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Electrochemical CO; reduction reaction (€CO,RR) provides a promising route for converting CO, into
fuels and chemical feedstocks using renewable electricity. However, the dynamic nature of catalyst
surfaces under reaction conditions complicates the identification of active sites and reaction
intermediates, posing a major challenge for the rational design of efficient catalysts. In situ and
operando characterisation techniques have therefore emerged as essential tools for directly probing
catalyst behaviour under working electrochemical conditions. In this review, we present a unified
perspective that integrates spectroscopy and microscopy techniques to correlate reaction intermediates,
catalyst electronic structure evolution, and catalyst restructuring during eCO,RR. Spectroscopic
approaches, including surface-enhanced Raman spectroscopy (SERS), attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR), and X-ray absorption spectroscopy (XAS), enable direct
identification of key reaction intermediates and electronic structure changes during eCO,RR.
Complementarily, in situ microscopy techniques such as electrochemical atomic force microscopy (EC-
AFM), electrochemical scanning tunnelling microscopy (EC-STM), and liquid-cell transmission electron

Received 16th March 2026, microscopy (EC-TEM) reveal dynamic restructuring of the catalyst surface at the nanoscale and atomic

Accepted 19th May 2026 scale. By bridging molecular-level intermediate identification with nanoscale structural evolution, this
review highlights how dynamic catalyst behaviour governs activity and selectivity, providing new insight
into the identification of true active phases. This integrated framework offers emerging strategies for

rational catalyst design toward stable and selective CO, reduction catalysts.
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1. Introduction

The continuous rise in atmospheric CO, concentration driven
by fossil-fuel combustion and industrial processes is one of the
defining challenges of the 21st century." Carbon capture and
utilisation (CCU) offers a pathway to mitigate emissions while
creating economic value by transforming CO, into fuels and
chemical feedstocks such as CO, formate, methanol and
hydrocarbons.” Unlike carbon capture and storage, which
merely delays emissions, CCU enables a circular carbon econ-
omy aligned with global net-zero ambitions.®> Among CCU
strategies, the electrochemical CO, reduction reaction
(eCO,RR) is uniquely positioned to integrate with renewable
electricity infrastructure. It operates under mild conditions,
allows precise control over reaction potential and current, and
is compatible with decentralised and modular reactor designs.*
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However, eCO,RR is intrinsically complex. The thermodynamic
stability of linear CO,, the multiplicity of competing proton-
electron transfer pathways, and the hydrogen evolution reac-
tion (HER) collectively challenge -catalyst selectivity and
efficiency.” Addressing these challenges requires catalysts that
lower activation barriers and direct complex reaction networks
toward desired products under sustained operation.

1.1. Catalytic CO, conversion approaches

CO, can be converted through thermocatalytic, photocatalytic,
photoelectrochemical (PEC), and electrochemical pathways.
Thermocatalytic routes such as the Reverse Water-Gas Shift
Reaction (RWGS)®” (eqn (1)) and Fischer-Tropsch synthesis
(eqn (2))*° are industrially established but energy-intensive and
reliant on externally supplied H,. Photocatalytic and PEC
systems integrate light harvesting with catalysis, but are often
limited by poor quantum efficiencies, catalyst instability and
scalability challenges."®""

CO, + H, —» H,0 + CO 1)

This journal is © The Royal Society of Chemistry 2026
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nCoO + (2n + 1)H, — C,Hy,4p + nH,0 (2)

In contrast, eCO,RR decouples light absorption from cata-
lysis, allowing direct utilisation of renewable electricity with
flexible operational control. The key challenge lies not in proof-
of-concept activity, but in achieving catalyst systems that com-
bine high current density, a narrow product selectivity window,
and an understanding of the dynamic restructuring under
reaction conditions.'® Recent advances in catalyst design, reac-
tion engineering, and mechanistic understanding have further
accelerated progress in eCO,RR, as highlighted in recent
reports.’>**

1.2. Electrochemical CO, conversion: pathways and selectivity

eCO,RR proceeds via coupled proton-electron transfer steps at
the cathode, producing a wide range of C; and C,. products,
including CO, formate, hydrocarbons and alcohols." Product
distribution is strongly governed by the catalyst composition,
electronic structure, and local reaction environment.? Repre-
sentative half-reactions and equilibrium potentials are sum-
marised in Table 1.

The first electron transfer to CO,, forming the unstable
CO,°*" radical, requires a potential of approximately —1.90 V
vs. SHE at neutral pH, highlighting the need for catalysts that
stabilise early intermediates and reduce kinetic barriers.*®
Under cathodic bias, the potential for CO, reduction overlaps
with that of the HER, resulting in competition for active sites
and electrons. Consequently, suppressing HER while promot-
ing selective CO, conversion remains a central catalyst design
objective.

Strategies such as modifying the electrolyte composition or
employing aprotic media can reduce proton availability and
suppress HER; however, such approaches often favour less-
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Table 1 Representative C; and C,, products of electrochemical CO,

reduction, together with their standard equilibrium potentials and corres-
ponding half-reactions

Equilibrium
potential
CO, reduction (V vs. SHE

Electrons  half equation at pH 7)

1 CO,+e = CO,*~ —1.90

2 CO, + 2H" + 2~ = HCOOH —0.610

2 CO, + 2H" + 2~ = CO + H,0 —0.530

4 CO, + 4H" + 4¢” = HCHO + H,0 —0.480

6 CO, + 6H' + 66" = CH30H + H,0 —0.380

8 CO, + 8H" + 8¢~ = CH, + 2H,0 —0.240

12 2C0, + 12H" + 12~ = C,H, + 4H,0 —0.349

12 2CO, + 12H" + 12" = C,H;0H + 3H,0  —0.329

14 2C0, + 14H" + 14~ = C,H, + 4H,0 —0.270

18 3C0O, +18H" + 18¢~ = C;H,OH + 5H,0  —0.310

hydrogenated products (e.g., CO or formate) over multi-proton
pathways toward alcohols or hydrocarbons. Thus, catalyst
design must ultimately be rooted in controlling intermediate
binding energetics and surface reaction pathways.

1.3. Catalyst classification and descriptor framework

Electrocatalysts for eCO,RR can be classified according to (i)
product selectivity, (ii) composition, and (iii) structural com-
plexity. These classifications provide a practical framework for
correlating material identity with intermediate stabilisation
and reaction outcomes.

From a product perspective, catalysts typically fall into three
subcategories: (1) C;-selective catalysts that predominantly
produce CO or formate, (2) multicarbon (C,,) catalysts that
enable C-C coupling, and (3) materials dominated by HER.
Most transition and p-block metals exhibit C, selectivity, while
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copper (Cu) uniquely facilitates substantial C,, hydrocarbons
and oxygenates formation (Fig. 1a). This product-based classi-
fication reflects the differences in *CO surface coverage and the
ability to stabilise C-C coupling intermediates.

From a compositional viewpoint, catalysts include metallic
systems (e.g., Cu, Ag, Au, Sn, Bi),"” oxide-derived materials,"®
bimetallic alloys,"® molecular and M-N-C single-site catalysts,
and hybrid metal-support architectures.>® Alloying, hetero-
structuring, and defect engineering introduce additional elec-
tronics and geometric tuning parameters, enabling modulation
of adsorption energetics and interfacial activity.

Structurally, catalysts may also be sub-categorised based on
dimensionality and dispersion, including bulk foils, nano-
particles, nanoclusters, single atoms, and defect-engineered
surfaces.”’ While nanoscale systems maximise active site utili-
sation, they are often dynamically unstable under reaction
conditions, undergoing dissolution, redeposition, or phase
transformation. As a result, the as-synthesised structure fre-
quently differs from the true active phase.

View Article Online
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These classifications converge within a descriptor-based
framework linking adsorption energetics to selectivity. Catalytic
performance is governed by the adsorption energetics of key
intermediates such as *COOH, *OCHO, *CO and *H. A Volcano-
type relationship linking intermediate binding energy to partial
current density (Fig. 1b and c) illustrates how catalysts posi-
tioned within optimal energetic windows achieve high selectivity
while suppressing competing pathways.** Thus, catalyst classifi-
cation is inherently mechanistic, linking material structure to
the energetic landscape of CO, reduction.”*** The interplay
between descriptor energetics, catalyst surface dynamics, and
resulting product selectivity is summarised schematically in
Fig. 1d. This descriptor framework underpins the discussions
in subsequent sections and motivates the need for direct map-
ping of catalyst behaviour under operating conditions. A brief
comparison of major electrocatalyst classes, including their
representative systems, product selectivity, and key advantages
and limitations, is summarised in Table 2, providing a practical
framework for catalyst selection and design.
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Fig. 1 (a) Table of d-block transition metals and p-block metalloids and their selectivity in the eCO,RR. Reproduced from ref. 25 under CC-BY license.
(b) Partial current density for CO formation (Jco at —0.9 V vs. RHE) plotted as a function of *COOH binding energy for representative metal catalysts. (c)
Partial current density for formate production (Jycoon at —0.9 V vs. RHE) plotted against *OCHO binding energy, showing a distinct volcano-type
relationship with Sn positioned near the activity maximum due to near-optimal stabilisation of the *OCHO intermediate. Dashed lines serve as guides to
the eye. Adapted from ref. 22 with permission from American Chemical Society, Copyright 2017. (d) Conceptual framework illustrating the interplay
between descriptor-based intermediate binding energetics, dynamic surface evolution under reaction conditions, and resulting product selectivity in
eCO,RR.
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1.4. Why in situ and operando mapping is essential

Descriptor-based volcano plots provide valuable thermody-
namic insight but represent static energetic landscapes. In
practice, catalyst surfaces evolve continuously under applied
bias, undergoing oxidation-reduction cycling, defect for-
mation, dissolution-redeposition, electrolyte-induced restruc-
turing, and intermediate accumulation.®** These dynamic
processes can shift adsorption energetics and alter selectivity
in real time. In situ and operando mapping is therefore essential
to bridge the gap between idealised binding-energy descriptors
and the behaviour of working catalysts. By simultaneously
tracking surface intermediates, electronic structure, and mor-
phological evolution, in situ and operando techniques enable
identification of transient active states and correlation with
product distribution. Understanding how catalysts dynamically
enter or depart from optimal binding-energy windows is critical
for designing systems that remain selective and stable under
realistic operating conditions.

Despite the rapid growth of in situ and operando studies in
eCO,RR, existing review articles have predominantly focused
on either individual spectroscopic techniques (e.g., infrared
(IR), Raman, and X-ray absorption spectroscopy (XAS)-based
studies)*®?® or specific catalyst systems such as Cu-based
catalysts and single-atom catalysts,”*™" often treating inter-
mediate identification and catalyst restructuring as separate
aspects. However, catalytic performance in eCO,RR emerges
from the dynamic interplay between reaction intermediate
formation and the catalyst’s electronic structure evolution,
and morphological transformation under operating conditions.
In this review, we address this gap by integrating spectroscopy
and microscopy insights within a unified framework that
directly links molecular-scale intermediates to nanoscale struc-
tural evolution. By systematically correlating these processes,
we provide a comprehensive understanding of how dynamic
catalyst behaviour governs activity and selectivity, thereby offer-
ing a more complete mechanistic picture complementing pre-
viously reported reviews.

It is important to distinguish between in situ and operando
characterisation, as these terms are often used interchangeably
in the literature. In situ techniques refer to measurements
performed under controlled reaction-relevant conditions,
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such as applied potential, electrolyte environment, or gas
atmosphere, enabling observation of catalyst behaviour under
conditions that approximate those of catalysis. In contrast,
operando techniques involve simultaneous measurement of
catalyst structure or reaction intermediates together with cata-
Iytic performance metrics, such as current density or product
selectivity, thereby enabling direct correlation between
observed species and catalytic function. In this review, we adopt
this distinction to differentiate studies that directly link struc-
tural or spectroscopic observations with catalytic activity from
those that probe catalyst behaviour under reaction-relevant
conditions without simultaneous performance correlation.

2. Elucidating eCO,RR intermediates
via in situ/operando spectroscopy

Achieving high FE, industrially relevant current densities and
long-term durability remain a central challenge in eCO,RR.
While descriptor-based frameworks provide valuable thermo-
dynamic guidance for catalyst design, real catalytic surfaces
often undergo dynamic restructuring under operating condi-
tions, leading to transient active states that cannot be captured
by ex situ characterisation alone. Consequently, in situ and
operando techniques have become indispensable for elucidat-
ing reliable structure-function relationships that govern
eCO,RR performance.

Spectroscopic methods provide direct insight into reaction
intermediates and the electronic structure of catalysts during
catalysis. Vibrational spectroscopies such as surface-enhanced
Raman spectroscopy (SERS) and attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR) enable
direct identification of surface-bound intermediates, including
*COOH, *OCHO, *CO and *H, providing molecular-level infor-
mation on reaction pathways and product selectivity. Comple-
mentarily, XAS offers element-specific information on
oxidation state, local coordination environment and electronic
structure, allowing real-time tracking of catalyst reconstruction
and dynamic active-phase formation during eCO,RR.

Together, these spectroscopic approaches enable experi-
mental validation of key intermediates predicted by theoretical

Table 2 Classification of eCO,RR catalysts based on their typical products, comparing advantages and limitations

Catalyst Class Examples Main products  Advantages Limitations

Noble metals Au, Ag, Pd Co High selectivity; low overpotential ~ Expensive; limited multi-carbon
products

Post-transition/main  Sn, Bi, In Formate High FE; suppresses HER Limited products; low current density;

group metalloids

Unique C-C coupling ability; broad
product range

Synergistic effects; tunable binding
energies and selectivity
High density of atomically dispersed Poor stability; limited C,. formation

high overpotential
Poor stability; dynamic restructuring;
mixed selectivity

Complex synthesis; difficult to control
active sites

active sites

Cu-based Cu, Cu oxides C,-+ products
(ethylene,
ethanol)

Bimetallic/alloys Cu-Ag, Cu-Pd Tunable (CO,
C2+)

M-N-C Fe-N-C, Co-N-C CcO

Molecular catalysts Metal-phthalocyanines ~ CO/formate

(CoPc, FePc, NiPc)

This journal is © The Royal Society of Chemistry 2026

Tunable coordination environment; Limited stability; degradation under
well-defined active sites

electrochemical conditions
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models and reveal how catalyst electronic structure evolves
during CO, reduction. In this section, we highlight recent
advances in vibrational and X-ray spectroscopies that provide
mechanistic insight into intermediate formation, catalyst trans-
formation, and reaction pathways in eCO,RR systems.

2.1. Surface-enhanced Raman spectroscopy (SERS)

SERS has emerged as a powerful in situ and operando tool for
resolving the vibrational fingerprints of reaction intermediates
adsorbed on catalyst surfaces during eCO,RR. By exploiting
plasmonic enhancement at roughened metal interfaces, SERS
enables detection of transient, low-coverage species that are
otherwise inaccessible to conventional Raman spectroscopy.
Early landmark work by Chernyshova et al. employed SERS on
roughened Cu electrodes to assign potential-dependent vibra-
tional bands to key intermediates, including CO,*~ and CO in
distinct binding configurations (Fig. 2a).>* A characteristic CO
stretching band emerged at potentials more negative than
—0.9 V vs. Ag/AgCl, accompanied by a redshift with increasing
overpotential, consistent with strengthened chemisorption at
Cu active sites. These observations directly demonstrated the
sensitivity of CO binding configuration and surface coverage to
applied potential. A vibrational feature of particular mecha-
nistic significance is the transient band near 1540 cm *,
attributed to the CO,*~ intermediate. This signal, correlated
with a low-frequency mode at ~350 cm ™', disappears at more
cathodic potentials, suggesting either diminished surface cov-
erage or shortened lifetime of CO,*~ under strongly reducing
conditions. The loss of this signal coincides with increasing
CO-related features, supporting a mechanistic transition in
which surface-bound CO becomes the dominant intermediate
at higher overpotentials. The increased surface coverage of *CO
at more negative potentials correlates with CO being the
dominant reduction product on the Cu electrode, highlighting
how potential-dependent intermediate stabilisation influences
eCO,RR selectivity.

Beyond identification of intermediates, SERS has enabled
quantitative insight into surface coverage dynamics. Zhan et al.
monitored Cu-CO interactions under operando conditions and
identified two distinct vibrational modes: a stretching mode
(P1) at ~280 cm™ " and a rotational mode (P2) at 355-370 cm ™"
(Fig. 2b and c).*’ The intensity ratio (P2/P1) followed Langmuir-
type adsorption behaviour (Fig. 2d) and served as a quantitative
descriptor of CO surface coverage. Notably, this spectroscopic
parameter correlated directly with FE for C,, products (Fig. 2e
and f), indicating that increased *CO accumulation promotes
C-C coupling and enhances multicarbon product formation.
Building on this concept of spectroscopic descriptors, Chen
et al. further demonstrated that the intensity ratio between
Raman bands corresponding to linearly adsorbed (*COqop) and
bridge-bound (*COpyigge) configurations can be used to predict
product selectivity.** By correlating this SERS-derived ratio with
catalytic performance, the authors showed that a higher relative
population of *COpigee favours ethanol formation, as this
configuration stabilises *CO-CO coupling and oxygenated
intermediates, whereas dominant *CO,p configurations are

11806 | Chem. Commun., 2026, 62, 11802-11821
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associated with ethylene production through more direct C-C
coupling and subsequent hydrogenation pathways. This find-
ing highlights the potential of in situ SERS to provide quanti-
tative descriptors linking intermediate surface coverage with
catalytic selectivity and enabling mechanistically informed
catalyst screening.

SERS has also provided insight into bimetallic synergy. Gao
et al. demonstrated that incorporating Ag into Cu surfaces
promotes a CO spillover mechanism, whereby CO generated
on Ag sites migrates to neighbouring Cu domains, increasing
the local *CO surface coverage on Cu and thereby promoting C-
C coupling. This tandem Ag-Cu catalyst achieved a FE of ~76%
for C,, products, with ethylene as the dominant product.*®
In situ Raman spectra revealed intensified C-H vibrational
features upon Ag incorporation, indicative of increased surface
populations of hydrogenated intermediates such as *CHO,
*CHj3, and *C,H,. The formation of these intermediates reflects
enhanced hydrogenation of coupled *CO species on Cu sites,
consistent with reaction pathways leading predominantly to
ethylene formation via CO dimerisation (OCCO) followed by
proton-electron transfer steps.

Collectively, these studies illustrate that SERS not only
enables the identification of transient intermediates but also
provides quantitative descriptors that link molecular-scale sur-
face coverage to macroscopic catalytic performance. Fig. 3
summarises characteristic vibrational signatures reported for
key eCO,RR intermediates across catalyst systems, offering a
consolidated framework for peak assignment and mechanistic
interpretation.

2.2. Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR)

Complementary to SERS, in situ ATR-FTIR and its surface-
enhanced variant (ATR-SEIRAS) provide direct detection of
polar surface-bound intermediates during eCO,RR, including
*COOH, *OCHO, *CHO and other hydrogenated species. Owing
to its sensitivity to dipole-active vibrational modes, ATR-FTIR is
particularly powerful for tracking potential-dependent evolu-
tion of reaction pathways and distinguishing competing
reduction channels. For example, Wang et al. employed ATR-
FTIR to investigate the size-dependent reactivity of Cu quantum
dots (Fig. 4a-d).>® This study revealed a strong correlation
between applied potential and the emergence of intermediates
such as *COOH, *COCHO and *CHO. Notably, decreasing
nanoparticle size enhanced overall eCO,RR activity and pro-
moted C-C coupling, achieving an ethylene FE of 81.5%. This
selectivity shift was accompanied by a pronounced increase in a
vibrational band at ~1145 cm ', assigned to C-C coupled
intermediates, directly linking nanoparticle size to intermedi-
ate stabilisation and multicarbon formation.

ATR-FTIR has also elucidated how electronic structure mod-
ification alters reaction pathways. Liu et al.*” demonstrated that
sulfur-doped Cu nanosheets (Cu NSs) prepared via vulcanisa-
tion selectively produced formate as the sole liquid product
with a FE of 82% at 250 mA cm . In situ ATR-FTIR measure-
ments showed preferential stabilisation of the HCOO*

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (a) In situ SERS of roughened Cu foil in CO,-saturated 0.1 M NaHCOg3,

with potential as a function of Raman shift, with labelled intermediates and

their expected vibrational shifts. Adapted from ref. 32 with permission from National Academy of Sciences, Copyright 2018. (b) Raman spectra from OCP
to —1.2 V vs. RHE, (c) Inset of zoomed-in spectra of P1 and P2 from —0.4 to —1.2 V vs. RHE and (d) Ratio of P2 to P1 as a function of potential, (e) FE of
C,H,4 as a function of potential, (f) FE of C,, products as a function of potential. Adapted from ref. 33 under CC-BY license.

intermediate upon sulfur incorporation (Fig. 4e-g), fundamen-
tally redirecting the reaction pathway compared to undoped Cu
systems. These results highlight how heteroatom doping can
tune intermediate binding energetics and suppress competing
hydrogenation routes.

This journal is © The Royal Society of Chemistry 2026

Beyond intermediate identification, ATR-FTIR has also pro-
vided insight into how catalyst reconstruction under reaction
conditions influences product selectivity and catalytic perfor-
mance. Delmo et al. showed that pre-anodisation of Cu cata-
lysts generates subsurface oxide species that significantly

Chem. Commun., 2026, 62,11802-11821 | 11807
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Fig. 3 Commonly observed in situ SERS peaks in eCO,rr and corresponding surface species attributed to them.

enhance C-C coupling during CO, electroreduction.*® In situ
ATR-FTIR measurements revealed stronger signals corres-
ponding to CO-related intermediates, indicating increased
*CO surface coverage on oxide-derived Cu. This pre-anodised
Cu catalyst produced C,, products including ethylene and
ethanol, whereas the as-prepared Cu film predominantly
resulted in C; products. It demonstrates that subsurface oxygen
stabilises *CO intermediates and facilitates CO dimerisation to
the OCCO species, a key step in multicarbon formation.

Similarly, Liang et al. reported that BiPO, undergoes an
in situ transformation to Bi,0,CO; during CO, reduction, as
evidenced by ATR-FTIR measurements (Fig. 4h).>* The spectra
revealed strong vibrational bands associated with *OCHO inter-
mediates, indicating preferential stabilisation of this species on
the reconstructed surface. As a result, the catalyst exhibited
high selectivity toward formate with FE approaching 100%,
demonstrating that the Bi,O,CO; phase promotes the two-
electron reduction pathway by stabilising the *OCHO inter-
mediate while suppressing competing hydrogen evolution and
C-C coupling pathways.

Taken together, these studies demonstrate that ATR-FTIR
not only enables identification of key reaction intermediates
but also captures dynamic catalyst reconstruction and pathway
switching under applied bias. By correlating vibrational signa-
tures with applied potential, nanoparticle size, doping chem-
istry and phase transformation, ATR-FTIR serves as a critical
bridge between molecular-level intermediate stabilisation and
macroscopic catalytic performance.

2.3. X-ray absorption spectroscopy (XAS) and electronic
structure probing

XAS, encompassing both X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS),
has become an indispensable technique for probing the elec-
tronic and local atomic structure of CO,RR electrocatalysts
under working conditions.*® By tracking oxidation state

1808 | Chem. Commun., 2026, 62, 11802-11821

changes, coordination environment variations, and bond dis-
tances in real time, XAS yields direct insight into the active site
nature and dynamic structural evolution that accompany cata-
Iytic activity, information that is difficult to obtain via purely
ex situ methods.** Studies leveraging XAS have revealed how
subtle electronic and coordination changes correlate with
product selectivity and reaction pathways, providing a
molecular-level link between catalyst structure and catalytic
function.

In Cu-based eCO,RR catalysts, XAS has played a pivotal role
in revealing how electronic structure and oxidation state evolve
dynamically under reaction conditions and correlate with pro-
duct selectivity. For instance, Lin et al. employed seconds-
resolved operando XAS to track the chemical-state evolution of
oxide-derived Cu electrocatalysts during eCO,RR, revealing that
under cathodic bias the catalyst stabilises in a mixed valence
state consisting of approximately equal proportions of Cu'® and
cu® (Fig. 5a), rather than converting completely to metallic
Cu.”? This dynamic Cu®/Cu® interface was associated with
enhanced formation of C, oxygenates, particularly ethanol,
reaching a FE of ~13% at —0.75 V under optimised conditions.
XAS analysis suggested that Cu® species stabilise key *CO and
*CO-CO intermediates, while adjacent metallic Cu(® sites
facilitate electron transfer and hydrogenation steps. The coex-
istence of Cu” and Cu'® therefore promotes *CO dimerisation
and subsequent hydrogenation toward ethanol, demonstrating
that dynamic mixed-valence active sites govern C-C coupling
pathways and product selectivity rather than a purely metallic
Cu surface.

Complementarily, Feijoo et al. employed in situ XAS to
continuously monitor oxidation state and coordination number
changes in 5 nm Cu nanoparticles during eCO,RR (Fig. 5b and
¢).*> The measurements revealed progressive ligand desorption
and restructuring of the nanoparticles into under-coordinated
metallic Cu nanograins, accompanied by an increase in
Cu-Cu coordination number during electrocatalysis. These

This journal is © The Royal Society of Chemistry 2026
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dynamically generated low-coordination Cu sites were identi-
fied as the catalytically active surface responsible for C-C
coupling. Under reaction conditions, the catalyst achieved a
FE of ~35% for ethylene as the dominant product. It suggested
that the under-coordinated Cu sites enhance the adsorption of
*CO intermediates and facilitate their dimerisation to *OCCO,
a key step toward multicarbon formation. These findings
demonstrate that dynamic restructuring of Cu nanoparticles
into low-coordination metallic domains governs C-C coupling
activity and ethylene selectivity during eCO,RR.

In p-block catalysts such as Sn- and Bi-based materials,
in situ investigations have elucidated how dynamic changes
in oxidation state and local coordination influence formate
selectivity by stabilising *OCHO-type intermediates. Tin oxide
(SnO,) nanoparticle catalysts also undergo potential-dependent
reduction during eCO,RR, as revealed by XAS. Dutta et al.
observed progressive reduction of Sn** to mixed SnO, species

1810 | Chem. Commun., 2026, 62, 11802-11821

and eventually to metallic Sn at increasingly cathodic potentials
(Fig. 5d).** Spectroscopic analysis showed that partially reduced
SnO, species containing Sn>* stabilise OCHO intermediates,
promoting the two-electron reduction of CO, to formate. Under
these conditions, formate remains the dominant product at
potentials up to approximately —1.1 V vs. Ag/AgCl, whereas
further reduction of the catalyst to metallic Sn shifts the
reaction pathway toward hydrogen evolution, leading to a
marked decrease in formate selectivity. These results demon-
strate that maintaining mixed Sn oxidation states is critical for
sustaining selective CO,-to-formate conversion, highlighting
the importance of in situ spectroscopy in identifying active
catalytic states.

Bi-based catalysts exhibit analogous electronic structure
evolution during CO, electroreduction. Zhao et al. employed
synchrotron X-ray absorption spectroscopy together with in situ
ATR-FTIR to probe the electronic and local coordination

This journal is © The Royal Society of Chemistry 2026
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environment of boron (B)-doped Bi catalysts.”” XAFS analysis
revealed B-induced modulation of Bi-Bi coordination and
electronic structure, producing an electron-rich Bi surface that
enhances CO, activation. ATR-FTIR measurements further
identified the formation of the *OCHO intermediate
(~1393 em™') during CO, reduction, confirming the formate
production pathway. The optimised B-doped Bi catalyst
achieved a FE of 91.5% for formate at —1.1 V vs. RHE in an
H-cell and up to 95% FE in a flow cell, while maintaining stable
operation for 20 h at a current density of —190 mA cm 2. These
results demonstrate that electronic structure modulation of Bi
centres promotes *OCHO stabilisation and accelerates charge-
transfer kinetics, leading to highly selective and stable CO,-to-
formate conversion.

Together, these studies demonstrate that the active phase of
p-block catalysts is not static but dynamically evolves under
applied bias. In situ and operando XAS therefore provides direct
mechanistic insight linking oxidation-state dynamics, inter-
mediate stabilisation, and macroscopic formate selectivity.

XAS is particularly powerful for probing the dynamic coor-
dination environment of atomically dispersed catalysts during
CO, electroreduction. Martini et al. employed Co K-edge XANES
to monitor structural evolution of Co-N-C single-atom catalysts
during eCO,RR (performed at —1.2 V vs. RHE in 0.1 M
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KHCO;).*® Time-resolved analysis revealed the coexistence of
three cobalt species under reaction conditions: intact Co-N,
moieties, partially reduced Co-Co aggregates, and a distorted
Co-N, configuration coordinated with axial CO ligands, which
was identified as the dominant active state for CO formation.
EXAFS fitting and wavelet transform analysis further confirmed
the emergence of Co-Co scattering contributions (x2.5 A)
associated with partial aggregation of single atoms, together
with Co-N and Co-C coordination shells characteristic of the
atomically dispersed environment. These observations indicate
that adsorbate-induced distortion of the Co-N, site and metal-
CO interactions stabilise key CO intermediates and promote
selective CO production, whereas progressive aggregation into
metallic Co clusters diminishes CO selectivity due to competing
hydrogen evolution.

Overall, these observations establish that XAS bridges
molecular-scale intermediate identification and mesoscale
structural evolution by revealing how electronic structure and
coordination environments evolve dynamically during eCO,RR.
When integrated with complementary techniques such as SERS
and ATR-FTIR, XAS provides a comprehensive framework link-
ing oxidation-state dynamics, active-site reconstruction, and
catalytic performance. A summary of representative in situ
and operando spectroscopic studies discussed in this review,

Table 3 Summary of in situ and operando spectroscopic studies revealing reaction intermediates and catalytic pathways in eCO,RR

Technique Ref. Catalyst system Measurement insight (in situ/operando) Intermediate Catalytic implication
SERS Chernyshova Roughened Cu electrode I situ: Raman bands (1540 cm ™', 350  *CO,*~ Controls CO/formate
et al.>* em ™) reveal early CO, activation *CO selectivity

SERS Zhan et al.** Cu nanocubes Operando: CO bands P1 (280-370 cm ™) *CO Promotes ethylene formation
and P2 (1970-2110 cm™'); P2/P1 inten-
sity reflects high CO coverage
SERS Chen et al** Cu nanoparticles In situ: Bands of *COOH (1042 cm™"),  *COOH Ethylene and ethanol
*CO (2000-2100 cm ™), *CH,CHO *CO formation
(530 em™"); K" increases CO coverage, *CH,CHO
promoting CO dimerisation
SERS Gao et al.*® Ag-Cu nanowires In situ: CO generated on Ag spills over to *CO C,. products (76% FE)
Cu, increasing *CO coverage and *CHO
enabling C-C coupling
ATR-FTIR Wang et al.>® Cu quantum dots In situ: Potential-dependent *COOH, *COOH Ethylene (81.5% FE)
*COCHO, *CHO band (1000-1250 cm '), *COCHO
decreasing the size promotes C-C
coupling
ATR-FTIR Liu et al.’” Cu,S nanosheets In situ: Strong HCOO™ bands; sup- *OCHO, Formate (82% FE)
pressed COOH* pathway; heteroatom  *COO™
doping tunes intermediate binding
ATR- Delmo et al.*® Oxide-derived Cu In situ: Strong *CO uptake; bands at *CHO C, products (ethylene,
SEIRAS ~1426 & 1327 cm ™ '; Subsurface O pro- *COCHO ethanol)
motes *CO + *CHO coupling
ATR-FTIR Liang et al.*® Bi,0,CO;/Bi In situ: CO;>~ — HCO;  interfacial *OCHO Formate (100% FE)
dynamics electrolysis; Bi,0,CO; phase
promotes two-electron reduction
XAS Lin et al.*? Cu nanocubes Operando: Mixed Cu’/Cu” promotes CO  OCCO* Ethanol (12% FE)
dimerisation
XAS Feijoo et al.® 5 nm Cu nanoparticles  In situ: Cu,O is reduced to low- *CO reservoir Ethylene (35% FE)
coordinated Cu nanograins, promoting
C-C coupling
XAS Dutta et al.** SnO, nanoparticle In situ: SnO, is reduced to Sn** and Sn° *OCHO Formate pathway
mixed oxidation states are crucial for
formate selectivity
XAFS Zhao et al.*® B-doped Bi nanosheets  In situ: Electron-rich Bi stabilises *XOCHO *OCHO Formate (95% FE)
XAS Martini et al.*® Co-N-C single-atom In situ: Co-N, and metal-CO interactions *CO CO production

catalyst

This journal is © The Royal Society of Chemistry 2026
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highlighting the intermediates identified and their relationship
to catalytic performance, is provided in Table 3. Although the
term operando is widely used in the literature, not all studies
strictly meet the definition of simultaneous correlation
between spectroscopic observations and catalytic performance.
In many spectroscopic investigations of eCO,RR, reaction
intermediates, and catalyst electronic structure are probed
under electrochemical conditions, while product quantification
is performed separately, often using independent cells or
periodic sampling techniques. As a result, such studies are
more appropriately described as in situ, and the studies sum-
marised here therefore include both in situ and operando
investigations.

3. Visualising structural evolution of
the catalyst via in situ microscopy

To elucidate the dynamic structural evolution of catalysts under
eCO,RR conditions, advanced microscopy techniques play a
pivotal role. While spectroscopic methods provide insight into
oxidation states and adsorbate interactions, in situ microscopy
enables direct visualisation of catalyst restructuring under
eCO,RR conditions. Techniques such as electrochemical
atomic force microscopy (EC-AFM), electrochemical scanning
tunnelling microscopy (EC-STM), and electrochemical/identical
location transmission electron microscopy (EC/IL-TEM) provide
high-resolution, real-time visualisation of morphological and
crystallographic transformations occurring under applied bias.
During catalysis, catalysts frequently undergo significant struc-
tural changes, including surface roughening, defect generation,
nanoparticle restructuring, aggregation, and phase transitions.
These transformations are often closely correlated with

View Article Online
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variations in catalytic activity, product selectivity, and long-
term stability. By directly capturing nanoscale surface dynamics
at electrified interfaces, in situ microscopy provides critical
insight into the evolution of active sites during eCO,RR.

Together with spectroscopic techniques discussed in the
previous section, these microscopic approaches establish a
powerful framework for linking catalyst structure, dynamic
surface evolution, and electrochemical performance. Such
insights are essential for guiding the rational design and
optimisation of next-generation catalysts for efficient and
selective eCO,RR.

3.1. Electrochemical-atomic force microscopy (EC-AFM)

EC-AFM is a powerful non-optical surface characterisation
technique that enables nanoscale topographical imaging of
electrode surfaces under applied bias. By scanning a
cantilever-mounted probe in contact or tapping mode, EC-
AFM provides real-time insight into surface roughening, nano-
particle formation, and morphological restructuring during
electrochemical operation, without the need for vacuum-
based electron microscopy.

Simon et al. employed EC-AFM to monitor the surface
evolution of a Cu(100) thin film during electrochemical eCO,RR
(Fig. 6a—c).*” AFM imaging revealed that even upon immersion
of the catalyst into CO,-saturated 0.1 M KHCO; at open-circuit
potential (OCP), the initially atomically flat Cu terraces rapidly
transformed into a roughened surface decorated with nanopar-
ticulate and platelet-like features. This reconstruction was
attributed to dissolution of the native Cu oxide layer followed
by reprecipitation of Cu species, forming epitaxially aligned
Cu,0O(111) platelets on the Cu(100) surface. Upon applying
cathodic potentials relevant to eCO,RR (—0.5 to —1.1 V vs.
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Fig. 6 AFM of Cu(100) filmat (@) —0.5V, (b) —1.0 V, (c) —1.1V, vs RHE, (d) Schematics of morphologies observed, (e) line-defect densities from in situ AFM
images. Adapted from ref. 47 under the CC-BY license. (f)-(j) AFM images under the pulse program of different Cu crystalline facets. Adapted with

permission from ref. 48 under the CC-BY license.
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RHE), the oxide layer rapidly reduces, and the surface evolves
into potential-dependent morphologies characterised by
mound-pit structures at —0.5 V and rectangular terraces with
crystallographically aligned step edges at more negative poten-
tials. These transformations increase the density of under-
coordinated Cu step sites, which are widely recognised as
favourable adsorption sites for CO intermediates and are
implicated in facilitating C-C coupling pathways leading to
C, products such as ethylene on Cu(100) surfaces. Although
this EC-AFM study did not directly quantify catalytic perfor-
mance metrics such as FE or product selectivity, the in situ
observations demonstrate that potential-dependent surface
reconstruction dynamically modifies the distribution of active
sites, implying that catalytic behaviour during eCO,RR is
governed by the evolving surface structure rather than the static
morphology of the as-prepared catalyst.

Building on these insights, Wang et al. employed identical-
grain EC-AFM combined with EBSD to probe facet-dependent
restructuring of polycrystalline Cu electrodes during eCO,RR
(Fig. 6f-j).*® AFM under alternating anodic and cathodic pulses
(+1.0 and —1.0 V vs. RHE) revealed pronounced facet-
dependent surface reconstruction. Planar facets showed the
strongest restructuring: Cu(001) evolved into square-based pyr-
amidal structures reflecting four-fold symmetry, while Cu(111)
formed triangular pits consistent with its three-fold lattice
symmetry. In contrast, stepped facets such as Cu(114),
Cu(212), and Cu(124) developed elongated or directionally
oriented features. These morphological transformations increase
the density of low-coordination surface sites that stabilise CO
intermediates and facilitate C-C coupling. Electrocatalysis results
showed that pristine Cu mainly produced formate (21.2%) and CO
(6.5%) at —0.8 V vs. RHE, whereas more negative potentials
promoted hydrocarbon formation, reaching CH, (26.4%) and
C,H, (5.3%) at —1.6 V vs. RHE. Electrochemical pulsing further
increased the electrochemical surface area (~4.6x) and enhanced
carbon-product formation, highlighting the direct link between
facet-dependent restructuring, active-site generation, and catalytic
performance during eCO,RR.

Together, these studies demonstrate that the catalyst surface
operating during eCO,RR can differ substantially from the as-
prepared state, particularly for polycrystalline or electrodepos-
ited Cu electrodes. EC-AFM reveals that dynamic surface
reconstruction, occurring through dissolution-redeposition
processes and facet-dependent morphological evolution, con-
tinuously modifies the density and coordination of active sites.
These structural changes directly influence the adsorption of
key intermediates and, consequently, catalytic activity and
product selectivity. EC-AFM therefore provides a powerful plat-
form for visualising nanoscale surface dynamics under reaction
conditions and highlights the importance of integrating in situ
microscopy with electrochemical measurements to establish
reliable structure-function relationships in eCO,RR catalysts.

3.2. Electrochemical-scanning tunnelling microscopy (EC-STM)

EC-STM enables atomic-scale visualisation of catalyst surfaces
under applied potential, providing unique insight into

This journal is © The Royal Society of Chemistry 2026
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potential-dependent restructuring and active-site evolution
during eCO,RR. Complementing EC-AFM, EC-STM offers
higher spatial resolution and direct access to crystallographic
and molecular-scale transformations at electrified interfaces. In
particular, EC-STM enables observation of dynamic catalyst
transformations that directly influence catalytic activity and
selectivity during CO, electroreduction.

As an illustrative example of molecular catalyst restructur-
ing, Jeong et al. employed in situ EC-STM to monitor structural
evolution of a Cu-phthalocyanine (CuPc) adlayer on Au(111)
during eCO,RR.*® STM images revealed that the initially well-
ordered CuPc molecular layer rapidly restructured under catho-
dic bias, forming nanoscale clusters across the surface even at
modest reduction potentials (~ —0.1 V vs. Ag/AgCl), with exten-
sive cluster coverage observed at —0.7 V vs. Ag/AgCl. These
clusters originated from potential-induced demetallation of the
CuPc macrocycle, where proton-assisted cleavage of the Cu-N
coordination released Cu atoms that subsequently nucleated
into Cu-based nanoclusters on the Au surface. Ex situ XPS
confirmed the decrease of Cu-N bonding and the appearance
of N-H species, together with signatures of Cu,O complexes,
indicating that the molecular catalyst transforms into Cu-
derived active clusters under reaction conditions. These newly
formed Cu,O nanoclusters act as the operative catalytic sites
capable of stabilising key CO intermediates required for CO,
reduction. Electrochemical characterisation further showed the
emergence of a CO, reduction peak near —0.7 V vs. Ag/AgCl,
coinciding with the cluster-covered surface, indicating that the
CuPc-derived Cu,O clusters represent the catalytically active
phase. This study demonstrates that molecular Cu-N, catalysts
can dynamically transform into nanoparticulate Cu-based
active sites during operation, highlighting how EC-STM directly
reveals the structural origin of catalytic activity.

In contrast to CuPc, cobalt phthalocyanine (CoPc) exhibits
greater structural stability during eCO,RR. Wang et al. used
in situ EC-STM to monitor a self-assembled CoPc monolayer on
Au(111) and observed two adsorbed species with different
contrasts in CO,-saturated electrolyte (Fig. 7a-d).>° Approxi-
mately 14.2 £ 2.2% of the surface species appeared as high-
contrast features in CO,-saturated electrolyte, whereas their
population decreased to 0.70 £ 0.16% in air and 0.19 =+
0.08% in Ar, indicating that the contrast change is directly
associated with CO, adsorption. These high-contrast species
were assigned to a Co’Pc-CO, complex formed after electro-
chemical reduction of Co™Pc to CoVPc near —0.2 V vs. SCE, as
confirmed by cyclic voltammetry and theoretical simulations.
The formation of this Co(I)Pc—COZ adduct represents the initial
CO, activation step at the Co-Nj, active site, where coordination
of CO, to the reduced cobalt centre stabilises the adsorbed
intermediate required for subsequent reduction to CO.
Potential-dependent EC-STM imaging further revealed a rever-
sible transformation between CoPc-CO, and pristine CoPc
during catalytic operation, with the population of the adsorbed
intermediate increasing as the potential approaches the Co™/
Co reduction region. Kinetic analysis based on potential-step
EC-STM experiments yielded an apparent rate constant of
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potential dependence on surface roughening of Au(111) in CO, saturated 0.1 M LiIHCOs, NaHCO3, KHCO3, RoHCOz and CsHCOs after holding potential
for 30 minutes. Adapted from ref. 53 with permission from the American Chemical Society, Copyright 2024.
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~7.9 x 10'° molecules cm™2 s~! for CO, binding to Co"Pc,
confirming that CO, coordination to the reduced metal centre
is the rate-limiting step governing catalytic turnover. These
results provide direct molecular-scale visualisation of inter-
mediate formation during CO, reduction and demonstrate
how EC-STM can capture adsorbate-catalyst interactions that
control activity and selectivity in Co-N, molecular catalysts.

Beyond identifying catalytic intermediates, EC-STM can also
elucidate how electrolyte species modulate catalyst-intermedi-
ate interactions. Building on this concept of interfacial mod-
ulation, Wang et al. used in situ EC-STM to investigate the role
of Mg>" cations in CoPc-catalysed CO, reduction on Au(111).>"
STM imaging (Fig. 7e-h) revealed the formation of high-
contrast surface species corresponding to a CoPc-CO,-Mg>*
complex, with apparent molecular heights (~0.19 nm) larger
than those of CoPc-CO, (~0.15 nm) and pristine CoPc
(~0.10 nm). The surface coverage of the adsorbed CO, complex
increased with Mg®" concentration, reaching ~30.8 + 2.7%
when Mg®" concentration exceeded ~30 mM, compared with
~12.6 + 1.9% in Mg**-free electrolytes. Potential-step EC-STM
experiments further showed faster adsorption kinetics in
Mg>*-containing electrolytes, yielding CO, adsorption and
desorption rate constants of k; = 0.36 min~' and k_; =
0.89 min~', compared with k, = 0.26 min™' and k_, =
1.77 min~" without Mg>". Electrocatalysis results showed that
CoPc achieves ~80% FE for CO over a broad potential window
in Mg®"-containing electrolytes, demonstrating that cation-
catalyst interactions enhance CO, adsorption and promote
efficient CO production.

Similar electrolyte-mediated restructuring phenomena have
also been observed for metallic catalysts. Studies by Amirbei-
giarab et al. on Cu(100) revealed similar restructuring phenom-
ena during CO, electroreduction, where in situ STM
observations showed the formation of Cu nanoclusters that
subsequently disperse into adatoms, generating a high density
of under-coordinated surface sites (Fig. 7i-1).>> These dynami-
cally formed sites were correlated with enhanced catalytic
activity for CO, reduction, promoting C-C coupling pathways
and leading to increased selectivity toward multicarbon pro-
ducts such as ethylene and ethanol, with FE approaching
~40-50% for C,, products at current densities on the order
of tens of mA cm ™2 under eCO,RR conditions. The emergence
of these active configurations near the onset of CO, reduction
highlights the intrinsic structural flexibility of Cu surfaces
under cathodic potentials. Taken together, these results sug-
gest that electrolyte cations can actively influence restructuring
processes, potentially through modulation of the interfacial
electric field, specific adsorption at the catalyst surface, or
stabilisation of transient hydride-like intermediates that facil-
itate surface atom mobility and the generation of catalytically
active low-coordination sites.

The influence of electrolyte cations extends even further,
affecting surface reconstruction on noble metal catalysts as
well. Using a model Au(111) single crystal, Wang et al. system-
atically examined the effects of alkali metal cations (Cs*, Rb",
K*, Na*, Li*) under identical bicarbonate conditions (Fig. 7m).>*
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Their in situ electrochemical STM measurements revealed
pronounced cation-dependent surface restructuring, with the
extent of Au surface roughening following the trend Cs* (37.1%)
> Rb" (25.7%) > K" (16.6%) > Na' (2.3%) > Li" (0.3%). The
roughened surfaces contain a high density of low-coordinated
Au atoms, which serve as highly active catalytic sites for CO,
electroreduction. Correspondingly, catalytic measurements
demonstrated that electrolytes containing larger alkali cations
exhibited significantly enhanced activity and selectivity toward
CO formation, with increased FE and higher partial current
densities compared with smaller cations such as Li". This
strong correlation between cation size, surface restructuring,
and catalytic performance highlights the crucial role of electro-
lyte composition in dynamically generating active sites during
operation. These findings suggest that weakly hydrated, large
alkali cations promote interfacial electric-field amplification
and stabilise surface intermediates, thereby facilitating surface
atom mobility and the formation of catalytically active low-
coordination metal sites.

Collectively, EC-STM studies demonstrate that catalyst sur-
faces, whether molecular or metallic, are highly dynamic under
eCO,RR conditions. Potential-driven restructuring, metal
demetallation, intermediate stabilisation, and electrolyte-
induced morphology changes all contribute to the evolving
active phase. By directly visualising these transformations at
atomic and molecular scales, EC-STM provides critical insight
into the structure-activity relationships governing CO, electro-
reduction. These insights highlight the necessity of in situ
atomic-scale imaging to accurately identify active species and
establish reliable structure-activity relationships in CO,
electroreduction.

3.3. Electrochemical-transmission electron microscopy
(EC-TEM)

EC-TEM extends nanoscale characterisation into realistic reac-
tion environments by integrating liquid electrochemical cells
within the TEM column. These specialised microfabricated
cells contain a CO,-saturated electrolyte and patterned electro-
des, enabling real-time imaging of structural evolution under
applied bias. Beyond morphological changes, EC-TEM can
provide insight into crystalline phase transitions, lattice
dynamics, defect formation, and particle reshaping during
operation, thereby enabling direct visualisation of catalyst
restructuring under working electrochemical conditions. Such
capability makes EC-TEM a uniquely powerful technique for
correlating nanoscale structural dynamics with catalytic beha-
viour in eCO,RR systems.

Zhang et al. employed EC-TEM to investigate Cu nanowires
under eCO,RR conditions and observed striking dynamic
restructuring behaviour.>® Real-time imaging under cathodic
bias (—1.1 V vs. RHE) allowed direct visualisation of structural
fluctuations at the nanoscale, revealing that initially well-
ordered crystalline Cu nanowires undergo rapid and reversible
structural transformations during electrochemical operation
(Fig. 8a-c). Upon application of cathodic bias, initially crystal-
line Cu regions underwent localised amorphisation. These
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(@) The schematic shows that the amorphous interphase mediates the crystalline Cu surface restructuring through dynamic flow and

interconversion behaviours, (b) HRTEM images show the liquid-like flow of the amorphous on the crystalline Cu surface, (c) HRTEM images show the
interconversion between crystalline Cu and amorphous interphase. Scale bar, 5nm for both (b) and (c). Adapted from ref. 54 with permission from
Springer Nature, Copyright 2024. Snapshots extracted from the videos tracking the evolution of (d) 390 nm, (e) 170 nm, and (f) 80 nm Cu cubes at 0, 5, 25,
and 45 minutes after applying a potential of —0.9 V vs. RHE. Adapted from ref. 55 under the CC-BY license. (g) Sequence of TEM images taken while
applying —0.25 V vs. RHE, (h) magnified images of red frame depicting the secondary particle growth process at higher magnification, (i) magnified
images of blue frame depicting the shrinking process of the primary particles. Adapted from ref. 56 with permission from Wiley-VCH GmbH, Copyright

2020.

amorphous domains were highly transient and spatially con-
fined, exhibiting pulsating transitions between crystalline and
disordered states over short timescales. Electron energy loss
spectroscopy (EELS) revealed that the amorphous regions con-
sisted of mixed-valence Cu®/cu® species, indicating partial
oxidation-reduction cycling of Cu atoms at the catalyst surface.
Moreover, individual Cu atoms were extracted from the lattice,
generating atomic vacancies that were rapidly refilled, preser-
ving overall crystallinity but leaving persistent defects, particu-
larly at step edges. These defects evolved into nanoscale pits
over time, increasing surface roughness and the density of

1816 | Chem. Commun., 2026, 62, 11802-11821

catalytically accessible active sites. The formation of these
defect-rich regions and under-coordinated Cu atoms is parti-
cularly significant because such sites are widely recognised as
highly active sites for CO, reduction and C-C coupling reac-
tions, which are commonly associated with enhanced activity
and selectivity toward multicarbon products in Cu-based
catalysts.

Size-dependent restructuring effects were further demon-
strated by Grosse et al., who examined Cu,O nanocubes of
varying dimensions. Real-time imaging revealed pronounced
size-dependent structural evolution of the nanocubes under

This journal is © The Royal Society of Chemistry 2026
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cathodic bias, with the smallest cubes (80 nm) exhibiting the
most significant transformation (Fig. 8d-f).”> These nano-
particles underwent continuous Cu atom detachment, dissolu-
tion, and subsequent redeposition processes, resulting in
substantial morphological rearrangement of the catalyst
surface.

During eCO,RR, 80 nm cubes increased in size due to
redeposited Cu, while their population decreased by ~50%
within 1 hour. This loss was attributed to weaker adhesion to
the support and higher surface mobility of the small nanopar-
ticle, which facilitated migration and coalescence during elec-
trochemical operation. In contrast, larger cubes (170 and
390 nm) displayed significantly greater structural stability,
maintaining relatively constant size and morphology through-
out the experiment. These results highlight the strong influ-
ence of nanoparticle size and catalyst-support interactions on
restructuring dynamics and durability during electrochemical
CO, reduction, emphasising that nanoscale catalysts can
undergo extensive restructuring that fundamentally alters
active-site distribution and surface chemistry during operation.

Complementary in situ TEM studies by Vavra et al. further
confirmed Cu dissolution at OCP, followed by redeposition
under CO,RR bias (Fig. 8g-i).>® Real-time imaging revealed that
Cu atoms dissolve from the catalyst surface even before electro-
chemical reduction begins, and subsequently redeposit as
isolated single atoms or small clusters once a cathodic
potential is applied. The redeposited Cu formed isolated single
atoms or small clusters, generating active-site configurations
different from the as-prepared catalyst. Such dynamically gen-
erated atomic Cu species and nanoscale clusters can signifi-
cantly modify the distribution of catalytic active sites during
operation. Although this study primarily focused on in situ
structural evolution and did not report detailed catalytic per-
formance metrics such as FE, product selectivity, or current
density, the observations provide important mechanistic
insight into how dissolution-redeposition processes can gen-
erate highly dispersed Cu sites that are widely considered active
for CO, reduction. These findings further demonstrate that
catalyst restructuring may occur before steady-state catalysis
begins, complicating the interpretation of ex situ characterisa-
tion and reinforcing conclusions drawn from EC-AFM and EC-
STM regarding Cu instability under electrochemical conditions.

While Cu systems highlight dynamic restructuring, studies
on alternative catalysts underscore the importance of intrinsic
stability. Abdellah et al. investigated palladium (Pd) electrodes
for CO,RR and observed no morphological changes under OCP,
indicating that Pd nanoparticles remain structurally stable in
the absence of electrochemical bias.”” However, upon applying
—0.2 V vs. RHE, rapid particle migration, agglomeration, and
detachment occurred within seconds. The Pd particles evolved
into hollow, sponge-like structures, attributed to the rapid
formation of Pd hydride phases. Hydride formation-induced
mechanical stress within the particles drives deformation and
detachment. The insertion of hydrogen into the Pd lattice leads
to significant lattice expansion, generating internal strain that
promotes particle restructuring and morphological instability.
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This hydride-induced structural transformation highlights how
reactive intermediates formed during electrochemical reactions
can dramatically alter catalyst morphology and stability,
demonstrating that even catalysts that appear structurally
stable at open-circuit conditions may undergo rapid restructur-
ing once electrochemical reactions generate reactive species
such as metal hydrides.

Overall, EC-TEM studies demonstrate that catalyst morphol-
ogy, phase composition, and defect structure are highly
dynamic during eCO,RR. Dissolution-redeposition processes,
amorphisation, vacancy formation, particle migration, and
hydride-induced deformation all contribute to the evolution
of active-site landscapes. These in situ observations emphasise
that the true catalytic surface often differs significantly from
the as-synthesised material, underscoring that catalyst stability,
both under OCP and operating bias, must be considered a
primary design criterion alongside activity and selectivity.
Integrating electron microscopy with complementary spectro-
scopic techniques is therefore essential for constructing accu-
rate structure-function relationships and guiding the
development of robust next-generation eCO,RR catalysts. A
summary of representative in situ microscopic studies that
visualise catalyst restructuring during eCO,RR is provided in
Table 4.

In summary, in situ/operando spectroscopy and microscopy
establish a direct bridge between descriptor energetics, surface
dynamics, and product selectivity, forming the foundation for
mechanistically guided catalyst design. By revealing how
catalyst structures dynamically evolve under working condi-
tions, these techniques enable the identification of true active
phases and provide critical insights for the rational develop-
ment of stable and selective CO, reduction catalysts.

In addition to the spectroscopy and microscopy techniques
discussed here, complementary methods such as differential
electrochemical mass spectrometry (DEMS),>*° in situ/oper-
ando X-ray diffraction (XRD)®*®" provide additional insights
into eCO,RR. DEMS enables real-time detection of volatile
reaction products and, in some cases, can approach operando
conditions when directly correlated with electrochemical mea-
surements, while XRD reveals bulk phase transformations of
catalysts under working conditions. Although these techniques
are not the primary focus of this review, they play an important
role in developing a comprehensive understanding of CO,
reduction mechanisms. A comparison of the capabilities and
limitations of commonly used in situ/operando techniques is
summarised in Table 5. These inherent trade-offs in sensitivity
and resolution underpin many of the challenges in identifying
active sites and reaction mechanisms, as discussed in the
following section.

4. Challenges in identifying active sites
and reaction mechanisms in eCO,RR

Despite significant advances in operando characterisation,
identifying the true catalytically active phase in eCO,RR
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Table 4 Summary of in situ microscopy studies revealing catalyst restructuring during eCO,RR

Technique Ref. Catalyst system  Analysis insight

Intermediate Catalytic implication

EC-AFM  Simon et al.’ Cu(100) single- Potential-dependent surface reconstruction forms *CO Defect-sites enhance C,,
crystal under-coordinated Cu sites products
EC-AFM  Wang et al.*®  Polycrystalline Cu Alternating anodic and cathodic pulses generate  *CO CO/formate at low bias and C,
low-coordination Cu sites, facilitating C-C coupling products at high bias
EC-STM  Jeong et al.*® CuPc/Au(111) Molecular Cu-N4 catalyst dynamically transforms *CO Cu,O nanoclusters active for
into catalytically active Cu,O nanoclusters eCO,RR
EC-STM  Wang et al.>® CoPc/Au(111) Potential-dependent CoPc-CO, complex formation Co(1)Pc-CO,  CO formation
represents activation of CO, complex
EC-STM  Wang et al.®® CoPc/Au(111) +  Mg>" stabilises the adsorbed CO, complex, pro-  CoPc-CO,~ CO (80% FE)
Mg>" electrolyte  moting selective CO formation Mg>" complex
EC-STM  Amirbeigiarab Cu(100) single CO-induced Cu adatoms and nanoclusters create *CO, *COOH C,, formation
et al.>® crystal undercoordinated Cu sites
EC-STM  Wang et al.®® Au(111) single Large cation-induced Au nanoclusters (1-3 nm)  *CO Enhanced CO selectivity
crystal form catalytically active low-coordinated Au atoms
EC-TEM Zhang et al.>® Cu nanowires Dynamic Cu reconstruction under bias generates *CO Promotes C-C coupling
defect-rich regions and low-coordination Cu sites
EC-TEM  Grosse et al.>® Cu,O nanocubes Small cubes undergo dissolution and redeposition, *CO High C,, selectivity
(80-390 nm) migration, and coalescence, while large cubes do
not change
EC-TEM Vavra et al®® ~7 nm Cu Dissolution-reposition forms single atoms and Cu'/cu®™ C-C coupling enhancement
nanoparticles nanocluster active sites (catalyst state)
EC-TEM Abde117ah Pd nanoparticles Pd — PdH; lattice expansion is catalytically active *H, *OCHO  Formate production
et al’

Note: In microscopy studies, intermediates (e.g., *CO, *COOH) are typically inferred from structural evolution and reaction conditions, rather than

directly observed, unless explicitly identified at the molecular level.

remains a fundamental challenge. Catalysts often undergo
substantial structural and electronic transformations under
reaction conditions, meaning that the active phase may differ
significantly from the as-prepared material. While in situ and
operando techniques provide direct insight into catalyst beha-
viour, their reliability depends on spatial and temporal resolu-
tion, sensitivity to surface species, and the ability to correlate
observations with catalytic performance. A key limitation of
current in situ techniques lies in their ability to detect highly
transient intermediates. Vibrational spectroscopies such as
SERS and ATR-FTIR are highly effective for identifying relatively
stable, surface-bound species, but may not capture short-lived
intermediates with low surface coverage. Similarly, XAS pro-
vides robust information on oxidation states and coordination
environments, yet is limited in its ability to resolve ultrafast
dynamic processes. As a result, some mechanistic steps may be
inferred rather than directly observed.

In addition to instrumental limitations, uncertainties also
arise in the interpretation of in situ experimental data. Spectro-
scopic signatures of reaction intermediates can sometimes
overlap, making accurate assignment challenging, particularly
for complex reaction networks such as eCO,RR. Low signal-to-
noise ratios and limited surface sensitivity may further obscure
detection of low-coverage species. Moreover, dynamic catalyst
restructuring under reaction conditions can lead to the coex-
istence of multiple active states, complicating the identification
of the dominant catalytic phase. Consequently, mechanistic
conclusions drawn from a single technique may be uncertain.

These challenges contribute to differing and sometimes
conflicting mechanistic interpretations reported in the litera-
ture. For example, in Cu-based systems, some studies attribute
enhanced C-C coupling to increased *CO surface coverage,**

1818 | Chem. Commun., 2026, 62, 11802-11821

while others emphasise the role of Cu’/Cu’ interfaces in
stabilising *CO-CO intermediates.®>®* Similarly, for formate-
selective catalysts such as Sn- and Bi-based materials, both
*COOH”** and *OCHO>>** pathways have been proposed
depending on catalyst structure and reaction conditions. Such
discrepancies often arise from differences in catalyst morphol-
ogy, electrolyte composition, applied potential, and the inher-
ent constraints of individual characterisation techniques.

Resolving these discrepancies requires a correlative
approach that integrates multiple in situ techniques with
catalytic performance metrics. By combining spectroscopic
identification of reaction intermediates, structural insights into
catalyst material from microscopy, and electrochemical mea-
surements, it becomes possible to distinguish transient species
from catalytically relevant active states. This integrated strategy
is essential for establishing reliable structure-activity relation-
ships and developing a unified mechanistic understanding of
e€CO,RR. Continued advances in time-resolved and multimodal
operando techniques are expected to further improve the detec-
tion of short-lived intermediates and enable more definitive
identification of active phases under realistic reaction
conditions.

Despite these challenges, several representative studies
demonstrate how operando characterisation can successfully
establish structure-activity relationships and guide catalyst
design. For example, XAS investigations of Cu-based catalysts
have revealed the formation of mixed Cu*/Cu® interfacial sites
under reaction conditions, which stabilise *CO-CO intermedi-
ates and promote C-C coupling.”? These insights have guided
the development of oxide-derived Cu catalysts with enhanced
selectivity toward C,, products. Similarly, spectroscopic studies
on Bi-based catalysts have identified the stabilisation of *XOCHO

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cc01583b

Open Access Article. Published on 28 May 2026. Downloaded on 6/20/2026 4:48:59 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

2 3}
= g T =
Q =] =1 o
v & E & _ gz E
£ 5 8 8 8 4§ @8
= = = S ong =]
£ & ¢ c-EZ g =
= 8 & E®mE T g
Q 72} - A =l 7 A=)
=1 = RS v E @ s B
4 5 = & 31
5 & £ gTx 2 0=
@ = 3] -2 el o
2 E € gbx 2 ¢4
2 = § gvg & ¢
@ o = “H o
§ 5 & STE 259
%) ] % L %'58 O 8
a|lT 2.a g = c .. 2835
S| &89 = ST ae Ho o
= | o5 =] L oo o w S
S| &w.5 S o2 190%0aw.8
21808 ,280 8 ESE %8
E|lPEcwgEel8ocsgagsg
S|ZESS85858 8805 ¢E
S5 T8 CECESREEL S
5‘,2‘3:>%.§"’m‘“82.§‘“0“"
2| |BnocOSTLEOERTIEZE
2
L] 1
© € g £ =
ot 8 £ 9o 2
Q = L o B2
S £ <= 2 £
* =] = o k=] =
s & 2% § 3 g
©
O 8 8 L ; 2] ©
* = o =5 1 k3] [}
w © o £ E 35 £
9] (=] = = « o
= < v ¥ o c o g
2 e28v.2 2 B o
S asc£g a
Q 55 S 2>8 L = IS
E S%gs858=2E & =B
3 SMESTEEZw © 3
= —_ = 89 550 =] =
S 28‘5&)"3%: E E
- ofg588ce 4 B
o B o lw 3ol g (5]
2 ©85cacg,E 2
12} = 88 o VB .o B &
S8 EESezsxws 2% A
o ‘S‘o-c m5x®®Oaﬁv @
o [=] NHOMOEHC._‘NH 4
S| EBlgTEseses8®9%y &
2| 80E°SS8sE8ws T
O 29 v 0.5 0923<S 0
9} 8055858252 % 8 S
9] V5 a5 EE 9] L%}
o v/ O g S8 BR e k]
g |lAFrEz2doxg A oA =
=
E
2| =&
ol 2.8
s| &5 g £ = o
L= Q"-s cln — =} — cln / —
¢| 55|80 EEE L L E
g 2| E ©» ©n ) g )
= FURY
< [} [) ' ~
9 & 5 L E
L % E-' .E a
o)
i) < g g =
IS + O @ I
© =t ) =] —
N 15} ) .
) = g & < .
g o So¢g 14 o
(¢) >
2 S B ES —« S
S \n — oB ) =}
= =1 1 5 - 131
@ o | o go_:m 9]
=] — Z O 0w 9 =
c = Eawaga? 5}
E=N I 25880 o O
) o |l—=& ¢ &g =
> 7} o s — @ © < =
o S|l Beveasm c O =
= Hl 8O PE ST @
o — |80 ue5E2d o &
> S| 289008 ohs =
— SlSo8T a8 = Y v
9] s|l8catE waBs & £ =
* algosdFess = 8 >
2 n|lZor=EzZzs< < Z A
[¢]
© —~ 8 &
= g o 9o
IS ’5 = = o
= i S S [}
> . © © ©°o <&
c s 2 g g o°_=
© — T 2 S ° Vwg
@ g $ ¢ o B B g&o
= | -8 = g = O—~0 —~58 % o
o)) ) Q = B R B N P R 1
2 31 Q= o O VO UTT
| s a8 5 wEveE.8<s
= ] 22— 5 o8 .80 ET7A
@ S ) o o O 0T O &
— S 8] o =) o) QO LO.EUR
0|l 3|8 ® & EcEgTgs
B ol o S 5 (=l
c| 9|5 2 & 8 o828
3| z28|l2 & E 2E£2E£E5E
2 Eg = = 8 SE=Egg<o
© [=ER3]
212218 2 % z5E555¢8
g *E|T T = AcABZia
(@] ) -
5l 2 2 o
™ 2 E o =
= 3 ERE o
) %) 0
s S8 xxEg 25 3 g
S IS S Hm§ QL0 H x
~ EHlw < »n M AEA a b

This journal is © The Royal Society of Chemistry 2026

View Article Online

ChemComm

intermediates as a key determinant of formate selectivity.*> In
contrast, XAS studies on Sn-based catalysts have highlighted
the importance of mixed Sn**/Sn° oxidation states in promoting
the formate pathway.** These findings demonstrate that differ-
ent catalyst systems can favour distinct mechanistic pathways
toward formate production. In these examples, integrating
operando insights with catalyst design can bridge the gap
between mechanistic understanding and practical catalyst
development in eCO,RR systems.

5. Future directions in in situ/operando
eCO,RR characterisation

Understanding the complex mechanisms of electrochemical
CO, reduction requires characterisation techniques capable of
probing catalysts under realistic operating conditions. In situ
and operando characterisation methods have therefore become
indispensable tools for revealing the dynamic behaviour of
catalysts during CO, electroreduction. These techniques enable
direct observation of intermediate formation, catalyst restruc-
turing, and active-site evolution, providing critical insight into
the mechanisms governing catalytic activity and selectivity. By
capturing the catalyst surface under working electrochemical
conditions, in situ methods are increasingly redefining our
understanding of the true catalytically active phase in CO,
reduction systems.

Despite significant progress, several challenges remain in
fully capturing the complexity of catalytic processes under
electrochemical conditions. Many current techniques still face
limitations in spatial resolution, temporal resolution, and
sensitivity to transient reaction intermediates. Future advances
in instrumentation and experimental design will therefore be
essential for achieving a more comprehensive understanding of
CO, reduction mechanisms. In particular, improving the ability
to detect low-concentration intermediates and track atomic-
scale restructuring under realistic electrochemical environ-
ments will be critical for establishing reliable structure-activity
relationships.

One important direction is the development of multimodal
operando platforms that combine complementary spectroscopic
and microscopic techniques. For example, integrating spectro-
scopy with high-resolution microscopy could simultaneously
reveal chemical intermediate formation and structural evolu-
tion of catalysts during reaction. Such correlative approaches
will enable direct linking of reaction intermediates with
dynamic changes in catalyst morphology and active-site
configuration. The integration of these complementary techni-
ques will allow researchers to bridge the gap between
molecular-scale reaction chemistry and nanoscale catalyst
restructuring.

Another emerging opportunity lies in improving temporal
resolution to capture short-lived intermediates and rapid
catalyst restructuring events that occur during electrochemical
operation. Advances in fast spectroscopy, time-resolved micro-
scopy, and advanced detector technologies will allow
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researchers to observe catalytic processes on relevant time-
scales and provide deeper insight into reaction kinetics and
dynamic catalyst evolution. These developments will help
reveal transient catalytic states that often remain hidden in
conventional steady-state measurements.

In addition, future operando studies should increasingly
focus on realistic reaction environments, including higher
current densities, industrially relevant electrolytes, and gas-
diffusion electrode architectures. Such conditions are critical
for bridging the gap between fundamental laboratory studies
and practical electrochemical CO, conversion technologies.
The integration of advanced data analysis approaches, includ-
ing machine learning and automated image analysis, also
presents new opportunities for extracting mechanistic insights
from large operando datasets. These tools can help identify
correlations between catalyst structure, intermediate for-
mation, and product selectivity that may not be immediately
apparent through conventional analysis methods. Combining
in situ measurements with data-driven analysis may therefore
accelerate the discovery of new catalyst design principles for
efficient CO, conversion.

Overall, continued development and integration of in situ/
operando spectroscopy and microscopy techniques will be
essential for uncovering the true catalytically active phases
and dynamic restructuring processes that govern CO, electro-
reduction. Such insights will ultimately guide the rational
design of next-generation catalysts with improved activity,
selectivity, and stability for sustainable carbon conversion
technologies. As these methodologies continue to evolve, oper-
ando characterisation is expected to play an increasingly central
role in bridging fundamental electrochemical science with
scalable carbon utilisation technologies.

Looking forward, several emerging directions are expected
to further advance in situ studies in eCO,RR. One important
development is the integration of hyphenated techniques,
where complementary spectroscopy and microscopy methods
are combined within a single electrochemical cell to simulta-
neously probe intermediates, electronic structure, and morpho-
logical evolution. Such multimodal approaches enable direct
correlation of chemical and structural dynamics under identi-
cal reaction conditions. In parallel, the increasing complexity
and volume of experimental datasets are driving the adoption
of machine learning and data-driven analysis tools to extract
meaningful correlations between catalyst structure, intermedi-
ate formation, and catalytic performance. These approaches
offer new opportunities for identifying hidden patterns and
accelerating catalyst discovery. Furthermore, advances in high-
speed and fast-scanning probe techniques, such as high-speed
AFM, are enabling the capture of dynamic surface processes
with improved temporal resolution, providing new insight into
rapid restructuring events that occur during electrochemical
reactions. Recent developments in this area highlight the
potential of such approaches to resolve transient states of the
catalyst under realistic conditions.*® Together, these emerging
strategies are expected to enable a more comprehensive, spa-
tially- and time-resolved understanding of catalyst behaviour,
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ultimately bridging the gap between fundamental mechanistic
studies and practical catalyst design.
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