species generated at the tip during the electrochemical
process diffuse to the surface of the sample. Once the species
of the reversible redox couple are confined within a thin layer,
a small overpotential is generated, sufficiently high to facilitate
electrochemical reactions at the surface of a conductive sample.
This phenomenon is called positive feedback, as countless
cycles occur between the tip and the conductive surface,
leading to a higher SECM tip current in comparison to the
value measured at far working distance.54,78 The extension of
the feedback effect depends on the kinetics of the electro-
chemical conversion on the conductive surface and can be
calculated.68,88,89 When the substrate is an insulator or the tip
reaction yields a non-electroactive species, the SECM tip
current decreases as it approaches the substrate, because the
diffusion of the electroactive species is hindered by the
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insulating walls of the SECM tip and the sample surface. This
effect is known as hindered diffusion or negative feedback and
is entirely dependent on the size of the microelectrode.54,90

The negative feedback is used to map topographical features,
while the positive feedback mode is used to assess the electron-
transfer ability of the sample surface.54

As the FB mode does not necessarily require that the sample
is polarized, an external or additional method/technique must
be incorporated simultaneously to conduct operando measure-
ments. As an example, operando FB mode was used to follow
the growth of the insulating character of the solid-electrolyte
interphase on battery materials.91 The SECM tip was
positioned at a working distance using the feedback effect on
an anatase TiO2 paste, and the oxidation of ferrocene was
performed at the tip while the potential at the battery surface
was scanned to invoke the formation of the solid-electrolyte
interphase. The potential at which the electrochemical
processes on the TiO2 paste occurred to generate the
insulating film, were monitored by the drastic changes of the
feedback current at the tip.91

2.1.2. Generation−Collection SECM Modes: Substrate
Generation−Tip Collection and Tip Generation/Sub-
strate Collection Modes. The generation−collection (G-
C)87,92,93 mode of SECM is carried out in a four-electrode
electrochemical cell or with two separate electrochemical cells.
The principle of the G-C mode relies on the generation of an
electroactive species at a biased substrate (or tip), which
diffuses and gets detected or collected electrochemically by a
simultaneously polarized tip (or substrate). Thus, the G-C
mode is, in principle, considered operando, even though the
SECM community rarely used this term. During the substrate
generation−tip collection (SG-TC) mode experiments, the
SECM tip is polarized at a defined potential to collect
substrate-generated species while the potential at the substrate
is scanned.93

The SG-TC mode was explored extensively to map the local
electron transfer at electrode surfaces.94,95 Interfacial processes
during the OER on irradiated semiconductor materials for
photoelectrochemical cell applications have been studied via
the SG-TC mode to screen n-type W-doped BiVO4, and to
determine the effective heterogeneous electron-transfer con-
stant of semiconductor materials.96,97 Moreover, the SECM tip
can also be employed as a local generator in the TG-SC mode,
and most of the species generated at the small tip are collected
by the polarized sample surface. Under this condition, the
collection efficiency is about 1, which is a difficult value to be
reached with conventional rotating ring-disk electrodes.98−102

The SG-TC-SECM mode has also been used to monitor the
activity of biological samples like cells and enzymes,103,104

although the increased complexity associated with modulating
the activity of the biological samples makes it difficult to meet
the operando condition.
2.1.3. Redox Competition SECM Mode. Although

previously reported in the context of numerical simulation at
a heptode SECM tip,105 the feasibility of the RC-SECM mode
was first employed experimentally to locally visualize the
catalytic activity of surface-confined noble metal catalysts
toward the ORR.106 In the RC mode both the SECM tip and
the substrate compete for the same electroactive species
present in the electrolyte.106−109 The RC mode, like the two
G-C modes, is an “intrinsic” operando measurement because
two independent signals are employed to modulate the
reaction on the substrate and the SECM tip simultaneously.

The RC mode was used to study corrosion processes,110,111

enzyme activity,112−114 ORR activity of catalysts,115−117 and to
evaluate the rates of respiration in cells and biological
entities.36−38,118−120 In a particular study, local oxygen
consumption rates calculated by SECM measurements via
the RC mode showed that the reproductive organ of C. elegans
was responsible for the observed oxygen consumption,
indicating the high energy demand of reproduction for adult
worms.37 A similar approach was used to follow oxygen
consumption due to mitochondrial activity.38 Specific
mitochondria inhibitors were added to the electrolyte
containing the cells and the measured SECM tip current
showed a variation in the oxygen consumption rate by the cells.
2.1.4. AC-SECM or Local Electrochemical Impedance

Spectroscopy (LEIS). In the AC-SECM mode, a sine
potential wave (AC) is applied to the SECM tip enabling
the acquisition of localized electrochemical impedance spectra
as a function of spatial position.121−125 The tip response in the
AC-SECM mode also depends on the working distance
between the electrode and the sample surface. During AC-
SECM, when the tip is brought closer to an insulating surface,
the electric field lines are blocked by the tip leading to a
significant increase in the measured impedance. Conversely,
when the tip is moved toward a conducting surface, the field
lines can pass through the conducting sample to the counter
electrode thereby reducing the measured impedance. The
observed effect depends on the properties of the conducting
surface and the resistance of the solution. In the case of low
salt concentration, the pathway of lowest resistance for charge
transfer is through the conducting surface, especially at high
frequencies. Consequently, the measured impedance at the tip
decreases as a function of the working distance. In any case,
adequate fitting to equivalent circuits is necessary to extract
quantitative and physically meaningful information. An
advantage of the AC-SECM is that, unlike the FB mode, no
redox mediator is required to map the topography of the
sample.123,126 Hence, AC-SECM measurements can be used to
decouple topographical effects during kinetic evaluations of
surfaces.
2.1.5. Surface Interrogation SECM Mode and Direct

Mode of SECM. The surface interrogation (SI) mode was first
described in 2008 to quantify surface-adsorbed species at the
substrate electrode.127 The technique involves first the
generation of a surface intermediate on the substrate by
biasing the substrate, followed by a switch of the substrate to
open circuit potential and finally the polarization of the tip to
generate a redox pair which then reacts with the surface-
adsorbed species.128−130 The SECM tip follows a positive
feedback effect due to the diverse redox cycles occurring
between the tip-generated species and the adsorbed species.
The SI-SECM mode can quantify an interfacial modification
when the redox cycle is complete or when the depletion of
adsorbed species on the sample surface occurs.131 The SI-
SECM mode was applied to quantify adsorbed CO,132,133

hydroxyl radicals during water oxidation,134,135 and other
molecules.136−138

The direct mode of SECM is used to pattern surfaces and
also acquire topographic images.139−142 In this mode, the
SECM tip works as a counter electrode while the substrate is
employed as the working electrode. The reaction taking place
at the tip locally modifies the sample surface, making the direct
mode an ideal strategy for constructing microstructures on
films or surfaces.143−145 To the best of our knowledge, no
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operando studies with SI and direct SECM modes have been
reported.
2.1.6. SECM Hybrid Techniques. SECM is a dynamic

technique and coupling it to other techniques allows the
acquisition of a plethora of information in a single experiment.
Complementary SECM techniques can be applied to correlate
an additional property (structural or chemical information) to
the electrochemical property. Contrary to the use of several
techniques in sequence to analyze the interface, we focused
here on the coupling of a technique with SECM to perform
operando measurements. As explained before, SECM is
normally coupled with other independent methods to
deconvolute the topographic contribution of the SECM tip
response during mapping. AFM, SICM, and shear force
positioning have been coupled with SECM to overcome this
bottleneck.75,146−166 Such approaches have been essential in
the study of biological materials.167−169 Strategies to
deconvolute SECM tip topographic contribution from the
electrochemical activity are still hot topics under discus-
sion.170,171 Although the clear advantage of coupling methods
to deconvolute the topographic contribution, the independent
additional method is mostly performed in a sequence of
measurements with the SECM and not simultaneously,
therefore the measurement is not intrinsically an operando
method. The coupling of SECM with potentiometric sensors
and double-barrel electrodes, SECM tips have been employed
to control the tip positioning while mapping local information
with the tip. Local information such as pH, magnesium ions,
potassium ions or metal ions concentrations has been mapped
using this approach.172−174 Recently, a multibarrel SECM tip
containing a pH sensor and a Mg2+ ion-selective electrode was
employed to map the spontaneous corrosion process at the
interface of a magnesium alloy.175

A combination of SECM and quartz crystal microbalance
(EQCM) was proposed as an operando approach to correlate
the changes in mass with the local electrochemical
activity.176−179 Copper ions were monitored using the SECM
tip positioned in the vicinity of an aluminum alloy interface,
while a cyclic voltammogram was performed at the substrate
and the EQCM results were correlated to the corrosion rate.180

A similar strategy was adopted to monitor the evolution of iron
pitting corrosion.181,182

SECM was also coupled to Raman spectroscopy to analyze
the changes in chemical properties while modulating electro-
chemical processes on the surface.183−186 The operando
SECM-Raman analysis was recently applied to interrogate a
self-assembled monolayer with high structural-pH sensitiv-
ity.185 The local pH was modulated by the HER on the SECM
tip and the Raman analysis registered changes of the
protonated state of a modified self-assembled monolayer on
the surface. Additionally, SECM was combined with optical
techniques, such as surface plasmon resonance (SPR)187−189

and infrared,190,191 fluorescence, and chemiluminescence
spectroscopies192−195 to study molecular changes on surfaces,
electrodeposition processes, or film thickness changes.

Strategies to modify the tip functionality were also used to
derive information with an enhancement in selectivity. In
scanning photoelectrochemical microscopy (SPECM) a
focalized light source is coupled to locally illuminate the
SECM analysis.196−201 For instance, photocurrents of an
irradiated BiVO4/FTO semiconductor surface were monitored
while the SECM tip measured the local photoelectrocatalytic

activity through the oxygen evolved from the semiconductor
surface.196

The above discussions show how SECM/hybrid techniques
can be employed to correlate interfacial processes to local
electroactivity.
2.2. Scanning Ion Conductance Microscopy (SICM)

SICM was introduced by Hansma and colleagues in 1989, as a
high-resolution and noncontact imaging SEPM technique for
the investigation of samples.73 The technique uses an
electrolyte-filled nanopipette as a scanning probe and relies
on the flow of ionic current between an electrode inside the
nanopipette and a second electrode immersed in the bulk
solution or electrochemical cell to create a surface-sensitive
feedback signal. Topographical information on the sample is
obtained by scanning the nanopipette or probe over the
interface in the x- and y-directions. Fluctuations in the flow of
ionic current are used to monitor the position of the tip
relative to the substrate surface.73

During operation, a DC or an AC potential is applied
between two wires: one wire, typically Ag/AgCl, is inserted
into the SICM pipette and the other wire is immersed into the
electrolyte of the electrochemical cell outside of the nano-
pipette channel. Scheme 2b illustrates the SICM tip and the
two wires as QRCE, with the blue arrow representing the ions
movement and no electron-transfer reaction occurring at the
pipette aperture. The resulting current is caused by the
movement of ions through the SICM tip aperture, which serves
as a resistor to the ionic flux.202 Once the pipette is moved
toward a surface, the ion flux is physically blocked when the
aperture is some nanometers close to the substrate. At this
point, the monitored ion current decreases due to the
increased resistance and this variation defines the set point
for controlling the SICM tip position.203,204 SICM topographic
maps are obtained by correcting the tip height (z-direction) to
reach the set point. In contrast to SECM microelectrodes, the
simple SICM pipette fabrication allows the preparation of
nanometer-sized tips. For this reason, SICM is a high-
resolution technique, capable of measuring the topography of
nonconductive surfaces,205 and mapping activities of soft
samples such as cells,205−210 in contrast to AFM.211

2.2.1. SICM Modes of Operation. In addition to the DC
or AC modulation of the ion flux into the SICM tip strategies
are employed to allow imaging beyond highly resolved
topographic maps. The capability to map the topography of
highly ordered porous silicon functionalized with lipid
membranes was shown using noncontact DC-SICM including
the manipulation of the soft membranes.212 Due to drifts
encountered using the DC-SICM current response, the
positioning stability can be increased by employing AC-
SICM. During AC modulation, the set point is reached when a
small variation of the tip response is detected. Typically the AC
modulation is imposed using an AC potential signal or a
physical tip vibration in the vertical direction.203,213,214 The
variation in AC is coupled to topographic acquisition while the
variation of the DC ion current is related to the charge transfer
property of the surface. As an example, vibrations in the
vertical direction were used to record topographic images of
pores on polymeric membranes while the DC ion current was
correlated to the transport of KCl through the pores.215

Instrumental advances have made it possible to carry out
electrochemical impedance experiments to image the local
capacitance and topography of a gold nanoparticle.216
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Advances in DC-SICM and pulse-mode SICM have been
proposed as routes to improve the SICM mapping and applied
to monitor volume changes in cells.217,218 In parallel, modified
nanopipettes were developed to record the ion current
rectification (ICR).219−223 With this approach, the SICM
sensitivity is increased due to specific ion interaction with the
modified aperture.219−223 The correlation of changes in the ion
current of functionalized nanopipette pores to the presence of
ions was demonstrated by measuring variations in ICR due to a
KCl concentration gradient224 and at different pH con-
ditions.225 Moreover, a modified lipid bilayer SICM pore was
reported and used to map the diffusion of β-cyclodextrin
through a glass micropore.226 Furthermore, the possibility to
set up an SICM experiment in a configuration similar to the
patch-clamp technique paves the way for SICM to be largely
explored in the biophysical analysis of cells.227−231 Recently,
SICM tips were inserted into a macrophage cell, and
intracellular events such as nanoparticles and vesicle collisions
were monitored.232

Although the high capability of SICM to record topography
with high resolution is widely explored, the correlation of
electrochemical activity to surface properties is complex using
SICM alone. A strategy adopted to overcome this is to conduct
the measurement in a low ionic strength electrolyte, allowing
the double layer of the SICM tip to interact with the charged
substrate.220,233 This way, the SICM tip response can then be
correlated to surface reactivity.

The use of surface charge mapping was demonstrated on
living cells,234−238 films,239,240 and electrode surfaces.241−243

Recently, operando SICM was employed to simultaneously
map the surface charge, reactivity and topography of a carbon
fiber microelectrode surface.242 In this operando SICM case,
the SICM tip is employed as the spectator while the surface
activity is modulated by an electrochemical method (Scheme
1). Moreover, Unwin’s group showed that electroosmotic flow
controls the flux of uncharged molecules within the SICM tip,
in contrast to the flux of charged molecules, which is easily
controlled through the migration effect. The role of a biased
underlying surface on the ion current was also interrogated and
the mass transport and flow rate of species were quantified
using simulation tools. This work showed that besides voltage,
pipette wall charge, and working distance, the ion flux through
the SICM tip also depends on the substrate surface charge.242

Besides the richness on the information on charge mapping,
the exploration of using operando SICM during modulation of
the surface was not extended to any electrocatalysis study.
2.2.2. SICM Hybrid Techniques. As pointed out before,

SICM is a great tool to provide stable and great control of the
tip positioning. Due to this unique functionality, SICM was
coupled with other techniques like SECM, as this compensates
for the lack of selectivity of the SICM measurements, and also
serves as a strategy to deconvolute the topographic
contributions from the SECM tip response.75,157,244 As
discussed in the SECM section 2.1, to adjust the tip height
by means of the SICM response and acquisition of the
electrochemical information by SECM response is commonly
performed sequentially (not operando).

The same hybrid strategy was used by coupling a
potentiometric sensor to the SICM tip,245,246 and in a typical
example, a dual function tip was used to record the local pH
value and the topography: one channel of the double-barrel
electrode was modified with a potentiometric iridium oxide

sensor to record the pH map, while the SICM tip channel
corrected the working distance over a calcite microcrystal.247

SICM hybrid techniques were also employed to image living
cells by coupling SICM to near-field optical microscopy248 and
confocal microscopy.249−254 The confocal microscopy SICM
approach was used to target fluorescing molecules and to
correlate changes in the topography of cells. A hybrid confocal
microscopy SICM was applied to monitor the topographical
changes due to a virus-like particle assembly on a cellular
membrane.255 A protein that induces the formation of a virus-
like particle was labeled with fluorescent molecules. The
topographic changes were correlated to the virus-like particle
growth mechanism, as well as the release event. The obtained
results were an important step in the elucidation of the
replication mechanism of the virus.
2.3. Electrochemical Scanning Tunneling Microscopy
(EC-STM)

Scanning tunneling microscopy (STM) was proposed by
Binnig and Rohrer at the beginning of 1980 as a technique for
imaging the topography of samples with atomic resolution.76

For that, a sharp metallic tip is slightly polarized against the
underlying conductive sample, and when the distance between
the very end of the STM tip and the surface reaches a distance
in the atomic range, electrons can flow due to the tunneling
effect.256,257 The electron flow initiates a tunneling current
which is adopted as the set point to control the working
distance. The STM technique can image surfaces with atomic
resolution because of the very sensitive interaction between
atoms of the STM tip and the sample surface.258 Advances in
STM have enabled measurements in aqueous solution, making
it possible to monitor structural changes due to surface
polarization.81,259 This condition is called electrochemical
STM (EC-STM or ESTM) and it was proposed to monitor
redox processes on surfaces by adding a high-impedance
reference electrode in a four-electrode cell configuration (2
WE, 1 CE, 1 RE) and illustrated in Scheme 2c.260−263 In this
configuration, the potential can be applied independently at
the conductive surface and the STM tip, in a similar manner as
in the G-C mode of the SECM. One limitation of the EC-STM
is the difficulty to deconvolute the tunneling current from the
faradaic process at the tip. A strategy frequently used to offset
this challenge is to partially coat the body of the EC-STM
probe (but not the tip) with an insulating layer, such as nail
varnish or Apiezon wax,154,264 to reduce the area exposed to
the electrolyte. The insulating layer is illustrated as a black
cover on the EC-STM tip in the Scheme 2c). As faradaic and
double-layer charge−discharge currents depend on the surface
area, this approach is adopted to minimize such currents with
respect to the tunneling current.265,266 Another strategy is to
keep the tip at the same position while the potential on the
surface is scanned. The scanning tunneling spectroscopy (STS)
is a deviation of EC-STM, where the applied potentials on the
sample are interpreted as energy levels and scanned to obtain
an electronic spectrogram. This strategy was widely utilized to
study electron-transfer reactions on Au substrates, where the
enhancement of the tunneling current was correlated to the
reactivity of the surface.267−271

2.3.1. EC-STM Modes of Operation. The typical
operation of EC-STM is based on approaching the STM tip
toward the surface until a tunneling current is detected and
used as the set point. The main feature of STM is to acquire
the morphology of the investigated surface with atomic
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resolution.272 The STM map is built by adjusting the STM
position in the vertical direction (z-axis) to reach the same set
point value. In contrast, the STM image can also be recorded
by keeping the vertical distance (z-axis) constant and recording
the tunneling current at each x−y-position. This strategy
reduces the image acquisition time, however, the surface
morphology should not be rough. Most of the EC-STM
measurements are done by using the constant tunneling
current mode, which is a powerful tool for investigating
electrochemical processes like adsorption,273−275 passiva-
tion,276−278 and corrosion279 of surfaces. One of the limitations
of EC-STM is the slow scanning process, which makes it
difficult to couple measurements simultaneously for operando
studies. For this reason, in situ analysis is often used to evaluate
morphological changes on surfaces, such as to investigate
protein/enzyme covered surfaces,280−284 metallic crystalline
interfaces,272,285 electrocatalysts,286−288 and battery materi-
als.289,290 EC-STM was employed to study the topographical
changes on highly oriented pyrolytic graphite (HOPG), that
was polarized to invoke intercalation of Li ions.289,290 The
results indicated that the exfoliation process took place at the
HOPG edges instead of at the basal planes. Recently, Wan and
Wang used the approach of sequentially polarizing the surface
and intermittently acquiring EC-STM images to study the
mechanisms of CO2RR and ORR on an adlayer of a cobalt-
phthalocyanine catalyst on a gold surface.291,292 In parallel,
Itaya’s group used EC-STM to investigate the correlation
between the morphology and applied potentials in the
formation of regularly patterned adlayers of Zn(II)-
phthalocyanine and a zinc metalloporphyrin on the crystalline
surfaces of Au(111) or Au(100).293 It was shown that the
assembly of fullerene molecules was dependent on the packing
arrangement of the adlayer, which is also influenced by the
crystallographic orientation of Au. Another interesting study
used in situ EC-STM to follow the changes in the HOPG
morphology during the solid-electrolyte interphase (SEI)
formation.294 The topographical changes during electrolyte
reduction and film deposition were monitored, as well as the
intercalation processes of Li ions and solvent molecules into
the resulting surface. Moreover, the operando conditions
employed allowed for the concurrent acquisition of STM
images and potential programs on the HOPG surface. The
overlay of the STM image with the potential scans showed a
clear potential dependence of the surface processes, such as
material deposition and surface morphological changes. After
sequentially scanning the potential of the surface, a potential
limit was found where the changes in surface processes became
irreversible, which was attributed to the reduction process of
the electrolyte anion.

These studies demonstrated the capability of the EC-STM
to correlate morphological changes to the electrochemical
activity of interrogated surfaces.
2.3.2. EC-STM Hybrid Techniques. One of the

limitations of EC-STM is the convolution of the tunneling
current with the faradaic processes occurring at the EC-STM
tip. Consequently, EC-STM has been coupled with SECM to
overcome this bottleneck.295 In this case, a single tip is
employed with a dual function of acting as an EC-STM tip to
image the surface morphology and as an SECM tip to register
the local electroactivity of the surface. After the positioning
step, the tip is retracted to a working distance where there is no
tunneling effect but is still in the range of the SECM set point.
The applicability of SECM/EC-STM to image the topography

and reactivity was demonstrated on a self-assembled
monolayer (SAM) on gold by the feedback effect.295 Soriaga’s
group employed a hybrid EC-STM/DEMS technique to follow
changes on a polycrystalline Cu surface in basic medium and
under an applied potential to promote CO reduction.296 The
products of the reduction reaction were detected by differential
electrochemical mass spectrometry (DEMS). The hybrid EC-
STM/DEMS analysis was used to correlate the observed low
activity of ethanol generation to the ordering process of the
Cu(100) lattice over Cu(110), in comparison to the Cu(110)
on the polycrystalline surface.296

2.4. Scanning Electrochemical Cell Microscopy

Scanning electrochemical cell microscopy (SECCM), some-
times also called scanning micropipette contact method
(SMCM), is a pipette-based tip technique capable of imaging
surfaces with a lateral resolution in the nanometer ranges. As a
result, SECCM has become a powerful tool for investigating
electrochemical properties in single entity/sub-entity stud-
ies.297−299 The principle of the technique is to confine the
electrochemical cell in a droplet (protruding from the end of
the nanopipette aperture), which is brought in contact with the
interrogated surface. In contrast to SECM, SICM, and EC-
STM, SECCM operates in air or an immiscible solution.
Hence, the sample is not entirely immersed in the electrolyte
before the local measurement is made. The colored back-
ground in Scheme 2a−c represents the electrolyte, indicating
the absence of an electrolyte covering the sample in the case of
SECCM (Scheme 2d). The electrochemical processes in
SECCM take place exclusively on the probed surface providing
direct electrochemical activity imaging. The SECCM tip is
typically a single-barrel micro- or nanopipette containing the
electrolyte and a quasi-reference counter electrode (QRCE).
During measurements, a potential is applied between the
QRCE and the conductor/semiconductor surface under
interrogation. The set point is reached with the flow of a
non-faradaic current caused by the contact of the hanging
droplet to the surface (note: the pipette tip never touches the
surface). Like in the SICM, an AC-modulated current caused
by tip vibration is implemented in SECCM measurement for
tip positioning. In this configuration, a double-barrel pipette
(theta capillary) is used as SECCM tip with QRCEs inserted in
each channel (see Scheme 2d). A potential is applied between
the QRCEs, and the modulated ion current is then used as a
set point. Before the contact between the hanging droplet and
the surface is achieved, the modulated ion current is constant,
and once there is contact, the ion current changes in its
magnitude and oscillates with the same frequency as the tip
vibration due to the droplet deformation. The magnitude of
the resulting AC current is used to control the tip-to-surface
distance. In the case that the interrogated surface is a
semiconductor/conductor, an additional (floating) potential
can be applied between the QRCEs and the sample. By
adjusting this potential, the electrochemical processes occur-
ring at the sample surface, which is wetted by the droplet, can
be measured. Details of SECCM instrumentation have been
reviewed.74,299,300 Scanning is performed either in a constant
distance mode by adjusting the magnitude of the ion current
signal with the SECCM tip position, or in a hopping scanning
mode where the tip is withdrawn far from the surface and
reapproached at each x−y-position. The latter is essential for
single-barrel SECCM configurations because it prevents tip
crash on rough surfaces.301
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The general limitations of all SPEMs such as long scanning
time and noise level in single-entity studies are also present in
SECCM. The use of smaller SECCM tips leads to a reduction
in the noise level because such tips wet smaller electrochemical
areas, which increase the signal-to-noise ratio. This approach
was explored to record the electron-transfer reaction on
nanoparticles82,302,303 and events of single nanoparticle
electrochemical impacts (SNEI).304,305 A strategy of coupling
optical microscopy to SECCM to follow events during
electrochemical measurements was proposed by Hill et
al.306,307 for reducing the typical extended scanning time.
The optical image was employed to visualize Au nanorods on a
transparent electrode surface, i.e., indium tin oxide (ITO). By
using a LABVIEW program, the electrochemical measurements
were performed just where a particle was visualized. The
strategy reduced the scanning time and improved the sample
throughput compared to the typical scanning-tip approach.306

Developments in SECCM are still in progress, and the
power of the technique is enhanced when local electrochemical
data in tandem with data treatment and simulations are used to
calculate intrinsic properties. In addition, some technical and
instrumental improvements are still under discussion. For
example, recently strategies were shown to measure electro-
chemical impedance spectra,308 acquire high-speed images,309

and use amplified signals to achieve high temporal
resolution.310 Moreover, effects of experimental parameters
such as the impact of the ohmic drop on the applied
potential311 or the possibility of contamination from the Ag-
QRCE312 were described.
2.4.1. SECCM Operation Modes and Applicability.

During SECCM measurement, the tip performs a direct
electrochemical interrogation of electron or charge transfer
reactions on the sample surface in a single electrochemical cell
configuration (see Scheme 2d). This is in contrast to SECM,
SICM, and EC-STM, where the SEPM tip works generally as a
spectator to probe the surface properties. The intrinsic
operation of SECCM complicates the possibility of combining
it with other techniques to perform operando measurements
(Scheme 1). Although SECCM, hitherto, has not been coupled
with other electrochemical method for operando measure-
ments, the use of optical probes to modulate surface activity
was suggested as actuator method. In this approach, the sample
surface is irradiated to induce changes in surface activity while
the SECCM tip acts as a spectator. The operando optical/
SECCM approach was explored for studying the photo-
electrochemical activity of semiconductors. Differences in the
photoelectrochemical activity of TiO2 and transition metal
dichalcogenides such as MoS2 were evaluated by performing
measurements in dark and light conditions in the presence of a
redox mediator.313−315 The lack of operando SECCM is most
likely due to the high complexity of the experimental design of
coupling techniques.

It is worth noting that its applicability has been extensively
demonstrated to directly probe electrochemical processes on
surfaces at high resolution.316 The electrochemical activity was
p r o b e d u s i n g r e v e r s i b l e r e d o x s p e c i e s ( e . g . ,
hexaammineruthenium(III), ferrocenium, ferrocene trimethy-
lammonium) to establish the structure−activity relationship in
single entity studies.317 SECCM was extensively used to
acquire high spatial resolution maps to elucidate differences in
electrochemical activity between phases and grain boundaries
of many polycrystalline materials such as platinum,318,319

palladium,320 gold,321−323 copper,28 or boron-doped dia-

mond324−327 surfaces. SECCM in tandem with simulations
was used to spatially map electron-transfer kinetics parameters,
like the Tafel slope and the heterogeneous electron-transfer
rate constant.328−330 The sensitivity of the SECCM for local
activity measurement was demonstrated and used to differ-
entiate the surface activities of glassy carbon331 and graph-
ite.332−335 Two-dimensional materials, such as gra-
phene,336−339 MoS2,340,341 and other transition metal dichal-
cogenides341,342 were also investigated by SECCM. The
studies demonstrated the presence of heterogeneous activity
at different sites such as defects, edges, and basal planes. The
results further showed that the local activity depends on the
number of layers of the 2D material. These findings reveal the
capability of SECCM to disclose the role of surface conditions
on the activity of materials.

Moreover, SECCM is a powerful technique for monitoring
the activity of electrocatalysts, allowing the correlation of
topography/structure with electrocatalytic activity. The high-
throughput characterization potential of SECCM helps to
study the intrinsic activity and the kinetic of electron-transfer
processes. Catalyst materials for the HER that have been
interrogated include transition metal dichalcoge-
nides,323,331,341−345 bimetallic materials such as FeNi,346

Au,323,347,348 Pt,303,349−354 Zn,355 ITO, doped graphene,339,356

boron-doped diamond,326 and low-carbon steel.357 SECCM
has also been used to study the ORR,28,82,323,326,358−361 the
OER,309,362−364 and the CO2RR.321,322,365,366

In addition to decreasing the probed area, SECCM tip
droplets can also be employed as a tool to modify surfaces with
high spatial precision. Such strategies have been used for local
deposition,367,368 etching,369,370 as well as to fabricate thin film
metal oxides371,372 and polymers.373−375 The small area
confined by the SECCM tip droplet is an important feature
that allows high mass transport rates of materials coming from
the pipette aperture to the interrogated surface. For this
reason, SECCM is used to study slow kinetic processes, such as
charge transfer on lithium-ion battery materials.302,376−382

Adaptations of the experimental conditions of SECCM are in
progress to enable further studies for lithium-ion batteries
materials. Recently, SECCM studies were carried out in an
argon-filled glovebox,383 and using aprotic electrolytes.384

Moreover, SECCM was also employed to monitor corrosion
processes by recording polarization curves and revealing the
susceptibility of crystallographic phases to the corrosion of
polycrystalline low-carbon steel.355,385−389

3. OPERANDO SEPM APPLICATIONS IN
ELECTROCATALYSIS

In this section, we discuss the application of operando SEPMs
during electrocatalysis (ORR, OER, HER, CO2RR, and other
important reactions). In selecting the papers that have been
reviewed, particular attention was given to those in which
operando conditions, as delineated in the introductory and
earlier sections of this paper, are met. These studies comprise
an actuator measurement or potential, which is applied to
stimulate changes at the investigated surface or substrate, while
a simultaneously biased SEPM tip is employed as a spectator to
detect or monitor local changes on the investigated surface.

Overall, SECM is the most explored SEPM technique for
operando investigation of local electrocatalytic activity and
interfacial electron-transfer processes during the ORR, OER,
HER, and CO2RR. This extended utility stems from the
versatility of SECM due to its unique ability to characterize a
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wide variety of samples for various applications, adapt with
other SEPMs (to improve and augment the information
available for SECM only) and employ amperometric,
potentiometric, as well as multifunctional probes during
investigations. Furthermore, compared to the other SEPMs,
which require coupling to other techniques to perform
operando studies, the intrinsic operational modes of the
SECM (SG-TC, TG-SC, and RC) are by default operando
measurements.
3.1. Investigation of ORR Activity at the Sample Surface

The electrochemical reduction of molecular oxygen (ORR) has
been extensively investigated because of its central role in fuel
cells, metal-air batteries, sealed storage batteries, corrosion, and
industrial electrocatalytic processes.390,391 Generally, depend-
ing on the cathode material, electrode potential, and electrolyte
composition,392 it is believed (though debatable) that ORR
proceeds in either of two pathways:391,392 a highly efficient
four-electron pathway in one step to generate H2O or OH− or
a sluggish peroxide-intermediate-based two-electron pathway
in two steps to form H2O2. ORR reaction pathways have been
extensively reviewed.393−398 The ORR follows either a direct
four-electron pathway, or a two-electron-transfer pathway with
hydrogen peroxide as intermediate.391,392

ORR investigations are typically performed using Pt-based
electrocatalysts because Pt can reduce both O2 and H2O2 to
H2O, and more importantly, it avoids the formation of H2O2
and/or other aggressive oxygenated species.399 The high cost,
scarcity, and easy poisoning associated with Pt-based materials
discourage their use as ORR electrocatalysts on a large scale.399

Addressing these challenges has triggered an intensive search
for active electrocatalysts that are less expensive, earth-
abundant, poisoning-tolerant, and can achieve ORR over-
potentials in the range of that of Pt-based materials.400 Some
advances made in this direction include the alloying of Pt with
less expensive metals, use of non-platinum metal combinations,
transition metal oxides, chalcogenides, inorganic and organo-
metallic complexes, and enzyme electrodes for ORR.400

Despite these research leaps, the detailed mechanism of the
ORR process, even on Pt, remains elusive.400 Besides the
difficulty encountered in O2 activation, and O−O bond
cleavage, which results in the observed sluggish kinetics,401 the
pronounced irreversibility of the cathodic reaction, the
different possible reaction pathways and the possible
generation of a wide spectrum of oxygenated intermediates,
are considered as factors that make the detailed study of ORR
mechanism an arduous task. Furthermore, the dependence of
the reaction rate on the state of the electrode surface, coupled
with the lack of a rational approach to the design of new
electrocatalysts that can strictly follow the direct four-electron
reduction pathway makes studying ORR even more
difficult.99,400 As an alternative to traditional macroscopic
RDE and RRDE measurements, operando SEPMs, particularly
SECM, have been employed to study the ORR (Scheme 3).
Maps of chemical reactivity and topographic images were
obtained.99 Furthermore, the coupling of SECM with other
analytical methods was proposed already by Hillier and Bard in
2003 as an effective approach for studying the ORR and
screening of electrocatalysts.99 The general principle for
probing the ORR with operando SEPM involves biasing the
substrate of interest to invoke the ORR while a simultaneously
polarized SEPM tip is used to locally monitor the substrate-
generated species, such as H2O2, HO2

−, or OH− (SG-TC, TG-

SC, and EC-STM in Scheme 3) or compete (RC-SECM on
the Scheme 3) with the substrate for O2 in the gap between
them. Kinetic parameters, such as the heterogeneous electron-
transfer rate, can then be extracted by fitting the experimental
tip approach curves to developed quantitative theories for the
different operational modes in the case of SECM techni-
ques.23,68,93 In the ensuing paragraphs, the advances made thus
far in ORR investigations with SEPMs are recounted,
highlighting the operando conditions and the uniqueness of
SEPMs as qualitative and/or quantitative electroanalytical
characterization tools during ORR electrocatalysis.

One of the pioneering studies of ORR with the SECM was
performed by Liu and Bard402 under operando conditions
using the FB operational mode (Figure 1a) to estimate the rate
constant of the ORR on a Pt electrode in alkaline solution. A
Au UME was employed as SECM tip which was polarized to
1.2 V vs Hg/HgSO4 (i.e., at the diffusion limiting potential for
OH− oxidation). The polarized tip was then moved toward the
surface of the Pt substrate which was simultaneously held at
different potentials to obtain the SECM approach curves
(Figure 1b). The Tafel slope and rate constant agreed with
previously reported values derived from RDE and other
electrochemical techniques. However, the operation of this
technique was limited to a short pH range (9−12), where OH−

oxidation at the tip could be used. As such, the study of ORR
in acid or neutral media is impossible with the FB mode
because the feedback diffusion of the tip reactant (H2O) does
not induce modulations in the tip current.93,396 Perhaps this
observation explains why the FB mode was less explored in
operando ORR SECM studies. The Bard group in 2003
proposed the TG-SC mode (Figure 1c) as an alternative to the
FB mode to analyze and compare the electrocatalytic activity
of an array of finely dispersed catalyst spots of Pt, Ru, and Au
for the ORR in acidic medium (0.5 M H2SO4).99 In this mode,
the substrate (Pt, Ru, and Au catalyst spots) was polarized to a
potential (<1.23 V vs Hg/HgSO4) to facilitate the reduction of
O2 to H2O while an oxidation current (between 10 and 220
nA) was applied to the Pt SECM tip to oxidize H2O to O2 and
ensure a constant flow and diffusion of tip-generated O2 to the
substrate. Figure 1d represents an ORR image obtained in the
TG-SC mode of an array of Pt and Ru spots on glassy carbon
(GC). The main advantage of the TG-SC mode is that it
assumes no feedback contribution and hence allows for the
study of reactions inaccessible to the FB mode. Additionally,
working in the TG-SC mode allows for studies in solutions

Scheme 3. Schematic Drawing Representing the Main
Operando SEPM Configurations for ORR Interrogationa

aThe SEPM tip acts as the spectator while a modulation occurs on the
electrocatalyst’s activity by an actuator method. The SEPM tip can be
polarized to (i) reduce oxygen (orange arrows) in RC-SECM; (ii)
reduce (green arrow) H2O2, an ORR product when n = 2, in SG-TC-
SECM; (iii) oxidize H2O2 in TG-SC-SECM; (iv) map with high-
resolution SEPM, EC-STM.
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with varying concentrations as opposed to the stringent
conditions needed in the FB mode to reach diffusion control at
the UME tip. As an added advantage, TG-SC is ideal for the
rapid screening of large arrays of multicomponent electro-
catalysts.99,400 The TG-SC mode was later used to study and
screen the electrocatalytic activity of binary and ternary
combinations of Pd, Au, Ag, and Co (or Cu) deposited on
GC as substrates for the ORR in acidic medium using Pt as
SECM tip.400 A drawback of the TG-SC mode lies in the
inability to precisely quantify the products/intermediates
formed during the ORR.100,399 The detection and quantifica-
tion of H2O2, for instance, is very important because its
formation has been associated with undesirable processes like
membrane degradations, corrosion of metals, polymer fittings,
and carbon materials, as well as a reduction in the efficiencies
of fuel cells.399 Hence there is a need for methods that can
directly investigate the formation of H2O2. In 2008, Shen et
al.399 proposed and used a transient SG-TC mode to detect
H2O2 produced during the ORR at Au, Pt, and PdCo alloy-
modified GC electrodes in acidic medium using a Pt-UME as
amperometric H2O2 sensor. Figure 1e shows the principle of
the transient SG-TC mode: the substrate is first stepped from a
potential where no faradaic processes happen, to a value within
the limiting-current region of the ORR, while the tip is kept at
a fixed potential of 1.1 V vs Ag/AgCl (Figure 1f) to detect and
oxidize H2O2.399 Sańchez-Sańchez and co-workers demon-
strated a new approach to quantify reaction intermediates
based on the SG-TC mode but using smaller substrates (≤200
μm diameter) to induce stationary-state reaction conditions.403

As a demonstration, they employed the technique to quantify
H2O2 during ORR at a Hg on Au substrate (100 μm) electrode
in acidic media using Pt or Au as SECM tips. The use of
smaller substrate electrodes (100 μm diameter) allowed a

relatively high collection efficiency at the SECM tip, making it
possible to detect and quantify the substrate generated H2O2 as
well as to estimate the number of transferred electrons (n)
during the ORR. The value of n was in the range of 2.12 to
2.19, and thus the two-electron pathway was clearly revealed as
the predominant reaction pathway.404 Bard and co-workers
employed SG-TC-SECM in a fundamental study of the ORR
mechanism at a Pt SECM tip in alkaline media. Operando SG-
TC-SECM was capable to estimate n = 2 when the ORR
occurred at NaOH concentration <2 M, and n = 1 in the case
of concentrations >6 M with formation of O2

•−.405 Related
ORR studies with the SG-TC mode were reported for different
electrocatalysts including Hg, Au, Ag, Cu, Pt, Pd, Pd80Co20,
Au60Cu40,403 Pt and Pd nano/microstructures embedded in
multilayer polyelectrolyte films,406 different Fe porphyrins on
GC,407 nanoporous Au and flat Au substrates,408 and cobalt
metalloids (CoxB and CoxP) in a nitrogen-doped carbon
matrix.409 Johnson and Walsh suggested a novel “tip
generation−substrate collection−tip collection” (TG-SC-TC)
sequence for screening the activity of ORR catalysts while
detecting H2O2 simultaneously with the aid of a microring-disk
SECM tip (Figure 1g).100 As a proof of concept, the technique
was employed to measure the activity of a Au electrocatalyst
toward the ORR in alkaline media, while simultaneously
monitoring the formation of H2O2. Oxygen is generated at the
microring of the SECM tip at a constant current, the O2
generated at the microring diffuses to the substrate (which is
polarized at −0.5 V vs Ag/AgCl) to reduce oxygen to HO2

−.
The substrate-generated HO2

− then diffuses to the microdisk
(which is biased at a sufficiently anodic potential of 0.2 V vs
Ag/AgCl) and HO2

− gets oxidized to O2. Figure 1h is an
SECM image recorded when the substrate was polarized at
−0.50 V vs Ag/AgCl. The advantage of this method lies in the

Figure 1. (a) Feedback mode SECM used in the study of O2 reduction in alkaline solution. (b) SECM approach curves: solid lines “a” and “b” are
theoretical approach curves at conducting and insulating substrates, respectively. Circular symbols are experimental approach curves, and solid lines
are theoretical curves at a Pt substrate with its potential held at, from top to bottom, −0.9, −0.8, −0.7, −0.6, and −0.5 V vs Hg/HgSO4.
Reproduced from ref 402. Copyright 2002 American Chemical Society. (c) Scheme of the modified TG-SC mode for the study of the ORR in
acidic medium. (d) ORR images obtained by the TG-SC mode of an array of Pt (left spot and right row) and Ru (middle row) spots supported on
glassy carbon. Reproduced from ref 99. Copyright 2003 American Chemical Society. (e) Schematic illustration of the SECM operation in the
pulsed SG-TC mode. (f) UME transient currents at ET = 1.1 V for the collection of H2O2 produced during ORR at a Au electrode. The potential of
the Au substrate was stepped from +0.4 V to (I) +0.1, (II) +0.05, (III) 0, (IV) −0.05, and (V) −0.1 V. Reproduced from ref 399. Copyright 2008
American Chemical Society. (g) ‘‘Tip generation−substrate collection−tip collection’’ mode SECM using a microring-disk SECM tip for
simultaneous ORR electrocatalyst screening and HO2

− detection. (h) SECM image recorded at the microring-disk SECM tip (held at 0.2 V to
oxidize HO2

−) while scanned over the Au substrate polarized at −0.5 V vs Ag/AgCl. Reproduced with permission from ref 100. Copyright 2012
Elsevier Ltd.
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fact that no potential programming of tip or substrate is
needed. Furthermore, taking continuous SECM tip scans of
the substrate generates maps that correlate to activity and
reaction mechanism.

In a quest to further improve the lateral resolution of the
SECM the feasibility of a transient RC mode, which was
mentioned in an earlier heptode SECM tip simulation
study,410 was introduced. In the RC mode, local catalytic
information at the substrate is transduced through a current
measured at the tip while simultaneously avoiding the need to
apply potential pulses to the substrate. The technique was
applied to qualitatively monitor the lateral activity of Pt-spots
on a GC support during the ORR using a Pt-UME as SECM
tip. During the study, both tip and substrate were biased to a
reductive potential (e.g., −0.60 V vs Ag/AgCl/3 M KCl) to
compete for O2 in the gap between them. Since the diffusion of
bulk O2 to the gap between the tip and substrate is hindered
during measurement, a predefined potential pulse (1.4 V vs
Ag/AgCl/3 M KCl) is applied to the tip to avoid complete
depletion of O2. The activity of catalyst spots with different Pt
loadings within a single spot was successfully visualized. The
inability to extract quantitative kinetic conclusions was
reported as an inherent limitation of the RC mode that
needed to be addressed to enable the detection of H2O2.
Furthermore, it was suggested that by combining the RC-mode
with the shearforce-based constant distance mode of SECM,
the chronoamperometric features of the RC mode can provide
a detailed insight into the catalytic activity at tip-to-substrate
distances below 100 nm.106 Regardless of the noted drawbacks,
the transient RC mode was successfully used to visualize the

local ORR catalytic activity of Pt−Ag nanoparticles with
different Ag content,411 patterned carbon nanotubes decorated
with Pt nanoparticles,412 undoped and nitrogen-doped
CNTs,413 metal nanoclusters (Pt, Au, Ru, and Rh and their
co-deposits), CoS2,414 and lanthanide-based oxides
(La0.6M0.4Ni0.6Cu0.4O3, M = Ag, Ba, Ce).415

In 2007, Eckhard and Schuhmann suggested a sequential
dual imaging mode of SECM making it possible not only to
monitor local activity but also to determine the selectivity of
electrocatalysts concurrently. The principle as depicted in
Figure 2a involves combining three different SECM modes
(TG-SC, SG-TC, and RC) and applying a sequential pulse
program. Thus, two images are obtained in parallel; one gives
information about the activity of the catalyst while the other
monitors H2O2 (if any) produced during the ORR (see Figure
2b,c). The local activity and selectivity of Pt and Au spots for
ORR were visualized using a Pt-UME as SECM tip. The RC
mode enabled effective visualization of the local activity of
substrates and the SG-TC mode allowed H2O2 detection and a
better understanding of the branching between the two-
electron and four-electron pathway of ORR at a given
potential.115 The same technique was employed to visualize
the catalytic activity and selectivity of different electro-
polymerized metalloporphyrins,416 tetratolyl porphyrins (with
Mn, Fe, and Co as central metal ions),108 to screen Pd−Pt and
Pd−Au co-deposits for H2O2 reduction,417 bifunctional
catalysts based on cobalt and nickel oxides embedded in
nitrogen-doped carbon (CoxOy/NC, NixOy/NC), bifunctional
catalyst materials (mixed Ni0.9Co0.1Fe2O4 oxide) in alkaline
media,418 multiwalled carbon nanotubes (MWCNTs), cobalt

Figure 2. (a) Schematic representations of different detection modes in SECM. (I) Tip generation−sample collection (TG-SC) mode. The
scanning microtip oxidizes water to produce O2. The O2 reduction current at the sample is the analytical signal. (II) Sample generation−tip
collection (SG-TC) mode. The sample is polarized to reduce O2. The tip oxidizes H2O2 which may be formed as a byproduct at the sample. The
analytical signal is the peroxide oxidation current detected at the tip. (III) Redox competition mode (RC-SECM). The O2 reduction current is
detected at the tip. Depletion of this current is correlated to a locally diminished oxygen concentration caused by a competing O2-reducing catalyst
site of the sample, 3D false color representations of the obtained SECM images when the substrate was polarized at −400 V. (b) Reduction current
at the tip due to competition for oxygen. Darker shaded blue areas correspond to a diminished current flow due to competition for the available O2
with active sites of the substrate. (c) Oxidation current of H2O2 at the tip concurrently registered. Reproduced with permission from ref 115.
Copyright 2007 Elsevier Ltd. (d) Tip generation−redox competition−SECM images for O2 reduction on FeN4/rGO modified microelectrode.
Color contrasts correspond to the measured cathodic tip current. Reproduced with permission from ref 420. Copyright 2016 Springer Nature. (e)
Monitoring local ion activity changes in the water and hydroxide diffusion layer of an operating GDE and in dependence of its ORR rate is realized
by voltammetric detection of the PtO reduction peak at a positioned Pt microelectrode. Reproduced with permission from ref 422. Copyright 2018
John Wiley & Sons, Ltd. (f) AFM/SECM mapping on Pt NPs performed using a Au-c-Pt tip: (I) topography, (II) oxygen reduction currents, and
(III) peroxide oxidation currents recorded in N2-saturated on HOPG. Reproduced with permission from ref 423. Copyright 2019 John Wiley &
Sons, Ltd.
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protoporphyrin (CoP) and their composite (MWCNTs/CoP)
in neutral solution419 during ORR.

Silva and colleagues, employed a TG-RC mode to map the
activity of iron(III) tetra(N-methyl-4-pyridyl)porphyrin/re-
duced graphene oxide composite (FeN4/rGO) toward the
ORR using a Pt-UME as SECM tip.420 The tip was first
polarized at 1.25 V vs Ag/AgCl to generate O2 in the
substrate−tip gap followed by an immediate polarization of
both tip and substrate at sufficiently cathodic potentials to
consume the O2 generated. Figure 2d shows the SECM image
obtained for the ORR when the substrate was polarized at
−0.50 V vs Ag/AgCl.420 Schulte and co-workers used the RC
mode combined with shearforce-based constant distance
positioning (4D-SF/SECM) to examine the topography and

activity of gas diffusion electrodes toward the ORR.421 Botz
and colleagues developed a method to monitor the activity of
other redox species in parallel with the ORR (Figure 2(e))
which they implemented to visualize the changes in the local
activities of OH− ions and H2O on the surface of an oxygen-
depolarized cathode during the ORR in high alkaline
medium.422 The substrate was polarized to induce the ORR
consuming O2 and H2O and producing OH− while recording
CV scans at a Pt-UME SECM tip for the detection of the OH−

and H2O activities. The reduction of PtO on the surface of the
tip was used to quantify local OH− and H2O activities which is
a relevant information for the properties of high-current-
density GDEs.422

Figure 3. (a) Sequential STM images of a CoTPP monolayer on Au(111) in 0.1 M HClO4 saturated with oxygen at different potentials.
Reproduced with permission from ref 426. Copyright 2016 John Wiley & Sons, Ltd. (b) Scheme explaining the concept. When the local
environment between the STM tip and the sample changes (in this case, when the tip is over a terrace (I) versus a step (II)), the tunneling barrier
also changes in a way that is driven by the changes in approaching and departing reactants and products. In this scenario, increased tunneling-
current noise is likely to appear when the tip is over a step edge, which is more active than the terrace sites. If the STM is operated in constant-
current mode, then the noise is revealed in the measured z-position (the height of the STM tip over the sample). (III) STM line scans (constant-
current mode) obtained over a Pt(111) surface in 0.1 M HClO4 when the potential of the sample is either sufficiently negative or too positive to
initiate the HER (which is therefore either “ON” or “OFF”). (IV) Typical STM line scan over the Pt(111) surface in 0.1 M HClO4 under HER
conditions. (c) Histograms of the tunneling-current noise over a polycrystalline Au surface (I) and corresponding histograms obtained over a
polycrystalline Pt surface (II), results of repetitive ORR “ON” and “OFF” STM noise experiments at the same terrace of a Pt(111) sample (III),
STM line scans at the surface of a Pt(111) electrode under ORR conditions, where both terraces and steps can be visualized (IV). Reproduced with
permission from ref 427. Copyright 2017 Springer Nature. (d) n-EC-STM measurement of a Pt(111) step and adjacent terraces. With decreasing
potential, the overall noise level increases. For data evaluation, the terrace data (on the left) are used for calibration for the relation between noise
level and activity on this sample (I), histograms after separating the data for terrace (black) and step (red). At every applied sample potential, the
step shows a higher noise level relative to the terrace, as evident from the broader and less intense distribution. All potentials given are referred to
the Pt quasi-reference electrode (II). Reproduced with permission from ref 428. Copyright 2021 John Wiley & Sons, Ltd.
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Besides the use of shear force-based systems,421,424 SECM
was hyphenated with other probe techniques to minimize the
effect of sample topography on the measured tip current
during ORR measurements. O’Connell et al. coupled SECM
and SICM (SECM-SICM) to study localized H2O2 generation
at individual Au nanoparticles (AuNPs) within ensemble
electrodes during the ORR.425 They fabricated a theta
(double-barrel) pipette which they used as the imaging
probe and employed the SG-TC-SECM mode to detect
H2O2 during the ORR at individual AuNPs. The potential of

the substrate was varied to induce ORR while the SECM tip
was biased at +1 V vs RHE to oxidize H2O2. The SICM hoping
mode was employed to yield topographical information about
the substrate.425 AFM-SECM operating in the noncontact
mode was used to simultaneously map topography, oxygen
reduction and detect peroxide intermediates on a bare highly
oriented pyrolytic graphite (HOPG) surface and isolated Pt
particles during ORR, using a Au-coated SiO2/Pt tip.423

During AFM-SECM image acquisition (Figure 2(f)) the
substrate was polarized at 0.7 V vs SHE (for the ORR) and

Table 2. Summary of Experimental Conditions for ORR Studies with SEPMs

SEPM mode substrate for ORR tip tip reaction ref

SECM FB Pt Au disk UME (Ø, 25 μm) OER 402
SECM TG-SC Pt, Ru, and Au Pt disk UME (Ø, 25 μm) H2O oxidation 99
SECM TG-SC binary and tertiary combinations of Pd, Au, Ag, and

Co (or Cu) on GC
W or Au disk UME (Ø, 25 μm) H2O oxidation 400

SECM SG-TC Au, Pt, and PdCo alloy-modified GC Pt disk UME (Ø, 25 μm) H2O oxidation 399
SECM SG-TC Hg on Au Pt or Au disk UME (Ø, 25 or 50 μm) H2O2 oxidation 404
SECM SG-TC Hg, Au, Ag, Cu, Pt, Pd, Pd80Co20, and Au60Cu40 Pt disk UME (Ø, 25 μm) H2O2 oxidation 403
SECM SG-TC Pt and Pd nano/microstructure Pt disk UME (Ø, 25 μm) H2O2 oxidation 406
SECM SG-TC Fe porphyrins on GC Au disk UME (Ø, 25 μm) FeIII(OO2

−)
oxidation

407a

SECM SG-TC nanoporous Au and flat Au substrates Pt disk UME (Ø, 25 μm) H2O2 oxidation 408
SECM TG-SC-TC Au microdisk microring-disk (ring Au thickness 750 nm,

disk Pt Ø, 1 μm)
HO2

− oxidation 100

SECM RC Pt spots on GC Pt disk UME (Ø, 10 μm) ORR 106
SECM RC Pt−Ag NPs (varying Ag content) Pt disk UME (Ø, 25 μm) ORR 411
SECM RC patterned CNTs decorated with Pt NPs Pt disk UME (Ø, 25 μm) ORR, H2O

oxidation
412

SECM RC undoped and N-doped CNTs Pt disk UME (Ø, 25 μm) ORR 413
SECM RC Pt, Au, Ru, and Rh and their co-deposits Pt disk UME (Ø, 25 or 50 μm) ORR, H2O

oxidation
432

SECM RC CoS2 Pt disk UME (Ø, 10 μm) ORR 414a

SECM RC La0.6M0.4Ni0.6Cu0.4O3 (M = Ag, Ba, Ce) Pt disk UME (Ø, 10 μm) ORR 415a

SECM RC tetratolyl porphyrins (containing Mn, Fe, and Co as
central metals)

Pt disk UME (Ø, 25 μm) ORR 108

SECM RC, SG-TC Pd−Pt and Pd−Au electrodeposits on graphite Pt disk UME (Ø, 25 μm) H2O2 oxidation 417
SECM TG-SC, SG-

TC, RC
Pt and Au on GC Pt disk UME ORR 115

SECM RC, SG-TC CoxOy/NC and NixOy/NC Pt disk UME (Ø, 25 μm) H2O2 oxidation 433
SECM RC Ni0.9Co0.1Fe2O4 mixed oxide Pt disk UME (Ø, 25 μm) ORR 418
SECM RC MWCNTs, CoP, and MWCNTs/CoP Pt disk UME (Ø, 25 μm) ORR 419
SECM TG-RC FeN4/rGO Pt disk UME (Ø, 10 μm) ORR 420
SECM RC (4D-SF/

SECM)
GDEs Pt disk UME (Ø, ∼1.8 μm) ORR 421

SECM 4D-SF/SECM GDEs Pt disk UME (Ø, ∼1 μm) PtO reduction 422a

SECM/
SICM

SG-TC,
hopping

Au NPs Theta pipette filled with (aperture Ø,
∼200 nm)

H2O2 oxidation 425

AFM/
SECM

noncontact HOPG and isolated Pt particles Au-coated SiO2 Pt (edge size 100 nm) H2O2 oxidation 423a

EC-STM noncontact cobalt(II) and copper(II) phthalocyanines W coated with nail polish ORR tunneling
current

429

EC-STM constant
current

iron octaethyiporphyrin, W coated with nail polish ORR tunneling
current

430

EC-STM noncontact iron phthalocyanine W coated with nail polish ORR tunneling
current

287

EC-STM CoTPP on Au W coated with nail polish ORR tunneling
current

426

n-EC-STM constant
current

Pt on Au W coated with nail polish ORR noise 427

n-EC-STM noncontact Pt5Gd and Pt5Pr ripped Pt/Ir alloy wire insulated with
Apiezon

ORR noise 52a

n-EC-STM noncontact Pt(111)-based surfaces ripped Pt/Ir alloy wire insulated with
Apiezon

ORR noise 431a

n-EC-STM noncontact Pt(111) Pt/Ir alloy wire insulated with Apiezon ORR noise 428a

aWorks published in the last 5 years.
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tip at 0.98 V vs SHE (for H2O2 oxidation), and it was
concluded that the ORR on isolated Pt particles proceeds
selectively via the two-electron pathway.423

Following the first successful application of the STM in the
study of an electrode/electrolyte interface,81 EC-STM has
found a wide range of applications in electrode processes
during ORR electrocatalysis. In situ EC-STM (operated in
constant-current mode with tungsten STM tips) was used to
successfully investigate the effect on ORR of adlayer structures
of metal porphyrin and phthalocyanine substrates including
cobalt(II) and copper(II) phthalocyanines,429 iron octaethyl-
porphyrin,430 iron phthalocyanine,287 and 5,10,15,20-tetra-
phenyl-21H,23H-porphine cobalt(II).426 Cai and colleagues
used EC-STM operated under in situ conditions enabling them
to monitor the interfacial reactions on the adlayer of metal
porphyrins (CoTPP) on a Au(111) single-crystal electrode in
gas-saturated (O2, N2 and air) 0.1 M HClO4 solution.426

During the ORR, the substrate was kept at 0.326 V vs SCE (to
hinder the ORR) resulting in the formation of high-contrast
adsorbed species in oxygen saturated electrolyte (suspected to
be CoTPP-O2 complexes) before invoking ORR (by switching
the potential to −0.074 V vs SCE). They observed that the
final shift to the cathodic potential (invoking ORR) resulted in
a shift from CoTPP adsorbates the initial high-contrast CoTPP
adsorbates to low contrast, as shown in Figure 3a. This
particular study demonstrates the ability of EC-STM to
provide direct evidence of the catalytic role of metal
porphyrins toward the ORR at the molecular level, information
essential for designing such catalysts.426 It is known that when
EC-STM is carried out under reaction conditions, the recorded
analytical signal shows higher fluctuations (noise) at active
sites compared to nonactive sites, which has been suggested as
a valid tool to identify the location of active sites.81

In 2017, Pfisterer proposed and demonstrated a method to
readily map and quantitatively distinguish the catalytic activity
of active sites on electrocatalysts with high spatial resolution by
monitoring relative changes in the tunneling current noise.427

The monitoring of noise in EC-STM (n-EC-STM) allowed
them to directly evaluate the significance and relative
contribution of different defects and sites to the overall
catalyst activity of materials toward ORR and HER. Figure 3b
is a sketch of the concept. To probe the performance of the
STM noise measurement approach in mapping local catalytic
activity during ORR, the authors deposited catalytically active
platinum nanoparticles on less-active polycrystalline gold
which they used as the substrate in 0.1 M HClO4. In the
noise measurement, tunneling currents were recorded during
the ORR on the pure Pt part as well as on the pure Au part by
adjusting potentials to either induce ORR (ON) or hinder
ORR (OFF), as shown in Figure 3c. This work portrays the
superb ability of STM noise analysis in locating active sites
even under the demanding conditions associated with
electrochemical interfaces, although the results obtained were
only qualitative.427 n-EC-STM has recently been applied to
monitor and distinguish the activity levels to link structure to
the ORR activity of Pt5Gd and Pt5Pr in acidic medium,52 and
Pt(111)-based surfaces in different electrolytes.431 Haid and
colleagues showed in 2020 that the hitherto qualitative n-EC-
STM method could be extended to obtain quantitative
information on the local activity. They demonstrated this by
using the well-studied Pt(111) as an ORR catalyst in acidic
media as model system. During the n-EC-STM measurements,
the potential of the sample was set such that ORR occurred at

the Pt(111) surface and the tip potential was gradually
increased, from −0.05 V to −0.20 V vs Pt causing faradaic
reactions at the tip. The authors were able to link the recorded
noise, from ORR at a well-defined active site on the Pt(111)
surface to the corresponding TOF estimated from the current
recorded at the substrate, thus establishing a direct link
between the variations in the STM signal or noise over an
active site and the activity levels or rate of the reaction (Figure
3d).428

3.2. Investigation of OER Activity at the Substrate Surface

The oxygen evolution reaction is another of the most studied
reactions in electrochemistry. OER is involved in the
generation process of many energy vectors which are
considered promising for sustainable energy supply as well as
in other industrial electrochemical processes such as cathodic
protection, and metal recovery.434 For example, the OER
represents a bottleneck in the production of hydrogen gas
through electrochemical water splitting as it limits the overall
efficiency of the process.435 The reason lies in the fact that this
reaction has a complex mechanism based on four coupled
electron−proton transfer steps, which results in sluggish
kinetics and high overpotentials. The general mechanism
pathways as proposed in the literature for the OER in different
electrolyte media evidence the complexity of the process with
multiple chemical and electrochemical steps and intermedi-
ates.436,437

The development of OER catalysts is of great importance for
the future of eco-friendly power generation technologies. The
state-of-the-art electrocatalysts for OER are noble metal-based
materials like RuO2 and IrO2, but their scarcity and cost
definitively hinder their large-scale application.438 Transition-
metal oxide-based electrocatalysts (TMOs) are promising
alternatives with comparable OER activity and robustness
while being inexpensive and earth-abundant.439,440

Considerable progress has been attained in preparing OER
catalysts, as materials science has been able to prepare an
extensive variety of electrocatalysts in terms of compositions,
structures, and morphologies.441 Nevertheless, the rational
design of OER active materials is still challenging owing to the
lack of knowledge about the mechanisms and the correlation
between structure and catalytic performance.442 Electro-
catalytic surfaces often present nonuniform properties which
lead to high complexity for characterization and benchmarking
as their activity depends on many parameters such as the
preparative conditions, the aging, the used precursors, and
their processing.443 Despite exhaustive work has been done on
this matter, one can find a lot of contradictions in the
published data; probably due to the variability in experimental
conditions.15 Moreover, the structures and surface chemical
properties of TMO-based electrocatalysts inherently change
during the OER, whose intermediate states play an important
role in the process.443 This highlights the need for studies in
operando conditions which can provide information about the
structure−activity relationship during the OER.442 As already
discussed, information about the intrinsic activity of the active
centers and their distribution across the surface is vital for
catalyst optimization. SEPM techniques are powerful tools to
shed light on the characterization of heterogeneous surfaces
and the analysis of local electrochemical activity. In this
section, we will in-depth gather and review the works that
report operando mode SEPM techniques for the study of the
OER along with the strategies to achieve an ever more accurate
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data acquisition. Among the SEPM techniques, SECM was
definitively the most employed for the study of OER, possibly
due to the same reasons stated in the ORR section (Scheme
4). Even though several modes are available, the SG-TC is by

far the most employed in OER studies, which is by default an
operando method. Scheme 4i−iv summarizes the operando
SEPM configuration for OER evaluation, where the reaction
products (O2 and H2O2) are collected at the SEPM tip. Since
the reactant in OER is water (or OH− in alkaline conditions),
which is already present in the solution, other SECM modes
such as FB, TG-SC, and RC were not largely explored for
studying the OER. A typical experiment in the SG-TC mode is
based on the polarization of the catalyst-modified substrate to
drive the OER reaction while the tip scans the catalyst surface.
The tip is simultaneously polarized to continuously detect the
formed products, generally O2. Figure 4a displays a scheme
representing the working principle of an SECM experiment in
operando SG-TC mode for the OER.444

One of the first works in which OER is studied by SECM in
the SG-TC mode was published in the early 2000s. Fushimi et
al.445 studied the anodic oxidation of a titanium electrode in
acidic media and measured the simultaneously produced O2 by
conducting ORR at the SECM tip, a 10 μm diameter Pt UME.
They found that OER preferentially takes place on Ti grains
covered by a thin oxide film. Also, they could observe that the
oxide film of twin grains is easily broken, becoming an active
site. Some years later, in 2007, Kang and co-workers studied
the oxidation process on a Ni electrode surface in alkaline
electrolyte using SECM in the SG-TC mode, gaining insight
into Ni surface transformations prior to the OER.446 The tip
was not polarized to directly collect the O2 and the oxidation/
reduction voltammetric profile of a Pt UME was used to
determine the local pH changes near the Ni surface as a result
of the electron-transfer processes occurring in the solid phase.
The potential of the Ni substrate was swept to promote the
formation of surface oxides and OER while the tip monitored
the consequent transient pH variation near the substrate’s
surface.

Using this nonconventional SG-TC mode, the researchers
could study the electrochemical oxidation of the Ni surface and
determine the overpotential of the OER at the formed Ni
oxidehydroxide electrocatalyst surface. The OER overpotential

is used as a benchmarking parameter to compare the
performance of different electrocatalysts and, therefore, its
accurate determination is of paramount importance. Snook et
al.447 reported the use of the SG-TC mode to accurately
indicate the OER overpotential for different Ni/Ni(OH)2-
based electrode materials. The capability of the SECM was
demonstrated compared to macroscale cyclic voltammetry,
which failed to discriminate between the Ni oxidation potential
and the OER overpotential. SECM in the SG-TC mode was
also employed to measure the overpotential of perovskites as
OER catalysts such as La0.6Sr0.4Fe0.6Co0.4O3, La0.6Sr0.4FeO3,
La0.74Sr0.2Fe0.8Co0.2O3, and La0.6Sr0.4FeO3.448 A Pt UME was
employed as SECM tip to monitor the evolved O2 at the
electrocatalysts surface and the high sensitivity and accuracy of
the SG-TC-SECM mode was demonstrated by comparison
with RuO2 as internal standard. Figure 4a summarizes the
principles of this strategy.444 The accuracy in the determi-
nation of the OER overpotential was further improved.448 On
the one hand, microcavity electrodes (MCE) filled with the
interrogated catalyst (La0.6Sr0.4FeO3, La0.74Sr0.2Fe0.8Co0.2O3, or
La0.6Sr0.4FeO) to avoid the use of binders or other additives
that may influence the overpotential. Also, a Pt nanotip was
accurately and reproducibly positioned close to the catalyst
surface using the shearforce-based constant distance mode of
SECM (SF/CD-SECM). Double-barrel MCEs were devel-
oped, which allowed for the simultaneous study of the OER
with the material of interest and a benchmark material like
RuO2, used as an internal standard. This approach ensures a
fair comparison between the materials as the measurements are
conducted under the same experimental conditions. Figure 4b
shows the overlapping of the substrate and the tip signals
versus the potential applied to the substrate, which accurately
reveals the OER overpotential.

The investigation of different OER catalysts in the same
experiment is of great interest to achieve a valid comparison
and consistent benchmarking. SECM enables high-throughput
investigations by rapidly screening electrocatalysts libraries
with varying compositions or structures, all prepared on the
same support. Nevertheless, some precautions need to be
considered when using the SG-TC mode in high-throughput
experiments with an array of samples since the overlap of the
diffusion profiles between neighboring spots have to be
avoided. In the specific case, the tip current would be a
consequence of the O2 produced by surrounding spots under
investigation, thus misrepresenting the local activity and
compromising the resolution. Bard and colleagues reported
some strategies to mitigate this issue.453 In 2008, Minguzzi et
al. introduced a tip shield consisting of a gold layer deposited
on the external wall of the SECM tip.453 The tip Au shield was
polarized along with the tip Au-UME to consume the oxygen
coming from the neighboring spots and guaranteed the correct
measurement of the OER activity of the underlying sample
area. Experimental and simulation studies allowed for a
successful screening of the OER activity of different
combinations of mixed Sn−Ir oxides. Nevertheless, the
fabrication of the shielded tip was tedious and time-consuming.
For this reason, the same research group reported in 2015 a
simpler strategy for the rapid screening of an array with similar
mixed Sn−Ir oxides.95 The new method was based on the
application of a series of double-potential steps (up to 10) to
the substrate, switching between potentials of OER activity and
inactivity. The dual potential step is applied shortly to
minimize the O2 diffusion layer and thus the influence of the

Scheme 4. Schematic Drawing Representing the Main
Operando SEPM Configurations for OER Interrogationa

aThe SEPM tip acts as the spectator and the electrocatalyst’s activity
is tailored by an actuator method. The SEPM tip can employed for (i)
collecting the OER products formed at the sample in SG-TC-SECM
(ORR at the tip, orange arrows); (ii) selectively collecting the OER
product when the sample surface is locally irradiated in SPECM; (iii)
atomic-resolution mapping of crystalline surfaces; (iv) evaluating the
electroactivity of semiconductors with SECCM coupled with light
source.
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response from surrounding spots. A regular disk-shaped Au
UME was employed as SECM tip, and the response is
coaligned to the underlying electrocatalyst spot (Figure 4c). In
a recent paper, Zhang et al.449 conducted exhaustive high-
throughput experiments by means of the SG-TC for rapid
screening of a library of OER catalysts based on a Mn−Co−
Fe−Ni multicomponent metal oxide system prepared by the
inkjet printing in O2-free 1 M KOH solution (Figure 4d). A
potential program was used to accurately measure the OER
activity using square wave voltammetry up to 0.7 V vs Ag/
AgCl (OER activity) and alternating potentiostatic steps at 0.3
V vs Ag/AgCl (no OER activity), while the SECM Pt tip (10
μm) was polarized to detect the evolved O2. Using this
method, Mn5Co10Fe30Ni55Ox was found to be the most active

OER catalyst. It can be concluded that the SG-TC mode of
SECM is a powerful tool allowing for high-throughput
investigations of the OER properties of catalyst libraries
under operando conditions. The formation of O2 bubbles
remains an intrinsic challenge in operando OER investigation
as continuous bubbles formed on the surface electrically
insulate the active sites. The blockage of the surface results in
variations in activity, increased overpotentials, change in
apparent solution resistance and leads to a localized convection
effect.454 Due to this issue, the SG-TC mode of SECM is
generally limited to the investigation of the local electro-
catalytic OER activity at low current densities to avoid the
blockage of the surfaces (tip and sample). Chen et al.455

reported an interesting example of an SECM study using the

Figure 4. (a) Schematic representation of the SECM setup to study OER in operando conditions in the SG-TC mode. Reproduced with
permission from ref 444. Copyright 2014 Elsevier. (b) Current−potential curves for microcavity electrodes filled with RuO2. The sample current
(black) and SECM tip current (gray) are plotted versus the applied potential (SECM tip: Pt disk electrode with 50 μm diameter, 0.1 M NaOH; v =
1 mV/s). Reproduced with permission from ref 448. Copyright 2015 Elsevier. (c) Pictorial representation of the operando SG-TC-SECM
methodology used (from black to gray, indicating different chemical compositions), based on a double pulse potential profile applied to the
substrate. Reproduced from ref 95. Copyright 2015 American Chemical Society. (d) High-throughput investigation of an array of MnCoFeNi oxide
samples with different compositions using SG-TC-SECM. Reproduced with permission from ref 449. Copyright 2022 Elsevier. (e) Characterization
of an industrial DSA anode under OER conditions (Esub = 0.700 V, Etip = 0.400 V) with the noise mode of SG-TC-SECM: SG-TC mode image (I)
and corresponding amplitude-by-frequency parameter image of the same electrode area (II). Reproduced with permission from ref 450. Copyright
2012 Royal Society of Chemistry. (f) Schematic representation of the experiments: (i) positive feedback produced by oxidation/reduction of
ferrocenemethanol and (ii) SG-TC for oxygen detection at a NiO nanosheet. SECM imaging of NiO nanosheets with defect holes: (iii) feedback
mode (III) and SG-TC mode SECM images of the same area of the NiO nanosheet (IV). The substrate was either at (III) open-circuit potential or
(IV) biased at ESub = 0.9 V. Reproduced with permission from ref 451. Copyright 2019 PNAS. (g) Scheme of the SG-TC-SECM study of a nickel
foam toward both HER and OER. Reproduced with permission from ref 452. Copyright 2020 Royal Society of Chemistry.
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operando SG-TC mode to interrogate the evolution of gas
bubbles on the surface of OER catalysts, once the impact of
bubbles formation and growth is a relevant feature. The
authors studied the OER on RuO2 and some industrial O2-
forming catalysts and used a Pt UME to measure the evolved
O2. The authors employed the so-called “‘noise mode”’ of
SECM to investigate how O2 bubbles were formed and
departed from the surface. The noise of the tip current is used
to deconvolute the contribution of the local formation of
bubbles, correlated to the rate of oxygen evolution reaction.450

Figure 4e presents an example of SG-TC-SECM images of
OER activity (left) and the tip current noise (right) for the
same area of an OER catalyst. The local formation of bubbles
across the surface of the catalyst and their departure could be
monitored, which is an influencing aspect of OER electrodes
that should not be overlooked.

SECM in operando SG-TC mode has also been demon-
strated to study the surface of OER catalysts. For example,

Konkena et al.456 used the SECM in the SG-TC mode to study
OER electrocatalysis of NiPS3@NiOOH core−shell hetero-
structures in an O2-saturated 0.1 M KOH solution. By
combining the SECM results with Raman spectroscopy,
SEM, and XPS measurements, the high OER activity of the
NiPS3 nanosheets is attributed to a high density of accessible
active metallic edges and defect sites due to a structural
disorder. Sun et al.451 demonstrated the capability of the spatial
resolution of operando SG-TC-SECM to assess the local
electrocatalytic OER activity of semi-2D NiO nanosheets. A
spatial resolution of 15 nm was achieved by using a Pt nanotip.
The FB mode with a ferrocene redox mediator was used to
obtain topographic information (Figure 4f(I,III)) and SG-TC-
SECM mapped the local OER activity to ascertain the higher
activity of the edges (up to 200 times higher) as compared to
the fully coordinated surfaces (Figure 4f(II,IV)). Note that the
FB mode was employed to determine the topographic

Figure 5. (a) SG-TC-SECM experiments with a BDD electrode during water oxidation: tip current responses at different tip potentials (top)
corresponding to evolved products during voltammetric sweeps of the BDD substrate (bottom) (I). The electrolyte was 0.1 M sulfate, pH 2; the
scan rate was 50 mV/s. Comparison of tip currents in 0.1 M sulfate electrolyte at various pH values with the tip biased to reduce oxygen at 0.0 V vs
RHE (II). Comparison of collection currents in pure water and 0.1 M electrolyte, buffered at pH 11 for various electrolytes containing different
anions. The tip was biased to collect ROS to 1.4 V vs RHE. Asterisks denote features on cathodic and anodic substrate scans (III). Reproduced
with permission from ref 460. Copyright 2019 John Wiley and Sons. (b) Scheme of the through-tip illumination approach to perform SPECM
experiments with high resolution. Reproduced from ref 196. Copyright 2017 American Chemical Society (c) Scheme of SG-TC-SECM to study the
photoelectrochemical water oxidation at Nb-doped TiO2 under through tip illumination (left), SECM OER reactivity map of a specific area of the
0.5% doped Nb:TiO2 crystal in a 0.1 M phosphate buffer (pH 7). ETip = −0.9 V; ES = 0 V vs Hg/HgSO4 (right). Reproduced from ref 199.
Copyright 2019 American Chemical Society (d) Schematic of the investigation of potential-dependent interfacial charge-transfer kinetics of PEC
water oxidation at TiO2 nanorods using SECM: reduction of IrCl6

2− by photogenerated electrons at OCP (I); simultaneous oxidation of water and
IrCl6

3− by photogenerated holes when ESub = 0.46−1.66 V (vs RHE) (II). Reproduced from ref 461. Copyright 2021 American Chemical Society.
(e) Scheme of the SG-TC-SECM combined with Raman data acquisition (left) and potential profile where the UME is held at a constant potential
(−0.6 V) while the sample electrode (WE1) is modulated with discrete potential steps in the positive direction. Reproduced from ref 462.
Copyright 2017 American Chemical Society. (f) Scheme depicting the principle of n-EC-STM. (I) Without a reaction occurring (“off”) the EC-
STM signal is stable. (II) An ongoing reaction (‘‘on”) will increase the noise level of the STM signal. The noise is most distinct when the tip is
placed over an active site compared to an inactive site. Reproduced with permission from ref 463. Copyright 2021 Elsevier.
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contribution and it is not related to the analysis of the OER
electroactivity.

Additionally, the operando SG-TC mode of SECM has
demonstrated its versatility for studying of different reactions
in the case of bifunctional electrocatalysts. For example, Gao et
al.452 employed the SG-TC mode to investigate a Ni foam-
based monolithic electrode with high performance for both
HER and OER in neutral media. Figure 4g shows a scheme in
which SG-TC-SECM was explored to correlatively study both
the OER and HER. Other recent examples studying bifunc-
tional electrocatalysts for the OER and ORR have been
presented by Chakrabarty et al. and Lu et al., who used the SG-
TC mode to investigate the local OER in alkaline media on
flower-like ZnCo2O4 grafted onto reduced graphene oxide457

and a Co−B,N,S−graphene composite at different temper-
atures,458 respectively. Moreover, the SECM tip is not limited
to the detection of evolved O2 during the OER. Iffelsberger et
al.459 employed a Pt UME (25 μm) to monitor reactive oxygen
species (ROS) evolved during water oxidation at Pt and boron-
doped diamond (BDD) macroelectrodes in acid media (0.2 M
HClO4). Forced convection was enabled by high precision
stirring to form a stable diffusion layer of electrochemically
produced species and different ROS species. Counihan et al.460

also employed this strategy to study water oxidation at a BDD
surface in different electrolytes (Figure 5a). Besides O2, the
Au-UME tip was used to detect other evolved products like
ROS. The OER products (O2, H2O2, and ROS) can be
selectively collected at the tip by carefully selecting the applied
potential. The study indicated that the condition to evolve
more reactive species is at pH 11 in sulfate, nitrate, and
perchlorate electrolytes. Moreover, the results correlated the
OER products with the chemical heterogeneity of the BDD
surface. To characterize the surface, the surface interrogation
mode of SECM (SI-SECM) was employed as a correlative
measurement. The SI-SECM mode was able to quantify the
surface coverage and the chemical characteristics of surface
intermediates (mainly adsorbed OH).

SI-SECM provides relevant mechanistic and kinetic
information, which is not easily accessible by other
spectroscopic and voltammetric techniques.137 The SI-SECM
mode is widely employed for the study of OER electrocatalyst
surfaces, because it enables the identification of different active
sites within the same OER catalyst,464 the quantification of
short-lived reaction intermediates,134,465 the detection of
different surface metal oxidation states466 and the calculation
of kinetic rate constants of the active sites.467 Nevertheless, the
use of SI-SECM to interrogate the surface toward the OER, is
not considered operando as the electrochemical modulation of
the substrate surface and the signals registered from the tip are
taken at separate times.

In parallel to the study of OER at TMOs, SECM has also
been extensively employed in the study of photoelectrochem-
ical systems. Local activity studies are generally performed by
the operando SG-TC mode, whereby the generation of O2 at
photoanodes is monitored by ORR at the tip (Figure 5b),
while the interrogated surface is illuminated.196 In 2008, the
Bard group introduced an operando SG-TC mode of SECM
for rapid screening of photocatalysts arrays.468 An optical fiber
modified with a Pt-plated Au ring that locally illuminated the
spots and the tip detected the evolved O2 by performing ORR.
The spots consisted of BiVO4 and Zn-doped BiVO4 with
various ratios of Bi:V:Zn. Later the same strategy was used to
study arrays of photoelectrocatalysts for water oxidation469 in

different BiVO4-based systems containing various third
element compositions, showing that the doping rate with 5−
10% of tungsten noticeably enhanced the properties of BiVO4
as photoanode. A similar approach was used to show the
enhancement of the OER activity by depositing Pt and Co3O4
on a semiconductor film based on 5% W-doped BiVO4 (BiVW-
O).470 However, the Au-coated optical fiber provided low
lateral resolution in the photo-SECM analysis. The resolution
was improved later by a simple and promising approach
introduced by Conzuelo et al.,196 where a light fiber was
coupled to the backside of a 25 μm diameter Pt-disk UME.
The SECM tip acted simultaneously as an electrochemical
probe and a light guide, which minimized interferences from
light screening, reflections, and scattering. The feasibility of
this strategy was demonstrated by the investigation of n-type
semiconductor-based photoanodes for water splitting such as
BiVO4, Mo-doped BiVO4, and CoOx on Mo-doped BiVO4, all
deposited on FTO, as well as sharp-edged TiO2. Later, the
group of Mirkin reported nanoscale resolution using the
through-tip illumination approach.199,408 Water oxidation at a
0.5% Nb-doped:TiO2 rutile (110) single crystal photo-
electrocatalyst (Figure 5c). In the work by Sarkar et al.,471

the same method was employed to study the photo-
electrochemical water oxidation of TiO2 nanorods. Interest-
ingly, they used a TEM finder grid as conductive support,
which allowed complementing the local photo-SG-TC-SECM
findings with the atomic-scale structural and bonding
information obtained by transmission electron microscopy
(TEM), to address the limitations in the SPECM resolution.
Despite the nanoscale resolution achieved, one limiting issue
was still the mechanical interaction of the rigid optical fiber
during the tip motion. In a recently published paper, Askarova
and colleagues472 have reported an improved experimental
setup in which the tip is mechanically decoupled from the fiber
and the light is delivered to the back of the tip capillary using a
complex lens system, with no significant losses in intensity.

Li and Pan461 published a study using the SECM with three
modes of SPECM (FB, RC, and SG-TC) in operando
conditions to study the properties of TiO2 nanorods coated
on FTO as photoanode toward photoelectrochemical water
oxidation. The FB mode and RC modes were used to study the
interfacial charge-transfer kinetics using the redox mediator
IrCl6

2−/IrCl6
3−. The SG-TC mode was employed to study the

OER activity of the substrate by detecting O2 with the Pt UME
tip. Figure 5d provides a graphical summary of the
investigation conducted, with a scheme for each one of those
different processes. A paper recently published by Iffelsberger,
Ng, and Pumera utilizing the SG-TC-photo-SECM is worth
noting.473 Photoelectrocatalysis of TiO2 toward different
reactions of interest like OER, HER, and the chlorine evolution
reaction (CER) were studied. Cyclic voltammograms were
registered at the TiO2-modified substrate to select the potential
windows where the different reactions take place. Simulta-
neously a Pt UME (25 μm diameter) was polarized to specific
potentials to convert the corresponding species: H2, O2, Cl2, or
ROS. In addition to the local analysis, activity maps were
registered, with and without illumination, for the different
reactions by selectively applying potentials at the substrate and
monitoring the corresponding product at the polarized tip.
This SG-TC study concluded important findings, such as a
heterogeneity of the activity and selectivity of the TiO2 surface
despite the apparently uniform composition according to the
morphological characterization. Illumination dramatically
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changes the selectivity of the competing oxygen and chlorine
evolution reaction. The capabilities of the SG-TC mode of
SECM as well as the correlative SG-TC and FB modes in
SPECM measurements were demonstrated to interrogate
materials with respect to the OER in a high-throughput
mode. Additionally, the SG-TC-SECM mode has also been
combined with other techniques to study the OER, providing
spectroscopic or morphological information during the
reaction or, in other words, in operando conditions. Steimecke
et al.462 reported a Raman/SECM methodology to investigate
OER at Ni and Ni/Fe thin-film electrodes deposited on ITO in
0.1 M KOH solution. During the OER, a UME was placed
closely above the substrate to detect the evolved O2, while a
Raman microscope probed the same spot from below (Figure
5e).462 The authors were able to obtain information about the
OER activity and the structural changes tof the materials
during the reaction. In 2021, Ju and collaborators474 used the
SG-TC-SECM mode coupled with AFM to study the effect on
the OER electrocatalysis caused by intercalating polypyrrole
(ppy) in a NiFe-layered double hydroxide (NiFe-LDH). A Pt-
nanoelectrode tip detected O2 while OER was conducted at
the substrate. At the same time, the topography was visualized
by AFM, which permitted to decouple the topographic and
electrochemical information. The combination of both
techniques allowed to demonstrate that the as-prepared
NiFe-LDH-ppy exhibited a twice as high catalytic current
density than the bare NiFe-LDH.

Most SEPM techniques used to study the OER under
operando conditions are based on SECM, particularly on the
SG-TC mode. Recently, SECCM was coupled to a UV
radiation source to probe the photoelectrochemical reactivity
of TiO2 nanotubes toward the OER. The operando SECCM
measurements were performed under dark and light conditions
to reveal photoelectroactive sites of the photoanode material.
The high-resolution SECCM maps did not show a clear
difference between the reactivity on the top and wall regions
TiO2 nanotubes. However, this work demonstrated the
capability of coupling a method for modulating the surface
activity while simultaneously using SECCM to monitor the
differences in the OER activity.364 To the best of our
knowledge, SICM has not been used for the investigation of
the OER in operando conditions. We understand that the
reason is due to the intrinsic limitation of SICM of not being
operando by default. Several works have been published in
recent years based on the operando EC-STM technique.
Stumm et al.475 investigated the structural properties of layered
cobalt oxides on Au(111) in a potential window from OCP to
the OER region by EC-STM. EC-STM is proved capable of
providing structural information with high resolution directly
under potential control. Hence, such measurements are
considered operando studies since the EC-STM images are
registered while a potential is applied to the substrate.
Combining the results of EC-STM with cyclic voltammetry
and EC online inductively coupled plasma mass spectrometry;
the structure, mobility, and stability of a material can be
analyzed. Kluge et al. reported for the first time the suitability
of the noise mode of EC-STM under reaction conditions
(“noise” or n-EC-STM) to study electrochemical reac-
tions.53,428 For example, n-EC-STM was employed to study
the OER activity of an amorphous iridium oxide surface, which
is formed during the electrochemical cycling of an Ir(111)
single crystal.463 With this mode, active areas can be detected
when the noise level of the STM signal increases, in contrast to

the case of inactive sites (Figure 5f). An electrochemical
reaction in the gap between the tip and the surface can locally
and continuously rearrange the electrolyte structure and
change its composition, which influences the tunneling barrier.
By doing so, the authors could monitor local OER activity in
operando conditions while analyzing simultaneously the
surface morphology.
3.3. Investigation of HER Activity at the Substrate Surface

The hydrogen evolution reaction (HER) is a fundamental
process in electrocatalysis that plays an important role in water
electrolyzers, the chlor-alkali industry, and chlorate cells.476

Furthermore, H2 occupies a very important niche as an
indispensable raw material in petroleum refining (hydro-
cracking and desulfurization), production of steel, aluminum,
and ammonia (Haber Bosch process) as well as in the
transformation of CO2 into valuable chemical feedstocks.
Besides the highest gravimetric energy density of H2, HER has
attracted great attention because the process yields highly pure
H2 (>99.999%) at fast production rates under mild reaction
conditions, and it has a low pollution margin; thus HER is
pegged as a potential alternative to fossil fuels.477−480

The HER is a classic example of a two-electron-transfer
process where protons and water are reduced to H2 in acidic
and alkaline media, respectively. Mechanistically, HER involves
three basic steps; the Volmer reaction, which results in the
adsorption of a proton on the electrode surface, followed either
by the Heyrovsky and/or the Tafel reaction to produce
H2.477,478

Although generally regarded as a fast reaction compared to
the OER, the very slow kinetics of HER in alkaline media has
revived a renewed interest to understand the fundamental
parameters governing the reaction. In alkaline media, HER
undergoes more complex steps of adsorption and dissociation
of water in an environment full of hydroxyl (OH−)
disturbances. Furthermore, it is known that the HER kinetics
strongly depends on the electronic properties of the electrode
material and the nature of electrolyte used.477 To this end,
operando SEPMs come in handy as they provide a direct way
to disclose the HER kinetics at active sites with high mass
transport conditions, hard to achieve with others techni-
ques.477 Scheme 5 summarizes the strategy for HER studies
with operando SEPM. Most works explored the strategy to
perform HER on the catalyst surface while HOR is carried out
by the SEPM tip.

The work by Selzer et al. is perhaps the earliest study to use
SECM operated in the FB mode for the study of electron-
transfer processes during proton reduction by methyl viologen
radical cations at a Pt electrode, although not under operando
conditions.481 The same approach was used later to study HER
kinetics at Au NPs,482 Pd nanoparticles capped with 4-
dimethylaminopyridine (Pd-DMAP),483 and 2D assemblies of
Pd on an inert support.484 Although not conducted under
operando conditions, these studies have contributed to the
established framework presently used for HER investigations
using SECM.485 Initially, operando SECM use was applied to
fundamentals studies of HER at platinum substrates. SECM
was essential to achieve high mass-transport conditions to
quantify kinetic parameters of the HER on microelectrodes,
while the substrate was polarized to HOR. Zhou and co-
workers486 used the operando SECM to calculate the H2
oxidation rate on Pt in the presence of adsorbed halide anions.
Zoski487 employed the same approach to calculate HOR
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kinetic parameters at Pt and Ir. Later, Fernandez and co-
workers488 detailed the use of SECM to reveal the potential-
dependence transition between Volmer−Tafel and Volmer−
Heyrovsky steps and mechanistic routes on Pt and Au SECM
tips. Leveraging this framework, Li and colleagues reported the
kinetics of HER at newly identified active sites that consist of S
vacancies on the basal plane of MoS2, by utilizing two
approaches of SG-TC mode in tandem with finite difference
method (FDM) modeling. In the first experiment, the MoS2
substrate potential was swept from 0 V to −0.7 V vs Ag/AgCl
to generate hydrogen continuously, and the hydrogen was then
oxidized at a Pt SECM tip. In the second study, the substrate
potential was switched between the open circuit potential
(OCP) and the negative potentials for the HER by dual-
potential pulses. Figure 6a,b shows schemes of the adopted
strategy using the SG-TC setup and the complementary
simulation for the spatial distribution of the hydrogen
concentration.485 The reliability of the SECM measurement
were confirmed by making four replicates of the experiment on
the same substrate, and complementary measurements using a
three-electrode electrochemical compression cell. Results were
found to be consistent despite variations in electrolytes and
sample dimensions.485 The same SG-TC strategy with a Pt
SECM tip to oxidize the evolved hydrogen was used to study
the HER activity at a MoSx catalyst in a flow cell under flow
and stationary conditions,489 individual Au NPs (on HOPG/
polyphenylene),490 in situ growth of NiCoP grains on Ti3C2Tx
MXenes (NiCoP@MXene) supported on HOPG,491 and
active-metal frameworks (Al2(OH)2-TCPP and Cu-based
MOF HKUST-1).492

Kund and co-workers fabricated a Pd-modified dealloyed
Au−Ni microelectrode tip, which they used for the detection
of H2 under operando conditions at a Pt UME substrate during
HER.493 In this study, the tip potential was kept constant (2 V
vs Ag/AgCl quasi-RE) to oxidize H2 (HOR) while cycling the
substrate potential (0.1 V to −1.2 V vs Ag/AgCl quasi-RE).
Figure 6c,d is a schematic of a Pd-modified microelectrode
positioned above the spot where H2 is evolved and over an
insulating surface as control measurement. The capability of
the proposed probe for the quantification of H2 at
heterogenized Co-based HER catalysts under illumination
was demonstrated.493 Visibile et al. proposed the use of a cavity
microelectrode modified with the studied materials in the TG-
SC mode as a simple and fast method for screening different
semiconductor materials (core−shell CuI/CuO2 to estimate

their efficiencies toward H2 (or O2) production under
photocorrosion conditions.494 When a photocathodic material
was used, the potential of the Pt substrate was held constant at
the value for hydrogen oxidation, while when a photoanodic
powder was under study at the value for oxygen reduction. The
tip potential was scanned by recording a LSV under pulsed
illumination in the potential window specific to the material.
The cavity, filled with the photomaterial of interest, produced
either hydrogen or oxygen which was then detected by the
underlying Pt substrate.494 Jamali et al. successfully inves-
tigated the catalytic activity of photoreduced Pt particles on an
immobilized multilayer assembly of unmodified photosystem I
(PSI) from spinach toward the HER with the SG-TC mode.495

During the imaging process, the tip and substrate were
polarized at 0.0 V and −1.0 V vs Ag/AgCl, respectively. For
the first time the potency of operando SECM to image the
catalytic activity of photoreduced Pt particles on the surface of
a photoactive protein film was demonstrated.495 Asserghine
and colleagues combined three detection modes to investigate
the effect of cathodic polarization on the surface reactivity of a
thin TiO2 film toward the HER for biomaterial application.
The FB, RC, and SG-TC modes as depicted in Figure 6e were
used to acquire information on the interfacial electrochemical
behavior at the substrate. The FB mode was used to monitor
proton reduction and H intercalation into the TiO2 film, and
the SG-TC mode was used to monitor H2 by its oxidation.111

In another study the amperometric and potentiometric modes
of SECM were combined to obtain correlative information
about the corrosion of nitinol in saline solution before and
after anodic polarization. The potentiometric mode was used
to map the pH distribution in the electrolyte volume adjacent
to the nitinol surface corresponding to the Ni2+ discharge.29

Very recently, Iffelsberger and colleagues used SPECM in
the SG-TC mode to study HER and OER on 3D-printed Cu
electrodes doped with Al2O3 (Al2O3/3DCu). Figure 6f is a
schematic illustration of the setup used in the study. The
SPECM HER images were recorded under illumination with a
365 nm light source to invoke HER or without illumination,
and a Pt UME SECM tip biased at 1.06 V vs RHE was used to
oxidize the substrate-generated H2. Figure 6g,h shows the
optical and SPECM images of the cross-section of the substrate
during HER. The authors showed that the activity of the
substrate is localized at the interface between the sintered Cu
and the Al2O3 microcrystals.496 Hill and co-workers342,497

employed the operando optical source/SECCM (see Scheme
5iv) to correlate photocatalytic activity with the structure of p-
type WSe2. The high-resolution photocurrent maps revealed a
high rate for HER in regions with short steps on the nanosheet.
In another work, the SECCM tip was used to locally invoke
micrometer-sized corrosion spots on a WSe2 nanosheet.
Afterward, operando SECCM photocurrent maps under
intermittent illumination showed a high HER activity on the
defect edges.

Operando EC-STM has also been used to shed light on the
complex HER mechanism. Mitterreiter et al.288 demonstrated
that the edges of single MoX2 flakes showed high catalytic
activity for HER, whereas their terraces were inactive. The
authors accomplished this by using EC-STM to visualize the
activity of mechanically exfoliated, few-layer MoS2 and MoSe2
using a Pt/Ir alloy wire insulated with Apiezon wax as the EC-
STM tip. Operated in the constant-current mode, EC-STM
images were taken at different potentials from −0.60 to −0.90
V and −500 to −800 V vs Pt for MoS2 and MoSe2 layers,

Scheme 5. Schematic Drawing Representing the Main
Operando SEPM Configurations for HER Interrogationa

aThe SEPM tip is employed as spectator while the catalyst is
modulated to perform HER (brown arrow): (i) SG-TC-SECM case,
where the tip oxidizes the H2 (HOR, gray arrow); (ii) HER is also
performed at the SECM tip; (iii) EC-STM mapping of a polarized
surface; (iv) evaluating the electroactivity of semiconductors towards
HER in dark and light conditions by SECCM.
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respectively. The setup allowed for a direct comparison of the
HER activity at the edge sites and the basal planes. The
authors also introduced lattice defects to the basal planes by
bombarding large areas of the MoS2 samples with accelerated
He ions (30 keV), and Figure 6i,j compares the EC-STM data
for different electrode potentials corresponding to the “HER
off” (−0.60 V vs Pt) and “HER on” (−0.80 V vs Pt)
conditions, respectively.288 Kosmala and colleagues developed
a method to extract quantitative information from the noise in
the tunneling current which they successfully correlated to the

faradaic occurrences at single atomic sites.498 The substrates
were made of a graphene monolayer covering either a (111)-
oriented Pt single crystal (Gr/Pt(111)), or a few-monolayer Fe
film on Pt(111) (Gr/Fe(n ML)/Pt(111)). Under operando
conditions and using a tungsten wire as an STM tip, the
authors monitored the nanoscale HER events occurring at the
substrate in real-time with atomic resolution. They demon-
strated that the macroscopic electrocatalytic activity as
observed in standard LSV experiments did not only originate
from the presence of the Gr/Fe interface, but also stemmed

Figure 6. (a) Schematic of the SECM measurement setup for operation in the SG-TC mode. The top trapezoid represents a Pt UME tip, and the
bottom a strained MoS2 monolayer with S vacancies functions as the working electrode. H2 is generated at the MoS2 substrate through HER and
subsequently collected and oxidized at the Pt UME tip through HOR, Schematic of the complementary COMSOL simulation for the spatial
distribution of hydrogen concentration (CR/mM). The left side shows the tip and substrate 2D configuration used in the simulation. (b) Right side
shows a representative calculated CR distribution (condition: SV-MoS2 potential at −0.6 V and Pt UME tip potential at 0 V in 0.1 M HClO4). Left
inset: zoomed-in view of CR near the tip−substrate gap. Bottom inset: color bar of CR. Reproduced from ref 485. Copyright 2016 American
Chemical Society. (c) Schematic of a Pd-modified microelectrode positioned at a second Pt macroelectrode; i−t curve of H2 absorption at the Pd
microelectrode (red) was recorded for the duration of the cyclic voltammogram recorded at the Pt macroelectrode (gray); for clarity, the time axis
is not plotted. (d) Schematic of a Pd-modified microelectrode positioned over the insulating sheath, i−t curve H2 absorption at the Pd-modified
microelectrode (red) and cyclic voltammogram recorded at the Pt macroelectrode (gray). Reproduced with permission from ref 493. Copyright
2022 John Wiley & Sons, Ltd. (e) Schematic illustration of the FB, RC, and SG-TC detection modes. Reproduced with permission from ref 111.
Copyright 2020 Elsevier. (f) Schematic illustration of the SPECM examination of the (photo)electrochemical HER at the cross section of a 3D Cu
photoelectrode doped with Al2O3 as a refractory; composed optical and scanning (photo)electrochemical images of the cross section of an Al2O3/
3DCu photoelectrode for the HER, (g) composed optical and SG/TC image of the HER without light and (h) with illumination. Reproduced with
permission from ref 496. Copyright 2022 American Chemical Society. (i) EC-STM images of He ion-treated MoS2 for the condition when HER is
hindered (−600 mV, “HER off”) and (j) when HER is provoked (−800 mV, “HER on”); high-resolution n-EC-STM measurements on HOPG for
HER “on” conditions. Reproduced with permission from ref 288. Copyright 2019 Springer Nature. The positions of the line scans below the images
are marked in the main image as lines of the corresponding color (black, red, or blue). (k) Active sites which show the highest tunneling currents
(white color) are located in the vicinity of a step edge. In addition, the line scan confirms that the sites of the highest tunneling current are indeed
located near the step edge (marked by a gray line). (l) Active sites are detected with even higher resolution, confirming their location near step
edges. The line scans below indicate the second honeycomb away from the step edge being active, active sites are detected near the defective area,
i.e., a deviation from the perfectly ordered carbon lattice (marked by a white circle). (m) Line scan below compares an inactive (black) to an active
(red) step edge. Besides, the noise level increase at the defect sites is shown in blue. Reproduced with permission from ref 499. Copyright 2021
Royal Society of Chemistry..
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from defects like carbon vacancies filled by iron atoms, and
bent Gr layers covering metal step edges.498 Kluge et al.499

employed the n-EC-STM technique427 to study undoped
HOPG under HER conditions and showed that HER activity
was due to step edges and defects rather than defect-free
terraces. The authors augmented their experimental results
with DFT calculations to determine the energetics of hydrogen
adsorption at these sites. Figure 6k−m shows the high-
resolution n-EC-STM measurements on HOPG for HER “on”
conditions.499

3.4. Investigation of CO2RR Activity at the Sample Surface

The electrochemical reduction of CO2 (CO2RR) into value-
added chemicals using renewable electricity is considered a
promising approach to decrease CO2 emissions, an eco-
friendly alternative to fossil fuels as the feedstock of chemicals,
and also solve the intermittency challenge of renewable
electricity generation.500−502 As an added advantage, the
electrochemical CO2 reduction process can be controlled by
adjusting the applied potential and proceeds under ambient
temperature and pressure.503 These factors make scale-up
applications of this technology accessible.

The CO2RR is a multielectron cathodic reaction comprising
coupled multielectron/multiproton transfer pathways and
generally follows three key steps:503−505 the first is the
chemisorption of CO2 at the surface of the electrocatalyst,
followed by the activation of the molecule by migration of
electron and/or proton with subsequent cleavage of the C−O
bond and/or formation of C−H bonds (or intermediates). The
final step involves the rearrangement or coupling of the
intermediates to form products and their subsequent
desorption from the surface of the electrocatalyst. Although
great research attention is given to CO2RR, unravelling the
pathways of the process remains a task to be achieved.503

Among the main reactions discussed in this review (ORR,
OER, and HER), the CO2RR is the most complicated reaction.

Whereas the CO2RR reaction pathway to C1 products (CO,
CH4, HCOO−, and CH3OH) is simple and well established,
that of multicarbon or C2+ products (C2H4, C2H5OH,
CH3COOH, n-C3H7OH, etc.), which are known to possess
higher volumetric energy densities and are key organic
synthons for the synthesis of long-chain hydrocarbon fuels
and oxygenates, is complex and remains ambiguous.503 The
probable factors for the high difficulty in the selectively of CO2
to C2+ products are the high energy barrier of the CO2

•−

intermediate formation which is believed to be the key
intermediate of the first step; competition between the C−C
bond, and C−H and C−O bond formations; multiple coupling
steps of electrons and protons; deactivation of catalysts by
intermediates, byproducts, and impurities from the electrolyte;
and the competitive HER. Furthermore, the much lower
energy efficiency and partial reduction of the current density
observed for C2+ products are stalling the practical application
of CO2 conversion to C2+ products technology in commercial
electrolyzers506 For a detailed discourse on the CO2RR
mechanism, the reader is hereby directed to some good
reviews.500,503,506

Considering the bottlenecks, the goal of research has been to
prepare electrocatalysts that can facilitate the CO2RR at low
overpotentials, and selectively generate desirable products at
high current densities over sustained periods, while avoiding
the formation of unwanted byproducts.507 So far, Cu-based
materials remain the only known electrocatalysts which are
close to fitting the criterion concerning the formation of C2+
products with acceptable efficiency, although an overpotential
of almost 1 V is required and a quite broad mixture of major
and minor products are formed during the CO2RR.507,508

Recent efforts to optimize CO2RR electrocatalysts have
generally involved exploring a variety of material compositions
and morphologies as well as experimental conditions. For
example, the effects of transition metal catalysts,509 alloying,510

Table 4. Summary of Experimental Conditions Made in HER Studies with SEPMs

SEPM mode substrate for HER tip tip reaction ref

SECM SG-TC MoS2 catalyst Pt disk UME (Ø, 25 μm) H2 oxidation 485
SECM SG-TC MoSx catalysts Pt disk UME (Ø, 25 μm) H2 oxidation 489a

SECM SG-TC Au NPs Pt disk UME (Ø, 66 μm) H2 oxidation 490
SECM SG-TC NiCoP@Mxene on HOPG Pt disk UME (Ø, 80 μm) H2 oxidation 491a

SECM SG-TC and RC Al2(OH)2-TCPP and Cu-based MOF
HKUST-1

Pt disk UME (Ø, 10 μm) H2 oxidation 492a

SECM SG-TC Pt, Co-based HER catalysts Pd-modified dealloyed Au−Ni
microelectrodes

H2 detection 493a

SPECM TG-SC core−shell CuI/CuO, CuI and TiO2 in
cavity (modified tip)

cavid-filled Au (Ø, 25 μm) H2 or O2 evolution 494a

SECM SG-TC (not
mentioned in paper)

photoreduced platinum particles (on
PSI)

Pt disk UME (Ø, 2 μm) H2 detection (oxidation) 495

SPECM SG-TC Al2O3/3DCu Pt disk UME (Ø, 25 μm) H2 oxidation 496a

SECM SG-TC AuNPs (on HOPG/polyphenylene) Pt disk nanoelectrode
(Ø, 120 nm)

H2 oxidation 80

SECM FB, RC, and SG-TC thin TiO2 film Pt disk UME (Ø, 25 μm) H2 oxidation 111a

SECM SG-TC nitinol Pt disk UME (Ø, 30 μm) H2 oxidation 29a

SECCM/
optical probe

SECCM/light source WSe2 nanosheet SECCM capillary
(Ø, 200−300 nm)

photocurrent due to HER on the
sample surface

497a

SECCM/
optical probe

SECCM/light source WSe2 nanosheet SECCM capillary (Ø, 500 nm) photocurrent due to HER on the
sample surface

342a

EC-STM constant-current mode MoS2 and MoSe2 Flakes ripped Pt/Ir alloy wire (Pt80/
Ir20)

tunneling current 288a

EC-STM constant-current mode Gr/Fe (0.6 ML)/Pt(111) W wire tunneling current 498a

n-EC-STM constant-current mode HOPG ripped Pt/Ir alloy wire tunneling current 499a

aWorks published in the last 5 years.
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meso- and nanostructuring,511,512 and electrolyte engineer-
ing513 on the activity and selectivity of the CO2RR process
have been reported. Furthermore, theoretical approaches have
been utilized to provide atomistic insights into the reaction
mechanism and the nature of active sites (mainly on Cu), and
in situ spectroscopic methods have been used to detect
reaction intermediates during CO2RR studies.514,515 Despite
these advances, the CO2RR mechanism remains a difficult nut
to crack, thus necessitating the urgency for advanced high-
throughput electrochemical and electroanalytical techniques,
that can probe the CO2 reduction process as well as screen
electrocatalysts, especially under reaction or operando
conditions. As SEPMs have become powerful tools employed
to demystify interfacial phenomena on electrocatalysts at
reaction conditions and have afforded better insights into the
surface structure, composition, and oxidation state, as well as
adsorbed intermediates. Compared to the traditional RRDE
and other conventional electrochemical approaches, SEPMs
are the go-to techniques for high-throughput and high-
precision measurement and have been used in CO2RR
investigations.516 Generally, CO2RR studies with operando
SEPMs, involves polarizing a substrate (catalyst) to invoke the
CO2RR while a concurrently biased tip monitors the CO2RR-
induced changes at the interface, such as products or local pH
changes. Scheme 6 summarizes the main operando SEPM

approaches for investigating CO2RR. The following paragraphs
present state-of-the-art utilization of operando SEPMs as
qualitative and/or quantitative electrochemical tools employed
to probe interfacial dynamics during CO2RR electrocatalysis. It
is worth mentioning that the SECM is possibly the most
explored technique for operando investigations in CO2RR
electrocatalysis.

The work by Sreekanth and Phani,516 in 2014 is perhaps the
foremost operando SECM study that was conducted to unravel
the interfacial processes on CO2RR electrocatalyst. The
authors used the SG-TC-SECM mode to monitor the selective
CO2 conversion to formate in CO2-saturated KHCO3 solution
at metal electrodes (Au, Pd, Ag, and thin films of Hg and Bi
deposited on GC) using a Pt UME as the SECM tip. During
the study, the substrate was biased at potentials to reduce
HCO3

− and CO2, while the Pt tip potential was cycled (−0.6
to 0.9 V vs Ag/AgCl/sat. KCl) to oxidize the substrate-
generated products (HCOO− and CO). Figure 7a−d shows

the scheme of the SECM setup, approach curves and the
corresponding tip voltammograms registered during the
polarization of a Au substrate. The local SECM interrogation
showed that the reduction of bicarbonate resulted mainly in
formate formation in CO2-saturated KHCO3 solution whereas
at lower pH values (e.g., pH 6.8 and 6.5) and higher potential,
CO2RR produced only CO at the Au substrate.516 The same
SG-TC strategy was replicated in later studies to monitor the
electrocatalytic activity of metal-free B-doped graphene,517 to
investigate the role of surface roughness and interfacial pH on
product selectivity at Au substrates,518 monitor the activities of
Au, Cu, and Ag electrodes toward CO2RR in nonmetal cation
containing electrolytes,519 to study the influence of electrolytes
containing metal cations on the performance of a Au
electrode,520 and the performance of electrochemically
reduced In2O3 to In0−In2O3 composite521 toward the CO2RR.

Mayer et al. investigated the potential of SECM for
electrocatalytic screening of Sn/SnOx-based catalysts for the
reduction of CO2 to formate.522 The authors employed SG-
TC-SECM scans on an array composed of three Sn/SnOx
catalysts, with the substrate biased at a constant potential
(−1.5 V vs Ag/AgCl) while recording the tip CVs (1.2 to −1.0
V vs Ag/AgCl). Figure 7e,f shows CV-SECM scans for a
catalyst array at a substrate potential of −1.5 V vs Ag/AgCl.
The authors recommended the combination of CV-SECM
scans with local surface analysis techniques like XPS, to map
local hotspots and compositional inhomogeneities on catalyst
surfaces.522 Kim et al. fabricated a Pt- and Sn-modified Pt
SECM tip to selectively monitor the production of CO during
the CO2RR on highly dispersed Au NPs on carbon black (Au
NPs/CB) substrate using the operando SG-TC-SECM mode.
The substrate was polarized at cathodic potentials to induce
the reduction of CO2 while the tip was biased at +0.5 V vs SCE
to oxidize the CO generated at the Au NPs/CB substrate. The
authors noted that the SG-TC mode coupled with the
electrochemical CO microsensor tip was an effective method
for the detection of CO during CO2RR at low overpotentials
potential.523 Monteiro and co-workers also employed a Pt
UME tip and a functionalized gold SECM tip to probe CO and
H2 electrooxidation.524 In this work, the pH evolution in the
substrate diffusion layer was monitored during CO2RR at a Au
surface. Figure 7g,h is a scheme of the SG-TC mode employed
to detect CO and H2 and the functionalized Au UME used to
measure the pH. The two peaks often observed during CO
oxidation were due to diffusion limitation by CO and OH−.524

All of the above-cited CO2RR studies have been carried out
in an aqueous phase. Aqueous-phase reactors, however, have
some practical limitations that reduce conversion rates and
energy efficiencies of the CO2RR process.525 The use of
reactors that operate using CO2 delivered to the cathode in the
vapor/gas phase, such as those using gas diffusion electrodes
(GDEs), have been successfully used to counterbalance the
limitations of aqueous-phase reactors, where CO2 is dissolved
in the electrolyte.525 GDEs are known to exhibit intercon-
nected pore channels, which enable the formation of the triple-
phase boundary between gaseous CO2, liquid electrolyte, and
solid catalyst, making the intraporous electrolyte modulations
close to the CO2RR sites very tantalizing.525,526 In 2021, the
first experimental report was published describing monitoring
of the local OH− and H2O activities using a Pt nanoelectrode
as SECM tip, which was positioned close to a Ag-based GDE
during the CO2RR (Figure 7i).526 The authors achieved this by
potentiodynamically cycling the positioned tip in a potential

Scheme 6. Schematic Drawing Representing the Main
Operando SEPM Configurations for CO2RR Interrogation

a

aThe catalyst is polarized to perform CO2RR (red arrows), while the
SEPM tip is positioned as a spectator, where the tip response depends
on the actuator method. (i) SG-TC-SECM with the tip polarized to
oxidize CO (CO2RR product). (ii) SECM tip monitors the local OH−

activity variation using the Pt/PtO potential. (iii) SG-TC-SECM tip
registers H2 oxidation (gray arrow). (iv) EC-STM mapping of a
polarized surface performing CO2RR.
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range between Pt oxide formation and Pt oxide reduction
(0.60 to −1.1 V vs Ag/AgCl/3 M KCl), while the Ag-based
GDE was kept at cathodic potentials to induce the CO2RR.
High turnover HER/CO2RR at a GDE leads to modulations of
the alkalinity at the local electrolyte/electrode interface.526 The
same shear-force-based tip positioning technique was used to
simultaneously monitor pH changes and the topography with
high resolution.527 The SG-TC mode was used to study the
effect of catalyst loading and CO2 pressure on the activity of a
Au GDEs toward CO2 reduction to CO. During the
experiment, the diffusion-limited CO oxidation current was
constantly recorded at the positioned Au-nanoelectrode close
to the GDE while the tip was scanned across the loading
gradient. At the same time, the potential applied to the
substrate and the CO2 back-pressure was varied. This allowed
for a detailed evaluation of the interplay between catalyst
loading and CO2 back-pressure with respect to the optimum
performance of the studied GDEs. An optimum local catalyst
loading was necessary to achieve high activities and the
optimum loading also depended directly on the CO2 back-
pressure.527 The same approach527 was employed to study the
activity and selectivity of Ag core/porous Cu shell NPs in a H-

cell and a GDE cell configuration,528 and to monitor the local
OH− ion activity of PTFE-modified GDEs of a series of
metal−organic framework (MOF) derived CuxOyCz cata-
lysts.529

Recently, Steimecke et al.186 combined SECM with Raman
microscopy to investigate the activity of a single cuprous oxide
microcrystal electrochemically deposited on a transparent ITO
substrate (Cu2O/ITO) toward CO2RR. Figure 7j is a scheme
of the Raman-coupled SECM setup that allowed Raman
measurements from the backside of the ITO electrode while
the SG-TC-SECM mode was run simultaneously. This setup
allowed to simultaneously obtain electrochemical and spectro-
scopic information with high spatial resolution and as
complementary data sets from the very same location of the
electrode (Figure 7k−m). The Cu2O/ITO substrate was
continuously polarized from −0.1 to −1.05 V vs Ag/AgCl/
KClsat (50 mV step−1) to induce the CO2RR while recording
CVs at a Pt SECM tip which was biased potentiodynamically
(20 mV s−1) between −0.5 to 0.9 V vs Ag/AgCl/KClsat to
detect the substrate-generated products. Raman spectra
revealed that the reduction of Cu2O crystal to Cu occurred
when the substrate was polarized at −0.2 V vs Ag/AgCl/KClsat.

Figure 7. (a) Schematic of the SG-TC mode for CO2/bicarbonate reduction−formate oxidation, (b) negative feedback, (c) positive feedback
approach curves, (d) cyclic voltammetric responses of the Pt UME (10 μm)-tip to HCOO− generated at the Au substrate in 0.1 M KHCO3.
Reproduced with permission from ref 516. Copyright 2014 Royal Society of Chemistry. CV-SECM scans (tip scan rate: 0.05 V s−1) for a catalyst
array at a substrate potential of −1.5 V vs Ag/AgCl: (e) forward scan, (f) backward scan. The black arrow indicates the starting scan position of the
tip. CV: scan rate 1 V s−1, potential range: 1.2 to −1.0 V vs Ag/AgCl. Tip−substrate distance: 100 μm, tip scan rate 100 μm s−1. Electrolyte: 0.1 M
KHCO3 saturated with CO2 at atmospheric pressure, 293 K. Reproduced with permission from ref 522. Copyright 2020 Springer Nature.
Schematic representation of the SG-TC mode (g) where a Pt-UME probes CO and H2 while CO2RR occurs on a Au substrate, (h) functionalized
Au-UME used for monitoring pH changes. Reproduced from ref 524. Copyright 2020 American Chemical Society. (i) Local H2O and OH−

activities modulated by the competing HER and CO2RR are monitored using a precisely positioned Pt nanoelectrode. The PtO reduction peak
potential changes with the different ion activities established inside the three-phase boundary of the GDE at varying reaction rates. Reproduced
with permission from ref 526. Copyright 2021 John Wiley and Sons. (j) Setup of the Raman-coupled scanning electrochemical microscope, (k,l)
selected cyclic voltammograms of the Pt UME in 10 μm tip-to-sample distance to the Cu2O microcrystal at various substrate potentials (Esubstrate
from −0.1 to −1.05 V); the arrows in (k) indicate the decrease of currents with decreasing substrate potential, whereas in (l), the curve progression
is indicated for −1 V, (m) selected corresponding in situ Raman spectra, the asterisk indicates a peak from the quartz substrate. Reproduced with
permission from ref 186. Copyright 2022 John Wiley and Sons. (n) Low-resolution (200 nm × 200 nm) and zoomed-in (2 nm × 2 nm) operando
EC-STM images at −0.9 V in 0.1 M KOH. Experimental parameters: bias voltage = −300 mV. Tunneling current for low-resolution images = 2 nA;
for high-resolution images = 5 nA. Reproduced from ref 530. Copyright 2014 American Chemical Society..
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The ITO electrode had no relevant contribution to the CO2RR
and as such can be a useful substrate material although its
application as a transparent electrode material for optical
probing was limited to potential values above −1 V vs Ag/
AgCl/KClsat.

186

SECM in the SG-TC mode has been the most employed
SEPM methodology for the operando investigation of CO2RR.
Nevertheless, EC-STM was also used to study the interfacial
dynamics of electrocatalysts. Kim et al. used operando EC-
STM to investigate the Cu(100)-like behavior of polycrystal-
line Cu (Cu(pc)) during CO2RR.530 Previous investigations
suggested that Cu(pc) exhibited Cu(100)-like behavior in that
it generated ethylene as a major product.531 The authors
explain the unexpected product selectivity observed for Cu(pc)
by operando EC-STM images (Figure 7n), demonstrating that
during CO2RR (at −0.9 V vs SHE, 0.1 M KOH) Cu(pc) facets
undergo reconstruction to a pure single-crystal with a Cu(100)
surface.530 This study epitomizes the potency of operando
studies to reveal the structure-composition-activity correlation
sought after during electrocatalysis. Phan and colleagues also
employed operando EC-STM to reveal the dynamics of the
morphological evolution of polycrystalline Cu (p-Cu) and
graphene-covered polycrystalline Cu(g-Cu) during the
CO2RR. The study unveiled a drastic reconstruction of p-Cu
to nanocuboids at negative potentials and even in halide-free
electrolytes. They also demonstrated the protective character
of a single graphene layer on Cu against the massive
reconstruction at operando conditions. Their results showed
that Cu exhibited a similar intrinsic activity when normalized
by the electrochemically active area which opens a new
prospect to reinterpret the mechanism of nanostructured Cu-
based materials without the presence of oxidized species or
halides.532

3.5. SEPM Tip in the Investigation of Other Reactions for
Electrolyzers and Bioelectrocatalysis Interests

In this section, we demonstrate the versatility and potency of
operando SECM for the investigation of other important
reactions. The electrochemical chlorine evolution reaction
(CER) is a significant anodic reaction in chlor-alkali
electrolysis.533 Cl2 gas is an important precursor for many
crucial industrial processes including pharmaceuticals, polymer
synthesis, pulp and paper, disinfectant production, and
wastewater treatment.533,534 Zeradjanin et al. employed
operando SECM in the SG-TC and RC modes as an analytical
tool to detect and visualize the local electrocatalytic activity of
dimensionally stable anodes (DSA) toward the chlorine
evolution from brine.535 The same techniques were used
later to monitor the local activity of CER on Ti−Ru−Ir mixed
metal oxide DSA surfaces.536

Reactive intermediates play an important role in many
electrochemical processes and SECM is well adapted to
monitor their formation during electrocatalysis.537 Chang and
Bard reported the detection of the short-lived Sn(III)
intermediate and the mechanism of Sn(IV)/Sn(II) electro-
reduction in bromide media by cyclic voltammetry and
operando SECM.538

The Bard group employed the TG-SC mode to capture the
unstable intermediate CO2

•− to study the mechanism of
CO2RR. This demonstrates the capacity of the SECM to
detect and characterize short-lived species which can dimerize,
undergo disproportionation, and react with proton donors and
even mild oxidants.539 This work highlighted the advantage of
SECM over fast-scan cyclic voltammetry for the study of fast
reaction intermediates in that it helps to overcome the
limitations of double-layer charging and adsorbed species
observed in fast-scan CV. SECM allows for measurements at
steady-state while transient currents from adsorbed species do
not perturb the measurements. The biochemical and enzymatic

Table 5. Summary of Experimental Conditions Made in CO2RR Studies with SEPMs

SEPM mode substrate tip tip reaction(s) ref

SECM SG-TC Au, Pd, Ag, and thin films of Hg and Bi
on GC

Pt disk UME (Ø, 10 μm) CO and HCO2
− oxidation 516

SECM SG-TC B-doped graphene Pt disk UME (Ø, 10 μm) HCO2
− oxidation 517

SECM SG-TC Au (varying roughness) Pt disk UME (Ø, 10 μm) CO oxidation 518a

SECM SG-TC Au, Cu, and Ag Pt disk UME (Ø, 10 μm) CO oxidation 519a

SECM SG-TC Au electrode Pt disk UME (Ø, 50 μm) CO oxidation 520a

SECM SG-TC In0−In2O3 composites Pt disk UME (Ø, 200 μm) CO oxidation 521
SECM SG-TC Sn/SnOx-based catalysts Pt disk UME (Ø, 10 μm) detection of HCOO−, CO,

and H2

522a

SECM SG-TC Au NPs/CB Pt- and Sn-modified Pt SECM tip
(Ø, 76 μm)

CO oxidation 523a

SECM SG-TC Au UME Pt- and Au-modified pH sensor CO oxidation and pH
monitoring

524a

SECM SG-TC Ag-based GDE Pt nanoelectrode CO oxidation and pH
monitoring

526a

SECM SG-TC (SF-
SECM)

Au-based GDEs Au disk UME (Ø, 2 μm) CO oxidation 527a

SECM SG-TC (SF-
SECM)

Ag core/porous Cu shell NPs Pt disk UME reduction of PtO 528a

SECM SG-TC (SF-
SECM)

MOF-derived CuxOyCz Pt disk UME (Ø, 1 μm) reduction of PtO 529a

Raman-
SECM

SG-TC Cu2O/ITO Pt disk UME (Ø, 10 μm) HCO2
− and H2O2 oxidation 186a

EC-STM constant current Cu(pc) W (Ø, 25 μm) tunneling current 530
EC-STM constant current p-Cu and g-Cu ripped Pt/Ir wire tunneling current 532a

aWorks published in the last 5 years.
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activities of substrates have also been monitored by the SECM.
Wijayawardhana et al. examined the biochemical activity of
beads that were modified with antimouse antibodies using the
SG-TC mode by oxidizing 4-aminophenol formed in the
alkaline phosphatase-catalyzed hydrolysis of 4-aminophenyl
phosphate at the surface of the beads, using a Pt microdisk
electrode (10 μm diameter) as a SECM tip.540

Maciejewska and co-workers employed the SG-TC-SECM
mode to monitor the localized enzymatic activity of enzyme/
polymer spots made of resydrol and glucose oxidase on glass
surfaces.541 During the study, they evaluated the complex
interplay between glucose and ascorbic acid in a glucose
oxidase-based amperometric biosensor.541 In a closely related
study, the SG-TC mode was used to monitor the localized
sensor response of glucose oxidase immobilized within a
polymer matrix in a spot of about 300−400 μm diameter.542

Karnicka et al. monitored the spatial distribution of the
biocatalytic activity of bilirubin oxidase/Os-complex modified
redox polymer toward ORR with RC-SECM.107 Fernańdez et
al. used the TG-SC-SECM to perform a high-throughput study
on the ORR activity of arrays of “wired” bilirubin oxidase and
laccase enzymes.543 The arrays contained spots with different
ternary mixtures of enzyme, cross-linker, and redox polymers,
and the goal was to find the optimal composition. During the
study, a 25 μm diameter Pt tip was polarized to produce locally
O2 by OER while the substrate was held at 0.3 and 0.4 V vs
Ag/AgCl (3 M KCl) to trigger the enzymatic ORR activity of
the different composites.

Operando SECM operating in the SG-TC mode was used to
analyze the reaction mechanism of the electrooxidation of
glycerol at copper surfaces in NaOH solutions. A potential
sweep from 0 to 0.8 V vs Ag/AgCl was applied to the substrate
for glycerol electrooxidation while the tip was kept constant at
0.2 V vs Ag/AgCl to monitor the formation of electroactive
species, e.g., reduction of Cu(III) species.544

Chronoamperometry and micropipette delivery/substrate
collection (MD/SC) mode of SECM was used to investigate
the electrocatalytic activity of 5 different metallic nanoparticles
(Pt100, Pt75Pd25, Pt50Pd50, Pt25Pd75, and Pd100) toward formic
acid oxidation in the presence of simultaneous ORR.545 The
Au UME SECM tip was kept at a potential negative enough to
perform ORR under steady-state conditions, and SECM
images were collected at 3 different potential values, (0.3 V,
0.5 and 0.7 V vs RHE). The authors demonstrated SECM as a
fast and powerful technique for studying the O2 crossover
effect in different electrocatalysts and for identifying highly
selective electrocatalyst candidates for mixed-reactant fuel
cells.545

Operando SECM operated in the SG-TC mode was
employed to investigate substrate-generated H2O2 by using a
highly stable and selective ultramicrosensor (made of Prussian
Blue modified with films of iron and nickel hexacyanoferrates)
as a tip. A Au surface was biased to generate H2O2 while the
selective tip was employed for imaging the distribution of
H2O2.546 The RC and SG-TC modes were also applied to
investigate the electrochemical activities of various AuPd
compositions deposited onto ITO toward H2O2 and
FcMeOH+ reduction reactions.547 Tomlinson et al. reported
the first use of electrochemical imaging to identify the defect
and defect-free areas in single crystal boron-doped diamond
(BDD) electrodes. Intermittent contact SG-TC-SECM was
successfully used to detect defects in single crystal BDD
electrodes by measuring variations in the tip current in

correlation with changes in the boron dopant levels in the
materials.548 Leonard and Bard reported a new TG-SC mode
approach that allowed them to acquire information by the
separation of partial currents at multireactional electrochemical
interfaces, which they employed to study HER at a Mn tip.101

During the measurement, the Mn tip potential was scanned
from −1.5 to 0 V vs Ag/AgCl to invoke HER, while the
substrate potential was held at +0.1 V vs Ag/AgCl to capture
solely the tip-generated H2 (HOR). By this approach, the
authors investigated HER on the Mn surface, a reaction that
has not been directly studied owing to the highly corrosive
nature of Mn. The approach curve showed positive feedback
for H2 production at the tip and H2 oxidation at the Pt
substrate, and at very close distances, ∼100% collection
efficiency was obtained, highlighting the powerful sensitivity of
SECM measurements.101 HOR electrocatalysts for fuel-cell
applications have also been studied with SECM. Kim et al.
studied the HOR activity of Pt NPs electrodeposited on highly
oriented pyrolytic graphite (HOPG). They used the operando
TG-SC mode to generate H2 at the Pt-nanoelectrode tip (134
nm of diameter), while HOR was performed at the polarized
substrate (Pt NPs on HOPG) with large effective rate constant
(higher than 2 cm/s) caused by the effective mass transfer
rate.549

The mechanism for the electrosynthesis of nanoparticles has
also been probed using operando SECM. Miranda Vieira and
co-workers employed operando SECM for the local electro-
synthesis of Ag2O nanocubes. The TG-SC mode was used to
electro-generate Ag+ at an anodic potential (+0.3 V) using a Ag
sacrificial electrode as SECM tip while the substrate (Au
electrode) was biased at a cathodic potential (−0.4 V) to
induce ORR producing the OH− needed for Ag2O nanocubes
formation. The nanocubes were also detected at the Au-UME
substrate by nanoimpact coulometry using the electroreduction
of Ag2O to Ag.550 This approach showed how electrochemical
impact in SECM can be applied to reveal NP formation and
growth mechanism.

Another interesting study that exemplifies the capability of
operando SECM to study electrocatalytic processes was
reported by He and co-workers, who studied the electro-
chemical reductions of NO3

− to NO2
− and NO2

− to NH3 on a
Cu−Co(OH)2 catalyst using various in situ characterization
techniques including operando SECM. During the operando
SECM measurements, the Cu−Co(OH)2 catalyst substrate
was polarized at −0.12 V (vs RHE) to trigger the NO3RR
while CV scans were carried out at the Pt-UME (SECM tip,
diameter of ∼1 μm) between −0.12 and 1.58 V (vs RHE) to
identify NO2

− (at 0.06 V vs RHE) and NH3 (at 0.76 V vs
RHE).551 The authors showed that the NO2

− was selectively
formed on the Cu layer and then diffuses to the near by
Co(OH)2 layer, where the NO2

− is further reduced to NH3.
The potential of FB mode SECM for investigating surface

charge transfer properties of semiconductors used as photo-
electrodes was introduced by Horrocks, Mirkin, and Bard
already in 1994.121,552 The substrate (biased or not) is
illuminated to generate reactive charge carriers. A redox
mediator in the electrolyte is converted at the polarized tip and
the so-transformed species further interact with the photo-
generated charge carriers of the substrate, giving a negative or
positive feedback current as the tip response. The FB mode of
SECM in these cases is interpreted as an operando tool since
simultaneously reactive species generated at the substrate
surface under illumination are indirectly monitored at the
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SECM tip. Such a strategy generates information about the
surface processes that are directly correlated to photo-
electrocatalysis, which occurs in a short time regime,
highlighting the spatial and temporal capability of operando
SECM investigation. Zhang and co-workers553 used the FB
mode to investigate the charge-transfer kinetics at the
photoelectrode/electrolyte interface of the photocatalysts
BiVO4 and Mo-doped BiVO4 using the redox couple
[Fe(CN)6]3−/[Fe(CN)6]4− as a mediator. The researchers
concluded that the introduction of the Mo6+ ion into BiVO4
can facilitate light-induced OER and suppress the interfacial
back reaction at the photoanode/electrolyte interface. A similar
approach was employed to study charge-transfer dynamics on
the surface of BiVO4 and BiVO4/NiFe-LDH.554 This work
showed that the back transfer of electrons is suppressed when
adding the NiFe-LDH cocatalyst onto the BiVO4 semi-
conductor surface, explaining the enhanced water oxidation
properties of the combined material.

4. SUMMARY AND FUTURE PROSPECTIVE
A comprehensive review of state-of-the-art advances made with
SEPM to understand interfacial processes aims on demonstrat-
ing the versatility of SEPMs to probe the catalytic activity of
various substrates, understand structure dynamics, establish
structure/composition−activity−selectivity relations, and dis-
close reaction mechanisms. The potential of SEPM is shown
through the various local studies conducted with SECM,
SICM, EC-STM, and SECCM. The working principle of each
SEPM technique, their scope of applicability, advantages, and
limitations are discussed. In addition, the concept of operando
SEPM is delineated, i.e., the use of the SEPM tip to probe local
surface property changes while tailoring the surface reactivity
independently with another method.

Furthermore, the use of operando SEPM to investigate
electrocatalytic reactions (ORR, OER, HER, and CO2RR) is
presented systematically to demonstrate the extensive and
exciting trajectory of operando SEPMs studies. In the
application section, the uniqueness and utility of operando
SEPMs have been portrayed in the many research studies that
were reviewed. Beyond the general advantages of micro/
nanoelectrochemistry, the use of operando SEPMs makes it
possible to identify active sites, disclose reaction pathways,
quantify reaction intermediates, and study the effects of the
reaction environment on electrocatalytic processes. Moreover,
the use of hybrid SEPM techniques for the extraction of
additional information during the electrochemical reaction has
been shown. Evidently, most operando SEPM studies were
done using SECM and EC-STM, which are intrinsically
operando SEPM techniques.

Although SECCM and SICM were not yet intensively
explored for operando studies, the techniques have been
shown as a powerful tool for local investigations in single-entity
and sub-entity studies because of its high-resolution (some
nm) and high-throughput features. However, the flexibility of
the pipette-SEPM techniques still need improvement to allow
easy and simultaneous coupling with other methods to enable
operando investigations. We encourage the community on
exploring operando SICM for charge mapping of electrodes
surface, as well as the coupled SECCM-hybrid methods to
investigate simultaneously single entity catalysts.

Finally, we advocate the incorporation of simulations and
machine learning into general SEPM studies. This will pave the

way for systematic benchmarking and design of electro-
catalysts.
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ABBREVIATIONS
AC alternating current
AFM atomic force microscopy
BDD boron-doped diamond
C1 single carbon-containing CO2RR products
C2+ multiple carbon-containing CO2RR products
CB carbon black
CD constant distance
CE counter electrode
CER chlorine evolution reaction
CNT carbon nanotubes
CO2RR CO2 reduction reaction

CoTPP 5,10,15,20-tetraphenyl-21H,23H-porphine cobalt-
(II)

CV cyclic voltamogramm
DC direct current
DEMS differential electrochemical mass spectrometry
DFT density functional theory
DSA dimensionally stable anode
EC-STM electrochemical scanning tunneling microscopy
EQCM quartz crystal microbalance
FB feedback
FTIR Fourier transform infrared spectroscopy
FTO fluorine-doped tin oxide
GC glassy carbon
GDE gas diffusion electrode
Gr graphene
HER hydrogen evolution reaction
HOPG highly oriented pyrolytic graphite
HOR hydrogen oxidation reaction
ICR ion current rectification
ITO indium tin oxide
LDH layered double hydroxide
LEIS local electrochemical impedance spectroscopy
LSV linear sweep voltammogram
MCE microcavity electrodes
ML monolayer
MOF metal−organic framework
MWCNTs multiwalled carbon nanotubes
NC nitrogen-doped carbon
n-EC-STM noise electrochemical scanning tunneling micros-

copy
NHE normal hydrogen electrode
NO3RR nitrate reduction
NP nanoparticle
OCP open circuit potential
OER oxygen evolution reaction
ORR oxygen reduction reaction
pc polycrystalline
PSI photosystem I
QRCE quasi-reference counter electrode
RC redox competition
RDE rotating disk electrode
RE reference electrode
rGO reduced graphene oxide composite
RHE reversible hydrogen electrode
ROS reactive oxygen species
RRDE rotating ring-disk electrode
SAM self-assembled monolayer
SCE saturated calomel electrode
SC-TG substrate collection−tip generation
SECCM scanning electrochemical cell microscopy
SECM scanning electrochemical microscopy
SEI solid-electrolyte interphase
SEM scanning electron microscope
SEPM scanning electrochemical probe microscopy
SF shear force
SHE standard hydrogen electrode
SI surface interrogation
SICM scanning ion conductance microscopy
SMCM scanning micropipette contact method
SNEI single nanoparticle electrochemical impact
SPECM scanning photoelectrochemical microscopy
SPR surface plasmon resonance
STM scanning tunneling microscopy
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STS scanning tunneling spectroscopy
SVET scanning vibrating electrode technique
TC-SG tip collection−substrate generation
TEM transmission electron microscopy
TMO transition metal oxide
TOF turnover frequency
UME ultra-microelectrode
WE working electrode
XPS X-ray photoelectron spectroscopy
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(299) Ebejer, N.; Güell, A. G.; Lai, S. C. S.; McKelvey, K.; Snowden,
M. E.; Unwin, P. R. Scanning Electrochemical Cell Microscopy: A
Versatile Technique for Nanoscale Electrochemistry and Functional
Imaging. Annu. Rev. Anal. Chem. 2013, 6, 329−351.

(300) Wahab, O. J.; Kang, M.; Unwin, P. R. Scanning Electro-
chemical Cell Microscopy: A Natural Technique for Single Entity
Electrochemistry. Curr. Opin. Electrochem. 2020, 22, 120−128.

(301) Martín-Yerga, D.; Costa-García, A.; Unwin, P. R. Correlative
Voltammetric Microscopy: Structure-Activity Relationships in the
Microscopic Electrochemical Behavior of Screen Printed Carbon
Electrodes. ACS sensors 2019, 4, 2173−2180.

(302) Yamamoto, T.; Ando, T.; Kawabe, Y.; Fukuma, T.; Enomoto,
H.; Nishijima, Y.; Matsui, Y.; Kanamura, K.; Takahashi, Y.
Characterization of the Depth of Discharge-Dependent Charge
Transfer Resistance of a Single LiFePO4 Particle. Anal. Chem.
2021, 93, 14448−14453.

(303) Gao, R.; Edwards, M. A.; Qiu, Y.; Barman, K.; White, H. S.
Visualization of Hydrogen Evolution at Individual Platinum Nano-
particles at a Buried Interface. J. Am. Chem. Soc. 2020, 142, 8890−
8896.

(304) Chen, C.-H.; Ravenhill, E. R.; Momotenko, D.; Kim, Y.-R.;
Lai, S. C. S.; Unwin, P. R. Impact of Surface Chemistry on
Nanoparticle-Electrode Interactions in the Electrochemical Detection
of Nanoparticle Collisions. Langmuir 2015, 31, 11932−11942.

(305) Ustarroz, J.; Kang, M.; Bullions, E.; Unwin, P. R. Impact and
Oxidation of Single Silver Nanoparticles at Electrode Surfaces:One
Shot Versus Multiple Events. Chem. Sci. 2017, 8, 1841−1853.

(306) Saha, P.; Hill, J. W.; Walmsley, J. D.; Hill, C. M. Probing
Electrocatalysis at Individual Au Nanorods via Correlated Optical and
Electrochemical Measurements. Anal. Chem. 2018, 90, 12832−12839.

(307) Valavanis, D.; Ciocci, P.; Meloni, G. N.; Morris, P.; Lemineur,
J.-F.; McPherson, I. J.; Kanoufi, F.; Unwin, P. R. Hybrid Scanning
Electrochemical Cell Microscopy-Interference Reflection Microscopy
(SECCM-IRM): Tracking Phase Formation on Surfaces in Small
Volumes. Faraday Discuss. 2022, 233, 122−148.

(308) Cheng, L.; Jin, R.; Jiang, D.; Zhuang, J.; Liao, X.; Zheng, Q.
Scanning Electrochemical Cell Microscopy Platform with Local

Electrochemical Impedance Spectroscopy. Anal. Chem. 2021, 93,
16401−16408.

(309) Momotenko, D.; Byers, J. C.; McKelvey, K.; Kang, M.; Unwin,
P. R. High-Speed Electrochemical Imaging. ACS Nano 2015, 9,
8942−8952.

(310) Brunet Cabré, M.; Djekic, D.; Romano, T.; Hanna, N.;
Anders, J.; McKelvey, K. Microscale Electrochemical Cell on a
Custom CMOS Transimpedance Amplifier for High Temporal
Resolution Single Entity Electrochemistry. ChemElectroChem. 2020,
7, 4724−4729.

(311) Blount, B.; Juarez, G.; Wang, Y.; Ren, H. iR Drop in Scanning
Electrochemical Cell Microscopy. Faraday Discuss. 2022, 233, 149−
162.

(312) Li, Y.; Morel, A.; Gallant, D.; Mauzeroll, J. Ag+ Interference
from Ag/AgCl Wire Quasi-Reference Counter Electrode Inducing
Corrosion Potential Shift in an Oil-Immersed Scanning Micropipette
Contact Method Measurement. Anal. Chem. 2021, 93, 9657−9662.

(313) Hill, J. W.; Hill, C. M. Directly Visualizing Carrier Transport
and Recombination at Individual Defects Within 2D Semiconductors.
Chem. Sci. 2021, 12, 5102−5112.

(314) Tolbert, C. L.; Hill, C. M. Electrochemically Probing Exciton
Transport in Monolayers of Two-Dimensional Semiconductors.
Faraday Discuss. 2022, 233, 163.

(315) Fu, Z.; Hill, J. W.; Parkinson, B.; Hill, C. M.; Tian, J. Layer
and Material-Type Dependent Photoresponse in WSe2 /WS2 Vertical
Heterostructures. 2D Mater. 2022, 9, 015022.
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of the Kinetic Parameters of the Oxygen Reduction Reaction using
the Rotating Ring-disk Electrode: Part II. Applications. J. Electroanal.
Chem. 1987, 229, 317−325.

(398) Zinola, C. F.; Arvia, A. J.; Estiu, G. L.; Castro, E. A. A
Quantum Chemical Approach to the Influence of Platinum Surface
Structure on the Oxygen Electroreduction Reaction. J. Phys. Chem.
1994, 98, 7566.

(399) Shen, Y.; Träuble, M.; Wittstock, G. Detection of Hydrogen
Peroxide Produced During Electrochemical Oxygen Reduction using
Scanning Electrochemical Microscopy. Anal. Chem. 2008, 80, 750−
759.

(400) Fernández, J. L.; Walsh, D. A.; Bard, A. J. Thermodynamic
Guidelines for the Design of Bimetallic Catalysts for Oxygen
Electroreduction and Rapid Screening by Scanning Electrochemical
Microscopy. M-Co (M: Pd, Ag, Au). J. Am. Chem. Soc. 2005, 127,
357−365.

(401) Wang, X.; Li, Z.; Qu, Y.; Yuan, T.; Wang, W.; Wu, Y.; Li, Y.
Review of Metal Catalysts for Oxygen Reduction Reaction: From
Nanoscale Engineering to Atomic Design. Chem. 2019, 5, 1486−
1511.

(402) Liu, B.; Bard, A. J. Scanning Electrochemical Microscopy. 45.
Study of the Kinetics of Oxygen Reduction on Platinum with
Potential Programming of the Tip. J. Phys. Chem. B 2002, 106,
12801−12806.

(403) Sanchez-Sanchez, C. M.; Bard, A. J. Hydrogen Peroxide
Production in the Oxygen Reduction Reaction at Different Electro-
catalysts as Quantified by Scanning Electrochemical Microscopy.
Anal. Chem. 2009, 81, 8094−8100.

(404) Sánchez-Sánchez, C. M.; Rodríguez-López, J.; Bard, A. J.
Scanning Electrochemical Microscopy. 60. Quantitative Calibration of
the SECM Substrate Generation/Tip Collection Mode and its use for
the Study of the Oxygen Reduction Mechanism. Anal. Chem. 2008,
80, 3254−3260.

(405) Zhang, C.; Fan, F.-R. F.; Bard, A. J. Electrochemistry of
Oxygen in Concentrated NaOH Solutions: Solubility, Diffusion
Coefficients, and Superoxide Formation. J. Am. Chem. Soc. 2009, 131,
177−181.

(406) Shen, Y.; Träuble, M.; Wittstock, G. Electrodeposited Noble
Metal Particles in Polyelectrolyte Multilayer Matrix as Electrocatalyst
for Oxygen Reduction Studied using SECM. Phys. Chem. Chem. Phys.
2008, 10, 3635−3644.

(407) Noel, J.-M.; Kostopoulos, N.; Achaibou, C.; Fave, C.;
Anxolabéher̀e-Mallart, E.; Kanoufi, F. Probing the Activity of Iron
Peroxo Porphyrin Intermediates in the Reaction Layer during the
Electrochemical Reductive Activation of O2. Angew. Chem., Int. Ed.
2020, 59, 16376−16380.

(408) Bae, J. H.; Yu, Y.; Mirkin, M. V. Scanning Electrochemical
Microscopy Study of Electron-Transfer Kinetics and Catalysis at
Nanoporous Electrodes. J. Phys. Chem. C 2016, 120, 20651−20658.

(409) Barwe, S.; Andronescu, C.; Engels, R.; Conzuelo, F.; Seisel, S.;
Wilde, P.; Chen, Y.-T.; Masa, J.; Schuhmann, W. Cobalt Metalloid
and Polybenzoxazine Derived Composites for Bifunctional Oxygen
Electrocatalysis. Electrochim. Acta 2019, 297, 1042−1051.

(410) Sklyar, O.; Ufheil, J.; Heinze, J.; Wittstock, G. Application of
the Boundary Element Method Numerical Simulations for Character-
ization of Heptode Ultramicroelectrodes in SECM Experiments.
Electrochim. Acta 2003, 49, 117−128.

(411) Nagaiah, T. C.; Maljusch, A.; Chen, X. X.; Bron, M.;
Schuhmann, W. Visualization of the Local Catalytic Activity of
Electrodeposited Pt-Ag Catalysts for Oxygen Reduction by means of
SECM. ChemPhysChem 2009, 10, 2711−2718.

(412) Schwamborn, S.; Stoica, L.; Chen, X.; Xia, W.; Kundu, S.;
Muhler, M.; Schuhmann, W. Patterned CNT Arrays for the
Evaluation of Oxygen Reduction Activity by SECM. ChemPhysChem
2010, 11, 74−78.

(413) Kundu, S.; Nagaiah, T. C.; Xia, W.; Wang, Y.; Van Dommele,
S.; Bitter, J. H.; Santa, M.; Grundmeier, G.; Bron, M.; Schuhmann,
W.; et al. Electrocatalytic Activity and Stability of Nitrogen-
Containing Carbon Nanotubes in the Oxygen Reduction Reaction.
J. Phys. Chem. C 2009, 113, 14302−14310.

(414) Singh, V.; Tiwari, A.; Nagaiah, T. C. Facet-Controlled
Morphology of Cobalt Disulfide Towards Enhanced Oxygen
Reduction Reaction. J. Mater. Chem. A 2018, 6, 22545−22554.

(415) Lima, A.; Lima, A.; Meloni, G.; Santos, C.; Bertotti, M.
Perovskite-Type Oxides La0.6M0.4Ni0.6Cu0.4O3 (M = Ag, Ba, Ce)
towards the Oxygen Reduction Reaction (ORR) in Alkaline Medium:
Structural Aspects and Electrocatalytic Activity. J. Braz. Chem. Soc.
2021, 32, 665−674.

(416) Okunola, A.; Kowalewska, B.; Bron, M.; Kulesza, P. J.;
Schuhmann, W. Electrocatalytic Reduction of Oxygen at Electro-
polymerized Films of Metalloporphyrins Deposited onto Multi-walled
Carbon Nanotubes. Electrochim. Acta 2009, 54, 1954−1960.

(417) Nagaiah, T. C.; Schäfer, D.; Schuhmann, W.; Dimcheva, N.
Electrochemically Deposited Pd-Pt and Pd-Au Codeposits on
Graphite Electrodes for Electrocatalytic H2O2 Reduction. Anal.
Chem. 2013, 85, 7897−7903.

(418) Seiffarth, G.; Steimecke, M.; Walther, T.; Kühhirt, M.;
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