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Abstract

The chiral-induced spin selectivity (CISS) effect enables spin-selective transport of electrons through
chiral systems, linking handedness with spin polarization. This review provides a comprehensive
examination of the emerging field of chiral electrocatalysis, detailing also the extensive experimental
and theoretical endeavor conducted to gain a deeper understanding of the fundamental physical
principles and mechanistic characteristics of this phenomenon. In particular, the CISS effect has
garnered significant attention within the scientific community due to its potential for broad
applicability across several fields, ranging from spintronics to biology. Among them, the prospective
harnessing of CISS effect into electrocatalytic processes offers an innovative strategy to improve the
performance of energy conversion and storage technologies. This review deeply examines the
practical applications of the CISS effect across different electrocatalytic reactions, with particular
emphasis on its influence on the oxygen reduction reaction (ORR) and its critical role in energy
conversion systems where ORR reaction is a key process - such as in metal-air batteries, whose safety
and performance can be enhanced through spin-selective electron transport.

Keywords: chiral-induced spin selectivity; chiral electrocatalysis; metal-air batteries; spin-dependent
reaction pathways; energy conversion and storage

1. Introduction

About two decades ago, the revolutionary intuition of Professors Ron Naaman and David
Waldeck about a possible correlation between chirality and electrons transport led to the discovery
of the Chiral Induced Spin Selectivity (CISS) effect [4-6], term used to describe the phenomenon
where electron transport through chiral systems leads to a spin polarization of the transmitted
electrons. This means that when electrons move through a chiral system (e.g., helical molecules like
DNA, peptides, or certain organic crystals) [7,8], there is a preference for one spin orientation (up or
down), even in the absence of an external magnetic field or magnetic material. In common materials,
electron spin — a fundamental physical property of electrons like charge — is randomly oriented and
the two possible states (UP and DOWN, or +1/2 and —1/2). However, when an electron is transmitted
through a chiral system, which lacks of inversion symmetry, one spin orientation is preferentially
transmitted (Figure 1a) [9,10]. This leads to a spin-polarized current, even though the material itself
is not magnetic. The discovery of this feature of chiral molecules subverts traditional knowledge that
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spin polarization requires magnetic fields or ferromagnetic materials, highlighting the role of
molecular chirality in spin physics.
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Figure 1. a) Schematic illustration of the CISS effect, depicting electron transfer through a chiral potential that

promotes spin-selective transmission. Adapted from Ref. [11]. Reproduced by permission of The Royal Society
of Chemistry. b) Schematic diagram of chirality origin in inorganic nanomaterials. Adapted with permission
from Ref.[12]. Copyright 2023 American Chemical Society. More in detail, figure 1b reports (b1) Intrinsic chirality
of chiral inorganic crystals. Adapted with permission from Ref.[13]. Copyright 2015 American Chemical Society.
Adapted from Ref.[14] under terms of the CC-BY license. Adapted from Ref.[15]. Springer Nature. (b2) Chiral
interactions between inorganic nanomaterials and chiral ligands. Adapted with permission from Ref.[16].
Copyright 2016 American Chemical Society. Adapted with permission from Ref.[17]. Copyright 2018, American
Chemical Society. Adapted with permission from Ref.[18]. Copyright 2018 John Wiley and Sons. Adapted with
permission from Ref.[19]. Copyright 2019 American Chemical Society. (b3) Chiral shapes at subwavelength
scales. Adapted from Ref. [20]. Springer Nature. Adapted from Ref.[21]. Springer Nature. Adapted from Ref.[22]
under terms of the CC-BY license. (b4) Chiral assemblies are formed by inorganic nanoparticles. Adapted with
permission from Ref.[23]. Copyright 2012 American Chemical Society. Adapted with permission from Ref.[24].
Copyright 2015 American Chemical Society. Adapted from Ref.[25]. Springer Nature. Adapted with permission
from Ref.[26] Copyright 2012 American Chemical Society.

Although initially controversial, the CISS effect is now widely accepted and is considered one of
the most important discoveries in molecular electron transport. What makes Naaman and Waldeck
discovery so significant is that it bridges the disciplines of physics, chemistry, and biology, offering
a novel approach to manipulating electron spin. It provides a compelling explanation for previously
unexplained spin-dependent phenomena observed in biological processes such as respiration (with
reference to the oxygen reduction and evolution reactions, ORR and OER, respectively) and
photosynthesis. Building on these biological insights, researchers have increasingly turned their
attention to systems - particularly chiral inorganic nanomaterials - where chirality can be precisely
engineered in the laboratory [8,12]. Inorganic material synthesis typically enables a higher degree of
precision in tuning both crystal architecture and chiral properties, which can significantly improve
their efficiency and functional capabilities, offering a promising platform to harness the CISS effect
in a controlled manner. A more in-depth illustration of spin-polarization observations in chiral
inorganic nanomaterials is provided in Figure 1b. The discovery of CISS effect demonstrated that
chiral systems can selectively transmit electrons with one spin over those the opposite spin, paving
the way of exploiting chiral inorganic/organic architectures as spin filter and [27-31] opening new
avenues for spin-selective transport to be used in practical applications, ranging from green energy
technologies, catalysis to quantum computing, highlighting its broad scientific and technological
impact.[32]

In the following sections, we first review key measurement techniques and experimental
evidence and that have validated spin-selective transport in chiral systems. Building on these
foundations, we examine the potential of CISS-active materials for applications in energy conversion
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and storage technologies, with a particular focus on metal-air batteries. Finally, we outline future
research directions aimed at integrating CISS principles into the design of next-generation
electrochemical systems, emphasizing the need for deeper mechanistic understanding and scalable
material strategies.

2. Experimental Demonstration of CISS Effect

Although numerous theoretical studies have offered convincing explanations of the CISS effect,
experimental evidences remain essential for its validation.

2.1. Photoemission Experiments

The first experimental evidence for CISS came from low-energy photoelectron transmission
(LEPET) spectroscopy using Langmuir-Blodgett films of amino acids deposited on a gold
substrate[4,33] (Figure 2a). Subsequent investigations applying the same technique have validated
these results on a wide range of chiral molecular layers [34-38]. In this setup, CPL was used to excite
spin-polarized photoelectrons in gold (Au), and the resulting photoelectron yield was measured in
relation to the chirality of the amino acid films. The experiment showed a clear correlation between
the photoelectron yield and the combination of CPL polarization and molecular chirality. However,
since the spin of the transmitted photoelectrons was not directly measured, the evidence for spin
polarization was only indirect.

A more definitive demonstration came later from Gohler et al.[39-41], who used a Mott detector
to directly measure the spin polarization of photoelectrons (Figure 2b). They found that spin
polarization from the bare gold surface depended on the polarization of the CPL, consistent with
previous results using Langmuir-Blodgett films. More specifically, the spin polarization of
photoelectrons emitted from the bare Au (111) surface was modulated by the polarization state of the
incident light, varying from —22% under right-handed circularly polarized light to 0% with linearly
polarized light, and up to +22% with left-handed circularly polarized light (Figure 2c) [5]. However,
when a self-assembled monolayer (SAM) of double-stranded DNA was applied to the surface, this
dependence on light polarization was markedly reduced, with spin polarization values confined to a
narrower range of -35% to —29% (Figure 2d,e,f) [5]. These findings indicate that DNA molecules
function as spin-selective filters. Notably, the degree of spin polarization was shown to increase
monotonically with the length of the DNA duplex, reaching approximately 60% for SAMs composed
of 78-base pair duplexes [5]. This evidence, i.e. the fact that the degree of spin polarization could be
tuned by adjusting the length of the DNA duplex, supported the conclusion that the observed spin-
selective behavior, characteristic of the CISS effect, originates from the intrinsic chiral properties of
the DNA molecules rather than from the gold-SAM interface.
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Figure 2. a) Schematic of the LEPET photoemission setup used to measure electron energy distributions
transmitted through chiral monolayers, without spin resolution of the emitted electrons. Adapted with
permission from Ref.[5]. Copyright 2012 American Chemical Society. b) A representative schematic diagram

illustrates the determination of CISS via Mott polarimetry measurements. Initially, (i) photoelectrons are excited
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within the substrate, (ii) then pass through a chiral spin filter, which induces a net spin polarization. These
photoelectrons are subsequently (iii) scattered by a gold foil target based on their spin orientation, and (iv) the
resulting signals are measured by two independent detectors. c) Measured spin-polarized electron distributions
for photoemission from bare Au under illumination with right-handed circularly polarized light (green), left-
handed circularly polarized light (red), and linearly polarized light (blue). The corresponding mean longitudinal
spin polarizations are —22%, +22%, and 0%, respectively. Adapted from Ref.[6] under terms of the CC-BY license.
d-f) Spin polarization of photoelectrons emitted from an Au(111) surface coated with double-stranded DNA,
under clockwise, linear, and counterclockwise excitation, respectively. Adapted from Ref.[6] under terms of the
CC-BY license.

In photoemission experiments, the spin filtering effect can be assessed as high-energy
photoelectrons travel through the chiral organic layer toward the detector. Thus, analyzing the
energy of emitted electrons provides further means of verifying CISS.

2.2. Magneto-Conductive Atomic Force Microscopy (mc-AFM)

This spin-dependent behavior is further supported by transport measurements conducted using
conductive atomic force microscopy (mc-AFM) [42—44]. In a typical study based on this method[42],
the conductance of a gold nanoparticle-dsDNA-nickel molecular junction was recorded while
varying the magnetization direction of the ferromagnetic (FM) nickel substrate (Figure 3a). By
changing the direction of the substrate’s magnetization, it was possible to break the degeneracy of
nickel’s valence electron spin states, favoring alignment of one spin direction with the field. A
straightforward analysis of the average I-V curves recorded (Figure 3b-d) reveals that the
conductance of the DNA-based molecular junction depends on the direction of the magnetic field.

When electrons are emitted from magnetized nickel (Ni), they mostly are majority electrons,
coming from the more stable energy subbands. If their spin matches the preferred spin direction for
transport through the chiral molecule, the current for this direction of the magnetic field will be
higher than that measured when the Ni magnetization is in the opposite direction and the electrons
have the opposite spin orientation, which is unfavored by the helicity of the chiral molecule. When
the direction of electron flow is reversed (i.e., negative current), the preferred spin is that aligned in
the other direction. In this case, the spin orientation favored for transmission aligns with the minority
electron sub-band in Ni, which features a high density of states above the Fermi level, thus facilitating
electron injection into the Ni and enhancing current flow (Figure 3e).

In sum, the I-V (current-voltage) curves resulted from mc-AFM measurements, disclosing
changes in molecular conductance depending on the magnetic field direction, confirmed a spin-
selective transport in the tunneling regime which is consistent with the CISS effect.
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Figure 3. a) The mc-AFM setup used to measure the conductance of a nanoparticle-dsDNA-nickel molecular
junction: A self-assembled monolayer (SAM) of single-stranded DNA (ssDNA) is adsorbed onto the nickel
substrate. When complementary ssDNA strands are attached to gold nanoparticles, hybridization occurs,

forming a nanoparticle-double-stranded DN A-nickel complex. As a result, the dsDNA oligomers are anchored
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at one end to the nickel surface (serving as the bottom electrode) and at the other end to the gold nanoparticles
(top electrode) via chemical bonds. A permanent magnet placed beneath the nickel substrate orients its magnetic
field with either the north or south pole facing the substrate, corresponding to "up" and "down" magnetization
configurations, respectively. The electrical current is measured between the nickel substrate and the AFM tip in
contact with the gold nanoparticle. b) The average current obtained for the three oligomers studied when the
magnetic field is pointing up (red) or down (blue). c) The density of states (dI/dV) obtained for the three
oligomers based on the averaged current for the magnetic field pointing up (red) or down (blue). d) For control,
the bottom panel shows the signal obtained with a gold substrate when no specific spin is injected. Adapted
with permission from Ref.[42]. Copyright 2011 American Chemical Society. e) A diagram showing the density
of states in magnetized nickel. Electrons flowing out of the nickel mostly have majority spin, while electrons
coming from the gold nanoparticle must have minority spin to enter the nickel. Adapted with permission from
Ref.[5]. Copyright 2012 American Chemical Society.

Though mc-AFM is a valuable tool for demonstrating the existence of the CISS effect, as it allows
for the measurement of current through chiral molecules and can reveal asymmetries in transport
that suggest spin-dependent behavior, alone it is not sufficient to definitively measure the effect, as
it does not provide direct information about electron spin polarization. So, while such results may
provide indirect evidence for the presence of CISS, to truly measure the spin selectivity that defines
this effect, magnetic conductive AFM (mc-AFM) is required. In mc-AFM, either the AFM tip or the
substrate is magnetized, introducing a well-defined spin polarization into the system. By applying a
magnetic field to reverse the magnetization and observing corresponding changes in the measured
current, one can detect a spin-dependent transport signal[45-47]. This modulation of current with
magnetic reversal is a direct signature of the CISS effect and cannot be captured by c-AFM alone.

2.3. Electrochemical Observations

Cyclic voltammetry (CV) can provide insightful evidence for the CISS effect by revealing spin-
dependent electron transfer processes at chiral interfaces. In a typical CV experiment involving a
chiral molecule immobilized on an electrode, the electrochemical response - such as peak current or
peak potential - can differ depending on the spin polarization of the electrons involved in the redox
process. [48,49]

A recent study[50] has demonstrated that electrochemical measurements on a chiral
tetrathiafulvalene (cTTF) derivative - part of a well-studied class of molecules known to exhibit the
CISS effect [51] - enable effective characterization of enantio-recognition involving bulk interactions.
This finding aligns with earlier reports on bulk-mediated enantio-recognition, where cyclic
voltammetry revealed chiral discrimination in systems using chiral ionic liquids as solvents for chiral
redox couples [52-54]. The CV pattern of enantiopure solutions of cTTF is significantly modified in
the presence of enantiopure tartaric acid, indicating an interaction between the chiral species (Figure
4a-d). These electrochemical measurements serve as effective tools for monitoring the chiral
recognition process, specifically in distinguishing between symmetric and dissymmetric
enantiomeric intermolecular interactions. As proposed in recent publications[55-58], spin-driven
interactions may play a role in mediating these intermolecular chiral recognition phenomena.

This points toward a mechanistic connection with the CISS effect, in which electron transmission
through chiral molecules is accompanied by spin polarization. Theoretical models suggest that spin-
dependent interactions [55-58] - such as those invoked in the CISS effect - may play a pivotal role in
driving enantioselectivity. In the CISS framework, electron transport through chiral systems is
inherently spin-selective due to spin—orbit coupling and the chiral potential landscape, even in the
absence of magnetic electrodes. It has been proposed that similar spin-dependent forces could
influence the energetics of intermolecular interactions, such as those involved in chiral recognition,
by favoring spin-compatible configurations between interacting chiral partners. This implies that the
underlying physics of CISS might extend beyond solid-state charge transport and influence

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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supramolecular recognition in solution-phase systems, even when no direct spin polarization is
measured.
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Figure 4. a) Ball and stick representation of the molecular structure of an enantiopure TTF chiral derivative, i.e
(S5,S) bis (tetrathiafulvalene)-1,2-cyclohexane-diamine. Color code used for the atoms are yellow for sulphur,
turquoise for nitrogen, red for oxygen, grey for carbon and white for hydrogen. b) CV curves of 5 mM
enantiopure solutions of (R,R) and (S,S) derivative, represented with blue and red curve respectively; CV curves
of 5 mM enantiopure solutions of c) (S,S) and d) (R,R) enantiomer in the presence of enantiopure tartaric acid (L-
or D- TA) (0.5 mM), using 0.1 M TBATFB in ACN as base electrolyte. GC, Ag/AgCl/KCl, and Pt are the WE, RE,
and CE, respectively. 0.1 M TBATFB in ACN is the base electrolyte, and 50 mV s is the potential scan rate. (a-
d) Adapted from Ref.[50]. © Wiley 2024. e) Schematic representation of spin-dependent CV setup. f) spin-
dependent cyclic voltammetry obtained with a magUP (black line) and MagDOWN (red line) for f) S and g) R
chiral TTF derivative. (e-g) Adapted from Ref.[59]. © Wiley 2024.

Building on these findings, spin-dependent electrochemical (SDE) techniques offer a
complementary approach for directly probing the role of spin polarization in chiral redox processes.
When a magnetized electrode is used, reversing the direction of magnetization can lead to
measurable changes in the voltammogram, such as shifts in oxidation or reduction peaks or
variations in current intensity. These changes arise from the spin-selective interaction between the
chiral molecules and the spin-polarized electrons provided by the magnetized electrode[60] .

Indeed, a 2024 study demonstrated that the I-V curves obtained from SDE measurements using
TTF-derivative-based electrode exhibit clear spin-injection dependence, where the efficiency of
charge transmission depends on the handedness of the chiral interface [59] (Figure 4e-g). This
behavior suggests that the differences in current observed - driven by chiral recognition - can be
understood within the framework of the chiral-induced spin selectivity effect. Specifically, in the case
of the above-mentioned study, when a chiral layer with S-handedness preferentially conducts spin-
up electrons, high conduction is observed if the adjacent facing layer also has S-handedness (a
symmetric interface). Conversely, if the facing layer has R-handedness (an asymmetric interface), the
conduction is reduced. Reversing the handedness of both layers produces the mirror-opposite
scenario. These findings point to spin as a hidden driving force in chiral recognition.

In other words, chiral-modified electrodes (e.g., with chiral TTF derivatives) exhibit significant
spin-filtering during SDE measurements, acting as direct manifestations of the CISS effect in bulk
electrochemistry. This supports the notion that spin-polarized electron transfer in redox processes
can be influenced by molecular chirality, providing a mechanistic bridge between enantioselective
recognition and CISS-driven spin-filtering phenomena. Since the CISS effect predicts that electron
transport through chiral molecules is spin-dependent, the magnetization-dependent electrochemical
response observed in CVs can serve as strong evidence of spin selectivity. Importantly, this approach
combines the sensitivity of electrochemical techniques with the ability to probe spin-dependent
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processes, offering a relatively accessible and scalable method to investigate CISS in a variety of chiral
molecular systems.

The following Section 2.3 provides an overview of the principal experimental methodologies
utilized for the quantitative measurement of the CISS effect, mc-AFM technique included.

2.4. CISS Effect Detection

2.4.1. mc-AFM

The mc-AFM technique probes spin selectivity in nanoscale structures, considering the influence
of the interface between chiral materials and the ferromagnetic electrode used for spin analysis.

Unlike standard single-molecule measurements, which often require precise molecular junctions
between chiral molecules and FM substrates (a technically demanding process), mc-AFM simplifies
the setup. It requires only that the conductive AFM tip, coated with FM material, be pre-magnetized
using a permanent magnet (Figure 5a) [61,62]. When tips magnetized in different directions were
used, the recorded I-V curves exhibited asymmetric behavior depending on the handedness of the
chiral molecule and the direction of magnetization, providing further evidence of the CISS effect. In
line with the preceding discussion on TTF-based chiral systems, this approach is here exemplified by
the enantiopure derivative TM-BEDT-TTF, whose molecular structure, crystal morphology, and mc-
AFM characterization are shown in Figure 5b-c-d.
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Figure 5. a) Schematic of the mc-AFM set-up used to detect CISS. The ferromagnetic substrate injecting spin-
polarized electrons in the monolayer of chiral molecules is magnetized up or down with an external magnet.
Adapted from Ref.[63] under terms of the CC-BY license. b) Ball and stick representation of the molecular
structure of an enantiopure tetrathiafulvalene (TTF) chiral derivative, i.e. tetramethyl-bis(ethylenedithio)-
tetrathiafulva lene (TM-BEDT-TTF), an extensively studied class of chiral inducers at the nanoscale. color code
used for the atoms are yellow for sulphur, turquoise for carbon and grey for hydrogen. c) AFM images of the
crystal morphology and d) mc-AFM of TM-BEDT-TTF. mc-AFM experimental I-V curves are recorded in the
-1.5 V to +1.5 V potential range and detected a spin polarization value in the 30% to 50% range. (b-d) Adapted
from Ref.[51]. Reproduced by permission of the Royal Society of Chemistry.

The current-voltage curves observed in mc-AFM measurements can be interpreted using a
model in which the applied voltage induces charge polarization in the chiral system, which in turn
leads to spin polarization[58,64]. In this model, a chiral molecular film is situated between two
electrodes, one of which is ferromagnetic. The applied electric field polarizes the chiral molecules,
and due to the chiral nature of the system, this charge polarization is accompanied by spin
polarization in an enantiospecific manner, i.e., the association between charge polarity and spin
orientation depends on the handedness of the chiral molecules. Consequently, electrons injected from
the ferromagnetic electrode encounter a spin-dependent potential barrier. The height of this barrier
is proportional to the product of the localized charge at the molecular pole and the spin-exchange
interaction. Assuming a charge polarization of approximately 10% of an elementary charge and a
spin-exchange interaction energy on the order of 1 eV, the resulting spin-dependent difference in
barrier height is estimated to be ~100 meV [6]. Experimental findings support this estimate, as they
reveal a similar magnitude in the difference between injection barriers for opposite spin states[42].

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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This spin-dependent barrier provides a plausible explanation for the high spin selectivity observed
at room temperature. Other studies have proposed 'spinterface’ models [65-67] to provide a more
quantitative explanation of these experimental observations, justified by the evidence that the first
CISS experiments were performed with supramolecular assemblies of chiral molecules on metal
electrodes. However, despite their intrinsic limitations, more simplified models have proven effective
in providing valuable insights into the CISS effect and the properties of chiral molecules associated
with it.

Spin polarization in mc-AFM measurements is typically quantified either as the ratio of currents
obtained with opposite magnetization orientations at a given voltage, SP = (I;/I;)v, or as the spin

polarization percentage, calculated as: SPy, = [IIT;IIL
1+1

] x 100. Because mc-AFM operates in a nonlinear

conduction regime, it is highly sensitive to subtle changes in spin polarization, making it an effective
tool for quantifying spin-selective transport phenomena. Furthermore, its setup and the local nature
of the measurement allow for efficient screening of spin-selective transport in a wide range of
materials, including disordered or self-assembled films, enabling the characterization of
heterogeneous or structurally complex systems, which is essential for correlating molecular chirality,
interface effects, and spin-dependent conduction on the nanoscale.

So, to date, mc-AFM is considered one of the most suitable techniques to investigate the CISS
effect, allowing the direct measurement of spin-dependent currents when electrons as electrons are
injected into or extracted from chiral molecular layers under controlled bias.

2.4.2. Circular Dichroism (CD)

Circular dichroism and the CISS effect are fundamentally linked through the electronic
properties of chiral systems [56,68]. CD reflects a molecule's differential interaction with left- and
right-circularly polarized light, arising from asymmetries in its electronic transitions due to chirality.
Similarly, the CISS effect reveals that electron transmission through chiral molecules becomes spin-
polarized, a phenomenon rooted in spin-orbit coupling and the helical potential landscape
experienced by moving electrons. Recent theoretical and experimental studies suggest a strong
correlation between a molecule’s CD spectrum and its ability to induce spin polarization, indicating
that both phenomena originate from the same chiral electronic structure. In this view, CD can be seen
as the optical analogue of spin selectivity, and the magnitude of the CISS effect may reflect the degree
of electronic asymmetry responsible for optical activity. This correlation underscores a deeper,
intrinsic connection between chiro-optical responses and spin-dependent charge transport, revealing
that chiral matter encodes its handedness not only in how it interacts with light, but also in how it
controls the spin of electrons.

For instance, recent work by Mujica and Fay employs an “electron on a helix” model to
investigate the interplay between circular dichroism and the CISS effect [69,70]. In these studies, a
rationale is proposed for the correlation between the spin-polarized electronic response and the
circular dichroism associated with helical systems, pointing to a fundamental link between CISS-
related phenomena and chiro-optical properties, both governed by the electronic structure of chiral
systems.

2.4.3. Optical Rotation in Photoluminescence Experiments

Given that spin selectivity can affect the optical properties of materials, it is also expected to
influence their photoluminescence (PL) behavior. Notably, the CISS effect has been shown to enable
polarized emission at the single-photon level, highlighting its role in spin-dependent optical
phenomena and giving rise to what can be described as a CISS-induced optical rotation effect
[51,71,72].

In PL experiments, a sample is typically excited with light, and the resulting emission is
analyzed. When the CISS effect is active, it can induce optical rotation in the PL signal, even in the
absence of an external magnetic field[73,74], as the helical motion of electrons generates effective
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magnetic fields that couple molecular handedness to spin-polarized emission, including circularly
polarized photoluminescence (CPL) from quantum emitters on chiral substrates (Figure 6a-c).

More specifically: upon illumination with unpolarized or linearly polarized light, a chiral
molecule - or a system interfaced with a chiral structure - can exhibit spin-selective excitation due to
the CISS effect, which preferentially promotes electrons of a specific spin orientation. This spin-
selective process leads to an asymmetric population of spin-polarized excited states, wherein the
chiral environment further stabilizes or modulates spin-dependent relaxation pathways. The
subsequent recombination of these spin-polarized carriers gives rise to CPL. The emitted
photoluminescence thus exhibits a net optical rotation, observable either as a difference in emission
intensity between left- and right-circularly polarized components (Al = I cp — Izcp) Or as a rotation
in the polarization plane of the emitted light (Figure 6d-e).

The degree of polarization in the PL signal, often characterized by the circular polarization
Incp—IRrcp
Ircp+Ircp
optically active emission arises not solely from the intrinsic chiroptical properties of the molecule but

parameter P, = reflects the extent of spin polarization induced by the CISS effect. This

rather emerges from and is amplified by the non-equilibrium spin distribution generated during the
excitation process by the CISS effect.

Such CISS-induced optical rotation in PL is particularly enhanced in systems comprising chiral
molecular layers in combination with materials exhibiting strong spin-orbit coupling or
ferromagnetic interfaces, where spin injection and detection are more efficient. These observations
underscore the role of spin—chirality interactions in modulating light emission, providing a powerful
optical probe for spin-selective processes in chiral systems.

It is worth noting that the enhanced CPL detection enabled by CISS-mediated spin-polarized
transport not only serves as compelling evidence for the existence of the CISS effect, but also
represents a powerful tool with potential applications across diverse fields, including quantum optics
[75,76], electronic[77] and communication technologies [78] .
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Figure 6. a) Schematic representation of the forces and effective magnetic fields induced by chirality associated
with electron motion along a right-handed helix. Electrons moving upward (v|l > 0) are represented by red
arrows, while those with downward trajectories (vl < 0) are indicated by blue arrows, illustrating the directional
dependence of chiral-induced interaction. b) Model diagram illustrating circularly polarized photoluminescence
emitted from a single quantum light emitter anchored to an out-of-plane magnetized Ni surface via a right-
handed chiral molecule. c) Schematic representation of the excitation process in CdSe/CdS quantum dots (QDs)
deposited on a chiral substrate. d) PL spectra of a single 9 ML QD measured under into-plane surface

magnetization, revealing a dominant right-handed (purple) circular polarization. e) Total PL intensity recorded
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from the same QD under opposite magnetization directions: into the surface plane (blue) and out of the surface
plane (red). (a-e) Adapted with permission from Ref.[71]. Copyright 2024 American Chemical Society.

3. Application of CISS Effect in the Energetic Field: The Case of Meta-Air
Batteries

3.1. Overview

The CISS effect has recently garnered significant attention for its potential to enhance the
efficiency of various energy conversion and storage technologies through spin-selective processes
(Table 1).

In photovoltaic systems, for example, chiral hybrid organic-inorganic perovskite structures
were able to induce spin polarization in photo-generated charge carriers, thereby enhancing the
power conversion efficiency of organic and hybrid solar cells. This spin polarization effectively
suppresses electron-hole recombination, leading to improved charge separation and extended carrier
lifetimes. Notably, devices incorporating chiral perovskites or chiral organic interlayers have
demonstrated performance enhancements of up to two- to four-fold due to the CISS effect. [8,79-81].
In particular, a two-dimensional layered perovskite thin films incorporating R-/S-
methylbenzylammonium (MBA) have demonstrated spin polarizations as high as 92%, resulting in
enhanced power conversion efficiencies. [82] (Figure 7a).

Spintronics, which leverages the spin degree of freedom of electrons, stands to benefit from the
CISS effect by enabling spin polarization without the need for external magnetic fields or heavy
metals[83]. This advancement paves the way for the development of lightweight, low-power spin-
based devices, which are particularly attractive for applications in energy-efficient computing
systems and the Internet of Things (IoT)[29,84-86].

Table 1. Summary of the main energy-related application areas for exploiting the CISS effect and its associated

benefits.
Application Area CISS Benefit Energy Impact
Solar cells Spin-polarized charge separation Higher efficiency
Fuel cells/electrolyzers Spin-selective catalysis Lower overpotential, better selectivity
Spintronics Low-power spin devices Energy-efficient electronics
Thermoelectrics Modified spin transport Improved thermoelectric performance
Artificial photosynthesis ~ Spin-controlled electron flow More efficient solar fuel generation

Thermoelectric materials, which convert temperature gradients into electrical voltage, can also
be enhanced through the CISS effect. By influencing spin-dependent charge transport, the CISS effect
has the potential to improve the Seebeck coefficient and reduce thermal conductivity, thereby
increasing the thermoelectric figure of merit (ZT). While research in this area is still emerging, initial
studies suggest promising avenues for the integration of chiral molecules into thermoelectric
systems[87].

Artificial photosynthesis systems (Figure 7b), which aim to mimic natural photosynthetic
processes for solar fuel generation, may benefit from the CISS effect. The spin-selective transport of
electrons facilitated by chiral components can enhance the efficiency of solar-to-chemical energy
conversion[88]. For example, chiral ZnO photocatalysts have demonstrated improved performance
in water-splitting reactions [89], attributed to the alignment of unpaired electron spins in hydroxyl
radicals, thereby favouring the formation of triplet oxygen over undesired byproducts (Figure 7c).
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Figure 7. a) Side-view crystal structures along the c-axis of (R-MBA),Snl; and (S-MBA),Snl, chiral 2D hybrid
structured and related room-temperature mc-AFM I-V curves recorded on 50-60 nm thick films. Adapted with
permission from Ref.[82]. Copyright 2020 American Chemical Society. b) Key reactions involved in artificial
photosynthesis. Adapted with permission from Ref.[88]. Copyright 2009 American Chemical Society. c) Artificial
photosynthetic water splitting cell, in which light is used to generate hydrogen. Adapted with permission from
Ref.[89]. Copyright 2015 American Chemical Society d) Schematic illustration of the activation energy barrier in
chiral versus achiral electrocatalysts, highlighting the CISS effect. Adapted from Ref.[11]. Reproduced by
permission of the Royal Society of Chemistry.

Lastly and most notably in the context of this review, in the realm of electrocatalysis (Figure 7d),
particularly concerning the oxygen evolution reaction (OER) and oxygen reduction reaction (ORR),
the CISS effect plays a pivotal role [90,91]. The OER involves the formation of triplet oxygen (O,), and
spin alignment facilitated by chiral catalysts can lower the reaction overpotential and suppress the
formation of undesired byproducts such as hydrogen peroxide. [92-94]. For instance, chiral iron
oxide nanoparticles have exhibited up to an 89% improvement in current density at 1.8 V versus the
reversible hydrogen electrode (RHE), attributed to the synergistic impact of inherent magnetic
moments and chirality[92]. Substantial enhancements arising from the CISS effect have likewise been
observed in the oxygen reduction reaction (ORR). [95] The observation that the CISS effect can
enhance both ORR and OER performance naturally points toward its potential relevance for energy
systems governed by these reactions. Among them, metal-air batteries (MABs) - which
fundamentally rely on ORR during discharge and OER during recharge - have emerged as especially
promising candidates, having attracted growing attention in recent years thanks to their high
theoretical energy density and several additional advantages (to be further detailed in Section 3.2.1).
Despite this promise, the development of MABs is still hindered by persistent safety and performance
limitations. In this context, the CISS effect offers an intriguing opportunity, as it may provide a novel
pathway to mitigate these challenges and advance the practical realization of metal-air battery
technologies.

With this perspective in mind, the next section begins by taking a closer look at metal-air
batteries, exploring their fundamental operating principles and key characteristics. From there, we
turn to an exciting possibility: how the CISS effect could be leveraged to enhance the efficiency of
their essential electrochemical reactions, offering a promising route to overcome some of the
limitations that have so far constrained the full potential of these systems.
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3.2. Metal-Air Batteries

3.2.1. Metal-Air Batteries: Key Features, Current Status and Practical Challenges

Overview

While lithium-ion batteries (LIBs) currently lead the market in terms of performance, challenges
remain— particularly in achieving high capacities (>200 mA h g™) and ensuring safe operation for
electric vehicle (EVs) applications [96-98]. In this context, metal-air batteries have garnered
increasing attention due to their ability to operate under ambient air conditions. In contrast to LIBs,
which rely on costly and often resource-limited materials, MABs offer a more economical alternative
by using abundant atmospheric oxygen as the cathode reactant and low-cost metals - such as
aluminum, zing, or iron - as anodes. The combination of cost-effectiveness, high theoretical energy
density, and markedly reduced overall weight positions MABs as highly promising candidates for
compact power sources in portable electronics and EVs. Beyond these applications, MABs also show
strong potential for large-scale energy storage and distribution, [99] serving as efficient energy
transfer hubs within integrated renewable energy systems. In such architectures, they could enable
seamless energy exchange among renewable sources such as wind and solar power, the electrical
grid, and end users.

Components and Configuration

Unlike conventional closed systems, MABs typically operate in an open-cell configuration, and
comprise three principal components, as schematically illustrated in Figure 8a: a metal anode, a
porous air cathode, and an electrolyte that separates the electrodes. The anode is generally composed
of metals such as lithium (Li), sodium (Na), potassium (K), magnesium (Mg), aluminum (Al), iron
(Fe), or zinc (Zn), chosen based on energy density requirements, electrochemical stability, and cost
considerations. MABs employ a range of electrolytes, most commonly aqueous and non-aqueous
(aprotic) systems, while solid-state and hybrid designs have more recently emerged as promising
directions.[100,101]. Due to their high reactivity with water, lithium-air, sodium-air, and potassium-
air batteries are commonly paired with non-aqueous electrolytes to prevent undesirable side
reactions. In contrast, magnesium-, aluminum-, iron-, and zinc-based systems are compatible with
aqueous electrolytes, though the incorporation of a hydrophobic protective layer is often necessary
to mitigate electrolyte leakage and enhance long-term operational stability.[100,102,103] Figure 8b
illustrates the operation of MABs in both aqueous and non-aqueous electrolytes.

Structural Design

Based on structural design and operational requirements, MABs are classified into conventional
static configurations, flow-based systems, and advanced flexible architectures[104] (Figure 8c).

Traditional static MABs: conventional static metal-air batteries consist of a cathode, separator,
electrolyte, and anode. While the metal anode oxidation (e.g., Zn — Zn?" + 2e) proceeds with
relatively fast kinetics, the ORR at the cathode is intrinsically sluggish due to its multi-electron
transfer pathway. During discharge, the ORR occurs at the three-phase interface formed by the solid
catalyst, liquid electrolyte, and gaseous oxygen, whereas during charging, the OER takes place at the
two-phase catalyst—electrolyte interface. [105]. Hence, the development of highly active bifunctional
catalysts is essential to facilitate both ORR and OER efficiently. Furthermore, the use of liquid
electrolytes often leads to the formation of insoluble by-products (e.g., ZnO, Li,O) on electrode
surfaces during cycling. These deposits obstruct the porous electrode structure, restrict oxygen
diffusion, and ultimately deteriorate the overall electrochemical performance [106].

Flow-electrolyte MABs: This configuration incorporates an electrode, separator, electrolyte, and
an external electrolyte reservoir, with a pump integrated to maintain continuous electrolyte
circulation. Such a flowing-electrolyte system mitigates several limitations of static designs,
particularly at the metal anode and air cathode interfaces. More specifically, the flowing-electrolyte
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design mitigates irregular anode morphology, and passivation by maintaining uniform ion
concentration and reducing polarization effects. For instance, in zinc—nickel batteries, electrolyte
circulation minimizes dendrite formation and irregular zinc morphology by improving ion
distribution, reducing concentration gradients, and preventing passivation[107] .

However, in this kind of configuration optimal electrolyte flow rates are critical for balancing
mass transport and energy efficiency. Insufficient flow leads to concentration polarization and
localized depletion of active species, while excessive flow increases parasitic energy losses due to
pumping requirements and reduces volumetric energy density. Furthermore, mass transport
processes at the electrode-electrolyte interface strongly influences redox kinetics and overall battery
performance, emphasizing the need for precise hydrodynamic and electrochemical design to achieve
stable long-term cycling. Nonetheless, this architecture introduces additional drawbacks, primarily
the increased system complexity associated with integrating pumps, tubing, and flow control
mechanisms required to sustain electrolyte circulation.

Flexible MABs: The growing demand for portable electronics has stimulated significant research
into lightweight, compact, and flexible batteries [108,109]. A typical flexible battery comprises a
cathode, anode, separator, and a highly conductive electrolyte, with solid-state electrolytes being the
most commonly employed. To date, thin metallic plates are often utilized as anodes to reduce overall
battery weight, while various nanomaterials and nanocomposites - such as carbon fibers, carbon
nanotubes, and graphene - are explored as cathode materials. Current developments indicate an
evolutionary trajectory from polymer and flexible alkaline batteries to lithium-based and metal-air
batteries, which represent a particularly promising class of flexible energy storage devices. Flexible
metal-air batteries combine the high theoretical energy density of metal-air chemistries with
mechanical flexibility, enabling their integration into wearable and foldable electronics. These
systems typically employ a metal anode, a breathable air cathode, and a flexible electrolyte, which
allows them to sustain energy output even under bending or stretching conditions, making them
highly suitable for next-generation portable applications. Despite their potential, challenges such as
mechanical durability, electrolyte stability, and consistent cycling performance under repeated
deformation remain. Currently, zinc-air (ZABs) and aluminum-air batteries (AABs) are among the
most promising flexible systems, combining low cost, safety, and high energy density [110].

a) b)

aqueous non-aqueous :

»
)=
S

PN~
§ =0 Current collector
. {Air electrode = __I_.

electrode Catalyst-

1 N T
Electrolyte Sgp]om'o,. Active layer Gas diffusion layer

Package mold

c) e Air cathode
"""" Separator
Solid electrolyte
Package mold WEE Metal anode
fmm Air cathode = = Package mold

mmm Separator
== Metal anode
= Electrolyte

~

: ahjonoal3
!lw

opoures 1y

Pump

opoue

Figure 8. a) Schematic illustration of a MAB. Adapted from Ref.[111] under terms of the CC-BY license. b)
Schematic diagrams of MABs working principles for aqueous and non-acqueous electrolyte. Adapted from
Ref.[112]. © 2025 MDPI. c) Illustration of various MAB designs: static multi-cell arrangement (left), flow-type
battery system (middle), and flexible (right) battery structure (modified). Adapted from Ref.[96] under terms of
the CC-BY license.
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Electrochemical Reaction Mechanisms in Metal-Air Batteries

The working principles of metal-air batteries differ significantly from that of conventional ionic
batteries. In traditional systems, metallic ions are transferred from the anode to the cathode during
operation. In contrast, MABs rely on the oxidation of a metal or alloy at the anode to produce metallic
ions and electrons, while oxygen is reduced at the cathode [113] to form hydroxide or oxygen-
containing anions, depending on the electrolyte system. In other words: during the oxidation of the
metal anode, metallic ions are generated, accompanied by the release of electrons, which then flow
through the external circuit to deliver electrical energy. The resulting metallic ions subsequently
dissolve into the electrolyte, completing the discharge process (Figure 9a). In rechargeable MABs, the
reactions are reversed upon charging, with metallic ions being reduced back to the metal state at the
anode, thereby restoring the cell to its original condition[114]. The degree of reversibility and
efficiency of these electrochemical processes plays a crucial role in determining battery performance,
affecting aspects such as capacity, cycle stability, energy efficiency, and degradation pathways [95].
In contrast to traditional batteries, which contain both anode and cathode reactants internally, MABs
draw oxygen from the surrounding air to serve as the cathode reactant: oxygen enters the system
through the gas diffusion layer (Figure 9a), which regulates its transport to the cathode and facilitates
the oxygen ORR. This distinct electrochemical mechanism lowers the overall battery mass and
underpins the high energy density characteristic of MABs, positioning metal-air systems as strong
contenders for advanced energy storage applications. Notably, the behavior of oxygen differs
between aqueous and non-aqueous electrolytes, influencing reaction kinetics and overall cell
performance.

In an aqueous electrolyte, oxygen diffuses through the gas diffusion layer and undergoes
reduction to hydroxide ions (OH") via a multi-electron pathway[112,113] :

0, + 2H,0 + ne~ - 40H™

In non-aqueous electrolytes, oxygen reduction first leads to the formation of superoxide (0;)
species, which acts as a reactive precursor:

0,+e” -0,

Depending on the metal’s reactivity, electrolyte environment, and electrochemical conditions,
this superoxide may either remain as a soluble intermediate, 0; + M* — MO, , disproportionate to
form a peroxide (0%7), 2M0, — M,0, + 0,, or undergo further reduction to form a stable metal
oxide, M0, + 2e~ 4+ 2M* - M,0,. This sequence determines the nature of the final solid discharge
product and strongly influences energy density, rechargeability, and cycle life.

Simultaneously, metals at the anode release electrons, forming metallic ions, which
subsequently dissolve into the electrolyte:

M = M"+ +ne” (aqueous) M - Mt + e (non—aqueouS)

During charging, these electrochemical processes are reversed, with metallic ions reduced back
to the metal state and oxygen evolved at the cathode via the OER. The initial state of the electrodes
and electrolyte are thus restored, thereby enabling rechargeable MAB operation. Table 2 provides an
overview of the key electrochemical reactions in representative metal-air battery systems, detailing
the anode and cathode processes and the corresponding primary discharge products for both
aqueous and non-aqueous electrolytes.

Table 2. Electrochemical Reactions in Representative Metal-Air Batteries[115-125].

Battery System Electrolyte Type Anode Reaction (Discharge) Cathode Reaction (Discharge) Key Products

Zn-Air Aqueous Zn — Zn* + 2e” O, +2H,0 + 4e- — 40OH- Zn(OH), / ZnO
Al-Air Aqueous Al — AP + 3e” O, + 2H,0 + 4e- — 40H- Al(OH);
Li-Air Non-Aqueous Li — Li*+e" O, +2Li* + 2e” — LixO, Li,O;

Na—Air Non-Aqueous  Na — Na*+e O, +2Na* + 2e- — Na,O, NaO,
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Fe-Air Aqueous Fe — Fe? + 2e- 0, +2H,0 + 4e- — 40H- Fe(OH),

The electrolyte medium strongly influences oxygen transport, reaction kinetics, and discharge

products. Aqueous systems generally offer higher ionic conductivity and lower overpotentials, while
non-aqueous systems enable the use of highly reactive metals such as lithium and sodium, albeit with
reduced rechargeability due to passivation and parasitic reactions.

Performances

Theoretical energy density is a key parameter in assessing the performance potential of different
battery chemistries and, as anticipated, these batteries are attractive due to their exceptionally high
theoretical energy densities, usually exceeding those of state-of-the-art technologies (Figure 9b), up
to 1000 Wh kg and 5000 Wh L with respect to the lithium-ion at a material level [126,127].

Various MAB systems differ significantly in their theoretical energy density, specific energy, and
nominal cell voltage [128] (Figure 9c). Among the different configurations, lithium-air batteries
(LABs) stand out for offering the highest theoretical energy density (5928 Wh kg) and a relatively
high nominal cell voltage of approximately 2.96 V. In contrast, iron—air batteries (FABs) exhibit the
lowest theoretical energy density and a nominal voltage of around 1.28 V. Despite this, Al-air, Zn-
air, and Fe—air batteries continue to attract considerable research interest due to their favorable safety
profiles, material abundance, and cost-effectiveness, which make them promising candidates for
scalable and sustainable energy storage solutions.
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Figure 9. a) Schematic representation of a Metal-air battery. Adapted from Ref.[129]. Springer Nature. b) Energy
density vs. specific energy plot comparing current-generation lithium-ion batteries, energy-optimized LIBs,
lithium-metal batteries and post-lithium-ion technologies, including lithium—sulfur (Li/S) and lithium-oxygen
(Li/Os) systems, at the cell level. The dotted gray line indicates the parity between energy density and specific
energy (i.e,, Wh/L = Wh/kg). Data are partially adapted from reference [130]. Adapted from Ref.[131]. Springer
Nature. c) Theoretical energy density and specific energy (including atmospheric oxygen) for commonly studied
metal-air batteries. The values are derived based on the mass and volume of the discharge products, the open-
circuit voltage (OCV), and the total charge transferred during the cell reaction. Adapted from Ref.[128] under
terms of the CC-BY license.

Actual Limitation and Future Perspective

Despite their theoretical advantages, metal-air technologies still face significant technical and
commercialization challenges, most notably the thermodynamic and the sluggish kinetics of the ORR
and OER half-reactions,[132,133] which govern round-trip efficiency, attainable energy density, and
overall electrochemical performance of the system. Specifically, ORR activity directly influences
discharge efficiency, whereas OER kinetics govern rechargeability and cycle stability. Moreover, the
role of H,O in the discharge and charge processes remains complex and is not yet fully
understood[134-136]. Owing to the intrinsically slow multi-electron transfer kinetics and high
overpotentials associated with both ORR and OER (vide Section 3.2.2), the deployment of highly
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active electrocatalysts is indispensable to reduce polarization losses and enhance reaction kinetics.
Although noble metals such as Platinum (Pt), Iridium (Ir), and Ruthenium (Ru) remain benchmark
catalysts, their scarcity and prohibitive cost significantly constrain large-scale implementation.
Consequently, extensive efforts have been directed toward the rational design of cost-effective
catalyst systems, including transition-metal oxides, perovskite-type oxides, and other nanostructured
materials, to achieve high activity, durability, and bifunctionality. These barriers in term of
performance and limited cycle life, coupled with the need for cost reductions and standardized
supply chains, have so far restricted deployments to pilot or demonstration scales [96,137]. Near-term
developments (1-5 years) are expected to focus on pilot projects and scaling promising chemistries,
while medium-term commercial viability (5-10 years) will depend on achieving reliable cycle life,
air-cathode durability, and cost competitiveness.

While conventional approaches - ranging from catalyst composition and nanostructuring to
interface engineering and electronic structure tuning - have yielded important advances, they still
fall short of fully overcoming these intrinsic limitations, fundamentally constrained by the inherent
reaction pathways. In this context, the CISS effect can be considered a potentially transformative
strategy, as current evidence - further elaborated in Section 3.2.2. - suggests it may leverage spin-
polarized electron transport to intrinsically enhance reaction kinetics and reduce side reactions in
MABs[138-140]. Unlike traditional approaches that primarily target surface chemistry, through CISS
effect it may be possible to manipulate spin polarization at electrode—electrolyte interfaces, thereby
modulating reaction intermediates, lowering activation barriers, and steering product distribution
toward more desirable pathways[58,91,141]. In other words, CISS directly addresses spin-dependent
processes at the heart of ORR and OER, enabling higher activity, improved stability, and reduced
energy losses. Moreover, chiral modifiers on cathode surfaces could serve both as spin filters and as
catalytic sites, offering a dual-function strategy for performance enhancement. This emerging
paradigm introduces opportunities for rational catalyst design that integrates spintronic principles
with traditional electrochemical strategies, potentially leading to significant performance
improvements in next-generation metal-air battery technologies.

Its distinctive mechanism positions CISS not merely as an alternative, but as a potentially
superior strategy with the capacity to redefine electrocatalyst design and unlock the requirements for
practical next-generation MABs. Though so promising, it is worth noting that the integration of CISS-
active interfaces into metal-air battery architectures remains an emerging research direction.
However, preliminary studies in related electrochemical systems suggest that chiral molecules can
influence the rate and directionality of oxygen-related redox processes[141] , making this an exciting
frontier for future exploration.

3.2.2. Metal-Air Batteries, CISS Effect in MABs

CISS Effect on OER

In rechargeable metal-air batteries, the OER takes place during the charging process [142] and
involves the oxidation of hydroxide ions or oxides back to molecular oxygen, accompanied by the
release of electrons into the external circuit.

The OER plays a critical role in determining the charge efficiency and cycling stability of
rechargeable metal-air batteries, as it governs the regeneration of oxygen during the charging process.
However, the intrinsically sluggish kinetics of OER result in high overpotentials, leading to
significant energy losses and reduced overall efficiency [143]. The slow reaction rate also limits charge
acceptance, making rapid and efficient recharging challenging. Addressing these limitations requires
the development of highly active and durable catalysts. Consequently, enhancing OER kinetics
remains a central research focus for improving the performance and commercial viability of
rechargeable MABs. Figure 10a illustrates the OER in an alkaline medium, depicting the stepwise
oxidation of hydroxide ions (OH") to molecular oxygen (O,) with associated electron transfer, and
here reported:
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40H™ - 0, + 2H,0 + 4e~

The CISS effect can play a significant role also in modulating the OER by influencing the spin
orientation of electrons during the reaction[144]. In electrocatalytic OER, the multi-step transfer of
electrons is inherently coupled with the formation of spin-sensitive intermediates, such as hydroxyl
(OHe), oxyl (O¢), and peroxo (OOH®) radicals. By introducing chiral molecules onto the electrode
surface, the CISS effect induces spin polarization in the electron flow, aligning electron spins with the
spin state of the catalytic active sites. [138,145-148] This spin alignment reduces spin-related energy
barriers, facilitating faster and more efficient electron transfer, lowering the overpotential, and
enhancing the overall reaction kinetics.

Liang et al. (2022) reported a striking demonstration of how the CISS effect can enhance the OER
through molecular functionalization of hybrid 2D electrodes[94]. By intercalating helicene
derivatives such as thiadiazole-[7]helicene and bis(thiadiazole)-[8]helicene between a gold substrate
and Ni/NiFe oxide catalyst islands, they observed up to ~130% enhancement in OER current density
compared to non-functionalized systems, along with suppression of parasitic hydrogen peroxide
formation. The key to this improvement lies not in altered adsorption energies of intermediates but
in the spin polarization generated when electrons traverse the chiral molecules. This spin selectivity
directly influences the spin-sensitive OER pathway, particularly the coupling of oxygen atoms into
triplet O,, thereby lowering kinetic barriers and steering the reaction toward the four-electron
pathway (Figure 10b). Importantly, electrode architecture was found to be critical, as the chiral layer
must act as an interfacial spin polarizer without blocking catalytically active sites. Control
experiments with achiral analogues confirmed that the enhancement arises uniquely from chirality
and the associated CISS mechanism. Collectively, these findings exemplify how CISS can be
deliberately exploited to circumvent conventional scaling limitations in OER catalysis and point
toward new design principles for enhancing the efficiency and selectivity of metal-air battery
systems.

While Liang et al. (2022) demonstrated that chiral molecular functionalization at the electrode-
catalyst interface can induce spin polarization and thereby enhance OER activity and selectivity,
Vadakkayil et al. (2023) extended this principle by directly embedding chirality into the catalyst
lattice itself, synthesizing chiral Cos-oFexO, nanoparticles (notably Cos.3Feq.7O,) and comparing them
with achiral counterparts[149]. The chiral catalysts exhibited markedly lower overpotentials, higher
Faradaic efficiencies, several-fold gains in mass and specific activities, and reduced hydrogen
peroxide production, especially under acidic conditions. Kinetic analysis revealed a shift in the rate-
determining step, consistent with spin polarization altering the reaction pathway. The proposed
mechanism is that CISS injects spin-down electrons into the catalyst, producing spin-up surface
intermediates (M-Ow radicals) that align with the triplet ground state of O,, thereby bypassing spin-
forbidden transitions. Notably, these improvements arose even though the achiral catalysts already
operated near the volcano-plot apex, underscoring that spin control provides a design lever beyond
adsorption-energy optimization. This work highlights the potential of embedding chirality into
catalyst materials to intrinsically bias spin, reinforcing CISS as a general strategy to achieve superior
OER performance in metal-air batteries.

Taken together, these studies illustrate two complementary strategies by which the CISS effect
can be harnessed to improve OER catalysis. The former highlights how chiral molecular layers at the
electrode-catalyst interface can act as spin filters that polarize charge transfer without altering the
intrinsic catalyst composition, while the latter demonstrates that chirality embedded directly into the
catalyst lattice itself can create intrinsically spin-polarized active sites. This is the demonstration that
CISS can operate across different length scales and architectures: from molecular assemblies that
modulate electron spin at interfaces to bulk catalysts whose chiral crystal structure governs spin-
selective charge transfer and intermediate formation. Despite their different approaches —interfacial
versus structural chirality—both converge on the same mechanistic principle: spin polarization
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stabilizes radical-type intermediates consistent with the triplet ground state of O,, thereby lowering
kinetic barriers and surpassing the conventional activity limits dictated by adsorption-energy scaling.

This dual perspective underscores the versatility of CISS as a unifying design principle for next-
generation OER catalysts and highlights its promise for advancing the performance of metal-air
batteries.

CISS Effect on ORR

A comprehensive understanding of how the CISS effect can enhance ORR performance requires
first an examination of the two mechanistic pathways possible at the cathode, since the pathway by
which this reaction proceeds critically determines the efficiency, stability, and overall performance
of MABs. Mechanistically, ORR can follow two distinct routes [95] :

a) Two-Electron Pathway

0, + 2e~ + 2H* - H,0, or O, + 2e” + H,0 — HO; + OH™ when in alkaline
electrolytes
b) Four-Electron Pathway

0, +4e~ +4H* - 2H,0 or 0, + 4e~ + 2H,0 — 40H~ when in alkaline

electrolytes

In the two-electron (2e”) pathway, hydrogen peroxide (H,0,) or its anionic form (HO;) is
generated as an intermediate. The formation of these peroxides presents major challenges, as their
intrinsic instability leads to decomposition into water and oxygen, causing parasitic energy losses.
Additionally, peroxide intermediates trigger undesirable side reactions that accelerate electrode
degradation, surface passivation, and corrosion, ultimately limiting the cycle life of rechargeable
MABs [150-152]. To mitigate these effects, catalysts are required either to suppress peroxide
formation by favoring the four-electron pathway or to rapidly decompose peroxides.[153].

a) b) c)

[Path1: 2e- Path Il: 2¢"+ 2¢~
o,
o. 8@ 0.09-<.9°

OO0 i o
2 )

e/ 26

»® O'. P2 0% 0
\J

e s - .
- / ' é"\”mm

B 4 4c7 4. = (> ‘).
‘.‘\ / ) . a%éagwﬁ S k ES

Catalystsurface  Alkaline medium

3,
%,

e LY

d) e) f)

IR ) R ) » ’3,’ ? -~ P 100
*r T= 3 e g
~ & et &S Sl HS < 0

aa aa @ ¥ ¥ fa o ¥ =
v v X X X “’“7

Chiral system (1:1) Achiral system (1:4) 05 06 07 08 09 10

Figure 10. a) Schematic illustration of the OER in an alkaline medium, depicting the oxidation of hydroxide ions
(OH") to molecular oxygen (O.) with associated electron transfer, Adapted from Ref.[95], with permission from
Elsevier. b) Effect of chiral molecules on OER activity, highlighting how spin polarization influences reaction
pathways. Adapted from Ref.[94] under terms of the CC-BY license. c) ORR two- and four-electron pathway in
acidic medium, producing peroxide and water, respectively. Adapted from Ref.[95], with permission from
Elsevier. d) The splitting of the spin states of triplet oxygen due to interaction with the spin-polarized electrons
present on chiral molecules. e) Interaction of triplet oxygen with spin-polarized electrons on chiral and achiral
molecules. In achiral systems, the two electrons can adopt four spin configurations, but only one leads to a
reaction. In chiral systems, a single strongly coupled configuration exists, which exclusively drives the reaction.
(d-e) Adapted from Ref.[3] under the terms of the Creative Commons CC-BY-NC-ND 4.0 License. f) Linear
Sweep Voltammetry (LSV) for ORR on CSA(D and L) FePcs, performed in 0.1 M NaOH saturated with Ox.
Adapted from Ref.[154]. © Wiley 2024.
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The four-electron (4e-) pathway is the preferred mechanism in rechargeable MABEs, as it directly
reduces oxygen to water or hydroxide ions without generating harmful peroxide species [155]. This
direct reduction maximizes electron transfer, thereby enhancing energy efficiency, increasing energy
density, and minimizing side reactions that could degrade electrode materials. Figure 10c
schematically illustrates the two-electron and four-electron ORR pathways in an acidic medium.
Despite its advantages, the four-electron pathway suffers from inherently sluggish kinetics, which
can limit power output and overall efficiency if not properly addressed. Effective catalysts are
therefore indispensable for accelerating the reaction, reducing energy losses, and ensuring high-
performance operation [156].

The possible influence of spin polarization on the oxygen reduction reaction arises from the spin-
dependent nature of electron transfer to molecular oxygen. Regardless of the specific mechanistic
pathway, the initial step of ORR requires the transfer of at least two electrons to form either O2> or
HOx [3,157]. From a spin-statistical perspective, the critical factor is the projection of the oxygen
molecule’s spin onto the chiral axis of the molecular layer as Oz approaches the electrode. Because
oxygen contains two unpaired electrons, three spin configurations are possible: a(1)a(2), B(1)B(2),
and the mixed state [a(1)B(2) + B(1)a(2)]/v/2]. In the presence of chiral molecular layers, the injected
electrons are spin-polarized along the molecular axis, favoring the aax configuration. This selectivity
modifies the reaction barrier through both entropic contributions, linked to spin statistics, and
enthalpic stabilization of the B(1)3(2) oxygen state via spin-exchange interactions with polarized
electrons. As illustrated schematically in figure 10d, the approach of Oz to a chiral monolayer lead
to the lifting of spin-state degeneracy, akin to the effect of an external magnetic field, with preferential
stabilization of the B(1)B(2) state. Upon closer interaction —where the electron densities of oxygen
and the chiral film overlap —these spin-exchange interactions intensify, thereby strongly influencing
the ORR pathway. This spin-selective interaction lowers the enthalpic barrier, thereby facilitating
more efficient spin injection from the chiral monolayer into the oxygen system. In addition, the
alignment of the oxygen spin states with the chiral framework reduces the entropic contribution to
the overall free energy barrier. By contrast, in the case of an achiral film, four spin configurations are
possible within the monolayer (aa, BB, af3 and Ba), yet only one of these states enables efficient
electron transfer to oxygen, limiting the reaction probability to one in four (figure 10e). Furthermore,
because the spins in achiral systems are not coupled to a molecular axis, the oxygen spin states remain
degenerate and are not energetically stabilized, meaning that the enthalpic barrier is not lowered.

Beyond simply reducing the activation barrier, this spin control has direct consequences for the
selectivity of the ORR. The CISS effect, by enforcing spin alignment between injected electrons and
oxygen's electronic states, selectively stabilizes the four-electron pathway while disfavoring peroxide
formation. In this way, spin polarization not only enhances the kinetics and the selectivity of ORR
but — introducing a mechanistic strategy to suppress harmful side reactions and improve battery
performance — also ensures a more efficient and safer electrochemical process within metal-air
systems.

These mechanistic insights have been substantiated by experimental studies. In 2022, Naaman
and co-workers demonstrated that chiral molecular coatings on electrodes significantly enhance ORR
activity, providing direct evidence that spin polarization can influence both reaction kinetics and
selectivity [3]. More recently, Zheng and colleagues extended this concept to a chiral self-assembled
iron phthalocyanine system [154], showing that spin-dependent electrocatalysis can be implemented
in transition-metal-based catalysts and well-defined molecular architectures (Figure 10f). Both
studies confirm that spin polarization is not merely a theoretical construction but a tunable parameter
that can be harnessed to control ORR pathways.

Based on the evidence discussed above regarding ORR and OER, it can be concluded that the
integration of spin-selective interactions into electrode architectures can enhance reaction rates,
improve selectivity toward desired products, and suppress formation of deleterious intermediates,
an approach that opens new avenues for energy storage and conversion technologies.
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3.3. Harnessing the CISS Effect in Other Possible Electrocatalytic Reactions for Advanced Energy Storage
Systems

While most studies have focused on the role of the CISS effect in oxygen-related reactions such
as ORR and OER, emerging evidence suggests that spin-dependent phenomena can also influence
other key electrochemical reactions. In particular, CO, and nitrogen reduction reactions have recently
been identified as promising systems in which spin polarization may modulate catalytic activity and
selectivity. Beyond their fundamental significance, these reactions also present opportunities for
application in batteries and other energy storage devices. A brief discussion of these effects is
provided in Sections 3.3.1. and 3.3.2.

3.3.1. CO; Reduction Reaction (CO2RR) Principles and CISS Effect

The electrochemical CO,RR offers a promising pathway for converting carbon dioxide into
value-added fuels and chemicals, such as CO, formate, methanol, or hydrocarbons [158,159]. This
reaction not only offers a pathway for mitigating greenhouse gas emissions but also provides a means
to store renewable energy in chemical bonds. Moreover, it represents also a good strategy for storing
energy harvested from intermittent renewable sources such as wind and solar power [160].

Despite the promising prospects of the CO.RR, its widespread implementation is hindered by
several critical challenges. The strong stability of CO, results in sluggish reaction kinetics, thereby
necessitating the design of advanced catalysts capable of efficiently activating the molecule and
lowering the overpotentials. These catalysts must simultaneously suppress the competing hydrogen
evolution reaction (HER) while ensuring high selectivity toward the targeted reduction products.
Maintaining such selectivity, alongside preserving catalytic activity and structural stability over
extended operational durations, remains a significant obstacle. Furthermore, the intrinsic complexity
of the CO,RR, which involves multiple coupled proton- and electron-transfer steps, adds an
additional layer of difficulty. Consequently, the precise optimization of catalyst surface properties
and reaction conditions is indispensable for achieving efficient and durable CO, conversion.

Recent advancements have highlighted the potential of the CISS effect to address these
challenges, modulating reaction kinetics by promoting spin-polarized electron transfer at chiral
catalyst interfaces. [11,161-165]. In this context, since certain CO,RR intermediates involve unpaired
electron configurations, spin polarization may selectively favour desired pathways while
suppressing undesired side reactions. This intuition arose from the evidence that applying an
external magnetic field can enhance the efficiency of the CO.RR. For example, in the case of
conversion to formic acid, the singlet radical pair configuration ([C0?~® 1 --- H® | ]!) has been shown
to be more favorable than the triplet radical pair configuration ([CO?>~® 1 - H® 1]%) [166,167]. The
application of an external magnetic field can facilitate the transition from triplet to singlet states
(Figure 11a), thereby promoting formic acid production, minimizing HER and improving the
performance of the CO,RR. [11,168,169]. These pioneering studies unveiled a novel mechanistic
pathway for enhancing the efficiency of the CO, reduction reaction.

Since the application of external magnetic fields has demonstrated significant potential in this
context, the CISS effect presents an alternative approach for achieving efficient spin polarization,
even in diamagnetic materials such as Cu, which has long been recognized as a benchmark catalyst
for the electrochemical conversion of CO, into valuable hydrocarbon products with notably high
Faradaic efficiencies [170-172]. Building upon this understanding, recent advances have
demonstrated that chiral Cu-based electrocatalysts exhibit further improvements in Faradaic
efficiency and selectivity toward desired carbon products, effects that can be attributed to the CISS-
mediated alignment of electron spins and its consequent influence on reaction kinetics (Figure 11b)
[173].

Extending beyond copper systems, chiral BiOBr nanospheres have also been shown to deliver
enhanced photocatalytic CO, reduction activity compared to their achiral counterparts, thereby
underscoring the broader role of chirality-induced spin polarization in facilitating charge separation
and suppressing charge recombination (Figure 11c,d)[174]. Moreover, this evidence also confirms
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that nanoscale architectures constitute an ideal platform for exploiting chirality-induced spin
polarization even in the case of CO2RR, the potential of the CISS effect is amplified when applied to
materials at the nanoscale, where structural confinement and high surface-to-volume ratios magnify
its impact on charge and spin dynamics.

While the exact mechanisms underlying the CISS effect in CO,RR are still under investigation,
these findings suggest that leveraging spin polarization through chiral catalysts can provide a new
dimension in electrocatalytic design, potentially leading to more efficient and selective CO,
conversion processes. Moreover, the synergy between chirality and nanoscale engineering may serve
as a guiding principle for the development of next generation electrocatalysts and photocatalysts,
opening new avenues for efficient and sustainable CO, conversion.
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Figure 11. a) Illustration of the proposed generation mechanism for magneto-current driven by electro catalytic
COzreduction. Adapted with permission from Ref.[169]. Copyright 2020 American Chemical Society. b) Molar
ratio of H, to CO.RR products at various applied potentials for D-chiral and meso-achiral systems. Hydrogen
generation is notably reduced on chiral Cu across all potentials. Adapted from Ref.[173]. under terms of the CC-
BY license. c¢) The mechanism for CO:z photoreduction over D-BiOBr. d) SEMimage of chiral BiOBr. (c,d) Adapted
from Ref.[174] Reproduced by permission of The Royal Society of Chemistry.

Looking forward, integrating the CISS effect with CO,RR presents a transformative pathway for
energy technologies. By precisely tuning electron spin during electrochemical reactions, researchers
can develop catalysts that not only optimize CO, conversion but also seamlessly align with advanced
battery architectures. In the not-too-distant future, a compelling prospect is the design of
rechargeable metal-CO, batteries, where COs; is electrochemically reduced during discharge and
regenerated upon charging. This approach directly supports the broader vision of sustainable, high-
efficiency energy solutions capable of addressing both environmental and technological challenges.
Similarly to what occurs with ORR and OER, exploiting the CISS effect in these systems could
enhance the efficiency and selectivity of the CO.RR, leading to improved energy density and cycling
stability, facilitating at the same time the formation of specific discharge products, thereby optimizing
overall battery operational quality.

3.3.2. Nitrogen Reduction Reaction (NRR) Principles and CISS Effect

While the NRR is primarily explored for sustainable ammonia synthesis [175-182], its
integration into battery technologies [183-187] is attracting increasing interest. Drawing inspiration
from the dual function of metal-CO, batteries - simultaneous gas conversion and electricity
generation - researchers are now exploring metal-N; battery systems as a means to better harness
atmospheric nitrogen. In this case, electrochemical nitrogen fixation can serve as both a method of
chemical energy storage and a way to close the nitrogen cycle in a sustainable energy loop.

Structurally analogous to metal-air batteries, metal-N, batteries typically consist of a metal
anode paired with a cathode coated with an electrocatalyst that facilitates the NRR [188-192]. The
redox processes in metal-N; batteries are influenced by the nature of the electrolyte, namely whether
it is aprotic (Figure 12a,b) or protic (Figure 12¢,d). In a nonaqueous metal-N, battery, during
discharge, nitrogen reduction at the cathode, facilitated by the corresponding metal ions, results in
the formation of metal nitrides — e.g. LizN, NasN, or AIN — which can subsequently be hydrolyzed
to produce ammonia [189,190,193]. During charging, under an applied external bias, the nitrides at
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the cathode decompose into metal ions and gaseous nitrogen [5,194,195]. The most commonly
developed nonaqueous metal-N, batteries to date include the Li-N,, Na-N,, and AI-N; batteries
[188,196]. Given the economic, operational, and maintenance challenges associated with aprotic
electrolytes, considerable research efforts have been directed toward the development of aqueous
metal-N; batteries[191,197-202]. In these systems, the cathode undergoes the NRR during discharge
and the OER during charge[35] . During discharge, the NRR draws electrons from the oxidized metal
anode and protons from the electrolyte, resulting in ammonia formation [34,42] and enabling, as
anticipated, the simultaneous production of ammonia and generation of electricity [58,203]. To
elucidate the mechanisms and intermediates involved in the NRR process, Figure 12e provides a
schematic illustration of the four principal pathways for N, reduction and NHs synthesis in metal-N,
batteries[204,205] , while Figure 12f displays the optimized DFT structures of the corresponding
reaction intermediates[206].
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Figure 12. a-d) Representation of the metal-N: battery discharge-charge processes in (a, b) aprotic electrolytes
and (c, d) alkaline electrolytes. (a-d) Adapted from Ref.[188] under terms of the CC-BY license. e) Illustrative
visualization of the possible nitrogen reduction reaction (NRR) mechanisms. Adapted from Ref.[205] under
terms of the CC-BY license. f) DFT-optimized geometries of reaction intermediates. (Color legend: Gray — C;
Cyan — Metal; Yellow — N; Blue — adsorbed N atoms). Adapted from Ref.[207]. © Wiley 2024.

While these systems hold promise for integrated energy storage and ammonia production,
several limitations remain, hindering the NRR efficiency in metal-N; batteries. The strong triple bond
of N> (945 k] mol™) poses a significant kinetic barrier, requiring highly active catalysts for effective
activation. Furthermore, low N, solubility in both aqueous and nonaqueous electrolytes, instability
of intermediate species, and the competitive hydrogen evolution reaction (HER)[208,209] —
particularly in aqueous systems — undermine selectivity and reduce Faradaic efficiency.
Overcoming these challenges is critical to advancing the practical application of metal-N, battery
technologies. For both systems, efficient, selective, and low-temperature NRR is essential.
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Because nitrogen is a diamagnetic molecule and certain NRR steps involve spin-polarized
electron transfer, chiral electrodes — whether based on molecular linkers, surface layers, or
intrinsically chiral inorganic structures — may guide the reaction toward ammonia production more
efficiently, while suppressing the competing HER [210]. Spin polarization has been shown to enhance
N, adsorption and activation on doped carbon and metal cluster catalysts, lower the Gibbs free
energy of intermediates such as NNH*, reduce overall overpotentials, and improve Faradaic
efficiencies via spin-selective pathways [11].

By generating spin-polarized electron currents, the CISS effect can lower activation barriers for
the rate-determining protonation step (N> — NNH¥) and selectively block electron transfer channels
that would otherwise favor HER. This preferential transport of one spin species not only improves
selectivity toward ammonia over unwanted side products but also reduces the energetic cost of the
reaction. Drawing from analogous successes in ORR and OER — where chiral modifications of
catalysts produced significant shifts in onset potentials and enhanced current densities due to spin-
polarized charge transfer [194] — it is reasonable to anticipate that similar performance gains could
be achieved in NRR, highlighting the broader applicability of CISS principles across multiple
electrochemical energy conversion and storage systems.

4. Conclusions and Future Perspectives

The chirality-induced spin selectivity effect, also known as CISS effect and first reported in the
early 2000s, describes the ability of chiral molecules to preferentially transmit electrons of a given
spin orientation, thereby coupling charge transport with spin polarization. Since its discovery, it has
been experimentally demonstrated through photoemission studies, electrochemical measurements,
and conductive atomic force microscopy, while advanced techniques such as mc-AFM, circular
dichroism, and CISS-induced optical rotation in photoluminescence experiments have enabled its
quantitative characterization.

CISS effect represents a transformative paradigm in the field of energy science, offering a spin-
selective mechanism to control charge transport at the molecular level. By leveraging the intrinsic
spin-filtering properties of chiral molecules, CISS opens new avenues for enhancing catalytic
efficiency, reducing energy losses, and enabling spin-polarized electron transfer in energy conversion
and storage systems, as schematically summarized in Figure 13. Among the most promising
applications, MABs stand out as a compelling platform for CISS exploitation. The integration of chiral
interfaces into air electrodes has shown potential to modulate ORR/OER with unprecedented spin
selectivity, thereby improving reaction kinetics and selectivity without relying on scarce or expensive
catalysts. Recent experimental efforts have demonstrated that chiral layers on metal surfaces can
enhance catalytic activity and selectivity by promoting spin-aligned charge transfer. Applying this
strategy to the cathode architecture in metal-air batteries could not only improve performance metrics
— such as power density, round-trip efficiency, and cycle life — but also advance the development
of entirely new classes of low-cost, bio-inspired, and environmentally benign catalysts. As research
advances, the strategic incorporation of CISS principles, i.e. embedding spin control into the design
of electrode interfaces and reaction pathways, into the design of next-generation metal-air batteries
could lead to more efficient, sustainable, and high-performance energy storage solutions—paving the
way for a spintronic approach to clean energy technologies. CISS could fundamentally alter how we
approach challenges in energy storage, bringing us closer to innovative scalable battery technologies
for the future.

Looking ahead, realizing the full potential of the CISS effect in metal-air batteries will require a
multidisciplinary approach that combines synthetic chemistry, spintronics, electrochemistry, and
materials science. Future research should focus on the rational design of chiral catalysts and electrode
architectures, in-situ characterization of spin-polarized processes, and the development of predictive
models linking spin dynamics to electrochemical performance. Furthermore, integrating CISS
principles into scalable, manufacturable battery systems will be key to translating laboratory
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discoveries into real-world applications. If successful, these efforts could redefine fundamental
electrochemical paradigms and drive the next generation energy storage systems.

Building on the demonstrated potential of the CISS effect to enhance oxygen electrocatalysis in
metal-air batteries, recent studies have begun to explore its application in other spin-dependent
reactions, such as the CO,RR and the NRR. These emerging directions underline the broad utility of
CISS effect in enabling novel electrocatalytic pathways, suggesting that CISS-based strategies could
open entirely new tracks for designing new multifunctional electrode materials.
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Figure 13. a) Illustration of spin polarization mechanisms in electrocatalysts, achieved through the application
of magnetic fields and chiral structures, along with a prospective analysis of their potential impact on energy
conversion and storage technologies. Adapted from Ref.[11]. Reproduced by permission of The Royal Society of
Chemistry. b) Chiral-induced spin selectivity in electrocatalysis. Adapted from Ref.[211], with permission from
Elsevier. c) Representation of antiparallel spins resulting from electron displacement in the CISS. Adapted from
Ref.[212]. Springer Nature.

Although direct applications of CISS-enhanced CO:RR in energy systems are still in the
conceptual or early experimental stages, this direction represents a novel and promising pathway for
sustainable energy storage. By enabling spin-polarized electron transfer, this approach has the
potential to guide the design of catalysts with improved selectivity and efficiency for CO, conversion.
Although experimental demonstrations remain limited, the prospect of incorporating spin-selective
catalysis into devices such as metal-CO, batteries, opens new directions for coupling carbon
utilization with high-performance energy storage. It is very worth noting that this approach not only
advances fundamental understanding of spin-dependent electrocatalysis but also supports the
broader transition toward sustainable and carbon-neutral energy systems. As the fundamental
understanding of spin-dependent electrocatalysis continues to grow, this strategy may play a key
role in the pursuit of sustainable and carbon-neutral energy solutions.

Similar considerations apply to the integration of the CISS effect with the NRR in nitrogen-based
batteries, which represents a particularly compelling, though still nascent, direction for energy
research. This concept envisions a unified framework that merges green ammonia production, spin-
selective chemistry, and electrochemical energy storage into a single platform. Electrochemical
ammonia synthesis under mild conditions not only offers a sustainable alternative to the energy-
intensive Haber—-Bosch process but also introduces the possibility of truly rechargeable ammonia-
based energy systems. Within this context, the incorporation of CISS-active materials could play a
decisive role by enhancing reaction selectivity and conversion efficiency, thereby enabling more
practical nitrogen-to-ammonia energy cycles. The implications extend well beyond incremental
performance gains—such as higher energy density, reduced hydrogen evolution losses, and
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improved round-trip efficiency —toward the realization of a fully integrated devices where ammonia
synthesis and energy storage are seamlessly combined in one device. Such advancements could
facilitate applications ranging from distributed power networks and remote energy systems to
carbon-free, grid-scale storage solutions. To move from conceptual promise to technological reality,
however, it will be essential to combine mechanistic insights — derived from spin-resolved
spectroscopy, advanced theoretical modelling, and nanoscale interfacial studies — with
breakthroughs in catalyst design, materials engineering, and scalable electrode architectures.

By elucidating the mechanisms underlying CISS, the methods for its measurement, and its
application in fundamental processes such as the OER and ORR, this review aims to provide a
foundation for future developments in chiral electrochemistry. Beyond these established reactions,
the CISS effect holds significant potential for advancing emerging technologies such as NRR and
CO:RR, as well as for improving the efficiency and durability of metal-air batteries, contributing to
more sustainable and effective energy systems. Looking ahead, integrating CISS principles into
electrocatalysis may not only provide a powerful strategy to overcome current performance
limitations but also accelerate broader efforts in renewable energy utilization, paving the way toward
a new generation of energy technologies characterized by higher efficiency, sustainability, and
multifunctionality. Collaborative efforts across spintronics, catalysis, and energy storage research
will be essential to unlock the full potential of spin-selective phenomena in the energy field, pointing
toward a future in which energy technologies are both high-performing and environmentally
responsible.
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