View Article Online

View Journal

M) Checs tor updates

Chemical
Science

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: J. Xu, R. Chen, J.
Song, S. Liu, Y. Shen and Y. Zhang, Chem. Sci., 2025, DOI: 10.1039/D5SC01854D.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Chemical
Science

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
o sockre shall the Royal Society of Chemistry be held responsible for any errors
Vo OF CHERIETRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

ROYAL SOCIETY i I - I
OF CHEMISTRY rsc.li/chemical-science

(3


http://rsc.li/chemical-science
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5sc01854d
https://pubs.rsc.org/en/journals/journal/SC
http://crossmark.crossref.org/dialog/?doi=10.1039/D5SC01854D&domain=pdf&date_stamp=2025-05-13

Page 1 of 13

Open Access Article. Published on 13 May 2025. Downloaded on 5/15/2025 2:04:10 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

(ec)

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Chemicatl Science

View Article Online
DOI: 10.1039/D55SC01854D

Emerging Techniques and Scenarios of Scanning Electrochemical
Microscopy for the Characterization of Electrocatalytic Reactions

Jinming Xu, Ran Chen*, Juanxian Song, Songgin Liu, Yanfei Shen, Yuanjian Zhang

Abstract To fulfill the evergrowing energy consumption demands and the pursuit of sustainable and renewable energy,
electrocatalytic reactions such as water electrocatalysis, Oz reduction, N2 reduction (NRR), CO; reduction (CO:RR), etc., have
drawn a lot of attention. Scanning electrochemical microscopy (SECM) is a powerful technique for in-situ surface
characterization, providing critical information about the local reactivity of electrocatalysts and unveiling key information
about the reaction mechanisms, which are essential for the rational design of novel electrocatalysts. There has been a
growing trend of SECM-based study in electrocatalytic reactions, with a major focus on water splitting and O reduction
reactions, and relying mostly on conventional SECM techniques. Recently, novel operation modes of SECM have emerged,
adding new features to the functionality of SECM and successfully expanding the scope of SECM to other electrocatalytic
reactions, i.e., NRR, NOs" reduction (NOsRR), CO2RR and so on, as well as more complicated electrolysis systems, i.e. gas
diffusion electrodes. In this perspective, we summarized recent progresses in the development of novel SECM techniques
and recent SECM-based researches in NRR, NO3RR, CO:RR, and so on, where quantitative information on the reaction
mechanism and catalyst reactivity were uncovered through SECM. The development of novel SECM techniques and the
application of these techniques can provide new insights into the reaction mechanisms of diverse electrocatalytic reactions

as well as the in-situ characterization of electrocatalysts, facilitating the pursuit of sustainable and renewable energy.

Introduction

The pollution issues and greenhouse effects caused by fossil
fuels as well as the ever-growing demand for energy have become a
worldwide concern 1%, Thus, the pursuit of sustainable and
renewable energy, and the utilization of this energy, has drawn lots
of attention 510, Electrocatalytic reactions driven by electricity
generated through wind power, tidal power, solar power, etc., play
crucial roles in the field of sustainable and renewable energy
generation and utilization 1714, For example, water electrolysis
reaction, one of the most-studied electrocatalytic reactions, is vital
for hydrogen power generation 1517, Carbon dioxide reduction
reaction (CO2RR) can convert CO; in the atmosphere into organic
products 820, Nitrate reduction reaction (NOsRR) helps to convert
the nitrogen pollutant in industrial and agriculture wastewater into
value-added ammonia product 2123, As a result, several core

electrocatalytic reactions have triggered a great deal of research 24~
28

A comprehensive knowledge of various complicated processes
at the catalyst interface during an electrocatalytic reaction, including
the adsorption and desorption process, the electron transfer process,
solvation and desolvation behaviors, electrostatic interactions, etc.,
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is crucial for the engineering and optimization of electrocatalytic
systems as well as for the rational design of novel electrocatalysts.
The structural and chemical characteristics of electrocatalysts can be
examined using various characterization methods, including
scanning electron microscopy-energy dispersive X-ray spectrometer
(SEMEDS), (XPS), UV-vis

fluorescence microscopy, Raman spectroscopy and so on 2. On the

X-ray photoelectron spectroscopy
other hand, conventional electrochemical techniques such as cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
are widely used in the study of electrocatalytic reactions, capturing
the average electrochemical properties of the catalysts 3031,
However, since electrocatalysts are often spatially heterogeneous
due to surface features at the microscopic level, i.e., surface defects,
various crystalline facets and phases, non-uniform catalyst
distribution, etc.32-35, an electrochemical technique with high spatial
resolution is critical for characterizing the local reactivity at different
microscopic regions and unraveling the complicated reaction

processes during electrolysis.

Scanning electrochemical microscopy (SECM) is a powerful and
versatile technique for in-situ surface characterization with high
spatial and temporal resolution 3639, Using nanoelectrodes as the
probe, a lateral spatial resolution ~10 nm and a horizontal tip-
substrate distance of a few nanometers on flat substrates have been
achieved, enabling the detection of short-lived intermediates and
the analysis of ultrafast reaction kinetics near the substrate 4043, Due
to its high spatial resolution, in-situ operation modes, and versatile
functionality, SECM has also been widely used in various fields, such
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as studying complicated reaction mechanisms, characterizing the
local morphology and reactivity at the electrode surface, probing
cellular activity, etc 36 4448, There is a growing trend of SECM-based
study in electrocatalytic reactions, where critical information on the
local reactivity at different microscopic regions on an electrocatalytic
material was revealed using SECM 434350, The majority of these work
focused on water splitting and O, reduction reactions 31760, and
traditional SECM operation techniques, namely, the feedback mode
and the generation/collection mode, were used to quantify the
localized reactivity 61-93, Additionally, since a flat electrode surface
was required for positioning the probe close and carrying out
accurate SECM measurements, these SECM-based studies were
often limited to two-dimensional planar materials 6465,

Recently, novel operation modes of SECM have emerged,
adding new features to the functionality of SECM 672, For example,
the surface interrogation mode enabled the quantification of active
sites on catalytic surfaces 6667, sequential voltammetric SECM (SV-
SECM) permit the simultaneous identification of numerous species
in a complicated working condition and provided the capability for
mapping facet-dependent products selectively 8, while shear-force-
based and capacitance-based approach curves allowed for the
positioning of probes near non-flat surfaces %72 These new
techniques helped to expand the scope of SECM to other
electrocatalytic reactions, i.e., N, reduction reaction (NRR), NO3RR,
CO,RR, and so on, as well as more complicated electrolysis systems,
such as the gas diffusion electrode (GDE). Thus, in this perspective,
the recent development of novel SECM techniques was first
summarized, followed by the recent SECM-based research in NRR,
NOsRR, CO4RR, and so on, where quantitative information on the
reaction mechanism and catalyst reactivity were uncovered through
SECM.

Recent progress in novel SECM operative modes

Surface interrogation mode

Although first introduced in 2008 7374, the surface interrogation
(SI) mode of SECM has regained a lot of interest in the field of
electrocatalysis recently 59.66.7576 s it allowed for the study of active
site densities and reaction kinetics where adsorbents are involved.

The working principle of the SI mode is shown in Figs. 1a-d. An
UME serves as the probe to ‘interrogate’ the substrate surface
coated with electrocatalysts by electrochemical titration. A redox
mediator O is dispersed in solution, which can be reduced to R
through a simple electron transfer reaction O + e —R at the biased
UME surface, and when the substrate is under open circuit potential
(OCP), R cannot convert back to O on the substrate. However, with
the species A adsorbed at the active sites on the electrocatalyst
surface, R can react with A to regenerate O, leading to a feedback
current on UME, until all of the A species have reacted with R (Fig.
1b) 77. This way, the amount of A on the electrocatalyst surface can
be electrochemically titrated by monitoring the feedback current on
the UME, leading to a quantification of the active site density on the
electrocatalyst surface. Additionally, if there are other competing
processes on the active sites, such as the adsorption of another

2| J. Name., 2012, 00, 1-3

species B (Fig. 1c), the surface concentration of A will change yith
time. By varying the delay time before the! titraRinDIHeOtiAtfer
dependent surface concentration of A can be quantified, leading to
kinetic information of the adsorption rate of B (Fig. 1d). Note that, a
substrate comparable in size to the UME is usually required for
accurate measurement of adsorbates to minimize the possible
interference from lateral charge transfer effects.
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Fig. 1 (a-d) Schematic diagrams of SECM operation modes of SI mode.
P represents the byproduct of the reaction between R and A. B is a
substance that competes with A for adsorption on the substrate. (e)
Shear forced based approach curve. Reproduced with permission
from ref. 69, Royal Society of Chemistry, 2021. (f) Capacitive
approach curve obtained (blue circles) with its fit to theoretical
result (red line). Reproduced with permission from ref. 71, American
Chemical Society, 2019.

Novel principles for carrying out approach curves

Prior to SECM measurements, the SECM probe (also known as
the tip) was positioned near the substrate surface through the
approach curve. Conventionally, the approach curve relies on the

This journal is © The Royal Society of Chemistry 20xx
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feedback effect where the diffusion towards the tip is interfered by
the substrate as the tip-substrate distance gets short, i.e. around the
same magnitude as the size of the tip. The conventional approach
curves prefer substrates with superior flatness, and are conducted in
the aqueous phase, limiting the application of SECM when a rough
substrate coated with catalysts or a solid/gas interface is under
investigation. Recently, new principles for carrying out the approach
curves have been proposed that address the above issues %72,
namely the shear-force-based and the capacitance-based approach
curves.

Shear force, a type of short-range hydrodynamic forces that
exist only a few hundred nanometers away from solid surfaces 78,
lays the foundation for shear-force-based approach curves. During
the shear-force-based approach curves, a resonantly oscillating tip is
moving towards the substrate by a piezo with the oscillating
magnitude monitored. When far from the substrate, the oscillating
magnitude on the tip barely changes, yet once the tip-substrate
distance is within the range of the shear force, the oscillation
characteristics of the tip are modulated by the force, indicating a
successful approach to the substrate (Fig. 1e). Since the shear-force
is present regardless of the surface flatness, shear-force based
approach curve could work on electrodes with non-ideal flatness.

Another alternative method to carry out approach curve relies
on capacitance measurements in the air 7072, By applying an AC
voltage (typically 10 kHz, 1.4 Vrms) on the substrate, a capacitive
current can be generated on the tip. Considering the UME near a
substrate as a system with a point charge positioned in front of a
parallel-plate, the tip-substrate distance-dependent capacitance can
be described by Eq. (1) :

Ay
- * —_ _—
Ctot(Z) = A1 In(do Z) +B+ (Lpar+ do — Z) (1)

where dj is the absolute surface position, Zis the position of the tip
varied during the approach, Git(2) is the capacitance on the tip at
position Z, A;, A, and B are constant parameters related to
experimental conditions and electrochemical system and Ly, is the
length of parallel-plate. A typical capacitance-based approach curve
is shown in Fig. 1f, where the capacitive current generated on the tip
is recorded as the tip approaches towards the substrate using a
stepper motor. As the tip gets close to the substrate, the capacitance
quickly increases, and through fitting the experimental approach
curve with Eg. (1), an accurate tip-substrate distance can be
extracted. Note that, the capacitance measurement is conducted in
the air, thus this mode allows for the positioning of a UME towards a
solid/gas interface.

Novel SECM technique-based study of

electrocatalytic reactions
SI-SECM-based NRR study

Over the past century, the Haber-Bosch process, which
contributes annually to over 90% of the world's ammonia production,

This journal is © The Royal Society of Chemistry 20xx
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has powered the chemical synthesis of ammonia and.,fed billions,of
people. Due to its heavy reliance on fossil fulls) tHis pFodessGetdatly
consumes around 2% of the total anthropogenic energy and emits
400 million tons of CO; annually 7281, The synthesis of ammonia by
electrocatalysis offers the potential to operate on renewable
electricity under ambient circumstances with no carbon footprint,
and has garnered lots of attention recently 828, NHj3 synthesis
through the electrochemical NRR is becoming a viable substitute for
the traditional Haber-Bosch fertilizer industry 86-8, VVast amounts of
efforts have been devoted to the development of stable and
effective catalysts for NRR, particularly earth-abundant non-precious
transition metal (TM)-based materials such as metallic oxides,
sulphides, nitrides, and carbides 891, However, under acidic
conditions, the abundance of protons in the solution causes an
increased rivalry with hydrogen evolution process (HER), posing a
problem of reaction selectivity.
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Fig. 2 (a), (b) XRD patterns of TiO; NTs and s-TiO2 NTs. (c), (d) TEM
images and the corresponding fast Fourier transform (FFT) patterns
(the inset) of TiO2 NTs (c) and s-TiO> NTs (d). (e) UV/Vis absorption
spectra of the electrolyte with indophenol indicator after 2h of
electrolysis at -0.5 V. (f) lllustration of SI-SECM for determining the
reaction rate constants of H* and N, adsorption on Ti3* site in TiO;
NTs and s-TiO; NTs. (g) DFT-calculated pathways of NRR through the
distal mechanisms on pristine and strained TiO, (101). Reproduced
with permission from ref. 92, John Wiley and Sons, 2020.

A novel type of TiO, nanoreactor with surface strain was
proposed by Li and colleagues, which allowed for the synthesis of
ammonia with high selectivity 2. TiO, nanotube arrays (TiO; NTs)
were first created by anodizing Ti plates twice, followed by annealing
to form anatase TiO,. The electrochemical intercalation of Liions and
the follow-up delithiation created the lattice strain (s-TiO2 NTs). The
structural and chemical environments of TiO, nanoreactors were
examined using X-ray diffraction (XRD), high-resolution transmission
electron microscopy (TEM) to confirm the presence of lattice strain
(Figs. 2a-d). Then the authors studied the NRR activity of the TiO, NT
by applying -0.5 V on the TiO, nanoreactors for 2 hours, and
monitored the NH; production through UV/vis absorption using the
indophenol blue indicator. As shown in Fig. 2e, compared to TiO, NTs,
the tailored s-TiO, NTs delivered improved performance for the
conversion of nitrogen to ammonia. It was discovered that s-TiO;
exhibited 26% higher faradaic efficiency compared to TiO, NTs. To
better understand this strain-induced increase in NRR efficiency, the
active site densities on TiO; and s-TiO, were quantified using the SI-
SECM approach (Fig. 2f). Two identical 50 um-diameter glass-sealed
platinum UMEs served as the tip and substrate electrodes. Using a
tip-generated titrant (ferrocenium, Fc*), the amount of the active
species, Ti3* on the surface of the catalyst was analyzed. More
precisely, the substrate was first biased at a reduction potential
Esubstrate fOr 20 s to convert all the Ti** at the active sites to Ti3*. Then
the substrate was biased at OCP, and the tip was biased to oxidize Fc
to Fc*, and the chronoamperometric curve on the tip was recorded.
At the substrate, Ti3* on the catalyst surface would reduce Fc* to Fc,
which was then oxidized on the tip, causing feedback current signals
on the tip until all of the Ti3* was used up. Thus, by integrating the
charges in the chronoamperometric curve, the precise amount of Ti3*
generated at Esupstrate Was determined. Similarly, the reaction rate
constants for the H* (k‘H+) and N, (k'Nz) binding on TiO, NTs and s-TiO>
NTs were determined, by adding a delay time t4 before the titration,
and tracking the remaining Ti3* after Ti3* had reacted with N, and H*
for a duration of t4. The outcome indicated that both k'N2 and le+
exhibited characteristics of pseudo-first-order process. Specifically,
k'N2 for s-TiO, NTs (0.62 s1) was almost twice that on TiO, NTs (0.32
s1), suggesting that N, adsorption on s-TiO, NTs was more
advantageous than on TiO; NTs. Additionally, the le+ adsorption on
s-TiO, was weaker compared with k‘Nz' explaining the good selectivity
towards NH; production observed on s-TiO,. The difference in the
kn
density functional theory (DFT) calculations (Fig. 2g).

, and le+ observed on TiO, and s-TiO; was also supported by

4| J. Name., 2012, 00, 1-3

Besides the SI-SECM technique, conventional SEWW%?QQBM%E
SG/TC and SECM imaging have also been utiizedlinl NRR3e6dyL ParR
et al. evaluated NRR electrocatalysis on a Fe-CuS/C electrode by in-
situ detection of NH3 using SECM for the first time 3. Conventionally,
the activity of NRR catalyst was estimated by the ex-situ detection of
NH3 using spectrophotometric methods including Nessler reagent,
Additionally, liquid

rotating ring-disc

indophenol, salicylic acid reactions, etc.

chromatography, ion chromatography, and
electrode (RRDE) were also commonly used for ex-situ NH; detection
%, To enable the in-situ detection of NH3, the authors fabricated a
polycrystalline Pt UME through thermochemical deposition of Pt on
an unmodified Pt UME (d =
measurements of the ammonia oxidation reaction (AOR) in solutions

with different NHs concentration (Fig. 3a). It was found that the

25 pm), and carried out CV

modified Pt UME showed an enhanced tip current towards AOR,
which was due to the easier AOR kinetics and increased surface area
caused by the deposited Pt nanoparticles, and a calibration curve of
peak current at 0.71 Vrue versus NH3 concentration was established
(Fig. 3b). The calibration curve was compared with the ex-situ
colorimetrical measurements using the indephenol method, and
consistent results were obtained. Furthermore, the authors showed
that the stability of NRR catalysts can be evaluated through real-time
NH3 detection using SECM, as presented in Fig. 3c. By locating the
modified Pt UME close to the Fe-CuS/C electrode, the authors
detected the NHs; generated at the electrode in-situ and found that
during repetitive CV scans, the amount of NH3; produced decreased,
indicating a degrading process of the Fe-CuS/C electrode (Fig. 3d).
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Fig. 3 (a) CVs of NH; oxidation at the modified Pt UME in 1 M KOH
solution containing 0 to 20 mM NHs. Scan rate: 20 mV s, (b) The
relationship between NH3 concentration and the peak current of

This journal is © The Royal Society of Chemistry 20xx
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AOR in 1 M KOH solution. (c) A schematic diagram of the study of
NRR on the Fe-CuS/C-loaded carbon paper with a Pt UME using the
SECM SG-TC mode. The inset is an actual image of the experimental
setup. (d) Repetitive CVs of AOR were collected at the Pt UME when
the UME was positioned close to the Fe-CuS/C-loaded carbon paper.
The carbon paper was biased at -0.2 V vs. RHE. Scan rate: 20 mV s1.
Reproduced with permission from ref. 93, Elsevier, 2023. (e) and (f)
Three-dimensional SECM image showing the local catalytic activity of
Cu-NisBs3 (1 : 2). The tip was biased at the potential of 1.1 V in (e)
under Ar atmosphere to quantify HOR on the tip, and in (f) under N3
atmosphere to detect the products of both HER and NRR.
Reproduced with permission from ref. 95, Royal Society of Chemistry,
2023.

Nagaiah et al. prepared a Cu-NisB; catalyst and investigated the
competition between NRR and HER using SECM 95, The Cu-NizB
catalyst with a grape bunch-like morphology was synthesized by a
one-step sonochemical reduction method, with Cu added to the
surface of nickel boride in an effort to change the electronic structure
and increase the activity of electrocatalytic NRR. Electrocatalytic NRR
activity measurement with catalyst-coated glass carbon plate by
chronoamperometry demonstrated that Cu-NisBs (1 : 2) exhibited
superior NRR activity in 0.1 M H,SO,4 electrolyte compared to
catalysts of other proportions. Nevertheless, the catalyst faced fierce
competition from the HER in acidic environments, making it
challenging to determine the absolute NRR activity using traditional
ex-situ methods like gas chromatography and RRDE. In order to
quantify the NRR activity of the Cu-NisB; (1 : 2) catalyst and
investigate the competition from HER, the in-situ SG/TC mode of
SECM was applied (Figs. 3e and 3f). The experiments were carried
out in the 0.1 M H,SO, saturated under N, and Ar atmosphere,
respectively, with 1.1 V vs. RHE applied on the tip and -0.3 V applied
on the substrate. At this tip potential, both HOR and AOR could occur
on the tip surface. Under Ar atmosphere, the concentration of N3 in
the solution was negligible, so that the current signal corresponded
to the HER on Cu-NisB; (1 : 2) (Fig. 3e). However, when under N,
atmosphere, larger tip currents were observed, which was due to the
AOR current as a result of NRR on Cu-NisBs (1 : 2) (Fig. 3f), leading to
a solid proof of the competition between HER and NRR.

SI-SECM-based study of NOsRR

Apart from NRR, the electroreduction of nitrate to ammonia
(NO3RR) has been proposed as an alternative method to synthesize
NHs, considering the abundant nitrate (NOs) in waste water %697,
Compared to the Haber-Bosch process, NO3RR is more effective and
more efficient, opening the door to waste recycling and sustainable
nutrient recovery. Because of this, this approach has garnered a lot
of interest, and numerous SECM-based studies have been conducted
on the reaction mechanisms and selectivity of NOsRR %8103 which also
suffer from the competition from HER in a similar manner as NRR.

Yu's group constructed a new type of Cu single-atom-modified
gels (Cu-SAGs) for NOsRR and nitrite-to-ammonia (NO2RR) with
reduced competition from HER 9. The Cu-SAGs were synthesized
through pyrolysis of the hydrogel-based precursors, namely, the

This journal is © The Royal Society of Chemistry 20xx
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supramolecularly  cross-linked  polypyrrole  (PPy):-copper - (ll)
phthalocyanine tetrasulfonate (CuPcTs). APterWHIEs)DBfuHSGéR
Emmett-Teller (BET) and scanning electron microscopy (SEM) were
used to confirm the porous structure of the gel. Atomic resolution
scanning transmission electron microscopy (STEM) was used to
further the the
electrochemical property of Cu-SAGs was characterized by linear
sweep voltammetry (LSV). The onset potential for HER on Cu-SAGs

identify metallic substances. Afterwards,

was found to be around -0.7 V vs RHE, while the onset potential for
NOs™ reduction to NO,” and NO;™ reduction to NHs* was found to be
around -0.5 V and -0.8 V, respectively. An enhanced Faraday
efficiency for NH3 (~78%) over H, (~20%) was observed, with a yield
rate of ~440 ug cm™ h'! for ammonia production. At more negative
potentials (-0.9 V), the reduction of NO, to NHs* had a faradaic
efficiency close to 100%. Additionally, a noteworthy enhancement in
the yield rate of NO,  converting to NH4* was also observed, reaching
a maximum of 10.5 pg mL? at -0.9 V. This value was about three
times greater than that of the NO3RR under the same circumstances.
These findings indicated a different path for the NO,RR with minimal
influence from the HER, considerably enhancing the faradaic
efficiency and vyield rate. To gain insight into the mechanism of
NOsRR and NO,RR, the authors investigated the adsorption rate
constants of NOs, NO,  and H,0 on Cu sites using the SI-SECM
technique, and discovered a much higher rate constant for NO,
adsorption (1.98 s1) than that for NOs™ (0.83 s1) and H,0 (0.06 s1).
This result explained the enhanced activity of NO3- reducing to NO»"
compared with HER, and it was also consistent with the molecular
dynamics (MD) and DFT simulations. Based on this, a pulse
electrolysis method was designed, where a higher potential of -0.5 V
was first applied for 1.0 s to accumulate NOy  near the catalyst
surface to overwhelm the H,0 adsorption, then a potential of -0.8 V
was applied to reduce NOy" to NH4*. Through this pulse electrolysis
method, the competition from HER was heavily suppressed.
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potential of 0.1 V vs RHE. (f) Plots of tip-titration charges against
substrate potential using SI-SECM for quantifying the concentration
of surface-active hydrogen species on Cu,0 NWs and Ni;Cu SAAQ in
0.01 M KOH and 1.0 mM Fc. Reproduced with permission from ref.
99, American Chemical Society, 2024.

Yu and associates created a Cu single-atom alloy oxide nanowire
(Ni;Cu SAAO NW) catalyst modified with Ni-site for converting nitrate
to ammonia with high efficiency . Cu(OH), nanowires were first
grown on a copper mesh and then treated with a Ni ion exchange
process to form Ni;-Cu(OH); NWs. The Ni;-Cu(OH), NWs were then
annealed and electrochemically reduced to form the Ni;Cu SAAO (Fig.
4a), which was inspected by Aberration-corrected high-angle annular
dark-field scanning TEM (AC-HAADF-STEM) to acquire a more in-
depth understanding of the Ni status in Ni;Cu SAAO (Fig. 4b). A 3D
topographic atom imaging analysis of the pixel intensity, as
presented in Fig. 4c, made it evident that Ni atoms were located
between Cu atoms and exhibited a single-atom distribution on
substrate. Significantly, LSV measurements showed that compared
to Cu0 NWs, the onset potential for NOsRR on Ni;Cu SAAO was
substantially less negative, suggesting that NOs3RR was more
advantageous on the Ni;Cu SAAO catalyst (Fig. 4d). Furthermore, a
clear peak of NO, reduction was observed at 0.1 V vs RHE in Cu,0
NWs, yet this behavior was not observed on Ni;Cu SAAO. This
suggested that the Ni single atoms enabled the relay electrocatalysis
of NOy intermediate product through the Ni site-generated active
hydrogen species (*H). Additionally, as the cell temperature rose, the
reaction rates of both NOsRR and HER on Ni;Cu SAAO were enhanced,
leading to an increase in NH3 production and Faraday efficiency (Fig.
4e). This was due to the utilization of thermal energy to surmount
the thermodynamic barriers in the reaction pathways. Furthermore,
the reaction rate for the formation of *H on Ni single atoms was
quantified through in-situ SI-SECM measurements to explain the
increased selectivity of the Ni;Cu SAAO catalyst. More specifically,
the authors used the catalyst-loaded substrate to determine the *H
concentration when the Cu0 NWs and Ni;Cu SAAO were biased at
different potentials. The catalytic substrate was first biased at a
reducing potential Esypstrate t0 generate *H. After that, the system was
restored to open-circuit conditions so that *H was neither generated
nor consumed, and the redox reaction of the redox mediator
FcMeOH (Fc) in the solution could not occur on the substrate. Then
an oxidizing potential was biased on the UME to oxidize Fc to Fc*. Fc*
can be reduced to Fc by *H on the substrate, generating a positive
feedback current on the UME until all *H were consumed by Fc*, and
the surface concentration of *H could be obtained from the charges
transferred during the process. As Esupstrate b€Came more negative in
the first step, more *H were generated on the substrate (Fig. 4f).
Remarkably, the concentration of *H on the Ni;Cu SAAO catalyst was
four times greater than that on Cu,0 NWs when Egupstrate Was -0.4 V
vs RHE. Moreover, *H production signals were seen in the Ni;Cu
SAAO at a more positive potential of around 0.05 V vs RHE, indicating
a considerable increase in water dissociation upon the addition of Ni
single atoms. These results were also supported by the results of DFT
calculations and in-situ Raman spectroscopy, confirming that the
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addition of single-atom Ni sites greatly increases the hydrogen

adsorption capacitance of the Ni;Cu SAAQ. DOI: 10.1039/D55C01854D

SECM-based study of CO;RR using alternative approach curves
One environmentally friendly way to achieve the goal of carbon
neutrality is the electrochemical reduction of CO, (CO,RR) into
chemicals with added value using electricity from renewable sources.
This process also addresses the intermittent nature of renewable
electricity generation 104108 An additional benefit is that the
CO; process operates at
temperature and pressure and may be adjusted by varying the
the
environmentally friendly. These factors enable the use of this
technology in scale-up applications. SECM has been widely used in
the field of CO2RR at present 6869,72,110-112 3nd alternative approach
curves played crucial roles in these studies where the conventional

electrochemical reduction room

applied potential 19, making reaction conditions

approach curves fell short.
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Fig. 5 (a) CVs on the Au-UME in 0.1 M Li,SO4 solutions with different
pH values. Scan rate: 200 mV sL. (b) Calibration curves between pH
and the formal potential recorded from the Au UME pH sensor under
different atmospheres. The calibration curves from previous work
(grey square for Ar, blue triangle for H,) are also shown for
comparison. (c) The pH recovery profile recorded on the Au UME
after CO,RR was turned "off" by setting the potential to 0 V vs
Ag/AgCl. Before the CO,RR on the substrate was turned off, the
substrate was biased at different sample potentials Esampie (vs.
Ag/AgCl). (d) Experimental (red dots) and simulated (red lines) local
pH at the Au-UME after the substrate was biased at different Esample
to drive CO,RR. The local pH when the Au-UME was positioned close
to the substrate (L = 3.4, dark red solid line) and when the Au-UME
was positioned far from the substrate (L = 50, dark red dashed line)
were both simulated. Bulk CO; concentration was fixed at 10 mM. L
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is the normalized tip-surface separation. Reproduced with
permission from ref. 69, American Chemical Society, 2021.

Recently, with the development of UME-based pH-sensors, the
quantitative analysis of the local pH during CO,RR has been achieved
using SECM, providing insight into the CO,RR mechanism 72110, For
instance, Koper et al. designed a UME-based voltammetric pH sensor
to measure the pH in the diffusion layer during CO, reduction
through SECM 72, The Au UME was functionalized with the 4-
hydroxylaminothiophenol (4-HATP)/4-nitrosothiophenol (4-NSTP)
redox couple. Since proton was involved in the redox reaction of 4-
HATP/4-NSTP, according to Nernst equation, the formal potential of
the redox reaction obtained from CV (Fig. 5a) had a linear
relationship with pH, and the calibration curve was obtained in
solutions with different pH values (Fig. 5b). Up to pH 3.45, the
calibration curves under the argon and CO, atmospheres overlapped,
while the calibration curve under CO; atmosphere reached a plateau
at higher pH. This was due to the formation of CO,-saturated
solutions under CO, atmosphere, with a stable pH of about 4. To
position the Au UME near the electrode surface, the capacitance-
based approach curve was applied, and the Au UME was positioned
at 80 + 2 um from the surface of a polycrystalline gold disc. The local
pH during CO,RR was measured using tip voltammetry at 4 s/data
point while the reaction on the gold disc electrode was switched ‘on’
and ‘off’ by stepping the potential from -0.5 to -0.9 V vs. Ag/AgCl in
50 mV steps, with a potential of 0 V applied during potential steps.
The authors focused on the interfacial pH recovery profile once the
reaction was turned ‘off’ by stepping the potential on gold disc back
to 0 V (Fig. 5c), where no electrochemical reactions occurred. The
monitored pH recovery was heavily affected by the hindered
diffusion of OH- with an UME positioned in the diffusion layer, as
illustrated in Fig. 5d. According to the finite element method (FEM)
simulation, when the Au UME was positioned close to the substrate
(L =3.4, L being the tip-substrate distance), the OH- concentration at
the Au UME surface was significantly higher than the case when the
Au UME was positioned far from the substrate (L = 50). Additionally,
a good fit between the experimental result and the simulated pH
profile demonstrated that the diffusion hindrance caused by the
UME was well-accounted for. Additionally, another UME-based
voltammetric pH-sensor was used as the SECM probe to detect the
local pH changes during CO,RR from the Cu,O,C, nanostructured
electrocatalysts 119, A Pt UME (diameter < 1 um) was positioned to
~100 nm from the CuxO,C, -coated GDE surface by the shear-force-
based SECM approach curve, and the local OH- concentration near
the catalyst surface was monitored as the formal potential of the
redox reaction of Pt/PtO on the UME had a linear correlation with
OH-concentration.

Monteiro et al. have devised a technique to probe the local
activity of GDEs under operando conditions utilizing SECM and Au
UME (r = 1 um) (Fig. 6a and 6b) . They examined the effects of CO,
back-pressure and catalyst loading on the local activity of Au-GDEs (3
cmZ?in size) at various applied potentials. Catalysts were located onto
GDEs with a loading gradient, so that a GDE surface with low to high

This journal is © The Royal Society of Chemistry 20xx
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catalyst-loading densities was used as the substrate, and the Au UME
was positioned close to 100 nm from the GDEUsifglthe/sheaif§rder
based approach curve, which was otherwise impractical using
conventional approach curves due to the surface roughness of GDE.
The CO3RR activity on the GDE was probed using the SG/TC mode of
SECM, where CO was produced on the GDE and oxidized at the Au
UME, and by moving the Au UME laterally above the GDE, the activity
at locations with different loading densities could be mapped. In
order to maximize the performance of GDEs, the applied sample
potential and the CO; back-pressure were adjusted simultaneously,
and the interaction between catalyst loading and CO; back-pressure
was assessed from the current signal on the Au UME. It was found
that higher catalyst loadings lead to enhanced CO3RR activity in the
presence of sufficient CO,, while the situation was more complicated
for the CO, back-pressure. An optimal CO, back-pressure was
required to reach maximum CO;RR activity, which was dependent on
the catalyst loading density. Additionally, Figs. 6¢c-e displayed the
activity maps at various GDE potentials, with more CO generated at
more negative potentials. It is worth noting that significant variations
in the GDE activity over the scanned region were observed, indicating
the inhomogeneity of the lateral response throughout the GDEs. This
should not be caused by a variation in the catalyst loading density as
the catalyst gradient was produced over a significantly larger length
of the GDE (1.7 cm) than the length of the lateral scan in Figs. 6¢c-e
(30 um). As observed by SEM, a considerable number of larger holes
existed on the surface of the GDE electrode, which might contribute
to the notable variations in activity. The varying results
demonstrated that, in addition to a high catalyst loading, sufficient
CO, supply and a uniform distribution of GDE pores accessible to CO;
were necessary to produce a three-phase reaction boundary.
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Fig. 6 (a) Schematic representation of the SECM experimental setup,
with the Au UME mounted on the piezo, approaching the GDE coated
with catalysts using the capacitance-based approach curve. After the
Au UME was positioned near the GDE, the CO;RR activity was
characterized by the SG-TC mode, as shown in the inset. (b) SEM
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micrographs of the Au UME. (c-e) Activity maps recorded for the GDE
at a CO; back-pressure of 0.7 mbar. The GDE potentials were
reported versus Ag/AgCl/3 M KCl in 1 M KHCOs. The tip current (lyp
norm) was normalized to the double-layer charging current recorded
at -0.6 V. Reproduced with permission from ref. 69, Royal Society of
Chemistry, 2021.

Koper et al. used CV measurements to study the CO,RR on 5 mm
diameter gold disc electrodes using the hanging meniscus
configuration, and found that CO,RR did not occur in a pure H;SO4
electrolyte in the absence of a metal cation 111, To confirm this and
to extend the study to silver and copper electrodes, the CO,RR near
the substrate with and without the presence of metal cations was
monitored using the SG/TC mode of SECM with a Pt UME (r = 6.5 +
0.07 um) (Fig. 7a). As shown in Fig. 7b, on the gold substrate only
hydrogen oxidation (Hxox) occurred under argon atmosphere. In
comparison, under CO, atmosphere, a strong peak owing to the
oxidation of CO (CO.x) appeared when Cs* was introduced to the
electrolyte, while this peak was not observed in the absence of Cs*.
Similar outcomes were observed on silver and copper electrodes,
where CO;RR occurred only in the presence of Cs* under CO;
atmosphere (Fig. 7c and d). In conclusion, on gold, silver, or copper
electrodes, CO was only identified under CO, atmosphere, and only
after the electrolyte had been supplemented with Cs*. Through DFT
calculations, the authors found that Cs*, as well as other alkaline
metal ions, were partially desolvated in the Au-H,O-M* system (M*
being the metal ion), and had three promotional effects for CO,RR.
Namely, the existence of Cs* helped stabilize the CO, adsorption on
the catalyst through the electrostatic interaction between Cs* and an
oxygen atom in CO,. The partially desolvated Cs* also decreased the
0O-C-0 angle from 180 ° to 140 °, activating the CO, molecule. Lastly,
the partially desolvated Cs* enhanced the electron transfer from the
catalytic surface to CO,. Overall, using CV and SECM, the authors
demonstrated that positively charged species from the electrolyte
were essential for CO;RR, and the underlying mechanism was
explained by DFT calculations.
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SECM-based detection of short-lived reactive oxygen species

Reactive oxygen species (ROS) refer to a group of chemically
active substances containing oxygen atoms 113-116 including singlet
oxygen (103), hydrogen peroxide (H,0,), hydroxyl radicals (¢OH), and
superoxide anion radicals (O,¢"). ROS participate in a variety of
chemical and biological processes, such as energy metabolism, cell
signalling, and antioxidant defence 117118, Nonetheless, detection of
certain ROS species, such as 10,, *OH, and O,¢" remains challenging
due to their short lifetime and high reactivity 119-129,

Known for its high reactivity, strong oxidative property, and
short lifetime, it is challenging to detect *OH. Traditionally, *OH can
be detected using electron spin resonance (ESR) with the help of spin
traps such as 5,5-dimethyl-1-pyrroline N-oxide (DMPOQ), yet this
method suffers from an unsatisfactory sensitivity and is inconvenient
to measure the generation process of ¢OH in real time. To solve
these issues, Rodriguez-Lépez’s group proposed a novel method for
detecting *OH at operating electrodes 123. The authors discovered
that the [DMPO-OH]e adduct, formed by the reaction of «OH with
DMPO, was stable in the aqueous solution and was redox-active with
a formal potential of 0.85 V vs Ag/AgCl. Electrodes of various
materials were tested to electrochemically generate ¢OH and the
boron-doped diamond (BDD) was found to be the most effective one.
Thus, using SECM, the freshly generated [DMPO-OH]e adduct from a
BDD electrode surface was detected with a UME (12.5 pum in radius)
positioned 10 um from the BDD electrode using SECM (Fig. 8a).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 (a) Detection of the [DMPO-OH]e adduct formed from spin
trapping of ¢OH radicals generated on BDD electrodes at different
applied potentials (Egpp) using SECM. Reproduced with permission
from ref. 123, American Chemical Society, 2022. (b) The radical
detection response collected at the gold tip as the substrate
potential was swept at 10 mV s with 25 mM DMPO in solution. (c)
The H,0, detection response collected at a Pt tip as the substrate
potential was swept at 10 mV s, (d) ESR spectra of 50mM DMPO
after two minutes of electrolysis at the pyrolyzed Fe-N-C catalyst
substrate at increasingly reducing potentials. Reproduced with
permission from ref. 130, Royal Society of Chemistry, 2024.

Furthermore, Rodriguez-Lépez group studied ROS formation
from a Fe-N-C catalyst during the ORR in real-time using the SG/TC
mode of SECM 130, Specifically, the [DMPO-OH]e adduct generated
near the Fe-N-C catalyst was detected using Au UMEs with a
diameter of 25 um at a tip-substrate distance of approximately 10
um, while H,0, generated near the catalysts was collected using Pt
UMEs (d = 25 um). As the substrate was biased at more and more
negative potentials, more OHe was generated, yet H,0, production
reached a peak when the substrate was biased at~ 0.55 V vs. Ag/AgCl
(Fig. 8b and 8c). The different behaviors of OHe and H,0, with
varying substrate potential were due to OHe being the predominant
radical species, as confirmed by ex-situ ESR measurements (Fig. 8d).
Overall, real-time measurements of difficult-to-observe free radical
intermediates and by-products using SECM were helpful in
identifying the mechanistic variations among various electrocatalytic
materials for the ORR and other processes.

Conclusions and outlook

In this perspective, the recent advances in the development of
SECM operation modes were summarized. Using the shear-force-
based and capacitance-based approach curves, SECM tips could be
positioned near the surface of non-flat electrodes, benefiting the
characterization of catalysts under operating conditions. The SI-
SECM technique proves to be a powerful tool for detecting the
surface active site densities, as well as determining the reaction rates
of the surface adsorption process. Also, the development of
potentiometric SECM probes opens up the opportunity to study local
pH near the substrate at the microscopic level. All of these expanded

This journal is © The Royal Society of Chemistry 20xx
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the functionality of SECM, and SECM-based progress has been.made
in new scenarios, such as electrocatalytic reattiohs iINSRIGINENO5RR),
NRR, CO,RR and so on, quantifying the catalytic properties of the
catalysts and providing insights into the reaction mechanisms.

Despite recent advancements in SECM-based studies of
electrocatalytic reactions, critical challenges persist in achieving
quantitative kinetic information and unveiling the reaction
mechanisms. The first issue is obtaining a precise tip-substrate
distance when the substrate is not ideally flat, which is often the case
when the substrate is loaded with nanoparticles of electrocatalysts.
In SECM studies, the mass transfer towards the tip is greatly
controlled by the tip-substrate distance. Thus, the current signal on
the tip during SG/TC modes is not only a function of the reaction
kinetics, but also largely affected by the tip-substrate distance. A
precise and quantitative control of the tip-substrate distance is
crucial for the quantitative study of catalytic reaction kinetics. When
the substrate is flat, the tip-substrate distance can be well-controlled
by comparing the approach curves with the theory, yet the approach
curve over a non-flat surface such as GDE is much more complicated
and usually can not be analyzed quantitatively. Even though UMEs
could be brought to a few hundred nanometers above a rough
approach
quantitative tip-substrate distance is missing, making the analysis of

substrate using the shear-force-based curves, a

reaction kinetics difficult.

The second issue is the spatial resolution, which is limited by the
UMEs. Although smaller UMEs have been developed, a large amount
of work still prefers UMEs with 10-25 1 m diameter so far. Typically,
the electrocatalysts of tens to hundreds of nanometers in size were
used, which were far beyond the spatial resolution provided by these
UMEs. Usually, a smaller probe size leads to a better spatial
resolution. However, experiments with smaller UMEs get much more
challenging, and special care must be taken to properly handle the
tip and the potentiostat 131132 as well as to minimize thermal drift
caused by temperature fluctuations near the tip 133.

The third challenge arises from the complicated mechanisms of
multi-electron transfer reactions, including NRR, NO3RR, and CO2RR.
These processes involve intertwined proton-coupled electron
transfer (PCET) steps, competitive adsorption of intermediates, and
potential-dependent selectivity bifurcations, and have multiple
potential products. A lot of effort is required to acquire the selectivity
towards different reaction pathways and the kinetics of each step.
Moreover, the adsorption processes may play critical roles in these
reactions. Using SECM, complicated reaction mechanisms involving
adsorption and multiple electron transfer steps have been unveiled
134 yet the adsorption process is barely considered in current SECM-

based electrocatalysis studies.

The further development of SECM-related theories, the
instrumental innovation and coupling SECM with other analytical
methods would be helpful to tackle these challenges. Finite element
simulation combined with machine learning might help to provide a
numerical solution to the theoretical approach curve over a non-flat
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substrate, enabling a quantitative positioning of UME on operando
electrodes like GDE. Multiscale modeling combining DFT-calculation,
finite element simulations of intermediate surface concentration,
and microkinetic analysis of PCET steps would shed light on the
complicated reaction mechanisms during multi-electron transfer
reactions like NRR, NOsRR, and CO;RR. The development of smaller
UMEs as well as protocols of using these UMEs will help to greatly
improve the spatial resolution of SECM-based studies 13>. And
coupling in situ electrochemical measurements with other analytical
techniques would lead to more information about reaction
mechanisms. For example, by coupling rotating disk electrode with
Raman spectroscopy and infrared spectroscopy, information on the
adsorption of protons on noble metals has been revealed 136137,
Coupling CV with mass spec provided structural information of the
intermediates during electron transfer reactions, and can help to
identify the reaction pathways 138, Overall, progress in the above-
mentioned fields will boost our understanding of the electrocatalytic
reactions and facilitate the pursuit for sustainable and renewable

energy.
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