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Abstract: Scanning electrochemical microscopy (SECM) is a powerful scanning probe technique for
measuring the in situ electrochemical reactions occurring at various sample interfaces, such as the
liquid-liquid, solid-liquid, and liquid-gas. The tip/probe of SECM is usually an ultramicroelectrode
(UME) or a nanoelectrode that can move towards or over the sample of interest controlled by a precise
motor positioning system. Remarkably, electrocatalysts play a crucial role in addressing the surge
in global energy consumption by providing sustainable alternative energy sources. Therefore, the
precise measurement of catalytic reactions offers profound insights for designing novel catalysts as
well as for enhancing their performance. SECM proves to be an excellent tool for characterization and
screening catalysts as the probe can rapidly scan along one direction over the sample array containing
a large number of different compositions. These features make SECM more appealing than other
conventional methodologies for assessing bulk solutions. SECM can be employed for investigating
numerous catalytic reactions including the oxygen reduction reaction (ORR), oxygen evolution
reaction (OER), hydrogen evolution reaction (HER), water oxidation, glucose oxidation reaction
(GOR), and CO2 reduction reaction (CO2RR) with high spatial resolution. Moreover, for improving
the catalyst design, several SECM modes can be applied based on the catalytic reactions under
evaluation. This review aims to present a brief overview of the recent applications of electrocatalysts
and their kinetics as well as catalytic sites in electrochemical reactions, such as oxygen reduction,
water oxidation, and methanol oxidation.

Keywords: scanning electrochemical microscopy; ultramicroelectrode; catalyst; electrocatalysis

1. Introduction

Advances in electrochemical technologies have played a crucial role in gaining deeper
insights into the electrochemical reactions occurring at solid-liquid, liquid-liquid as well
as liquid-gas interfaces [1–3]. Electrochemical techniques have gained worldwide interest
over the recent years as they offer an efficient platform to study the renewable and sustain-
able energy generation arising from various electrocatalytic chemical reactions, such as
photoelectrochemical (PEC) splitting of water, the electrochemical production of H2O2, the
electroreduction of CO2, glucose-based biofuel cells (GFCs) for assessing electrocatalytic
glucose oxidation, and water splitting reactions [4–10].

Scanning probe microscopy (SPM) techniques, especially scanning electrochemical mi-
croscopy (SECM), can be utilized for the screening of a large number of electrocatalysts and
instantaneous in-situ product analysis [11,12]. SECM comprises of an ultramicroelectrode
(UME) or a nanoelectrode (NE) acting as the probe (depending on the sample sizes) that en-
ables the efficient mapping of localized electrochemical activity over various homogeneous
and heterogeneous surfaces [13,14]. The catalytic reactions may occur heterogeneously on
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the sample surfaces, and thus SECM can be used to understand the reaction sites, nature of
spatial variations, and reaction dynamics of the catalytic systems. Table 1 summarizes the
recent advances of SECM for evaluating catalysts. For instance, SECM can measure a variety
of localized catalytic redox reactions, including oxygen reduction reaction (ORR) [15–17],
oxygen evolution reaction (OER) [18,19], hydrogen evolution reaction (HER) [15,20–22],
water oxidation [23], glucose oxidation reaction (GOR) [24,25], and CO2 reduction reaction
(CO2RR) [26,27]. Furthermore, SECM can be employed for the determination of short-lived
intermediates (such as electrochemically generated radicals) [28].

Table 1. Recent advances in the applications of SECM for assessing catalysts.

Instrumentation Material of the Probe Mode Catalysts Catalytic Reaction References

SECM Pt RC

PdW nanoparticles
supported on

nitrogen and sulfur
co-doped

graphene (NSG)

ORR [29]

SECM Au SG/TC

Nanowires of
silver chloride and

bromide
(AgClNWs and

AgBrNWs)

ORR [30]

SECM Pt RC Octahedral cobalt
sulfide (CoS2) ORR [31]

SECM Pt RC
Manganese
tungstate
(MnWO4)

ORR [32]

AFM-SECM Pt SG/TC;
Direct mode

Fe–N doped planar
graphite

ORR; H2O2
production [16]

SECM Pt SG/TC

nickel and
cobalt-based

oxides
(NiO, Co3O4 and

NixCo3-xO4)

HO2
− production
in ORR [9]

SECM Au FB
Copper

nanostructures
(CuNSs)

ORR and CO2
reduction [33]

SECM Cu and Fe TG/SC Copper ORR; HER; CO2RR [34]

SECM Pt SG/TC;
RC

Nitrogen-bearing
carbon spheres

(NCSs)

ORR; H2O2
production [35]

SECM Pt RC

Nanostructured
hybrids based on

MoSe2 on reduced
graphene

oxide (rGO)
nanosheets

ORR [36]

SECM Pt
SG/TC;
TG/SC;

RC

Multiwalled
Carbon nanotubes
(MWCNTs) with

cobalt(IX)
protoporphyrin

(MWCNTs/CoP)

ORR; H2O2
production [37]
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Table 1. Cont.

Instrumentation Material of the Probe Mode Catalysts Catalytic Reaction References

SECM Pt RC

ZnCo2O4 on
carbon nanotubes
(ZnCo2O4/CNTs)

and Pt/C

ORR [38]

AFM-SECM Au-c-Pt tip SG/TC
Platinum

nanoparticles
(Pt NPs)

ORR; H2O2
production [39]

SECM-SICM Pt coated pyrolytic
carbon

SG/TC;
RC

Gold nanoparticles
(Au NPs)

ORR; H2O2
generation [40]

Raman-SECM Glassy carbon SG/TC

Lithium
intercalated nickel

phosphorus
trisulfide (NiPS3)

OER [41]

SI-SECM Au FB CoPi nanosheets Water oxidation,
OER [23]

Raman-SECM Pt SG/TC Ni/Fe and Ni thin
films OER [42]

SECM Pt SG/TC

reduced graphene
oxide supported

ZnCo2O4
microsphere

(rGO-ZnCo2O4)

ORR; OER [43]

SECM Pt SG/TC

Cobalt-based
metalloids

(CoxB and CoxP)
composites

ORR, OER; [44]

SECM Pt SG/TC

Mesoporous
single-atom-doped
graphene–carbon
nanotube hybrid

ORR; OER [45]

SECM Pt SG/TC; FB
MXenes

(2D early transition
metal carbide)

HER [21]

SECM Pt SG/TC

Iron sulfide (FeS2)
nanostructures

(1D, wires and 2D,
discs)

HER [46]

SECM Pt SG/TC
Metal-organic
frameworks

(CoSx MOFs)
HER [15]

SECM Pt SG/TC

Sulfur vacancies
on Molybdenum

disulfide
(SV-MoS2)

HER [47]

SECM Pt FB;
SG/TC

Mixed-phase MoS2
nanosheets HER [48]

SECM Pt SG/TC
Ni and

Ni/α-Ni(OH)2
heterostructures

HER, OER [49]
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Table 1. Cont.

Instrumentation Material of the Probe Mode Catalysts Catalytic Reaction References

SECM Pt SG/TC

Decamethylruthenocene
(DMRc) in 1,2-

dichloroethane/water
(DCE|W) biphasic

system

HER [50]

SECM Carbon; Pt FB;
SG/TC

Silver
nanoparticles (Ag

NPs) and silver
nanoclusters (Ag

NCs) on multi-wall
carbon nanotubes

(MWCNT)

Bicarbonate
reduction [51]

SECM Hg/Pt TG/SC Au metal surface Intermediate of
CO2 reduction [52]

Depending on the type of electrocatalysis and catalyst used, SECM can operate
via various working modes, such as substrate-generation/tip-collection (SG/TC) mode,
tip-generation/sample-collection (TG/SC) mode, feedback (FB) mode, redox competi-
tion (RC) mode, and direct mode. SECM acts as an ideal tool for assessing the cat-
alytic/electrocatalytic reactions as well as for determining the catalytic efficiency of electro-
catalysts based on numerous features, including the electron transfer mechanism, oxidation
potential, current density, surface morphology, electronic band structures, porosity, tunabil-
ity, and availability of active edge sites [11]. High-precision and real-time monitoring of
localized catalytic electrochemical reactions can provide a remedy to numerous biotech-
nological problems such as corrosion of polymers and carbon-based materials, the decay
of biofuel cells, etc. [11,12]. The understanding of these chemical reactions may accelerate
the development of new technologies and guide the scientists to conduct more precise
research [53,54].

In this review, we provide deeper insights into employing SECM to tackle conventional
problems related to electrocatalysis. Herein, we summarize the applications of SECM
for determining the local and real-time measurements of catalytic redox reactions. We
emphasize how SECM can be a very promising tool to improve the design of electrocatalysts
and hence, for exhibiting crucial information about the reaction mechanisms that can
ultimately combat various conventional problems faced in biotechnological applications.

Introduction to SECM

SECM belongs to the scanning probe microscopy family that consists of a probe that
shifts in the vicinity of a substrate interface, and thereby, offering a map of the local-
ized information and/or reactivity based on the sample-probe interaction using different
operating modes [28,55,56]. SECM has been used in many fields such as electrochem-
istry, materials science, catalysis, and biochemistry [57–60]. Also, SECM can be combined
with various other SPM methodologies such as atomic force microscopy (AFM), scanning
ion-conductance microscopy (SICM), scanning electrochemical cell microscopy, etc., and
hence, it becomes a very powerful tool for measuring multiple types of signals simultane-
ously [61,62].

The most important part of the SECM set-up is the probe that is usually an UME or
a NE on which the electrochemical redox process occurs. The SECM probe is connected
to a precise motor positioning system so that the probe can efficiently move in the x, y,
and z-directions. Figure 1 demonstrates the basic instrumentation of SECM. Generally, a
three-electrode system, comprising of a working electrode (probe), reference electrode, and
counter electrode, is used for SECM measurements. The potential applied to the probe is
controlled by a potentiostat. The sample is immersed in an electrolyte solution and fixed
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on a substrate. The probe can smoothly move along the z-direction, making an approach
curve that provides the kinetic and reactivity information. In the imaging mode, the UME
is placed in a certain z-position close to the sample, whereas the probe scans across the x-
and y-direction. Therefore, a map of Faradaic current distribution can be acquired.

Positioning system

WE 1

RE CE Probe

Potentiostat or
Bi-Potentiostat

z

x
y

Electrolyte
solution

Figure 1. Illustration of the instrumentation of SECM with a soft probe.

SECM is a diffusion-based technique, in which the hemispherical diffusion occurs
around the UME as shown in Figure 2. As compared to conventional microelectrodes,
where the diffusion of species occurs perpendicularly, the mass transfer in hemispherical
diffusion is faster so that the diffusion-limited currents can be measured in the bulk
solution. Therefore, smaller dimensions of the electrode offer a superior sensitivity in
electrochemical measurements owing to their low ohmic drop, low capacitive current, and
fast mass transport. If the UME reaches the steady-state in bulk solution, the current can be
expressed via the following equation derived from Fick’s law: [63]

iT,∞ = 4nFDCR
* rT (1)

where n is the number of electrons transferred per molecule or ion, F is the Faraday constant,
D is the diffusion coefficient, CR

* is the concentration of a species “R” in the bulk solution
and rT is the radius of the disk-shaped UME.

Recently, Prof. Tzu-En Lin has dedicated her work to develop a “soft UME probe”
for efficient SECM measurements [57,60,64,65]. The soft UME can even scan the samples
having curvature or rough surfaces, such as apple peels and cancer tissues, in contact mode.
As Figure 1 shows, the UME is made of flexible materials so that the probe can accurately
scan in contact mode, unlike the traditional UME, which is made of a rigid glass that makes
it moderately difficult to manipulate, as the current signals often get interfered by the
change of probe-sample distance. Thus, the Soft-Probe-SECM is an excellent alternative to
overcome the challenges faced with the traditional SECM methodologies.

2. SECM Operation Modes

The utilization of various operation modes is contingent based on the purpose of
the SECM experiments. Figure 2 summarizes several common operation modes reported
in an analysis of catalysts, including the feedback mode (FB), tip generation/substrate
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collection (TG/SC) mode as well as substrate generation/tip collection (SG/TC) mode,
and redox competition mode (RC). Among these different modes, the feedback mode and
the generation/collection mode are the most widely used for SECM imaging. A reduced
species “R” existing as a free redox mediator in the bulk solution, which gets oxidized to
the oxidized species “O” by a polarized UME, can be studied via Equation (2):

R → O + ne− (2)

When the tip is placed at a large distance away from the substrate, a steady-state
diffusion-limited current, iT,∞, is established due to the hemispherical diffusion field as
described previously. Under the negative feedback mode operation, when the soft UME
approaches towards a non-active substrate (e.g., an insulator) within a few tip radii, the
recorded current at the tip (iT) decreases as the tip gets closer to the substrate, which is
a consequence of the physical hindering of the diffusion of the redox mediator to the
electrode surface by the substrate (Figure 2) producing a decrease of the recorded current
(iT < iT,∞). This behavior is an outcome of the disturbance in hemispherical diffusion due to
the physical hindering of the diffusion of the reduced species “R” to the electrode surface.
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Conversely, in case of positive feedback (Figure 2), as the probe approaches a con-
ductive or electrochemically active substrate, the surface of the substrate can immediately
reduce the previously formed oxidized species “O” at the UME back to the reduced species
“R”. Consequently, the recycling process leads to an increase of the tip current (iT), which
can become larger than the current in the bulk solution (iT > iT,∞).

In the generation/collection modes, the electrochemically active redox mediator is
produced at either the probe electrode or the substrate electrode. If the generation of redox
species results from the substrate electrode, and the tip collected the oxidized species “O”
that diffuses away from the substrate, it is known as the substrate generation/tip collection
(SG/TC) mode [11]. Here, the current recorded (iT) will provide information about the
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electrochemical activity of the sample, and thus, reflects the concentration profile of the
redox-active species near an active site of the sample [66]. Similarly, if the production of
the redox mediator is at the UME probe surface, and then reacted electrochemically on the
substrate, this is called tip generation/sample collection (TG/SC) mode (Figure 2). For
this situation, the substrate currents provide the information of the local electrochemical
reactivity at the tip location. The benefits of utilizing SG/TC or TG/SC modes are higher
sensitivity due to the lesser background currents and the measurements at larger distances
between the probe and the substrate can be achieved compared with feedback modes.

Figure 2 illustrates the working principle of redox competition (RC) mode, in which
the tip and the substrate both compete for the same reactant (R) because they undergo
the same reaction. The closer the tip approaches to the sample surface, the more of the
extensive consumption of the electrochemically active species, and thus, the tip current
decreases. The advantage of RC mode is that the interference from the background current
is relatively less as compared to the TG/SC mode. Therefore, the selection of the operation
modes depends on many factors such as the source, concentration of analytes, background
currents, and the electrochemical reactions occurring in the solution. All in all, the lateral
resolution, current signal acquisition, and quality of the SECM image can be affected by
numerous factors. The variables that need to be adjusted include the size of the sample
area, the electron transfer rate, the concentration of the redox mediator, the tip-substrate
distance, the size of the tip, and the scan rates of the probe. To achieve the best scanning
conditions, slower scan rates and smaller step sizes or probes are preferred. However,
these may lead to an extremely longer experiment time; for instance, 24 h. Therefore, the
simultaneous optimization of the resolution and the scanning time is a challenging task.

3. The Study of Oxygen Reduction Reaction (ORR) by SECM

In academia and industry, advanced electrochemical techniques and catalysts aimed
for sustainable energy storage and conversion have attracted scientists’ attention due to the
escalated depletion of fossil fuels. In the next-generation energy devices, such as proton
exchange membrane fuel cells (PEMFCs) and rechargeable metal-air batteries (MABs), O2
molecules are reduced at the cathode where the oxygen reduction reaction (ORR) takes
place [67–69]. However, electrochemically breaking the O = O bond is not easy because of
the high bond energy. Therefore, the use of electrocatalysts for lowering the energy barrier
of ORR reaction is an important issue. The O2 molecules can undergo the reduction either
to form water directly through a four-electron transfer mechanism or by forming hydrogen
peroxide as an intermediate through a two-electron transfer process [70,71].

For investigating the ORR by SECM, the generation/collection (TG/SC or SG/TC)
mode and RC mode are often used for ORR investigation. In a typical case, the catalysts
are modified on a sample electrode that generates O2 molecules and the tip collects them or
vice versa. Thus, the recorded tip currents reveal the local activity of the electrocatalysts [72].
Schuhmann’s group has studied the catalytic process of ORR that occurred on various
catalyst candidates. They assessed the metal catalyst based on their ability to lead O2
reduction depending on the number of electrons transferred during the reaction time. The
nature (e.g., selectivity) of a catalyst relies on whether a complete (four-electron reduction
forming desired H2O) or incomplete (two-electron reduction forming undesired H2O2)
electron pathway was taken. To differentiate between two-electron and four-electron
transfer, they prepared the sample at the Pt and the Au surface [44,73,74]. By applying
different sample potentials and different operation modes of SECM, the ratio of reactions
of the four-electron transfer process and two-electron transfer process can be investigated.

Noble metals, such as Pt, are often used in ORR catalysis [75]. However, the competing
adsorption of the intermediates is the main reason why ORR at noble metals has a high
overpotential. Therefore, synthesizing the novel alloy catalysts for lowering noble metal
loading and increasing the catalytic efficiency is an important issue. SECM has been an
ideal technique to compare the catalytic activity of nanoparticles composed of different
elements [74].
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In order to gain insights into the reactions occurring at the surface of these nanoma-
terials, the scanning electrochemical microscopy-atomic force microscopy (SECM-AFM)
was used to map the catalytic currents with ultra-high resolution (around 50 nm). Figure 3
demonstrates that the combination of SECM and AFM can reveal the Fe-coordinated ni-
trogen sites formed both in the edge as well as basal planes of highly ordered pyrolytic
graphite (HOPG) and meanwhile, provides the topographical information on a nanometric
scale. The Kolagatla group compared the HOPG surface with ammonia plasma-treated
HOPG (N-HOPG), and iron and ammonia plasma-treated HOPG (Fe-N-HOPG) surfaces.
They demonstrated that the edge planes of Fe-N-HOPG have enhanced catalytically active
sites as compared to other tested surfaces, as the catalytic activity of the ORR in acidic
solution arises mainly through the Fe coordinated ‘N’ sites, associated with structural
defects in the HOPG surface [16]. This system enables a deeper understanding of the
catalytic sites on different composites and thus, paves a way for a better design of the
catalysts.
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Figure 3. The AFM topography scan, oxygen reduction and peroxide oxidation current mapping
images (in this order) of HOPG (a–c), N-HOPG (d–f), and Fe-N-HOPG (g–i), respectively. The applied
substrate potentials for the oxygen reduction current mapping are 0.68 V (HOPG and N-HOPG) and
0.7 V (Fe-N-HOPG). The applied tip potential for the hydrogen peroxide oxidation current mapping
is 1.2 V. The SECM-AFM tip scan rate used for the current-mapping experiments is 15 ms per point;
(1 ms per point = 4 nm ms−1). Reprinted from ref. [16]. Copyright 2009 , Royal Society of Chemistry;
permission conveyed through Copyright Clearance Center, Inc.

In addition to AFM-SECM, other types of SECM related techniques, such as scanning
electrochemical cell microscopy (SECCM) and SECM-SICM, were developed by Unwin
and other researchers, for the visualization of individual catalytic sites. On the other hand,
the modification of the tip structure is also a promising method for studying the chemical
reactions in a specific environment such as in organic solvents. For instance, Wittstock
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and coworkers created a special UME composed of an opening of a micropipette (MP)
containing the liquid-liquid interface near the Pt electrode. In this system, oxygen reduction
and ion transfer across the liquid-liquid junction can be observed (Figure 4) [17]. The data
showed that the strong catalytic activity of hydrated alkali metal ions on the formation rate
of hydrogen peroxide. It varies systematically with the pH of the transferred alkali metal
ions in the organic solvents. The catalytic activity was found to be increased as per the
correlation of the hydration enthalpies of alkali metal ions (K+ < Na+ < Li+). Hence, cations
having higher hydration enthalpy offer higher driving force for ORR and, thereby, a higher
rate for the generation of hydrogen peroxide. This strategy provides deeper insights into
the optimization of biphasic fluidic systems containing aqueous and/or organic phases.
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Apart from the artificially synthesized catalysts, enzymes composed of proteins can
act as natural catalysts that carry out numerous biochemical reactions, including oxygen
reduction. Therefore, Bard’s group and other researchers also used SECM to characterize
the catalytic reactivity of the enzymes, including multicopper oxidase bilirubin oxidase
(BOD) or laccase spotted on the substrates [76].

4. The Study of Oxygen Evolution Reaction (OER) by SECM

The oxygen evolution reaction (OER) is the process of generating oxygen molecules
through a chemical reaction. Oxygen molecules can be generated from the electrolysis
of water, oxidation of water during oxygenic photosynthesis, or electrocatalytic oxygen
evolution reactions [12,19,41–43,45,49,77]. In the fields related to metal-air batteries and
solar fuel production or other renewable energy technologies, the catalysts for the OER
reaction are usually composed of manganese oxides (MnO), ruthenium, iridium oxides,
and other first-row metals; however, they are costly and rare [77].

SECM can reveal the OER status in real-time and provide useful information on the
reaction rate. In a recent study of OER, Bard’s group used surface interrogation scanning
electrochemical microscopy (SI-SECM) to investigate manganese oxidation state on the
two electrodeposited manganese-based electrocatalysts, amorphous MnOx, and perovskite
CaMnO3. The workflow of the detection of the different manganese oxidation states on the
two catalysts is presented in Figure 5. The intermediates of the OER process were generated
by giving a voltage pulse on the substrate from the open circuit potential (OCP) to a certain
potential for several seconds [19]. Consequently, the SECM probe enhanced the production
of redox species that titrates adsorbed molecules on the substrate. During the OER process,
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MnV species were identified in both electrocatalysts by analyzing the feedback currents and
finally, the reaction rates calculated. Besides, the Bron group coupled Raman spectroscopy
with SECM and demonstrated that in situ Raman-SECM can be utilized for mapping the
OER activity of electrochemically deposited Ni and Ni/Fe thin-film electrodes in an alkaline
media. This in situ spectroelectrochemical methodology can provide clearer insights into
the structure, structural changes, and resulting catalytic activity of NiFe oxides/hydroxides
using Raman spectroscopy as well as simultaneously assess the onset of OER using SECM
in SG/TC mode at the same location [42].
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5. The Study of Hydrogen Evolution Reaction (HER) by SECM

Hydrogen is a promising alternative energy source that is more environmentally
friendly and renewable. Therefore, the development of electrocatalysts for the hydrogen
evolution reaction (HER) is an important concern. Typically, catalysts for HER reaction
are composed of noble metals. In recent years, SECM has been used for screening earth-
abundant electrocatalysts, so the design of active non-precious metal-based catalysts can
be improved.

Recently, single-atom catalysts (SACs) with the atomic distribution of metal active
sites attracted great attention because of their extraordinary features of high reactivity.
The characterization of SACs and the unveiling of catalytic mechanisms on individual
sites can be done by the SECM [78]. However, the scanning of a single molecule or
single nanoparticle catalysts is relatively feasible. Figure 6 presents that Mirkin’s group
revealed the HER reaction occurs on a single Au nanoparticle on a polyphenylene film.
The current distribution in the SECM image under SG/TC mode reflects the catalytic site
of the nanoparticle (Figure 7).
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Figure 7. Voltammetric and SECM analysis for assessing the HER activity at gold nanoparticles
(AuNPs). (a) Voltammograms corresponding to the reduction of protons at uncoated-HOPG (black),
polyphenylene-coated HOPG (green), and 20-nm-gold nanoparticles (AuNPs) immobilized onto
the modified HOPG (red). (b) SG/TC map corresponding to the HER activity at an individual
20-nm-gold nanoparticles acquired using a 15 nm-radius Pt tip. ET = 500 mV, ES = −750 mV vs.
Ag/AgCl. (c) Voltammograms obtained at a 60 nm-radius Pt tip kept above the AuNP, 80 nm apart
from the modified HOPG surface. ET was scanned, and ES (in mV) was −600 (1), −500 (2), and −100
(3). (d) Tip/substrate voltammograms were acquired at the same position as in (c). ES was scanned,
and ET (in mV) was 500 (1), 400 (2), and 100 (3). The electrolyte solution comprised 10 mM HClO4

and 0.1 M NaClO4. The potential sweep rate was 100 mV s−1. Reprinted from ref. [79]. Copyright
2014, John Wiley and Sons.

Moreover, novel catalysts such as metal-organic frameworks (MOF) were explored,
and the HER mechanism was also interpreted by SECM. The Hod group developed the
electrochemically converted-MOFs (termed “EC-MOFs”) into highly active electrocatalysts
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and optimized their conversion parameters (scan rate, potential range, and number of
potential scans) for enhancing their electrochemical performance. They employed SECM
in SG-TC mode to map in situ HER activity of the EC-MOF of ZIF-67 into patterned CoSx,
an HER electrocatalyst. Furthermore, they also performed in situ OER analysis of a bi-
metallic (Fe,Ni)-MIL-53 MOF into patterned FeNiSx, revealing that SECM can serve as a
useful technique for optimization of localized catalyst fabrication as well as for designing
MOF-based patterned arrays for electrochemical studies [15].

6. The Emerging Applications of SECM

In addition to the reactions mentioned above, other catalytic reactions including CO2
reduction, hydrogen peroxide production, and water oxidation, have been investigated
by SECM. For instance, various methods for the elimination of greenhouse gases include
energy-driven CO2 reduction, photothermal, thermal-catalytic, and artificial photosynthe-
sis. Catalysts used for CO2 reduction reactions determine the efficiency of the conversion
of CO2 toward high-value hydrocarbons [23,26,27,80].

7. Conclusions

In this review, we summarized the recent progress of SECM screening of electrocata-
lysts for the reactions such as ORR, OER, and HER. The combination of SECM with other
versatile techniques, such as AFM and SICM, allows the in-depth study of catalytic sites
and obtaining useful information for catalyst design as well as improving their perfor-
mance. Although there are numerous appealing features of applying different operation
modes for studying electrocatalysts by SECM, there are still few challenges. For example,
the speed of scanning cannot be accelerated too much because convection can interfere
with the diffusion of reactants and products. On the other hand, the topography of the
samples also limits the scanning area and probe types. In the future, efforts will be made
to improve the design of a versatile SECM probe and hence, developing the optimized
methodologies by combining SECM with other advanced SPM techniques to circumvent
the upsurged global energy consumption.
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