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Oxide-derived (OD) metals and alloys have emerged as a distinct class of electrocatalysts whose unique
structural and electronic characteristics enable precise control over activity, selectivity, and stability across
electrochemical reactions. Originating from the controlled reduction of metal oxides—first demonstrated
in copper—these catalysts retain structural imprints of their oxide precursors, forming defect-rich metallic
frameworks with abundant grain boundaries, residual oxygen, lattice strain, and metastable oxidation states
that stabilize key intermediates and lower barriers for C-O and C-C coupling. The OD concept has since
expanded to metals such as Ag, Sn, Zn, Bi, and their alloys (e.g., Cu-Zn, Cu—Sn, Cu—Ag), achieving high
faradaic efficiencies for CO, formate, and multicarbon products under industrially relevant conditions.
Advances in operando spectroscopy and density functional theory have revealed that oxide precursor
chemistry and reduction kinetics govern reconstruction dynamics, oxygen retention, and electronic struc-
ture; yet, a unified understanding connecting these features to catalytic function remains incomplete. This
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and a predictive roadmap for engineering next-generation oxide-derived catalysts across CO,RR and
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Review

1. Introduction

The accelerating accumulation of atmospheric CO, underscores
the urgent need for technologies that can close the carbon cycle
through integrated capture, conversion, and utilization. Among
the available approaches, the electrochemical reduction of CO,
(CO,RR) has emerged as a particularly promising route, enabling
the transformation of CO, into fuels and chemical feedstocks
using renewable electricity under mild conditions."” Despite
significant progress, achieving industrially relevant CO,RR perfor-
mance—high current densities, high selectivity, and long-term
operational stability—remains challenging.®* A central limitation
is the intrinsically dynamic nature of catalytic interfaces, where
oxidation states, surface structure, and local reaction environ-
ments evolve continuously under bias. Rational catalyst design
requires not only an understanding of equilibrium material
properties but also of how active sites reconstruct, adapt, and
function under operando conditions.”

Within the diverse landscape of CO,RR catalysts—including
transition metals, metal oxides, chalcogenides, carbides, molecular
complexes, and atomically dispersed systems—oxide-derived (OD)
metals and alloys have gained attention as a particularly distinctive
and versatile class.® These materials originate from the controlled
electrochemical or thermal reduction of metal oxides, yielding
metallic frameworks enriched with grain boundaries, lattice strain,
defect sites, subsurface oxygen, and mixed-valence metal centers.
Such features embody a form of “oxide memory,” whereby struc-
tural and electronic motifs inherited from the parent oxide persist
in the reduced metal.” This non-equilibrium character strongly
modulates adsorption energetics, intermediate stabilization, elec-
tron transfer, and local pH, imparting catalytic behaviors markedly
different from those of conventionally prepared metallic surfaces.*’

Following their initial development for copper, OD concepts
have rapidly expanded across multiple metals and alloys. OD-
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Cu has become the prototypical platform for C,, product gen-
eration owing to its ability to stabilize the *CO and *OCCO
intermediates at defect-rich, oxygen-coordinated sites.'® OD-Ag
and -Au display exceptional selectivity toward CO, whereas OD-
Sn, -Bi, and -In favor the *OCHO pathway and achieve high
formate efficiencies."* Binary and ternary OD alloys—including
Cu-Sn, Cu-Zn, Cu-Ag, and Cu-Zn-Ag—further broaden the
design space by enabling tailored hetero-interfaces, controlled
oxygen retention, and coupled multi-site reaction pathways.'>**
The principles underlying oxide derivation extend well beyond
CO,RR: analogous reconstruction-driven enhancements have
been observed in nitrate and CO reduction, nitrogen reduction,
and even classical thermal reactions such as CO oxidation,
hydrogenation, and methanol synthesis. This convergence sug-
gests that oxide derivation constitutes a generalizable materials
design strategy applicable across reaction families where cata-
lysis is governed by dynamic metal-oxygen interactions.”™’
Despite significant progress, a comprehensive understanding
of OD-catalysts remains incomplete. The literature is highly frag-
mented—many studies focus on single metals such as copper or
isolate specific correlations between precursor chemistry, recon-
struction conditions, and catalytic performance—making it diffi-
cult to extract general mechanistic principles.®>'*>° Fundamental
questions therefore remain unresolved: how variations in oxide
precursor composition and reduction kinetics dictate the struc-
tural motifs ultimately embedded in the reconstructed catalyst;
how grain boundaries, subsurface oxygen, mixed-valence states,
and multimetal interfaces quantitatively influence intermediate
energetics in CO, reduction; which structural and electronic
features are universal across electrochemical and thermochemical
reactions, and which are system-specific; and how OD-catalysts
activate, evolve, degrade, or self-regenerate under operational
conditions.*" Existing reviews typically address only isolated
aspects of this landscape—highlighting performance trends,
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structural studies, or mechanistic insights—yet fall short of pro-
viding an integrated framework.”?>** What is critically needed is a
unifying perspective that links oxide precursor chemistry, non-
equilibrium reconstruction pathways, and the structural finger-
prints of OD-materials to their electronic structure, reaction
mechanisms, catalytic selectivity, and long-term stability.

This review aims to establish such an integrated framework by
systematically connecting oxide precursor chemistry, reconstruction
dynamics, and the non-equilibrium structural fingerprints of OD-
catalysts to their resulting electronic structure, reaction mechan-
isms, and stability. We classify major OD-material families—from
monometallic to multi-metallic and hierarchically structured archi-
tectures—and analyze how diverse precursor pathways, including
thermal oxidation, electrochemical cycling, precursor-derived frame-
works & synthesis, and mixed-metal oxides, imprint defect networks,
strain fields, oxygen retention, and nanoscale heterogeneity dur-
ing reconstruction. We then examine how these physicochemical
motifs govern CO, reduction mechanisms by modulating: inter-
mediates formation & binding, C-C coupling, hydrogen evolution,
and extend these principles to other electrochemical and thermal
reactions to demonstrate the broader generality of OD-catalysts
behavior across nitrate and CO reduction, nitrogen fixation, and
classical gas-phase catalysis. Finally, we discuss activation, degra-
dation, and long-term evolution of OD-structures and propose
design principles and a forward-looking roadmap for next-
generation catalysts. By synthesizing insights from operando
spectroscopy, advanced microscopy, theory, and cross-reaction
comparisons, this review moves oxide derivation from an empiri-
cal concept to a predictive materials-engineering paradigm cap-
able of guiding rational catalyst development across a broad
spectrum of electrocatalytic and thermo-catalytic processes. See-
mingly competing descriptors—Cu' species, subsurface oxygen,
and defect-driven activity—are herein unified as coupled mani-
festations of a non-equilibrium oxygen-defect-electronic structure
continuum. This enables a transition from descriptive correlations
to a predictive descriptor framework.

Unlike previous reviews that primarily summarize catalyst
performance trends, individual OD-material systems, or iso-
lated mechanistic aspects, this review establishes a descriptor-
based cross-system framework linking oxide precursor chem-
istry, reconstruction dynamics, operando structural evolution,
and catalytic function. By integrating monometallic, multime-
tallic, electrochemical, and thermocatalytic OD-systems within
a unified mechanistic framework, the present work transitions
oxide derivation from a descriptive materials concept toward a
predictive catalyst-engineering paradigm.

2. Formation of OD metals and alloys:
pathways, reconstruction chemistry,
and structural signatures

Oxide-derived metals and alloys form through reduction-induced
structural collapse of metal-oxide precursors, producing nano-

crystalline metallic frameworks enriched in grain boundaries,
strain, and oxygen-modified electronic environments. Operando
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diffraction and spectroscopy studies reveal that oxide-to-metal
conversion proceeds via spatially heterogeneous nucleation and
coalescence processes, during which residual oxygen and defect
networks can be retained. These reconstruction pathways, rather
than equilibrium metal structures, define the catalytic identity of
OD-materials across Cu-, Ag-, Sn-, Zn-, and Bi-based systems.>*>°

2.1 Fabrication methods for oxide-derived metals and alloys

Oxide-derived metals and alloys are produced by first generating a
metal-oxide precursor and then reducing it under conditions that
induce substantial structural reorganization (Fig. 1a). The decisive
step is the oxide-to-metal transformation, during which the oxide
collapses into a nano-crystalline, defect-rich metallic framework, a
phenomenon documented repeatedly for Cu-, Ag-, Zn-, Sn-, and
Bi-based systems.””*° In all cases, the catalytic behavior of the
resulting material is dictated more by this reduction-driven
reconstruction than by the details of oxide precursor synthesis.

Thermal reduction of oxides in H,, CO, or forming gas is one
of the earliest and most general OD-materials fabrication routes.
For CuO/Cu,0, ZnO, SnO,, and Bi,03, thermal reduction pro-
duces metallic nuclei whose growth is accompanied by oxygen-
vacancy formation, voiding, and lattice contraction.>** Slow
low-temperature reduction tends to preserve coarser grains,
while rapid high-temperature reduction enhances porosity and
defect densities.® In mixed-metal oxide systems such as CuO-
ZnO, reduction yields coupled Cu-rich and Zn-rich domains
whose composition reflects the relative reduction potentials of
each metal; these alloy-like OD frameworks are well documented
in operando studies.®*

Electrochemical reduction is the most widely used method
for producing OD-catalysts. When oxide-coated electrodes
(Cu,O/Cu0, ZnO, SnO,, BiO,, Ag,0) are polarized at negative
potentials, the oxide reduces rapidly, collapses structurally, and
reorganizes into a porous, nano-crystalline metal network.>**>~”
As reported by Cavalca et al.,>® implementing in-operando XRD,
Raman, and X-ray photoelectron spectroscopy shows that oxygen
removal typically precedes or overlaps with the onset of catalytic
turnover,'" and that the resulting OD-surfaces are rich in grain
boundaries, amorphous-crystalline interfaces, and undercoordi-
nated metal sites.*® Subsurface oxygen and mixed-valence states
(e.g., Cu*/Cu® or Zn*/Zn°) frequently persist well into the catalytic
potential region, giving rise to the distinctive electrocatalytic
activity of the different OD-materials.*® Similarly, in multimetal
OD-systems, co-reduction of mixed-metal oxides precursors gen-
erates OD-alloyed frameworks.*”*""> The emerged defect-rich,
metallic frameworks enable, under reaction conditions, rational
tuning of interfacial ensembles that couple *CO formation, CO
adsorption, and C-C coupling steps.*?

Chemical (liquid-phase) reduction using reductive agents
(eg, NaBH,, hydrazine, and ascorbate) provides a mild and
tunable pathway towards OD-catalysts. Liquid-phase reduction
can preserve oxide-imprinted morphologies and enables con-
trolled reduction kinetics, often producing sub-stoichiometric
metal/oxide composites analogous to electrochemically generated
OD-structures.** ™ This strategy is widely employed in the fabri-
cation of multi-metallic systems. It exploits differences in
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Fig. 1 Formation and properties of oxide-derived (OD) metals and alloys. (a) Summary of the different formation processes towards OD-materials,
(b) Augur Cu-spectra, showcasing the shift of Cu-O interactions through the OD-Cu evolution, (c) high-resolution O 1s XPS with various beam penetration
depths of OD-Cu. Reproduced with permission from ref. 38, Copyright (2022), Wiley-VCH GmbH, (d) dependence of the CO,RR selectivity towards multi-
carbon products, from the facet orientation of catalyst material. Reproduced with permission from ref. 68, Copyright (2020), Wiley-VCH GmbH.

reducibility to generate heterogeneous interfaces or segregated
metal/oxide domains, which remain partially oxidized and cataly-
tically active under operating conditions.*’

Gas-phase and plasma reduction offer an alternative non-
equilibrium route for OD-catalyst production. Hydrogen or Ar/
H, plasmas remove oxygen extremely rapidly—even at modest
temperatures, which yield heavily defected, oxygen-deficient OD-
metallic frameworks.**>° Plasma-reduced d-block metal-oxides
exhibit high concentrations of oxygen vacancies, enhanced sur-
face charge density, and persistent sub-oxide motifs, all of which
are known to lower energy barriers for CO, activation. A behavior
also observed by Mistry et al>' for plasma-treated Ag oxides,
where rapid reduction produces OD-like Ag with enhanced *CO
adsorption and CO,RR activity.

2.2 General principles of oxide-to-metal reconstruction

During the production of OD-materials, oxides (MO,) undergo
collapse, nucleation, atomic reorganization, and selective oxygen
retention, transferred into metallic state (M°) non-equilibrium
structures, which are rich in grain boundaries, strain, hetero-
interfaces, and mixed-valence motifs that cannot be replicated by
conventional metallurgical or electrochemical methods.

The transformation of an oxide (MO,) into its metallic state (M°)
is a spatially heterogeneous, non-equilibrium process that proceeds

1272 | Energy Adv., 2026, 5, 1269-1315

through sequential oxygen removal, metallic nucleation, and fra-
mework collapse. Metallic nuclei typically emerge first at vacancy-
rich or defect-rich regions, after which coalescence and volumetric
contraction generate pervasive strain and vacancy networks.>® As
illustrated in the work of Gunathunge et al.>® by operando XAS and
Raman studies of Cu,0 and CuO demonstrate that portions of Cu”
and Cu-O coordination persist during and after reduction, becom-
ing embedded as subsurface oxygen or mixed-valence C*/Cu’®
motifs within the reconstructed metal. These features modulate
local electronic structure and stabilize CO,RR intermediates such
as *COOH and *CO.>* Comparable behavior was also reported by
Wang et al.”® for Ag, where the reduction of Ag,O produces metallic
Ag retaining defect-enriched domains. Similarly, for Zn systems,
where ZnO reduction yields Zn° nano-crystallites with persistent
Zn-0 interfacial coupling.’®>” The general principle is that OD
reconstruction does not follow equilibrium metallurgical pathway-
s—oxygen migration, pH gradients, and field-driven ion mobility
imprint non-equilibrium structural fingerprints that define OD
catalytic behavior across metals.”®>®

2.3 Reduction kinetics, M-O bond strength, and oxygen
mobility

Reduction kinetics determine the extent of structural stability
introduced into the OD-catalysts. High overpotentials promote

© 2026 The Author(s). Published by the Royal Society of Chemistry
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rapid oxygen removal, leading to grain refinement, enhanced
porosity, and extensive grain-boundary networks. By compar-
ison, moderate potentials maintain long-range structural order
while limiting the formation of low-coordination sites.®® The
metal-oxygen bond strength sets the effective reduction win-
dow: Cu-O and Zn-O bonds are sufficiently weak to allow
reduction under CO,RR-relevant potentials (—0.5 to —1.2 V vs.
RHE), enabling partial oxygen retention and mixed-valence
states (Fig. 1b).°"*> Conversely, stronger Sn-O and Bi-O bonds
preserve oxidized motifs even under more negative bias,
explaining the persistence of SnO, and BiO, domains in OD-
Sn and OD-Bi catalysts.®

Oxygen mobility is equally crucial: oxygen may be expelled,
redistributed, or trapped (Fig. 1c) depending on diffusion rates,
local pH, and oxide morphology.®® For OD-Cu, subsurface
oxygen can persist for several minutes to hours during steady-
state CO,RR, shaping *CO coverage and C-C coupling behavior.
In OD-Zn catalysts, hydrogen pretreatment and vacancy-rich
structures create strong internal electric fields that enhance
activation of C=0 bonds.**

While reduction kinetics are often discussed in terms of
structural evolution, their catalytic implications are equally critical.
Rapid reduction conditions typically generate high defect densities
and enhanced porosity, which correlate with increased *CO cover-
age and improved C,, selectivity in OD-Cu systems.®® Conversely,
slower or partial reduction can stabilize oxidized motifs, which are
beneficial in systems such as OD-Sn or OD-Bi for formate produc-
tion. Thus, reduction kinetics act as a governing parameter that
links precursor transformation directly to catalytic selectivity by
controlling the resulting descriptor landscape.

2.4 Facet- and orientation-dependent reconstruction

Crystallographic orientation critically influences how oxide pre-
cursors reconstruct into the oxide-derived state, as different facets
possess distinct surface energies, M-O coordination environ-
ments, and vacancy-formation energetics.>® These parameters
dictate both reduction kinetics and the defect patterns that
emerge during oxide collapse.®” As illustrated in the work of
Gao et al,”® for Cu-based single-crystal studies and shape-
controlled Cu,O nanoparticles consistently show that {100},
{111}, and high-index surfaces undergo markedly different
reduction trajectories. Cu,O cubes ({100}) reduce rapidly and
develop OD-Cu architectures enriched in steps, kinks, and dense
grain-boundary networks, which enhance *CO binding and facil-
itate C-C coupling (Fig. 1c). By contrast, {111}-dominated pre-
cursors reconstruct into smoother, less defective frameworks with
weaker multicarbon selectivity, even though both facets ultimately
evolve into complex OD-structures under bias.*

These facet-dependent signatures are partially retained after
extensive electrochemical restructuring: electrodes initially
enriched in Cu(100)-like domains consistently yield higher
ethylene and ethanol selectivity than Cu(111)-rich surfaces,
demonstrating that precursor orientation imprints long-lived
structural and electronic biases into the OD-state.”® Similar
orientation-governed reduction behavior is observed beyond
Cu.*””" As shown by Geng et al.,*® polar ZnO nanosheets and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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nano-rods generate higher oxygen-vacancy densities and more
pronounced Zn-ZnO hetero-interfaces upon reduction than
non-polar facets, correlating with improved CO,-to-CO activity
in OD-Zn catalysts.”* Facet effects have also been documented
by Goris et al.”® in CeO,_,, where valence-mapping reveals
orientation-specific Ce*" distributions and reduction shells,
demonstrating that facet-controlled redox and defect chemistry
is a general phenomenon in oxide-derived materials.”*

2.5 Mixed-valence and multimetal oxide precursors

Mixed-valence oxides provide a tunable platform for generating
OD-catalysts with heterogeneous but functionally coordinated
active motifs. For example, OD-Cu derived from Cu,O/CuO
mixtures contains coexisting Cu’/Cu® domains that stabilize
*CO and promote C-C coupling.®* In contrast, OD-Sn derived
from SnO/SnO, mixtures forms Sn**/Sn** ensembles that pro-
mote *OCHO stabilization and improve formate selectivity.”"
Multimetal oxide precursors extend this concept into a
higher-dimensional design space. When metals with different
M-O bond strengths and reduction potentials are combi-
ned—for instance, in CuO-ZnO, CuO-Sn0,, or CuO-Ag,0—
reduction typically proceeds asynchronously.”*”® The more
easily reducible component nucleates metallic domains first,
while the more stable oxide lags, leading to spatial segregation
of metallic and oxy-metallic regions, the formation of alloy
gradients, and embedded oxide pockets.”””® The work of Peer-
lings et al.”* focused on the operando investigation of OD Cu-Zn
catalysts, showing that Zn-rich regions retain ZnO, character
over a broad potential range, while Cu-rich domains become
metallic. ZnO, sites act as efficient CO-forming centers via
*COOH stabilization,?” whereas neighboring Cu domains pro-
vide high *CO coverage and C-C coupling capability, resulting
in improved CO and C,. alcohol production relative to mono-
metallic OD-Cu. Sarfraz et al.,”® further demonstrated multi-site
cooperation in oxide-derived Cu-Sn systems. In this configu-
ration, SnO, motifs stabilize the *OCHO intermediate and
promote formate formation, whereas neighboring Cu domains
facilitate CO generation and subsequent hydrogenation. Simi-
larly, OD Cu-Ag®® and Cu-Au®' architectures often function as
tandem catalysts: noble-metal domains generate CO at low
overpotential, which then spills over to Cu-rich OD-sites for
C-C coupling into C, products. In all of these systems, the
composition, connectivity, and oxidation state distribution in
the multimetal oxide precursor determine the hetero-interfaces
and mixed-valence ensembles that emerge after reduction.®?
Rather than being passive remnants of synthesis, these
embedded motifs define multi-site reaction networks in which
different structural units sequentially activate CO,, convert it to
CO or *OCHO, and then drive C-C or C-H bond formation.??
Across the diverse synthesis routes and reconstruction path-
ways described above, a consistent set of physicochemical
descriptors emerges that governs the catalytic behavior of OD-
materials. These descriptors can be grouped into three cate-
gories, as seen in Table 1. Across the diverse synthesis routes and
reconstruction pathways described above, a consistent set of
physicochemical descriptors emerges that governs the catalytic
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Table 1 Summary of the analyzed reconstruction-derived descriptors
that define the formation and properties of the OD-metals and alloys

Primary descriptors (define the
electronic structure and active-site
distribution)

e Oxygen coordination (subsurface
0, M-O motifs)

e Defect density (grain boundaries,
low-coordination sites)

e Strain (arises from the kinetics of
oxide-to-metal transformation)

e Porosity (arises from the kinetics
of oxide-to-metal transformation)
e Local pH

e Mass-transport confinement

Secondary descriptors (influence
adsorption energetics, surface
accessibility, and structural
stability)

System-level descriptors (strongly
modulate catalytic performance
under realistic operation)

behavior of OD-materials. These descriptors can be grouped into
three categories, as summarized in Table 1. Importantly, they
should not be interpreted as independent variables, but as
intrinsically coupled features generated through reconstruction
dynamics, forming a multidimensional descriptor space that
governs OD-catalyst function.

3. Physicochemical characteristics and
structural evolution of oxide-derived
metals and alloys

Oxide-derived metals and alloys display a set of distinctive physi-
cochemical features, like: nano-porosity, elevated grain-boundary
density, residual and subsurface oxygen, mixed-valence centers,
lattice strain, and hetero-metallic interfaces.®*®° As highlighted in
recent works on oxide-mediated CO,RR catalysis and dynamic
catalyst reconstruction, such features strongly influence adsorp-
tion energetics, intermediate stabilization, charge-transfer beha-
vior, and the balance between productive pathways and competing
reactions.””

3.1 Nano-porosity and hierarchical morphology

Reduction of metal oxides to their metallic state is accompanied by
substantial changes in molar volume, oxygen loss, lattice collapse,
and redistribution of cations and anions.?* These transformations
proceed non-uniformly and commonly generate nano-pores, inter-
connected channels, and hierarchical void networks rather than
compact metallic layers. Such morphology is well documented for
several oxide-derived systems.*® In OD-Cu formed from Cu,O or
CuO, operando and ex situ microscopy reveal bi-continuous,
sponge-like frameworks with pore diameters spanning a few to
several tens of nanometers, depending on oxide crystallinity, film
thickness, and reduction conditions.***® Comparable porous
architectures have been observed in OD-Ag,”**> OD-Au,”*** and
OD-Zn, where reduction of thick oxide-films or nanoporous ZnO
yields 3D-networks of nano-scale grains and channels. For Zn-
based systems, the structural evolution from nanoporous ZnO to
OD-Zn dendrites during CO,RR produces a high roughness sur-
face, enabling high CO partial current densities that scale with the
degree of porosity and branching.>®

In mixed-metal OD alloys, porosity formation follows similar
principles but is additionally shaped by the different reduction
behaviors of the constituent oxides. Studies on OD-Cu-Zn®” and
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OD-Cu-Ag show that their precursors undergo asynchronous
reduction, giving rise to multimetal porous architectures with
Cu-rich and secondary-metal-rich regions embedded within a
continuous network of nano-grains.’® These porous, composi-
tionally heterogeneous frameworks create spatially distributed
catalytic environments—such as CO-generating sites in Zn- or
Ag-rich regions adjacent to Cu domains capable of further CO
reduction—though the extent and mechanistic impact of such
partitioning depend on the specific alloy system.*>*°

Beyond structural effects, nano-porosity also contributes to
the formation of localized microenvironments, including elevated
local pH and intermediate confinement, which further couple
structural descriptors with system-level catalytic behavior. As shown
by Goyal et al.*®® nano-porosity contributes overall to the catalytic
behavior through several experimentally supported mechanisms.
First, it increases the electrochemical surface area (ECSA) and the
density of accessible active sites. Second, confined pore environ-
ments can develop local chemical conditions (e.g, elevated pH or
enriched CO,/CO concentrations) that differ from the bulk electro-
Iyte, influencing selectivity. Third, interconnected channels facil-
itate mass transport and enable higher current densities without
compromising reaction pathways. Thus, nano-porosity in OD
metals and alloys (Fig. 2a) is a functional feature that shapes
catalytic performance across multiple length scales.'**'%>

3.2 Grain boundaries, low-coordination sites, and defect
topologies

A second defining characteristic of oxide-derived catalysts is
their unusually high density of crystallographic defects—grain
boundaries (GBs), twin boundaries, stacking faults, step edges,
and low-coordination surface atoms—generated during the
fragmentation and grain refinement that accompany oxide
reduction.'®>'%* For OD-Cu, Kanan et al.'% identified the grain
sizes to commonly fall in the 2-20 nm range, giving rise to GB
densities far exceeding those in annealed polycrystalline Cu.
Similar defect-rich nano-crystalline domains are observed in
OD-Ag, OD-Au, OD-Zn, and in the reduced states of several
multimetal oxide precursors.’>?*°

A significant amount of evidence shows that these defective
structures are directly linked to catalytic performance.'®®*”
Kanan et al.'% reported a nearly linear relationship between CO
formation activity and surface GB density, with oxide-derived
Au made from thick Au,O layers showing significantly higher
CO partial current and lower overpotential than polished Au. In
nanostructured and OD-Ag, methods that increase GB density
also boost CO production at the same potentials.>” For OD-Cu,
atomistic modeling and operando spectroscopy reveal that GBs,
twin boundaries, and under-coordinated step motifs favor the
stabilization of *OCCO and similar C, intermediates, which
explains the higher selectivity for ethylene and ethanol of OD-
Cu compared to smooth Cu facets. These grain-boundary
environments also play a critical role in stabilizing subsurface
oxygen and oxygen-coordinated motifs, thereby coupling struc-
tural defects with electronic effects that are often attributed to
Cu'-like species.'® Likewise, Guo et al."*® indicated that for Sn-
based OD-catalysts, disordered Sn-Sn and Sn-O motifs at grain

© 2026 The Author(s). Published by the Royal Society of Chemistry
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boundaries and amorphous regions stabilize the *OCHO inter-
mediate and promote the formation of formate. Experimental
and theoretical research shows that under-coordinated Sn and
Sn-oxide sites reduce the energy barrier for *XOCHO formation
and decrease *CO binding, leading to high faradaic efficiencies
for formate.""" These defect-controlled mechanisms extend

© 2026 The Author(s). Published by the Royal Society of Chemistry

naturally to oxide-derived alloys, where asynchronous reduction
of mixed-metal oxides produces multicomponent grain-boundary
networks.''® In OD-Cu-Zn, Herzog et al''® showed through
operando XAS distinct Cu-rich and Zn-rich nano-domains sepa-
rated by strained GBs that modulate *CO binding and facilitate
CO spillover from Zn-derived sites to Cu ensembles. OD-Cu-Ag
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systems display similar behavior: Ag domains generate CO effi-
ciently, while GB-rich Cu regions—with mixed Cu*/Cu® charac-
ter—enable C-C coupling, and interfacial GBs mediate rapid
intermediate transfer between the two metals.”®® While Pere
et al'* showed for OD-Cu-Sn catalysts, that grain boundaries
frequently host adjacent Cu and Sn-O sites, enabling tandem
pathways in which Sn-oxide motifs form *OCHO while neighbor-
ing Cu sites hydrogenate or further reduce C,; intermediates.
Across these alloy systems, GBs do not merely accommodate
structural strain—they create heterogeneous reaction zones where
complementary catalytic functions coexist within nano-scale
distances.

Taken together, the defect architectures of oxide-derived
metals and alloys constitute chemically and electronically unique
catalytic ensembles. Their high densities of low-coordination
metal atoms, metal-oxygen motifs, and heterometallic boundary
sites act as catalytic “hot spots” that cannot be reproduced in
equilibrium metal surfaces or homogeneous alloy phases.""®

3.3 Residual and subsurface oxygen

Residual oxygen—whether as subsurface species, interfacial O,
or persistent oxide fragments—is one of the most characteristic
structural motifs of oxide-derived catalysts. Even after extensive
electrochemical reduction, significant oxygen populations
remain trapped within the metallic lattice, at grain boundaries,
or as ultrathin oxide clusters. Operando AP-XPS, XAS, and EELS
have confirmed the persistence of such oxygen species in OD-
Cu, OD-Ag, OD-Au, OD-Zn, and in a range of mixed-metal
oxide-derived systems."*®"*”

For OD-Cu, Eilert et al.'*® demonstrated that although crystal-
line Cu,O disappears under steady-state CO,RR, diffusion-trapped
subsurface oxygen persists, producing Cu'-like spectral signatures
(Fig. 2b). Molecular-dynamics simulations and operando spectro-
scopy further show that this oxygen forms metastable Cu-O
ensembles whose lifetime depends on potential, local structure,
and grain boundaries. In OD-Zn, nanoporous ZnO retains ZnO-
like domains and oxygen vacancies, producing Zn-ZnO hetero-
junctions that facilitate CO, adsorption and CO formation.
Mechanistically, these oxygen species shift the local d-band
center, redistribute charge, and generate interfacial electric fields
that favor activation of polar intermediates such as *[CO,]” and
*COOH. For OD-Cu, subsurface O and Cu'/Cu® ensembles lower
the barrier for *COOH formation and increase *CO surface cover-
age, enhancing C-C coupling. In OD-Ag and OD-Au, ultrathin
oxide remnants and subsurface O modestly strengthen *COOH
binding while maintaining weak *H binding, enabling highly
selective CO formation.?® In Zn-based systems, oxygen vacancies
and ZnO-like motifs appear to constitute the active phase, acting
as electron-donor sites for CO, activation. These oxygen-mediated
effects extend directly to oxide-derived alloys.”>'"® In OD-Cu-Zn,
asynchronous reduction of CuO and ZnO produces interfacial Cu-
ZnO regions where residual oxygen and O-vacancies persist under
CO,RR, supporting CO formation on Zn-derived domains while
Cu sites carry out deeper reduction.”” OD-Cu-Ag systems similarly
retain Ag-O and Cu-O interfacial motifs that subtly tune CO
generation on Ag and facilitate its subsequent transfer to Cu
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regions rich in low-coordination Cu‘/Cu® sites. In OD-Cu-Sn, Sn—
O species remain thermodynamically stable even at strongly
cathodic potentials, producing persistent Sn-O/Cu interfaces that
stabilize *OCHO and modulate the selectivity between formate
and CO pathways. Across these alloy systems, residual oxygen
functions not as an artifact of incomplete reduction but as an
integral structural element that shapes electronic structure, inter-
facial charge distribution, and intermediate stabilization across
multiple catalytic sites."*°

A critical aspect often overlooked is the transient nature of
subsurface oxygen under reaction conditions. While subsurface
oxygen is frequently invoked as a key descriptor, its stability is
highly sensitive to applied potential, local structure, and reaction
environment. Under strongly cathodic conditions, bulk oxide
phases are thermodynamically unstable; however, oxygen can
persist dynamically within defect-rich regions, grain boundaries,
and confined geometries. Subsurface oxygen should therefore be
considered a kinetically stabilized and continuously evolving
species, rather than a static structural component. Its interaction
with defect sites and local strain fields further modulates its
lifetime and catalytic influence.'*" Residual oxygen is therefore a
functional design parameter of oxide-derived metals and alloy-
s—one that directly influences reaction energetics, selectivity,
and the cooperative behavior of multimetal active sites."**

3.4 Strain, lattice distortion, and structural disorder

Reduction of metal oxides to metals generates substantial lattice
distortion in oxide-derived catalysts due to volume contraction,
non-uniform oxygen removal, and localized collapse of the oxide
framework."®* These processes introduce compressive and tensile
strain, particularly at grain boundaries, remnant oxide-metal
interfaces, and regions that undergo asynchronous reduction.'**
Molecular-dynamics simulations on OD-Cu reveal broad distribu-
tions of local atomic strain, with highly strained motifs preferen-
tially stabilizing adsorbates such as *CO and *OCCO, consistent
with their proposed role in promoting C, pathways. Jacques
et al.'® in their operando XAS studies showed that OD-materials
contain nano-crystalline domains with expanded and contracted
lattice spacing coexisting with amorphous or partially ordered
regions. Such displacement disorder broadens electronic bands,
modifies orbital overlap, and perturbs the local d-band center,
collectively influencing the binding and activation of key inter-
mediates. In OD-Cu, theoretical studies indicate that compressive
strain can strengthen binding of *CO and *OCCO, while tensile
strain may facilitate *CO desorption—effects that qualitatively
align with observed shifts between C, and CO selectivity in
strained or defect-rich Cu environments.**

In oxide-derived alloys such as Cu-Zn and Cu-Ag, lattice
mismatch and asynchronous metal-oxide reduction amplify
interfacial strain and generate compositionally heterogeneous,
strain-stabilized domains.’®°%'* These regions exhibit altered
electronic structure and intermediate adsorption behavior rela-
tive to homogeneous alloys, and operando studies correlate
such strained hetero-interfaces with enhanced CO formation
(Zn-derived sites), CO spillover (Ag/Cu interfaces), and deeper
reduction on Cu-rich domains. Across OD metals and alloys,
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structural disorder—amorphous pockets, short-range order,
and mixed metal-oxygen coordination—coexist with strain,
and further diversifies the local chemical environments that
underpin their catalytic performance.3'2¢

3.5 Alloying behavior and multi-metal OD architectures

Multimetal OD architectures are of great significance because
their reduction from mixed oxides generates hetero-interfaces,
segregated phases (Fig. 2d), and multi-metal coordination envir-
onments that are difficult to access by conventional alloying
methods.”” In Cu-Zn OD-systems, mixed CuO-ZnO or ZnO-
decorated Cu precursors reduce asynchronously: Cu-oxide domains
convert to metallic Cu at milder potentials, while ZnO persists
longer and only partially reduces under CO,RR (Fig. 2e). The
resulting OD-Cu-Zn catalysts feature Cu-rich nano-grains inter-
faced with ZnO or Zn-rich domains, supporting tandem CO, —
CO — C,; pathways where Zn-based sites generate CO and Cu-
based OD-sites perform C-C coupling.'*®

Similarly, OD Cu-Sn systems derived from CuO-SnO, or
mixed hydroxides yield phase-segregated architectures in which
Sn-oxide-rich motifs suppress HER and C, formation but
strongly promote *OCHO formation and formate production,
while adjacent Cu domains can still produce CO or C, products
depending on composition and potential.”*?%129130 Bolivar
et al."*' Bi-Sn and Bi-Sn-Sb OD alloys exhibit similar behavior.
It achieved high formate selectivity at industrially relevant
current densities by combining Bi-rich domains that favor
formate with Sn-containing domains that enhance conductivity
and structural stability. These examples illustrate a general
principle: OD alloying enables spatial separation and coupling
of functional roles—CO, activation, CO generation, C-C cou-
pling, and HER suppression—within a single, reconstruction-
derived architecture.™?

3.6 Surface chemistry, adsorption energetics, and active-site
diversity

The defect-rich, oxygen-modified, and multimetal nature of
OD-catalysts produces a broad spectrum of active sites. On
OD-Cu, reduced metallic terraces coexist with low-coordination
Cu atoms at steps and GBs, Cu'-O ensembles near subsurface
oxygen, and alloy-modified sites in multimetal systems.®*'%
These different environments host distinct binding geometries
and energetics for *CO,, *COOH, *CO, *CHO, *OCHO, and *H.
Atomistic modeling of OD-Cu and OD-CuZn surfaces indicates
that C,; formation is favored at specific clusters of under-
coordinated Cu atoms adjacent to subsurface oxygen, where
*CO is moderately bound and *OCCO formation barriers are
minimized (Fig. 2f)."*?

For OD-Zn, nanoporous and dendritic architectures with
under-coordinated Zn sites and ZnO-like domains show strong
CO selectivity, with formate and hydrogen largely suppressed.”**
In OD-Sn and OD-Bi, oxide-rich surfaces and mixed Sn**/Sn*" or
Bi®** states strongly stabilize *OCHO, consistent with the near-
unity formate faradaic Efficiencies reported at moderate over-
potential. These materials exhibit higher *H adsorption energies
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than their metallic counterparts, resulting in intrinsically low
HER activity.*>"%¢

The diversity of sites in OD-catalysts also facilitates “inter-
mediate channeling” between neighboring sites. CO produced
at one site (e.g., ZnO or Ag-rich domains) can migrate and re-
adsorb onto adjacent Cu-rich OD-sites optimized for C-C
coupling. This spatial cooperation, combined with suppressed
HER on oxygen-rich or p-block domains, underpins the unu-
sually high C,, formation rates and formate selectivity observed
for OD-catalysts.'”7* 137

3.7 Comparison with conventional metallic catalysts

Relative to conventional polycrystalline or electrodeposited metals,
OD-catalysts differ not only in quantitative performance but in the
qualitative nature of their active states and mechanisms.**® Struc-
turally, OD materials are nano-crystalline, contain high densities of
grain boundaries and under-coordinated sites, and exhibit perva-
sive nano-porosity arising from oxide collapse—features rarely
achievable in thermally reduced or electrodeposited metals.®®
Electronically, OD-catalysts host mixed-valence metal centers,
locally perturbed d-band structures, and residual or subsurface
oxygen, together with strain-modified domains that strongly
influence intermediate binding."*® Chemically, OD-surfaces con-
tain metal-oxygen motifs, heterometallic interfaces, and
dynamic metal/oxide equilibria, all of which are minimal or
absent on classical metallic surfaces. These structural and
electronic distinctions translate into mechanistic differences
during CO,RR. On metallic Cu, the selectivity towards C,.
products is limited by the difficulty of sustaining high *CO
coverage and suppressing competing hydrogen evolution
reaction.”®® OD-Cu circumvents this restriction through pore-
confined microenvironments, defect-rich grains, and Cu*/Cu®’~O
structure ensembles that sustain higher local *CO concentra-
tions and stabilize *OCCO and related C, intermediates, thus
enhancing C,, product selectivity.'*® For Ag and Au, oxide-
derived forms exhibit lower overpotential and higher CO partial
currents compared to their metallic counterparts, attributable to
increased grain-boundary density and oxygen-modified electro-
nic structure that facilitate *COOH formation.’>"*" In Sn- and Bi-
based systems, OD-catalysts maintain stable oxide motifs that
preferentially stabilize *XOCHO and greatly suppress *H adsorp-
tion, enabling higher formate selectivity at lower overpotential,
where metallic Sn or Bi exhibits significant HER or mixed
product formation."*****

Importantly, these physicochemical features should not
be viewed as independent descriptors, but as interdependent
outcomes of reconstruction Kkinetics. During oxide-to-metal
transformation, heterogeneous reduction concurrently generates
grain boundaries, lattice strain, subsurface oxygen, and nano-
porosity, yielding coupled descriptor ensembles defined by non-
equilibrium dynamics. Within this framework, descriptor influ-
ence is strongly condition-dependent. Oxygen coordination and
defect density act as primary descriptors, governing electronic
structure and active-site distribution, while strain and porosity
serve as secondary modifiers and enable system-level effects.
Subsurface oxygen is a transient, kinetically stabilized species
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whose presence depends on potential, morphology, and oxygen
mobility. As Wu et al.’*" showed, its continuous evolution under
reaction conditions, while defect-rich environments—especially
grain boundaries—can stabilize oxygen coordination and gen-
erate Cu'-like electronic signatures without stable oxidized
phases.'*® Together, these results establish grain boundaries,
strain, porosity, and oxygen coordination as a coupled, dynamic
descriptor network, where catalytic activity and selectivity arise
from their interplay rather than any single feature.

4. Mechanistic function of OD metals
and alloys in CO,RR

Oxide-derived metals and alloys express catalytic behavior that
diverges fundamentally from conventional metallic systems,
not simply in activity or selectivity, but in the very mechanisms
through which CO, is activated, reduced, coupled, and stabilized.*"
Their function emerges from a convergence of non-equilibrium
structural features—including residual oxygen, high defect and
grain-boundary densities, lattice strain, nanoscale confinement,
and mixed-valence metal centers—which collectively reshape adsor-
ption energetics and reshape reaction landscapes.'*® These struc-
tural motifs are not static: under operando conditions, OD-catalysts
continuously evolve, yielding a metastable ensemble of active
motifs whose cooperative action defines their performance. While
intrinsic surface energetics provide a useful mechanistic frame-
work, they do not fully capture catalytic behavior under realistic
operating conditions.

4.1 Activation pathways and formation of the active OD-
surface under operando conditions

During early reduction of oxide precursors, OD-catalysts do not
transition into pure metallic phases but instead form a meta-
stable mixture of metallic and partially oxidized environments.>®
As shown through the operando X-ray absorption study of Cheng
et al.,*® ambient-pressure XPS, and in situ diffraction consistently
show that Cu,0 and CuO reduce into Cu’ while retaining
substantial subsurface oxygen and Cu'-like spectral signatures,
even at strongly cathodic potentials. Slow oxygen diffusion and
blocked migration pathways preserve this oxidic character across
extended reaction times, giving OD-Cu a hybrid metal-oxide
identity that persists throughout CO,RR. Silver oxides reduce
more completely, producing nearly oxygen-free metallic OD-Ag
surfaces, ¥’ '*° whereas SnO, and Bi,O; maintain mixed-valence
states (Sn**/Sn>" and Bi**) under most CO,RR conditions."** >
These differences in oxygen retention define the resulting elec-
tronic structure and CO,RR selectivity for each OD-system.
Oxide reduction universally drives the collapse of the parent
oxide lattice into a nanoporous metal framework, producing
strong grain refinement and a high density of grain boundaries.
In the work of Kanan et al.,'®> OD-Cu formed from the reduction
of CuO/Cu,0 yields nanoporous networks of sub-10-20 nm grains
with GB densities rising above ~20 um™".>>"'®'%3 While OD-Ag
structures, studied by Xie et al.,">* exhibited similar restructuring:
compact foil transforms during CO,RR into porous ligaments
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with ~50-200 nm grains and abundant GBs and twin boundaries.
Zn-based and Cu-Zn systems also undergo oxide-to-metal col-
lapse, forming coupled Cu-rich and Zn-rich nano-domains within
porous, defect-rich frameworks.**%*'*> Across OD-Cu, OD-Ag, OD-
Zn, and multimetal OD alloys, these transformations significantly
increase the concentration of low-coordination sites and inter-
facial motifs relative to bulk metals.

Operando characterizations from the work of Dattila et a
indicated that OD metals are not static reduced phases.
Instead, as shown by Ruiter et al.,">® they remain structurally
dynamic: OD-Cu forms and dissolves nanoclusters and vacancy
islands during CO,RR, with ongoing facet rearrangement, subsur-
face oxygen persistence, and Cu'/Cu’ cycling (Fig. 3a). OD-Ag
continues to refine its grain structure in early electrolysis,*” while
OD-Zn and Cu-Zn alloys show time-dependent redistribution of
Cu and Zn and partial re-oxidation under bias.”**>” Thus, the
active phase in OD-metals and alloys—across Cu, Ag, Zn, Sn, Bi,
and multimetal systems—is a non-equilibrium, continuously
reconstructed ensemble of nano-grains, grain boundaries, resi-
dual oxides, and subsurface oxygen that responds dynamically to
electrolyte, local pH gradients, and adsorbate coverage.®!'3133157

l. ’146

4.2 Elementary CO,RR steps for C; products reshaped by OD-
structural motifs

CO, reduction to C; products generally involves CO, adsorption
and activation on the OD-catalyst’s active site, followed by
proton-coupled electron transfer steps that generate key surface
intermediates (*COOH or *OCHO), which are further trans-
formed to CO or formate product. OD-catalysts fundamentally
modify the reaction’s energetics by introducing grain boundary
electronic states, subsurface oxygen, and nano-confined micro-
environments (Fig. 3b). From a mechanistic standpoint, oxide-
derived catalysts modify key reaction descriptors including
*COOH formation energy, *CO binding strength, interfacial
electric-field distribution, and local proton availability. These
effects arise from oxygen-modified electronic structure, GB-
induced coordination diversity, and nanoscale confinement,
collectively enabling deviations from conventional scaling rela-
tionships governing CO,RR selectivity.

CO, adsorption. CO, adsorption is an energetically challen-
ging step on most pure metal catalysts, because the linear CO,
molecule interacts weakly with unperturbed metallic surfaces.
OD-catalysts overcome this by providing polarization fields at
grain boundaries and metal-oxygen interfaces.”” Spectroscopic
analyses reveal that bent [CO,]* species form at lower over-
potential on OD-Cu than on polycrystalline Cu, owing to the
presence of Cu” adjacent to subsurface oxygen.'*® These elec-
trophilic sites inject charge into the CO, antibonding LUMO,
enabling early activation and bending of the linear molecule.
Similar effects occur on OD-Sn and OD-Bi, where Sn** and Bi**
motifs polarize CO, and lower activation overpotential.>>

Formation of the *COOH intermediate. The formation of
*COOH, the first proton-electron transfer step toward CO
production, is significantly facilitated on OD-surfaces.”® As
shown by Qu et al.,"® subsurface oxygen in OD-Cu downshifts
the local d-band and enhances the density of states near the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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intermediate formation, for the parasitic HER, over OD-Bi and OD-SnBi catalysts, Reproduced with permission from ref. 164, Copyright (2025), Elsevier
(f) schematic illustration of the morphological and physico-chemical alterations of OD-CuZn catalysts, as a function of the reaction environment (pH)
and potential, (g) schematic diagram of the dynamic catalyst structural evolution during catalysis. Reproduced with permission from ref. 177, Copyright

(2025), Nature Communications.

Fermi level, lowering the *COOH formation energy on metallic
Cu. Operando characterization and DFT studies show that Cu'/
Cu’ interfacial pairs cooperate to stabilize *COOH through
bifunctional binding: Cu’ stabilizes the oxygen end of the
intermediate while Cu® delivers electron density to the carbon
site. This synergy is absent on purely metallic surfaces and
explains why OD-Cu activates CO, at a lower overpotential.'®!

CO Formation on OD-Ag and OD-Au. OD-Ag and OD-Au
produce CO with unusually high selectivity because oxygen-
modified Ag or Au sites enhance *COOH stabilization but
maintain weak *CO binding.”>'*® As shown by Eilert et al.,'*®
this energetic alignment lowers the overpotential for CO for-
mation and minimizes HER. Because OD-Ag retains some
subsurface oxygen but loses bulk Ag,O, it presents an ideal
electronic configuration where *H binding is energetically
disadvantaged, leading to near-quantitative CO faradaic effi-
ciencies at modest potentials.'>*¢

The *OCHO Pathway on OD-Sn and OD-Bi. In Sn- and Bi-
derived OD-catalysts, oxygen-rich surface motifs drive the *OCHO
pathway.'®® Lai et al,'®* showed through operando studies the

persistence of Sn*/Sn*" and Bi** motifs. Sn*" stabilizes oxygen-

© 2026 The Author(s). Published by the Royal Society of Chemistry

bound *OCHO through electrostatic attraction, while Sn**
improves electron transfer (Fig. 3c). This dualvalence configu-
ration explains why OD-Sn and OD-Bi outperform their metallic
counterparts in formate selectivity and HER suppression.'®>

4.3 Multicarbon product formation via C-C coupling
mechanisms on OD-Cu

Among all oxide-derived catalyst systems, OD-Cu occupies a
uniquely prominent position due to its unmatched ability to
generate multicarbon (C,,) products such as ethylene, ethanol,
and propanol.'®® Although metallic Cu is already capable of
catalyzing the C-C coupling reactions, its efficiency is limited
by insufficient *CO coverage, strong competition from HER, and
the difficulty of stabilizing dimeric intermediates at terrace
sites."®” In contrast, OD-Cu overcomes these limitations through
a synergy of structural, electronic, and chemical effects that
emerge after oxide reconstruction. The distinctive catalytic beha-
vior of OD-Cu is best understood as the combined consequence
of three mechanisms that reinforce one another: nano-confined
accumulation of *CO, grain boundary stabilization of the *OCCO
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intermediate, and the persistent involvement of Cu’ species
generated and sustained through subsurface oxygen.®

Early interpretations of OD-Cu activity emphasized the role
of residual Cu" species as the primary origin of enhanced C-C
coupling. However, subsequent operando studies have challenged
the existence of stable Cu'" under strongly cathodic conditions,
instead pointing to dynamically stabilized subsurface oxygen and
defect-rich environments as the key contributors to catalytic
behavior. As shown by Mistry et al.°® OD-Cu exhibits enhanced
C,. selectivity linked to its nanostructured morphology and high
density of grain boundaries rather than persistent bulk Cu"
phases. Complementary insights from the work of Lei et al'*®
further indicate that electronic perturbations associated with
defect-rich environments and transient oxygen coordination can
reproduce the spectroscopic signatures often attributed to Cu'.

Taken together, these findings suggest that Cu’, subsurface
oxygen, and defect density should not be interpreted as inde-
pendent descriptors, but rather as interdependent features
arising from reconstruction dynamics. Within this unified
picture, subsurface oxygen stabilizes local electronic perturba-
tions, grain boundaries provide structurally flexible active sites,
and their combined effect governs *CO coverage and *OCCO
stabilization, ultimately controlling C,. formation.

4.3.1 Nano-confined *CO environments and their conse-
quences for C-C bond formation. The porous framework of OD-
Cu produced during the reduction of Cu,0 and CuO provides a
microenvironment different from that of polycrystalline Cu. In
the work of Wu et al.'®® OD-Cu contains interlinked channels
and sub-10 nm grains that serve as nanometer-scale reaction
compartments. Within these confined regions, *CO produced
from CO, reduction does not diffuse away from the surface as
efficiently as on a flat metallic terrace, leading to distinct variations
in the product selectivity profile, with the micro-environment
coordination (Fig. 3d). Operando vibrational spectroscopies and
computational mass-transport studies consistently show substa-
ntially elevated *CO coverages within OD architectures. In some
cases, the effective local *CO concentration has been estimated to
be several-fold higher than that achievable on planar Cu electrodes
under identical macroscopic conditions.'® Such nano-confined
behavior has two profound mechanistic implications. First, high
local *CO activity increases the statistical likelihood that two *CO
molecules occupy adjacent sites simultaneously—an essential
prerequisite for forming the *OCCO dimer, the key intermediate
in all major C,. pathways. Second, *CO-rich nano-cavities influence
local proton availability: the consumption of protons inside narrow
channels outpaces replenishment from the bulk, creating localized
alkaline micro-domains.'® This alkaline environment suppresses
the HER and promotes subsequent C-C coupling steps. Thus,
nano-porosity and nano-confinement do not merely increase
surface area—they fundamentally alter the kinetic landscape of
*CO handling and contribute to C-C bond formation."”® Impor-
tantly, the effectiveness of these mechanisms is strongly influenced
by local microenvironmental conditions, particularly *CO accumu-
lation and local pH gradients within porous OD-structures,
highlighting the interplay between intrinsic catalytic properties
and system-level effects.
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4.3.2 Stabilizing effect of defect-rich sites towards the
*OCCO intermediate. C-C coupling on Cu proceeds through
the formation of a *OCCO bridging dimeric intermediate,
requiring spatial flexibility and a sufficiently electron-rich
environment at the adsorption site.'®® While terrace atoms on
metallic Cu bind *CO reasonably well, they do not strongly
stabilize *OCCO, which explains why smooth Cu surfaces rarely
deliver high C,, selectivity."”* For the case of OD-Cu, Yeo
et al.'’”® showed that GBs, twin boundaries (defects), and
regions of high local strain provide electronically and geome-
trically favorable environments for stabilizing *OCCO and other
dimeric intermediates. Grain boundaries in OD-Cu contain
low-coordination Cu atoms whose electronic structure deviates
from the d-band profile of bulk Cu.'® Fang et al.,"”* through
their DFT work, showed that these coordinatively unsaturated
sites lower the activation barrier for forming *OCCO by provid-
ing both stronger *CO binding and a more flexible adsorption
geometry that accommodates the bending and re-hybridization
associated with dimer formation. While Zhen et al.’”* provided
additional spectroscopic evidence supporting this model, oper-
ando Raman measurements have directly detected vibrational
features attributed to *OCCO species specifically at defect-rich
OD-Cu surfaces, whereas such features are weak or absent on
smooth Cu films. Furthermore, GBs act as charge-accumulation
zones, particularly when adjacent to subsurface oxygen. This
increases the extent of electron donation into antibonding
orbitals of the *CO moieties, promoting the formation and
subsequent reduction of the *XOCCO intermediate. In this way,
GBs serve not merely as structural irregularities but as highly
specialized catalytic motifs that enable reaction pathways inac-
cessible on pristine Cu terraces."”

4.3.3 The function of Cu” and subsurface oxygen in steer-
ing C,. pathways. Operando investigations of Wang et al>®
showed that subsurface oxygen remains trapped within OD-
Cu even at potentials where bulk Cu,O is thermodynamically
unstable. This retained oxygen stabilizes dynamic Cu/Cu’
ensembles that are continuously regenerated through inter-
action with adsorbates such as *COOH and *CHO. These
mixed-valence motifs influence C,, formation through two
principal effects.*® First, Cu” binds *CO more strongly and
directionally than Cu®, enriching *CO near Cu*/Cu® interfaces
and increasing the likelihood of *OCCO formation. Second, the
partially oxidized electronic environment of Cu' stabilizes polar
intermediates (*CHO, *COH), which are essential for the ethanol
and higher-alcohol pathways. Crucially, Cu” does not need to exist
as a static phase or in large abundance to be catalytically
decisive.'”® The operando studies of Zhang et al.'”” indicate that
Cu' forms and disappears dynamically during CO,RR, with its
local concentration governed by subsurface oxygen, intermediate
coverage, and transient redox cycling. This continual regeneration
ensures that electronically favorable Cu'-like sites persist at
reaction-relevant regions—even when the macroscopic surface
appears metallic. Within the OD framework, nano-confinement
maintains high *CO activity, grain boundaries provide geometri-
cally flexible sites that lower the *OCCO activation barrier, and
Cu'-O ensembles tune electronic structure to stabilize both
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*OCCO and downstream intermediates.*”3”°

By simultaneously
enhancing *CO retention, lowering dimerization energy barriers,
and stabilizing key intermediates, OD-Cu circumvents scaling
limitations inherent to metallic Cu and consistently delivers

superior C,. selectivity across diverse operating conditions."*®*°

4.4 Suppression of the hydrogen evolution reaction (HER)

A key advantage of OD-catalysts is their natural ability to
suppress the HER, a result that stems directly from the unique
geometric and electronic structures formed during oxide-to-
metal reconstruction.®® Unlike metallic surfaces, where terrace
atoms offer stable, low-energy sites for *H binding. OD-catalysts
feature extensive networks of defect sites, strained grain bound-
aries, and oxygen-coordinated metal ensembles. These features
disrupt the *H adsorption step in ways that hinder HER.>* The
geometric distortions at GBs and step edges create environ-
ments where *H adsorption is less thermodynamically favor-
able, breaking the usual scaling relationship between *H and
other intermediates that typically influence HER activity on
pristine metal surfaces.'®’

As seen in Section 3.3, residual oxygen plays a crucial role by
generating subsurface oxygen, vacancies, and metal-oxygen motifs
that shift electron density, render surface metal atoms more
positively polarized, and thereby weaken proton adsorption. In
systems such as OD-Sn, OD-Bi, and OD-Ag, metal-oxygen groups
remain stable under strongly cathodic conditions, indicating that
partially oxidized states like Sn**/Sn** or Bi** persist throughout
CO,RR.2182183 Thege motifs weaken M-H interactions to such an
extent that HER becomes significantly inhibited, even in acidic or
near-neutral electrolytes (Fig. 3e).'®%'% This stands in sharp con-
trast to metallic Sn or Bi, where reductive potentials rapidly
eliminate surface oxides, restoring coordination environments that
allow HER to dominate."®*'®” Nano-porosity further amplifies these
effects by generating confined microenvironments where the local
pH rises during catalysis."®® Within nanoporous OD frameworks,
protons are consumed more rapidly than they can diffuse from the
bulk electrolyte, creating alkaline pockets in which the activity of
HER is intrinsically limited. Meanwhile, key CO,RR intermediates
such as *COOH and *OCHO remain strongly stabilized at oxygen-
modified sites, enabling selective multi-electron transformations
that outcompete proton reduction. The combined action of wea-
kened hydrogen adsorption, oxygen-induced electronic perturba-
tions, and nano-confined alkalinity explains why OD-catalysts
exhibit remarkable HER suppression without requiring bulk pH
engineering or specialized buffers."**'

4.5 Dynamic restructuring and operando activity

A hallmark of OD-catalysts is that their active state is not static.
As shown by Loffler et al,"”® oxides undergo continuous
restructuring during CO,RR, driven by redox cycling, electrolyte
interactions, and the dynamical behavior of reaction intermedi-
ates. Operando studies consistently show that OD-Cu, for exam-
ple, does not remain purely metallic during catalysis; rather, it
experiences periodic, reaction-induced partial re-oxidation
through interactions with adsorbed *COOH, dissolved CO,,
and water.””" These re-oxidation episodes reintroduce oxygen
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into subsurface regions or at GBs, regenerating Cu' sites even
under potentials where metallic Cu would ordinarily remain
fully reduced. Consequently, OD-Cu maintains an ensemble of
mixed Cu’/Cu® states that fluctuates with time but never
collapses into a purely metallic phase.'®" While, as previously
discussed in part 4.1, beyond Cu several OD metals like Sn and
Bi exhibit similar behavior. These oxygenated domains are not
residual precursor fragments but are maintained or partially
renewed through electrolyte interactions and proton-electron
transfer processes. OD-Ag and OD-Zn display related behavior.
The operando EXAFS investigations from Firet et al.,”* revealed
that trace oxygen remains associated with OD-Ag during
CO,RR, while the ligament network continues to reconstruct
under bias.’*” For Zn-based catalysts, operando XAS and elec-
trochemical investigations show Zn/ZnO interconversion, with
oxygenated Zn species reappearing during operation and sus-
taining the electronic environment needed for selective CO
production.®>*3*

These findings show that OD-catalysts operate not through a
single static active structure, but through a metastable, dyna-
mically sustained ensemble shaped by ongoing chemical fluxes
(Fig. 3f). This continuous interplay of oxidation, reduction, and
atom migration allows them to maintain active metal sites,
oxygen-modified regions, and defect-rich boundaries that
together enhance CO, activation, intermediate stabilization,
and C-C coupling (Fig. 3g).

4.6 Mechanistic trends across OD alloy systems

While monometallic OD-catalysts derive their mechanistic
function from defect-rich architectures and oxygen-stabilized
states, OD alloys extend these behaviors by introducing coop-
erative, multi-site catalytic pathways that transcend the cap-
abilities of homogeneous metallic alloys.**”* As shown by Jeon eta
al.,"*® mixed-metal oxide precursors reduce asynchronously—each
metal undergoing reduction at different potentials and rates—
resulting in nanoscale segregation, phase boundaries, and inter-
facial domains that function as coupled catalytic units.

For OD Cu-Ag alloys, silver domains serve as highly efficient
CO-generation sites owing to their optimized *COOH formation
energetics.’”” The CO released from Ag sites can diffuse and re-
adsorb onto adjacent OD-Cu grains, where the high density
of grain boundaries and Cu'-O ensembles facilitates C-C
coupling. This “tandem spillover mechanism”—in which one
element handles CO generation and another handles further
reduction—is a powerful route to enhancing C,, product
yields.'®®* OD-Cu-Zn systems operate via complementary chem-
istry. ZnO or Zn-rich domains preferentially activate CO, and
suppress HER due to weak *H binding. Meanwhile, Cu-rich OD
regions retain high *CO coverage and offer suitable binding
geometry for C-C coupling.'®* Thus, Zn-derived sites mediate
CO production and HER suppression, whereas Cu-derived sites
perform the multicarbon steps.'®> OD-Cu-Sn further illustrates
the multi-functionality of alloy OD-catalysts. Sn-oxide domains
stabilize the *OCHO intermediate and promote formate for-
mation, while neighboring Cu sites can perform hydrogenation
or CO formation depending on potential.'®® Through dynamic
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electronic communication and intermediate exchange, OD
alloys act as nanoscale reaction cascades, enabling multi-
pathway selectivity tuning that is inaccessible to conventional
alloy systems with homogeneous surfaces.'**

Across oxide-derived metals and alloys, three mechanistic
determinants consistently emerge: (i) oxygen-modified electronic
structure that tunes intermediate stabilization, (ii) defect-mediated
active-site diversity enabling cooperative multi-site reaction path-
ways, and (iii) nano-confinement effects that reshape local reaction
microenvironments. The interplay of these factors decouples
catalytic performance from classical scaling relationships and
enables selectivity regimes that are difficult to access on conven-
tional metallic catalysts. These principles provide the mechanistic
foundation for interpreting performance trends discussed in the
following sections.

4.7 System-level effects: mass transport, local pH, and
confinement

While the preceding discussion focuses on intrinsic surface
energetics and intermediate stabilization, catalytic perfor-
mance in OD-systems is fundamentally governed by the inter-
play between these intrinsic descriptors and system-level
effects, including mass transport, local pH gradients, and
nano-scale confinement. These effects are particularly critical
for OD-catalysts, where reconstruction-induced nano-porosity,
high defect density, and heterogeneous architectures create
spatially non-uniform reaction environments that deviate
significantly from bulk electrolyte conditions.™”

In porous OD-structures, restricted diffusion of reactants,
intermediates, and ions leads to the formation of confined
microenvironments, in which local concentrations and reaction
conditions differ markedly from the bulk. In particular, the
accumulation of *CO within nanoporous domains has been
shown to significantly increase local surface coverage, thereby
enhancing the probability of bimolecular interactions such as
*CO-*CO coupling. This effect is especially relevant for OD-Cu
systems, where C,, formation exhibits a second-order depen-
dence on *CO coverage and is therefore highly sensitive to local
intermediate accumulation."®® Simultaneously, the consump-
tion of protons during CO, reduction, combined with limited
mass transport in confined geometries, leads to the development
of localized alkaline conditions at the catalyst interface. These
local pH gradients can substantially alter reaction pathways by
suppressing proton-dependent reactions such as the HER, while
favoring CO, reduction pathways that are less sensitive to proton
availability. The importance of pH and electrolyte environment
in governing CO,RR selectivity has been widely demonstrated,
with both experimental and theoretical studies showing that
reaction rates and product distributions depend strongly on
local proton activity and electrolyte composition."*

The magnitude of these microenvironmental effects depends
strongly on reactor configuration and operating regime. In con-
ventional H-cell measurements, current densities are typically low,
and catalyst behavior is often interpreted primarily through
intrinsic surface kinetics. However, in flow cells, gas-diffusion
electrodes (GDEs), and membrane-electrode assemblies (MEAs),
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CO,RR is increasingly operated at technologically relevant cur-
rent densities, where local CO, availability, water activity, ionic
transport, carbonate/bicarbonate equilibria, product removal,
and proton transport become coupled performance-limiting
variables. Recent reviews on CO, mass-transport engineering
emphasize that electrode architecture, catalyst-layer thickness,
wetting state, gas-liquid interface stability, and operating con-
ditions directly determine the local CO, concentration and
therefore the competition between CO,RR and HER.”” This is
especially relevant for OD-catalysts, where reconstruction-
derived nano-porosity enhances intermediate retention but can
also impose transport limitations. In OD-Cu, confined domains
increase local *CO coverage and promote C-C coupling; how-
ever, excessive tortuosity or flooding can restrict CO, supply and
accelerate HER. Thus, porosity is not inherently beneficial, but
an architecture-dependent descriptor governed by the balance
between intermediate confinement and reactant depletion. This
aligns with recent studies showing that selectivity in high-rate
CO, electrolysis is dictated by coupled reaction-transport effects
rather than adsorption energetics alone.>**

MEA-type CO, electrolyzers further illustrate this coupling.
While MEAs reduce ohmic losses and enable high-rate opera-
tion, recent work highlights persistent challenges associated
with CO, utilization, carbonate formation/crossover, water
management, and local ionic transport. Studies of MEA systems
show that bicarbonate/carbonate transport, membrane proper-
ties, and local ion distributions can regulate the availability of
regenerated CO, near the catalyst layer and strongly affect
selectivity and carbon efficiency.?> Therefore, catalytic beha-
vior in OD-systems should be interpreted as the outcome of an
integrated catalytic environment, where intrinsic descriptors
such as oxygen coordination, defect density, and electronic
structure interact with microenvironmental descriptors such
as local pH, CO, availability, wetting state, ion transport, and
intermediate confinement.>”® This view extends the classical
perspective summarized by Nitopi et al.'®” for Cu-based CO,RR,
in which selectivity depends not only on surface structure and
binding energetics but also on electrolyte composition, local
pH, mass transport, and operating conditions.

5. Performance landscape of OD
metals & alloys in CO,RR

High GB density and defect-rich topologies provide geometries
favorable for *COOH, *OCHO, and *OCCO formation.?** Con-
currently, nano-porosity and confinement modify the local
reaction environment—elevating pH, suppressing HER, and
sustaining high *CO coverage—while continuous reconstruc-
tion under bias maintains a metastable catalytic state distinct
from both oxide and bulk metal phases. Together, these
attributes decouple adsorption energetics from conventional
scaling relations, enabling OD-materials to achieve activity and
selectivity profiles inaccessible to equilibrium metallic
catalysts.® Representative quantitative performance metrics
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Table 2 Cross-material benchmarking of oxide-derived catalysts, exhibiting major application potential for the electrochemical CO,RR. Performance
metrics depend on reactor configuration, electrolyte composition, and reporting protocols; values are included for representative benchmarking rather

than direct comparison

Partial current

Catalyst Electrolyzer Electrolyte  densities FE (%) Key Active motifs Stability Ref.
OD-Cu Flow-cell 1M KOH 300-700 mA 80%, C** Oxygen retention/reconstructed Cu, defect-rich 7 h 231
cm 2 OD-state

OD-Cu layers MEA 0.1 M KHCO; 360 mA cm > 72%, C,H, Reconstructed OD-Cu, defect-rich/oxygen- >100 h@ 232

related stabilization 500 mA
em 2

OD-Zn dendrites Flow-cell 2 M KHCO; 266 mAcm >  70%, CO OD-Zn with high undercoordinated sites from 6 h 95
ZnO precursor

OD-Zn H-Cell 0.1 M KHCO; 450 mA cm™ > 90%, CO ZnO-derived reconstruction towards stable 18 h 215
high-surface-area Zn

OD-Ag H-Cell 0.1 M KHCO; 3 mA cm > 80%, CO OD-Ag from Ag,O shifted the CO selectivity to a N/N 37
lower overpotential

OD-Ag, anodic H-Cell 0.1 M KHCO; 3 mA cm 2 90%, CO OD-Ag from an anodic etched Ag,COj; pre- 100 h 233

etching cursor, a robust catalyst due to high active sites
concentration

OD-Bi clusters MEA 0.1 M KHCO; 500 mA cm > 90%, Oxygen-modified Bi motifs/oxide clusters under 10 h 234

Formate operation

OD-AgZn dendrites H-Cell 0.1 M KHCO; 10 mA cm > 90%, CO High-surface-area alloy; interface-defined CO 100 h 235
selectivity

OD-Au H-Cell 0.5M 15Ag" 95%, CO Grain-boundary density dependency of CO 12 h 108

NaHCO; activity descriptor on Au

OD-Au H-Cell 0.5 M 10 mA cm 2 100%, CO  OD-Au surface stabilizes *CO, intermediate 8h 29

nanoparticles NaHCO; leading to fast reaction kinetics

OD-Au nanoporous H-Cell 0.5 M KHCO; 15 mA cm > 90%, CO OD-Au surface adopts a high porosity structure, 12 h 93
leading to fast reaction kinetics

OD-In H-Cell 0.5 M KHCO; 20 mA cm > 95%, The formed In-O hetero-interface promotes the 12 h 224

formate catalysis rate.

OD-CuZn H-Cell 0.1 M KHCO; 55 mA cm ™ ? 70%, C,H, Cu-Zn interactions in the evolved brass alloy 5h 126
steer selectivity

OD-CuSn H-Cell 0.1 M KHCO; 5 mA cm ™2 90%, CO Evolved OD-CuSn surface promotes the CO,RR 2 h 79

across major OD-catalyst families are summarized in Table 2 to
enable cross-system benchmarking.

5.1 OD-catalysts for C,. product formation (Cu and Cu-based
alloys).

Copper (Cu) remains the only practical monometallic electro-
catalyst that can convert CO, to C,, products at meaningful
rates, and OD-Cu often increases C,H,/C,, selectivity relative to
smooth polycrystalline Cu by combining defect-rich structure,
oxygen-modified electronic states, and microenvironment con-
finement (Fig. 4a).>* Across many OD-Cu preparations (oxide
films, Cu,O/CuO-derived foams, reduced nanocubes), improve-
ments are commonly reported as (i) higher C,H,/C,, faradaic
efficiencies (often in the ~40-60% range under optimized
conditions), (ii) earlier onset and higher partial current densi-
ties for C, formation, and (iii) reduced apparent HER competi-
tiveness compared with non-porous metallic Cu under similar
mass-transport regimes.>*?°>?°® While absolute values depend
strongly on electrolyte, pressure, cell architecture, and trans-
port, three recurring determinants rationalize why OD-Cu per-
forms differently from equilibrium Cu surfaces.

As shown in the work of Ligt et al.,>®” a defining OD-Cu
attribute is the persistence of oxygen-containing motifs (sub-
surface O, interfacial Cu-O, or kinetically stabilized Cu'-like
states) after reduction. Spectroscopic (XAS, XPS/EELS) studies
showed that OD-Cu can exhibit Cu" signatures under CO,RR-

© 2026 The Author(s). Published by the Royal Society of Chemistry

pathway over the HER.

relevant cathodic potentials, even when crystalline Cu,O is
absent. Subsurface or interfacial oxygen is widely invoked as
a stabilizing reservoir that enables transient Cu*/Cu® ensem-
bles, which can tune adsorption of *COOH and *CO and bias
the surface toward CO accumulation without fully “poisoning”
the surface. Mechanistically, the catalytic consequence is best
framed as an ensemble effect: Cu'-like motifs can locally
polarize adsorbates and alter the binding geometry/electronics
of neighboring Cu° sites, increasing the probability of generat-
ing C-C coupling-competent *CO configurations that precede
*OCCO formation."®® Oxide-derived Cu typically reconstructs
into nano-crystalline, defect-rich, and nanoporous frameworks,
in which grain boundaries, steps, and confined pore networks
jointly promote C-C coupling. As illustrated by Wang et al.,>*®
High densities of under-coordinated Cu atoms at grain bound-
aries and defect sites stabilize *CO-rich ensembles and lower
effective barriers for *CO-*CO coupling relative to terrace-
dominated Cu, increasing the statistical likelihood of C-C bond
formation under reaction-relevant coverages. Simultaneously,
nanoporous architectures create confined microenvironments
that deviate from bulk conditions, sustaining elevated local
*CO activity and higher local pH under high current densities.
This combination suppresses proton-driven HER and further
favors C, pathways. Importantly, the contribution of porosity
is most pronounced when it measurably alters local transport
and reaction conditions, underscoring that defect topology and
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Fig. 4 Performance trends of the oxide-derived (OD) metals and alloys for the electrochemical CO,RR. (a) Differences in the product selectivity of
typical Cu-metallic and OD-Cu nanoparticles. Reproduced with permission from ref. 30, Copyright (2012), American Chemical Society (b) formation
pathway of the OD-Ag and its performance metrics for the CO formation versus the typical metallic polycrystalline Ag. Reproduced with permission from
ref. 37, Copyright (2016), Wiley-VCH GmbH. (c) Structural evolution of the OD-CuAu alloy during evolution and the dependence of CO2RR selectivity on
alloy composition. Reproduced with permission from ref. 211, Copyright (2024), The Royal Society of Chemistry. (d) Function of OD-SnBi catalyst towards
formate and its underlying carbonate-based phases. Reproduced with permission from ref. 223, Copyright (2023), Wiley-VCH GmbH. (e) Robust function
of composite OD-SnInBi towards formic acid formation. Reproduced with permission from ref. 227 Copyright (2025), American Chemical Society.

confinement act synergistically rather than independently in
enhancing C,, selectivity on OD-Cu.>*

Beyond monometallic OD-Cu, oxide-derived Cu-based alloys
offer a second design lever: spatially partitioned chemistry
arising from asynchronous reduction and phase segregation
in mixed-metal oxides. The resulting catalysts contain Cu-rich
OD domains that interface with a second metal (or its oxide),
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enabling tandem pathways to selectively suppress competing
reactions.*"’

Cu-Ag (and, analogously, Cu-Au) systems often function as
tandem catalysts: Ag-rich regions favor CO production (via
*COOH formation and weak *H binding), while Cu-rich OD
regions convert CO to C,, products.”® Under conditions where
CO supply limits Cu’s C,; productivity, placing an efficient CO-
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generating phase in proximity to Cu can increase local CO
availability and elevate C,, rates. In OD architectures, the same
defect/oxygen motifs that benefit OD-Cu can remain relevant. Still,
the dominant additional benefit is intermediate channeling (CO
transfer) across short diffusion lengths at heterointerfaces.”"*>*?

5.2 OD-catalysts & alloys for CO production.

OD Ag, Au, and Zn-based catalysts are among the most selective
platforms for converting CO, to CO because OD reconstruction
can stabilize the *COOH (or CO, ") intermediate without driv-
ing excessive CO adsorption, while simultaneously maintaining
weak *H binding that suppresses HER. In these systems, the
key structure-function motif is typically oxygen-modified,
defect-rich metal (residual/interfacial O, trace Ag-O/Au-O coor-
dination, or Zn/ZnO heterojunctions with oxygen vacancies),
which perturbs local electronic structure and increases the
density of catalytically relevant low-coordination sites.>**>'

OD-Ag is the most widely demonstrated OD benchmark for
CO formation (Fig. 4b). Oxide-derived nanostructured Ag shifts
CO production to substantially lower overpotential than
untreated Ag while maintaining high selectivity, consistent with
improved stabilization of the *COOH intermediate.>'® Firet
et al.,”> showed through their operando XAS/EXAFS that OD-
Ag can retain trace oxygen-containing coordination under reac-
tion conditions, with oxygen content correlating with improved
CO,-to-CO activity. At high-rate electrolysis, Ag-based electrodes
(including OD-inspired nanostructured variants) routinely reach
high formation rates of CO, positioning Ag as the practical
reference catalyst for CO production at scale.’”

OD-Au exhibits analogous behavior: reduction of thick Au
oxide films forms OD-Au nanoparticles that catalyze CO for-
mation at very low overpotential while preserving Au’s inher-
ently weak *H binding.>® Grain-boundary-rich Au also shows a
strong activity-GB correlation for CO formation, supporting the
broader OD principle that defect topologies can elevate intrin-
sic CO,RR activity by stabilizing early intermediates (e.g,
*COOH) without compromising CO desorption.'®

OD-Zn differs mechanistically in that CO selectivity often
arises from a hybrid metallic-oxide steady state (Zn%ZnO)
featuring oxygen vacancies and interfacial Zn-O motifs that
favor CO, activation while keeping *H binding weak. Studies of
ZnO-derived and reconstructed Zn catalysts identify oxygen-
vacancy rich ZnO motifs as key contributors to high CO
selectivity and stability. Rather than requiring a fully metallic
surface, OD-Zn performance is frequently associated with per-
sistent Zn-ZnO hetero-interfaces and dynamic re-oxidation/
reconstruction under operating conditions.'***'>

Finally, OD Cu-Ag and Cu-Au alloys connect selective CO
generation to downstream chemistry through tandem catalysis:
Ag/Au-rich domains generate CO efficiently, and CO is locally
transferred to adjacent Cu-rich domains where it can be further
reduced at more cathodic potentials (Fig. 4c).'?*?'”

The principal OD advantage in these alloys is architectural:
mixed-oxide precursors reconstruct into short diffusion-
length hetero-domains that enhance intermediate channeling
(CO supply) while retaining the defect/oxygen-derived features

© 2026 The Author(s). Published by the Royal Society of Chemistry
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that promote high CO
component.

selectivity on the noble-metal

5.3 OD-catalysts for formate production (Sn, Bi, In & OD
alloys)

Oxide-derived Sn, Bi, and In catalysts are among the most
formate-selective CO,RR materials because their active states
commonly retain oxygen-containing motifs (sub-oxides, oxy-
carbonates, oxygen vacancies, and metal-oxygen coordination)
that stabilize the *OCHO intermediate while maintaining weak
*H binding and thus suppressing HER. In contrast to Cu-type OD-
systems, where metallic sites dominate, formate-selective OD-
catalysts frequently operate as hybrid metal/oxide ensembles in
which partial reduction, interfacial oxygen, and dynamic surface
re-oxidation can persist under cathodic bias and continuously
regenerate the oxygen-modified active environment.*'%>'?

For OD-Sn, a consistent mechanistic picture is that SnO,-
derived surfaces (often SnO, with oxygen vacancies or mixed
Sn**/Sn*" character) preferentially stabilize *XOCHO (bidentate
coordination through O atoms) and disfavor *CO pathways,
yielding high formate broad potential
*2% Operando studies and structure-function analyses
show that maintaining an oxygenated SnO,-like surface (rather
than fully metallic Sn) is crucial; when SnO, is over-reduced to
Sn° at very negative potentials, formate activity can decline,
motivating strategies that stabilize oxygenated motifs under
operating conditions.'*

OD-Bi catalysts often exhibit exceptional formate selectivity
through Bi-O motifs and bismuth oxy-/sub-carbonate phases
that form and persist under CO,RR (Fig. 4e).*' Operando
Raman and studies of Dutta et al.,>** directly observe carbonate
incorporation and the evolution of Bi-O-CO; environments
during reaction, consistent with *OCHO stabilization and
strong HER suppression. More broadly, the active state in many
high-performing Bi systems is best described as a dynamically
sustained, oxygen-containing Bi phase rather than purely metal-
lic Bi.>*® Likewise, as shown by Wulan et al.*** indium-oxide-
derived catalysts (e.g., In,O3_, and In/In,O; heterostructures)
favor formate formation when oxygen vacancies and interfacial
oxygen are stabilized, thereby enhancing CO, activation and
supporting *OCHO-type pathways while limiting HER. High
formate selectivity and stability have been reported for oxygen-
stabilized In/In,O; architectures and conductive In,O;_, compo-
sites designed to maintain an oxide-like active surface under
reaction conditions.”*?

Recent advancements in OD multimetal Bi-Sn-Sb architec-
tures have established a robust framework for high-rate CO,
reduction to formate through the stabilization of oxygen-
modified motifs.**®

selectivity over
windows.

As indium-oxide systems, the same principles,
regarding catalysis functionality, are extended in heterostructured
Bi-Sn(In)O systems (Fig. 4d), where local charge redistribution and
high-valence Sn°" species enhance *OCHO adsorption, enabling
integrated electrodes faradaic efficiencies (FE) for HCOOH exceed-
ing 83%.>*” For practical scalability and stable electrolysis, Wen
et al.”®® have proven the transformative integration of antimony in
Bi-Sn-based alloy compositions. These architectures utilize short
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diffusion-length hetero-domains to sustain industrially relevant
current densities in gas diffusion electrode (GDE) configura-
tions.”* Notably, Sb-Bi alloy films further push performance limits,
with the work of Yang et al.**° demonstrating record activities in
flow cells with current densities up to 500-734 mA cm™> and an
exceptional 95.8% FE for formate."®

The performance trends summarized in Table 2 reveal clear
structure-function relationships across oxide-derived catalyst
families. Cu-based OD-systems dominate C,, formation due to
their ability to sustain high *CO coverage and stabilize C-C
coupling intermediates, whereas OD-Ag, OD-Au, and OD-Zn
exhibit near-quantitative CO selectivity arising from optimal
*COOH binding combined with weak *H adsorption. In con-
trast, OD-Sn, OD-Bi, and OD-In favor formate production
through stabilization of the *OCHO intermediate on oxide-
rich or mixed-valence surfaces.

Reported performance metrics for OD-catalysts depend
strongly on reactor architecture. Gas-diffusion electrode and
membrane-electrode assembly configurations enable substantially
higher partial current densities and improved selectivity relative to
H-cell measurements by mitigating CO, mass-transport limitations
and stabilizing favorable interfacial environments. Many of the
highest activity demonstrations for OD-Cu, OD-Ag, and OD-Sn
systems have therefore been achieved in gas-fed flow cells or MEA
devices, where sustained partial current densities exceeding 200-
1000 mA cm™? have been reported. These findings highlight that
intrinsic catalyst activity and reactor engineering are inseparable
factors in evaluating OD-catalyst performance under application-
relevant conditions.>** >

6. Stability and deactivation pathways
of OD metals and alloys

In practical electrochemical CO, conversion systems, catalyst
stability is typically assessed over operational timescales ran-
ging from tens to hundreds of hours at industrially relevant
current densities (>200-500 mA cm™?). For OD-catalysts,
maintaining performance over such durations requires preser-
ving the metastable structural motifs that underpin catalytic
function.>*>>*° Unlike conventional metallic catalysts, whose
stability is primarily governed by dissolution or poisoning, OD-
systems must be evaluated in terms of their ability to sustain
dynamic reconstruction while retaining defect density, oxygen-
modified active states, and functional hetero-interfaces.***

6.1 Structural relaxation, coarsening, and loss of the OD
framework

OD-catalysts are generated through rapid, spatially heteroge-
neous reduction of metal oxides, producing nanoporous archi-
tectures composed of small crystallites, high GB densities, and
strained or disordered domains. These features are kinetically
trapped rather than thermodynamically stable, making struc-
tural relaxation inevitable during extended CO,RR.*° In the
work of Eren et al.,**® operando and quasi-operando studies
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consistently show grain growth, defect annihilation, and pore
collapse as dominant long-term evolution pathways.

As shown by Lee et al,®® in OD-Cu, crystallite sizes com-
monly increase from the initial 5-20 nm range to >50-100 nm
after hours of operation at high current density, accompanied
by a marked reduction in GB density and loss of interconnected
porosity (Fig. 5a).>>"*' This coarsening correlates directly with
declining C,. selectivity, as the stabilization of *OCCO inter-
mediates and maintenance of high local *CO coverage depend
on the persistence of low-coordination Cu sites and confined
reaction environments.>*> Similar relaxation phenomena are
observed in OD-Ag and OD-Au, though at slower rates, reflect-
ing lower surface and lattice mobility in noble metals.>*>
Structural relaxation is strongly potential- and environment-
dependent.>*® Higher cathodic potentials are commonly asso-
ciated with accelerated surface diffusion and defect relaxation,
while elevated local temperatures—arising from ohmic losses
and gas evolution in gas diffusion electrodes—further promote
coarsening.>** Together, these effects define a practical “meta-
stability window” in which OD frameworks retain sufficient
defect density and porosity to sustain enhanced catalytic per-
formance. Outside this window, OD-catalysts progressively
evolve toward morphologies and electronic structures resem-
bling conventional polycrystalline metals, resulting in perfor-
mance decay even in the absence of chemical degradation or
dissolution.”

6.2 Loss of subsurface oxygen and degradation of mixed
valence state

Residual oxygen and mixed-valence metal states are central to
the catalytic function of OD-materials, yet they are among the
most vulnerable non-equilibrium features. Subsurface O,
metal-oxygen clusters, and partially oxidized cations (e.g,
Cu'/Cu’, sn**/sn>", Bi*") modify local electronic structure by
perturbing d-band centers and stabilizing key intermediates
such as *COOH and *OCHO, while introducing electronic asym-
metry that facilitates multi-electron pathways.''®14:203299 Thege
oxygen-modified ensembles underpin the enhanced selectivity of
OD-catalysts relative to fully metallic surfaces. Under sustained
cathodic polarization, however, these motifs progressively decay.
Strongly reducing potentials drive out-diffusion and consump-
tion of subsurface oxygen, while mixed-valence states collapse
toward the metallic phase.'*® Operando XAS studies of Yue
et al.”’® on OD-Cu show that catalysts initially containing sub-
stantial Cu’ fractions (x20-40%) evolve toward predominantly
Cu’ during prolonged CO,RR, accompanied by reduced *CO
coverage and a shift in selectivity from C,, products toward CO
and H,. As similar degradation behavior was also reported by
Tian et al.,**® for Bi-based electrodes. This behavior reflects the
gradual erasure of oxygen-stabilized Cu’/Cu® ensembles that
favor C-C coupling.>*®

For formate-selective OD-systems, oxidation-state loss has an
even more immediate impact. In OD-Sn and OD-Bi, partially
oxidized SnO, and BiO, motifs are required to stabilize the
*OCHO intermediate via bidentate and electrostatic interactions
(Fig. 5b).* Ko et al,”* through their operando spectroscopic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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studies, showed that when these sites are reduced to metallic Sn
or Bi, *OCHO binding weakens, HER competitiveness increases,
and formate selectivity drops sharply. Sustained formate produc-
tion, therefore, relies on maintaining a hybrid metal/oxide active
state rather than a fully reduced surface. In some OD-catalysts,
dynamic redox cycling—enabled by local pH gradients, adsorbate-
induced oxidation, or kinetically hindered oxygen removal—can

© 2026 The Author(s). Published by the Royal Society of Chemistry

partially regenerate oxygen-containing motifs during operation,
producing a quasi-steady active state.>*” However, this balance is
highly sensitive to potential, electrolyte composition, and mass-
transport conditions. Once oxygen loss outpaces regeneration, the
catalyst undergoes irreversible loss of “oxide memory”, conver-
ging toward a metallic surface with fundamentally different
adsorption energetics and reaction pathways.>*® This loss of oxide
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memory constitutes a distinct deactivation mechanism in OD-
catalysts, separate from coarsening or dissolution, and directly
undermines the structure-function relationships responsible for
their enhanced performance.”*®

6.3 Dissolution, leaching, and composition drift

Dissolution is a critical deactivation pathway for OD-catalysts,
arising from their high density of under-coordinated atoms,
defect-stabilized oxidized species, and non-equilibrium surface
states. These motifs, while central to OD catalytic performance,
are thermodynamically susceptible to solvation and complexa-
tion under electrochemical conditions,*’ leading to the selec-
tive removal of the most active sites (Fig. 5¢).>*°

In OD-Cu, dissolution proceeds predominantly through Cu*
stabilization by carbonate and bicarbonate species, forming
soluble Cu(i) complexes even under mildly cathodic CO,RR
conditions.”® Operando and post-mortem analyses of Ais
et al,®” show that dissolution preferentially targets oxygen-
stabilized Cu sites at defect regions, progressively eroding motifs
responsible for enhanced C-C coupling and contributing to
long-term losses in C,, selectivity."’**** In OD Cu-Zn systems,
dissolution is strongly element-selective: Zn—particularly when
present as ZnO or Zn-O-Cu interfacial motifs—leaches prefer-
entially due to its higher solubility and tendency to form hydro-
xide or carbonate complexes.'”*** The loss of Zn-derived motifs
removes HER-suppressing and *COOH-stabilizing sites, driving
composition drift and diminishing the synergistic behavior that
distinguishes OD Cu-Zn catalysts from monometallic Cu.>** In
OD Cu-Sn, Sn present as SnO, or mixed Sn**/Sn*" states can
dissolve or migrate under cathodic bias, disrupting the dual-site
architecture in which Sn-O motifs stabilize *OCHO while adja-
cent Cu sites mediate *CO chemistry.'*?3>23¢
bution of Sn breaks this synergy, reducing formate selectivity
and increasing competition from HER or CO pathways.**” For
OD CuAg (and CuAu) alloys, dissolution-driven degradation
often manifests as surface segregation and enrichment rather
than bulk material loss.>*® Preferential Cu dissolution or migra-
tion leaves Ag-rich surfaces that retain high CO selectivity but
no longer support efficient CO spillover or C-C coupling on Cu,
effectively reversing the tandem mechanism that initially
enhanced C,, formation.®®2°°

Overall, dissolution and leaching in OD-catalysts drive com-
position drift and irreversible loss of oxygen-modified and
interfacial active ensembles, collapsing the OD-specific electro-
nic structure even in the absence of catastrophic corrosion. As
such, dissolution must be considered alongside structural
relaxation and oxidation-state evolution as a central determi-
nant of catalyst lifetime.®”

Loss or redistri-

6.4 Electrochemical and electrolyte-driven dynamic
transformations

OD-catalysts operate within a narrow dynamic balance between
reduction, re-oxidation, and surface reorganization. While sus-
tained cathodic bias generally promotes loss of oxidized motifs,
electrolyte composition, potential fluctuations, and local mass-
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transport limitations can induce partial or excessive re-
oxidation, fundamentally reshaping the OD active state.?®*%!

In OD-Cu, controlled partial re-oxidation can transiently
regenerate Cu' species and restore C-C coupling activity; however,
uncontrolled re-oxidation leads to the formation of thick or
amorphous Cu,O layers with slow reduction kinetics, suppressing
C,. selectivity.”®® While the studies of Lian et al,® further
showed that Cu,O can re-form even at strongly negative potentials
(Fig. 5d), driven by oxygen generated during CO, activation or
retained within confined pore networks when oxygen removal
cannot keep pace.”®* Analogous sensitivity is observed in OD-Sn
and OD-Bi systems, where catalytic performance depends on
maintaining a finely balanced population of mixed-valence
metal-oxygen motifs.>**?%> Excessive re-oxidation disrupts this
balance, driving the surface toward inactive or HER-competitive
phases. These transformations are strongly electrolyte-dependent:
bicarbonate buffers can stabilize oxidized motifs but also accel-
erate carbonate-mediated dissolution; chloride promotes pitting
corrosion and uncontrolled oxide growth; and alkali cations
modulate surface charge, oxygen mobility, and redox
kinetics.>®72°® Collectively, as also illustrated by Magnusen
et al.,”® these effects underscore that OD-catalysts are not
static materials, but electrochemically adaptive systems whose
active ensembles continuously evolve in response to local
chemical and electrical environments.

Beyond oxidation-state changes, OD-catalysts undergo pro-
nounced morphological and compositional reorganization due
to their defect-rich microstructures.””® Operando microscopy
reveals surface re-orientation of the facets, grain-boundary
migration, and step-edge redistribution in OD-Cu during pro-
longed operation, altering the density and geometry of *CO and
*OCCO binding sites.">® In OD alloys, these dynamics are
amplified: Zn migrates in OD-Cu-Zn in response to local pH
gradients,"*® Sn redistributes in OD-Cu-Sn disrupting dual-site
architectures, and Ag segregates to the surface in OD-Cu-Ag
systems, progressively flattening tandem catalytic interfaces.
Such reorganizations follow gradients in surface energy, adsor-
bate coverage, and local electric fields, often driving the catalyst
toward morphologies and electronic structures resembling
equilibrium polycrystalline metals (Fig. 5e).5%?%27*

6.5 Mechanical stress, gas evolution, and adaptive
regeneration at high rates

At industrially relevant current densities (>300-500 mA cm™>), gas
evolution introduces a second, equally critical axis of OD-catalyst
degradation. Rapid generation of CO, H,, and hydrocarbons
produces mechanical stress through bubble nucleation, growth,
and detachment, which can fracture fragile nanoporous frame-
works, collapse pore networks, and accelerate detachment of
catalyst grains or films.>”> These effects are particularly severe in
OD materials, where interconnected pores trap gas and sustain
extreme local pressure and pH gradients.>”® Baumgartner et al.,””*
illustrated that within bubble-affected regions, localized alkalinity
and electrolyte depletion promote secondary degradation path-
ways, including enhanced dissolution, carbonate precipitation,
and uncontrolled re-oxidation. In OD-Cu gas-diffusion electrodes,
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gas-driven mechanical stress is now recognized as a dominant
contributor to long-term performance decay, and similar mechan-
ical-chemical coupling accelerates coarsening and active-site loss
in OD-Sn and OD-Bi catalysts operated in MEA architectures.>”> "

Despite these vulnerabilities, OD-catalysts possess a unique
capacity for adaptive regeneration due to their intrinsic redox
flexibility. Periodic oxidative pulses, brief potential relaxations,
or controlled anodic cycling can reintroduce subsurface oxygen,
regenerate mixed-valence motifs, and partially restore defect-rich
microstructures.>’”*?%° For the case of OD-Cu, Han et al?®!
showed that it can recover Cu” content and porosity following
re-oxidation/re-reduction cycles, regaining C,, selectivity lost to
coarsening; similar regeneration has been reported for OD-Ag"*
and OD-Bi systems.”*'%%*!8 Unlike fully metallic catalysts, OD
materials therefore offer a pathway toward redox-assisted self-
healing, suggesting that long-term stability may be achieved not
by suppressing dynamics, but by engineering electrolysis proto-
cols that deliberately harness and control them.>**2%>

7. Extension of OD-catalyst principles
to other electrochemical and thermal
reactions

Although OD metals and alloys were first systematized for CO,
electroreduction, the physicochemical principles that define their
behavior—non-equilibrium reconstruction, defect enrichment,
subsurface oxygen retention, mixed-valence metal states, and
dynamic redox responsiveness—are broadly applicable across
electrochemical and thermal catalysis. Similar OD-like motifs
have been identified in reactions such as nitrate and nitrite
reduction, CO reduction, oxygen evolution, and thermal processes
including CO oxidation, RWGS, and methanol synthesis, where
residual oxygen, metal-oxide interfaces, and metastable structures
govern activity and selectivity. Viewed collectively, OD-catalysts
represent a general class of metastable materials in which redox-
driven restructuring and oxygen-mediated electronic tuning are
deliberately exploited to access catalytic states unattainable by
equilibrium synthesis.'>*>838

7.1 Nitrate and nitrite reduction: defect-mediated activation
and oxygen memory

Electrochemical nitrate and nitrite reduction (NO3;RR/NO,RR)
shares key mechanistic features with CO, electroreduction,
notably the need to mediate multi-electron proton-coupled
transfer steps and to stabilize partially reduced, oxygenated
intermediates without inducing site poisoning.>®> In the work
of Wu et al.,”®® OD-Cu has emerged as one of the most effective
catalyst platforms for selective nitrate-to-ammonia conversion,
demonstrating NH; selectivity exceeding 90%. Cu,O- or CuO-
derived Cu catalysts consistently exhibit substantially higher NH;
faradaic efficiency and lower onset potentials than metallic Cu.
These performance enhancements correlate with the persistence
of residual lattice oxygen, Cu" domains, and defect-rich micro-
structures, which collectively modulate adsorption energetics for
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*NO; ™, *NO,, and *NO intermediates while suppressing compe-
titive hydrogen evolution.>*>%

Mechanistically, NO;RR on OD-Cu proceeds through strongly
adsorbed *NO, ™ and *NO species that require a delicate balance
between stabilization and timely conversion.*®® Operando and
theoretical studies show that subsurface oxygen, local strain,
and under-coordinated Cu sites in oxide-derived architectures
weaken excessively strong *NO,~ binding that would otherwise
lead to surface poisoning on metallic Cu, while still enabling
efficient N-O bond cleavage and subsequent hydrogenation steps
toward NH; (Fig. 6a and b).>*® Grain boundaries, step edges, and
amorphous-crystalline interfaces further act as high-density reac-
tion centers for *NO and *NOH, accelerating proton-coupled
electron transfer and reducing nitrite accumulation. These
structure-function relationships closely parallel those observed
in CO,RR, where OD motifs stabilize *COOH and *OCCO while
avoiding overly binding—underscoring the generality of OD
design principles across oxygenated reaction networks.>*°

In the same content, catalyst stability in NO3;RR is governed
by many of the same processes as in CO,RR, but with additional
challenges arising from the strongly binding nitrogen-oxygen
intermediates.>®' While OD-Cu’s oxygen-modified electronic
structure mitigates *NO,~ and *NO poisoning relative to metallic
Cu, prolonged operation can still lead to Cu" — Cu® reduction,
defect annihilation, and grain coarsening, resulting in declining
NH; selectivity and increased formation of N, or H,.**> In more
complex OD-Cu systems derived from layered oxides or metal-
organic frameworks, Cu dissolution and loss of Cu,O-rich
domains can further degrade long-term performance.”** Stabili-
zation strategies such as alloying, support anchoring, and self-
supported Cu/Cu,O frameworks have been shown to retard
coarsening and dissolution, enabling sustained nitrate-to-
ammonia conversion over extended electrolysis periods.*****>

7.2 Carbon monoxide reduction: C-C coupling in a simplified
landscape

Electrochemical carbon monoxide reduction (CORR) provides a
direct probe of the intrinsic C-C coupling capability of OD-
catalysts by decoupling multicarbon formation from CO,
activation.**® Under direct CO feed, OD-Cu nanoparticles, nano-
wires, and nano-crystalline films consistently deliver higher ethy-
lene and oxygenate yields than polycrystalline Cu at comparable
potentials, demonstrating that enhanced C,, formation arises
from the reconstructed OD framework rather than from CO,
activation chemistry.””” With the mechanistic origins of this
behavior, overall mirroring those identified in CO,RR. As illu-
strated by Zhan et al.,>*® subsurface oxygen and Cu‘/Cu® mixed-
valence ensembles tune *CO adsorption into an optimal regime,
enabling high surface coverage without, while grain boundaries,
twin boundaries, and under-coordinated Cu sites preferentially
stabilize *OCCO and related dimeric intermediates, lowering the
kinetic barrier for C-C bond formation. Oxide-derived alloy
catalysts further extend these principles. OD Cu-Ag and Cu-Au
systems (Fig. 6¢) derived from mixed oxides or layered precursors
exhibit spatially differentiated active sites: noble-metal-rich
domains weakly bind or generate *CO-like intermediates at low
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overpotential, while adjacent Cu-rich OD regions efficiently
convert *CO into C,, products. The persistence of tandem-like
behavior under CORR confirms that engineered hetero-
interfaces and residual oxygen are sufficient to sustain multi-
carbon pathways.”>>%°

The stability of OD-catalysts under CORR is generally higher
than under CO,RR due to reduced carbonate formation and
smaller pH gradients, but OD-specific degradation modes
remain. Loss of Cu’, grain coarsening, and compositional
drift—such as Ag or Au surface segregation—gradually erode
C,.+ selectivity, shifting products toward CO and H,.**° None-
theless, controlled redox pretreatments or periodic oxidative
pulses, as shown by Casebolt et al.,>*" can partially regenerate
subsurface oxygen and defect-rich microstructures, offering
viable routes to maintain CORR performance during prolonged
operation.*”

7.3 Oxygen evolution reaction: lattice oxygen redox and OD
behavior at the anode

Although OD-catalysts are most often used in cathodic reac-
tions, the oxygen evolution reaction (OER) provides a well-
established anodic analogue in which OD-like behavior is
central to catalytic function.’®® In NiFe and Fe-containing

1290 | Energy Adv, 2026, 5, 1269-1315

oxyhydroxides, Co-oxides, and related systems, high OER activ-
ity arises from in situ reconstruction into metastable, defect-
rich phases governed by dynamic metal-oxygen redox and
lattice oxygen participation. Operando studies of Bai et al.,>**
showed that NiFe LDHs and Ni(OH), precursors oxidize under
OER conditions to form highly disordered y-NiOOH-like
phases, with Fe incorporation and Ni**/Ni** redox strongly
enhancing activity—closely paralleling OD reconstruction from
oxide precursors under cathodic bias. Additional mechanistic
insights, provided by Strasser et al.,** indicated that the OER
on these catalysts proceeds through lattice-oxygen-mediated
pathways, where oxygen vacancies, cation disorder, and strong
metal-oxygen covalence lower the energy barrier for O-O bond
formation. Mixed-valence metal centers cooperate with labile
lattice oxygen to form transient M-OOH or M-OO-M inter-
mediates, mirroring the role of subsurface oxygen and mixed-
valence ensembles in OD-Cu during CO,RR. In both cases,
catalytic performance is dictated by non-equilibrium surface
states rather than by stoichiometric bulk phases. While reduc-
tively prepared OD metals (e.g., OD-Cu) are thermodynamically
incompatible with OER conditions and re-oxidize under anodic
bias, the design principles underlying OD behavior are fully
transferable.**® Such approaches, involving oxygen vacancy

© 2026 The Author(s). Published by the Royal Society of Chemistry
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engineering, mixed-valence stabilization, metal-oxygen covalence
tuning, and controlled reconstruction, underpin the performance
of state-of-the-art OER catalysts. The NiFe (oxy)hydroxide sys-
tem—now the benchmark for alkaline water electrolyzers—exem-
plifies this paradigm, operating in a continuously reconstructed,
non-equilibrium y-NiOOH phase stabilized by Fe.>*”*%

7.4 Thermal catalysis: OD principles in CO oxidation, RWGS,
and methanol synthesis

Many principles now associated with OD electrocatalysts have
long underpinned heterogeneous thermal catalysis.”®* Classical
systems such as Cu/ZnO-based catalysts for methanol synthesis
and RWGS, as well as defective metal oxides used for CO oxida-
tion, rely on partially reduced oxides, defect-rich metal-oxide
interfaces, mixed-valence cations, and dynamic redox behavior
to achieve high activity and selectivity.>*® In CO oxidation, partially
reduced CuO, and AgO, catalysts often outperform metallic
surfaces because oxygen vacancies and sub-stoichiometric oxide
phases enable O, activation and lattice-oxygen participation
through Mars-van Krevelen-type mechanisms (Fig. 6d).>'%>"3
Such oxygen-defect networks closely resemble OD electrocatalysts
that exploit subsurface oxygen and dynamic reconstruction to
activate CO, or NO; .3

The clearest thermal analogue to OD behavior is found in
Cu/ZnO/AL,O; catalysts for methanol synthesis and RWGS, where
decades of work identify Cu-ZnO interfacial sites as the true active
phase.?**31¢ Under reaction conditions, ZnO partially reduces and
migrates onto Cu nanoparticles, forming oxygen-deficient Cu®-O-
Zn®" motifs that stabilize CO,/CO-derived intermediates (formate,
methoxy) while Cu activates H,.*'”*'® This interfacial synergy
mirrors that of OD Cu-Zn electrocatalysts in CO,RR, where Cu-
rich metallic frameworks decorated with Zn-O clusters tune
*COOH binding and suppress HER.>'*?*° Functionally, OD-like
thermal catalysts operate through metastable, oxygen-deficient
interfaces, rather than ideal metallic or stoichiometric oxide
surfaces. Stability is governed by sintering, loss of oxygen vacan-
cies, phase separation, and over-reduction—processes directly
analogous to the degradation of OD electrocatalysts.*'”*'° Accord-
ingly, modern thermal-catalyst strategies, as exhibited by Barrow
et al.,”* including defect engineering, interface confinement, and
controlled redox cycling, are essentially thermal implementations
of OD design principles, aimed at preserving a non-equilibrium
active state over long operation.

8. Design principles and predictive
framework for OD-catalysts

The catalytic behavior of OD metals and alloys arises not from
composition alone, but from dynamically evolving, reconstruction-
defined active states generated during oxidation, reduction, and
operation. Subsurface oxygen, defect-rich nanostructures, lattice
strain, nano-confinement, and hetero-interfaces collectively define
the non-equilibrium catalytic identity of OD-systems.**'*** Unlike
conventional catalysts governed primarily by equilibrium surface
energetics, OD-catalysts operate through coupled descriptor

© 2026 The Author(s). Published by the Royal Society of Chemistry

Review

networks whose relative importance depends strongly on catalyst
composition, reaction pathway, and operating conditions. Conse-
quently, rational OD-catalyst design requires coordinated control
over precursor chemistry, reconstruction kinetics, oxygen reten-
tion, defect generation, interfacial architecture, electrolyte environ-
ment, and operando stabilization strategies that sustain favorable
metastable states.”*>>*

8.1 Hierarchical descriptor framework

Across OD-systems based on Cu, Ag, Au, Zn, Sn, Bi (and multimetal
variants), a consistent picture has emerged: OD performance is
governed less by equilibrium composition than by reconstruction-
generated, non-equilibrium motifs created during oxide-to-
metal conversion and maintained (often dynamically) under
bias.?147%?> As shown by Wang et al,*® recurrently observed
signatures include (i) retained subsurface/interfacial oxygen and
oxygen-vacancy networks, (ii) nano-crystallinity with high defect
densities (GBs & twin boundaries), (iii) local lattice strain and
disorder, (iv) mixed-valence metal populations (M"/M°) in near-
surface regions, and (v) dynamic metal-oxide/metal-oxide-metal
interphases.*® These motifs are not inferred solely from ex situ
characterization: they are repeatedly reported using operando or
quasi-operando approaches, particularly in OD-Cu and increasingly
in OD noble metals and p-block OD-catalysts."'® Functionally, OD-
catalysts behave as spatially heterogeneous active-site ensembles
that can decouple adsorption trends constrained on ideal terraces.
In Cu-based OD materials, subsurface oxygen and Cu®*
ments have been directly evidenced under reducing bias. They
are widely discussed as contributors to altered *CO/*COOH
handling, while grain boundaries and defect-rich regions are
repeatedly implicated as preferred loci for C-C coupling via
*OCCO-type intermediates.*®'’* To transition from descriptive
correlations toward predictive catalyst engineering, these
reconstruction-derived features can be organized into a hierarchical
descriptor framework (Scheme 1). Within this framework, oxygen
coordination and defect density emerge as primary descriptors
because they directly govern electronic structure, active-site distri-
bution, and intermediate stabilization. Secondary descriptors—in-
cluding lattice strain and nano-porosity—modulate adsorption
energetics, accessibility, and confinement behavior, while emergent
system-level descriptors such as local pH gradients, ion transport,
and intermediate accumulation become increasingly dominant
under high-rate operation. Importantly, the relative influence of
these descriptors is catalyst- and condition-dependent, rather than
universally beneficial across all OD-systems.

For CO-selective noble-metal systems, GB density is now firmly
established as a primary activity descriptor on Au, and OD/defect-
engineered Ag surfaces show analogous structure-activity correla-
tions during CO,RR.'*?*7*° For formate-selective p-block sys-
tems, operando studies of SnO,-derived catalysts and Bi-based pre-
catalysts consistently show persistent oxide/oxy motifs and
reconstruction-dependent active states, supporting the broader
OD theme that oxygen-containing environments can remain
catalytically consequential under cathodic operation. Crucially,
these OD-signatures are emergent outcomes of precursor-defined
reconstruction pathways, not intrinsic properties of the metal

environ-
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Operando tracking studies of Zhu et al.,>* of pre-
cursor conversion in Cu oxides, show that reduction proceeds
through spatially heterogeneous nucleation and coalescence, with
concurrent defect generation, and that strain and residual oxygen
depend sensitively on the oxide phase, crystallinity, and activation
protocol.**® Accordingly, “precursor engineering” is a primary OD
design lever: defect-rich or structurally heterogeneous oxides

mixed phases, partially amorphous frameworks,**” porous gels,
p p y |2 p g
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MOF-derived oxides'®***) tend to reduce via percolative nuclea-
tion into highly nano-crystalline, grain-boundary-rich networks,
whereas defect-poor crystalline oxides more often evolve toward
smoother, less OD-like metallic films.?%%3°

Mixed and doped oxides provide a potent route to pro-
grammed non-equilibrium.**°** In Cu-CeO, systems, multiple
studies support that Ce redox chemistry and oxygen-vacancy
buffering at Cu-CeO, interfaces can stabilize oxidized Cu®*-like

© 2026 The Author(s). Published by the Royal Society of Chemistry
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states and oxygen-defective interphases that correlate with
improved CO,RR selectivity (Fig. 7a).>***** Similarly, as shown
by Go et al,>® heterovalent dopants (e.g,, Sn in CuO,) and
vacancy engineering measurably alter oxide-metal transition
kinetics, biasing the reconstructed surface toward oxygen-
modified states and distinct selectivity regimes.>*>**° Likewise,
in similar multimetal OD-catalysts (e.g., Cu-Zn and Cu-Sn),
operando studies show that asynchronous reduction and inter-
facial evolution are common, reinforcing that OD “‘alloy” beha-
vior is frequently reconstruction-defined heterogeneity rather
than a homogeneous equilibrium alloy surface.””*>>347:348

A practical design rule follows: OD-catalysts are best created
from oxides intentionally engineered for controlled redox and

(a)

Review

structural heterogeneity, such that reduction yields dense defect/
interphase networks, while retaining some oxygen-binding char-
acter—without forming insulating oxide residue or rapidly relax-
ing to equilibrium metal morphologies.>*'**° The core objective is
not to eliminate reconstruction, but to steer reconstruction toward
a reproducible, sustainable non-equilibrium active ensemble
whose regeneration kinetics can compete with defect annihilation
and oxygen depletion under operating conditions.**

8.2 Descriptor prioritization across OD-catalyst classes

A key conclusion emerging from the preceding sections is
that different OD-catalyst classes are governed by distinct domi-
nant descriptors and mechanistic limitations. Consequently,
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generalized optimization strategies are insufficient, and OD-
catalyst design must instead follow reaction-specific descriptor
prioritization based on the interplay between oxygen coordina-
tion, defect density, interfacial structure, confinement effects, and
operating conditions. Within this framework, OD-systems should
not be interpreted as static catalyst surfaces, but as dynamically
evolving catalytic ensembles whose active-state identity depends
on reconstruction kinetics and operando stabilization. With
Scheme 1 summarizing this hierarchical descriptor framework.

For OD-Cu systems, defect density and oxygen-modified
local environments emerge as the dominant descriptors governing
C,. formation. Operando and quasi in-situ studies repeatedly
demonstrate that reconstruction-derived grain boundaries, twins,
local strain, and subsurface oxygen collectively generate non-
equilibrium active ensembles that stabilize high *CO coverage
and facilitate *OCCO coupling relative to equilibrium Cu
surfaces.”>*>'"® In particular, the operando analysis of Chen
et al,*®' combined with quasi in-situ EELS characterization,
showed that subsurface oxygen can persist even in the absence
of detectable crystalline Cu,O, supporting a model in which
oxygen is Kkinetically trapped within defectrich near-surface
regions and dynamically modifies the local electronic structure.
Importantly, these descriptors should not be interpreted indepen-
dently, but rather as coupled manifestations of reconstruction
dynamics. Fast or strongly driven reduction generates high den-
sities of grain boundaries and oxygen-modified motifs, yet overly
aggressive reduction also accelerates structural relaxation, oxygen
depletion, and active-site loss.>>* Consequently, optimal OD-Cu
performance is increasingly understood as a balance between
generating and preserving metastable defect-oxygen ensembles
under reaction conditions.>

Under high-rate operation, however, microenvironmental
descriptors become increasingly dominant. Reconstruction-
derived nano-porosity promotes local *CO accumulation and
localized alkalization, enhancing C-C coupling while suppres-
sing HER. At the same time, excessive tortuosity or flooding can
restrict CO, transport and destabilize catalytic performance
under industrially relevant current densities. Thus, porosity is
not universally beneficial, but rather an architecture-dependent
descriptor governed by the balance between intermediate con-
finement and reactant accessibility. In this context, pulsed and
redox-cycling protocols are increasingly recognized as practical
strategies for periodically regenerating non-equilibrium OD-
like surface states and mitigating structural relaxation during
prolonged operation.**°

In contrast, OD-Ag, OD-Au, and OD-Zn systems are governed
primarily by the balance between *COOH stabilization and
sufficiently weak *CO binding. Here, oxygen coordination and
defect-induced electronic perturbations facilitate CO, activation
while maintaining rapid CO desorption, thereby promoting
selective CO production.>®* Unlike OD-Cu systems, excessive
confinement or strong intermediate retention is generally less
advantageous and may instead promote transport limitations or
catalyst poisoning."®® Consequently, maintaining electronically
perturbed but transport-accessible active environments becomes
more important than maximizing defect density or confinement
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effects. For OD-Sn, OD-Bi, and OD-In catalysts, oxygen coordina-
tion acts as the dominant descriptor because partially oxidized
motifs stabilize *OCHO intermediates while suppressing compet-
ing HER pathways. In these systems, maintaining kinetically
stabilized oxide-derived environments is often more beneficial
than maximizing metallic character or grain-boundary density.>*>
Consistent with this behavior, excessive reduction toward fully
metallic surfaces frequently decreases formate selectivity and
promotes HER. Thus, unlike OD-Cu systems, where dynamic
defect generation is highly beneficial, formate-selective OD-
catalysts rely more strongly on controlled oxygen retention and
stabilization of partially oxidized interfacial motifs. A second,
increasingly mature design strategy involves chemically pinning
oxygen and defect chemistry using heterovalent dopants or oxide
additives that modify reconstruction kinetics and stabilize oxygen-
modified active ensembles (Fig. 7b).**® Yang et al>*’ demon-
strated that Sn-doping of CuO, nanoparticles substantially alters
reduction behavior and product selectivity, consistent with
dopant-controlled oxygen coordination and reconstruction path-
ways. More broadly, incorporating redox-active or oxygen-vacancy-
forming oxide phases at interfaces can buffer local oxygen
chemical potential, retard oxygen depletion, and stabilize non-
equilibrium catalytic motifs during operation.**®**° These
approaches further reinforce that OD-catalyst optimization should
focus not on preserving static oxide phases, but on sustaining
dynamically reconstructed active ensembles.

In multimetal OD-systems, interfacial coupling becomes the
dominant design principle. Increasing operando evidence suggests
that many OD alloys behave less as homogeneous equilibrium
alloys and more as reconstruction-defined heterogeneous archi-
tectures generated through asynchronous reduction and dynamic
interfacial evolution.>®® Operando characterization by Zhang

et al'”’

on Cu-Zn nanoparticles directly linked time-dependent
structural and compositional evolution to selectivity changes,
indicating that Zn-containing domains evolve differently from
Cu-rich regions under CO,RR conditions. Similarly, the operando
XAS study of Frisch et al.*®' on Cu-Ag composite catalysts demon-
strated that dynamic interface formation and evolving domain
interactions are intrinsic to tandem catalytic behavior. Conse-
quently, OD multimetal catalysts are increasingly understood as
dynamically evolving interfacial mosaics, in which selective oxida-
tion, asynchronous reduction, and composition redistribution
generate transient functional domains that cooperatively regulate
intermediate formation, transport, and conversion.

Collectively, these observations demonstrate that predictive
OD-catalyst design cannot rely on universally maximizing
descriptors such as defects, porosity, or oxygen retention inde-
pendently. Instead, optimal catalyst architectures require
descriptor prioritization (Scheme 1) according to catalyst class,
reaction pathway, and operating regime, while balancing cata-
Iytic enhancement against transport limitations, conductivity
losses, and long-term structural stability.

8.3 Trade-offs and stability constraints in ODcatalyst design

Although reconstruction-derived features such as defect density,
oxygen retention, nano-porosity, and interfacial heterogeneity

© 2026 The Author(s). Published by the Royal Society of Chemistry
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frequently enhance catalytic activity and selectivity, their effects
are not universally beneficial and are often accompanied by
important trade-offs. Consequently, predictive design of OD-
catalysts requires balancing catalytic enhancement against trans-
port limitations, conductivity losses, structural relaxation, and
long-term operando stability. In OD-Cu systems, reconstruction-
generated defect networks and oxygen-modified environments
enhance *CO accumulation and facilitate C-C coupling; how-
ever, these metastable motifs are intrinsically dynamic under
cathodic operation. Operando studies demonstrate that pro-
longed reduction can induce grain growth, defect relaxation,
collapse of porous architectures, and progressive depletion of
subsurface oxygen, gradually driving the catalyst toward more
equilibrium metallic states with altered selectivity.>**® Exces-
sively aggressive reduction conditions may therefore generate
highly active OD-states initially while simultaneously accelerat-
ing structural coarsening and active-site loss during long-term
operation. Similar trade-offs govern nano-porous OD architec-
tures. While reconstruction-derived porosity enhances local
alkalization and intermediate confinement, excessive tortuosity
or unstable wetting can restrict CO, transport, promote flooding,
and generate concentration gradients under industrially relevant
current densities. As a result, porosity should not be viewed as a
universally beneficial descriptor, but rather as a transport-
sensitive architectural parameter whose optimal characteristics
depend strongly on catalyst-layer thickness, wettability, electro-
lyte environment, and reactor configuration.'?”>%%>%*

For OD-Ag, OD-Au, and OD-Zn catalysts, oxygen coordination
and defect-induced electronic perturbations facilitate *COOH
stabilization and selective CO formation while maintaining
sufficiently weak *CO binding for rapid desorption. However,
excessive oxygen retention or overly confined porous structures
may reduce conductivity, hinder reactant accessibility, or pro-
mote excessive local *CO accumulation. In these systems, main-
taining electronically perturbed but transport-accessible active
surfaces is often more advantageous than maximizing defect
density or confinement effects.>'*">'¢

In OD-Sn, OD-Bi, and OD-In systems, partially oxidized
surface environments are frequently associated with enhanced
formate selectivity because oxygen-coordinated motifs stabilize
*OCHO intermediates while suppressing HER pathways.'®*>°
Nevertheless, these oxygen-modified states remain dynamically
sensitive to cathodic polarization. Excessive reduction toward
fully metallic surfaces is frequently correlated with decreased
formate selectivity, whereas excessive oxide stabilization may
reduce conductivity and hinder interfacial charge transfer.
Accordingly, optimal catalyst performance requires maintain-
ing kinetically stabilized oxygen-modified environments while
preserving sufficient electronic conductivity for sustained
operation.**'>%*

Additional complexity emerges in multimetal OD-systems,
where asynchronous reduction and dynamic interface evolu-
tion govern catalytic functionality. Although reconstruction-
defined interfaces can enhance tandem catalysis and cooperative
intermediate transfer, prolonged operation may also induce
phase segregation, compositional redistribution, or interfacial

© 2026 The Author(s). Published by the Royal Society of Chemistry
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restructuring that alters catalytic behavior over time.'””?°%3%°
Consequently, interface density alone is insufficient as a pre-
dictive design parameter unless accompanied by strategies that
stabilize interfacial functionality under reaction conditions.
Importantly, many of these trade-offs become increasingly severe
under high-rate operation in GDEs and MEAs. Under industrially
relevant current densities, catalyst performance becomes
strongly coupled to local pH gradients, ion transport, carbonate
formation, wetting stability, and CO, availability. Under such
conditions, descriptors that appear beneficial under low-current
H-cell measurements may become detrimental due to transport
limitations, flooding, salt accumulation, or local reactant
depletion.?** Indicating that OD-catalyst descriptors cannot be
evaluated independently of reactor architecture and operating
environment.

Collectively, these observations demonstrate that optimal
OD-catalyst engineering should not aim to maximize individual
descriptors independently, but rather to balance reconstruction-
driven catalytic enhancement against transport, conductivity,
and long-term stability constraints. This perspective further
reinforces the view that OD-catalysts are best understood as
dynamically evolving catalytic systems whose performance
emerges from the coupled interaction of structural, electronic,
and microenvironmental descriptors under operando conditions.

8.4 Dynamic stabilization & operando control

OD-catalysts are fundamentally incompatible with purely static
potentiostatic operation.’®**®® The structural and electronic
motifs underpinning their enhanced activity—including defect-
rich microstructures, subsurface oxygen, mixed-valence metal-
oxygen ensembles, and interfacial strain—are intrinsically non-
equilibrium and therefore undergo continuous evolution under
applied bias.>** Consequently, long-term catalytic performance is
governed not by the suppression of reconstruction, but by the
ability of the operating conditions to sustain a favorable dynamic
steady state in which functionally relevant OD features are regen-
erated at rates comparable to their loss via coarsening, oxygen
depletion, dissolution, or compositional segregation.>**>°

As hinted before, pulsed electrolysis and redox cycling have
emerged as powerful operando tools to manage this balance.*®”
Alternating cathodic bias with brief oxidative or open-circuit
intervals has been shown by Burdyny et al.,®® to prolong
selectivity and activity on OD-Cu by stabilizing Cu” populations,
preserving grain-boundary networks, and mitigating mono-
tonic grain growth (Fig. 7¢).**® Mechanistic studies focused
on the OER indicate that pulsing induces controlled dissolu-
tion & re-deposition and transient re-oxidation, followed by
rapid re-reduction that reintroduces oxygen-modified, defect-
rich surface states rather than allowing irreversible relaxation
toward equilibrium metallic morphologies.***”* While such
protocols generally delay rather than eliminate degradation,
they demonstrate that OD active ensembles can be actively
refreshed during operation, while the mediated electrolysis rate
favors the reagents distribution over the catalyst’s active sites.
(Fig. 7d).>*?”> Identical-location microscopy and operando
impedance studies further support the link between pulsed
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operation, surface reshaping, and sustained catalytic function.
Dynamic operation is most effective when combined with
materials-level strategies that slow the thermodynamic drive toward
equilibrium.?*?*7337*  Oxygen-retention ~engineering—through
alloying with oxygen-affine elements, incorporation of oxophilic
dopants, or the use of mixed-oxide precursors—can stabilize
subsurface oxygen and mixed-valence states.>***”*> Defect and
grain-boundary stabilization via alloy anchoring, strong metal-
support interactions, or confinement within porous or hierarchical
scaffolds reduces defect mobility without eliminating catalytic
diversity.'®?”® Electrolyte composition and local microenviron-
ment further modulate reconstruction kinetics, dissolution, and
redox behavior, making electrolyte engineering an integral com-
ponent of OD-stability.*””37°

Operando control is particularly critical for multimetal OD-
systems, functioning as reconstruction-defined heterogeneous
architectures rather than homogeneous equilibrium alloys.
In systems such as Cu-Zn’”"***** and Cu-Ag,”***! asynchronous
reduction, interfacial evolution, and composition drift occur on
electrochemical timescales, with selectivity governed by the persis-
tence and regeneration of specific interphases that enable tandem
or cooperative mechanisms. In this context, dynamic operating
protocols can help maintain the balance between distinct func-
tional domains.””***° While, from a practical perspective, the work
of Chung et al.**° indicates that appropriately optimized dynamic
operation can enhance durability—and in some cases overall
energy efficiency—offsetting the added complexity of pulsed con-
trol. Together, these insights reframe stability in OD-catalysts not
as resistance to structural change, but as the capacity to sustain
catalytic function through controlled, reversible reconstruction,
achieved by coupling precursor and interface design with operando
exploitation of redox flexibility (Fig. 7e).***>''*3%! The dominant
catalytic mechanism in OD-systems depends strongly on the
operating regime. Under low current-density conditions, catalytic
behavior is often governed primarily by intrinsic adsorption
energetics and active-site structure. In contrast, under industrially
relevant operation in GDEs and MEAs (~200-500 mA cm™?),
microenvironmental effects—local pH gradients, ion transport,
intermediate confinement, wetting stability, and CO, availabil-
ity—become increasingly controlling. This transition is particularly
significant for OD-catalysts, where reconstruction-derived porosity
intrinsically couples catalytic activity with transport phenomena.
Consequently, catalyst descriptors cannot be evaluated indepen-
dently of reactor architecture and operating conditions.

Importantly, the effectiveness of dynamic operating strategies
also depends strongly on catalyst class, reconstruction kinetics,
and reactor configuration. In OD-Cu systems, pulsed or periodi-
cally oxidizing conditions can partially regenerate defect-rich Cu*/
Cu’ ensembles, stabilize subsurface oxygen, and sustain high *CO
coverage, thereby improving long-term C,., selectivity and mitigat-
ing structural relaxation during extended electrolysis.>****' In
contrast, for OD-Ag and OD-Au systems operating primarily
through *COOH stabilization and rapid CO desorption, excessive
redox cycling may provide limited benefit and can instead intro-
duce conductivity losses or structural instability without substan-
tially improving selectivity. Similarly, in OD-Sn and OD-Bi catalysts,
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where partially oxidized motifs are already intrinsically stable
under cathodic conditions, overly aggressive pulsing protocols
may destabilize optimized *OCHO-forming environments and
reduce formate selectivity. The effectiveness of dynamic opera-
tion is further coupled to reactor architecture and operating
conditions. Under industrially relevant current densities in GDE
and MEA systems, pulsed electrolysis can influence carbonate
accumulation, wetting stability, local pH gradients, and reactant/
product transport within porous catalyst layers. However, ener-
getic penalties associated with dynamic operation, including
capacitive losses and transient inefficiencies, must also be
considered when evaluating scalability and overall process effi-
ciency. Consequently, dynamic operating strategies should not
be viewed as universally beneficial, but rather as catalyst-specific
and reactor-dependent tools for stabilizing metastable OD active
states under realistic operating conditions. Recent studies under
application-relevant electrolysis conditions further emphasize
that optimal OD-catalyst performance emerges from coupled
control of reconstruction dynamics, transport behavior, and
reactor-level microenvironments rather than intrinsic surface
energetics alone.**>*%°

8.5 Practical design rules for OD-catalyst engineering

Catalyst performance cannot be rationalized through isolated
descriptors or equilibrium surface models alone. Instead, cat-
alytic behavior emerges from dynamically coupled interactions
between reconstruction kinetics, oxygen coordination, defect
topology, interfacial architecture, and local reaction microen-
vironments. Consequently, predictive OD-catalyst engineering
requires descriptor prioritization according to catalyst class,
target reaction pathway, and operating regime, rather than
universal maximization of reconstruction-derived features.

For OD-Cu systems targeting C,, products, catalyst architec-
tures should prioritize the formation of defect-rich and moder-
ately oxygen-retaining environments capable of sustaining high
local *CO coverage and facilitating *OCCO coupling. Operando
and theoretical studies consistently show that grain boundaries,
low-coordination Cu sites, subsurface oxygen, and nano-confined
porous structures collectively contribute to enhanced multicarbon
selectivity by stabilizing key intermediates and suppressing com-
peting HER pathWayS.25’62’66'103’120’145’167_169’171_179 HOWeVer,
excessive reduction severity or uncontrolled structural disorder
can accelerate oxygen depletion, grain coarsening, and collapse of
metastable active ensembles during prolonged operation.**' >
Accordingly, optimal OD-Cu design should balance defect genera-
tion with structural stabilization, while integrating transport-
engineered porous architectures that maintain favorable *CO
activity without introducing severe diffusion limitations or flood-
ing under high-rate electrolysis,"®%'58197,200,201

In OD-Ag, OD-Au, and OD-Zn systems, the dominant design
objective differs fundamentally from OD-Cu. Because selective
CO production depends primarily on efficient *COOH stabili-
zation combined with sufficiently weak *CO adsorption,
catalyst optimization should focus on electronically perturbed
but transport-accessible active environments rather than max-
imal confinement or defect density. Operando studies indicate

© 2026 The Author(s). Published by the Royal Society of Chemistry



Energy Advances

that oxygen-modified coordination environments, oxygen vacan-
cies, and grain-boundary-rich structures can lower CO, activation
barriers and enhance CO selectivity, while excessive oxygen reten-
tion or highly tortuous porous structures may reduce conductivity
and hinder reactant acceSsibility.29,37,55,92,108,118,134,147,148,154,2147216
Consequently, OD-catalyst engineering in these systems should
emphasize controlled oxygen coordination, moderate defect den-
sities, and stable porous architectures that preserve rapid CO
desorption and efficient mass transport during operation.

For OD-Sn, OD-Bi, and OD-In catalysts, maintaining kineti-
cally stabilized oxygen-modified motifs is particularly impor-
tant because partially oxidized surface environments prefer-
entially stabilize *OCHO intermediates while suppressing HER
pathWayS.135'142_144'150_152’163_165’218_225 Unllke OD-Cu Systems,
where dynamic defect generation strongly promotes catalytic
performance, formate-selective OD-catalysts generally benefit
from preserving controlled oxide-derived coordination environ-
ments under cathodic conditions. Excessive reduction toward
fully metallic surfaces frequently correlates with decreased
formate selectivity and increased HER activity, whereas excessive
oxide stabilization can reduce conductivity and limit charge
transfer. Therefore, practical catalyst-engineering strategies for
OD formate systems should focus on balancing oxygen retention
with sufficient electronic conductivity, while stabilizing partially
oxidized interfacial motifs through dopants, heterostructures, or
controlled reconstruction pathways.>**>%’

In multimetal OD-catalysts, interfacial coupling and asyn-
chronous reconstruction emerge as dominant design principles.
Operando studies of OD Cu-Zn, Cu-Ag, and Cu-Sn systems
demonstrate that catalytic performance frequently originates
from dynamically evolving interfacial architectures rather than
homogeneous alloy phases. In these systems, reconstruction-
derived heterogeneity enables spatial separation of catalytic
functions—including CO generation, intermediate confinement,
C—C coupling, and HER suppression—within nanometer-scale
diStanCeS.74'79’80’97_99’113’114’177’193_196’211’358’359 Consequently,
predictive design of multimetal OD-catalysts should prioritize
interface density, reconstruction compatibility, and controlled
composition gradients rather than equilibrium alloy formation
alone. Stabilizing chemically distinct but cooperatively interact-
ing domains is particularly important for sustaining tandem
reaction pathways and intermediate spillover under prolonged
operation.

Beyond catalyst composition and morphology, the analysis
throughout this review further demonstrates that OD-catalyst
performance is strongly coupled to reactor architecture and
operating environment. Under industrially relevant current den-
sities in GDEs and MEAs, catalyst behavior becomes increasingly
governed by local pH gradients, ion transport, carbonate for-
mation, wetting stability, and CO, availability."%%'%"2%* Accord-
ingly, catalyst descriptors such as porosity, oxygen retention, and
defect density cannot be optimized independently of catalyst-
layer thickness, electrolyte composition, membrane properties,
and mass-transport conditions. Future OD-catalyst development
should therefore integrate catalyst engineering with transport
engineering, electrolyte optimization, and reactor-level design
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strategies to maintain stable non-equilibrium active states under
commercially relevant operating conditions. Collectively, these
insights establish OD-catalysis as a dynamically stabilized cata-
Iytic paradigm in which reconstruction kinetics, oxygen coordi-
nation, interfacial evolution, and microenvironmental effects
jointly govern catalytic function. Accordingly, the most effective
OD-catalysts are unlikely to correspond to static equilibrium
structures, but rather to metastable active states sustained under
operando conditions. Future progress will therefore rely on
integrating operando characterization, theory-guided descriptor
identification, and reaction-environment engineering to advance
OD-catalyst development from empirical optimization toward
predictive, application-oriented design.

9. Future perspectives

Future progress in OD-catalysis will depend on moving from
retrospective structure-performance correlations toward predic-
tive control of dynamically reconstructed active states. A priority is
the development of operando and time-resolved characterization
methods capable of resolving transient oxygen coordination,
defect evolution, phase segregation, and interfacial restructuring
under realistic current densities and reactor configurations. Such
methods should be coupled with theory and data-driven descrip-
tor identification to distinguish causal descriptors from correlated
structural features. A second challenge is the stabilization of
metastable OD active states during long-term operation. Strategies
such as controlled redox cycling, dopant-mediated oxygen reten-
tion, hetero-interface engineering, and electrolyte/microenviron-
ment control offer promising routes, but their effectiveness must
be evaluated under application-relevant conditions, including
flow cells, GDEs, and MEAs. Future work should explicitly connect
catalyst descriptors with transport behavior, wetting stability,
carbonate formation, and energy efficiency.

Finally, OD-catalyst development should increasingly inte-
grate catalyst design with reactor and process engineering. The
most effective OD-catalysts are unlikely to be static equilibrium
materials, but dynamically sustained active states whose per-
formance depends on precursor chemistry, reconstruction
kinetics, local microenvironment, and device architecture.
Establishing quantitative descriptor-performance-stability
relationships will be essential for translating OD-catalysis from
empirical materials discovery toward scalable electrochemical
and thermochemical energy-conversion technologies.

10. Conclusion

Oxide-derived (OD) catalysts represent a fundamentally distinct
catalytic platform in which performance emerges from dynami-
cally sustained, non-equilibrium active states generated through
redox-driven reconstruction. Rather than being governed solely
by equilibrium surface energetics, catalytic function in OD
systems arises from the coupled interplay between oxygen coor-
dination, defect-rich nanostructures, interfacial heterogeneity,
and operando microenvironments, which collectively reshape
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adsorption behavior and enable cooperative reaction pathways
inaccessible on conventional metallic surfaces. By integrating
mechanistic insights from operando characterization, theoretical
modeling, and comparative studies of monometallic and multi-
metallic systems, this review establishes a descriptor-based
framework linking precursor chemistry, reconstruction kinetics,
structural evolution, and catalytic function. The recurrence of
OD-type phenomena across CO,RR, CORR, nitrogen- and
oxygen-based electrocatalysis, as well as key thermocatalytic
reactions, further highlights the broader relevance of dynamic
catalyst design strategies beyond individual reaction systems.
Importantly, the analysis presented here demonstrates that
OD-catalyst design cannot rely on universally maximizing
descriptors such as defect density, oxygen retention, or nano-
porosity independently. Instead, catalytic performance depends
on condition-dependent balancing of metastable active-state
stabilization, transport behavior, conductivity, interfacial cou-
pling, and reactor-level microenvironmental effects. Different
catalyst classes are therefore governed by distinct dominant
descriptors and mechanistic constraints, emphasizing that
predictive OD-catalyst engineering requires catalyst-specific
and operating-condition-dependent design strategies rather
than generalized optimization approaches. Consequently,
future progress will depend on the deliberate engineering of
dynamically stabilized catalytic states through controlled
reconstruction pathways, oxygen-retention strategies, hetero-
interface design, transport-engineered architectures, electrolyte
optimization, and adaptive operating protocols. Collectively,
these insights position OD-catalysis as a predictive and oper-
ando-defined catalyst-engineering paradigm, providing a path-
way toward robust and scalable electrochemical and
thermochemical energy-conversion technologies.
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