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Abstract

Two-electron electrocatalysis has attracted increasing attention because many high-value
molecules, including hydrogen peroxide, formate, nitrite, and halogens, correspond to
intermediate oxidation states that cannot be obtained efficiently through conventional
multielectron electrocatalytic pathways. Achieving selective termination at the two-
electron level therefore represents a fundamental requirement for oxidation-state-precise
electrosynthesis, yet progress in this field has remained conceptually fragmented since
most studies focus on individual reactions or catalyst systems rather than the underlying
chemical principles governing two-electron selectivity. This review addresses that gap by
establishing a unified framework that connects reaction classes, competing electron-
transfer pathways, structural determinants of selectivity, catalyst families, and
representative reaction-specific advances across oxygen, carbon dioxide, nitrogen-
oxoanion, and halide chemistries. Particular emphasis is placed on how active-site
electronic structure, coordination environment, surface and defect chemistry, crystal
phase, and interfacial microenvironment collectively determine whether catalytic interfaces
terminate reactivity at the two-electron level or proceed toward deeper redox manifolds.
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By integrating reaction chemistry with materials structural chemistry, this review moves the field beyond reaction-
specific observations toward a broader understanding of oxidation-state-precise electrosynthesis. Such a
perspective provides a conceptual basis for transferable catalyst design and offers important implications for
selective molecular manufacturing and future electrochemical synthesis.

INTRODUCTION

Electrocatalysis has redefined the chemical logic of small-molecule conversion by making electron transfer
number itself a controllable synthetic variable rather than a passive consequence of redox thermodynamics.
In many inorganic reaction systems, the decisive question is no longer whether a substrate such as O,, H,0,
CO,, NO,, or X can be activated at an electrode interface, but whether the catalytic process can be arrested
at a prescribed redox level before further oxidation or reduction becomes dominant. This issue gives two-
electron electrocatalysis a significance that is both fundamental and practical™”. At the fundamental level,
two-electron pathways occupy a chemically sensitive position within multistep proton-coupled electron
transfer networks, where the first bond rearrangement, the first oxygen-atom transfer, or the first heteroatom
protonation event often determines whether the reaction remains on a partially transformed pathway or
evolves toward deeper reduction or oxidation products”. At the practical level, many two-electron products
are themselves terminal targets rather than incomplete intermediates, because they embody distinct
molecular functions, separation profiles, and downstream reactivity that cannot be replaced by fully oxidized
or fully reduced analogs. The central importance of two-electron electrocatalysis therefore does not arise
simply from a smaller electron count'*). It arises because a two-electron process is frequently the first redox
threshold at which catalytic selectivity becomes chemically meaningful. Once this threshold is crossed in an
uncontrolled manner, the catalytic system often loses access to valuable molecules and collapses into
thermodynamically deeper but functionally less selective outcomes!®’. For this reason, two-electron
electrocatalysis represents one of the clearest manifestations of selective redox synthesis in modern
chemistry. It provides a stringent platform for understanding how catalytic interfaces encode oxidation-state
precision, how intermediate lifetimes are translated into product identity, and how reaction networks can be
steered toward defined molecular endpoints under nonequilibrium electrochemical conditions”*.

Precisely because two-electron electrocatalysis lies at this boundary between activation and overconversion,
it remains chemically difficult in a way that cannot be resolved by activity enhancement alone. The principal
challenge is that two-electron products are usually formed in reaction landscapes where deeper electron-
transfer pathways are intrinsically available, and often thermodynamically favored once the initial activation
barrier has been overcome'. As a result, the problem of two-electron selectivity is fundamentally a problem
of controlling intermediate-state fate. The catalytic interface must be sufficiently reactive to induce substrate
activation, yet sufficiently discriminating to prevent subsequent elementary steps that would consume the
desired partially transformed species. This requirement creates a delicate and highly nonlinear coupling
among adsorption energetics, charge redistribution, proton availability, solvent organization, and surface
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redox flexibility">""l. Considerable progress has been made by tuning catalyst composition, alloying motifs,
heteroatom coordination, defect populations, crystal phases, and electrolyte environments, all of which can
shift the relative stability of key adsorbed states and alter the competition between two-electron and
multielectron pathways!>"*. However, current understanding remains fragmented in two important senses.
First, most studies are organized around individual reactions, so the underlying commonality of two-electron
selectivity across oxygen, carbon, nitrogen, and halide chemistries remains insufficiently extracted. Second,
even when selectivity is improved, mechanistic interpretation is often partitioned into isolated descriptors
such as adsorption energy, oxidation state, vacancy concentration, or local pH, without clarifying how
chemical structure and materials structural chemistry operate together as an integrated selectivity

framework. What remains lacking is not merely additional examples of selective catalysts, but a unified
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conceptual language that links electron-transfer number to active-site electronic structure, local coordination
geometry, surface and defect chemistry, crystal-phase characteristics, and interfacial microenvironment"*'”.
Without such a framework, it is difficult to distinguish universal design principles from reaction-specific
observations, to compare catalysts developed in different subfields on a chemically consistent basis, or to
rationally predict when a catalyst will terminate reactivity at the two-electron level rather than proceed
toward deeper redox manifolds"**!.

Herein, this review is organized to address that gap through a chemistry-centered and structure-informed
analysis of inorganic two-electron electrocatalysis. It first establishes the conceptual foundation of two-
electron electrocatalysis by clarifying its governing principles, scientific importance, and broader significance
within selective redox chemistry. It then classifies the major inorganic two-electron reaction families,
including oxygen-related, carbon dioxide-related, nitrogen-oxoanion, and halide systems, with explicit
attention to their competition against four-electron and deeper pathways. Building on this reaction map, the
review next examines the principal structural determinants of two-electron selectivity, focusing on active-site
electronic structure, local coordination environment and atomic configuration, surface structure, defects and
crystal phases, and interfacial microenvironment effects [Figure 1]. The catalyst landscape is subsequently
organized across metals and alloys, metal oxides and oxide-derived materials, metal hydroxides, metal
sulfides and phosphides, metal carbides and nitrides, and other emerging catalytic materials, together with a
comparative summary of catalyst distributions and performance metrics across reported systems. On this
basis, representative reaction-specific advances are discussed for the two-electron oxygen reduction reaction,
two-electron water oxidation reaction, two-electron carbon dioxide reduction reaction, two-electron nitrate
reduction reaction, and two-electron halide oxidation reaction. By integrating reaction chemistry, structural
chemistry, and catalyst science into a common analytical framework, this review aims to move the field
beyond reaction-by-reaction description toward a more general understanding of how two-electron
selectivity is chemically encoded, thereby providing a basis for the rational design of electrocatalytic systems
for high-value molecular synthesis and selective inorganic redox transformation.

CONCEPTUAL FRAMEWORK OF TWO-ELECTRON ELECTROCATALYSIS

Fundamentals and significance of two-electron electrocatalysis

Two-electron electrocatalysis is most appropriately understood not as a simplified subset of multielectron
electrochemistry, but as a distinct regime of selective redox chemistry in which the catalytic interface directs
a substrate toward a defined oxidation-state change of exactly two electrons per product-forming event. Its
conceptual foundation therefore rests on three tightly connected dimensions [Figure 2]. The first is electron-
count definition, because the number of transferred electrons determines the redox depth of the product and
thus its chemical identity. For O, reduction, a two-electron pathway terminates at H,O, rather than H,O. For
CO, reduction, a two-electron process can yield HCOOH or HCOO' rather than more deeply reduced C, or
C, products. For nitrate reduction, a two-electron transformation gives NO, as a discrete nitrogen-oxo
product rather than NH, or N,**?. The second is state-selective termination, because a two-electron process
is meaningful only when the catalyst does not merely pass through a partially transformed intermediate, but
allows the reaction network to stop at that state with chemically significant selectivity. In this sense, two-
electron electrocatalysis differs fundamentally from a transient elementary step embedded within a longer
cascade. It describes a catalytic outcome in which the two-electron product has sufficient kinetic persistence
and interfacial release probability to emerge as the dominant observable species®”. A critical distinction
should therefore be made between a terminal two-electron product and a transient intermediate in a
multielectron pathway. After formation, the two-electron state may either desorb or undergo further surface
reactions. A sufficiently long interfacial lifetime and high desorption probability favor its accumulation as the
dominant product, whereas strong surface binding and rapid downstream conversion lead to further redox
chemistry. Thus, two-electron selectivity depends not simply on two-electron transfer, but on kinetic
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Figure 1. Schematic overview of two-electron electrocatalysis and selectivity regulation strategies.

termination at the corresponding redox state. The third is proton-electron coupling, because most inorganic
two-electron processes do not proceed through electron transfer alone, but through proton-coupled electron
transfer sequences that jointly govern charge compensation, bond polarization, and product speciation. This
coupling determines whether the same nominal two-electron conversion appears as H,0,, HO,, HCOOH, or
HCOO" under different pH conditions, and it also dictates whether key intermediates remain electrophilic,
nucleophilic, radical-like, or protonated at the moment of bond formation or cleavage®**”. On this basis, the
fundamental concept of two-electron electrocatalysis can be defined more rigorously as the electrocatalytic
control of a reaction network such that substrate activation, intermediate transformation, and product
desorption are orchestrated to realize a chemically discrete two-electron redox endpoint under
nonequilibrium interfacial conditions. This definition already implies that two-electron selectivity cannot be
reduced to a simple thermodynamic preference. It is a kinetic and chemical organization problem in which
the catalyst must satisfy two conditions simultaneously. It must lower the barrier for the first productive
transformation, and it must prevent the newly formed redox state from being re-engaged in further electron-
transfer chemistry. The basic principles governing such behavior follow logically from this definition****. A
two-electron pathway becomes accessible when the free-energy landscape allows initial substrate activation
and key intermediate formation at a reasonable overpotential, yet does not strongly favor subsequent bond
cleavage, deeper protonation, or continued electron accumulation. The catalytic interface must therefore
operate within an unusually narrow reactivity window, where adsorption is strong enough to trigger
transformation but weak enough to permit release of the partially converted product. This balance gives
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Figure 2. Fundamental concepts underlying two-electron electrocatalysis and selectivity control. (A) Electron-count definition of the two-
electron state during substrate activation. (B) Free-energy landscapes illustrating selective two-electron termination and competing
reaction pathways. (C) Representative proton-coupled electron transfer (PCET) mechanisms governing typical two-electron
electrocatalytic reactions.

two-electron electrocatalysis its distinctive mechanistic character. It is governed by redox-level precision
rather than maximal conversion depth, by kinetic arrest rather than complete thermodynamic descent, and
by selective intermediate management rather than indiscriminate activation®*.

The scientific importance of two-electron electrocatalysis follows directly from this mechanistic position,
because two-electron processes define the earliest stage at which catalytic systems begin to express true
chemical selectivity within complex redox networks. That importance can be viewed at three progressively
broader levels. At the first level, two-electron electrocatalysis is significant as a model problem in interfacial
chemical dynamics, since it reveals how adsorption, proton transfer, charge redistribution, and desorption
cooperate to determine whether a catalytic event remains partial or becomes overextended. It therefore
provides an especially stringent testing ground for mechanistic concepts such as proton-coupled electron
transfer, scaling relations, interfacial field effects, and the competition between surface retention and
molecular release”"*?l. At the second level, it is significant as a synthetic principle for selective
electrosynthesis, because many two-electron products possess intrinsic value precisely due to their
intermediate redox state. Molecules such as H,O, and HCOOH are not desirable because they are partially
transformed, but because that partial transformation gives rise to distinctive oxidizing ability, hydrogen-
storage capacity, reactivity, transport behavior, and downstream utility that cannot be reproduced by deeper
oxidation or reduction products"””. In this respect, two-electron electrocatalysis offers an alternative to
conventional chemical manufacture by enabling direct access to oxidation-state-specific molecules from
abundant feedstocks such as O,, H,0, CO,, and NO, through electricity-driven routes” . At the third and
broadest level, two-electron electrocatalysis is significant as a conceptual bridge between molecular redox
chemistry and catalyst design, because it forces the field to confront the question of how far a reaction should
proceed rather than how fast it can proceed. This distinction has far-reaching implications. Much of classical
electrocatalyst development has been guided by the pursuit of lower overpotential, higher current density,
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(C) CO, reduction through representative carboxyl- and formate-type intermediates. (D) Halide oxidation via sequential electron transfer
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and faster turnover””**. Two-electron chemistry exposes the limitation of that logic, since greater activity
alone may accelerate the undesired descent into deeper redox manifolds. The more relevant objective
becomes chemically resolved selectivity, namely the ability to encode a target oxidation-state change into the
catalytic interface itself. For this reason, two-electron electrocatalysis is not only an application-oriented
subfield, but also a framework that reshapes how electrocatalytic performance is interpreted. It moves the
emphasis from total electron throughput to electron-allocation fidelity, from maximal bond activation to
controlled bond reorganization, and from reaction completion to reaction definition. Such a shift is
scientifically necessary for the next stage of electrosynthesis, because the future utility of electrochemical
conversion will depend not only on replacing thermochemical steps with electrical ones, but on achieving a
finer degree of molecular control over how electrons are delivered, where they are stopped, and which
chemical function is ultimately created.

Reaction classes and competing electron-transfer pathways

The reaction landscape of two-electron electrocatalysis can be organized most coherently according to the
chemical identity of the substrate and the redox logic of the corresponding product manifold. Such a
classification is not merely descriptive. It provides a chemically meaningful basis for comparing systems in
which the same nominal two-electron transfer leads to fundamentally different bond-evolution patterns,
proton-coupling requirements, and selectivity constraints [Figure 3]. Oxygen-related reactions are governed
primarily by O-O bond preservation or formation, carbon dioxide-related reactions by the selective
stabilization of partially reduced carbon-oxygen intermediates, nitrogen-oxoanion systems by controlled
deoxygenation without excessive hydrogenation, and halide chemistry by the competition between halogen
evolution and oxygen-centered oxidation". Considered together, these four classes capture the principal
inorganic reaction families in which two-electron pathways emerge as chemically discrete and
technologically relevant outcomes. More importantly, this classification makes it possible to examine two-
electron chemistry not as a collection of isolated examples, but as a set of related selectivity problems
embedded within competing multielectron networks!**). On this basis, the following sections discuss these
reaction classes in sequence, with emphasis on how their characteristic two-electron pathways are defined
and how they contend with deeper electron-transfer channels.
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Oxygen-related two-electron electrocatalysis

Oxygen-related two-electron electrocatalysis constitutes the most archetypal and chemically instructive class
within this field because it places selectivity control directly on the question of whether an O-O unit is
preserved, generated, or cleaved during interfacial redox transformation'*”’. Its core importance arises from
the fact that both the cathodic reduction of O, and the anodic oxidation of H,O can, in principle, terminate
at H,0, as a discrete two-electron product, yet the mechanistic logic by which this occurs is fundamentally
different on the reduction and oxidation sides!***". In the two-electron oxygen reduction reaction, the
essential chemical requirement is retention of the O-O bond throughout activation and proton-coupled
electron transfer, typically described in acidic medium by O, + 2H* + 2e” — H, 0, and in alkaline medium by
O, + H,0 + 2¢- - HO, + OH ", The defining selectivity problem is therefore not oxygen activation itself,
but the ability of the catalytic interface to activate O, sufficiently to form an adsorbed hydroperoxo-type
intermediate while avoiding subsequent O-O scission that would divert the pathway toward the four-
electron reduction to H,0"**'l. This makes the oxygen reduction case a highly sensitive expression of
intermediate-state control, since the same interfacial reactivity that enables O, adsorption and reduction can
also facilitate bond cleavage if the surface binds oxygen-containing fragments too strongly. By contrast, in
the two-electron water oxidation reaction, described in acidic conditions as 2H,O — H O, + 2H" + 2e  or in
alkaline conditions as 20H" — H,O, + 2e’, the chemical challenge is not bond preservation but selective O-O
bond formation at the peroxide oxidation level without further oxidation to O,. The catalytic interface must
therefore create an oxygen-coupling route that terminates at peroxide rather than continuing into the
thermodynamically and kinetically dominant four-electron oxygen evolution manifold®**. This distinction
is chemically profound. In oxygen reduction, two-electron selectivity is achieved by suppressing
overreduction after initial oxygen activation'">**!. In water oxidation, it is achieved by suppressing
overoxidation after initial oxygen coupling™”’. The oxygen-related family thus defines a complete redox pair
in which the same product, H,0,, can be approached either from molecular oxygen or from water, while the
central selectivity principle remains the same: the catalytic process must stabilize the peroxide redox level as a
chemically persistent endpoint. For this reason, oxygen-related two-electron electrocatalysis has become a
benchmark system for understanding how proton-coupled electron transfer, O-O bond chemistry, and
product desorption are coordinated under nonequilibrium electrochemical conditions. It also provides a
uniquely revealing framework for distinguishing two-electron and four-electron pathways in chemical
terms”®**?.. The two-electron route privileges peroxide formation as a redox-defined molecular outcome,
whereas the four-electron route drives the system toward the more thermodynamically relaxed endpoints of
H,O production or O, evolution. The competition between these pathways is therefore not simply a
difference in electron number. It is a competition between two fundamentally different reaction logics, one
centered on selective access to an oxygenated molecular oxidant and the other on complete redox exhaustion
of the oxygen substrate!®'. This is precisely why oxygen-related two-electron electrocatalysis occupies such
a central place in the broader framework of selective electrosynthesis: it captures, in its most explicit form,
the chemical problem of how an electrocatalytic interface can recognize a partially transformed oxygen state
as the desired product rather than as a transient species to be consumed further.

Carbon dioxide-related two-electron electrocatalysis

Carbon dioxide-related two-electron electrocatalysis represents a chemically distinctive branch of CO,
conversion because it seeks to arrest carbon at an early reduction level where the carbon atom remains
bound to oxygen, yet has already undergone a discrete change in electron density and protonation state
sufficient to generate a synthetically useful product. In its most representative form, this chemistry is
expressed by the two-electron reduction of CO, to formic acid or formate, written as CO, + 2H" + 2¢” —

HCOOH in acidic media or CO, + H,O + 2¢¢ - HCOO" + OH' in alkaline conditions****. The significance of

this pathway lies in the fact that it preserves the monocarbon framework while selectively converting a highly
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oxidized, thermodynamically stable molecule into an energy-bearing liquid product without requiring the
deeper deoxygenation steps associated with CO, hydrocarbons, or alcohols. The underlying chemical
problem is therefore not merely reduction of CO,, but selective control over the first productive branch of
carbon-centered proton-coupled electron transfer. Because linear CO, possesses a closed-shell electronic
structure and a high degree of C=0 bond stabilization, its activation at an electrode interface necessarily
involves interfacial polarization, bending of the molecular geometry, and redistribution of charge into
antibonding orbitals. Once this activation occurs, the reaction network can diverge into chemically different
pathways depending on how the carbon center and oxygen atoms are differentially stabilized****. A two-
electron route toward HCOOH or HCOO' requires the catalytic interface to favor a formate-type reduction
logic in which hydrogen addition and electron transfer are directed toward generating a partially reduced
carbon-oxygen framework rather than promoting a carboxyl-type intermediate that evolves toward CO
formation. In this sense, carbon dioxide-related two-electron electrocatalysis is governed by a fundamental
issue of chemoselective oxygen retention. The catalyst must enable reduction of carbon without driving
excessive C-O bond weakening, and it must permit release of the oxygen-containing product before further
reduction or competing hydrogen evolution consumes the available interfacial reducing equivalents. This
places the two-electron CO, pathway in a chemically delicate position. If activation is too weak, the substrate
remains kinetically inert because the first electron-transfer event to CO, is intrinsically demanding. If
activation is too strong or too reducing, the system may be diverted toward CO-producing or more deeply
reduced pathways, thereby losing control over the oxidation-state-defined endpoint'®**. Carbon dioxide-
related two-electron electrocatalysis is therefore best understood as a selective partial reduction problem in
which the central objective is not maximal electron delivery to carbon, but controlled accumulation of two
reducing equivalents in a manner that preserves oxygen functionality and defines product identity at the
earliest chemically useful stage of CO, conversion. Precisely for this reason, this reaction class occupies a
special place in the broader landscape of two-electron electrocatalysis. It demonstrates that selective redox
synthesis is not always a matter of breaking stronger bonds or reaching more reduced products, but can
instead depend on recognizing partial reduction itself as the desired chemical outcome and on constructing
an interfacial reaction environment that stabilizes that outcome against both underactivation and
overreduction™”").

Nitrogen-oxoanion two-electron electrocatalysis

Nitrogen-oxoanion two-electron electrocatalysis introduces a further level of chemical complexity because
the target transformation is no longer defined primarily by O-O bond retention or partial carbon reduction,
but by the selective deoxygenation of an already oxidized nitrogen center without allowing the system to
descend into extensive hydrogenation or complete reduction. Its most representative expression is the two-
electron reduction of nitrate to nitrite, which can be written in acidic medium as NO, + 2H"* + 2¢* — NO, +
H,O and in alkaline conditions as NO, + H,O + 2 — NO, + 20H .

This reaction class is chemically significant because it occupies the first decisive reduction threshold in the
broader electrochemical nitrogen redox network. At this stage, the oxidation state of nitrogen is lowered
while the nitrogen-oxo framework remains intact, so the reaction does not yet enter the more deeply reduced
manifolds associated with NH,, N,, hydroxylamine, or other downstream nitrogen species. The essential
feature of this chemistry is therefore selective oxygen-atom removal under conditions where the substrate
remains highly susceptible to further proton-coupled electron transfer””?. Unlike CO, reduction, where the
central challenge is selective protonation of an activated carbon-oxygen framework, or oxygen
electrocatalysis, where the principal issue is preservation or formation of an O-O unit; nitrogen-oxoanion
chemistry is governed by the controlled editing of N-O bonding within a multistate reduction ladder. This
ladder is intrinsically dense because nitrate, nitrite, NO, N,O, NH,OH, NH,, and N, are all chemically

accessible nodes connected by interfacial proton-electron transfer, oxygen abstraction, and nitrogen-centered
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bond reorganization. As a consequence, the two-electron pathway to nitrite is rarely an isolated event. It is
the first chemically defined branch point at which the catalytic interface either releases a partially reduced
oxyanion or continues to drive the system into deeper nitrogen reduction chemistry. Nitrogen-oxoanion
two-electron electrocatalysis is thus best understood as a problem of selective decoupling between initial
activation and subsequent overreduction. The catalyst must promote sufficient interaction with nitrate to
weaken one N-O bond and allow oxygen removal, yet it must not stabilize the resulting reduced nitrogen
species so strongly that additional protonation, deoxygenation, or hydrogenation becomes unavoidable. This
requirement gives the two-electron nitrate-to-nitrite route a conceptually important status within selective
electrosynthesis'”®. It reveals how control over redox depth can be exerted not by maximizing reduction
power, but by defining a chemically precise stopping point within a cascade of energetically accessible
nitrogen transformations. It also distinguishes nitrogen-oxoanion electrocatalysis from many other inorganic
redox processes, because the two-electron product is not simply a useful chemical target but also a
mechanistically critical discriminator of pathway logic. Once nitrite is released as the dominant product, the
catalytic system demonstrates an ability to recognize partial deoxygenation as a terminal outcome. Once
nitrite remains adsorbed or is further activated in situ, the chemistry rapidly transitions from selective two-
electron conversion to multielectron nitrogen reduction. In this sense, nitrogen-oxoanion two-electron
electrocatalysis offers an especially revealing framework for understanding how electrode interfaces govern
the balance between controlled oxyanion editing and uncontrolled descent into more reduced nitrogen
states, thereby extending the broader concept of two-electron electrocatalysis into a chemically richer
domain of valence-state management, oxygen transfer selectivity, and nitrogen-centered reaction-network
control””7%,

Halide two-electron electrocatalysis

Halide two-electron electrocatalysis defines an anodic class of selective redox chemistry in which the central
task is the controlled oxidation of halide anions to molecular halogens through a discrete two-electron
process, most commonly represented by 2Cl" — Cl, + 2¢’, 2Br” — Br, + 2¢, or 2I' - I, + 2¢". In chemical
terms, this class differs fundamentally from the preceding oxygen-, carbon-, and nitrogen-centered systems
because the target transformation is not a partial reduction of a highly oxidized substrate, but a selective
oxidation in which an anionic main-group species is converted into a covalently bonded neutral molecule. Its
conceptual significance within two-electron electrocatalysis arises from the fact that electron count directly
determines whether the anodic interface performs productive halogen evolution or diverts oxidative
equivalents into oxygen-centered pathways arising from H,O or OH  activation”. The key issue is therefore
not simply halide oxidation itself, since halides are in many cases readily oxidizable, but the ability of the
electrochemical interface to discriminate between halogen-forming redox chemistry and competing oxygen
evolution under strongly anodic conditions. This makes halide electrocatalysis an especially revealing case of
selective charge allocation at positive potentials. The catalyst must promote interfacial electron withdrawal
from X to generate a surface-associated halide-derived oxidized state, yet it must also channel that oxidizing
power toward X-X bond formation and halogen release rather than toward the buildup of oxygenated
surface species that ultimately lead to O, evolution. In this sense, halide two-electron electrocatalysis is
governed by a distinctive coupling between anion adsorption, outer- or inner-sphere oxidation character,
and bimolecular or surface-mediated bond formation between halogen equivalents. Its mechanistic identity
therefore depends on whether the anodic interface recognizes halide oxidation as a self-contained molecular
synthesis pathway or merely treats halide as a spectator in a broader oxygen evolution environment. This
distinction is chemically consequential because halogen evolution represents a selective oxidation-state
transition with clear product definition, whereas oxygen evolution corresponds to redirection of current into
a fundamentally different redox manifold"®”. Halide two-electron electrocatalysis also occupies an important
position in the general theory of competing pathways because it illustrates that two-electron selectivity is not
restricted to partial reduction chemistry. It can also emerge in oxidation processes where the desired
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Figure 4. Schematic overview of structural regulation strategies and microenvironmental engineering for selective two-electron
electrocatalysis. (A) Electronic structure of active sites, highlighting the d-band center, frontier orbital interactions, and the optimal
electronic matching window to balance substrate activation and suppress over-reduction. (B) Surface structure and defects, including
oxygen vacancies and metal vacancies, as well as crystal phases characterized by lattice distortion and O-M-0O angles. (C) Coordination
environment and atomic configuration, showing the impact of coordination number on binding strength and selectivity, alongside typical
2e pathways. (D) Interfacial microenvironment, covering solvation structure, electric double layer properties, and mass transport
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outcome requires arrest at a lower oxidative depth than the surrounding anodic environment would
otherwise favor. The reaction thus exemplifies a general principle of two-electron electrocatalysis: the
relevant selectivity problem is determined not by the absolute ease of electron transfer, but by whether the
interface can stabilize the chemically intended redox channel long enough for product-defining bond
formation and desorption to occur®*?. In halide systems, that intended channel is molecular halogen
generation. Once the interface instead accumulates oxygenated intermediates from solvent or hydroxide
oxidation, the chemistry shifts away from selective halide conversion and into the multielectron oxygen
evolution regime!®!. Halide two-electron electrocatalysis therefore provides a chemically clean and
conceptually important model for understanding how anodic interfaces partition oxidizing equivalents
between substrate-centered molecular formation and solvent-derived overoxidation, thereby extending the
broader framework of two-electron electrocatalysis to include oxidation-state precision on the oxidative side
of inorganic electrosynthesis.

Structural determinants of two-electron selectivity

The structural origin of two-electron selectivity can be understood most clearly by separating the problem
into four interconnected yet chemically distinguishable levels of control [Figure 4]. At the most fundamental
level, active-site electronic structure determines how the catalytic center redistributes charge, interacts with
frontier orbitals of adsorbates, and stabilizes key redox states along a two-electron pathway!®**). That
electronic behavior is then concretized by the local coordination environment and atomic configuration,
which define the geometric and chemical identity of the reactive center and thereby shape the mode of
substrate binding and elementary-step accessibility. Beyond the immediate active site, surface structure,
defect chemistry, and crystal phase further regulate adsorption topology, surface redox flexibility, and the
energetic landscape of intermediate transformation®. Finally, these intrinsic structural features operate
within an interfacial microenvironment in which solvation, proton activity, ionic organization, and local
electric fields modulate the actual expression of catalytic selectivity under electrochemical conditions.
Considered together, these four categories provide a hierarchical framework for understanding how two-
electron pathways are chemically encoded, from the electronic nature of the catalytic center to the interfacial
environment in which selective redox conversion ultimately occurs®*/,
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Electronic structure of active sites

The electronic structure of active sites constitutes the most fundamental determinant of two-electron
selectivity because it defines how the catalytic center exchanges charge with the reacting substrate, how
strongly key intermediates are stabilized, and whether the interfacial redox process terminates at a partially
transformed state or continues into deeper reaction manifolds. In chemical terms, two-electron
electrocatalysis is governed by the need to place the active site within a narrow electronic window. The site
must be sufficiently electron-rich or electronically polarizable to activate a relatively inert molecule such as
0,, CO,, or NO,, yet it must not stabilize the resulting adsorbate-derived states so strongly that subsequent
bond cleavage, excessive protonation, or further electron accumulation becomes unavoidable. This
requirement makes two-electron selectivity highly sensitive to the frontier-orbital interaction between the
catalyst and the adsorbate'®". The energy, symmetry, and occupancy of valence orbitals at the active site
determine the extent of ¢ donation, = back-donation, and charge redistribution during adsorption, which in
turn dictates whether an intermediate is bound in a configuration compatible with release at the two-electron
level or with progression toward multielectron conversion. For transition-metal-centered sites, this behavior
is closely associated with the position of the d-band manifold, the degree of orbital degeneracy or splitting
under the local ligand field, and the oxidation-state flexibility of the metal center during proton-coupled
electron transfer”*”). A more electronically elevated and weakly filled d manifold can facilitate initial
substrate activation by enhancing overlap with antibonding orbitals of the adsorbate, whereas a more
stabilized and lower-lying manifold may weaken excessive covalent interaction and favor desorption of a
partially reduced or oxidized product. The decisive issue is therefore not strong binding in a generic sense,
but electronically discriminating binding that stabilizes the desired precursor state without overstabilizing
the states that lead to further transformation. An optimized electronic structure should balance substrate
activation and intermediate release rather than simply maximize adsorption strength. Appropriate orbital
interactions facilitate substrate activation, whereas excessively strong interactions can hinder desorption and
promote deeper redox pathways. Conversely, weak interactions may suppress substrate activation. Thus,
electronic-structure regulation should establish an appropriate adsorption-desorption balance to promote
the desired two-electron transformation while preventing further conversion". This principle becomes
especially important in reactions where two-electron and multielectron pathways diverge only after the first
adsorbed intermediate has formed. Under such conditions, small changes in charge density, spin state,
covalency, or metal-ligand electronic coupling can shift the relative energy ordering of surface intermediates
and thereby redirect the reaction network. Electronic structure also determines the redox noninnocence of
the active center itself. In some catalysts, charge transfer during catalysis is borne predominantly by the metal
site, whereas in others substantial electron density is delocalized onto ligands, lattice anions, or electronically
coupled neighboring atoms"*>**. Such differences are chemically consequential because they alter whether the
active site behaves as a localized redox center, a covalent adsorption platform, or a more distributed
electronic ensemble capable of buffering charge without excessively deepening the reduction or oxidation
state of the bound species. From this perspective, two-electron selectivity can be viewed as a problem of
electronic-state matching between catalyst and reaction intermediate. When this matching is appropriate, the
active site lowers the barrier for the first chemically productive step while preserving a thermodynamic and
kinetic bias toward product release at the two-electron stage. When the matching becomes too strong, the
interface begins to favor bond scission, overprotonation, or continued electron transfer, thereby collapsing
selectivity into deeper pathways"”*. Electronic structure is thus not merely one descriptor among many. It is
the primary chemical variable that governs how the active site interprets the redox identity of the substrate
and decides whether a two-electron state is treated as a target product or as a transient species en route to
further conversion.
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Coordination environment and atomic configuration

Beyond the intrinsic electronic character of the active center, two-electron selectivity is critically shaped by
the coordination environment and atomic configuration that define how that center is spatially and
chemically expressed at the catalytic interface. This level of control is distinct because it concerns not simply
how many electrons are available for substrate interaction, but how the reactive atom is embedded,
constrained, and exposed to the approaching molecule. The coordination number, the identity of
neighboring atoms, the symmetry of the local ligand field, and the nuclearity of the active ensemble together
determine whether the catalytic site presents a highly localized adsorption motif, a cooperative multiatom
platform, or a geometrically frustrated environment in which partial transformation is favored over complete
redox conversion"”. In two-electron electrocatalysis, this distinction is especially important because the
difference between selective termination and overconversion often emerges from subtle changes in binding
geometry rather than from large differences in overall adsorption strength. A coordinatively unsaturated site
may facilitate initial substrate capture by increasing orbital accessibility and local electrophilicity, yet the
same site can also promote excessive activation if it allows multidentate binding or bond dissociation
geometries that open deeper pathways. Conversely, a more saturated or symmetry-constrained coordination
environment may attenuate full bond cleavage while still permitting the end-on or weakly asymmetric
adsorption modes that are compatible with two-electron product formation and release!"*"'*?l. Atomic
configuration further refines this behavior by determining whether catalysis occurs at an isolated atom, a pair
of adjacent heterometallic or homometallic centers, a cluster-like ensemble, or an extended surface motif.
These configurations are not electronically equivalent, but their significance in the present context is
fundamentally geometric and chemical. An isolated site often limits the configurational space available for
adsorbate reorganization, thereby suppressing pathways that require bridging adsorption, multi-center bond
scission, or sequential deep reduction at neighboring atoms. By contrast, binuclear or ensemble sites can
either enhance two-electron selectivity through controlled cooperativity or undermine it by enabling
excessive intermediate stabilization and further transformation. The decisive question is whether the local
atomic arrangement imposes a reaction geometry that favors partial redox editing while disfavoring the
reorganizations required for multielectron descent. This is why coordination environment and atomic
configuration are best regarded as structural filters of selectivity. They determine the orientation of substrate
approach, the multiplicity of accessible adsorption states, the degree of bond polarization induced upon
binding, and the probability that the first product-like intermediate will remain terminal or become a
precursor to deeper chemistry. Their role is also chemically significant because they mediate the balance
between rigidity and adaptability at the active site. An overly rigid coordination framework may prevent the
substrate from reaching the transition-state geometry needed for productive two-electron conversion,
whereas an overly flexible environment may accommodate multiple downstream configurations and thereby
erode selectivity. The most effective coordination motifs are therefore those that combine sufficient
structural definition to restrict undesirable pathways with sufficient local lability to permit the specific
geometric distortion associated with the desired two-electron event. In this sense, two-electron
electrocatalysis depends not only on what the active site is electronically, but also on how it is built atom by
atom. Coordination environment and atomic configuration determine whether catalytic reactivity is
localized, cooperative, constrained, or overextended, and they thereby translate structural chemistry into a
concrete decision about whether a substrate will be released after a two-electron transformation or driven
onward into a deeper reaction manifold"*.

Surface structure, defects, and crystal phases

Two-electron selectivity is further governed by the extended structural state of the catalyst surface, because
the same chemically defined active site can exhibit markedly different reaction behavior once it is embedded
within different surface terminations, defect populations, and crystallographic phases. This level of control
operates beyond local coordination in a narrower sense and concerns the broader structural context that
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determines how adsorption motifs are distributed, how surface atoms relax under bias, and how reactive
intermediates migrate, reorganize, or couple during turnover!"*. Surface structure is central in this regard
because crystallographic orientation and atomic termination define the spatial arrangement, density, and
connectivity of adsorption sites available to the substrate''**'””!. Recent studies on electrochemical CO,
reduction further demonstrate that phase and facet engineering can regulate catalytic selectivity by
modifying surface atomic arrangements, coordination environments, defect structures, and interfacial strain,
thereby altering the adsorption behavior and energetic barriers of key intermediates"**. A close-packed
terrace, a stepped edge, and a kink-rich surface may expose nominally similar elemental compositions, yet
they impose fundamentally different adsorption geometries and bond polarization environments. For two-
electron electrocatalysis, this distinction is crucial because selective partial conversion often requires a surface
that permits the first productive adsorption event but disfavors the ensemble geometries needed for deeper
bond cleavage, excessive hydrogenation, or prolonged intermediate retention. Defects introduce a further
layer of chemical complexity. Vacancies, antisite disorder, lattice distortion, dislocations, and
undercoordinated surface motifs can alter local charge density, redistribute frontier states, and create
chemically nonuniform adsorption microdomains in which intermediate-state energetics deviate
substantially from those of the ideal lattice* """, This defect-mediated electronic regulation is also evident in
graphene-derived quantum dots, where edge and structural defects introduce surface states and modulate
electron density and heterogeneous electron-transfer behavior, demonstrating that defect-induced electronic
perturbations can directly influence electrochemical reactivity"'”. Such perturbations may be beneficial when
they lower the barrier for substrate activation or tune the adsorption state into the narrow window required
for two-electron termination, but they may also undermine selectivity if they generate highly reactive sites
that capture intermediates too strongly and facilitate continued transformation. Defect and phase
engineering should therefore be treated as structure-dependent strategies rather than universally beneficial
approaches. Appropriate defects and stable phases can promote the desired two-electron pathway, whereas
excessive defects or unstable phases may overstabilize intermediates and promote deeper multielectron
conversion. Effective regulation therefore requires balancing reaction activation with intermediate release.
The role of defects is therefore not reducible to a general enhancement of activity. Their true significance lies
in whether they selectively stabilize the product-forming branch without opening additional pathways that
consume the partially transformed species'”’. Crystal phase exerts a similarly profound influence because
phase identity determines not only long-range atomic ordering but also metal-anion covalency, bond
ionicity, lattice flexibility, and redox adaptability under electrochemical conditions!'*"'*), Even when
composition remains constant, distinct polymorphs can present different surface energies, different
capacities for structural relaxation, and different propensities for forming metastable adsorbate-bound states
during catalysis. These differences matter acutely in two-electron systems, where a modest shift in the surface
free-energy landscape can determine whether a reaction terminates at peroxide, formate, nitrite, or halogen,
or instead proceeds toward deeper reduction or oxidation!"'”\. Surface structure, defects, and crystal phase
also share a common mechanistic consequence in that they regulate how far the catalyst departs from its
idealized static configuration during operation. Two-electron electrocatalysis often depends on maintaining a
surface state that is reactive but not overadaptive. If the surface is too inert, the first electron-transfer event
remains difficult and selectivity is lost through underactivation. If the surface is too labile, restructuring
under bias may generate highly active motifs that favor multielectron chemistry or transform the original
catalyst into a different reactive phase altogether''®. The relevant structural question is therefore not simply
which surface or phase is intrinsically most active, but which one preserves an adsorption and
transformation landscape compatible with controlled arrest at the two-electron level. In this sense, surface
structure, defect chemistry, and crystal phase function collectively as mesoscale regulators of selectivity! ..
They translate bulk structural chemistry into the real interfacial topology encountered by reacting molecules
and determine whether the catalyst surface behaves as a platform for selective partial redox conversion or as
a continuously evolving environment that drives the system beyond the intended two-electron
endpoint!*"?,
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Interfacial microenvironment effects

Even when the active-site electronic structure and the catalyst lattice are held constant, two-electron
selectivity can still change profoundly because the electrochemical reaction is expressed not in vacuum but
within a dynamically organized interfacial microenvironment. This microenvironment constitutes the final
level at which selectivity is determined, since it governs how reactants, intermediates, protons, solvent
molecules, counterions, and electric fields are arranged at the moment of electron transfer. Its importance in
two-electron electrocatalysis is especially pronounced because partial redox conversion is intrinsically
sensitive to whether a newly formed intermediate remains solvated and releasable or is immediately driven
into further transformation. In chemical terms, the interfacial microenvironment controls this balance
through four tightly coupled effects. The first is local proton activity, which determines not only proton
availability for proton-coupled electron transfer but also the protonation state and chemical identity of the
product itself'*”!. A nominally identical electron-transfer sequence can therefore terminate in chemically
different forms depending on whether the interface favors H,0, or HO,, HCOOH or HCOO, and whether

123]

partially reduced nitrogen-oxo species are rapidly protonated or remain in less reactive oxyanion forms!
The second is solvation structure and hydrogen-bond organization, because the orientation and mobility of
interfacial water molecules influence charge stabilization, transition-state polarity, and the desorption
tendency of polar oxygenated or oxyanion intermediates. A hydrogen-bond network that stabilizes a released
two-electron product in the outer coordination environment can favor selective termination, whereas a more
weakly accommodating solvent structure may leave the product vulnerable to readsorption or continued
surface reaction. The third is the ionic environment and double-layer organization, including the identity,
concentration, and spatial distribution of cations and anions near the electrode"***\. These species reshape
the local electric field, alter electrostatic screening, and selectively stabilize charged or polarizable
intermediates through noncovalent interactions. Such effects are chemically consequential because two-
electron and multielectron pathways often diverge only after a charged intermediate has formed, so even
modest changes in interfacial field strength or ion pairing can shift the relative accessibility of partial versus
deep redox conversion. These interfacial factors are closely coupled through the electric double layer, which
governs the local distribution of ions, solvent molecules, and electric fields. Changes in proton activity,
electrolyte composition, and solvation can reshape the electric double layer, thereby affecting charge transfer,
intermediate stabilization, and proton-coupled electron transfer. Thus, interfacial regulation should be
viewed as coordinated control of the electric double layer, solvation, and transport processes, which
collectively determine two-electron selectivity!'””. The fourth is mass-transport-defined concentration
polarization, which determines how rapidly substrate is replenished, how efficiently product is removed, and
whether local accumulation of reactants or products perturbs the reaction network away from its intended
two-electron endpoint. This factor is not merely hydrodynamic in a physical sense. It has direct chemical
implications because local buildup of H,0,, HO,', halogen species, or partially reduced nitrogen
intermediates can change secondary reaction probability, alter interfacial acidity, or induce competitive
pathways that are absent under dilute boundary conditions"*. Interfacial microenvironment effects are
therefore best understood as the operational chemical context in which intrinsic catalyst structure is
translated into actual selectivity!"**". They determine whether the catalyst experiences the substrate as a
neutral molecule, an ion-paired complex, a strongly polarized adsorbate precursor, or a species embedded
within a proton-rich or proton-deficient solvent cage. They also define whether the two-electron product
leaves the interface as a chemically stabilized molecular entity or remains trapped within a reactive interfacial
zone that promotes further oxidation or reduction. In this sense, two-electron electrocatalysis cannot be
explained solely by the structure of the solid catalyst. It must also be understood through the structure of the
liquid-side interface, where proton distribution, solvation fields, ionic organization, and local concentration
gradients collectively decide whether a partially transformed state survives as the desired product or is
consumed as a transient intermediate on the way to deeper redox chemistry.
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Figure 5. Schematic overview of representative catalyst materials and structure-performance relationships for two-electron
electrocatalysis. (A) Metals and alloys, illustrating the ligand effect and strain effect on the metal d-band. (B) Metal carbides and nitrides,
showing electronic reconstruction via C/N incorporation and the formation of a conductive covalent lattice. (C) Metal oxides and derived
materials, highlighting the role of lattice oxygen and metal-oxygen covalency. (D) Metal hydroxides, depicting proton-coupled electron
transfer mechanisms and the hydrated interfacial solvation layer. (E) Metal sulfides and phosphides, emphasizing lattice polarizability and
the impact of anion type on adsorption strength.

Classes of electrocatalysts for two-electron reactions

The catalyst landscape of two-electron electrocatalysis can be most usefully interpreted by grouping materials
according to the chemical nature of the catalytically dominant phase, since different classes impose
fundamentally different modes of charge transfer, adsorbate binding, lattice participation, and interfacial
redox flexibility [Figure 5]. Such a classification is not merely taxonomic. It provides a chemically grounded
framework for understanding how catalyst composition and bonding characteristics influence the ability of
an interface to terminate reactivity at the two-electron level rather than proceed toward deeper oxidation or
reduction pathways"*?.. Metals and alloys offer electronically tunable surfaces with well-defined adsorption
energetics, whereas metal oxides and oxide-derived materials introduce more pronounced metal-oxygen
covalency and lattice-mediated redox behavior. Metal hydroxides further emphasize proton-coupled
interfacial chemistry under hydrated conditions, while metal sulfides and phosphides provide more
polarizable anion frameworks that can reshape substrate activation and intermediate stabilization. Metal
carbides and nitrides bring yet another regime in which covalent-metallic bonding and non-oxide lattice
chemistry alter the balance between activity and selective termination"**""**). Beyond these established
families, other emerging catalytic materials expand the structural and electronic design space through
unconventional coordination environments, hybrid architectures, and chemically heterogeneous

[136-138]

interfaces . Considered together, these classes capture the principal material platforms through which
two-electron electrocatalysis has been explored, and they offer a practical basis for comparing how different

catalytic chemistries encode selectivity across otherwise diverse reaction systems.

Metals and alloys

Metals and alloys constitute one of the most foundational catalyst classes in two-electron electrocatalysis
because they provide electronically coherent surfaces on which adsorption, charge transfer, and bond
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activation can be regulated with comparatively high chemical precision. Their importance arises first from
the fact that metallic bonding creates delocalized electronic states capable of mediating rapid interfacial
electron exchange, while at the same time permitting continuous variation in adsorbate binding strength
through changes in elemental identity, surface composition, and alloy structure"*!. This combination is
particularly relevant to two-electron chemistry, where the central requirement is not maximal substrate
activation but selective stabilization of an intermediate state that is reactive enough to form and yet labile
enough to desorb before deeper conversion occurs. In pure metals, this balance is often governed by the
intrinsic position and filling of valence states, especially for transition-metal surfaces where adsorption of
oxygenated, carbon-containing, or nitrogen-oxo intermediates depends sensitively on metal-adsorbate
orbital overlap"*'*. A metal surface that binds reaction intermediates too weakly may fail to induce the first
chemically productive step, whereas one that binds too strongly can prolong surface residence, facilitate
bond scission, or promote additional proton-coupled electron transfer beyond the intended two-electron
endpoint. The chemical role of metals in this context is therefore best understood as providing a continuous
adsorption-energy platform from which selective partial conversion can be achieved only within a narrow
reactivity window. Noble metals are often prominent in this regard because their relatively moderate affinity
for oxygenated intermediates can favor molecular release over overreduction, while post-transition metals
may promote oxygen-retaining carbon reduction pathways by stabilizing particular adsorption geometries
associated with partial reduction rather than deep deoxygenation. The mechanistic significance of metallic
catalysts thus lies in their ability to translate band-structure-defined adsorption into oxidation-state-specific
product formation, making them especially suitable for reactions in which the distinction between two-
electron and multielectron pathways is controlled by subtle changes in surface bonding rather than by
wholesale changes in catalytic composition.

Alloying extends this chemistry into a much broader regime of selective control by introducing
compositional heterogeneity, altered surface atom distributions, and modified electronic coupling between
constituent elements. Its value in two-electron electrocatalysis does not lie simply in averaging the properties
of two metals, but in generating new catalytic states through ligand, strain, and ensemble effects that are
inaccessible to monometallic surfaces. Through ligand effects, one component can perturb the electron
density and orbital energy of another, thereby tuning the binding strength and transformation pathway of
key intermediates without necessarily changing the overall metallic character of the surface!"**.. Through
strain effects, lattice mismatch can alter bond lengths and orbital overlap, shifting the energetic balance
between intermediate formation and further conversion"*. Through ensemble effects, alloying can dilute
contiguous active atoms, isolate reactive motifs, or create heteroatomic neighborhoods that favor one
adsorption geometry over another. These consequences are chemically decisive for two-electron pathways
because deeper redox chemistry often requires multi-atom cooperation, stronger adsorption ensembles, or
more extensive intermediate stabilization than selective partial conversion. Alloy surfaces can therefore
suppress overreaction either by electronically weakening undesired states or by geometrically interrupting
the site architectures needed for continued transformation. At the same time, they may preserve sufficient
reactivity to promote the first substrate-activation event, which is essential for avoiding the opposite failure
mode of underactivation*****. This makes alloys particularly powerful as catalysts for two-electron
electrocatalysis, since they allow the reaction coordinate to be reshaped at both the electronic and atomic
scales without abandoning the efficient interfacial charge-transfer properties of metallic systems. From a
broader materials-chemistry perspective, metals and alloys thus serve as a canonical platform for
understanding selective electrocatalysis in its most controlled form. They show how continuous tuning of
surface electronic structure, atomic distribution, and cooperative adsorption behavior can convert a highly
reactive metallic interface from a driver of deep redox conversion into a chemically disciplined surface that
recognizes the two-electron state as the preferred catalytic endpoint!*/.
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In non-noble and low-noble alloy systems, alloying first manifests as a strategy for regulating the electronic
structure of active metal sites and the adsorption mode of reaction intermediates. Liu et al.**” first pointed
out that Bi in BiNi alloys can regulate Ni sites through a dual-isolation effect involving both physical and
electronic isolation. At the electronic-structure level, the three-dimensional charge-density distribution of
BiNi alloys shows that Bi incorporation reshapes the local electronic environment around Ni and provides a
basis for tuning *OOH adsorption [Figure 6A]. Structurally, the High-resolution transmission electron
microscopy (HR-TEM) image of BiNi/C, together with the inset diffractogram, further confirms the
formation of the crystalline BiNi alloy phase [Figure 6B]. On this basis, the OOH-adsorbed configurations
and free-energy diagrams of Bi, Ni, BiNi-Bi, and BiNi-Ni sites at 0.7 V vs. Reversible hydrogen electrode
(RHE) suggest that alloyed BiNi sites can optimize *OOH adsorption and conversion [Figure 6C]. At the
kinetic level, the Tafel slopes of Ni/C, Bi/C, and BiNi/C show that BiNi/C displays faster ORR kinetics than
the corresponding monometallic counterparts [Figure 6D]"*). In parallel, Du et al."** focused on a PdCu
bimetallic system and showed that Cu incorporation can promote the formation of Pd-O species, thereby
enhancing the 2e” ORR activity of Pd sites. To clarify the adsorption configuration, the computational model
of OOH adsorption on an oxygen-containing PdCu surface describes the interaction between the oxygen
intermediate and the alloy surface through Pd, Cu, and O atoms [Figure 6E]. Then, the HR-TEM image of
PdCu nanowires, with the inset selected-area electron diffraction (SAED) pattern, confirms their crystalline
structure [Figure 6F]. From the thermodynamic perspective, the calculated free-energy diagrams for the 2e
ORR over bare PdCu and oxygen-containing PdCu surfaces indicate that surface oxygen species optimize the
energetics related to H,O, formation [Figure 6G]. Finally, the correlation between the H,O, selectivity of
PdCu NWs/C and the normalized Raman intensity of Pd-O suggests that reaction-induced Pd-O species are

148

closely associated with improved H,O, selectivity [Figure 6H]!"**!. Taken together, these two studies

demonstrate that performance enhancement in non-noble or low-noble alloy catalysts does not arise from
composition change alone, but from the synergistic optimization of *OOH adsorption and the 2" ORR
pathway through electronic regulation, active-site isolation, and stabilization of surface oxygen species.

149

In noble-metal alloy systems, Zhang et al."* further demonstrated that Pd-Hg-based pure metallic aerogels
can construct single-atom-like Pd sites by suppressing Pd-Pd coordination, while Au doping further tunes
the electronic structure of Pd sites without substantially changing their geometric environment. Specifically,
the OOH-adsorption-induced charge-density difference of Au-Pd,Hg_ (001) shows electron accumulation
and depletion around the adsorption region, indicating that Au doping modifies the electronic interaction
between Pd sites and oxygenated intermediates [Figure 6I]. Meanwhile, the HR-TEM image of M-Pd,Hg,
aerogels confirms that the crystalline alloy aerogel framework is retained after heterometal doping
[Figure 6]]. In terms of reaction energetics, the calculated reaction-coordinate diagrams of Pd,Hg, and Au-
Pd,Hg_ for the 2e ORR show that Au-Pd,Hg_ follows a pathway closer to ideal H,0O, formation [Figure 6K].
Consistently, the linear sweep voltammetry (LSV) curves and H,O, currents detected on the Pt ring electrode
demonstrate the enhanced H,O,-generation response of Au-Pd,Hg, relative to Pd,Hg, [Figure 6L]"*.
Extending this site-isolation concept, Lin et al."*' developed Pd@M-in-Au core-shell nanocrystals with dilute
binary alloy surfaces, using an inert Au matrix to isolate Pt, Pd, or Rh active atoms and thereby regulate
OOH adsorption configurations and ORR selectivity. First, the prepared Pd@Pt, .Au, ,. core-shell nanocube
and its {100}-related Pt-in-Au alloy surface present the structural basis for isolating Pt atoms within the Au
matrix [Figure 6M]. Subsequently, the high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image of Pd@Pt, Au, ,.-6L core-shell nanocubes verifies their ordered core-
shell structure [Figure 6N]. To reveal the role of Pt aggregation, the AGOOH values of Pt aggregates with
different sizes embedded in the Au matrix show that the Pt aggregation state and *OOH adsorption
configuration strongly affect *OOH binding [Figure 60]. Finally, rotating ring-disk electrode (RRDE)
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Figure 6. (A) Three-dimensional charge-density diagrams of the BiNi alloys. (B) HR-TEM image of BiNi/C, with the corresponding
diffractogram shown in the inset. (C) OOH adsorption configurations on Bi, Ni, BiNi-Bi, and BiNi-Ni sites, and the corresponding free-
energy diagrams at 0.7 V vs. RHE. (D) Tafel slopes of Ni/C, Bi/C, and BiNi/C samples. (A-D) is reprinted with permission from Ref."#73,
Copyright © 2025 American Chemical Society. (E) Computational model of the OOH adsorption configuration on an oxygen-containing
PdCu surface. Silver, blue, and red spheres represent Pd, Cu, and O atoms, respectively. (F) HR-TEM image of PdCu nanowires, with the
SAED pattern shown in the inset. (G) Calculated free-energy diagrams for the 2e- ORR over bare PdCu and oxygen-containing PdCu. (H)
H,0O, selectivity of the PdCu NWs/C ORR catalyst and normalized Raman intensities of Pd-O. (E-H) is reprinted with permission from
Ref.081, Copyright © 2023 American Chemical Society. (1) Charge-density difference of Au-Pd,Hg, (001) induced by OOH adsorption.
Green and blue regions represent electron accumulation and depletion, respectively; the isosurface value is 0.004 e A3 (J) HR-TEM
image of the heterometal-doped M-Pd,Hg. aerogel. (K) Calculated reaction-coordinate diagrams for Pd,Hg. and Au-Pd,Hg. aerogels, with
insets showing the corresponding atomic configurations. This model represents the (100) plane of the Pd,Hg. structure. (L) LSV curves of
Pd,Hg. and Au-Pd,Hg. aerogels in O,-saturated 0.1 M HCIO, at a rotation speed of 1,600 rpm and a scan rate of 20 mV s, together with
the detected H,O, currents on the Pt ring electrode at a fixed potential of 1.2 V vs. RHE. (I-L) is reprinted with permission from Ref.143,
Copyright © 2023 Wiley-VCH GmbH. (M) Structural illustration of the obtained Pd@Pt, ,sAu, 45 core-shell nanocube covered by facets
and the corresponding Pt-in-Au square atomic arrangement. (N) HAADF-STEM image of Pd@Pt, ,sAu,..-6L core-shell nanocubes. (O)
AG*OOH values for Pd@Pt-in-Au (100) surfaces with Pt aggregates of different sizes embedded in the Au matrix. In Ptnx, n and x denote
the number of Pt atoms and the *OOH adsorption arrangement, respectively, where e and s refer to end-on and side-on adsorption. (P)
Electrocatalytic ORR performance of Pd@M-in-Au core-shell nanocrystals measured by RRDE in O,-saturated 0.1 M HCIO,, where M = Pt,
Pd, and Rh. The upper panel shows ring-current polarization curves, and the lower panel shows disk-current-density polarization curves.
(M-P) is reprinted with permission from Ref.'*%, Copyright © 2024 Wiley-VCH GmbH.

measurements of Pd@M-in-Au core-shell nanocrystals in O,-saturated 0.1 M HCIO, demonstrate that
Pd@Pt-in-Au nanocubes exhibit a more favorable H,O,-related current response, with the upper ring current
reflecting H,O, generation and the lower disk current density representing overall ORR activity
[Figure 6P]"*.,
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Metal oxides and derived materials

Metal oxides and oxide-derived materials occupy a chemically distinctive position in two-electron
electrocatalysis because their catalytic behavior is governed not only by metal-centered adsorption chemistry,
but also by the participation of oxygen-containing lattices that can redistribute charge, reorganize local
bonding, and stabilize polar intermediates in ways that are fundamentally different from purely metallic
surfaces">"*!l. This distinction is especially important for two-electron pathways, where selective termination
often depends on the ability of the interface to support partial redox transformation without triggering
deeper bond cleavage or further proton-coupled electron transfer. In oxides, such control arises from the
coupled influence of metal oxidation state, metal-oxygen covalency, lattice ionicity, and surface
hydroxylation. A metal center embedded in an oxide lattice is not exposed as an electronically isolated atom.
It exists within a chemically constrained M-O framework that shapes the distribution of charge density
between cationic and anionic sublattices and therefore alters how reactants are polarized upon adsorption.
This framework frequently favors more directional and chemically differentiated interactions with
oxygenated or oxyanion intermediates, which can be advantageous for two-electron processes because it
allows selective stabilization of a product-forming intermediate without necessarily promoting the strong
multidentate adsorption modes associated with deeper conversion. At the same time, the oxide lattice can
influence catalysis through its capacity for local redox adjustment. Changes in cation valence, transient
accumulation of oxygen vacancies, and partial rehybridization of surface metal-oxygen bonds under applied
potential can all reshape the energetic landscape of intermediate formation and release!**'**.. The essential
advantage of metal oxides in this context is therefore not simply that they are polar materials, but that they
provide a chemically adaptive yet structurally defined environment in which redox chemistry can be
modulated through both cation-centered and lattice-mediated effects. Such behavior is particularly relevant
when two-electron selectivity depends on preserving oxygen functionality, stabilizing partially reduced
carbon-oxygen species, or preventing overreduction of nitrogen-oxo intermediates"*>"*"\. In these cases, the
oxide surface often acts less as an inert support for electron transfer and more as a chemically active matrix
that controls how far a substrate can descend along the redox coordinate before product release becomes
favored.

This framework becomes even more interesting in oxide-derived materials, especially oxyhydroxide-type
surfaces generated through hydration, electrochemical activation, or near-surface reconstruction, because the
introduction of hydroxyl groups transforms the catalyst from a predominantly lattice-controlled oxide into
an interface where metal-oxygen-hydrogen connectivity becomes an intrinsic part of the catalytic state. In
chemical terms, this means that the active surface is no longer defined solely by M-O linkages, but by
dynamic M-OH and M-O(H)-M motifs capable of mediating proton transfer, hydrogen-bond-assisted
adsorption, and local acid-base buffering at the reaction interface. Such features are highly consequential for
two-electron electrocatalysis, since selective partial conversion often requires careful synchronization
between electron transfer and proton delivery*”"**.. Oxyhydroxide-derived surfaces can lower the barrier for
the first productive proton-coupled electron transfer event by providing a more hydrated and proton-
responsive environment, while at the same time altering the desorption behavior of polar intermediates
through hydrogen-bond interactions and surface hydroxyl exchange. Their catalytic role is therefore not
reducible to that of a simple modified oxide!"****'\. Rather, they introduce a different chemical regime in
which the lattice and the interfacial proton network become more strongly coupled. This coupling can favor
two-electron selectivity when it supports controlled substrate activation and selective stabilization of partially
transformed states, yet it can also undermine selectivity if excessive proton responsiveness promotes
continued hydrogenation or deeper oxidation. The decisive issue is whether the oxyhydroxide-like surface
maintains a balanced reactivity in which hydroxyl-assisted adsorption and proton transfer remain
sufficiently discriminating to terminate catalysis at the desired two-electron level. From a broader structural-
chemical perspective, metal oxides and oxide-derived materials therefore exemplify a catalyst class in which



Page 20 of 61 Lu et al. Energy Mater. 2026, 6, 600134

selective electrocatalysis emerges from the interplay of cation electronic structure, lattice oxygen chemistry,
and surface hydroxyl reactivity*?). Their importance in two-electron systems lies precisely in this
multidimensional control, because they demonstrate how a chemically complex inorganic framework can
encode selectivity not through a single descriptor, but through the integrated behavior of redox-active metal
centers, oxygen-containing lattices, and proton-responsive surface structures"”..

Metal oxides and oxide-derived materials are important platforms for two-electron electrocatalysis because
their metal-oxygen coordination, surface facets, oxygen defects, and heterointerfaces can regulate oxygen-
intermediate adsorption and reaction selectivity. In Fe-based oxide systems, Yin et al."* reported crystalline
nitrogen-doped-carbon-anchored Fe,O, nanoparticles for neutral H,O, electrosynthesis. The charge density
difference for O, adsorbed on Fe,O,(220)-nitrogen-doped carbon with vacancy (CNV) first presents the
interfacial electronic redistribution between Fe,O, and nitrogen-defective carbon, providing a theoretical

basis for understanding oxygen activation at the oxide-carbon interface [Figure 7A]. The high-resolution
transmission electron microscopy (HRTEM) image of Fe,O,@TNC then shows the crystalline oxide structure

and its contact with the carbon matrix, supporting the structural basis of the proposed interfacial active sites
[Figure 7B]. After the structural and electronic features are established, the free-energy profilesat U= 0.7 V
reveal the thermodynamic preference of the Fe,0,(220)-CNV interface for the two-electron reduction of O,

to H,O, [Figure 7C]. The capacitance current densities measured at 1.0 V give a higher double-layer
capacitance for Fe,O,TNC (11.1 mF cm?) than for Fe,O,@TNC-AE (6.7 mF cm™) and TNC (4.6 mF cm™),

supporting its larger electrochemically accessible surface area [Figure 7D]"**. From charge redistribution,
crystalline structure, capacitance response, and reaction free energy, this work illustrates how Fe,O,@TNC

regulates neutral two-electron oxygen reduction reaction through oxide-carbon interfacial coupling. In
SnO,-based systems, Hu et al."*"! designed Zn/SnO, for paired two-electron electrosynthesis. The optimized
adsorption configuration of the *OCHO intermediate on the Zn-Sn(101) alloy surface first describes the
interaction between the key CO,-reduction intermediate and the Zn-Sn site [Figure 7E]. TEM images of
Zn/SnO, at different magnifications, together with the corresponding SAED pattern, then present the

nanoscale morphology and crystalline features of the catalyst [Figure 7F]. The calculated reaction energy
profiles for water oxidation on the Zn site of Zn/SnO, further describe the energetic pathway associated with

H,O, formation [Figure 7G]. Finally, the Faradaic efficiency of formate (FE,,.,,) over bare SnO, and
Zn/SnO, compares their formate-generation behavior, demonstrating the influence of Zn incorporation on

the CO, reduction process [Figure 7H]!"*.

The role of oxide-derived interfaces is further reflected in ZnO@ZnO, and layered Bi-based oxyhalides.
Zhou et al."* identified ZnO@ZnO, as an oxide-derived interface for neutral two-electron oxygen reduction
reaction. The adsorption model of O, molecules on ZnO@ZnO, first shows the interaction between O, and
the ZnO/ZnO, surface, where red and gray spheres represent O and Zn atoms, respectively [Figure 7I].
HRTEM images of ZnO treated with 0.4 mol L H,O, then present the structural features of the peroxide-
treated ZnO surface, providing microscopic evidence for the oxide/peroxide-related interface [Figure 7J]. On
this structural basis, the LSV curves measured in 0.1 M K,SO, show the electrochemical oxygen-reduction
responses of ZnO, ZnO@ZnO,, and ZnO,, with the ring currents displayed in the upper panel and the disk
current densities displayed in the lower panel [Figure 7K]. The corresponding calculated electron transfer
number and H,O, selectivity in 0.1 M K,SO, further evaluate the two-electron reaction pathway, with the
bottom panel showing electron transfer number and the upper panel showing H,0, selectivity [Figure 7L]"*.
This set of results forms a continuous logic from O, adsorption, interface formation, electrochemical
response, and pathway evaluation. In defect-engineered oxide systems, Deng et al.""” reported oxygen-
vacancy-rich In,O, _for electrocatalytic H,O, production. The image of the final obtained In,O, _ catalyst first
presents the oxide material produced after the synthetic process, providing a direct visual representation of
the prepared catalyst [Figure 7M]. The AC-TEM images of In,O,  then reveal its crystalline lattice structure
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Figure 7. (A) Charge density difference for O, adsorbed on Fe;0,(220)-CNV. (B) HRTEM image of Fe,O,@TNC. (C) Free energy diagram
at U=0.7 V for the reduction of O, to H,0,. (D) Capacitance current densities measured at 1.0 V using 40 mF cm? as the specific
capacitance standard. (A-D) is reprinted with permission from Ref.l'*4, Copyright © 2025 The Royal Society of Chemistry. (E) Optimized
adsorption configuration of the *OCHO intermediate on the Zn-Sn (101) alloy surface. (F) TEM images of Zn/Sn0O, at different
magnifications; the inset is the corresponding SAED pattern. (G) Calculated reaction energy profiles for water oxidation on the Zn site of
Zn/Sn0,. (H) Faradaic efficiency of formate (FE,,.) over bare SnO, and Zn/SnO,. (E-H) is reprinted with permission from Ref.t¢%1,
Copyright © 2023 Wiley-VCH GmbH. (1) Adsorption model of O, molecules on ZnO@ZnO,; red and gray spheres represent O and Zn
atoms, respectively. (J) HRTEM image of ZnO treated with 0.4 mol L H,0.,. (K) LSV curves of ZnO, ZnO@Zn0O,, and ZnO, measured in
0.1 M K,SO,, with ring currents in the upper part and disk current densities in the lower part. (L) Calculated electron transfer number and
H,0, selectivity in 0.1 M K,SO,; the bottom panel shows electron transfer number and the upper panel shows H,O, selectivity. (I-L) is
reprinted with permission from Ref.t*¢). Copyright © 2023 The Royal Society of Chemistry. (M) Image of the final obtained In,0O,, catalyst.
(N) AC-TEM images of In,0O4_,. (O) LSV curves of RRDE measurement at 5mV s and 1,600 rpm in O,-saturated 0.1 M KOH. (P)
Calculated H,0, selectivity of In,O,.,. (M-P) is reprinted with permission from Ref.t"), Copyright © 2024 The Royal Society of Chemistry.

and provide microscopic evidence for the formed oxide catalyst [Figure 7N]. Subsequently, the RRDE LSV
curves measured at 5 mV s and 1,600 rpm in O,-saturated 0.1 M KOH record the oxygen-reduction

response of In,O, and reference samples [Figure 70]. Finally, the calculated H,O, selectivity further
demonstrates that In,O, _ favors the two-electron ORR pathway for H,O, production [Figure 7P]"".
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Metal hydroxides

Metal hydroxides represent a chemically distinctive catalyst class in two-electron electrocatalysis because
their reactive surfaces are intrinsically built from hydrated metal-oxygen coordination units in which
hydroxyl ligands are not merely spectators but constitutive elements of the catalytic state. This gives metal
hydroxides a mode of reactivity that differs in an essential way from both metallic surfaces and more lattice-
rigid oxides. The catalytic interface is defined by M-OH connectivity, variable hydrogen-bond organization,
and a high degree of proton responsiveness, so the surface can regulate substrate activation through coupled
electron-transfer and acid-base processes rather than through adsorption energetics alone. Such
characteristics are especially relevant to two-electron pathways, where selective termination frequently
depends on whether the first partially transformed intermediate can be stabilized and released without being
driven into further protonation, deoxygenation, or oxidation. In hydroxide frameworks, this control arises
from several interrelated chemical features"**!. First, the hydroxylated coordination sphere can create a
strongly polarized and hydrated local environment that facilitates interaction with polar substrates and
oxygen-containing intermediates while preserving a degree of reversibility in surface binding. Second, proton
mobility within hydrogen-bonded surface hydroxyl networks can lower the barrier for elementary proton-
coupled electron transfer steps, thereby making partially transformed redox states kinetically accessible
under milder driving force. Third, the metal center in a hydroxide is often electronically modulated by the o-
donating and hydrogen-bond-active character of surrounding OH ligands, which affects the balance between
substrate activation and product release in a manner not captured by dry-lattice descriptors alone"**'™. This
is chemically important because two-electron selectivity is often lost when the interface either underactivates
the substrate or overstabilizes the intermediate state. Metal hydroxides can occupy an intermediate regime in
which the surface is sufficiently reactive to initiate conversion yet sufficiently hydrated and proton-buffered
to favor controlled arrest at the desired redox level. Their layered or partially disordered structures may
further contribute by enabling local reorganization of hydrogen-bond geometry and metal coordination
during turnover without requiring the extensive lattice rearrangements that often accompany deeper redox
chemistry. The decisive advantage of metal hydroxides, therefore, lies in their ability to couple structural
hydration, proton transfer, and coordination flexibility into a single catalytic environment. This makes them
especially valuable as platforms for two-electron electrocatalysis, because they illustrate how selective
inorganic redox conversion can be regulated not only by the electronic identity of the metal center, but also
by the chemical behavior of a hydroxyl-rich surface that mediates when electrons and protons are delivered,
how long intermediates remain interfacially trapped, and whether the catalytic sequence terminates at a
discrete two-electron product rather than progressing into a more extensive reaction manifold.

Metal hydroxides and hydroxide-derived materials are important platforms for two-electron electrocatalysis
because their hydrated metal-oxygen coordination can regulate water activation, proton transfer, and
oxygen-intermediate adsorption. In Ni-based hydroxide systems, Nie et al."”" designed Ni(OH),/carbon
nanotube (CNT) for H,O, electrosynthesis in chloride-containing electrolytes. The geometries of Ni(OH),
first present the atomic arrangement of the hydroxide structure, providing a structural basis for
understanding the Ni-O-H coordination environment [Figure 8A]. The TEM image of Ni(OH),/CNT then
shows the morphology of the hydroxide/carbon composite; under high resolution, the lattice fringes with a
planar spacing of 0.236 nm can be assigned to the (101) facet of Ni(OH), [Figure 8B]. Based on this structure,
the wavelet transform (WT) analysis of the Ni K’-weighted extended X-ray absorption fine structure
(EXAFS) signals further records the local Ni coordination feature in Ni(OH),/CNT [Figure 8C]. The LSV
polarization curves of Ni(OH),/CNT in NaCl solutions with different concentrations and the Faradaic
efficiency in 1 M NaCl then evaluate its electrocatalytic response and peroxide-generation behavior under
saline conditions [Figure 8D]""'. This sequence from hydroxide geometry, lattice structure, local
coordination, and saline-electrolyte performance shows how Ni(OH),/CNT connects hydroxide active sites

with two-electron electrocatalysis in chloride-containing media. In another Ni hydroxide-derived system,
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Figure 8. (A) Geometries of Ni(OH),; blue, pink, and white spheres represent Ni, O, and H atoms, respectively. (B) TEM image of
Ni(OH),/CNT; under high resolution, the lattice fringes show a planar spacing of 0.236 nm, which can be ascribed to the (101) facet of
Ni(OH),. (C) WT of the Ni K3-weighted EXAFS signals of Ni(OH),/CNT. (D) LSV polarization curves of Ni(OH),/CNT in NaCl solutions
with different concentrations and Faradaic efficiency of NiCOH),/CNT in 1M NaCl. (A-D) is reprinted with permission from Ref.l'7,
Copyright © 2025 Springer Nature. (E) Top view of BDC ligand-functionalized Ni(OH),; pink, red and green spheres represent H, O and Ni
atoms, respectively. (F) HRTEM image of PR-utn-NiBDC. (G) WT of the k3-weighted Ni K-edge EXAFS signals of utn-NiBDC. (H)
Polarization curves of utn-NiBDC, utn-Ni(OH),, and XC-72 recorded at 1,600 rpm and a scan rate of 5 mV s, together with the detected
HO," currents on the ring electrode at a fixed potential of 1.2 V vs. RHE. (E-H) is reprinted with permission from Ref.l'”. Copyright © 2025
Springer Nature. (1) Co-SCD-2 models; azure, yellow, red, gray, and light pink spheres represent Co, S, O, C, and H atoms, respectively. (J)
HAADF-STEM image of Co-SCD-2 after the test. (K) LSV polarization curves of Co-SCD-1, Co-SCD-2, and Co-SCD-3. (L) Tafel slope
curves of Co-SCD-1, Co-SCD-2, and Co-SCD-3. (I-L) is reprinted with permission from Ref.t"3, Copyright © 2023 Wiley-VCH GmbH. (M)
Schematic illustration of deficient [NiO.]-[InO.] motifs of NNOOH/In(OH), heterostructures for E-Niln and C-Niln. (N) High-resolution
STEM image. (O) Free-energy diagram for the two-electron oxygen reduction reaction on C-Niln-Ov and E-Niln-Ov at U = 0 V; inset:
configuration of HOO* adsorbed on E-Niln. (P) Oxygen reduction reaction LSV curves of E-Niln and C-Niln measured by RRDE. (M-P) is
reprinted with permission from Ref.["4. Copyright © 2024 Wiley-VCH GmbH.

Zhang et al."” investigated 1,4-Benzenedicarboxylate (BDC) ligand-functionalized Ni(OH), derived from
ultrathin NiBDC. The top view of BDC-functionalized Ni(OH), presents the local ligand-modified hydroxide
structure [Figure 8E]. The HRTEM image of PR-utn-NiBDC then records the reconstructed nanosheet
structure and lattice information [Figure 8F]. The WT of the k*-weighted Ni K-edge EXAFS signals of utn-
NiBDC further describes the local coordination state of Ni after ligand-related structural regulation
[Figure 8G]. Finally, the polarization curves of utn-NiBDC, utn-Ni(OH),, and XC-72, together with the
detected HO, currents on the ring electrode at a fixed potential of 1.2 V vs. RHE, compare their oxygen-

reduction behavior and peroxide-generation response under RRDE conditions [Figure sH]"".
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Hydroxide chemistry can also be extended to Co hydroxide clusters and reconstructed heterometallic
oxyhydroxide interfaces. Qi et al."” reported Co-SCD-2 as a Co hydroxide cluster system for two-electron
oxygen reduction reaction. The Co-SCD-2 model first presents the local cluster configuration of the Co-
based catalytic structure [Figure 8I]. The HAADF-STEM image of Co-SCD-2 after the test then provides
structural information on the Co-containing species after electrochemical operation [Figure 8J]. On this
basis, the LSV polarization curves of Co-SCD-1, Co-SCD-2, and Co-SCD-3 compare their oxygen-reduction
responses [Figure 8K]. The corresponding Tafel slope curves further evaluate the kinetic differences among
these Co-SCD catalysts [Figure 8L]""”’). This progression from cluster model, post-test structural
characterization, polarization behavior, and kinetic comparison illustrates how Co hydroxide cluster
structures can be related to two-electron oxygen reduction reaction activity. In reconstructed heterometallic
systems, Yu et al."”* studied NiOOH/In(OH), heterostructures derived from Ni-In precatalysts. The
schematic illustration of deficient [NiO, ]-[InO,] motifs compares the interfacial structures of E-Niln and C-
Niln, providing a model for understanding oxygen-vacancy-related Ni-In coordination [Figure 8M]. The
high-resolution STEM image then records the local atomic structure of the reconstructed heterostructure
[Figure 8N]. The free-energy diagram for the two-electron oxygen reduction reaction on C-Niln-Ov and E-
Niln-Ov at U = 0 V further compares the reaction energetics, with the inset showing the configuration of
HOO* adsorbed on E-Niln [Figure 8O]. Finally, the oxygen reduction reaction LSV curves of E-Niln and C-
Niln measured by RRDE record their disk-current responses, while the ring-current behavior is used to
evaluate peroxide-related reaction performance [Figure 8P]"".

Metal sulfides and phosphides

Metal sulfides and phosphides constitute an important non-oxide catalyst family for two-electron
electrocatalysis because they introduce a fundamentally different anion chemistry into the catalytic interface,
thereby reshaping how charge is distributed, how substrates are polarized, and how partially transformed
intermediates are stabilized during turnover. In contrast to oxides and hydroxides, where oxygen-based
ligands strongly influence ionicity, proton responsiveness, and lattice redox behavior, sulfides and
phosphides are built from softer and more polarizable anionic frameworks"”. This chemical distinction has
profound consequences for two-electron selectivity. Sulfur and phosphorus generally form bonds with
transition metals that are less ionic and often more covalent than metal-oxygen linkages, which modifies the
electronic density around the metal center and changes the nature of adsorbate interaction from the

176

outset'””*). A more polarizable lattice can facilitate substrate activation by allowing flexible charge
redistribution during adsorption, yet it may also weaken the overly rigid stabilization of oxygenated or
oxyanion intermediates that often drives overconversion on more strongly binding surfaces. For two-
electron processes, this balance is highly advantageous because selective partial conversion typically requires
a catalyst that can induce the first productive electron-transfer event without locking the product-forming
intermediate into an excessively deep surface-bound state!'””. In this sense, sulfides and phosphides
frequently operate as chemically intermediate platforms between metallic and oxide-like behavior. They
retain sufficient electronic conductivity and redox accessibility to support efficient interfacial charge transfer,
while their non-oxide lattice chemistry imposes a distinct adsorption environment that can favor controlled
redox termination over complete reduction or oxidation. Their catalytic significance is therefore not simply
that they are alternative compounds of familiar metals, but that the presence of S or P changes the entire
bonding logic of the interface, from the polarity of the active site to the degree of covalency involved in
intermediate stabilization and release!"”.

This altered bonding logic becomes even more consequential when considering the structural and
mechanistic flexibility of sulfide and phosphide surfaces under electrochemical conditions. The metal center
in these materials is embedded within an anion framework that can respond to bias, solvation, and local
redox demand in ways that differ substantially from oxygen-based lattices. Sulfur- and
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phosphorus-containing environments can modify the electron density and oxidation-state adaptability of the
catalytic metal, but they also introduce a surface chemistry in which ligand softness, local coordination
asymmetry, and partial surface reconstruction may selectively reshape the free-energy landscape of partial
redox conversion!”. This is especially relevant in two-electron electrocatalysis, where deeper pathways often
require prolonged retention of an intermediate, stronger bond cleavage capability, or a more highly oxidizing
or reducing local state than that needed for selective product release. Sulfides and phosphides can suppress
these undesired trajectories either by attenuating the adsorption strength of overreactive intermediates or by
favoring adsorption geometries that are compatible with product formation but less favorable for continued
transformation"*>'*). At the same time, their surfaces are often chemically less static than idealized bulk
structures suggest. Under operation, local sulfur or phosphorus environments may reorganize, partially
oxidize, or become heterogeneously solvated, generating catalytically relevant interfaces that are best
understood as dynamic chalcogenide- or phosphide-derived states rather than purely stoichiometric solids.
The value of this class in two-electron electrocatalysis lies precisely in that dynamic balance. The interface
can remain electronically competent for substrate activation while avoiding the strongly oxygen-affine or
excessively rigid binding environments that frequently push reactions toward multielectron manifolds. From
a broader materials-chemistry perspective, metal sulfides and phosphides therefore expand the design space
of two-electron electrocatalysis by demonstrating how non-oxide inorganic frameworks can encode selective
redox behavior through softer anion fields, more covalent metal-anion interactions, and structurally adaptive
surfaces that favor controlled arrest at chemically defined two-electron endpoints"®'!,

Metal sulfides and phosphides are important material systems in two-electron electrocatalysis because metal-
S and metal-P bonding can regulate the electronic structure of metal centers and influence oxygen-
intermediate adsorption. In sulfide-based systems, Zhang et al."** reported exfoliated NiPS, nanosheets for
H,O, electrosynthesis from seawater. The energetically optimized structure of NiPS, first presents the stable
atomic configuration of the layered metal phosphorus trisulfide framework, providing a theoretical structural
basis for understanding the catalytic environment of Ni sites [Figure 9A]. The high-resolution TEM image of
NiPS, then shows clear lattice information of the nanosheet structure, confirming the crystallinity of the
sulfide catalyst [Figure 9B]. At the local coordination level, the EXAFS-related analysis shows two major
peaks located at 2.52 and 3.47 A, which are attributed to the scattering of Ni-S and Ni-P paths, respectively,
consistent with the Ni K-edge WT-EXAFS observations [Figure 9C]. In terms of catalytic kinetics, the Tafel
plots compare FePS., CoPS,, NiPS,, ZnPS,, NiS, and NiPSe,, showing the kinetic differences among metal
phosphorus sulfides and related sulfide catalysts [Figure 9D]"*!. Through the progression from optimized
structure, high-resolution lattice characterization, local coordination analysis, and kinetic comparison, these
results indicate that the Ni-S/Ni-P coordination environment of NiPS, is closely associated with its two-
electron oxygen reduction reaction behavior. Che et al."*! further used CdS as another sulfide model and
introduced carbon-shell engineering. The final structural model of C, |, @CdS nanorods presents the
structural configuration of carbon-coated CdS nanorods, showing the composite structure in which the
carbon layer covers the CdS nanorod surface [Figure 9E]. The HRTEM image of C,,,@CdS nanorods then
confirms the retained crystalline structure after carbon coating [Figure 9F]. Based on this structure, the
charge-density difference of C@CdS samples further describes the interfacial electronic redistribution
between CdS and the carbon shell [Figure 9G]. Finally, the H,O, yield of pure CdS and C@CdS nanorods
compares their peroxide-production performance [Figure 9H]"*.

In phosphide and ligand-regulated sulfide systems, Kim et al."* synthesized facet-controlled MoP single
crystals and investigated their catalytic behavior in two-electron oxygen reduction reaction for H,0O,
production. The *OOH-adsorbed MoP (1010) phosphorus-terminated pillar surface first presents the
adsorption configuration of the key oxygen intermediate on a specific phosphide facet, providing a structural
basis for understanding facet-dependent catalytic behavior [Figure 9I]. The high-resolution TEM image of
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Figure 9. (A) Energetically optimized structure of NiPS,. (B) High-resolution TEM image of NiPS.. (C) EXAFS-related analysis of NiPS,,
where the two major peaks located at 2.52 and 3.47 A are attributed to the scattering of Ni-S and Ni-P paths, respectively, in accordance
with the observations in the Ni K-edge WT-EXAFS. (D) Tafel plots of FePS;, CoPS;, NiPS;, ZnPS,, NiS, and NiPSe,. (A-D) is reprinted with
permission from Ref.'84. Copyright © 2025 Springer Nature. (E) Final structural model of C,,@CdS nanorods in the schematic of pure CdS
and C,,,@CdS nanorods. (F) HRTEM image of C, ,,@CdS nanorods. (G) Charge density difference for C@CdS samples; blue and yellow
colors denote electron depletion and accumulation areas, respectively. (H) H,0, yield of pure CdS and C@CdS nanorods. (E-H) is
reprinted with permission from Ref.'®?). Copyright © 2025 Wiley-VCH GmbH. (1) *OOH-adsorbed MoP (1010) phosphorus-terminated
pillar surface. (J) High-resolution TEM image of a MoP pillar cross-section. (K) Double-layer capacitance determined from the scan-rate-
dependent capacitive current densities of MoP pillars and MoP nanoplates. (L) H,0, yield rates and Faradaic efficiencies of MoP pillars at
potentials from 0.1to 0.5 V vs. RHE. (I-L) is reprinted with permission from Ref.'®¢l, Copyright © 2025 Wiley-VCH GmbH. (M) Cubic
crystal structure of Co,S, generated using VESTA software. (N) TEM image of popcorn-shaped Co,S, nanocrystals synthesized under inert
conditions. (O) Mass-transfer-corrected Tafel plots for the two-electron oxygen reduction reaction. (P) Mass activities of Dandelion NCs
and Popcorn NCs for the two-electron oxygen reduction reaction at different potentials. (O) Mass activity for the two-electron oxygen
reduction reaction of the catalysts. (P) Mass-transfer-corrected Tafel plots of kinetic current densities for the two-electron oxygen
reduction reaction; the kinetic current densities were calculated based on the Koutecky-Levich equation. (M-P) is reprinted with
permission from Ref.l"®7), Copyright © 2024 John Wiley and Sons.

the pillar cross-section then shows the crystalline quality and lattice structure of the MoP pillar [Figure 9]].
In the catalytic evaluation, the scan-rate-dependent capacitive current densities give double-layer
capacitances of 9.52 and 7.04 pF cm™ for the MoP pillars and MoP nanoplates, respectively, indicating a
larger electrochemically accessible surface area for the pillar architecture [Figure 9K]. The H,O, yield rates
and Faradaic efficiencies measured from 0.1 to 0.5 V vs. RHE further demonstrate the potential-dependent
peroxide-production performance of the MoP pillars [Figure 9L]. From *OOH adsorption configuration,
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lattice characterization, H,O, production performance, and electrochemical surface analysis, this study
indicates that exposed phosphide facets play a key role in regulating two-electron oxygen reduction reaction
behavior. In another sulfide system, Kim et al.""*”' reported ligand-driven electron-deficient Co,S,
nanocrystals. The cubic crystal structure of Co,S, generated using visualization for electronic and structural
analysis (VESTA) first presents the pentlandite lattice and Co/S atomic arrangement [Figure 9M]. The TEM
image of popcorn-shaped Co,S, nanocrystals synthesized under inert conditions then provides the
representative nanoscale morphology of the catalyst [Figure 9N]. The mass-transfer-corrected Tafel plots
subsequently reveal faster two-electron ORR kinetics for Dandelion NCs, with a Tafel slope of 81.7 mV dec™
compared with 118.8 mV dec™ for Popcorn NCs [Figure 90]. Consistently, the potential-dependent mass
activities further demonstrate the substantially higher two-electron ORR activity of Dandelion NCs across
the investigated potential range [Figure 9P]"*").

Metal carbides and nitrides

Metal carbides and nitrides form another chemically distinctive catalyst family for two-electron
electrocatalysis because the incorporation of carbon or nitrogen into a metal-centered lattice creates a
bonding framework that differs fundamentally from those of metals, oxides, hydroxides, sulfides, or
phosphides***\. Their catalytic significance arises from the fact that interstitial or strongly coordinated C
and N atoms do not behave merely as inert lattice occupants. Instead, they reshape the electronic structure of
the metal sublattice, modify metal-metal spacing, alter charge density distribution, and establish a hybrid
bonding regime that combines metallic conductivity with substantial covalent character. This combination is
highly relevant to two-electron chemistry. Selective partial conversion requires an interface that can activate
relatively stable substrates while avoiding the deep trapping of intermediates that would promote further
reduction or oxidation!*!. Carbides and nitrides are often well positioned in this respect because their metal
centers are electronically perturbed by neighboring C or N atoms in a way that can emulate certain aspects of
noble-metal-like surface behavior while retaining access to chemically richer adsorption states. In carbides,
the presence of carbon frequently induces strong metal-carbon hybridization and modifies the d-state
distribution of the transition metal, which can weaken or rebalance adsorption of oxygenated intermediates
relative to the parent metal*". In nitrides, the higher electronegativity of nitrogen and the often more
polarized metal-nitrogen bonding can further alter the electron density and local electrophilicity of surface
metal atoms"*>***. The resulting surface chemistry is neither purely metallic nor conventionally ionic. It is
best described as electronically reconstituted, with adsorption properties emerging from the coupled
influence of conductive metal frameworks and strongly bound nonmetal sublattices. For two-electron
electrocatalysis, this is advantageous because it creates a chemically differentiated surface on which the first
productive electron-transfer event can remain accessible, while the subsequent transformation steps that
drive multielectron conversion may become less favorable due to modified adsorbate covalency, altered bond
polarization, or reduced propensity for excessive intermediate stabilization.

A second feature that makes carbides and nitrides important in this context is the way their lattice chemistry
influences structural persistence and surface reactivity under electrochemical bias. The strongly integrated
metal-carbon and metal-nitrogen frameworks often provide a degree of structural rigidity that differs from
the more labile behavior of hydroxides or some sulfide- and phosphide-based systems, yet this rigidity does
not imply chemical inertness. Instead, these materials can present surfaces in which partial oxidation,
termination-dependent reconstruction, and near-surface heterogeneity generate catalytically active states that
remain constrained by the underlying carbide or nitride scaffold. This is especially valuable for two-electron
pathways, because selectivity often requires a surface that is reactive enough to engage the substrate but not
so dynamically transformed that it continuously evolves toward structures favoring deeper redox chemistry.
Carbides and nitrides can provide precisely such an intermediate regime. Their surfaces may support
directional adsorption and efficient charge transfer, while the underlying lattice resists the formation of
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excessively oxygen-affine or overhydrogenating environments that would erase the kinetic distinction
between two-electron and multielectron channels™?. At the same time, carbon- or nitrogen-modified metal
centers can alter the balance between product desorption and readsorption, which is a decisive issue
whenever the desired two-electron product is chemically vulnerable to further interfacial conversion. The
broader materials-chemistry importance of this class therefore lies in its demonstration that selective
electrocatalysis can be engineered not only by changing the surface element itself, but by embedding that
element within a non-oxide covalent-metallic lattice that redefines its chemical behavior. Metal carbides and
nitrides thus expand the conceptual space of two-electron electrocatalysis by offering catalyst platforms in
which electronic reconstitution, lattice robustness, and chemically moderated adsorption cooperate to favor
controlled arrest at a defined redox level rather than unrestricted descent into deeper reaction manifolds"*.

Metal carbides and nitrides have emerged as important material platforms for two-electron electrocatalysis
because their high conductivity and stable metal-nonmetal bonding can be coupled with surface
functionalization, lattice regulation, and interfacial reconstruction to tune key intermediate adsorption. In
nitride-based systems, Liu et al."”” reported triazolate-functionalized ZrN for air-fed H,0, electrosynthesis.
The HR-TEM image of T-ZrN displays the crystalline structure of the functionalized zirconium nitride,
showing that the nitride lattice remains well defined after triazolate modification [Figure 10A]. The model of
aqueous O, conversion on T-ZrN further illustrates how O, adsorbs and transforms on the functionalized
surface, reflecting the regulatory effect of the triazolate ligand on the local oxygen-adsorption environment
[Figure 10B]. To examine its response to different gas atmospheres, LSV curves of T-ZrN with O,, air, Ar, N,
or CO, flowing were compared to evaluate the electrochemical behavior under different feeding conditions,
indicating that the main catalytic response originates from oxygen reduction [Figure 10C]. The H,O, yield
and Faradaic efficiency of T-ZrN under different current densities with O, or air flowing show that the
catalyst can maintain peroxide production under air-fed and high-current-density conditions
[Figure 10D]"*”, This work demonstrates that triazolate modification can regulate O, adsorption on ZrN,
converting a stable nitride surface into an air-fed two-electron oxygen reduction reaction catalytic interface.
Different from this surface-ligand strategy, Li et al."* developed ordered Ni,ZnC, /C from the perspective of
intermetallic lattice regulation. The HR-TEM image of Ni,ZnC_ /C presents the crystalline structure of
carbon-supported ordered Ni-Zn-C nanoparticles, providing morphological and structural evidence for the
catalyst [Figure 10E]. The charge-density difference of Ni,ZnC, ./C(111) with *OOH adsorption reveals
electronic redistribution around the oxygenated intermediate from a side-view perspective, indicating that
the ordered lattice can alter the local adsorption environment of *OOH [Figure 10F]. The activity volcano
plot based on *OOH adsorption free energy further shows that moderate *OOH adsorption is essential for
high two-electron oxygen reduction reaction selectivity [Figure 10G]. The H,O, yield rate and Faradaic
efficiency at corresponding potentials then verify the potential-dependent H,O, electrosynthesis performance
of Ni,ZnC,/C [Figure 10H]"*.

If T-ZrN and Ni,ZnC, ,/C emphasize surface modification and ordered lattice regulation, Ni,N/MX and
FeN/Fe,N further reveal the importance of structural evolution during reaction and heterointerface effects.
Liu et al."” reported Ni,N/MX, in which Ni,N undergoes surface reconstruction under oxygen reduction
reaction conditions to form NiOOH-related active species. The HR-TEM image of Ni,N/MX shows the
lattice structure of the nickel nitride phase, providing a structural basis for understanding subsequent
electronic modulation and reconstruction behavior [Figure 10I]. At the interfacial electronic level, the
charge-density distribution of Ni,N/Ti,CN reveals electronic interaction between the nitride and Ti,CN,
suggesting that the conductive substrate can influence the electronic state of the Ni-based surface through
charge transfer [Figure 10]]. With attention to the reconstructed surface, the charge-distribution disparity
between *OOH on NiOOH/Ni,N and NiO/Ni,N shows that different oxide/oxyhydroxide surface states lead

to distinct *OOH electronic environments and adsorption behaviors [Figure 10K]. Accordingly, the H,0O,
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Figure 10. (A) HR-TEM image of T-ZrN. (B) Structural model of the conversion of aqueous O, on T-ZrN. (C) LSV curves of T-ZrN with O,,
air, Ar, N,, or CO, flowing. (D) H,0, yield and Faradaic efficiency of T-ZrN under different current densities with O, or air flowing. (A-D) is
reprinted with permission from Ref.1°71. Copyright © 2025 American Chemical Society. (E) HR-TEM image of Ni;ZnC,,/C. (F) Charge
density difference of Ni;ZnC,,/C (111) with *OOH adsorption, side view. (G) Activity volcano plot for the two-electron oxygen reduction
reaction based on *OOH adsorption free energy. (H) H,O, yield rate and Faradaic efficiency of Ni;ZnC,,/C at the corresponding potentials.
(E-H) is reprinted with permission from Ref.l"81. Copyright © 2026 Elsevier B.V. (1) HR-TEM images of Ni;N/MX. (J) Charge density
distribution of Ni;N/Ti,CN. (K) Disparity in charge distribution between *OOH on NiOOH/Ni;N and NiO/Ni;N. (L) H,0O, yield and Faradaic
efficiency of Ni;N/MX under O, flowing at different potentials; the test time under each potential is 1h. (I-L) is reprinted with permission
from Ref.®?). Copyright © 2025 Elsevier B.V. (M) HRHAADF-STEM image of the FeN/Fe;N interface. (N) Wavelet transforms for the k3-
weighted EXAFS signals of FeN/Fe;N. (O) Normalized Fe K-edge EXAFS spectra; inset: the local FeN structure showing tetrahedral
coordination and the Fe;N structure showing octahedral coordination. (P) Calculated Gibbs free-energy diagrams for carbon dioxide
reduction reaction on FeN, Fe;N, and FeN/Fe;N surfaces. (M-P) is reprinted with permission from Ref.[2°%1, Copyright © 2023 Springer
Nature.

yield and Faradaic efficiency of Ni,N/MX under O, flowing at different potentials demonstrate that the
reconstructed Ni-based surface can promote H,O, generation in the two-electron oxygen reduction reaction

[Figure 10L]"*". This system suggests that the activity of nitrides may not originate solely from the initial
nitride phase; the reconstructed surface generated during operation can also become a decisive selectivity-
determining structure. In contrast to the reconstruction-centered Ni,N/MX system, Yin et al.”*” constructed

FeN/Fe N heterostructured nanoparticles to emphasize the role of nitride-nitride interfaces in the two-
electron reduction of CO, to CO. The HRHAADF-STEM image of the FeN/Fe N interface directly presents

the atomic arrangement at the junction between the two nitride phases, offering visual evidence for the
interfacial structure [Figure 10M]. The wavelet transforms for the k*-weighted EXAFS signals of FeN/Fe N

further record the local coordination features around Fe sites, reflecting the coexistence of different Fe-N
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coordination environments at the interface [Figure 10N]. The normalized Fe K-edge EXAFS spectra
compare the local structural differences among FeN/Fe N, FeN, and Fe N, while the inset distinguishes
tetrahedral FeN coordination from octahedral Fe,N coordination [Figure 100]. In terms of reaction
energetics, the calculated Gibbs free-energy diagrams for carbon dioxide reduction reaction on FeN, Fe,N,
and FeN/Fe N surfaces show that the heterointerface provides a more favorable pathway for *COOH

formation and CO generation [Figure 10P]**.

Beyond conventional catalyst families, emerging materials such as MOFs, COFs, and SACs further expand
the structural design space for two-electron electrocatalysis by providing highly tunable coordination
environments and electronically distinct active sites. MOFs and COFs offer controllable pore structures,
ligand environments, and spatially defined catalytic centers, enabling regulation of substrate confinement,
local solvation, charge transfer, and intermediate stabilization at the molecular level. SACs, in contrast,
provide atomically dispersed metal centers whose coordination number, ligand identity, oxidation state, and
electronic coupling with the support can be precisely tailored. These structural features allow the adsorption
configuration and electronic activation of key intermediates to be selectively modulated, which is particularly
relevant for distinguishing desired two-electron pathways from deeper multielectron conversion. However,
the high structural tunability of these materials does not inherently guarantee enhanced two-electron
selectivity; excessive confinement, overly strong coordination, or insufficient structural stability may instead
promote intermediate retention and subsequent reaction. Their effectiveness therefore depends on precise
control of the local coordination and interfacial environment to establish an appropriate balance between
substrate activation, intermediate stabilization, and product release.

Catalyst landscape and performance summary for two-electron electrocatalysis

To provide a more systematic understanding of the current state of inorganic two-electron electrocatalysis,
the representative catalysts, reaction media, and key performance metrics reported across different two-
electron reaction systems are summarized in Table 1. This compilation reveals several common trends that
transcend individual reactions and catalyst families. First, two-electron electrocatalysis has evolved from
conventional noble-metal catalysts toward structurally engineered inorganic materials with increasingly
diverse compositions and architectures. While Pd/C, Au, and Ag remain benchmark catalysts in oxygen
reduction, carbon dioxide reduction, and nitrate reduction, respectively, recent studies increasingly rely on
oxide-derived materials, transition-metal chalcogenides, carbides, nitrides, single-atom catalysts,
heterostructures, and defect-engineered interfaces to regulate intermediate adsorption and suppress
competing multielectron pathways. Second, catalyst performance is now characterized by a simultaneous
optimization of selectivity, stability, and activity rather than by Faradaic efficiency alone. Across the
summarized systems, product selectivity frequently exceeds 90%, with numerous catalysts reaching
95%-100%, such as ZnO@Zn0O, (97.75%-100%), Co(OH),/C-Co-S/Co-SCD-2 (95.2%-98.2%), C-N-O/HG-
CD-Ph (94.93%), Co-O-C/N-C/DAT-HOF@Co-HHTP (99.3%), Ag catalysts for nitrate reduction
(99.5%-99.9%), and RuO,/C/Ru-O, SAM for chlorine evolution (99%). Likewise, Faradaic efficiencies above
95% have become increasingly common, with several systems approaching quantitative electron utilization,
including Cu/Ni-NC (=100%), Li-Bi,0,CO,/BOC-Li (>95%), Co (=93%), Ag (97.9%-98.4%), and
In,0,/Sn0,/rGO (98.3%). Stability has also improved substantially, ranging from conventional operation
over 10-20 h to 100, 289, 450, 600, and even 1,000 h, while certain oxygen reduction catalysts maintain
activity for 60,000 s without significant degradation. A further notable trend is the emergence of high-
current-density operation. Stable performance has already been demonstrated at 300, 700, and 1,200 mA
cm?, indicating that selective two-electron pathways are no longer restricted to low-flux laboratory
conditions. From a structural perspective, these improvements consistently correlate with catalysts capable of
simultaneously weakening excessive intermediate binding while preserving sufficient activation of the first
electron-transfer step. Materials possessing electronically regulated active centers, asymmetric coordination
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environments, defect-modified surfaces, heterointerfaces, or compositionally coupled phases generally
outperform structurally homogeneous catalysts because they broaden the kinetic window separating desired
two-electron termination from deeper reduction or oxidation. Collectively, these observations suggest that
the field is gradually shifting from empirical catalyst discovery toward structure-guided regulation of
oxidation-state-specific reaction pathways, where precise control over intermediate energetics rather than
maximal intrinsic activity has become the defining criterion for high-performance two-electron
electrocatalysis.

REACTION-SPECIFIC TWO-ELECTRON ELECTROCATALYSIS

Having established the conceptual basis, structural determinants, and catalyst classes of two-electron
electrocatalysis, the discussion can now be advanced to specific reaction systems in which these general
principles acquire chemically explicit form. Such a transition is necessary because the meaning of two-
electron selectivity is ultimately defined within concrete reaction coordinates, where substrate identity, bond-
evolution pattern, proton-coupling mode, and competing redox channels together determine whether a
partially transformed state can emerge as the dominant product. Oxygen reduction and water oxidation
represent a redox-connected pair centered on peroxide-level chemistry, yet they differ fundamentally in
whether selectivity depends on suppressing overreduction or overoxidation”***. Carbon dioxide reduction
introduces a distinct problem of partial carbon-centered reduction in which oxygen-retaining products must
be differentiated from deeper deoxygenation pathways. Nitrate reduction further increases mechanistic
complexity because two-electron nitrite formation is embedded within a dense nitrogen redox network that
readily proceeds toward more reduced species. Halide oxidation, by contrast, provides an anodic counterpart
in which selective halogen generation must compete against oxygen evolution under strongly oxidizing
conditions. Considered together, these five reaction families cover the principal inorganic manifestations of
two-electron electrocatalysis and provide a chemically coherent basis for comparing how common selectivity
principles are expressed across fundamentally different redox environments. On this basis, the following
sections discuss each reaction class in sequence, with emphasis on reaction fundamentals, pathway
competition, and catalyst design logic**”..

Two-electron oxygen reduction reaction

Among all reaction-specific manifestations of two-electron electrocatalysis, the two-electron oxygen
reduction reaction occupies the most central position because it transforms a readily available oxidant, O,,
into H,O, through a chemically defined partial reduction process that is both mechanistically revealing and
industrially consequential. Its cathodic half-reaction can be expressed in acidic electrolyte as O, + 2H" + 2¢’
— H,0, and in alkaline medium as O, + H,O + 2¢ —» HO, + OH", with the actual product distribution
governed by local proton activity and the acid-base equilibrium between H,0, and HO, ****\. The reaction is
chemically distinctive because the desired two-electron product is formed only when the O-O bond remains
intact throughout substrate activation and proton-coupled electron transfer. This requirement immediately
differentiates the process from the four-electron reduction to H,O, in which oxygen activation proceeds
through eventual O-O cleavage and complete reduction of both oxygen atoms. The two-electron oxygen
reduction reaction is therefore best understood as a selective bond-preserving reduction in which the
catalytic interface must recognize peroxide formation as a terminal redox outcome rather than as a transient
intermediate en route to deeper reduction. This feature gives the reaction a dual importance****'. On the
one hand, H,O, is itself a high-value molecular oxidant with broad relevance to chemical synthesis,
disinfection, bleaching, environmental remediation, and decentralized oxidation chemistry. On the other
hand, the reaction provides one of the clearest model systems for interrogating how electrocatalytic
interfaces govern partial versus complete redox conversion”?. The chemical challenge arises from the fact
that O, is a triplet ground-state molecule with substantial kinetic stability, so activation requires charge

transfer into antibonding orbitals and the formation of a hydroperoxo-like intermediate state, yet the same
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Table 1. Compilation of representative electrocatalytic performances for two-electron transfer reactions

Tafel
Reaction Catalysts Electrocatalytic slope Selectivit Stabilit Faradaic Ref.
type y y (mV y y efficiency (%) '
dec™)
0, -
2e  ORR BiNi/C 0.1M KOH 785 ;90 #°@0.20-060 151004V >80%@020-0.60V [147]
0, -
2e ORR PdCu/C 0.1 M HCIO, \>/85 %@015-060 1416035V [148]
2e ORR Au-Pd,Hg. 0.1 MHCIO, 92.8%@0.0-04V  10h 71.6% [149]
2e  ORR PA@Pt, AUy oo, 0.1 M HCIO, 90%@0.36 VV 85%@0.36 V [150]
2¢0RR  Co-N;SC 0.1MKHCO, 54 97%@05V Non@180 g 5%@180 mAcm? [201)
2e  ORR Ni-N/5-C/Ni-SAC 0.1 M KOH 795 20h@03V  -85%@0.3-0.7 V [202]
0, -
2¢ ORR Sb-N,/S-C/Sb-NSCF 0.1 M KOH- 29.4 ;90 #@0.40-070 44 ha0.65Vv [203]
, (Fe,Co,ND),O, o 00 o 240 h@1.48
2e CER FONOBCaDS 5 M NaCl 495  98.8%-99.7% ¥ [204]
2e  ORR Fe.0./N-C/Fe.0,@TNC 0.1 M LiCIO 147 ~96%@0.70 V 12h@05V  96%@0.70 V [164]
2e ORR Zn0@Zn0, MK,SO, 97.75%-100% 12h@01V  955%@0.1V [166]
) Co(OH),/C-0-5 95.29%-98.2% .
2e  ORR eosChd 0.1 M KOH 600 ol esy 50h@0.6V  94.9%@0.6 V [173]
2 CORR  CuHHTP/Cu(OH), 1M KHCO,-KCl 66h@14V  88.8%@-14V [205]
2e ORR NiOOH/In(OH), 0.1 M KOH >90%@0.2-0.6V 0.5h@0.4V =~981%@0.4 V [174]
2e ORR NiPS, 0.5 M NaCl 901  ~98% 1,000 h@0V  85%@100 mAcm?  [184]
_ 0.05 M H,50, + 0.05 >100 h@300 98.9%@300 mA
2e CORR — C@in,0; M K,S0, +0.1 M K* mA cm 2 cm? 206
2 CORR  FeN/FeN 0.5 M KHCO, lg?ohg\'/o"‘ 98%@-0.4 V [200]
2e ORR Ni,ZnC,,/C 0.1 M KOH 8515  >92%@0.2-06V 13h@05V  98.3%@0 V [198]
! . 60,000
2e  ORR s-C, 0.1 MHCIO, 531 99.3%@0.4V 96.8%@0.4 V [9]
s@0.4V
_ Ni-N-C/PW,,0,, 96.12%-97.94% . B
2e ORR NHITE/PW 2 0.1 M KOH 880 0500y 48h@0V  81%@80 mA cm [207]
2e ORR C-N-O/HG-CD-Ph 0.1M KOH 7556 94.93%@0.4V 10h@0.4V  98.01%@80 mA cm? [1]
) Co-0-C/N-C ., 100 h@1,200 971+ 0.4%@1,200
2e  ORR JOAT-HOF@Co-HHTp  O1MPBS 713 993%@0.6V hpglie s [208]
35MK,CO,+0.5M i
2e- WOR V,CT,/(CaH, NCD), = 252 450min@3.2_g40,@32 v [209]
KHCO, v
i Nearly complete . o
2¢ CORR  CuS 1.0 M KOH B0A 07y 9%6h@-0.6V >85% [210]
_ >24h@700 983%@700 mA
2 CORR  In,0,/5n0,/rGO 0.5 M K,50, e o [211]
2¢ CORR  Li-Bi,0,CO,/BOC-Li 1.0 MKOH 64 2891@100 9505 [212]
10 cycles %
10 mM NaNO, + 100
2¢ NORR  CuSn(OH), v s 97%@-0.7 V 30 min@-0.7 ~75%@-0.7 V [213]
mM Na,SO, v
, ) 4.0 M NaCl, pH =2 600 h@10
2e' CER Ce-Co0, adjusted with HCIO, 582 mA cm? (214]
) - Unbuffered natural 10 days@10 o >
2e CER Fe-Ti,O, commater Clcoam %8 o 75%@10 mA cm [215]
, 1.61 MM NaNO, + 0.05 99.5%@-1.2 V 108 h@-12V  97.9%@-12 V vs.
2e NORR — Ag M Na,S0, vs. Ag/AgCl vs. Ag/AgCl Ag/AgCl [216]
Na,S0, +1 N
2¢ NO,RR  Cu/Cu-O/OD-CF 2,50, +100 mg 98.0%@-0.16 V (2171

NO,
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1M NaClO, +10 mM

2¢'NORR T 833%@-1.0 V 341%@-1.0 V [218]
HNO,
_ 100 mM NaNO; + 50 99.90%@-1.0 V vs. 98.40%@-1.0 V vs.
2e NORR — Ag mM Na,SO, Ag/AgCl Ag/AgCl [219]
0 ~
2e CER RuO,/C/Ru-O,SAM 1M NaCl, pH =1 482 2if@ 10.8 mA Enhz@m mA 2201
~ 0
e IOR Ru-5-0/RuSh SAO OIMHCIO +0IM o 30h@I0mA  =92%@1.07Veell )
Nal cm? voltage
2e'CO,RR  Cu/Ni-NC 0.5 M KHCO, 157 20h@-09V  =100%@-0.9 V [222]
2e CO,RR  L-Ni-NC-C 0.1 M KHCO, 144 50 h@-09V >96%@-0.9V [223]
0.05 M Na,S0, + 50 78.9% + 3.2%@10 91.6% + 2.7%@10
- (] 2 4
2e NO,RR  Fe mg N L NaNO. s 0h@i0mA " [224]
2e CO,RR  Fe-P-N-C 1.0 M KOH 151 50 h@-117V  ~80%@-117 V [225]
) CoN,0/ZnN,-C 0
26 CORR o MOF o Co 0.5 M KHCO, 350 30h@-0.8V 92.6%@-0.8V [226]
2e" WOR In,05/Sn0O,/Pt/ITO/Pt &12 SAOKHCQ +3.08 72h@2.7V  ~50%@2.8-3.5V [227]
2 3
2e- WOR C,N,/HAT-CTF 1.0 M K,CO, 24h@2.7V  482%@2.7 V [228]
2e WOR LiScO, 0.5 M KHCO, 69 168h@2.2V  =82%-86%@2.2V  [229]
2e- WOR Mg,,ShWO, 700 2 M KHCO, 143.84 35h@2.6V  =84.81%@2.6 V [230]
2¢'CORR  In/C/mp-In@MWCNTs 0.1 M KHCO, 134 30h@-1.0V  >90%@-1.0 V [231]
~059
2¢ CO,RR  BiS-1 1.0 M KOH 16 h@300 95%@2,000mA 1539,
mA cm? cm?
2e BER C0,0,./C/Co-OV@CP 0.5 M NaBr ~48 soneoma [233]
26 CORR  Cu/CoH.BrN/Cu-CTAB > MKHCO, #0167 4y, 10h@-05V  82.3%@-0.5V [234]

mM CTAB

activation event can also lower the barrier toward O-O bond scission if the interface binds oxygen too
strongly or permits excessive electron accumulation. Selective two-electron oxygen reduction therefore sits at
a narrow mechanistic boundary between underactivation and overreduction. If adsorption is insufficient, O,
remains poorly activated and the first proton-coupled electron transfer becomes sluggish. If adsorption is too
strong, the peroxide-level state loses kinetic independence and the surface instead channels the reaction

243,244
n!

toward complete reductio | This balance explains why the two-electron oxygen reduction reaction has
become a paradigmatic system in selective electrosynthesis. It compresses several core themes of modern
electrocatalysis into a single chemically tractable problem, including spin-sensitive O, activation, proton-
coupled electron transfer, interfacial stabilization of oxygenated intermediates, acid-base-dependent product
speciation, and the kinetic survival of a partially reduced molecular product at the electrified interface. For
these reasons, this reaction is not only one of the most developed two-electron electrocatalytic
transformations, but also one of the most conceptually informative for understanding how a catalytic surface
can stop electron flow at a prescribed oxidation-state level and thereby convert molecular oxygen into a

[245-247]

selectively released peroxide product rather than a fully reduced endpoint
In the two-electron oxygen reduction reaction toward H,O, production, the adsorption of *OOH on catalytic
sites is important, while proton supply, local electric fields, and interfacial water structures also strongly
influence the selective conversion of O, to H O,. Zou et al.*** constructed a DAT-HOF@Co-HHTP
heterostructure by integrating hydrogen-bond-rich DAT-HOF with conductive Co-HHTP for ampere-level
H,O, electrosynthesis. The calculated charge-density difference of DAT-HOF@Co-HHTP shows electron

accumulation and depletion at the heterointerface, indicating that interfacial Co-N bonding modulates the
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electronic structure of Co sites and creates a favorable local environment for oxygen-intermediate adsorption
[Figure 11A]. The SEM image after the stability test further displays the rod-like heterostructure morphology
of DAT-HOF@Co-HHTP, suggesting that the assembled structure is largely retained after long-term
operation [Figure 11B]. From the thermodynamic perspective, the free-energy diagrams for oxygen
reduction reaction over Co-HHTP and DAT-HOF@Co-HHTP compare the conversion of key
intermediates, showing that the heterostructure optimizes the energy profile of the oxygen-reduction
pathway [Figure 11C]. The corresponding schematic diagram of oxygen reduction reaction pathways links
0, adsorption, *OOH formation, *HOOH conversion, and H,0, desorption, further illustrating the synergy
among electronic modulation, proton migration, and oxygen-intermediate transformation at the
HOF/cMOF heterointerface [Figure 11D]"***. This study indicates that high-current-density H,O, production
relies not only on Co active sites, but also on a reaction microenvironment jointly constructed by conductive
frameworks, proton-donating components, and interfacial electric fields. Different from the HOF@cMOF
strategy that emphasizes interfacial proton migration, Wang et al.”** investigated proton-transfer pathway
selection in a solid-state electrolyte using NiSA-NiO/pCNs. The final structural model in the synthesis
scheme of NiSA-NiO/pCNs shows the coexistence of Ni single-atom sites and NiO nanoclusters on porous
carbon nanosheets, providing a basis for understanding the cooperation between single-atom oxygen
reduction reaction sites and water-dissociation sites [Figure 11E]. The high-resolution TEM image, where
NiO lattices are circled by dashed lines, further confirms the presence of NiO nanoclusters, suggesting their
role as functional units for water dissociation and proton-feeding regulation [Figure 11F]. On this basis, the
proposed illustration of two catalytic pathways distinguishes the Langmuir-Hinshelwood and Eley-Rideal
mechanisms: NiSA/pCNs mainly relies on surface *H for protonation, whereas NiSA-NiO/pCNs uses NiO to
promote water dissociation, allowing interfacial water to directly participate in the conversion from *O, to
*OOH [Figure 11G]™*,

Following this microenvironment-regulation perspective, the focus can be further extended from catalyst-
internal structures to the electrolyte/electrode interface and second-sphere coordination environments.
Wang et al.”*' used Co-CNT as a model catalyst to examine how alkali metal cations influence interfacial
water structures and H,O, formation in acidic media. The optimized adsorption configuration model on Co-
CNT shows the local arrangement of reactants and the interfacial water environment under H*/Cs"
conditions, suggesting that Cs* can perturb the interfacial hydrogen-bond network through its hydration
structure and thereby affect proton delivery to active sites [Figure 11H]. The AC-HAADF-STEM image
provides microscopic structural evidence for Co-CNT, allowing the discussion of interfacial water regulation
and electrochemical behavior to be connected with a defined catalyst morphology [Figure 11I]. At 0.7 V vs.
RHE, the free-energy diagrams for oxygen reduction reaction on Co-CNT across different electrolyte
systems compare both the four-electron and two-electron pathways; the insets show molecular models of
different stages for H,O, synthesis, indicating that alkali metal cation-induced interfacial water restructuring
can influence proton-coupled steps and H,O, selectivity [Figure 11J]?*!. In contrast to external electrolyte
regulation, Cheng et al.”*” adopted a bio-inspired B-coordination strategy to modify the second coordination
sphere of Ni-based MOFs. The fitting models for B-NiBDC show the modified Ni coordination environment
after introducing B-O-Ni motifs, indicating that second-sphere regulation changes the local electronic
structure around Ni active centers [Figure 11K]. The HRTEM image of B-NiBDC after the two-electron
oxygen reduction reaction tests further shows that the catalyst retains structural features after the oxygen
reduction process, supporting its morphological stability during operation [Figure 11L]. The efficient the
two-electron oxygen reduction reaction pathway then highlights the coupling between proton feeding and
suitable *OOH adsorption, where electron-deficient Ni sites induced by B-O-Ni motifs lower the water-
dissociation barrier, accelerate proton feeding, and promote *OOH formation and H,O, desorption
[Figure 11M]"=.
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Figure 11. (A) Calculated charge-density difference of DAT-HOF@Co-HHTP heterostructure. (B) SEM image of DAT-HOF@Co-HHTP
after the stability test. (C) Free-energy diagrams for oxygen reduction reaction over Co-HHTP and DAT-HOF@Co-HHTP heterostructure.
(D) Schematic diagram of the oxygen reduction reaction pathways over DAT-HOF@Co-HHTP heterostructure. (A-D) is reprinted with
permission from Ref.t2081, Copyright © 2025 Springer Nature. (E) Final structural model in the schematic illustration for the synthesis
process of NiSA-NiO/pCNs; C, H, O, N, and Ni are shown in grey, yellow, red, blue, and purple, respectively. (F) High-resolution TEM
image of NiSA-NiO/pCNs, where NiO lattices are circled by dashed lines. (G) Proposed illustration of two catalytic pathways for the two-
electron oxygen reduction reaction process in chlorine evolution reaction electrolyte. (E-G) is reprinted with permission from Ref.[2481,
Copyright © 2025 Wiley-VCH GmbH. (H) Optimized computational adsorption configuration model on the Co-CNT catalyst in Cs*-
containing acidic electrolyte. (I) AC-HAADF-STEM image of Co-CNT. (J) Free-energy diagrams for oxygen reduction reaction on Co-CNT
catalysts across different electrolyte systems at 0.7 V_RHE, including both the 4e" and the two-electron reaction pathways; the insets
show molecular models of different stages for H,0, synthesis. (H-J) is reprinted with permission from Ref.l?*°1, Copyright © 2026 Springer
Nature. (K) Fitting models for B-NiBDC; gray, white, green, red, and orange represent C, H, Ni, O, and B atoms, respectively. (L) HRTEM
image of B-NiBDC after the two-electron oxygen reduction reaction tests. (M) Efficient the two-electron oxygen reduction reaction
pathway enabled by proton feeding and suitable *OOH adsorption. (K-M) is reprinted with permission from Ref.t2°%1, Copyright © 2025

Springer Nature.

Two-electron water oxidation reaction
The two-electron water oxidation reaction represents the anodic counterpart of peroxide-level oxygen

electrocatalysis and is chemically remarkable because it seeks to generate H,O, directly from H,O rather than
from molecular O,. In acidic medium, the overall half-reaction can be written as 2H,0 — H,O, + 2H" + 2¢,
whereas in alkaline solution it is more appropriately described through hydroxide participation and the
corresponding proton-balance relations at the interface. Its fundamental challenge is intrinsically different
from that of the two-electron oxygen reduction reaction. Here the catalytic interface must not preserve an
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existing O-O bond, but instead create an O-O linkage and terminate oxidation at the peroxide level before
the system descends into the more prevalent four-electron oxygen evolution reaction®'). The reaction is
therefore a chemically stringent test of selective anodic control, because the desired product is formed in an
electrochemical regime where further oxidation is not only possible but often favored. This makes two-
electron water oxidation a rare example of selective overoxidation avoidance under strongly oxidizing
conditions®®?. At the molecular level, the process requires the interface to mediate proton-coupled electron
abstraction from water-derived oxygen species while controlling the oxidation state and coupling mode of
surface-bound intermediates so that O-O bond formation yields a peroxide-equivalent state rather than a
pathway leading to O, release. The core chemical issue is thus not merely water activation, but the
management of oxygen-centered valence accumulation. If oxidation proceeds too weakly, the first oxygen-
centered reactive state does not form efficiently and peroxide generation remains kinetically inaccessible. If
oxidation proceeds too strongly or the surface stabilizes highly oxidized oxygen intermediates too effectively,
the catalytic sequence is redirected toward the four-electron oxygen evolution manifold, where O-O coupling
is followed by further oxidation and O, liberation. In this sense, the two-electron water oxidation reaction is
best understood as a selective oxygen-coupling process that must arrest at a metastable oxidation level. This
gives the reaction exceptional conceptual value within two-electron electrocatalysis. It demonstrates that
selective redox synthesis is not limited to suppressing excessive reduction of a bound intermediate, but can
also require suppression of excessive oxidation after bond formation has already occurred. It further reveals
that H,O, can be approached from both sides of the oxygen redox landscape, cathodically from O, and
anodically from H,O, yet the chemical logic of selectivity is reversed in the two cases. For this reason, two-
electron water oxidation has emerged as one of the most demanding and informative systems in selective
electrosynthesis, because it condenses into a single anodic transformation the broader problem of how an
electrified interface can generate a high-energy oxygenated molecule directly from water while resisting the
natural thermodynamic tendency toward complete oxygen evolution”.

The two-electron water oxidation reaction provides an anodic route for H,O, synthesis that differs from
cathodic oxygen reduction reaction. Compared with oxygen reduction, which depends on O, solubility and
mass transfer, the two-electron water oxidation reaction uses water or OH" as the reactant and therefore has
distinct advantages in oxygen-deficient environments and anodic product-coupled systems'>***). However,
water oxidation usually tends to proceed through the four-electron oxygen evolution reaction pathway, and
the generated H,O, may be further oxidized or decomposed at high potentials. Therefore, promoting O-O
bond formation, suppressing oxygen evolution reaction competition, and stabilizing peroxide species are
central issues in the two-electron water oxidation reaction catalyst design. Kim et al.”* reported oxygen-
deficient Pr, Sr, Fe ..Zn ,.0,-8 (D-PSFZ) perovskite oxides for H,O, electrosynthesis under high ionic
strength. The optimized configurations of RP-PSFZ first show the distribution of Fe and Zn sites in the
Ruddlesden-Popper perovskite framework, providing a structural basis for understanding Zn substitution
and oxygen-defect regulation [Figure 12A]. The atomic-scale HAADF-STEM image of D-PSFZ along the
<100> zone axis further displays the ordered atomic arrangement of the oxide, confirming its layered lattice
structure and stable cation ordering [Figure 12B]. At the mechanistic level, the schematic of H,O, generation
on the PSF surface presents both the oxygen reduction pathway and the water oxidation pathway; the water
oxidation reaction pathway relevant to this section shows the transformation among HO*, O*, and HOO*
intermediates during water oxidation, indicating that oxygen defects can tune oxygenated-intermediate
adsorption and enhance H,O, selectivity [Figure 12C]. The water oxidation reaction polarization profiles of
D-PSFZ in KHCO, solutions with concentrations ranging from 0.1 to 2.0 M and saturated KHCO,, together
with the corresponding Faradaic efficiencies, further demonstrate anodic H,O, generation and
concentration-/potential-dependent selectivity [Figure 12D]®*. This system shows that oxygen-deficient
perovskites can regulate not only cathodic the two-electron oxygen reduction reaction but also anodic the
two-electron water oxidation reaction by modulating water-oxidation intermediate adsorption. Different
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from electrochemical anodic water oxidation, Zhang et al.”*” reported Sn-vacancy-rich SnSe nanosheets that
produce H,0O, from H,O and O, under mild thermocatalytic conditions. The side views of the optimized
H,0* and H*-OH* structures on SnSe, VSn, and V,Sn show how water adsorbs and initially dissociates in
different Sn-vacancy environments, suggesting that Sn vacancies substantially change the activation state of
water molecules [Figure 12E]. The high-resolution HAADF-STEM image of the lattice along the [001] axis
further shows the atomic-column arrangement and local lattice features of SnSe nanosheets, providing
structural evidence for the involvement of Sn vacancies [Figure 12F]. The free-energy diagram of H,O,
production shows that Sn-vacancy-containing surfaces can lower the barriers for water dissociation and
subsequent peroxide-species formation; the inset further illustrates local surface reconstruction through VSn
migration, which facilitates H,O, release [Figure 12G]. The schematic diagram of thermocatalytic H,O,
production from H,O and O, over SnSe with Sn vacancies links water dissociation, O, activation, OH*
transformation, and H,0, desorption, showing that vacancy-induced water activation and surface

reconstruction can drive H,0, formation in the H,0/O, system [Figure 12H]"*".

For externally driven water-oxidation systems, Xu et al.”** constructed a Fe*"/BiOIO, (BIO) piezo-self-
Fenton system that couples two-electron water oxidation for H,O, production with Fe’* reduction. The
crystal structure of BIO along the b-c planes shows its non-centrosymmetric structure and polarization
direction, providing the structural premise for force-induced piezo-potential, charge separation, and water
oxidation [Figure 12I]. The corresponding inverse fast fourier transform (FFT) patterns of BIO further
present the ordered lattice arrangement, confirming the crystalline integrity of the nanosheets and
supporting their piezoelectric response [Figure 12]]. From the reaction-energy perspective, the free-energy
diagram for two-electron and four-electron water oxidation reaction compares different water-oxidation
pathways, indicating that piezoelectric driving can alter intermediate conversion and help redirect water
oxidation from competitive four-electron oxygen evolution reaction toward H,O, formation [Figure 12K].
The J-V curves of BIO in different systems show that the H,O oxidation current response is enhanced when
ultrasound and Fe(III) coexist, suggesting that Fe*" and the piezoelectric field jointly promote the two-
electron water oxidation reaction-derived H,O, production and the Fe*"/Fe*" cycle [Figure 12L]"**). This
system does not simply aim to accumulate H,O,, but uses in situ generated H,O, to drive the subsequent
Fenton reaction for pollutant degradation. Li et al.”* further developed a ZnGa,O, anode and proposed a
dual-active-site mechanism for the two-electron water oxidation reaction. The side and top views of *OH
adsorption on ZnGa,O, show that *OH can bind simultaneously with Zn and Ga sites, providing a structural
basis for the direct OH -mediated water oxidation pathway [Figure 12M]. The HRTEM image and
polycrystalline electron diffraction pattern of ZnGa,O, confirm the crystallinity and polycrystalline
characteristics of the spinel oxide, supporting its use as a stable anode material [Figure 12N]. The real-time
H,O, concentration curves at 2.3, 2.5, and 2.7 V vs. RHE show continuous product accumulation, while also
reflecting the competition between H,O, generation and decomposition at higher potentials [Figure 120].
The proposed reaction scheme further indicates that H,O, generation on ZnGa,O, proceeds through both a
direct OH -mediated pathway and an indirect HCO, /HCO, -mediated pathway, where Ga-Ga dual sites
facilitate percarbonate intermediate formation and Zn/Ga dual sites help stabilize peroxide bonds and
suppress H,O, decomposition [Figure 12P]*.

Two-electron carbon dioxide reduction reaction

The two-electron carbon dioxide reduction reaction occupies a distinctive position within selective
electrosynthesis because it converts a highly oxidized and thermodynamically stable carbon source into an
oxygen-retaining reduced product without entering the more complex multielectron manifolds associated
with deep deoxygenation and C-C coupling®°**'.. In its most representative form, the cathodic half-reaction
is written as CO, + 2H" + 2e - HCOOH in acidic media or CO, + H,O + 2" > HCOO" + OH" under alkaline

conditions, with the observed product speciation dictated by interfacial acid-base equilibrium. The chemical
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Figure 12. (A) Optimized configurations of RP-PSFZ; blue and gray octahedra represent Fe and Zn sites, while yellow, green, and red
spheres represent Pr, Sr, and O atoms, respectively. (B) Atomic-scale HAADF-STEM image of D-PSFZ along the <100> zone axis. (C)
Schematic of the H,0, generation mechanism on the PSF surface through oxygen reduction (red arrow) and water oxidation reaction
(black arrow); blue, yellow, red, and white spheres represent Fe, Pr, O, and H atoms, respectively. (D) Water oxidation reaction
polarization profiles of D-PSFZ at various solution concentrations of 0.1-2.0 M and saturated KHCO, solution (lower part) and the
corresponding Faradaic efficiencies determined by the titration method (upper part). (A-D) is reprinted with permission from Ref.[2¢1,
Copyright © 2023 Springer Nature. (E) Side views of optimized H,0* and H*-OH* structures on SnSe, VSn, and V,Sn. (F) High-resolution
HAADF-STEM image of the SnSe lattice along the [001] axis, with superimposed Sn and Se atoms at each atomic column. (G) Free-energy
diagram of H,0, production; the inset shows local surface reconstruction through VSn migration, where the dashed black circles represent
VSn. (H) Schematic diagram of thermocatalytic H,0, production from H,0 and O, over the surface of SnSe with Sn vacancies. (E-H) is
reprinted with permission from Ref.l?>”). Copyright © 2025 Springer Nature. () Crystal structure of BIO along the b-c planes; red, purple,
and blue represent O, Bi, and | atoms, respectively, and orange arrows indicate the polarization direction. (J) Corresponding inverse FFT
patterns of BIO. (K) Free-energy diagram for two-electron and four-electron water oxidation reaction. (L) J-V curves of BIO in different
systems under positive sweep for H,O oxidation; red and white spheres represent O and H atoms, respectively. (I-L) is reprinted with
permission from Ref.’2%81, Copyright © 2023 Wiley-VCH GmbH. (M) Side and top views of *OH adsorption on ZnGa,O,. (N) HRTEM image
and polycrystalline electron diffraction pattern of ZnGa,0,. (O) Real-timeH,0, concentration as a function of time at 2.3, 2.5, and 2.7 V vs.
RHE; the solid lines are fitting curves. (P) Schematic illustration of the proposed direct and indirect pathways toward H,O, generation on
the ZnGa,0, surface. (M-P) is reprinted with permission from Ref.??**). Copyright © 2023 Springer Nature.

significance of this transformation lies in the fact that the carbon center undergoes a discrete reduction event
while preserving its one-carbon framework and substantial oxygen functionality, thereby generating a liquid
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carbon product that remains chemically differentiated from both CO and more deeply reduced

262-264

hydrocarbons or alcohols”*?**. This feature makes the reaction fundamentally different from oxygen-related
two-electron chemistry. There, the challenge is centered on peroxide-level oxygen redox control, whereas
here the central issue is selective carbon-centered reduction coupled with oxygen retention”*>>**.. At the
molecular level, CO, reduction begins from a linear closed-shell molecule whose activation requires bending
of the O=C=0 geometry, redistribution of electron density into antibonding orbitals, and interfacial
stabilization of a highly reactive adsorbate-derived state. The two-electron pathway is realized only when this
activated state is directed toward a formate-level product manifold rather than toward decarbonylation-type
chemistry or deeper proton-coupled reduction. This makes the reaction a stringent test of chemoselective
carbon-oxygen bond management. The catalyst must provide enough interfacial driving force to overcome
the intrinsic inertness of CO,, yet it must not impose a binding environment that excessively favors C-O
bond weakening, surface poisoning by carbonaceous intermediates, or diversion into multielectron
pathways*72%). The chemical problem is therefore not simply the reduction of carbon dioxide, but the
selective accumulation of two reducing equivalents at a stage where partial reduction itself is the desired
endpoint. This requirement gives the two-electron carbon dioxide reduction reaction exceptional conceptual
value. It demonstrates that electrocatalytic efficiency cannot be judged solely by how far carbon is reduced,
because the synthetically meaningful outcome may instead depend on halting the reaction at an oxidation
state that preserves functional oxygen chemistry while creating a transportable and chemically useful carbon
product. In this sense, the reaction serves as one of the clearest examples of oxidation-state-defined carbon
electrosynthesis, where the core objective is not maximal electron delivery to carbon, but precise interfacial
control over how much reduction occurs, where it is localized, and when the partially reduced product is
released before further chemical descent becomes dominant.

The two-electron carbon dioxide reduction reaction toward formic acid/formate (HCOOH/HCOO")
represents a typical selective partial-reduction process, in which the central objective is to direct activated
CO, along an oxygen-retaining pathway and release the target product at the two-electron stage, rather than
allowing further deep reduction, C-C coupling, or competitive hydrogen evolution. For CO,-to-
HCOOH/HCOO' conversion, the formation and stabilization of OCHO or HCOO intermediates are
particularly important. Meanwhile, interfacial water activation, proton sources, and proton-coupled electron
transfer kinetics directly influence formic acid/formate production. Ling et al.”""! developed an
In,0,/Sn0,@rGO-2 composite oxide catalyst, in which the interfacial synergy betweenIn,O, and SnO,
regulates the electronic structure of Sn-based active sites and promotes acidic CO,-to-HCOOH conversion.
The charge-density diagram of In,0,/SnO,@rGO-2 shows pronounced interfacial charge redistribution
between In,O, and SnO,, indicating that In,O, incorporation modifies the local electronic environment of the
SnO, surface and provides more favorable active sites for CO, activation and subsequent proton-coupled
electron transfer [Figure 13A]. The TEM image further displays clear lattice fringes in In,0./SnO,@rGO-2,
where spacings of 0.33 and 0.26 nm correspond to SnO, planes, while 0.29 nm corresponds to In,O,,
confirming the successful formation of the composite oxide interface [Figure 13B]. The corresponding Gibbs
free-energy profile for CO,-to-HCOOH conversion shows that, compared with SnO,@rGO,
In,0,/Sn0,@rGO-2 substantially optimizes the formic acid formation pathway by lowering the energetic

barriers for *OCHO formation and subsequent transformation, thus directing the reaction toward HCOOH
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production [Figure 13C]”""\. This catalyst achieves a HCOOH Faradaic efficiency of approximately 98.3% at
700 mA cm™ in a pH 1 acidic electrolyte and operates stably for a long duration in an membrane electrode
assembly system, demonstrating the synergistic role of the composite oxide interface, water activation, and
*OCHO stabilization. In parallel with this oxide-interface strategy, Shi et al.”** reported Li-doped bismuth
oxycarbonate (BOC-Li), revealing how alkali-metal incorporation enhances the CO,-to-formate pathway by
improving proton-electron transfer kinetics. The structural model of the Bi,0,CO, (161) surface displays Li,c

and Li,c doping configurations and their optimized adsorption structures, indicating that trace Li doping
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Figure 13. (A) Charge-density diagram of In,0,/SnO,@rGO-2, showing interfacial charge redistribution betweenIn,O, and SnO,. (B) TEM
image of In,0,/Sn0,@rGO-2. (C) Gibbs free-energy profile for CO,-to-HCOOH conversion over SnO,@rGO and In,0,/Sn0,@rGO-2. (A-
C) is reprinted with permission from Ref.[?". Copyright © 2025 Wiley-VCH GmbH. (D) Structure of the Bi,0,CO, (161) surface with Li,.
and Li,. doping sites and the optimized adsorption structure. (E) HRTEM image of BOC-Li revealing lattice distortions and dislocations. (F)
Free-energy diagrams for HCOOH formation via the *OCHO mechanism. Purple, Bi; red, O; white, H; grey, C; light blue, Li. These color
notations are used throughout the paper. (D-F) is reprinted with permission from Ref.122, Copyright © 2026 Springer Nature (G) XRD
pattern of CuS. (H) HR-TEM image of Cus$ after catalysis at -0.6 V vs. RHE with 85% iR correction. (i, current; R, solution resistance) (1)
Proposed carbon dioxide reduction reaction mechanism over copper-based electrocatalysts for multiple reduction products and selective
reduction to formate. (G-1) is reprinted with permission from Ref.l2"%. Copyright © 2025 Springer Nature. (J) Schematic illustration of CO,
conversion on CuIng, catalysts. (K) HAADF-STEM image of the as-prepared Cu,Iny, catalyst. The inset shows the line profile for HAADF
intensity analysis of the blue dashed region. (L) Partial current densities of HCOO- over Cugln;, Cuglns, Cug,lng, Cuilng, and In catalysts.
(M) Comparison of Gibbs free-energy profiles for electrochemical CO, reduction to HCOOH on In and alloy Culn under standard hydrogen
electrode conditions. Orange, Cu; brown, In; grey, C; white, H; red, O. (J-M) is reprinted with permission from Ref.l279), Copyright © 2025
Wiley-VCH GmbH.

changes the local coordination environment around Bi sites and modifies reactant adsorption [Figure 13D].
The HRTEM image of BOC-Li shows that the Bi,0,CO, (161) lattice plane is retained, while obvious lattice
distortions and dislocations appear, suggesting that Li incorporation perturbs the local lattice structure and
generates more active Bi sites [Figure 13E]. The free-energy diagram for HCOOH formation via the *OCHO
mechanism further shows that Li-doped Bi,0,CO, surfaces lower the energy barrier for HCOOH
production; in particular, Li, -related structures facilitate H,0/CO, adsorption and O-H activation, thereby
improving proton supply and *OCHO conversion [Figure 13F]"*"?. Combined operando NMR, kinetic
isotope effect, Tafel analysis, and in situ ATR-SEIRAS results demonstrate that Li doping enhances concerted
proton-electron transfer at Bi active sites and markedly improves formate selectivity.
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From the perspective of Cu-based catalysts, Tian et al.”"*’ showed that CuS chalcogenides can redirect
conventionally nonselective Cu-based carbon dioxide reduction reaction toward selective formate generation
through anion-induced electronic modulation. The X-ray diffraction (XRD) pattern of CuS matches the
standard CusS crystalline phase, confirming the well-defined chalcogenide structure and providing a
structural basis for Cu-S interactions and electronic regulation of Cu sites [Figure 13G]. The HR-TEM image
of CuS after electrolysis at -0.6 V vs. RHE further shows that the catalyst retains clear lattice features,
indicating good structural stability under carbon dioxide reduction reaction conditions and preservation of
the Cu-S coordination environment [Figure 13H]. The proposed carbon dioxide reduction reaction
mechanism indicates that Cu-S$ interactions stabilize Cu®* sites and prevent their complete reduction to Cu’.
Meanwhile, Cu 4p orbital charge redistribution enhances the affinity of Cu sites for O-end adsorption,
favoring the formation of Cu-OCHO* intermediates and ultimately steering the reaction toward HCOO
production [Figure 131]*). Operando X-ray absorption spectroscopy (XAS), HERFD-XAS, Raman, and IR
analyses further confirm that chalcogen-induced structural stabilization and charge redistribution are
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responsible for the high formate selectivity of CuS. Du et al.””! further demonstrated that tuning the metal
environment around Cu sites in Cu-In single-atom alloys can also enhance the CO,-to-HCOOH pathway.
The schematic illustration of CO, conversion on Cu,In,, shows that when a small amount of Cu is
incorporated into an In matrix, the Cu sites are embedded in an In-rich environment, and their adsorption
properties are strongly regulated by neighboring In atoms, favoring oxygenated intermediate formation and
HCOOH production [Figure 13]]. The HAADF-STEM image of Cu,In,, and the corresponding line profile
from the blue dashed region reveal a specific atomic arrangement of Cu and In, confirming the single-atom
alloy/alloy-phase structural features of the catalyst [Figure 13K]. The comparison of HCOO" partial current
densities shows that Cu,In,, exhibits a higher HCOO" production capability than Cu,,In,, Cu,In, Cu,In,
and pure In, demonstrating that Cu sites in an In-rich host environment significantly enhance the CO,-to-
formate pathway [Figure 13L]. The Gibbs free-energy profile for CO, reduction to HCOOH further shows
that, compared with pure In, the Culn alloy surface provides a more favorable energetic pathway for
HCOOH formation by stabilizing HCOO*-related intermediates and lowering the subsequent reaction
barrier [Figure 13M]").

Two-electron nitrate reduction reaction

The two-electron nitrate reduction reaction represents one of the most chemically nuanced forms of selective
electrocatalysis because it targets the controlled conversion of a highly oxidized nitrogen-oxoanion into
nitrite without allowing the system to proceed into the far more extensive reduction chemistry that leads to
NO, N,0, NH,OH, NH,, or N,. In acidic medium, the overall two-electron step can be expressed as NO, +
2H" + 2¢ - NO, + H,O, whereas in alkaline solution it is more appropriately written as NO, + H,O + 2¢" —
NO,+ 20H-. This reaction is chemically distinctive because it is neither a simple electron-transfer event nor
a full denitrification process. Rather, it is a selective oxyanion-editing transformation in which one oxygen
atom is effectively removed from the nitrate framework while the nitrogen center remains in an oxoanion
environment. Such a transformation occupies the first decisive reduction threshold in the broader
electrochemical nitrogen cycle, and its significance lies precisely in the fact that nitrite is both a
mechanistically meaningful intermediate and, under selective conditions, a chemically defined product®=7.
The molecular challenge begins with the strong N-O bonding network and high oxidation state of nitrate,
both of which make initial activation at the electrode interface intrinsically demanding. Productive
conversion requires sufficient interfacial interaction to polarize the oxyanion, reorganize charge density
around nitrogen, and enable the first deoxygenation step through coupled proton-electron transfer. Yet this
same activation immediately places the system on a densely connected nitrogen redox landscape in which
partially reduced species are often even more susceptible to further transformation than the parent nitrate.
The two-electron nitrate reduction reaction is therefore best understood as a selective decoupling problem.
The catalyst must activate nitrate enough to cross the first reduction barrier, but it must also release nitrite
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rapidly enough to prevent continued hydrogenation or further oxygen removal. This requirement makes the
reaction especially informative in conceptual terms”*?7°). Unlike oxygen reduction, where selectivity is
governed by preservation or cleavage of an O-O unit, or carbon dioxide reduction, where the central issue is
controlled partial reduction of a carbon-oxygen framework, nitrate reduction is defined by selective editing
of N-O connectivity within a multistage nitrogen valence ladder. The relevant chemical objective is not
maximal reduction of nitrogen, but precise control over how far the nitrogen center is permitted to descend
along that ladder under electrochemical conditions. For this reason, the two-electron nitrate reduction
reaction provides a particularly stringent model for oxidation-state-specific inorganic synthesis. It highlights
the fact that selective electrocatalysis often depends less on reaching the lowest-energy nitrogen product than
on imposing a chemically disciplined stopping point within a reaction manifold that is intrinsically prone to
overreduction once the first oxyanion activation event has occurred.

The two-electron nitrate reduction reaction generally refers to the selective conversion of NO, to NO,,
which is the initial key step in the nitrate electroreduction network. Since NO," is an intermediate-valence
nitrogen species, it can be further hydrogenated to NH,, N, or other deeply reduced products once formed.
Therefore, the central challenge of the two-electron nitrate reduction reaction is not merely to activate NO,,
but to promote *NO,-to-*NO, conversion while enabling NO, desorption and suppressing further
reduction. Murphy et al.”””! systematically investigated a series of atomically dispersed M-N-C catalysts for
nitrate reduction reaction and NO, reduction reaction, providing mechanistic insight into how single-atom
sites regulate the NO,” — NO, pathway. The charge-density-difference map of Br-Cu reveals pronounced
electronic redistribution around the Br-modified Cu sites, with a calculated charge transfer of approximately
0.67 |e|, indicating strong electronic interaction induced by Br incorporation [Figure 14A]. The HRTEM
image further shows well-resolved lattice fringes with spacings of 2.08 and 1.80 A, corresponding to the
Cu(111) and Cu(200) planes, respectively, confirming the preserved crystalline Cu framework after
interfacial modification [Figure 14B]. The calculated free-energy profiles for nitrate reduction subsequently
compare the reaction energetics over Br-Cu and Cu/Cu,O, revealing distinct energy landscapes for the initial
two-electron conversion and the subsequent six-electron reduction toward NH,. These results indicate that

Br-induced electronic regulation alters the energetics of nitrate-derived intermediates and thereby modulates
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the overall nitrate-to-ammonia pathway [Figure 14C]”””". Moving from intrinsic active-site thermodynamics

to reaction-sequence control, Jiang et al.”’*) demonstrated that separating nitrate reduction reaction into
NO, — NO, and NO, — NH, stages can reduce the overall kinetic barrier. The atomistic structure scheme
for NO, electroreduction to NO, on the Cu,O (111) lattice plane illustrates NO, adsorption, N-O bond
activation, and NO, formation, providing a model basis for understanding the two-electron nitrate
reduction pathway on Cu-based surfaces [Figure 14D]. TEM and HRTEM images of Cu-RD-PBS show a
nanowire-derived morphology and expose Cu (111) and Cu,O (111) facets, indicating that metallic Cu and
cuprous oxide-related structures coexist after reduction treatment [Figure 14E]. The free-energy comparison
further shows the energetic evolution of nitrate-derived intermediates over Cu (111) and Cu,O (111),
highlighting the importance of suitable Cu-based facets for *NO,/*NO, formation [Figure 14F]. The Faradaic
efficiency for NO, reduction to NO, demonstrates that the Cu nanowire system can achieve high nitrite
formation efficiency at suitable potentials, confirming that regulating the NO,” — NO, step as an

independent two-electron stage improves nitrate reduction efficiency and selectivity [Figure 14G]""*..

Once the NO, — NO, step is treated as a controllable two-electron stage, catalyst design can further focus
on accelerating NO, release and suppressing its subsequent hydrogenation under practical electrolysis
conditions. Li et al.”**! developed an Ag nanowire membrane electrode that confines nitrate reduction to a
highly selective two-electron NO,” — NO, conversion stage. The structural schematic of Ag nanowires
displays the distribution of facets, edge sites, and corner sites, indicating that high-curvature metallic
nanostructures provide abundant reactive sites and facilitate NO, adsorption and electron transfer
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Figure 14. (A) Calculated charge-density-difference map of Br-Cu, showing interfacial charge redistribution and charge transfer. (B)
HRTEM image showing lattice fringes assigned to Cu(111) and Cu(200), with spacings of 2.08 and 1.80 A, respectively. (C) Calculated
free-energy profiles for nitrate reduction on Br—Cu and Cu/Cu,0, highlighting the two-electron and six-electron rate-determining steps
toward NH, formation. (A-C) is reprinted with permission from Ref.?771, Copyright ©2023 Springer Nature. (D) Atomistic structure
scheme showing the reaction pathway for electrochemical reduction of NO, to NO, on the Cu,O (111) lattice plane. (E) Morphology
characterization of Cu-RD-PBS, including TEM and HRTEM images. (F) Comparison of the free-energy diagrams for NO, reduction over
Cu-based surfaces. (G) Faradaic efficiency for the reduction of NO, to NO,". (D-G) is reprinted with permission from Ref.?’#]. Copyright ©
2023 Wiley-VCH GmbH. (H) Structural schematic of Ag nanowires. (I) HRTEM image of Ag nanowires, showing clear lattice fringes. (J)
Ratios of nitrate and nitrite at different electrolysis times at - 0.9 and -1.0 V vs. Ag/AgCl. (K) Nitrite selectivity and Faradaic efficiency in
the electrolysis of 100 mM nitrate solutions. (H-K) is reprinted with permission from Ref.12®). Copyright © 2024 Elsevier B.V. (L) Crystal
structure of the perovskite hydroxide CuSn(OH),. (M) High-resolution TEM image of CuSn(OH),. (N) Free energies of NO, and NO,
adsorption on Cu(OH), and CuSn(OH),. (O) AG_H values of Cu(OH), and CuSn(OH),. (L-O) is reprinted with permission from Ref.?27,
Copyright © 2025 Wiley-VCH GmbH.

[Figure 14H]. The HRTEM image further shows clear lattice fringes of Ag nanowires, confirming their stable
metallic Ag crystal structure [Figure 141]. The ratios of nitrate and nitrite at different electrolysis times at -0.9
and -1.0 V vs. Ag/AgCl show that NO," can be continuously converted to NO,” and that nitrite accumulates
as the main product [Figure 14]]. Electrolysis in 100 mM nitrate solutions further demonstrates high nitrite
selectivity and Faradaic efficiency, indicating that the Ag nanowire membrane electrode enhances mass
transport and promotes NO,” desorption, thereby reducing the probability of further hydrogenation to NH,
[Figure 14K]*".. While the Ag nanowire membrane electrode mainly relies on metallic nanostructure and
mass-transport regulation to release NO,, Chen et al.””” reported perovskite hydroxide CuSn(OH),, where

cooperative bimetallic sites and structural stability restrict deep reduction. The crystal structure of
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CuSn(OH), shows alternating Cu(OH), and Sn(OH), octahedra, forming a cooperative interface for nitrate
adsorption and conversion [Figure 14L]. The high-resolution TEM image displays clear lattice fringes,
confirming that CuSn(OH), maintains a stable crystalline structure during catalysis [Figure 14M]. The
adsorption free energies of NO, and NO, on Cu(OH), and CuSn(OH), indicate that NO, adsorption is more
favorable on the Sn sites of CuSn(OH),, while subsequent conversion is closely related to Cu sites. This
suggests that Sn sites preferentially capture NO, and Cu sites promote the NO,” —» NO, transformation
[Figure 14N]. The AG,, values of Cu(OH), and CuSn(OH), further show that CuSn(OH), has weaker
hydrogen adsorption, which helps suppress over-hydrogenation and the further reduction of NO,
[Figure 140]%",

Two-electron halide oxidation reaction

The two-electron halide oxidation reaction provides the anodic counterpart to selective partial redox
synthesis in which a halide anion is converted into a molecular halogen through a chemically discrete two-
electron process. This reaction class is conceptually important because it shows that two-electron
electrocatalysis is not restricted to cathodic partial reduction, but also encompasses oxidation reactions in
which the desired product is defined by controlled valence increase and selective covalent bond formation. In
chemical terms, the key event is the removal of electrons from halide-derived interfacial species followed by
X-X coupling and molecular halogen release. The challenge, however, is not simply to oxidize halides, since
many halides are electrochemically accessible substrates under anodic bias. The true selectivity problem lies
in directing oxidizing equivalents toward substrate-centered halogen formation rather than toward solvent-
or hydroxide-derived oxygen evolution. This makes the two-electron halide oxidation reaction a stringent
test of anodic charge partitioning. The catalytic interface must recognize halide oxidation as the preferred
molecular synthesis channel even in an electrochemical environment where oxygen-centered oxidation
pathways are inherently available and often become increasingly competitive at elevated potentials!?”*2*!l.
From a mechanistic perspective, the reaction is governed by the balance between halide adsorption,
interfacial electron withdrawal, and the kinetics of halogen-coupled bond formation. If the interaction with
halide is too weak, substrate capture and interfacial oxidation become inefficient. If the surface instead
accumulates highly oxidizing oxygenated states too readily, the reaction network shifts away from halogen
evolution and into the four-electron oxygen evolution regime. The two-electron halide oxidation reaction is
therefore best understood as a selective anodic molecular coupling process in which the catalytic surface
must convert halide-centered oxidation into a product-defining X-X bond before competing oxygen
chemistry consumes the applied potential. This gives the reaction a distinctive place within two-electron
electrocatalysis. It demonstrates that selectivity at a prescribed electron count can also be achieved on the
oxidative side of electrochemistry, where the objective is not to halt reduction at an intermediate state, but to
prevent the anodic interface from escalating into a more strongly oxidizing manifold than is chemically
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required for the desired product. For this reason, halide oxidation offers a particularly clean and revealing
model for understanding how selective inorganic electrosynthesis can be achieved under anodic conditions
through precise control over substrate-centered oxidation, bond formation, and competition with solvent-

derived overoxidation.

Halide redox reactions represent an important class of two-electron electrochemical processes in energy
conversion, disinfectant production, and halogen-based battery systems. Representative examples include
chloride oxidation to Cl /active chlorine and bromide-based Br/Br* conversion*****. Compared with
competing processes such as oxygen evolution, halogen shuttling, and electrode corrosion, efficient halide
redox chemistry requires selective halide adsorption, stabilization of key intermediates, and rapid product
release at the electrode interface®****, Zhao et al.*"! reported an Fe-doped Ti,O, anode for efficient active
chlorine electrosynthesis from natural seawater. The atomic structure model of Fe-Ti,O, shows that Fe

incorporation modifies the local metal-oxygen coordination environment of Ti,0, and strengthens the
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electrophilicity of lattice oxygen, thereby facilitating site-selective Cl activation [Figure 15A]. The HRTEM
image further displays clear lattice fringes with a spacing of approximately 0.337 nm, corresponding to the
Ti,0, (120) plane, indicating that Fe doping preserves the Magnéli-phase Ti,0, crystal structure [Figure 15B].
From an energetic perspective, the chlorine evolution reaction can proceed through either the Volmer-Tafel
or Volmer-Heyrovsky pathway, and the Gibbs free-energy diagram on Fe-Ti,O, shows that *Cl formation
and subsequent Cl, generation are key steps controlling chlorine evolution reaction kinetics [Figure 15C].
The corresponding theoretical overpotential comparison further indicates that the Volmer-Heyrovsky
pathway requires a lower overpotential, suggesting that Fe-Ti,O, favors Cl, formation through the reaction
between *Cl and solution CI', thereby lowering the kinetic barrier for active chlorine production
[Figure 15D]""!. This system shows that lattice doping can tune the anode electronic structure and make Cl
activation more favorable than the competing oxygen evolution reaction. In contrast to chlorine evolution,
Li et al.” developed a static lithium-bromide battery that illustrates another mode of two-electron halogen
redox chemistry based on bromine species. The molecular model of TBABr, shows stable active bromine
salts composed of tetrabutylammonium cations and Br> anions, thereby avoiding the safety and cycling
problems associated with liquid, volatile, and shuttle-prone Br, [Figure 15E]. The electron localization
function (ELF) of BrCl, shows pronounced changes in electron distribution among Br-Cl species, indicating
that Cl' coordination participates in stabilizing high-valence bromine-related structures [Figure 15F]. The
cohesive-energy evolution during charging further shows that, compared with the Cl'-free system, the
presence of Cl' makes bromine conversion more favorable and stabilizes high-valence bromine species,
thereby activating additional electron transfer and improving battery capacity [Figure 15G]"**".,

During halide oxidation, regulating the electronic structure and local coordination environment of catalytic
sites is essential for achieving selective two-electron halogen conversion while suppressing competing oxygen
evolution and catalyst degradation. Cho ef al.”** investigated Pt-based single-atom catalysts as a model
system to understand how atomic coordination structures influence electrochemical selectivity. The T-
shaped Pt-N, configuration was constructed as a representative active-site model for density functional
theory calculations, providing insights into the relationship between local coordination geometry and oxygen
evolution reaction pathways [Figure 15H]. The HAADFE-STEM image of Pt (3)/CNT reveals atomically
dispersed Pt species uniformly distributed on the carbon nanotube support, confirming the formation of
isolated Pt catalytic sites [Figure 15I]. The calculated free-energy profiles further describe the stepwise
oxygen evolution reaction (OER) mechanism involving *OH, *O, and *OOH intermediates on Pt-N, sites
through a mononuclear pathway [Figure 15]]. These results demonstrate that the coordination structure of
isolated metal sites can regulate intermediate adsorption energetics and influence oxidation reaction
pathways by modifying the local electronic environment of active centers”**). Mao et al.”'*! further
demonstrated that the position of the Cl reaction site is crucial for the durability of non-noble-metal oxide
anodes. The schematic of polyhedral distortion and Cl" adsorption modes in 3D Ce-Co,0, shows that Ce
doping induces local structural distortion in Co,O,, allowing Cl" to adsorb preferentially on Co active sites
rather than on corrosion-prone lattice oxygen sites [Figure 15K]. The HAADF-STEM image shows that 3D
Ce-Co,0, maintains an ordered lattice with local atomic features, providing morphological evidence for Ce-
induced structural regulation and active-site relocation [Figure 15L]. In terms of reaction energetics, the free-
energy comparison among different Co,O,-based structures indicates that Ce doping lowers the energetic
barriers for Cl adsorption and Cl, formation, suggesting optimized Cl binding on Co sites [Figure 15M].
The reaction-coordinate free-energy diagram further shows that Ce-modified Co sites exhibit lower barriers
for *Cl formation and Cl, release, indicating that relocating active sites from lattice oxygen to metal Co

centers can enhance Cl oxidation while suppressing lattice-oxygen-involved corrosion [Figure 15N]®.
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Figure 15. (A) Atomic structure model of Fe-Ti,O,. (B) HRTEM image of Fe-Ti,O,, showing the Ti,O, (120) lattice plane. (C) Gibbs free-
energy diagram for the chlorine evolution reaction on Fe-Ti,O, via Volmer-Tafel and Volmer-Heyrovsky mechanisms. (D) Theoretical
overpotential of the chlorine evolution reaction on Fe-Ti,O, in Volmer-Tafel and Volmer-Heyrovsky mechanisms. (A-D) is reprinted with
permission from Ref.1?). Copyright © 2024 Springer Nature. (E) Molecular model of TBABr,. (F) ELF of BrCl.. (G) Cohesive energy during
the charging process for the systems with and without CI-. (E-G) is reprinted with permission from Ref.’2¢7), Copyright © 2024 American
Association for the Advancement of Science. (H) T-shaped Pt-N, models used for density functional theory calculations. (1) HAADF-STEM
image of Pt,(3)/CNT. (J) Free-energy profiles for the OER over Pt-N, following the mononuclear pathway, involving the *OH, *O and *OOH
intermediates. (H-J) is reprinted with permission from Ref.t2281. Copyright © 2023 Springer Nature. (K) Schematics of polyhedral distortion
and Cl- adsorption modes for 3D Ce-Co,0,; the green balls represent Cl-ions. (L) HAADF-STEM image of 3D Ce-Co,0,. (M) Free-energy
comparison for chlorine evolution over different Co,0,-based structures at U = 1.36 V. (N) Reaction-coordinate free-energy diagram
comparing Cl adsorption and Cl, formation on Ce-modified and unmodified Co sites. (K-N) is reprinted with permission from Ref.[2'4,
Copyright © 2026 Springer Nature.

SUMMARY, CHALLENGES, AND OUTLOOK

In summary, this review presents inorganic two-electron electrocatalysis as a unified framework of selective
redox chemistry in which the decisive scientific problem is not simply substrate activation but the controlled
termination of electron transfer at a prescribed oxidation-state level. The discussion first establishes the
conceptual foundation and chemical significance of two-electron pathways, followed by a systematic
classification of reaction families involving oxygen, carbon dioxide, nitrogen-oxoanions, and halides, thereby
revealing how diverse electrocatalytic systems share a common selectivity challenge despite fundamentally
different bond-evolution chemistries. A structure-centered perspective is then introduced to connect two-
electron selectivity with active-site electronic structure, coordination environment and atomic configuration,
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Figure 16. Challenges and prospects of two-electron electrocatalysis.

surface structure and defect chemistry, and interfacial microenvironment effects, which together form a
hierarchical chemical basis for understanding how catalytic interfaces regulate partial redox conversion. The
catalyst landscape is further organized across major inorganic material families, including metals and alloys,
metal oxides and oxide-derived materials, metal hydroxides, metal sulfides and phosphides, metal carbides
and nitrides, and emerging catalytic materials, allowing selective reactivity to be interpreted through the lens
of materials structural chemistry rather than isolated reaction examples. Representative reaction systems are
subsequently examined to illustrate how these principles manifest in practice across oxygen reduction, water
oxidation, carbon dioxide reduction, nitrate reduction, and halide oxidation. The central distinctive feature
of this review lies in the integration of reaction chemistry, structural chemistry, and catalyst classification
into a coherent analytical framework that explains two-electron selectivity across multiple inorganic
electrocatalytic systems.

Despite the rapid expansion of two-electron electrocatalysis across multiple reaction systems, the major
obstacles in this field no longer lie in demonstrating that selective two-electron products can be obtained in
individual reactions, but in determining whether two-electron selectivity can be understood and maintained
as a general chemical principle across fundamentally different redox networks. The difficulty arises because
two-electron pathways occupy a narrow kinetic boundary between substrate activation and deeper redox
conversion, where selectivity depends simultaneously on adsorption energetics, proton-coupled electron
transfer, intermediate stability, and product desorption dynamics. As a consequence, many reported
successes remain reaction-specific rather than forming a predictive framework applicable across oxygen-,
carbon-, nitrogen-, and halogen-centered electrocatalytic systems. Future progress is therefore increasingly
limited not by the availability of catalyst materials, but by several deeper conceptual and translational
challenges. Four issues are particularly critical for advancing two-electron electrocatalysis toward a more
predictive and broadly deployable paradigm of selective electrochemical synthesis [Figure 16].
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(1) A unified chemical framework for two-electron selectivity across different reaction families remains
incomplete. Most mechanistic insights are still derived from isolated reaction systems, which obscures the
common chemical principles that govern partial redox termination across oxygen, carbon, nitrogen, and
halide chemistries.

(2) The dynamic fate of partially reduced or oxidized intermediates remains insufficiently resolved. Two-
electron selectivity ultimately depends on whether a product-level intermediate can desorb before
undergoing further transformation, yet this critical boundary is often inferred indirectly rather than directly
observed under operating conditions.

(3) The coupling between catalyst structure and interfacial environment remains poorly integrated. Active-
site structure, surface defects, solvation structure, ion distribution, and local proton activity jointly determine
selectivity, yet these factors are frequently studied in isolation rather than as a unified interfacial system.

(4) Translation from laboratory-scale selectivity to practical electrosynthesis remains underdeveloped.
Conditions relevant to large-scale operation introduce mass-transport limitations, product accumulation,
and catalyst restructuring, which can fundamentally alter the delicate balance required for two-electron
pathways.

Catalyst degradation during prolonged electrosynthesis can arise from several coupled pathways, including
metal leaching, over-oxidation or over-reduction of active sites, surface passivation, dissolution-redeposition,
and electrochemically induced structural reconstruction. Metal leaching can decrease the density of active
sites and alter the local coordination environment, whereas over-oxidation or over-reduction may shift the
electronic structure of the active center away from the optimal redox window. Surface passivation can further
block active sites or modify intermediate adsorption, while dissolution-redeposition and surface
reconstruction may generate new coordination motifs with different reaction energetics. These processes can
therefore alter not only catalytic activity but also the balance between intermediate stabilization and product
release, potentially promoting deeper multielectron pathways. Long-term stability in two-electron
electrocatalysis should consequently be assessed by the simultaneous preservation of catalyst structure,
active-site chemistry, and product selectivity rather than by electrochemical activity alone.

Against these challenges, the long-term significance of two-electron electrocatalysis lies not merely in
improving selectivity within existing reaction systems, but in redefining how electrochemical synthesis is
conceptualized at the level of oxidation-state control, interfacial chemical programming, and product-
directed redox design. The field is beginning to move beyond the traditional logic of maximizing activity or
total electron throughput toward a more chemically disciplined framework in which the central objective is
to determine how many electrons a molecule should receive or release, at what stage the reaction should
stop, and how that stopping point can be encoded into the catalyst-electrolyte interface. In this sense, the
future of two-electron electrocatalysis will likely be shaped not only by better catalysts, but by broader shifts
in how selective redox chemistry is designed, interpreted, and integrated into molecular manufacturing.
Three directions appear especially important for the next stage of development.

(1) Two-electron electrocatalysis may evolve into a general platform for oxidation-state-precise
electrosynthesis. Its broader value extends beyond the current set of representative reactions because it offers
a conceptual template for producing molecules at chemically defined intermediate valence states rather than
driving substrates toward full reduction or full oxidation. Such a shift could reshape electrosynthesis from a
conversion-oriented discipline into one centered on redox-level precision, where product identity is
controlled through deliberate electronic stopping rules at the interface.
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(2) Future advances may emerge from the integration of reaction-network thinking with catalyst design.
Two-electron pathways should increasingly be viewed not as isolated branches within individual reactions,
but as controllable nodes embedded in broader chemical networks linking feedstocks, intermediates, and
value-added products. From this perspective, catalyst development may progress toward reaction-network
engineering, in which the goal is to stabilize strategically important partial-conversion states that can serve as
independent synthetic outputs or as programmable intermediates for tandem electrochemical
transformations.

(3) Two-electron electrocatalysis may become a key foundation for decentralized and function-specific
chemical manufacturing. Many two-electron products, such as H,0,, HCOOH, nitrite, and halogens, derive
their practical value precisely from their intermediate oxidation states, transportability, and downstream
reactivity. As selective control becomes more reliable, two-electron electrocatalysis could enable smaller-
scale, distributed production schemes tailored to local chemical demand, thereby linking fundamental
advances in interfacial redox chemistry with a broader transformation in how high-value inorganic
molecules are generated, delivered, and used.
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