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In Situ and Operando Analytical Techniques of Single-Atom
Catalysts for Electrocatalytic CO, Reduction

Rongbo Sun, Xingyun Liu, Jingyao Huang, Yuchao Wang, Hongwen Huang,

Yongpeng Lei,* and Jingjie Ge*

Electrocatalytic technology, which facilitates the transformation of carbon
dioxide (CO,) into high-value chemicals, stands as one of the most hopeful
approaches for CO, utilization. Single-atom catalysts (SACs) are promising for
catalyzing CO, reduction reactions (CO,RR) owing to the tunable electronic
structures of their central metal atoms, which enable precise control over the
adsorption energies of reactants and intermediates. Additionally, SACs bridge
the gap between homogeneous and heterogeneous catalysts, offering an ideal
platform to investigate the reaction mechanisms of CO,RR. Therefore, gaining
a comprehensive understanding of the intrinsic structural evolution of SACs,
along with the micro-environmental changes around active sites and
electrode interfaces under operational conditions, is crucial for designing
effective electrocatalysts and devices for CO,RR. This review introduces the
fundamentals underlying the electrocatalytic CO,RR. Subsequently, the key
techniques for SACs identification and validation are thoroughly analyzed,
laying a theoretical basis for the case studies. Third, the latest development of
in situ and operando analytical techniques of SACs toward CO,RR are
summarized, including infrared spectroscopy (IR), Raman spectroscopy, X-ray
absorption spectroscopy (XAS), and transmission electron microscopy (TEM).
Finally, several issues are raised and possible solutions are offered regarding

1. Introduction

The extensive dependence on fossil fuel
sources, such as oil, coal, and natural gas,
has significantly increased carbon diox-
ide (CO,) emissions, exacerbating the
global warming crisis(!! Electrocatalytic
technology, which reduces CO, to fuels
and chemicals, is currently one of the
most attractive ways of CO, utilization,
facilitating the establishment of a carbon-
neutral cycle.l’] Significant and contin-
uous advancements have been made in
the electrocatalytic CO, reduction reac-
tion (CO,RR) over the last decade, CO,
is reduced to various products by differ-
ent reaction pathways.[>**! However, eluci-
dating the reaction mechanism remains
challenging due to the intrinsic com-
plexity of the process, which arises from
proton-coupled electron transfer and the
involvement of numerous highly reac-
tive intermediates.>¢ There are inherent

the in situ and operando analytical techniques of SACs for the CO,RR.

limitations associated with using tradi-
tional ex situ characterization techniques
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for investigating the reaction mechanisms in the reaction
process.”] For example, these techniques are incapable of moni-
toring transient reaction intermediates or capturing the dynamic
transitions that occur during the real electrocatalytic process.[®!
Furthermore, ex situ analysis risks altering catalyst morphology
or oxidation states during sample transfer or pre-treatment, po-
tentially resulting in inaccurate conclusions regarding active sites
or intermediate species.

To address the discrepancy between the underperformances
of electrocatalysts and the demanding technical prerequisites for
future applications, it is imperative to explore an effective solu-
tion to gain a deep comprehension of active sites, intermediates,
and reaction mechanisms involved in the CO,RR process.[*1°]
Currently, a range of in situ characterization techniques have
been employed to elucidate the process of structural transforma-
tion. Particularly, researchers have paid increasing attention to
leveraging synchrotron radiation techniques to investigate reac-
tion mechanisms under diverse operation conditions.!'12] As an
emerging research frontier, single-atom catalysts (SACs) exhibit
significant potential in the field of CO,RR owing to their distinc-
tive geometric and electronic configurations.!'*!*] Furthermore,
SACs with precisely engineered structures have emerged as an
exemplary model for discerning reaction mechanisms and com-
prehending the relationship between the structure and function
of electrocatalysts in the CO,RR.["*] Consequently, the recent ad-
vancements in the application of in situ and operando analyti-
cal techniques in SACs for CO,RR systems merit comprehensive
investigation.

Techniques such as infrared (IR) spectroscopy, X-ray ab-
sorption spectroscopy (XAS), transmission electron microscopy
(TEM), and Raman spectroscopy are particularly noteworthy in
this context. For example, in situ IR spectroscopy enables real-
time tracking of reaction products and surface-adsorbed inter-
mediates, offering direct insights into reaction pathways and ac-
tive site functionality.!*!7] XAS provides atomic-resolution in-
formation on the electronic states and local coordination envi-
ronments of metal centers.'8] And in situ TEM bridges macro-
to-atomic scales by directly visualizing morphological changes
and lattice distortions of SACs."] Raman spectroscopy com-
plements these approaches by identifying vibrational signa-
tures of non-polar species and surface reconstruction phe-
nomena under bias.2*2!l Collectively, these technologies can
form a synergistic toolkit, which is crucial for advancing the
understanding of CO,RR mechanisms and rational catalyst
design.

Herein, we provide an overview of SACs for the electrocat-
alytic CO,RR to valuable products with in situ characterization
and mechanism studies, thereby facilitating the development of
highly efficient CO,RR electrocatalysts. Initially, we systemati-
cally outline the fundamental mechanisms underlying the for-
mation of CO,RR products from the theoretical perspective. Sub-
sequently, we thoroughly analyze the key techniques for SACs
identification and validation. Then, we summarize and analyze
the development and applications of advanced characterization
techniques of SACs in CO,RR systems. Finally, based on the
latest advancements, we elucidate the prospective opportunities
and delineate the outstanding challenges that remain for future
investigations of SACs for the electrocatalytic reduction of CO,

(Figure 1).
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2. Mechanism of the Electrocatalytic CO,
Reduction

The CO,RR is a multifaceted process characterized by multi-
ple proton-coupled electron transfer (PCET) steps, which corre-
spond to various reaction pathways involving 2 to 18 electron
transfers.?2] This complexity leads to a diverse array of prod-
ucts, including C; products (such as CO, HCOOH, CH,;0H,
HCHO, and CH,) and C,, products (such as C,H,, C,H;OH,
CH,;COOH, and CH;COCH,).[2*?4] Typically, the catalytic reac-
tions on most SACs involve two-electron transfer processes in
CO,RR, predominantly yielding CO or HCOOH as the reduc-
tion products.[?®! The primary advantages of SACs in CO,RR en-
compass their precisely defined active sites, high atomic utiliza-
tion efficiency, reduced overpotentials, and effective suppression
of the HER. Notably, the intrinsic activity of SACs can be engi-
neered by modifying the central active site, enabling the selective
production of CO, formate, and/or other value-added chemicals
from CO,RR. By strategically engineering the coordination en-
vironment, including altering the coordination number, modify-
ing the coordinating atoms, or introducing heteroatom dopants,
could disrupt the symmetric structure of the original M-N, sites,
ultimately influencing the catalyst’s activity and selectivity for a
given product.?!

To enhance the understanding of SAC for CO,RR, it is imper-
ative to integrate advanced in situ and operando characterization
techniques, including coupled multi-modal in situ characteriza-
tion methods, alongside theoretical calculations. In this section,
we summarize the potential reaction pathways for C; products
and the principal C,, products, grounded in the contemporary
dominant comprehension of CO,RR mechanisms, to facilitate
the rational design of SACs that exhibit high activity, selectivity,
and stability.

2.1. Mechanism of Product Formation
2.1.1. Pathways for C, Products

Despite considerable research efforts aimed at elucidating the
pathways for CO generation, the reaction mechanism contin-
ues to be debated. Currently, the conversion of CO, into CO
via “COOH intermediates is well-established in the literature.
This transformation can occur via a PCET process or a proton
transfer following an initial electron transfer (Figure 2).[27-28 The
“COOH intermediate is expected to undergo a subsequent PCET
process, forming *CO. It is expected that the weakly bound *CO
desorbs from the surface of the catalyst, leading to the produc-
tion of CO. In synthesizing various C, products (such as HCHO,
CH,0H, and CH,), “CO is widely recognized as a significant
intermediate.[?! Peterson’s group has shown that the most favor-
able stable route for the CO,RR on the Cu (211) surface involves
the generation of “CO, which is subsequently hydrogenated to
yield "HCO, "H,CO, and “H;CO.3% Among the various species,
“H,CO can selectively desorb, forming either HCHO or “H,CO.
The “H,CO species can subsequently undergo a PCET process to
yield CH,OH. Nie’s group proposed a plausible mechanism for
the synthesis of CH, based on theoretical analysis. In this pro-
posed pathway, “CO is posited to produce the “COH intermedi-
ate, which subsequently undergoes reduction to yield adsorbed
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Figure 1. Schematic overview of the in situ and operando analytical techniques in SACs for CO,RR.

“C. This intermediate is subsequently reduced sequentially to
produce “CH, *CH,, “CHj;, ultimately forming the final product,
CH,.1?%]

CO is the predominant C, product of the CO,RR, and a
substantial number of SACs, including Fe, Co, Ni, and Mn,
demonstrate a high selectivity for CO production, markedly
distinct from their bulk metal counterparts in terms of cat-
alytic performance.[?”! Liu et al. developed a universal two-step
strategy for the construction of structurally well-defined Ni-SAC
models to investigate CO,RR. Operando spectroscopic analyses
combined with electrochemical kinetics studies identified the
rate-determining step (RDS) as the PCET process: “CO,™ + H*
— “COOH. Subsequently, the adsorbed CO intermediates des-
orbed from the active sites, releasing CO as the final gaseous
product.*V Cao et al. designed a series of transition metal-based
single-atom catalysts (TM-N, 0, C,, where TM = Sc, Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, and Zn) and systematically investigated their elec-
trocatalytic mechanism for CO,RR via density functional theory
(DFT) calculations. These TM-N,O,C, catalysts demonstrated
excellent product selectivity toward CO, CH,, and HCOOH.
Specifically, Sc-N,0,C,, Mn-N,0,C, and Zn-N,0,C, favored
CO formation, while V-N,0,C, selectively produced CH,. The
remaining six catalysts predominantly yielded HCOOH. Further-
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more, the most favorable reaction pathway for CH, generation
was elucidated as follows: * + CO, - “COOH — "CO + H,0 —
*CHO —» "CH,0 —» “CH + H,0 —» CH, - CH; —» * + CH,.1*?]

In contrast to other C; products, the formation of HCOOH
or HCOO~ follows a distinct reaction pathway. The synthesis
of HCOOH or HCOO™ can occur via an intermediate, which
is primarily facilitated by the adsorption of oxygen atoms onto
the catalyst surface. Currently, In, Sn, Sb, Cu, and Mo-based
SACs have demonstrated significant selectivity toward formate
(HCOO™) production.®3! Since most CO,RR are carried out in
alkaline or neutral electrolytes, the product is usually formate
rather than formic acid. However, recent studies have explored
conducting CO,RR in a highly acidic medium to directly obtain
formic acid, which is anticipated to reduce overall product regen-
eration costs.[**]

2.1.2. Pathways for C,, Products

The reaction mechanisms associated with C,, products exhibit
a notable degree of complexity. This section overviews the po-
tential reaction pathways for the two main C,, products: C,H,
and C,H;OH (Figure 2).353¢1"CO is identified as a critical
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Figure 2. Possible reaction route to C;—C,4 carbon-containing products from CO, electroreduction. Some typical C;, C,, C3, and C4 products are high-
lighted in red, green, blue, and yellow frames, respectively. The blue dashed rectangle demonstrates three possible C—C coupling process routes. Repro-

duced with permission. Ref. [36] Copyright 2023, American Chemical Society.

intermediate in the synthesis of C,, products. This intermediate
can be directly converted into the “C,HO, intermediate via a pro-
cess of symmetric dimerization, which is subsequently followed
by hydrogenation. Alternatively, “CO may be hydrogenated first,
and the resulting “CHO or “COH intermediate is asymmetric
with “CO to produce the “C,HO, intermediate.l*’! Several PCET
steps occur following the C-C coupling process, forming the crit-
ical "C,H,0 intermediate, which is instrumental in synthesizing
C,H, and C,H;OH. Notably, in most catalytic systems, the selec-
tivity for C,H, surpasses that for C,H;OH, as the energy barrier
from the “C,H, O intermediate to the C,H, product is lower than
for the C,H;OH product.3¥

Obtaining multi-carbon products using SACs presents a sig-
nificant challenge to couple multiple reaction intermediates at
isolated active sites.*®! In the catalysts that have been syn-
thesized to date, Cu-based catalysts are uniquely recognized
for their ability to facilitate the electrochemical reduction of
CO,RR to C,, products, attributed to their moderate bind-
ing energy with “CO.[*)1 C-C coupling on Cu-SACs can be
achieved through strategies such as 1) building diatomic (two-
atom) sites; 2) facilitating the reversible transformation between
isolated Cu atoms and Cu nanoparticles; 3) exploiting syner-
gistic interactions between the Cu center and its coordinating
atoms.[*]

3. Key Techniques for Single-Atom Catalysts
Identification and Validation

Elucidating the geometric and electronic of SACs is impor-
tant to understanding their structure-performance correlations
in CO,RR. Conventional characterization techniques such as X-
ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
and Raman spectroscopy provide limited atomic-level struc-
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tural analysis of SACs. Advanced analytical methods, specifi-
cally aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (AC-HAADF-STEM) and XAS
are essential for accurately determining SACs’ structural and
electronic properties.[*?!

3.1. AC-HAADF-STEM

Driven by the rapid advancement of SACs in recent years, AC-
HAADF-STEM has emerged as a critical tool for the identifica-
tion and analysis of atomically dispersed active sites. Metal atoms
supported on solid carriers are commonly characterized using
AC-HAADF-STEM. Atoms with higher atomic numbers (Z) scat-
ter electrons more strongly and at higher angles due to the in-
creased electrostatic interaction between the metal atomic nu-
cleus and the incident electron beam. If the metal atom has a
higher atomic number than the support, anchored metal atoms
appear as bright spots in aberration-corrected STEM images.**]
As a pioneering example, Chung et al. reported single Fe atoms
supported on carbon. Through the combined use of AC-HAADF-
STEM and EELS, the direct observation of the Fe—N, configura-
tion was achieved.[*l AC-HAADF-STEM enables the visualiza-
tion of individual metal atoms supported on solid carriers, par-
ticularly carbon supports, by exploiting differences in Z-contrast.
However, AC-HAADF-STEM is still limited in probing the elec-
tronic state and coordination configuration of metal active sites
currently.

3.2. XAS

XAS, encompassing X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS),

© 2025 The Author(s). Small Methods published by Wiley-VCH GmbH
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Figure 3. A) Schematic diagram of in situ versus operando experiments. Operando requires that the cycling be continuously performed and not stopped
during the structural characterization with permission. Ref. [56] Copyright 2021, Wiley-VCH. B) Schematic diagram of the basic configuration of in situ
instruments. The right halfis the schematic representation of electrochemical cells for CO,RR. Elements C, H, and O are represented by gray, blue, and
red balls, respectively. Reproduced with permission. Ref. [12] Copyright 2021, Wiley-VCH.

offers a robust approach for characterizing the electronic state,
coordination, and geometric structure of single-atom sites.[**]
XANES is highly sensitive in capturing information related to
average valence states and electron configurations. The near-
edge position in XANES spectra corresponds to the oxidation
state of the target element, with higher oxidation states requiring
greater energy for core electron excitation. EXAFS provides key
details regarding the local geometry and coordination environ-
ment of single-atom sites. Fitting the EXAFS data allows for the
quantitative determination of parameters like bond lengths and
coordination numbers. In addition, analysis of the EXAFS data
provides valuable insights into the bonding and coordination
configuration of the metal center.[*’]

Furthermore, additional characterization techniques includ-
ing IR, electron paramagnetic resonance (EPR), nuclear mag-
netic resonance (NMR), low-energy ion scattering (LEIS), and
Mossbauer spectroscopy can offer valuable structural and elec-
tronic information about SACs.[*647]
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4. Real-Time Analysis of Single-Atom Catalysts for
CO, Electroreduction

Over the past decade, the field of CO, electroreduction has wit-
nessed significant and continuous advancements.[**%1 Nonethe-
less, understanding the reaction mechanism continues to be a
formidable challenge due to the complexity of the process, driven
by the transfer of multiple protons and electrons, as well as the
presence of various highly reactive intermediates.>!! Investigat-
ing the interactions among catalyst structure, product selectivity,
reaction conditions (e.g., temperature and time), and reaction in-
termediates in electrochemical processes is essential for advanc-
ing the design of more effective catalysts, interfaces, and reactors.
Ex situ methodologies, such as diffraction, microscopy, and spec-
troscopy, can yield significant information regarding the struc-
tural, compositional, physical, and chemical characteristics of the
electrode. Nevertheless, given the dynamic characteristics of the
three-phase interface (comprising the electrolyte, catalyst, and

© 2025 The Author(s). Small Methods published by Wiley-VCH GmbH
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Table 1. The advantages and limitations of in situ and operando characterization techniques.

Advantages Limitations
Techniques
IR 1) Detecting reaction intermediates 1) Limited spatial resolution
2) Non-destructive 2) Interference from gas/liquid phases
3) Overlapping absorption bands complicate
the analysis
Raman 1) Simple and highly accessible 1) Fluorescence interference
2) Aqueous electrolytes can be used 2) Weak signal intensity
3) Non-destructive 3) Laser-induced heating may alter samples
4) Spatial resolution limited (~um scale)
XAS 1) Detecting element-specific local structure/oxidation 1) Describing average information on local
states structures
2) Does not require crystalline samples 2) Requires synchrotron radiation
3) Complex data analysis (needs reference
spectra)
TEM 1) Atomic-scale spatial resolution 1) Small imaging range

2) Direct imaging
3) Captures dynamic processes in real-time

2) Operating conditions are relatively strict
3) Beam damage alters samples

reactant), relying on ectopic techniques alone may be insufficient
to elucidate mechanistic details under realistic conditions.[5%3
In situ and operando measurements can yield crucial insights
into catalyst surfaces, electrode-electrolyte interfaces, products,
and reaction intermediates.**>] The in situ technique rep-
resents real-time characterization conducted under controlled
laboratory conditions that replicate operational environments.
This approach facilitates a more precise understanding of the
underlying mechanisms, albeit with limitations imposed by spe-
cific electrochemical environments. In contrast, operando refers
to diagnostics carried out within fully operational devices under
real-world service conditions, such as those involving high cur-
rent densities, gas diffusion electrode configurations, and flow-
ing electrolytes. Meanwhile, operando requires that the cycling
be continuously performed and not stopped during the struc-
tural characterization (Figure 3A).5°%8] A schematic representa-
tion of the fundamental configuration of in situ instruments is
illustrated in Figure 3B.11?]

In situ and operando techniques offer valuable insights into
addressing the diverse challenges of the electrocatalytic CO,RR.
These challenges encompass 1) the surface morphology, re-
construction, chemical state, and stability; 2) the identification
and quantification of active sites; 3) the characteristics of the
electrode-electrolyte interface; and 4) the detection and monitor-
ing of reaction intermediates and products.’>%°! The commonly
employed in situ and operando techniques encompass IR, Ra-
man, XAS, TEM, etc.[®-%1 A comprehensive summary of their
advantages and limitations is presented in Table 1. Furthermore,
several novel in situ methodologies, such as on-chip in situ trans-
port investigations and high-resolution neutron imaging, have
recently been introduced.l®®®] SACs are characterized by indi-
vidual metal atoms dispersed on a support material, with each
active metal site serving as an idealized, simplified model for
catalytic reactions. This uniform distribution imparts SACs ex-
cellent performance, enabling precise control over the coordina-
tion environment and electronic structure of each active site.[78]
Importantly, the monatomic configuration of these catalysts fa-
cilitates the exploration of complex interactions between metal

Small Methods 2025, 9, 2500516

atoms, substrates, and reactive species. Through the applica-
tion of advanced in situ and operando techniques, researchers
are able to directly observe and monitor the dynamic behavior
of individual metal atoms during catalysis, offering profound
insights into fundamental reaction mechanisms at the atomic
level.[9]

4.1. In Situ and Operando Infrared Spectroscopy

Attenuated total reflection (ATR) mode surface-enhanced in-
frared absorption spectroscopy (SEIRAS) is one of the most
widely utilized techniques in spectroelectrochemistry.”") The
ATR-SEIRAS cell comprises two compartments separated by a
Nafion membrane (Figure 4A). A thin metal catalyst layer is de-
posited on a Si (or Ge) crystal, functioning as the working elec-
trode. The infrared beam undergoes internal reflection at the
silicon-metal interface, generating evanescent waves that pene-
trate the adjacent solution (Figure 4B). The metal layer ampli-
fies these evanescent waves, enabling the selective detection of
species located within ~1-10 nm of the electrode surface. This
high surface sensitivity allows SEIRAS to in situ identify surface-
bound species and reaction intermediates formed during the
CO,RR process. For example, Hao et al. employed the in situ
ATR-SEIRAS technique to monitor reaction intermediates and
clarify the reaction pathway of CO, reduction on Zn single-atom
sites during the CO,RR process.l”!] As shown in Figure 4C, the
absorption peaks at #1650 and ~1380 cm™' were assigned to the
H—O—H bending of interfacial water and the C—O stretching in
“COOH intermediate, respectively. The strong absorption peaks
of H,0 and “COOH in the in situ ATR-SEIRAS spectra of Zn;NC
suggested a favorable coupling between the adsorption and acti-
vation of H,O and CO, molecules on ZnN, single-atom sites,
which promoted the “H dissociation from H,O and the “COOH
formation via “CO, protonation.

Zhao et al. loaded atomically dispersed Cu onto 1,3,5-
triynylbenzene support and designed a SAC with a Cu-C,
coordination structure.”?) This study used in situ monitoring
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of reaction intermediates in electrocatalytic experiments using
ATR-fourier transform infrared spectroscopy (FTIR) to inves-
tigate the impact of the coordination environment of Cu ac-
tive sites on the catalytic activity of CO,RR. As illustrated in
Figure 4D, two distinct IR peaks emerge at 1226 and 1480
cm™!, corresponding to the intermediates “CHO and *OCH,,
respectively, upon applying progressively negative potentials.
These intermediates are essential in the pathway of CO,RR
toward CH, formation. In another study, He et al. prepared
Fe single-atom materials loaded with N, P-codoped porous
carbon, which can promote the activation of CO, molecules
and accelerate CO,RR kinetics.l”?l The team used in situ
ATR-FTIR to monitor the dynamic changes of adsorbed species
on the catalyst surface. As shown in Figure 4E, for CO,RR, a
small positive peak was detected at 1410 cm™! within the volt-
age range of —0.2 to —0.9 V, corresponding to the adsorption of
“COOH.

To comprehensively elucidate the mechanism of CO,RR on
SACs, in situ IR can serve as a valuable tool for characterizing the
atomically dispersed structures of the SACs and the reactants on
their surfaces. By providing molecular-level insights into the dy-
namic interactions between SACs, intermediates, and reactants
under operational conditions, in situ IR spectroscopy bridges the
gap between catalyst structure and function. Specifically, in situ,
IR can monitor the stretching of metal ligands to confirm atomic
dispersion and distinguish SACs from nanoparticles/clusters. In
addition, the drift of metal-ligand peaks under applied potential
indicates structural evolution (such as ligand loss or aggregation).

For example, Zeng’s group researched the configuration of ad-
sorbed molecules on metal sites throughout the reaction pro-
cess using in situ IR spectroscopy.”*! In the investigation of the
Cu-—N,0, coordinated SAC Cu(OH)BTA for CO,RR, a distinct
IR absorption peak was identified at 20642019 cm™!, as illus-
trated in Figure 5A, corresponding to vertically adsorbed CO
("CO,,p) on the single Cu atom. When Cu(OH)BTA is subjected
to a pre-electroreduction treatment, the CO,RR reveals signals
corresponding to bridge-adsorbed CO (“COy;4,) at neighboring
Cussites, specifically within the range of 1841-1820 cm™, in addi-
tion to this of “CO,,,, (Figure 5B). This phenomenon is ascribed
to the permanent formation of Cu clusters due to the electrore-
duction process. By analyzing the signals associated with various
adsorption modes of CO in the in situ FT-IR spectra, one can
infer the existing state of Cu within the SAC and its dynamic
transformation processes. In another study, Yue et al. used in situ
ATR-SEIRAS measurements to identify the intrinsic structure
feature of single-Sn-atom sites on the CO,RR performance.”] As
shown in Figure 5C,D, the peaks located at 1800-2000 cm ™! over
a wide potential range could be attributed to “CO. A much higher
“CO coverage over P—SnN,—CNT was observed compared to that
of SnN,—CNT, indicating that the presence of P promotes the ac-
tivation of CO, and the dissociation of water, thereby accelerating
the hydrogenation of “COOH to generate “CO and H,0, which is
responsible for the enhanced CO,RR to CO over P—SnN,—CNT.

Despite the substantial progress achieved in laboratory-based
infrared spectroscopy, tracking the dynamic adsorption and
desorption processes of surface molecules, typically occur-
ring on picosecond timescales, continues to be a formidable
challenge.[”®”7] Fortunately, synchrotron radiation sources with
pulse time resolutions up to the picosecond scale are particularly
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suitable for detecting transient intermediates. The schematic
illustrating the operando synchrotron radiation characteriza-
tion is shown in Figure 6A. Moreover, Synchrotron radiation-
based sources have several advantages, including 2-3 orders of
brightness, high fluxes, inherent polarization, and a broader
frequency band spectrum, enabling enhanced surface sensitiv-
ity and more detailed molecular information.l”®! As depicted in
Figure 6B, in the mid-IR range, two predominant feature re-

gions emerge: the fingerprint region, spanning 350-1500 cm™!,

and the functional group region, covering 1500-4000 cm™'.
Synchrotron radiation-based infrared (SR-IR) spectroscopy pos-
sesses distinct fingerprint characteristics and enhanced tempo-
ral resolution enabling qualitative or semi-quantitative sophisti-
cated detail for identifying surface species on the electrochemical
surface during CO,RR. For example, Song’s research team con-
ducted operando synchrotron-radiation infrared absorption spec-
troscopy on a Ni-N—C catalyst, revealing a dual adsorption phe-
nomenon of CO at Ni sites.l””) The elevated wavenumber associ-
ated with the double peaks represented for CO intermediates sug-
gests the presence of higher valence Ni®* sites. Under negative
potential, the two CO peaks exhibited distinct adsorption behav-
iors, indicating an asymmetric electronic structure of the Ni®*
site (Figure 6C,D). The SR-IR characterization provides novel in-
sights into the mechanisms underlying the efficient CO,RR at
these asymmetric Ni’* sites.

4.2. In Situ and Operando Raman Spectroscopy

Raman spectroscopy is grounded in the principle of inelastic light
scattering induced by molecular vibrational modes. Upon inter-
action of a laser with molecules, a minor fraction of the scat-
tered photons undergo energy shifts, thereby generating distinc-
tive Raman spectra that serve as molecular fingerprints of the
sample.®% Similar to in situ infrared testing equipment, two
compartments are separated by a Nafion membrane in the elec-
trochemical Raman cell setup (Figure 7A).[°! To prevent the accu-
mulation of hydrogen bubbles generated at negative potentials
during the testing process, a CO,-saturated electrolyte is contin-
uously circulated through the working electrode channel. In situ
Raman spectroscopy, a pivotal technique in the field of in situ vi-
brational spectroscopy, is capable of monitoring the surface struc-
ture of catalysts and the formation of intermediates during elec-
trochemical processes in real-time.[8182]

For example, Liu et al. designed a Ni-N, nickel single-atom cat-
alyst (Ni SAC) bonded on a conductive carbon support and used
operando Raman spectroscopy to monitor the state changes of Ni
centers during the CO,RR process.*!] As shown in Figure 7B,C,
under an Ar atmosphere, a cathodic potential beyond —0.57 V
(vs RHE) caused a shift in the Ni-N vibrational peak to lower
wavenumbers, suggesting a weakening of the metal—nitrogen
bond. Upon introducing CO, into the electrolyte, the Ni-N vi-
brational peak reverted to its original shape and energy position,
remaining stable across the cathodic potential range from the
open-circuit potential (OCP) to 0.37 V (vs RHE). These findings
imply that Ni in NiTAPc undergoes reduction during the CO,RR,
with the in situ generated Ni* species demonstrating significant
activity for CO, activation. Shen et al. prepared a single-atom
Cu catalyst with second-shell sulfur coordination (Cu—C;N,-S),
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with permission. Ref. [75] Copyright 2024, Wiley-VCH.

exhibiting higher ethylene (C,H,) Faradaic efficiency.l®*! To thor-
oughly examine the augmented C,H, production process and
investigate the fundamental mechanisms involved, in situ Ra-
man spectroscopy was employed to observe and identify the in-
termediate’s formation and adsorption (Figure 7D,E). Compared
to the adsorption characteristics of intermediates on Cu—C;N,,
a significant difference was noted for Cu—C;N,—S. Specifically,
the peak intensity of “CO, markedly elevated and displayed a
blueshift as the reaction progressed. This observation suggests
that Cu—C;N,—S demonstrates a greater selectivity for “CO, ad-
sorption relative to “H, with increased adsorption of CO, evident
throughout the course of the reaction.

The in situ Raman spectroscopy can gather information about
adsorbate species and single-atom center state changes by captur-
ing vibrational signals from both the adsorbates and other abun-
dant atoms in the substrate.®*%] Wu et al. used Ni—-N, SACs to
selectively detect the influence of cations such as K* on electrocat-
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alytic CO,RR and determine their interaction with chemisorbed
CO,~ .18 As shown in Figure 7F, when the applied potential is
—0.4 V, peak B corresponds to the C—O bond, while peak C is
assigned to the asymmetric O-C-O~ stretching mode. As the ap-
plied voltage shifts to a more negative region, peak C increases
and peak B decreases. Similar situations did not occur in the ex-
periment without adding cations. These experimental phenom-
ena confirm that the chemically adsorbed CO,~ can exist stably
in the presence of K*. In another report by this research group, a
layered double hollow spherical nanoreactor loaded with single-
atom nickel was prepared, exhibiting excellent electrocatalytic
CO,RR performance.[*! In situ Raman spectroscopy and simu-
lation calculations confirmed that the catalyst can effectively in-
crease local CO concentration and limit CO release, ultimately
enhancing C—C coupling (Figure 7G).

However, owing to the minimal loading of most SACs and
the highly dispersive characteristics of the single-atom centers,

© 2025 The Author(s). Small Methods published by Wiley-VCH GmbH
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Figure 6. SR-IR for detecting surface adsorption molecules/intermediates and revealing reaction pathways. A) Schematic for correlative SR-FTIR spectro-
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were collected among —0.2 to —0.8 V (vs RHE) in 0.5 M KHCO;. D) Schematic illustration of the potential-induced structure changes of low-valence Ni
sites in Ni-N—C. Reproduced with permission. Ref. [79] Copyright 2023, Springer Nature.

Raman signals are generally weaker than infrared signals, which
makes it exceedingly challenging to confirm reaction species
by directly detecting the bonding vibrations between single-
atom centers and adsorbates.[®”! Surface-enhanced Raman spec-
troscopy (SERS) is a highly sensitive analytical technique that ex-
ploits the Raman scattering phenomenon. The signal enhance-
ment in SERS is predominantly attributed to localized surface
plasmon resonance (LSPR) occurring on the surfaces of noble
metal nanostructures, such as gold (Au), silver (Ag), and cop-
per (Cu). By engineering these nanostructures, SERS can signif-
icantly amplify Raman scattering signals, thereby facilitating its
extensive application in trace detection, molecular identification,
and interfacial surface analysis.[®] For instance, Han and col-
leagues developed a silica-mediated, hydrogen-bonded organic
framework (HOF) templating strategy for the fabrication of high-
density SACs featuring Cu—Nj, coordination site.l® In situ, SERS
was adopted in the electrochemical CO,RR to explore the reac-
tion mechanism. When applying potentials from —0.8 to —1.0 V
(vs RHE), two characteristic Raman peaks were observed at 293
and 351 cm™, corresponding to the frustrated rotational mode of
the C=0 group and the stretching vibration of the Cu—CO bond,
respectively (Figure 8A). As the potential was further increased

Small Methods 2025, 9, 2500516

to —1.3 V (vs RHE), the peak at 2010 cm™! shifted to 2042 cm™!,
attributed to the electrochemical Stark effect, reflecting the in-
teraction between the external electric field and top-adsorbed CO
species (Figure 8B). This spectral shift suggests that CO” species
bound atop the Cu sites exhibit enhanced C—C coupling activity,
thereby favoring the ethanol formation pathway.(*"]

In addition, hell-isolated nanoparticle-enhanced Raman spec-
troscopy (SHINERS) has become a crucial tool in heterogeneous
catalysis for characterizing complex structures. Li and colleagues
developed a highly sensitive strategy for the structural characteri-
zation of SACs and real-time monitoring of catalytic reaction pro-
cesses using SHINERS for the first time (Figure 8C).°! As illus-
trated in Figure 8D,E, SHINERS was employed to track the nu-
cleation and growth of Pd on TiO,, revealing the transformation
from single atoms (SAs) to nanoparticles (NPs). After 2.5 min
of Pd nucleation, only a Raman band at 2129 cm~! was observed,
corresponding to the linear adsorption of phenyl isocyanide (PIC)
on Pd, indicative of isolated Pd single atoms. As nucleation pro-
gressed to 15 min, a new Raman band at 2028 cm™! emerged,
corresponding to the bridge-bound PIC species, suggesting the
coexistence of both Pd NPs and Pd SAs. With further exten-
sion of the nucleation time, the intensity of the bridge-bound

2500516 (10 O‘FZO) © 2025 The Author(s). Small Methods published by Wiley-VCH GmbH
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Figure 7. A) Schematic diagram of the electrochemical Raman cell design. Reproduced with permission. Ref. [6] Copyright 2023, Annual Reviews.
B,C) Operando Raman spectra of Ni-TAPc collected on an Au electrode at various potentials (vs RHE) in 0.5 m KHCO; aqueous solution at room
temperature under an atmosphere of (B) Ar (1 atm) and (C) CO, (1 atm). Reproduced with permission. Ref. [31] Copyright 2020, Wiley-VCH. D,E) In
situ Raman spectra were collected at a time interval of 2 min under the CO,RR conditions: (D) Cu—C;N, from 350 to 690 cm™'. (E) Cu—C;N,—S from
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PIC band increased, while that of the linearly adsorbed PIC de-
creased. These observations indicate that Pd initially forms as
atomically dispersed species, which subsequently aggregate into
nanoparticles over time. In another work, Lum et al. explored
the effect of interfacial electric fields on electrocatalytic CO,RR,
using M-N, SACs supported on carbon nanospheres of varying
diameters.?] They utilized in situ SHINERS to investigate the re-
lationship between the curvature of the spherical catalyst and the
interfacial electric field (Figure 8F). SCN~ was used as an elec-
tric field Stark shift probe due to its selective association with
Ni single atoms, providing a direct measure of the interfacial
electric field at the active sites. The study revealed that carbon
nanospheres with greater curvature (i.e., smaller size) exhibited
higher Stark tuning rates (Figure 8G), indicating stronger inter-
facial electric fields that enhance electrochemical performance
by modifying the adsorption states and stability of reactants and
intermediates.

4.3. In Situ and Operando X-Ray Absorption Spectroscopy

XAS employs synchrotron radiation to investigate the character-
istics of a catalyst. The XAS spectrum is categorized into two
distinct regions: XANES and EXAFS, based on their character-
istics relative to the absorption edge.[*) The EXAFS region can
extend several thousand electronvolts beyond the edge. The fea-
tures observed in the XANES region are attributed to the tran-
sitions of electrons from occupied to unoccupied states, thereby
providing insights into the oxidation state and electronic struc-
ture of the catalyst.[**! Generally, XANES is employed for quali-
tative analysis, while semi-quantitative analysis necessitates ap-
plying linear combination analysis. Following the edge, the in-
teraction of the photoelectrons ejected by the adsorbed atoms
with the electrostatic fields of adjacent atoms is translated into
signal oscillations, which are observed in the EXAFS.[®] EXAFS
exhibits a high sensitivity to the coordination environment, ren-
dering it an effective technique for quantitatively assessing coor-
dination numbers, bond lengths, and disorder factors.*! A re-
view addressing in situ XAS elaborates on the operational prin-
ciples, challenges, and detection modalities associated with this
methodology.””! The in situ electrochemical XAS testing device
is shown in Figure 9A.®l The windows are transparent to X-
rays and exhibit both corrosion resistance and impermeability.
The thinner design minimizes the absorption of X-rays by the
electrolyte, thereby ensuring the accurate acquisition of XAS
data.

The activity and selectivity of CO,RR are intrinsically tied to
catalyst properties, including oxidation state, structural configu-
ration, bond length, and coordination numbers.[*71% To eluci-
date the nature of active sites and establish correlations among
catalyst evolution, reaction kinetics, and product selectivity, in
situ XAS has emerged as a critical tool. For example, alterations
in the valence state change of the metal center are typically mon-
itored using in situ XPS and in situ XAS (XANES) spectroscopy.
Liu et al. utilized both in situ XPS and in situ XAS to investi-
gate the evolution of catalysts during CO, reduction involving Ni
SACs.B!I Their findings indicated that under cathodic bias in an
Ar atmosphere, single Ni atoms transitioned from Ni** to Ni*
(Figure 9B,C), which were identified as the real active sites for ac-
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tivating CO, molecules via electrophilic addition. It is important
to note that while in situ XPS can analyze the surface composi-
tion of catalysts, it may not provide comprehensive information
regarding the changes in the valence states of metal centers. In
contrast, in situ, XAS offers a more thorough assessment of these
changes. Therefore, in situ, XAS is strongly favored for the mon-
itoring of oxidation state variations in SAC. In a separate study,
Chala et al. reported NiCu-SACs/N—C catalysts featuring coop-
erative dual heteroactive sites.['?] In-operando XAS and model-
based fitting analysis reveal two key observations: the dynamic
restructuring of Cu clusters derived from atomically dispersed
Cu single atoms, and the reversible structural or oxidation state
changes of Cu sites. In contrast, Ni sites remained unchanged
throughout the catalytic process (Figure 9D-F).

A major challenge in advancing high-efficiency electrocatalysts
for the electroreduction of CO, is the insufficient understand-
ing of the chemical states and dynamic atomic configurations
that evolve under potential-driven conditions. Chen’s group uti-
lized a synergistic approach that integrated in situ and operando
methodologies, utilizing Cu SA electrocatalysts as a research
model.l'®] As shown in Figure 10A, the wavelet-transformed
(WT) EXAFS spectra display a pronounced WT signal centered
at an interatomic distance of 1.6 A, suggesting that the Cu ions
in the assynthesized N—Cu SAC are predominantly coordinated
with N atoms and exhibit characteristics of single-atom behav-
ior. Upon reaching a cathode potential of —0.8 V (vs RHE), al-
terations in the coordination environment surrounding the Cu
site are observed. This change can be attributed to the emergence
of a Cu-Cu scattering pathway, indicating the formation of cop-
per clusters. In addition, quantitative analysis of in situ XANES
and EXAFS spectra was performed through precise linear com-
binations (Figure 10B,C) to dynamically identify evidence of the
evolving chemical state of the electrocatalyst.

In addition, Fang et al. loaded transition metal atoms (Fe, Co,
Ni, Cu) onto nitrogen-doped carbon (M—-N-C) to prepare a se-
quence of single-atom materials, which were used for electrocat-
alytic CO,RR testing.'®! In situ XAS testing observed a decrease
in the average coordination number of Ni at the voltage point
with maximum Faraday efficiency, confirming the correlation be-
tween coordination number and catalytic performance. Wu et al.
conducted in situ XANES experiments in KHCO; solution for
real-time monitoring of the dynamic changes of single atom ac-
tive centers during CO,RR process,®] The collected spectral ev-
idence confirms that chemisorbed CO,~ and K* interactions ad-
just the rate-determining step, leading to an independent proton
transfer mechanism.

Although in situ XAS can effectively reveal adsorbate alter-
ations during electrochemical reactions by examining the coor-
dination environment of the metal center. However, it is im-
portant to recognize that XAS spectra yield averaged coordina-
tion of metal atoms, which can complicate the difference be-
tween M—N and M—O coordination.l’l Many intermediates par-
ticipating in electrochemical processes typically engage with the
metal through M—N(O) bonding. This interaction frequently
overlaps with the metal’s bonding to the substrate, represented
as M—N(O),, making it challenging to attribute changes in the
coordination environment to either the adsorption of molecules
or dynamic structural modifications of the metal itself.1%]
Moreover, XAS exhibits heightened sensitivity to the first-shell
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Figure 9. A) In situ XAS cell with fluorescence mode. Abbreviations: WE (working electrode), CE (counter electrode), and RE (reference electrode).
The light blue liquid represents the electrolyte. Reproduced with permission. Ref. [98] Copyright 2024, American Chemical Society. B,C) Normalized Ni
K-edge XANES spectra of Ni-CNT-CC acquired at various applied potentials (vs RHE) in 0.5 m KHCO; aqueous solution at room temperature under an
atmosphere of (B) Ar (1atm) and (C) CO, (1 atm); inset, enlarged Ni K-edge XANES. The OCP is about 0.57 V (vs RHE). The CO, line in (B) was obtained
5 min after switching Ar to CO, at 0.2 V (vs RHE). Reproduced with permission. Ref. [31] Copyright 2020, Wiley-VCH. D) The operando EXAFS spectra,
E) the corresponding average coordination number for Cu—N and Cu—Cu shells of the Cu K-edge for 3% NiCu-SACs/N—C hybrid recorded during the
CO, electrolysis at different applied potentials in CO,-saturated 0.5 v KHCO; along with CuPc and Cu foil reference. F) The operando EXAFS spectra of
Ni K-edge for 3% NiCu-SACs/N—C hybrid were recorded during the CO, electrolysis at different applied voltages along with NiPc and Ni foil reference.

Reproduced with permission. Ref. [102] Copyright 2024, Elsevier.

coordinated atoms surrounding individual metal sites while of-
fering limited information regarding atoms situated in the sec-
ond or higher coordination shells that bond reaction intermedi-
ates with metal.'%! As a result, changes in the coordination envi-
ronment of the metal center, as detected through in situ XAS, can
yield valuable insights into the trends associated with changes in
adsorbates; however, it is insufficient for the precise identifica-
tion of the specific adsorbed species.

4.4. In Situ and Operando Transmission Electron Microscopy

Recent advancements in aberration-corrected TEM have allowed
for investigating SACs with unprecedented detail. However, most
of these investigations have been carried out under ultra-high
vacuum conditions required by the electron microscope, thus
limiting the research to ex situ analysis.['’] In contrast, the rapid
development of in situ TEM over the past decades has sparked

Small Methods 2025, 9, 2500516

research into structural investigations under various external
stimuli, including cooling, heating, and electric fields.1%19] The
study of SACs has been greatly advanced by developments in
situ TEM, particularly through applying environmental TEM
(ETEM), liquid electrochemical TEM (EC-TEM), and gas cell tech-
niques, allowing catalysts to be studied in the gaseous and liquid
environment. These novel techniques elucidate catalytic mech-
anisms at the atomic scale, which is pivotal for the design and
optimization of SACs. A schematic representation of the electro-
chemical TEM setup and the associated electrochemical chip is
shown in Figure 11A.

In the field of electrocatalytic CO,RR applications, DeRitad
et al. loaded atomically dispersed Pt onto TiO, nanoparticle
(NP) support and characterized the materials under different re-
dox states using in situ high-angle annular dark-field HAADF-
STEM.!'" As shown in Figure 11B, the isolated Pt possesses
the ability to undergo evolutionary changes in response to varia-
tions in environmental conditions, allowing it to adapt to diverse
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Figure 10. A) Wavelet-transform diagram of in situ Cu K-edge EXAFS spectra of N—Cu SAC at various applied potentials in CO,-saturated 0.1 m KHCO;
solution during CO, reduction. B) Extracted oxidation state from in situ Cu K-edge XANES of N—Cu SAC spectra through a linear combination of Cu foil,
Cu,0, and Cu(bipy),Cl as spectroscopic references in CO,-saturated 0.1 m KHCO; solution. C) Quantitative analysis of coordination environment ex-
tracted from EXAFS fitting at various potentials in CO,-saturated 0.1 M KHCO; solution. Error bars represent the standard deviation of three independent
measurements. Adapted with permission. Ref. [103] Copyright 2023, Springer Nature.

local coordination environments and oxidation states. Besides,
in situ STEM experiments and line-scan intensity analysis con-
ducted over time indicate that the electron beam induces Pt mo-
tion under intense reducing conditions (Figure 11C). In another
work, Hsu et al. prepared N—Cu SAC through the pyrolysis of a
composite comprising 1-alanine, melamine, and copper acetate
monohydrate.'®] This study successfully facilitated the direct ob-
servation of catalyst behavior under potential driven conditions.
As shown in Figures 11D-F, liquid EC-TEM was employed to
monitor the dynamic structural transformations of the Cu SAC
electrocatalyst during the process of CO, reduction. After 80 s of
electrolysis, two distinct spots, highlighted in orange and mea-

Small Methods 2025, 9, 2500516

suring ~2.6 nm in diameter, emerged, indicating a restructuring
process and the formation of clusters. Importantly, as denoted by
the blue circles in Figure 11D, these clusters appear to exhibit
the ability to migrate freely across the carbon support. In addi-
tion, Zhang et al. presented a single-atom catalyst composed of
silver (Ag, /MnO,), synthesized via thermal transformation of Ag
NPs and surface reconstruction of MnO,.1"!l The transition of
Ag NPs into single atoms is elucidated for the first time using
various techniques, including in situ TEM and in situ XRD. The
resulting Ag, /MnO, catalyst demonstrated a Faradaic efficiency
of 95.7% at a potential of —0.85 V (vs RHE), alongside sustained
stability for the electrochemical reduction of CO,.
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2023, Springer Nature. B) In situ HAADF-STEM images of Pt /TiO, after 30 min at different annealing conditions: 300 °C, 760 torr of O, for 30 min;
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(along the yellow arrows) shown in A is normalized to the identified Pt atom. Reproduced with permission. Ref. [110] Copyright 2019, Springer Nature.
Structural characterization of the as-prepared N-Cu SAC during CO,RR: D) Dark-field STEM images at truly calibrated potentials versus RHE with various
durations from 0 to 160 s. E) Magnified images of the selected area in (D). F) Line profiles of selected clusters. Reproduced with permission. Ref. [103]

Copyright 2023, Springer Nature.

5. Summary and Perspective

In this review, we systematically summarized the SACs applied
to CO,RR and the in situ and operando characterization tech-
niques involved in studying catalytic kinetics. Through a com-
prehensive review of research in this field in recent years, this ar-
ticle provides a detailed introduction to the technical features and
characterization benefits of various technologies and further
compares the advantages, limitations, and complementarity as-
pects of these technologies. Despite these advancements, fully
understanding the dynamic reaction mechanisms of SACs in
CO,RR remains a significant challenge owing to the current lim-
itations. The following sections will outline the key challenges
and propose future research directions (Figure 12).

1) As previously discussed, the dynamic structural transforma-
tions of the SACs and the molecular activation/deactivation

Small Methods 2025, 9, 2500516

2)

mechanisms at the gas-liquid-solid interface during CO2RR
operation is highly intricate. The presence of liquid layers and
gas bubbles at the gas-liquid-solid interface diminishes the
concentration of the active centers and complicates signal de-
tection. Consequently, there is an urgent need to explore novel
possibilities within contemporary in situ and operando an-
alytical techniques to decipher the dynamic structure of the
three-phase interface accurately.

During in situ and operando testing, increased beam bright-
ness and radiation-induced damage can lead to distortions in
the electronic or geometric structure of the sample, and the
SAC can encounter challenges like atomic agglomeration and
reduced material activity. Additionally, dynamic transforma-
tions of interfacial active sites and molecular adsorption and
desorption processes typically occur on timescales ranging
from milliseconds to picoseconds. Therefore, time-resolved
X-ray spectroscopy should be developed to more accurately
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align detection results with the actual reaction, enabling real-
time monitoring of dynamic evolution and elucidating the in-
trinsic relationship between structure, intermediates, and re-
action activity.

As a vital element of the entire reaction system, the in-
fluence of electrochemical cells on the reaction process
cannot be underestimated in CO2RR. It is essential to design
amodular electrolytic cell system that is compatible with mul-
tiple characterization techniques, featuring interchangeable
windows/electrodes suitable for X-ray, neutron, and optical
probes. Furthermore, it is advisable to establish benchmark
protocols for potential scanning rates, electrolyte flow param-
eters, and gas diffusion layer configurations. Such a frame-
work will significantly improve cross-technology comparabil-
ity and reproducibility.

Acquiring high-quality in situ and operando spectral data
for SACs remains technically challenging due to signal-to-
noise constraints and transient intermediate states under op-
erational conditions. With the continuous advancement of
technology, machine learning (ML) enables “dynamic” data
analysis. Neural networks pre-trained on multi-scale spec-
tral datasets can perform ultrafast (<1 s) analysis during
experiments.

The industrialization of SACs for CO,RR necessitates over-
coming critical challenges, including scalable synthesis with
atomic precision, and stability under industrial current densi-

ties (>100 mA cm~2). Second, system-level integration must
address CO, feedstock purity (e.g., dilute CO, from flue gas vs
direct air capture), product separation, and energy consump-
tion optimization in flow reactors. These challenges neces-
sitate interdisciplinary approaches integrating materials en-
gineering, process design, and techno-economic analysis to
enable viable large-scale implementation.

In conclusion, despite existing challenges, the outlook for in

situ and operando analysis techniques in characterizing SACs for
CO,RR s highly promising. As CO, electrolysis continues to gain
traction as a significant research area, it is anticipated to drive ex-
tensive investigations focused on developing high-performance
catalysts and elucidating future reaction mechanisms.
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