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The integration of chirality, specifically through the chirality-induced spin selectivity (CISS) effect, into
electrocatalytic processes represents a pioneering approach for enhancing the efficiency of energy
conversion and storage systems. This review delves into the burgeoning field of chiral electrocatalysis,
elucidating the fundamental principles, historical development, theoretical underpinnings, and practical
applications of the CISS effect across a spectrum of electrocatalytic reactions, including the oxygen
evolution reaction (OER), oxygen reduction reaction (ORR), and hydrogen evolution reaction (HER). We
explore the methodological advancements in inducing the CISS effect through structural and surface
engineering and discuss various techniques for its measurement, from magnetic conductive atomic force
microscopy (mc-AFM) to hydrogen peroxide titration. Furthermore, this review highlights the transformative
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Electrochemistry presents a promising path for the sustainable
conversion of molecules, leveraging electrons derived from
renewable electricity.'™ It holds a crucial position in propelling
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society towards a circular, sustainable, and equitable future.
Consequently, substantial endeavors have been made to
explore and harness diverse clean and sustainable energy
sources, offering an optimistic avenue to markedly diminish
reliance on conventional fossil fuels.” Amidst the array of
various sustainable electrochemical applications, the oxygen
evolution reaction (OER) plays a pivotal role in various electro-
chemical energy conversion or storage systems, including water
electrolyzers, electrochemical CO, reduction systems, metal-air
batteries, and fuel cells.” Nevertheless, the OER remains a
significant bottleneck because of the slow kinetics associated
with its multi-electron and proton coupled electrochemical
processes. This sluggish reaction requires a considerably
higher energy input, manifesting as an increased overpotential,
to overcome the kinetic barriers.®” In this regard, a large
number of various strategies have been employed to improve
the sluggish catalytic activities of the OER, to date. For example,
while rutile ruthenium oxide (RuO,) demonstrates excellent
OER catalytic activity in both acidic and alkaline electrolytes,®°

Jeonghyeon Kim received her BS
from  the  Department  of
Chemistry and Nanoscience at
Ewha Womans University in
2023. Currently, she is pursuing
her MS in the Department of
Chemistry and Nanoscience at
Ewha Womans University under
the supervision of Prof. Dong Ha
Kim. Her research interests focus
mechanistic ~ studies  of
(photo)electrocatalysts for Li-air
and Zn-air batteries.

® on

Jeonghyeon Kim

Dr Zhiqun Lin is a professor in the
Department of Chemical and
Biomolecular Engineering at the
National University of Singapore.
His research interests include
electrocatalysis, batteries, solar
energy conversion, photocatalysis,
semi-conductor organic-inorganic
nanocomposites, multifunctional
nanocrystals, conjugated polymers,
block  copolymers,  hierarchical
structure formation and assembly,
and surface and interfacial
properties.

Zhiqun Lin

9030 | Chem. Soc. Rev,, 2024, 53, 9029-9058

View Article Online

Chem Soc Rev

it becomes highly unstable under high anodic potential, oxidiz-
ing to form RuO, and dissolving in the solution.'® Iridium
oxide (IrO,), another typical OER catalyst, also exhibits excel-
lent OER performance; however, it suffers from a similar issue,
as it oxidizes to form IrO; and dissolves during the OER
process."' In addition to noble-metal-based electrocatalysts,
non-noble-metal-based counterparts, such as transition metal
electrocatalysts, have garnered considerable attention because
of their outstanding catalytic efficacy. These catalysts feature
versatile structures comprising transition metals exhibiting
diverse coordination environments and oxidation states,
enabling customizable oxygen evolution reaction (OER) beha-
viors. Moreover, incorporating diverse transition metals into a
single metal oxide can elicit synergistic effects, offering an
effective approach to enhance oxygen evolution reaction (OER)
activity."?

Compared to the conventional methods of screening metal
element candidates, alternative approaches like magnetic
manipulation are emerging as unconventional avenues to
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Scheme 1 Schematic of activation energy barrier of chiral/achiral-electrocatalysts and the chirality-induced spin selectivity (CISS) effect in the transport

of electrons with opposite spin (red and blue) through the chiral structure.

overcome the limitations delineated by the volcano plot within
the framework of the Sabatier principle.” This innovation leads
to enhanced electrocatalytic efficiency and is gaining signifi-
cant traction within the scientific community."*™**

In particular, R. Naaman and D. H. Waldeck’s group first
reported that the probability of electron transmission through
chiral molecules depends on the electron spin, an effect that
has been called chirality-induced spin selectivity (CISS).'*"”
Since its initial discovery, the CISS effect has been explored
across various practical applications. In this innovation, chiral
electrocatalysts are employed for energy conversion applica-
tions such as water electrolysis, resulting in a notable enhance-
ment in terms of energy efficiency compared to achiral
electrocatalysts.'® These findings suggest that electrochemical
reactions influenced by electron spin, which have been pre-
viously underestimated, hold potential as an effective approach
to enhance sustainable electrochemical reaction efficiencies.
The phenomenon of chirality-induced spin selectivity (CISS),
which enables the manipulation of electron spin states in the
absence of a magnetic field, is drawing significant interest
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because of its practicality, straightforwardness, and significant
impact on the performance of electrochemical reactions.

Despite the promising advancements in chiral applications
within electrochemistry, the field remains nascent, character-
ized by a scarcity of examples and limited methodologies for
verifying electrocatalysts’ chirality. This review endeavors to
meticulously examine electrocatalysts’ chirality and critically
assess the influence of chiral nanostructures on electrochemi-
cal reactions, focusing on efficiency, catalytic activity, and
mechanistic insights. Additionally, we propose rational design
principles for chiral electrocatalysts and their implementation
in sustainable energy conversion and storage solutions. We
conclude by highlighting the challenges and prospective con-
tributions of chiral nanomaterials to electrochemistry, under-
scoring the need for innovative research in this burgeoning
domain (Scheme 1).

2. Chirality induced spin selectivity
effect

The concept of chirality-induced spin selectivity (CISS) has
become a focal point of scientific inquiry, gaining substantial
interest across the disciplines of physics, chemistry, and mate-
rials science. The CISS effect refers to the preferential electron
transport of a particular spin orientation when interacting with
chiral molecules or structures.'® Originally conceived as a
theoretical notion, this effect has been validated by a growing
body of experimental evidence, which has broad implications
for multiple scientific and technological domains.®

The importance of CISS cannot be overstated, given its
potential applications in areas as diverse as spintronics, elec-
tronics, catalysis, and biotechnology.”® Spintronics, for
instance, can benefit from the CISS effect through the develop-
ment of spin filters, leading to more efficient data storage and
transfer systems.*! In the field of electrocatalysis, CISS offers
pathways for designing chiral catalysts with remarkable spin
selectivity, thus providing new avenues for enantioselective
transformations.*” This section aims to provide a comprehen-
sive overview of the CISS effect, tracing its historical

Chem. Soc. Rev,, 2024, 53, 9029-9058 | 9031
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development, outlining the key theoretical principles, and
summarizing the current state of experimental observations.
Subsequent sections will delve into these aspects in detail to
offer a thorough understanding of the CISS effect and its
diverse applications.

2.1. Principle of the CISS effect

The chirality-induced spin selectivity (CISS) effect is a fascinat-
ing phenomenon that involves the interaction between the spin
of an electron and the chirality of a molecule.'®'” When a chiral
molecule participates in an electron transfer process, it can
selectively promote or hinder the transfer of electrons based on
their spin orientation. In other words, the CISS effect allows
chiral molecules to act as spin filters, permitting only electrons
with a specific spin orientation to pass through while blocking
others.>*** The CISS effect manifests when a chiral molecule
participates in an electron transfer process, leading to prefer-
ential promotion or hindrance of electron transfer based on its
spin orientation. This unique behavior allows chiral molecules
to act as “spin filters,” selectively permitting only electrons
with specific spin orientations to pass through while impeding
others."® To comprehend the underlying mechanisms of the
CISS effect, several theoretical models have been proposed,
unveiling the intriguing interplay between chirality and elec-
tron spin in chiral molecules. These models offer valuable
insights into spin-selective phenomena occurring in chiral
electrocatalysts and other spintronics applications.

2.1.1. Spin-filter model. The spin-filter model constitutes a
fundamental theoretical concept that elucidates the CISS effect
in chiral molecules (Fig. 1a). It proposes that the asymmetrical
arrangement of chiral centers within a molecule results in

View Article Online
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distinct electronic couplings for electrons with different spin
states.'®*>?® Because of this asymmetry, the chiral molecule
acts as a selective filter for electrons based on their spin
orientation.?” Electrons with a specific spin orientation experi-
ence a more favourable coupling with the chiral molecule,
promoting their transfer in electron transfer processes. Con-
versely, electrons with opposite spin orientations encounter
weaker coupling interactions, reducing their participation in
electron transfer and effectively resulting in spin selectivity.
For instance, consider a hypothetical scenario involving a
chiral electrocatalyst engaged in an electrochemical reaction.
The chiral molecule, adorned with an asymmetric carbon
center, exhibits two enantiomeric configurations—the left-
handed (r-enantiomer) and the right-handed (p-enantiomer).
In the context of an electrochemical process, the chiral electro-
catalyst plays a pivotal role in mediating electron transfer
during the reaction. As per the spin-filter model, electrons with
specific spin orientations, such as spin-up electrons, encounter
heightened and favourable coupling interactions with the
chiral electrocatalyst.”® Consequently, their interaction with
the chiral moiety exhibits increased efficacy, accelerating their
transfer in the electrochemical reaction. Conversely, electrons
with spin orientations opposite to the molecular chirality,
exemplified by spin-down electrons, experience weaker cou-
pling interactions, reducing their involvement in electron
transfer processes, effectively resulting in spin selectivity.>**°
Zwang et al. further explored this concept by studying how a
magnetic field could influence electron flow through native,
hydrated double-stranded DNA. Their research highlighted a
DNA-mediated CISS effect, where reversing the helical handed-
ness of the DNA in the films created a diode-like spin-filtering
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Fig. 1 Schematic representation of electron transmission mechanisms through chiral-induced spin selectivity (CISS), illustrating three key models: (a)
the spin-filter model, which demonstrates how electrons with specific spin states are selectively transmitted; (b) the spin—orbit coupling model,
highlighting the interaction between an electron’s spin and its orbital motion within the chiral structure; and (c) the helicity-dependent photocurrent
model, which shows how the chirality of light influences the generation of photocurrents in materials with spin-selective properties. Each model is
depicted to elucidate the fundamental processes contributing to spin selectivity in chiral materials.
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response. This study underscores the potential of chiral mole-
cular structures to influence electron dynamics significantly
due to their inherent asymmetry.>°

2.1.2. Spin-orbit coupling model. The spin-orbit coupling
model, as shown in Fig. 1b, attributes the CISS effect to the
intricate interaction between the spin of an electron and the
molecular chirality.’’ In this model, the electron’s spin
becomes entangled with its orbital motion within the chiral
molecule, a phenomenon known as spin-orbit coupling.*?
Consequently, the electron’s spin state becomes correlated with
the molecular chirality, influencing its electronic properties.
This correlation gives rise to spin-selective charge transfer,
where the electron’s spin state influences its propensity to
participate in the electron transfer process.>’

For example, consider a scenario involving a photoelectro-
chemical system, where a chiral molecule serves as a photo-
active species, and circularly polarized light is used to excite
electrons within the molecular entity. Within the framework of
the spin-orbit coupling model, circularly polarized light plays a
decisive role in influencing the spin polarization of photo-
excited electrons within the chiral molecule. As a result of this
intricate interplay, the spin state of the electron becomes
intimately linked with the molecular chirality. The entwined
spin-chirality correlation governs the electron’s propensity to
partake in charge transfer processes. Electrons featuring spe-
cific spin orientations, intricately interwoven with the molecu-
lar chirality, exhibit enhanced propensities for engaging in
favourable charge transfer interactions with the chiral moiety.
Conversely, electrons with spin orientations decoupled from
the molecular chirality experience weaker coupling interactions
with the chiral molecule, leading to a subdued involvement in
electron transfer phenomena. The profound -correlation
between the electron’s spin state and the molecular chirality
bestows remarkable selective attributes in charge transfer
processes. The judicious integration of chiral molecules and
circularly polarized light provides an experimental platform for
probing helicity-dependent variations in electron behavior and
photocurrent, presenting tantalizing prospects for exploring
spin-selective processes in photoelectrochemistry.

Steele et al expanded this model by investigating the
pronounced spin-orbit interactions in materials like carbon
nanotubes, known for their non-trivial topological properties.
Their research demonstrated that the spin-orbit coupling in
carbon nanotubes varies with the chirality of the nanotube,
significantly influencing the sign of the spin-orbit interaction.
This finding suggests that different chiral configurations
of nanotubes can distinctly affect electron behavior, emphasiz-
ing the critical role of molecular chirality in spin-related
phenomena.*”

2.1.3. Helicity-dependent photocurrent model. The
helicity-dependent photocurrent model is specific to photoelec-
trochemical systems and explores the influence of circularly
polarized light (CPL) on the spin polarization of photo-
excited electrons in chiral molecules.”® The helicity of the
incident CPL—either left-handed or right-handed circular
polarization—dictates the preferential excitation of electrons

This journal is © The Royal Society of Chemistry 2024
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possessing specific spin orientations within the chiral
material.**** Consequently, the photoelectrochemical cell exhi-
bits helicity-dependent variations in photocurrent. The con-
trolled modulation of helicity provides a means to manipulate
spin-dependent phenomena, offering exciting prospects for
spin-selective processes in photoelectrochemistry.*®

For instance, consider a photoelectrochemical cell where a
chiral photoactive material serves as the working electrode
(Fig. 1c). When circularly polarized light illuminates the chiral
material, it interacts differently with electrons of distinct spin
states, contingent on their enantiomeric configurations. The
circular polarization of light has notable implications for the
spin polarization of the photo-excited electrons within the
chiral material.>*® The helicity of the incident light dictates
the preferential excitation of electrons possessing specific spin
orientations. As a corollary, the photoelectrochemical cell man-
ifests helicity-dependent variations in photocurrent. Notably,
the utilization of left-handed circularly polarized light may
yield an augmented photocurrent compared to employing
right-handed circularly polarized light, owing to the excitation
of electrons with favoured spin orientations. The profound
interplay between circularly polarized light, chiral molecules,
and spin polarization forms the cornerstone of the helicity-
dependent photocurrent model. Leveraging the controlled
modulation of helicity allows for the manipulation of spin-
dependent phenomena, enabling selective charge transfer pro-
cesses in photoelectrochemical systems.

In summary, theoretical models—the spin-filter model,
spin-orbit coupling model, and helicity-dependent photocur-
rent model—provide valuable insights into the underlying
mechanisms of the CISS effect, shedding light on the intriguing
interplay between chirality and electron spin in chiral mole-
cules. Understanding these models is pivotal for designing
efficient chiral electrocatalysts and exploring other spintronics
applications. By harnessing the CISS effect, researchers can
advance energy conversion and storage technologies, making
significant strides toward enhanced efficiency and sustainabil-
ity in the field of energy science and technology.

2.2. How to induce the CISS effect

The fabrication of nanomaterials with chiral configurations
typically necessitates the introduction of a chiral bias to induce
chiral features within the structures.’” This can be achieved
through various means, including the incorporation of chiral
inducers such as chiral ligands, chiral templates, magnetic
fields, circularly polarized light, and macroscopic shear forces
(Scheme 2). The methods can be broadly categorized into two
types: structural and surface engineering. Structural engineer-
ing is a straightforward approach, often leveraging chiral
templates and physical deposition strategies, while on the other
hand, surface engineering methods involve the transference of
chirality from chiral molecules to the nanostructures. This
process disrupts the symmetry of the overall structures or
induces specific morphologies, showcasing a more intricate
and complex mechanism.

Chem. Soc. Rev., 2024, 53, 9029-9058 | 9033
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Scheme 2 Schematic illustration of the fabrication process of nanomaterials with chiral configurations, employing two primary methodologies:
structural and surface engineering. Structural engineering utilizes chiral templates and physical deposition; subsequent removal of the templates in the
acidic solution yields chiral structures. Conversely, surface engineering transfers chirality from chiral molecules to nanomaterials through electrostatic
interaction. Resultant chiral nanomaterials boast increased active sites, reduced charge recombination, and induce the CISS effect, enhancing their

functional properties.

2.2.1. Structural engineering. The template-assisted
method is a convenient approach for the formation of chiral
nanomaterials with hierarchical architectures and advanced
functionalities.*®*° The chiral templates can be classified into
organic soft templates (e.g. liquid crystals,*® chiral hydrogels,**
and DNA oligomers*?) and inorganic hard templates (SiO,*

and TiO, helices**).

2.2.1.1. Soft templates. Cellulose nanocrystals (CNCs) stand
out as a prevalent and effective template for directing the
spontaneous self-assembly of nanoparticles, resulting in the
formation of optically active and highly ordered chiral nematic
liquid crystal structures.*®* *° CNCs are particularly appealing as
templating agents due to their flexibility and highly crystalline
and high-aspect-ratio rod-like nanocrystals, showing typical
dimensions with widths in the range of ~5-10 um and lengths
spanning from 50 to 300 nm.*® Moreover, the optical properties
of CNC-templated chiral structures could be tuned by modify-
ing the fabrication parameters of nanomaterials and CNC
templates.”> A study reported by Liu et al showed the

9034 | Chem. Soc. Rev, 2024, 53, 9029-9058

concurrent dispersion and directed self-assembly of gold
nanorods (GNRs) and CNCs to fabricate diverse mesostructured
composite materials exhibiting distinct phases such as
nematic-like, helicoidal cholesteric, and LC-isotropic phase-
coexistence structures.*® Fig. 2b and c¢ show that at CNC
concentrations below 3 wt%, both CNCs and GNRs were
randomly oriented as validated by the absence of birefringence
in the isotropic phase from polarized optical microscopy
(POM). When the CNC concentration reached a critical concen-
tration (Cc) of ~3 wt%, an oriented ordered birefringence
appeared as shown in Fig. 2e. The phenomenon stems from
entropic steric interactions that mitigate the ‘“excluded
volume” while maximizing the translational entropy at the
expense of the orientational component. In the nematic phase,
translational entropy surpasses that of a disordered isotropic
phase, stabilizing the ground-state nematic phase above the
Cc.”” Lukach et al. also demonstrated the co-assembly between
the CNCs and gold nanoparticles with different sizes, shapes,
and compositions. Notably, their findings indicated that the
size and surface charge of Au NPs did not exert a significant

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Schematic illustrating randomly dispersed gold nanorods

(GNRs) in a dilute green cellulose nanocrystal (CNC) dispersion. Polarized
Optical Microscopy (POM) images show (b) without and (c) with a 530 nm
retardation plate, indicating the slow axis (y) with a yellow arrow. (d) A
transmission optical microscopy image. (e) The diagram depicts gold
nanorods (GNRs) dispersed randomly within nematic-like cellulose nano-
crystals (CNCs), featuring a specified average distance between CNCs
(d) and the local director (N). Additional POM images include (f) without
and (g) with a full wavelength (530) nm retardation plate, highlighting the
slow axis (y) indicated by a yellow arrow and revealing a defect line within a
schlieren texture. (h) Another transmission optical microscopy image is
also presented. Illustrations of excluded volume of GNRs within the CNC
host dispersion depict the effective confinement tube size when GNRs are
(i) aligned parallel and (j) orthogonal to the director N. All images feature
scale bars of 20 um. Adapted with permission from ref. 46, Copyright 2014,
John Wiley and Sons.

influence on the properties of CNCs. The concentration of Au
NPs in the films, however, exhibited a pronounced impact on
the degree of cholesteric (N*) order, as well as the extinction
and circular dichroism (CD) properties of the films.>* Another
conventional option is the utilization of a DNA-assisted tem-
plate for the fabrication of chiral nanostructures with helical
configurations.*® Kotov and colleagues presented an exemplary
case involving the creation of heterogeneous chiral pyramids
consisting of Au, Ag, and CdSe@ZnS quantum dots (QDs)
positioned at the vertices of a tetrahedron.*” This intricate
assembly process was facilitated through DNA hybridization
across multiple steps. Notably, both R/S enantiomeric config-
urations displayed robust and complementary chiroptical sig-
nals, characterized by a significant g-factor of 1.9 x 10~ 2. This
investigation underscored the promising potential of DNA for
orchestrating the self-assembly of nanoparticles via partial
hybridization.>"

2.2.1.2. Hard template. Chiral structures facilitated by flex-
ible linkers often display modest interactions among adjacent
components and limited stability. Conversely, chiral inorganic
templates offer a more stable framework for imparting chirality
to initially achiral building blocks attached to them.*® In recent
decades, there has been a gradual advancement in the devel-
opment of chiral SiO, helices, serving as chiral inorganic hosts
to create chiral composite materials with intricate 3D helical
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superstructures.”®>> These innovations hold promise for indu-
cing novel chiral effects in guest components, such as plasmo-
nic nanoparticles (NPs),>*">> perovskites®® and semiconductor
nanocrystals.*® In a recent study, Correa-Duarte and collabora-
tors demonstrated the fabrication of twisted SiO,@Au@TiO,
nanostructures through the electrostatic assembly of TiO,
nanoparticles onto SiO,@Au helices (Fig. 3a).** The incorpora-
tion of TiO, resulted in a further redshift of the optical signal
emitted by the composite assemblies, attributed to changes in
the surrounding dielectric medium. Additionally, this incor-
poration led to the Schottky barrier formation between Au and
TiO,, enhancing the transfer of hot electrons from Au nano-
particles to TiO, during polarization-sensitive photocatalytic
processes (Fig. 3b). Apart from the adaptable silica helices,
numerous other chiral materials act as sources of chirality.
These include homochiral quantum dots (QDs),>” metal-
organic frameworks (MOFs),*® and gold nanoparticles (Au
NPS).59’60

2.2.2. Surface engineering. The wet-chemical synthesis
method presents a promising approach to finely control the
geometry of multicomponent chiral hybrid nanoparticles,
allowing for the systematic enhancement of architectural com-
plexity and compositional diversity.®' In addition, the utiliza-
tion of chiral ligands to induce chirality in nanostructures
with chiral ligands such as amino acids, polypeptides, and
proteins has been widely employed with highly oriented super-
lattice chiral nanostructures and enhanced electrocatalytic
activities.®® In this process, as depicted in Fig. 4, chiral ligands
are selectively coordinated with metal ions, providing precise
guidance for the synthesis of the chiral nanostructures.®***

Fig. 3 Schematics illustrating (a) the adsorption of gold (Au) and titanium
dioxide (TiO,) nanoparticles (NPs) onto chiral silica (SiO,) nanoribbons and
(b) the asymmetric interaction between a left-handed (L-handed) hybrid
structure and circularly polarized light (CPL), either left (LCP) or right (RCP)
circular polarization. Enhanced hot electron transfer occurs when the
helicity of the NP assembly aligns with that of the CPL, facilitating optimal
energy transfer from the metal's Fermi level to the semiconductor’s
conduction band. Adapted with permission from ref. 43, Copyright 2022,
American Chemical Society.
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Fig. 4 Schematic depiction of wet-chemical synthetic routes for creating
plasmonic-based hybrid nanostructures using chiral ligands: (a) a one-pot
synthesis method for fabricating multicomponent chiral structures by
concurrently introducing metal precursors and chiral ligands into the
reaction mixture. (b) A sequential methodology wherein an achiral com-
ponent is first treated with chiral molecules, subsequently promoting the
growth of an additional component. (c) A strategy involving the initial
creation of achiral hybrid nanostructures, which are subsequently functio-
nalized with chiral molecules via ligand exchange or electrostatic interac-
tions to induce chirality. Adapted with permission from ref. 64, Copyright
2024, John Wiley and Sons.

This approach provides control over dimensions and unifor-
mity while minimizing chemical inputs, making it an envir-
onmentally friendly and economically viable option for large-
scale preparation and applications of chiral nanomaterials.
Wang et al. conducted the in situ synthesis of chiral Ag/Au-
Cys hybrid nanostructures, employing cysteine as an inductive
agent. The circular dichroism (CD) response exhibited a
remarkable enhancement with the progressive increase in Au
concentration, ranging from 0.1 to 1.56 x 10> M. Their
investigation further revealed the crucial role of Ag in the
formation of the circinate-like morphology observed in the
alloyed nanospheres. In their study, Li et al. documented the
phenomena of heterogeneous nucleation and anisotropic accu-
mulation of gold nanoparticles on multilayer two-dimensional
(2D) Mo0S,.%* These MoS, nanostructures served as the founda-
tional growth sites for the assembly of chiro-optically func-
tional nanomaterials. The inherent presence of multilayer
structures in 2D MoS, played a pivotal role in the attainment
of highly faceted nanocrystals, facilitating the subsequent
formation of dendritic nanoheterostructures (Fig. 5).°> Recent
work conducted by Vadakkayil et al. demonstrated the fabrica-
tion of a chiral cobalt oxide nanoparticle catalyst doped with
iron using cysteine as a capping ligand, following a similar
protocol proposed by Kotov’s group.®®®”

An alternative approach for imparting chirality to metal or
semiconductor surfaces involves the electrochemical coating of
chiral molecules. Zhang et al. utilized this method to coat
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Fig. 5 (a) Schematic illustration showing the growth of gold (Au) nano-
crystals mediated by cysteine enantiomers in the presence of exfoliated
molybdenum disulfide (MoS,) nanosheets; molybdenum (Mo) and sulfur (S)
atoms are represented as blue and green spheres, respectively. (b) and (c)
Transmission electron microscopy (TEM) tomography images of individual
Au/MoS; nanostructures. (d) Simulation of asymmetric morphology in
synthesized Au/MoS, nanostructures, derived from TEM images of nanos-
tructures fabricated from L-cysteine (L-Cys) and bp-cysteine (p-Cys).
Adapted with permission from ref. 65, Copyright 2022, Springer Nature.
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achiral Fe;O, nanoparticles with four distinct chiral molecu-
les—1-tryptophan, p-tryptophan, 1-A3, and r-A11—resulting in
the generation of chiral Fe;O, nanoparticles through the
adsorption of these chiral molecules.” In a related study,
Mtangi et al. explored two families of organic semiconductors,
namely Zn porphyrins and tri(pyrid-2-yl)Jamine trisamide
(TPyA), in both chiral (employing enantiomerically pure side
chains) and achiral (utilizing achiral side chains) versions,
coated onto indium tin oxide (ITO) substrates.’® Their findings
revealed that manipulation of the side chains of the molecules
allowed for control over the resulting helical supramolecular
assemblies, enabling the formation of either a singular
helical sense or a racemic mixture of both helical senses,
respectively.®® In a recent development, Feng et al. synthesized
a novel amorphous chiral tartaric acid-FeNi coordination poly-
mer using an electrodeposition method.*® Following a conven-
tional approach, the application of a negative potential induced
the cathodic reduction of H,O and NO;™, leading to OH™
formation and concurrent deprotonation of tartaric acid (TA).
This promoted the coordination between Fe-Ni centers and TA
ligands and simultaneous deposition. However, the resulting
coordination polymer was found to be amorphous due to the
rapid electrodeposition rate. The resulting chiral nanoparticles

This journal is © The Royal Society of Chemistry 2024
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emerged through the ordered aggregation of smaller nano-
spheres with interparticle pores facilitated by coordination
interactions.*’

2.3. Measurement of the CISS effect

The evaluation of chiral purity is of utmost importance in the
development of electrocatalysts, exerting a significant influence
on both the inherent properties of electrocatalysts and the
external environments impacting catalytic surfaces. Therefore,
undertaking thorough and quantitative examination of CISS
effects emerges as a pivotal element in the deliberate design
and refinement of chiral-induced electrocatalysts. CISS analysis
typically falls into two primary categories: direct detection
measurements, which require the direct interaction of chiral
structures with the electron spin state, and indirect detection
measurements involving the quantitative analysis of products
formed during electrochemical reactions.

2.3.1. Direct measurements. To quantitatively measure the
CISS effect, recent theoretical advancements have focused on
accurate calculations of spin polarization yields. Spin selectivity
(S) is quantified by the equation S = (I, — I)/(I, + I_), where I,
and I_ denote the intensities of signals corresponding to spin
orientations parallel and antiparallel to the velocity of elec-
trons, respectively. The origin of the CISS effect lies in the
molecules’ chirality, where chiral molecules act as electron spin
filters. The calculation involves determining the spin polariza-
tion yield by comparing the intensities of signals corresponding
to different spin orientations. This calculation helps in quanti-
fying the spin selectivity effect accurately. By understanding the
principles behind the CISS effect and conducting calculations
based on spin polarization yields, researchers can quantita-
tively measure the impact of chiral-induced spin selectivity.
These calculations provide valuable insights into the efficiency
and selectivity of electron transport through chiral molecules.

2.3.1.1. Low-energy photoelectron transmission (LEPET). Low-
energy LEPET is the first indicator to observe the CISS effect
and it involves studying electron transmission through chiral
monolayers using photoemission techniques. It focuses on the
dependence of electron transmission yield on the chirality of
molecules and the light’s handedness used for photoelectron
ejection.'® Fig. 6 illustrates the schematic setup of LEPET
spectroscopy, designed to characterize electron energy distribu-
tions across chiral monolayers, omitting the spin of trans-
mitted electrons. This method employs CPL to emit spin-
polarized photoelectrons from the Au substrate.®” The experi-
ment measures the quantum yield and the distribution of
kinetic energy of photoelectrons in different molecular
assemblies.”" In this work, Langmuir-Blodgett films of amino
acids (t- or p-stearoyl lysine) were deposited on a polycrystalline
gold substrate. It was found that a higher quantum yield was
observed for a right-handed circularly polarized (RCP) light
through 1-stearoyl lysine assembly compared to R-stearoyl
lysine assembly, despite identical film characteristics. The
experimental results revealed a distinct correlation, wherein
the quantum yield of photoelectrons traversing an r-stearoyl
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Fig. 6 (a) lllustration of the LEPET (low energy photo-electron transmis-
sion) photoemission setup used to measure electron energy distributions
across chiral monolayers, without the spin of transmitted electron deter-
mination. (b) Diagram depicting the experimental setup purposely
designed to measure the spin polarization of photoelectrons. Adapted
with permission from ref. 21, Copyright 2012, American Chemical Society.

lysine assembly exhibited its peak magnitude under right-
circularly polarized (RCP) light, followed by an intermediate
level under linearly polarized light (with no discernible net spin
polarization from the Au substrate), and the lowest efficacy
under left-circularly polarized (LCP) light. Géhler and collea-
gues observed spin-selective electron transmission through
self-assembled monolayers of double-stranded DNA on gold
and measured the spin of transmitted electrons using a Mott
polarimeter. To perform direct measurements, photoelectrons
were guided through a 90° bender and transport optics to
convert longitudinal spin polarization into transverse orienta-
tion for analysis. In the electron polarimeter, the scattering
asymmetry induced by electron spin polarization was utilized,
and transverse polarization was determined using the Sherman
function. They found that by utilizing a Mott polarimeter to
directly measure the spin of transmitted electrons, self-
assembled monolayers of double-stranded DNA on gold exhib-
ited spin polarizations exceeding 60% (room temperature),
with spin-polarized photoelectrons detected even under unpo-
larized light excitation. This level of spin selectivity surpassed
that achieved by other known spin filters. Moreover, the
efficiency of spin filtration was found to be contingent upon
the length and organization of the DNA within the monolayer."®
LEPET studies provided insights into the spin selectivity and
transmission efficiency of photoelectrons, elucidating distinc-
tions based on the chirality and helicity of the chiral molecules.
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This technique allowed for the examination of how the arrange-
ment and geometric properties of chiral molecules impact the
behaviour of photoelectrons, shedding light on their spin
characteristics and transmission rates.

2.3.1.2. Magnetic conductive atomic force microscopy (mc-
AFM). mc-AFM (magnetic-conductive atomic force microscopy)
is a method developed by Naaman et al. and used to study the
spin selectivity of chiral molecules at the nanoscale.”® Fig. 7
shows the schematic of the mc-AFM setup used to measure the
spin polarization. It probes the spin polarization of nanoscopic
structures and analyses the effect of the interface between
chiral materials and the ferromagnet used for spin analysis.
mc-AFM measures the spin selectivity by comparing currents
with different magnet configurations (up and down) at a
specific voltage [(Iup/laown)v], €Xpressing spin polarization as a
ratio or percentage {[(Iup — Taown)/(Iup + Idown)] X 100}. In this
work, the supramolecular nanofibers are initially formed in a
solution phase. The molecules are subsequently delicately
transferred onto a gold-coated nickel surface (Au/Ni). This
surface is magnetized perpendicular to its plane, with the north
pole oriented either upwards or downwards. The electric
potential is applied to ground the AFM tip, simultaneously
adjusting the potential on the Au/Ni substrate. The studies were
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Fig. 7 (a) Schematic of the magnetic-conductive atomic force micro-

scopy (mc-AFM) setup employed to measure spin polarizations in supra-
molecular nanofibers. (b)-(d) (/-V) plots for supramolecular nanofibers of
(S)-CBI-1, (5)-CBI-3, and (S)-Zn-P1, respectively, with the nickel film
magnetized either with the north pole facing upwards and downwards
(orange and cyan, respectively). (e)—(g) The spin polarization percentage
([(lup — laown)/(lup + laown)] x 100) of (S)-CBI-1 (e), (S)-CBI-3 (f), and (S)-Zn-
P1 (g) with /,, and lgown representing the currents measured with the
magnetic north pole oriented upwards and downwards, respectively. The
mean standard error is depicted in gray. Adapted with permission from ref.
70, Copyright 2020, John Wiley and Sons.
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conducted on nanofiber-based materials assembled from three
chiral and three achiral molecules. The effect of the magnetic
field on spin polarization was significant for three chiral
molecules studied. Fig. 7b and e shows that (S)-CBI-1 with
3,4,5-trialkoxyphenyl substituents exhibited a spin polarization
of 40-50%. Conversely, the 3,5-dialkoxyphenyl-substituted (S)-
CBI-3 displayed a notably larger disparity in currents upon
magnetization switching of the Ni layer (Fig. 7c), resulting in a
substantially heightened spin polarization of 85-90% at +3 V
(Fig. 7f). Intrigued by the significant difference in spin polar-
ization between (S)-CBI-1 and (S)-CBI-3, despite their strikingly
similar molecular structures, further investigation extended to
analyzing the spin polarization of nanofibers assembled from a
tetra-amidated porphyrin with 3,5-dialkoxyphenyl wedges ((S)-
Zn-P1). Remarkably, (S)-Zn-P1 exhibited a substantial 20:1
current ratio between magnet orientations (up and down)
at +3 V (Fig. 7d and g).

Another Naaman’s work verified the spin selectivity of
electron transmission through the Zn-porphyrin stacks.”* They
demonstrated the correlation between the current’s depen-
dence on the orientation of the magnetic field at the mc-AFM
tip and the chiral porphyrin stack. This observation confirms a
clear preference for one spin orientation over its counterpart
within the system. The ratio between the two spin currents is
influenced by the 35% spin polarization of the tip, resulting in
a 4:1 spin filtering in the molecular system. This means that
only about 20% of electrons passing through the chiral mole-
cular aggregates have the ‘“wrong” spin. For achiral com-
pounds, the current magnitude does not vary with the
magnetic field orientation, indicating non-spin-specific con-
duction with an equal amount of right and left-handed helices.
This contrasts with chiral porphyrins, which efficiently filter
spins, consistent with previous findings on chiral molecules as
effective spin filters."®*®

2.3.1.3. Circular dichroism (CD). Circular dichroism (CD)
spectroscopy is a robust optical method utilized for the analysis
of chiral materials and molecules. It enables the detection of
enantioselective signals by measuring the disparate absorption
of right and left circularly polarized light, typically achieved
through polarization analysis of light transmitted through the
sample of interest. Measurements conducted within the visible
and ultraviolet regions of the electromagnetic spectrum observe
electronic transitions. If the molecule under examination con-
tains chiral molecules, one circularly polarized light (CPL) state
will be absorbed more strongly than the other, resulting in a
non-zero circular dichroism (CD) signal across the corres-
ponding wavelengths. The CD signal can exhibit positivity or
negativity, contingent upon whether left circularly polarized
light (L-CPL) is absorbed to a greater degree than right circu-
larly polarized light (R-CPL) (yielding a positive CD signal) or to
a lesser extent (yielding a negative CD signal).

Moreover, previous research has revealed a strong correla-
tion between spin polarization and observed changes in circu-
lar dichroism (CD) spectroscopy.”® The incorporation of both
chiral and achiral building blocks results in an enhancement of

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 (a) The molar circular dichroism (A¢) evolution as a function of the

proportion of the (S)-CBI-3 molecule with ac-CBI-4, in methylcyclohex-
ane, MCH (50 x 107® M), at 20 °C. Circular dichroism spectroscopy shows
a nonlinear A¢ dependence on sergeant fraction, indicating chiral incre-
ment in solution-state assembly. (b) Spin polarization of (S)-CBI-3 con-
structed from a mixture of (S)-CBI-3 and ac-CBI-4 on Au/Ni substrates.
The gray lines in (a) and (b) guide the eye while the dashed line signifies the
presumed trend without increment of chirality. (c) Temperature-
dependent CD spectra of (S)-CBI-3 in MCH (50 x 10~® M). (d) Schematic
showing the change in the helicity of supramolecular nanofibers with
temperature shifts from +20 to —10 °C. (e) and (f) /-V curves of (S)-CBI-3
at 20 x 107® M on Au/Ni substrates at +20 (e) and —10 °C (f). All mc-AFM
measurements were conducted at room temperature. Adapted with
permission from ref. 70, Copyright 2020, John Wiley and Sons.

the overall helicity within the stacks, wherein the chiral mole-
cule dictates the supramolecular chirality of the helix while the
achiral counterparts conform accordingly. The well-known
“sergeants-and-soldiers” principle in chiral amplification
experiments was investigated using (S)-coronene bisimide
((S)-CBI-3) and achiral-CBI-4, with measurements conducted
using CD spectroscopy.”>”? As illustrated in Fig. 8a, the molar
circular dichroism (A¢) demonstrates a non-linear relationship
with the fraction of (S)-CBI-3 in the solution, affirming chiral
amplification within the system. This amplification effect is
further corroborated by the spin polarization of electron trans-
port, which was measured using magnetic conductive atomic
force microscopy (mc-AFM), as shown in Fig. 8e and f. Up to a
30% fraction of (S)-CBI-3, there is a notable nonlinear increase
in spin polarization, which closely parallels the trend observed
in the CD measurements. When the fraction of (S)-CBI-3
reaches and exceeds 50%, the magnitude of spin polarization
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approaches the levels observed in nanofibers assembled from
enantiomerically pure (S)-CBI-3. This direct correlation between
the changes in the CD signal and the spin polarization mea-
sured by mc-AFM, as a function of (S)-CBI-3 fraction, under-
scores the impact of chiral amplification on spin polarization.
These findings suggest that the principles of chiral amplifica-
tion can modulate the magnitude of spin polarization in helical
nanofibers. Furthermore, the results indicate that the CISS
effect probes the entire supramolecular chirality structure,
rather than solely the number of stereocenters within the film.
This study underscores the capability of the CISS effect to
facilitate electrical measurements of chirality, demonstrating
its potential to reveal the intricate relationship between mole-
cular chirality and electron spin polarization.

2.3.1.4. Hall effect-based devices. The simplification of chir-
ality measurement techniques can be achieved through the
utilization of both Hall and Nanofloret-based devices, wherein
the CISS effect enables electrical readout of chirality with high
sensitivity even at low analyte concentrations. These methods
are universal and do not necessitate specific recognition ele-
ments. In both device types, exchange interactions resulting
from CISS induce notable transient spin-exchange forces
between chiral molecules and magnetic surfaces.”* Hall mea-
surements leverage changes in magnetization to investigate the
chirality of adsorbed molecules. This is facilitated through a
solid-state hybrid organic-inorganic device that relies on the
Hall effect but functions without the need for an external
magnetic field.””> The Hall effect is a long-known phenomenon,
where a voltage is generated across a conductor transverse to
the electric current when a magnetic field is applied perpendi-
cular to the current flow.”® This effect serves as a fundamental
tool in semiconductor studies, particularly for assessing prop-
erties such as charge carrier concentration and mobility.

Yossi Paltiel et al. demonstrated that the chiral monolayer
acts as a spin filter, allowing for Hall effect observation without
the need for an external magnetic field or a permanent magnet.
In their experiment, molecules were chemisorbed onto the gold
over-layer covering the conductive Ni channel, leading to a
constant induced magnetic field. This setup enabled Hall
measurements to be performed effectively. The resistance
Ry, = V,/I, was determined, where V, represents the potential
measured between the Hall electrodes and I, denotes the
source-drain current. Notably, AHPA-L (a-helix polyalanine 1)
and AHPA-p (a-helix polyalanine p) molecules elicited magne-
tization in opposite directions, leading to opposing signs of
Hall voltage, V,, in both cases. Consequently, this results in a
reversal of the sign of R,,. The observed asymmetry between the
measured values for the two enantiomers may arise from
disparities in the current flow through the Hall channel due
to inherent differences stemming from the fabrication
process.”” During Anomalous Hall Effect (AHE) measurements,
the device remained fixed to its substrate. A 4 mL volume of a
1 mM ethanolic solution containing molecules was drop-cast
onto the device’s surface and subsequently dried under inert
conditions. This drop-casting technique preserves the integrity
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of the interconnections between the sample and the chip,
thereby ensuring that any alterations in the Hall voltage read-
out solely reflect the influence of the added molecules. Addi-
tionally, it is pertinent to acknowledge that charge
reorganization within the chiral molecule coincides with elec-
tron spin polarization.

To enhance the chirality signal and expand the spectrum
probed by the Hall device, electrical gating was utilized.”® In an
experimental configuration using a Hall device, the electrode
integrated with a Hall circuit was positioned inside an electro-
chemical cell, with a voltage applied between it and a counter/
gate electrode (see Fig. 9). This voltage induces an electric field
across the molecular layer, prompting redistribution of electron
clouds. When a chiral molecule film is present, it results in
spin-polarized charging currents and generates a Hall voltage
across the transverse electrodes. To evaluate the spin polariza-
tion associated with charge polarization, a single layer of these
molecules adhered to the GaN surface of the Hall device/work-
ing electrode (see Fig. 9b). The GaN substrate was chosen for its
extended spin lifetime and resistance to corrosion in aqueous
solutions. Subsequently, the Hall device was immersed in a
buffered electrolyte solution. Applying a voltage between the
device and a gating electrode (G) induces an electrostatic field
across the molecular film and the interior of an electrical
double layer, causing charge polarization. If this polarization
is accompanied by spin polarization, the Hall voltage increases.
By employing the Hall device with electrical gating, electric-
field-induced spin polarization was investigated in two chiral -
oligopeptides of varying lengths, a chiral p-oligopeptide and an
achiral molecule serving as a control. This observation aligns
with the known property of spin-filtering due to the CISS effect,
contingent on current direction and chirality.

Fig. 9 (a) Experimental setup diagram: a Hall device coated with an
organic monolayer is immersed in a solution containing a graphene (G)
electrode and an inert electrolyte. Applying an electric potential (VG)
between the G electrode and the device induces polarization of the
solution, generating an electric field that interacts with the adsorbed
molecules. This leads to charge reorganization in the molecules (partial
charges g™ and g"), inducing charge displacement at the device's surface
and concurrent spin polarization, generating a magnetic field affecting
electron flow between the source (S) and drain (D) electrodes. The
resulting Hall potential (V}), arising from spin magnetization, is measured
in relation to VG. (b) Diagram of spin polarization: an applied electric field
(via V) on a chiral molecule triggers charge reorganization, leading to spin
polarization, illustrating the transformation from electrical to magnetic
responses at the molecular level. Adapted with permission from ref. 78,
Copyright 2017, National Academy of Sciences.
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2.3.1.5. Localized plasmon based chiral sensor. Localized sur-
face plasmon resonance (LSPR) occurs when conduction elec-
trons in a metallic nanoparticle oscillate coherently, typically
when the nanoparticle’s size is smaller than the wavelength of
the illuminating light. LSPR is distinguished by an amplified
electromagnetic field and confinement within the nanoparti-
cle’s dimensions. Research has demonstrated that covering a
metallic nanoparticle with chiral molecules boosts the electro-
nic circular dichroism signal and imparts chirality onto the
LSPR mode.”” A recent report published by Amir Ziv and
colleagues demonstrated that combining a chiral plasmonic
metastructure with an electrode can produce a chiroptical
response, directly translatable into an electrical signal readout
(see Fig. 10).%° This device features a gold nanofloret (NF)
hybrid structure, which is a combination of semiconductor
and metal nanosystems. It consists of a SiGe nanowire tipped
with an Au cap that contacts a counter electrode to form a nano-
junction. When exposed to molecules, a metal-molecule-metal
junction is formed. Chiral molecules adsorbed on the gold tip
induce chirality in the localized plasmonic resonance at the
electrode-tip junction, resulting in a specific current response
depending on the molecule’s chirality. Under illumination, the
localized surface plasmon resonance (LSPR) of the gold nano-
cap, coupled to the SiGe nanowire, modulates the current
flowing through the nanojunction. As shown in Fig. 10b, a
voltage bias is applied across the suspended Au-NF, and the
electrical current through the device is measured. Simulta-
neously, circularly polarized laser illumination is directed onto
the sample using a microscope objective.
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Fig. 10 (a) Device measurement setup where an Au-nanofiber (Au-NF)
junction is targeted by focused continuous-wave laser radiation, enhan-
cing the interaction with a chiral substance linked to localized surface
plasmons, which then influences the current through the Au-NF. Inset:
SEM image illustrating the configuration of the Au-NF device, consisting of
a semiconducting (SiGe) nanowire with an Au nanocap at its tip, suspended
above a Ti macro-contact. The surface area of the cap is approximately
107° cm?. (b) Top-view schematic of the chirality sensor setup, where the
Au-NF spans between two Ti contacts connected to a voltage source and
an ammeter. Positioned on an XYZ stage, the sensor can be precisely
aligned under a laser beam focused by a microscope objective. A quarter
waveplate modifies the light to circular polarization, with its type (left or
right) alternated by a half waveplate on a motorized stage. The setup is
monitored using a CCD camera. Adapted with permission from ref. 80,
Copyright 2021, American Chemical Society.
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Current-voltage (I(V)) measurements showed gap formation
upon introducing an a-helix polyalanine (AHPA) solution, indi-
cating monolayer formation at the Au-cap-Ti electrode gap.
Before chiral molecules were added, illuminating the device
with 532 nm left-circularly polarized (LCP) and right-circularly
polarized (RCP) light triggered an inherent chiral response (see
Fig. 11a). Due to the nonsymmetric shape and morphology of
the NF gold cap, it inherently possesses chirality, as it does not
exhibit symmetry under mirror reflection. Additionally, chiral
metastructures can exhibit strong optical activity, with even
individual metallic nanoparticles displaying optical activity due
to imperfections in shape and crystal structure changes. As a
result, the Au-NF chirality sensor behaves differently under LCP
and RCP light even before adding chiral molecules. Upon
exposure to the AHPA solution, an asymmetry in polarized
excitation is observed, depending on the handedness of the
AHPA (see Fig. 11b). This leads to changes in conductivity and
photoresponse under different circular polarizations due to
molecular adsorption. The relatively extended stabilization
times are due to the lack of passivation at the NF junctions,
causing surface states to change upon molecular adsorption.
Therefore, the sensor’s compact size and broad electrooptical

A |dark | LCP |dark | RCP|dark
i Untreated
= 0T ! +20
[
= ST LCP W <
o T155
T 30 4 RCP -
g — 2
S X =) T'E&
5 i | hanton ©
Z 10 + 66'-:m § '. w | -+ 0.5
| . _4

b | With AHPA-D 1+ os
ST M

E | 406
3° LCP | 2
= =
S 3T RCP \N“ + 04 é
© >
g 2+ (@]
[} +02

- 1-/ / /

} } } } }
0 25 50 _ 75 100 125
Time [s]
dark | LCP | dark | RCP |dark

Fig. 11 (a) Current over time recorded using the Au-NF chirality sensor at
a fixed voltage of 1V, comparing conditions with various circular polariza-
tions and no illumination prior to molecule application via drop casting.
Inset: optical images of the Au-NF junction, shown with and without
illumination. (b) Current vs. time measurements for the Au-NF chirality
sensor under a constant voltage, displaying responses to different circular
polarizations and no illumination after molecules have been applied by
drop casting. Adapted with permission from ref. 80, Copyright 2021,
American Chemical Society.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review Article

response range facilitate the detection of ultra-low concentra-
tions of chiral molecules using optical excitation and electrical
readout.

2.3.2. Indirect measurements. The exploration of CISS
effects in electrocatalysts can be expanded through indirect
measurements involving the analysis of electrosynthesized
products. Given that chirality-induced spin redistribution can
accelerate intrinsic partial magnetization, electrochemical reac-
tions influenced by CISS effects directly alter reaction kinetics,
pathways, and ion diffusion in electrolytes. Consequently,
electron spin selectivity arising from CISS effects can be indir-
ectly verified through the observation of side products gener-
ated during electrochemical reactions, as spin selectivity
significantly influences the spin state of intermediates through-
out the electrochemical processes.

2.3.2.1. Titration of H,0, To date, the most effective
approach for realizing the CISS effect has primarily been within
the domain of electrocatalysts deployed in the context of the
oxygen evolution reaction (OER), serving as a representative
system. The OER constitutes a critical bottleneck in electro-
catalytic water splitting processes owing to its sluggish kinetics.
This reaction necessitates a substantial overpotential to attain a
requisite operating current, resulting in significant energy
dissipation within water electrolyzers. In alkaline media, the
proposed OER mechanism follows eqn (1)-(4), where * denotes
the adsorption site:

OH™ +* - OH* +e” (1

OH* + OH™ — O* + H,0 + e~ 2)
O* + OH  — OOH* + e~ (3)
OOH*+OH™ — O, + H,0+e +* (4)

The generation of hydrogen peroxide (H,0,) as a byproduct
occurs through a two-electron pathway, as depicted in eqn (3)
and (4), particularly under neutral or acidic conditions. While
H,0, and OH* serve as valuable products in other contexts, in
this scenario, however, their presence impedes oxygen (O,)
production consequently compromising the efficiency of water
electrolysers.

O* + OH™ — OH* + e~ (4)
OH* + OH — H,0, +e +* (5)

Bulk electrolysis conducted in the coulometry mode typically
involves applying a constant voltage under neutral conditions,
often in a solution like 0.1 M Na,SO, aqueous solution. The
presence of the H,0, byproduct is commonly identified using a
redox indicator such as o-tolidine or iron(u) chloride tetrahy-
drate. When reacting with o-tolidine, the integrated absorption
peak around 436 nm signifies the generation of H,0,. In the
case of iron(u) chloride tetrahydrate, a peak around 335 nm
emerges due to the conversion of Fe** to Fe*" induced by the
presence of H,O, in the electrolyte. A recent study conducted by
the Masayuki Suda group showed the effective suppression of
H,0, formation through the utilization of a promising chiral
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van der Waals superlattice, namely, a chiral TiS, crystal. The
absorption peak at 437 nm in the electrolyte solution contain-
ing H,0, exhibited heightened intensity when utilizing the
TiS,_rac-PEA_PEG electrode, indicating a substantial yield of
H,0,. Conversely, the absorption peaks nearly vanished in
spectra obtained from electrodes employing TiS,_ R-PEA_PEG
and TiS,_S-PEA_PEG configurations. This phenomenon under-
scores the enhanced OER activity facilitated by the promotion
of O, generation and the suppression of H,O, formation
through the chirality inherent in TiS, R-PEA_PEG and TiS,_S-
PEA_PEG electrodes, thereby favouring the four-electron
process.

3. Applications of the CISS effect in
electrocatalysis

3.1. Oxygen evolution reaction

The oxygen evolution reaction (OER) represents a significant
challenge in the realm of electrocatalytic water splitting, pri-
marily due to its inherently sluggish kinetics.®" This reaction
necessitates a substantial overpotential to achieve an adequate
operating current, resulting in considerable energy losses in
water electrolyzers.®>®? Enhancing the efficiency of the OER is a
complex task, stemming from the intricate nature of its reac-
tion mechanism and the often-limited stability of alloyed
catalysts used in this process.

In alkaline media, the oxygen evolution reaction (OER) is a
sophisticated electrochemical process that entails the oxidation
of water molecules to produce molecular oxygen, hydroxide
ions, and electrons.®*®> This reaction is represented below
(overall), occurring through a sequence of steps on the surface
of a catalyst.5®

40H™ — O, + 2H,0 + 4e” (overall)
OH +* - *OH +e_ (1)
*OH —» *O+H' +¢” (2)
*O + OH  — *OOH 3)
*OOH + OH™ — O, +H,0+ e~ (4)

Initially, a hydroxide ion from the alkaline medium is adsorbed
onto the catalyst and oxidized to a hydroxyl radical (*OH), as
shown in Step (1). This hydroxyl radical is further oxidized,
forming an oxy intermediate (*O) through the reaction (Step
(2)). Subsequently, the oxy intermediate reacts with another
hydroxide ion to form a peroxide-like species (OOH), depicted
in Step (3). The final step involves the decomposition of the
OOH intermediate, releasing molecular oxygen and water, as
described by Step (4). This multi-step mechanism underscores
the complexity of the OER under alkaline conditions, empha-
sizing the catalyst’s role in facilitating efficient electron transfer
and chemical transformations, which are crucial for applica-
tions like water electrolysis for hydrogen production.®”~%°

In acidic media, the oxygen evolution reaction (OER) oper-
ates through distinct pathways involving either a two-electron
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or a four-electron process, each leading to the production of
molecular oxygen.’°> The four-electron process, which is
more common and efficient, can be represented below
(overall).

2H,0(1) — O,(g) + 4H' + 4e~ (overall)
H,0+* - *OH+H' + e~ (5)
*OH — *O+H' +e” (6)
2*0 — *0-0* — 0, + 2% (7)

This process typically involves the following steps: first, a water
molecule is adsorbed onto the catalyst surface and undergoes
deprotonation to form a hydroxyl radical (*OH) through the
reaction Step (5). This hydroxyl group is further oxidized to an
oxy intermediate (*O), releasing another proton and electron, as
shown in Step (6). Subsequently, two oxy intermediates com-
bine to form a peroxide-like species (*O-O*), which then
decomposes to release molecular oxygen and regenerate the
catalyst surface, represented by Step (7).832394

Conversely, the less common two-electron process, which
typically leads to the formation of hydrogen peroxide (H,0,), is
represented by 2H,0(1) — H,0,(1) + 2H" + 2e™. In this process,
the adsorbed water molecule is partially oxidized on the catalyst
surface to form a hydroperoxide intermediate (*OOH), which
then disassociates to release hydrogen peroxide.”

These mechanistic pathways in acidic media illustrate the
complexity of the OER, with the four-electron process being
generally more favorable due to its direct production of mole-
cular oxygen and greater energy efficiency.”®®” The choice of
catalyst plays a critical role in determining which pathway
predominates, as well as the overall efficiency of the reaction,
given the high overpotentials and harsh acidic conditions.’®
Developing catalysts that favor the four-electron pathway while
minimizing overpotential and maximizing stability remains a
significant challenge in optimizing the OER for applications
such as proton exchange membrane electrolyzers.*®%°

In water electrolyzers, the efficiency of the OER can be
compromised by the formation of hydrogen peroxide (H,O,),
a byproduct that hinders the production of oxygen (0,).****>
This issue arises because H,0O, is formed through a less
efficient two-electron process, contrasting with the desired
four-electron process that directly yields O,. The generation of
H,0, not only reduces the overall energy efficiency but also
poses challenges due to its corrosive nature and potential to
degrade electrolyzer components.'’!

A notable aspect of H,O, is its electronic state — it only has a
singlet state. In contrast, the more desirable O, predominantly
exists in a ground-state triplet form (*0,)."**'** This difference
in electronic states provides an opportunity to use chiral
molecules as spin-filters to manipulate the spin states of the
intermediate radicals during the OER. By aligning the spins of
these unpaired electrons, it’s possible to favour the formation
of triplet oxygen over singlet hydrogen peroxide.

In essence, the application of chiral molecules as spin-filters
in water electrolyzers can significantly enhance the OER
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process. These chiral molecules can influence the spin orienta-
tion of intermediate radicals, thereby promoting the four-
electron pathway that leads to the formation of *0,. This
approach effectively suppresses the less efficient two-electron
pathway responsible for generating singlet H,O,. By reducing
the production of H,0,, the overall efficiency of water splitting
is improved, leading to more effective and cleaner generation of
oxygen, which is a key goal in the development of sustainable
energy systems.®®

The introduction of the CISS effect into electrocatalytic
water-splitting, pioneered by Naaman’s group, represented a
significant leap forward in the field.”® Their groundbreaking
study involved using TiO, films functionalized with organic
linker molecules to attach CdSe nanoparticles (NP) as the
anode—the site of electrochemical oxidation, as illustrated in
Fig. 12a. The focus of their investigation was on evaluating the
hydrogen evolution efficiency at the cathode, contrasting the
effects of seven distinct organic molecules—three chiral and
four achiral—when applied to the anode. Remarkably, the
current gradients achieved with the chiral molecules at a
voltage of 1.5 V significantly exceeded those of their achiral
counterparts, a comparison depicted in Fig. 12b. Notably, all
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the achiral molecules used were considerably shorter than
the chiral ones, with several exhibiting high levels of
conjugation.’® Under normal circumstances, this would sug-
gest better conductivity and higher current for the achiral
molecules. However, the study found that despite their greater
molecular lengths, the chiral molecules facilitated significantly
lower threshold potentials for oxygen evolution, along with a
corresponding increase in current, compared to the achiral
molecules. The crucial factor contributing to this enhanced
performance was the spin-dependent electron transfer from the
CdSe NP through the chiral molecules to the TiO, film, leading
to an isotropic distribution of spin alignment."” This specificity
arises because chiral molecules efficiently transfer electrons
featuring a particular spin state (either up or down). As a result,
electrons remaining in the ground state have a spin orientation
that is antiparallel to the transferred spin. Consequently, when
an electron with a well-defined spin alignment is transferred
from the CdSe NP, it leaves a hole with the same spin orienta-
tion. This uniformity in spin alignment means that electrons
transferred from hole scavengers in the solution also possess
the same spin alignment, resulting in all atoms having a
consistent unpaired spin direction in the laboratory frame.”®
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(a) Diagram of the photoelectrochemical cell used for water splitting, featuring CdSe nanoparticles (red) bound to TiO, nanoparticles via chiral

molecules, with TiO, attached to the FTO conducting electrode (left) and a depiction of electron transfer between the $2~ and TiO, nanoparticles (right).
(b) Current density versus potential for TiO, electrodes coated with self-assembled monolayers of either achiral (dashed lines) or chiral (solid lines)
molecules, measured against an Ag/AgCl electrode. Adapted with permission from ref. 28, Copyright 2015, American Chemical Society. (c) Visible
absorption spectra of titration of a 0.1 M Na,SO4 electrolyte with o-tolidine, comparing bare FesO,, chiral-coated FezO4@L-All and FesO4@L-A3, and
achiral-coated Fez04@MPA and Fez04@AIB10. (d) (al) Illustration of a molecular orbital of a singlet-state oxygen molecule. (a2) Illustration of a molecular
orbital of a triplet-state oxygen molecule. Adapted with permission from ref. 13, Copyright 2015, American Chemical Society.
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Such uniformity in spin alignhment promotes the formation of
oxygen molecules with a higher cross-section. In contrast,
without spin alignment as seen with achiral molecules, the
formation of ground-state oxygen molecules requires the two
oxygen atoms to be near, allowing strong exchange interactions
between the spins for alignment. However, when spins are pre-
aligned, as is the case with chiral molecules, the reaction can
proceed even at greater distances.*® Naaman’s group’s seminal
work thus provided a substantial foundation for subsequent
research efforts focused on exploiting the CISS effect to
enhance the OER process in electrocatalytic water-splitting
applications, emphasizing the crucial role of spin alignment
in improving reaction efficiency.

Building on their earlier work, Naaman’s group further
explored the application of the CISS effect in enhancing photo-
electrochemical (PEC) water splitting, as reported in their
subsequent study.'® In this research, they focused on enhan-
cing the anode current, suppressing hydrogen peroxide produc-
tion and reducing the overpotential. They achieved this by
chemisorbing chiral molecules onto Fe;O, nanoparticles
deposited on a FTO anode. The introduction of chiral
molecules induced chirality in the nanoparticles, making the
electron transfer from the solution to the anode spin
selective.'”?"*” This spin selectivity effectively suppressed
hydrogen peroxide formation while enhancing the production
of triplet oxygen. To empirically demonstrate the CISS effect’s
role, they analyzed the formation of H,0, during water splitting
with anodes coated with chiral versus achiral molecules. As
evidenced in Fig. 12c, anodes coated with achiral Fe;O, nano-
particles showed a significant absorption peak at 436 nm,
indicative of H,0, formation.'® In contrast, this peak was
markedly reduced when using anodes coated with chiral
Fe;0, nanoparticles. This stark difference underscores the role
of chiral nanoparticles in impeding H,0, production. The
mechanism behind this phenomenon lies in the spin-
selective filtration by chiral Fe;O, nanoparticles. When elec-
trons transfer from OH™/H,O to the anode, these nanoparticles
allow only electrons with a specific spin state to pass through.
As a result, all generated *OH radicals have spins aligned
parallel to each other, facilitating their interaction on a triplet
potential surface to form ground-state triplet oxygen molecules
(PZy(*0,)) (Fig. 12d).°*'®” Notably, the production of H,O,,
which is spin-forbidden on this triplet potential surface, is
significantly hindered. Conversely, when Fe;O, nanoparticles
are linked with achiral molecules, they do not filter the elec-
trons’ spin state. This lack of spin selection results in *OH
radicals with randomly oriented spins, some of which are
aligned antiparallel to each other. These antiparallel-aligned
radicals are more likely to interact on a singlet potential
surface, leading to the formation of singlet hydrogen peroxide
('A4('0,)), which is energetically less favorable compared to the
triplet ground state.

This uncontrolled oxidation process without spin restriction
leads to a higher overpotential and promotes the formation of
kinetically favourable H,O,. The accumulation of H,0, on the
electrodes can lead to poisoning, resulting in reduced anode
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current and compromised catalytic
splitting."?

The CISS effect, arising from the movement of an electron’s
probability density within the chiral electrostatic field of mole-
cules, generates an effective magnetic field that influences the
electron’s magnetic moment.”"'°® While initial studies predo-
minantly involved organic molecules in electron transmission,
the transition to robust inorganic nanomaterials as spin filters
opens new opportunities in electronics and electrocatalysis.'*®
A notable advancement in this direction was made by Wal-
deck’s group, who first demonstrated the CISS effect with
inorganic copper oxide (CuO) films, using this phenomenon
to enhance selectivity in electrocatalytic water splitting.®® In
their study, chiral CuO films were electrodeposited on a poly-
crystalline gold substrate from an electrolyte solution contain-
ing chiral complexes of Cu(u)-tartrate.>" The CD spectra reveal
an approximate mirror symmetry between CuO films grown
from aqueous solutions containing Cu-tartrate complexes of
opposite chirality (Fig. 13a). The electrochemical cell equipped
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Fig. 13 (a) Circular dichroism (CD) spectra showing 50 nm films of L.-CuO

(red), o-CuO (blue), and meso-CuO (purple). (b) Schematic of the electro-
chemical setup using electrochemically deposited CuO as both the
cathode and anode. (c) Linear sweep voltammetry curves of chiral CuO
(induced by L-tartaric acid, red line) and achiral CuO (induced by meso-
tartaric acid, black line) electrodes in a pH 9 aqueous buffer solution under
dark conditions. (d) Detection of H,O,. UV-vis absorption spectra of a
0.1 M Na,SO, electrolyte post-titration with o-tolidine, illustrating results
for chiral CuO (red line) and achiral CuO (black line). (e) Energy diagram
depicting potential reaction products from hydroxyl groups on the CuO
surface, highlighting the spin restriction upon recombination, which
enhances selectivity against H,O, formation when OH radical spins are
aligned. Adapted with permission from ref. 109, Copyright 2019, American
Chemical Society.
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with the chiral CuO exhibited a higher current density com-
pared to cells with achiral electrodes, corroborated by the data
in Fig. 13c. This enhancement is attributed to the production of
spin polarized OH radicals, which favor the generation of
triplet oxygen over singlet oxygen and hydrogen peroxide. The
study revealed that the onset potentials for oxygen production
were lower for chiral CuO (1.38 V) than for achiral CuO (1.43 V),
indicating a higher efficiency of the chiral CuO-coated anode in
water splitting. The OER efficiency is also pH-dependent, with
hydrogen peroxide often being a significant by-product. The
generation of H,0,, as demonstrated with achiral electrodes
(Fig. 13d), is notably reduced when using anodes composed of
chiral CuO films, which also maintain lower overpotentials.
Fig. 13e presents an energy scheme that rationalizes a mecha-
nism based on the combination of surface-adsorbed OH radi-
cals. Due to the CISS effect, charge transfer at the CuO surface
results in spin polarization, thereby enhancing the production
of the triplet oxygen species. While this rationale is presented
in the context of recombining adsorbed OH intermediates, it
can be extended to other mechanisms such as the oxide path
and the metal peroxide path.''® The selectivity for oxygen
production mirrors findings from earlier work using chiral
molecules; however, in this study, an all-inorganic system
(CuO) is employed. This system achieves a current density over
1000 times higher than that observed with organic linker
molecule-coated electrodes (mA cm ™ versus pA cm™2), 28109111
Recently, Feng et al. explored the integration of the
CISS effect with bimetallic Fe-Ni compounds, renowned for
their OER catalytic efficiency, to create a chiral Fe-Ni
electrocatalyst.®® They developed a chiral tartaric acid-FeNi
coordination polymer (TA-FeNi CP) using an electrochemical
deposition method, aiming to enhance the electrochemical
OER process through the CISS effect. The chirality of tartaric
acid was incorporated into the Fe-Ni sites via coordination
interactions, as shown in Fig. 14a. This chiral p-TA-FeNi CP
demonstrated a spin-polarized current with high spin polariza-
tion, a feature absent in its achiral p.-TA-FeNi CP counterpart.
The combination of high spin polarization and good electrical
conductivity rendered the chiral Fe-Ni electrocatalyst with out-
standing OER activity and a remarkable long-term durability of
100 hours (Fig. 14b). They investigated the impact of chirality
on the OER process by comparing the oxygen evolution activity
and electrochemical behaviors of chiral and achiral TA-FeNi CP
catalysts (Fig. 14c). Polarization curves showed that both chiral
L- and p-TA-FeNi CP catalysts exhibited higher current densities
for water oxidation than the achiral pi-FeNi CP, highlighting
the positive influence of chirality on OER efficiency. The L-TA-
FeNi CP catalyst, in particular, displayed low overpotentials of
205 mV and 280 mV to achieve current densities of 10 mA cm >
and 100 mA cm™ 2, respectively, as illustrated in Fig. 14d. This
research opens new prospects for leveraging spin control in
electrochemistry to enhance oxygen evolution efficiency.
Additionally, previous studies, including those conducted by
Ren et al., have highlighted the potential of external magnetic
fields in creating a spin-dependent environment conducive to
improved OER processes.'™ Further investigations have shown
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that combining magnetic fields with electrochemistry can more
effectively facilitate spin transitions during the OER. An inno-
vative approach involves using chiral molecules to induce spin
polarization in ferrimagnetic and superparamagnetic electro-
catalysts, thus enhancing the CISS effect. Nair et al. utilized
ferrimagnetic and superparamagnetic Fe;O, (f-Fe;O0, and s-
Fe;0,, respectively) to provide a platform for studying the
influence of magnetic properties on OER efficiency."'? These
properties can be tuned without altering the chemical compo-
sition or structure of the catalysts, as depicted in Fig. 14e. By
anchoring chiral molecules onto the surface of Fe;O,, they
aimed to engineer total spin polarization in the catalysts
through the combined impact of external magnetic fields and
the CISS effect. In detail, building on their understanding of
spin polarization in s-Fe;O,4, they proposed a mechanism for
the spin-polarized OER process. In this mechanism, Fe centers
serve as the OER active sites in Fe;O,. Under an external
magnetic field (Hey), the fixed spin direction at the Fe active
center results in the generation of O(|)” during the first
electron transfer step, due to ferromagnetic exchange between
the catalyst and the adsorbed oxygen species, following the spin
angular momentum conservation principle. This process is
followed by subsequent steps involving the formation of the
triplet state intermediate O(])O(|)H, ultimately leading to the
favorable generation of triplet state O,. Their findings revealed
a significant improvement, with an 89% increase in current
density at 1.8 Vvs. RHE and a low onset potential of 270 mV, as
shown in Fig. 14f and g.

3.2. Oxygen reduction reaction

The oxygen reduction reaction (ORR) stands as a critical
electrochemical process, underpinning the function and effi-
ciency of various energy conversion systems, notably fuel cells
and metal-air batteries."* Integral to the energy landscape,
especially in the context of sustainable and renewable energy
sources, the role of the ORR in these devices is paramount in
dictating their overall performance and efficiency.""> The
mechanism of the ORR, while seemingly straightforward,
involves complex electrochemical pathways that differ mark-
edly depending on the medium-acidic or alkaline-in which the
reaction occurs.*® This variability is particularly significant in
terms of the byproducts generated, most notably hydrogen
peroxide (H,0,), whose formation can influence not only the
energy efficiency of the system but also its durability and
operational stability.""” Understanding the nuances of the
ORR mechanism in different environments is, therefore, essen-
tial for optimizing the design and functionality of fuel cells and
related technologies, paving the way for more efficient, robust,
and environmentally friendly energy solutions.

In both acidic and alkaline media, the ORR is central to
electrochemical energy conversion devices, with its mechanism
varying significantly across these environments, particularly
regarding the formation of hydrogen peroxide (H,0,) as a side
product."™® In acidic media, the ORR typically follows a four-
electron reduction pathway, forming water (Step (8)), but can
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removal of O, bubbles on the nanofiber (NF) during the OER. (c) Polarization curves adjusted for 80% iR compensation. (d) Comparison of overpotentials
for different catalysts. Adapted with permission from ref. 69, Copyright 2023, John Wiley and Sons. (e) Schematic depicting the mechanism of the OER
influenced by a magnetic field and spin selection dynamics. (f) Linear sweep voltammetry (LSV) polarization curves showing electrocatalytic activity. (g)
LSV polarization curves for chiral FesO4 in the presence of an external magnetic field (Hex). Adapted with permission from ref. 112, Copyright 2023,

American Chemical Society.

also proceed through a less efficient two-electron pathway
producing H,0, (Step (9))."*°

0, + 4H" + 4~ — 2H,0 (8)

0, +2H" + 2e” — H,0, 9)

Similarly, in alkaline media, the ideal reaction is a four-electron
process yielding hydroxide ions (Step (10)), with the alternative
being a two-electron reduction to hydrogen peroxide (Step
(11)).120

0, + 2H,0 + 4e~ — 40H~ (10)

0, + H,0 + 2¢~ — H,0, + OH~ (11)

In both acidic and alkaline media, the ORR ideally involves a
four-electron transfer process, leading to the complete
reduction of oxygen. However, a less efficient two-electron

9046 | Chem. Soc. Rev, 2024, 53, 9029-9058

process can occur in both media types, resulting in the for-
mation of hydrogen peroxide, a less desirable side product due
to its corrosive nature and lower energy efficiency.'’” The
selectivity between the four-electron and two-electron path-
ways, and consequently the yield of H,0,, is influenced by
various factors, including the nature of the catalyst, electrode
surface properties, and reaction conditions.

Sang et al. pioneered the hypothesis that the multi-electron
reduction of diatomic oxygen (ORR) could be enhanced by
utilizing spin-polarized electrons. They proposed that chiral
biomolecules for inducing the CISS effect could be employed to
boost ORR efficiency."®" To explore the impact of chirality on
fuel cell materials, they focused on platinum (Pt), a quintessen-
tial electrocatalyst for oxygen reduction. Chiral Pt nanoparticles
(NPs) were synthesized using r-cysteine, while their achiral
counterparts were produced using a racemic mixture of - and

This journal is © The Royal Society of Chemistry 2024
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Fig. 15 (a) Schematic of the electrochemical setup featuring a gold

working electrode coated with a self-assembled monolayer (SAM) of either
chiral or achiral molecules. (b) Rotating disk electrode (RDE) measure-
ments showing ORR polarization curves for chiral and achiral Pt nano-
particles (NPs), alongside commercial Pt/C catalysts, in air-saturated 0.1 M
KOH at 1500 rpm with a sweep rate of 5 mV s~ (c) Comparative analysis
of onset potentials (defined at —0.1 mA cm™2), half-wave potentials (Ey /),
and current densities at 0.9 V (versus RHE). (d) Illustration of the spin state
separation of triplet oxygen upon interaction with spin-polarized electrons
from the chiral molecules. (e) Depiction of possible spin states in chiral
(left) and achiral (right) systems. In achiral systems, the two electrons can
adopt one of the four possible configurations, only one of which leads to
reaction. In chiral systems, there is a single possible configuration where
electrons are strongly coupled to the molecular frame, making it the only
configuration conducive to reaction. Adapted with permission from ref.
121, Copyright 2022, National Academy of Sciences.

p-cysteine. The study revealed that chiral Pt NPs exhibit an
onset potential of 0.92 V at —0.1 mA cm ™2, modestly surpassing
the commercial Pt/C by 30 mV and significantly outperforming
the achiral Pt NPs by 80 mV (Fig. 15b and c)."”* Furthermore,
chiral Pt NPs also showed a higher half-wave potential (0.87 V)
compared to achiral NPs (0.80 V) and Pt/C (0.84 V), suggesting
that chirality enhances the ORR reaction rate, even in electro-
des with high spin-orbit coupling.

The oxygen reduction process requires at least two electrons
in the initial state to form either 0,>~ or HO, .'** The crucial
factor is the projection of the O, molecule’s spin onto the chiral
axis as it approaches the electrode. With three possible spin
states for O,’s unpaired electrons, ac, BB, and [off + Boc]/\/z,
chiral NPs ensure that the electrons injected from the chiral
ligands have identical spin projections on the molecular axis,
effectively lowering the reaction barrier due to entropic (spin
statistics) and enthalpic (spin-exchange interaction) factors. As
illustrated in Fig. 15d, the interaction of O, with the chiral

This journal is © The Royal Society of Chemistry 2024
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monolayer leads to a reduction in the enthalpic barrier and a
more efficient spin injection into the oxygen system, facilitated
by spin-exchange effects. This interaction aligns the spin-state
of O, with the chiral film, reducing the entropic contributions
to the free energy barrier.'*®

In contrast, the achiral film presents four potential spin
states (oo, BB, af, and Pa), but only one of these enables
efficient electron transfer to the oxygen, resulting in a lower
reaction probability (Fig. 15e). Additionally, the lack of spin
coupling in the achiral monolayers means they do not influ-
ence the spin states of the oxygen, failing to reduce the
enthalpic barrier. This comparative analysis underscores the
efficacy of chiral films in enhancing the ORR by manipulating
electron spin states, as opposed to the limitations observed
with achiral films.'*?

Recently, Scarpetta-Pizo et al. made a significant contribu-
demonstrating
electron spin-dependent catalysis for the ORR using iron
phthalocyanine (FePc), a well-known molecular catalyst for this
reaction.'*® In their innovative approach, they developed chiro-
self-assembled FePc systems (CSAFePc) by self-assembling FePc
onto a gold electrode surface using chiral peptides (L and b

tion to the field of electrocatalysis by

enantiomers). These chiral peptides served as spin filter axial
ligands for FePc, significantly influencing the kinetics and
thermodynamics of the ORR.

One of the key findings of their study was the impact of the
peptides’ handedness and length on the ORR in CSAFePc. They
observed that these factors could shift the onset potential up to
1.01 V vs. RHE in an alkaline medium, approaching the
reversible potential of the O,/H,O couple, as illustrated in
Fig. 16a. This indicates the substantial role of chirality and
molecular structure in optimizing ORR catalysis.'*

Scarpetta-Pizo et al. proposed a common rate-determining
step (rds) for the ORR mechanism across the CSAFePcs, invol-
ving the formation of a peptide-FePc-O, adduct with a
concurrent electron transfer to form a charge-transfer inter-
mediary (CTI) (Fig. 16b)."**'*” This hypothesis was supported
by a consistent Tafel slope observed across all CSAFePcs
(~—30 mV dec™')."** A critical aspect of the ORR activation
energy in this context is the spin inversion needed to transition
the paramagnetic O, from its spin-state (aa) to the diamagnetic
states of the ORR products.®’

Fig. 16c presents an electronic model explaining the spin-
state dynamics of the 1/p-FePc-O, adduct series.”®"° The
model, supported by computed Fe spin-states and spin-
density changes, illustrates how the transferred electron spins
interact in the first electron transfer for the ORR to form the
CTI. Notably, the model reveals that the electronic effect in 3D
systems favors a triplet-state in the Fe-center, conducive to a
closed-shell singlet state in O,, which is consistent with the
high ORR activity observed experimentally. In contrast, differ-
ent electronic behaviors are noted for the 41./p-FePc-O, adducts,
where both exhibit a total singlet-state, indicating a spin-
polarized coupling between local triplet states of Fe and O,.

Thus, the CISS effect in the 11/p-CSFePcs promotes one kind
of electron spin-filtering, while in 2-41/p-CSFePcs, it encourages

Chem. Soc. Rev., 2024, 53, 9029-9058 | 9047


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00316g

Open Access Article. Published on 19 August 2024. Downloaded on 10/27/2025 9:21:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

View Article Online

Chem Soc Rev

Electrocatal

aic activig tor ORR )

bl Au(111) Au(111) Au(111) Au(111)

Au(111)FePec Au(111)/FePe —— Au(111)/FePc Au(111)FePc
4004 AW111)HD Au(111)/20 Au(111)3D Au(111)/4D

Au(111¥1L Au(111)/2L Au(111)/3L Au(111)/4L

ANTTIIOFePo Au(111)/2D/FePc —— Au(111)/3D/FePc —— Au(111)/4DIFePc
500 Au(111)1UFePc (a) Au(111)/2UF (b) —— Au(111 WP (C) —_— V4LFoPc (d)

05 06 07 08 09 1.0 06 07 08 09 1.0 0:6 0.7 0?8 0:9 1.0 06 07 08 09 1.0
E/V vs. RHE
H OH
0

{

fast
< >

P

Intermediates

o f

NS N

Step 3:

Fe = Fe(lll); Fe = Fe(ll)

Fig. 16

0
4_aa
tap

+ faa t
1 ap

+ foa § faa

Fe & Fe Fe Fe &-
1D 1L ! 2D | 2L
B a a B
1D/FePc-0, 1L/FePc-0, 2D/FePc-0, 2L/FePc-0,
Adduct Adduct Adduct Adduct
0=0 =0 0=0 0=0

4 488 L y8
+ taa | taa

fe Fe Fe &

+ e

t taa
Fe

A A

¢ - ¢ ->
3p | 3L ap | aL
a B a B
3D/FePc-0, 3L/FePc-O, 4D/FePc-O, 4L/FePc-0,
Adduct Adduct Adduct Adduct

(a) Linear sweep voltammetry (LSV) results for the oxygen reduction reaction (ORR) on chiro-self-assembled FePc systems (CSAFePcs): Au(111)/

(1-4)L/FePc and Au(111)/(1-4)D/FePc systems, conducted in 0.1 M NaOH saturated with O,. The yellow line represents the unmodified Au(111) electrode,

the blue line indicates Au(111)/FePc, the green line shows Au(111)/(1-4)
schematic of the ORR mechanism in chiro-self-assembled FePc systems

D/FePc systems, and the red line shows Au(111)/(1-4)L/FePc. (b) General
(CSAFePcs). (c) Model of electronic spin states for the Fe—O, adduct series,

based on density functional theory (DFT) calculations, used to explain the chiral induced spin selectivity (CISS) effect observed in the differences in

electrocatalytic activity for the ORR between enantiomeric peptide pairs in
spin-up and spin-down states of the first electron transferred through

CSAFePc systems. In this model, o (yellow ball) and B (blue ball) represent the
the spin-filtering peptide-FePc-O, circuit, leading to the charge transfer

intermediary: peptide-FePc—-O,™ (rate-determining step). Adapted with permission from ref. 124, Copyright 2024, John Wiley and Sons.

the opposite.’** This nuanced understanding of electron spin
dynamics, facilitated by the CISS effect, opens new avenues for
enhancing ORR efficiency and selectivity through spin control.

3.3. Hydrogen evolution reaction

The hydrogen evolution reaction (HER) is a critical electroche-
mical process central to various green energy technologies,
notably in water electrolysis and fuel cells, where it facilitates
hydrogen gas production."*" This reaction occurs through a
two-step mechanism that varies depending on whether it takes
place in acidic or alkaline media.

9048 | Chem. Soc. Rev, 2024, 53, 9029-9058

In acidic media, the HER begins with the Volmer step, where
a proton (H*) from the electrolyte gains an electron (e”) from
the electrode to form adsorbed hydrogen (H.qs) on the surface
of a catalyst, described by the reaction H" + e~ — Hage. ">
This is followed by either the Heyrovsky step, where another
proton reacts with H,qs and an electron to release hydrogen gas
(Hags + H' + e~ — H,), or the Tafel step, where two H,gs atoms
combine to form hydrogen gas (2H,qs — H,)."**

In alkaline media, the mechanism is similar but starts with
the reduction of a water molecule instead of a proton. In the
Volmer step, water (H,0) is reduced, releasing a hydroxide ion
(OH") and forming H,gs (HyO + €~ — Hggs + OH )23 The

This journal is © The Royal Society of Chemistry 2024
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Fig. 17 (a) Linear sweep voltammetry (LSV) curves, (b) current density at

—0.6 V, (c) overpotential (4, in mV), and (d) Tafel slope measurements for
the hydrogen evolution reaction (HER) for Ni, Ni/Cys (cysteine), Ni/Au, and
Ni/Au/Cys films at pH 11 and room temperature, using an Ag wire as the
reference, in 0.1 M KOH at a sweep rate of 10 mV s~. Adapted with
permission from ref. 137, Copyright 2022, Elsevier.

subsequent steps, Heyrovsky or Tafel, are akin to those in acidic
media, involving the transformation of H,qs into molecular
hydrogen (Hags + H,O + e~ — H, + OH™ for Heyrovsky and
2H,qs — H, for Tafel)."*®

While the application of the CISS effect in enhancing the
HER has not been extensively explored, recent research con-
ducted by Bhartiya et al. has shown promising results in this
direction, albeit not directly through CISS but via the increased
surface area provided by chirality."®” In their study, they
utilized a chiral molecule-modified Au-Ni bilayer thin film
electrode, coated with a self-assembled monolayer of chiral t-
cysteine molecules (Ni/Au/Cys). As shown in Fig. 17a it can be
inferred that the onset potential for the HER in the case of the
Ni/Au/Cysteine sample (approximately 0.16 V) has been signifi-
cantly reduced compared to bare Ni, Ni/Au, or Ni/Cys thin films.
The absolute current density value (~153 mA cm ™2 at —0.6 V)
achieved for the HER shows a dramatic 11-fold increase in
cathodic current compared to the Ni/Au or Ni/Cys samples
(Fig. 17b). Additionally, there is a notable reduction in over-
potential, with the Ni/Au/Cys sample exhibiting a 320 mV and
240 mV decrease compared to Ni and Ni/Cys, respectively, to
achieve a current density of 10 mA cm ™ (Fig. 17¢).

The mechanism behind this enhanced HER activity is
attributed to hydrogen adsorption on the large effective surface
area, filled with electroactive sites, provided by the adsorbed
chiral molecule on the Au thin film. The hydrogen binding sites
are significantly increased due to the symmetrical orbital over-
lap between the 1s orbital of the hydrogen atom and the 3p
orbitals of the sulfur atom in cysteine. This extensive hydrogen
adsorption creates numerous sites for electron transfer, leading
to a lower overpotential and a higher current density for the
HER process.®” The research conducted by Bhartiya et al.
opens new avenues for enhancing the HER through the strate-
gic use of chiral molecules to increase the effective surface area

This journal is © The Royal Society of Chemistry 2024
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of electrodes, highlighting the potential of chirality in electro-
catalysis beyond the direct application of the CISS effect.

4. Future research directions

The chirality induced spin selectivity (CISS) effect introduces
innovative pathways for electrocatalytic reactions, particularly
those involving spin-sensitive intermediates.”*® This phenom-
enon is notably significant in the realm of clean energy con-
version, impacting key reactions such as the nitrogen reduction
reaction (NRR) and the carbon dioxide reduction reaction
(CO,RR). Furthermore, the CISS effect holds considerable pro-
mise in the energy storage sector, especially in the development
and optimization of metal-air batteries. Through leveraging
spin polarization, the CISS effect has the potential to enhance
the efficiency and selectivity of these crucial electrocatalytic
processes, offering new strategies for advancing sustainable
energy technologies.

While significant research has been conducted on enhan-
cing catalytic activity through the application of magnetic
fields, a major drawback of this approach is the requirement
for external energy inputs. However, chiral electrocatalysts
present a groundbreaking alternative by enabling the synthesis
of intrinsically polarized catalysts. This intrinsic polarization
allows for modifications in catalytic activity and selectivity
without an external magnetic field. By shifting the focus from
traditional magnetic field-based electrocatalyst enhancement
to chiral electrocatalysts, a new research field is opened."*® This
shift not only mitigates the dependency on external energy but
also opens up novel avenues for research on enhancing electro-
catalytic processes through chirality (Scheme 3).

4.1. Energy conversion: NRR and CO,RR

4.1.1. Nitrogen reduction reaction (NRR). Ammonia (NH3)
production is essential for global agriculture and energy sec-
tors, primarily via the Haber-Bosch process, which, despite its
efficiency, is heavily reliant on fossil fuels, contributing signifi-
cantly to CO, emissions.*™*'*" The search for sustainable
alternatives has directed attention toward the electrocatalytic
nitrogen reduction reaction (NRR), a promising method for
producing ammonia using renewable energy sources.'** This
innovative approach aims to convert atmospheric nitrogen (N,)
into ammonia (NH;) in an electrochemical cell, potentially
operating under ambient conditions and utilizing renewable
electricity, thus aligning with sustainable energy objectives.'**

The electrocatalytic NRR process is considered as one of the
promising green technologies because it can be combined with
renewable energy sources like wind and solar, presenting an
environmentally friendly method for synthesizing ammonia.
Yet, so far, several challenges have hindered the practical
application of this process.'*® The reaction mechanism itself
is complex, necessitating multiple proton and electron trans-
fers to activate the inert N, molecule and convert it into NH;.
The success of this conversion heavily relies on the capabilities
of the electrocatalyst, which must efficiently adsorb and

Chem. Soc. Rev.,, 2024, 53, 9029-9058 | 9049
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activate N,, facilitate the requisite electron transfer, and stabi-
lize the nitrogen-containing intermediates that form during the
reaction.'*"'"

Despite the apparent advantages, the electrocatalytic NRR
faces significant obstacles, including low selectivity due to
the competing hydrogen evolution reaction (HER),'*® the high
activation energy required to break N,’s triple bond (N=N),**’
rapid deactivation of catalysts in aqueous environments,**® and
the difficulty in identifying suitable electrocatalysts that offer
high activity, selectivity, and stability. Addressing these chal-
lenges requires a holistic approach that encompasses the
development of novel electrocatalysts through advancements
in materials science, as well as a deep understanding of the
reaction mechanisms to optimize conditions and suppress
unwanted side reactions."**"*?

One of the groundbreaking aspects of using spin polariza-
tion in the NRR is its compatibility with various catalytic
materials, including those that are not inherently magnetic.
Advances in materials science and surface chemistry have
enabled the design of catalysts that can induce spin polariza-
tion in adsorbed nitrogen molecules, thereby facilitating
their reduction to ammonia. Moreover, this strategy opens
new avenues for the development of catalysts that are selective
for the NRR, offering a pathway to bypass the limitations of
current catalysts that suffer from poor stability and low
selectivity.' #9131

Building on earlier work, Li et al. demonstrated that cata-
lysts exhibiting a highly spin-polarized state could enhance N,
adsorption and activate its robust N=N triple bond during the
NRR.'® Extending this research, Zhang et al. revealed that

9050 | Chem. Soc. Rev,, 2024, 53, 9029-9058

highly spin-polarized Rh materials, combined with substrates
like carbon nanotubes (CNTs), exhibit exceptional N, adsorp-
tion and reduction capabilities due to the unique charge
structure formed from Rh nanoparticles’ recombination with
the substrate.’®® Their findings indicated that the spin state
and charge density on Rh atoms significantly influence N,
adsorption strength and the activation of the N=N bond, with
a high spin state facilitating electron transfer to the N, mole-
cule, thereby boosting NRR activity.

As illustrated in Fig. 18a, reducing Rh from bulk to clusters
enhances the spin magnetic moment, indicating increased spin
polarization, particularly at the edges/surfaces of Rh clusters.
This size effect correlates with a high spin density and positive
charge density at the Rh site, leading to strong N, adsorption
and effective N=N bond weakening.">> Notably, spin densities
at specific sites were found to be higher than others, promoting
stronger N, adsorption and further weakening of the N=N
bond."*® Free energy diagrams of potential intermediates dur-
ing the NRR on Rh/graphene and bulk Rh surfaces show that
certain pathways, particularly those at specific sites, are more
energetically favourable, contributing to a lower overpotential
and enhanced NRR electrocatalytic activity (Fig. 18b).">°

Expanding on these findings, Yang et al. revealed that spin
polarization notably advances the first protonation step to form
NNH*, thereby augmenting the overall reaction efficiency.*
Their studies showed that heteroatom doping-induced charge
accumulation promotes N, adsorption on carbon atoms, while
spin polarization enhances the potential-determining step of
the first protonation to form NNH*."*° Fig. 18c and d delineate
the impact of the metal dopant on the spin moment of adjacent

This journal is © The Royal Society of Chemistry 2024
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nanoparticles, and bulk Rh as nitrogen reduction reaction (NRR) catalysts,
compared across different potentials in phosphate-buffered saline (PBS).
Adapted with permission from ref. 150, Copyright 2021, Elsevier. (c) Spin
moment of a carbon atom adjacent to a dopant, shown in the inset. (d)
Faradaic efficiency and ammonia yield rates for heteroatom-doped carbon
catalysts at varying potentials. Adapted with permission from ref. 153,
Copyright 2022, Springer Nature.

carbon atoms and its correlation with NH; production.'>*
Furthermore, Cao et al discovered a novel promotional
effect in catalytic ammonia synthesis, confined to magnetic
catalysts, which significantly lowers the activation energy, thus
opening avenues for the discovery of new ammonia synthesis
catalysts."*

The emerging research into chiral electrocatalysts for the
NRR underscores a highly promising avenue in the field of
electrocatalysis. Utilizing chiral molecules to induce spin polar-
ization not only advances the development of more efficient
and selective processes for ammonia synthesis but also repre-
sents a significant shift from traditional methods like the
Haber-Bosch process, which is energy-intensive and environ-
mentally taxing. The integration of the CISS effect in NRR
catalysts leverages the unique properties of spin polarization
to optimize electron interactions at the catalytic interface,
enhancing both the adsorption and activation of nitrogen
molecules.

These advancements highlight the pivotal role of spin
polarization, influenced by the size and substrate effects, in
lowering the Gibbs free energy for crucial steps in the NRR. The
focus on harnessing the CISS effect to control and direct
reaction pathways more effectively suggests a promising path-
way for the development of groundbreaking ammonia synth-
esis technologies. This strategy not only improves the selectivity
and activity of the catalysts under ambient conditions but also
aligns with broader sustainability goals by enabling the use of
renewable energy sources.

This journal is © The Royal Society of Chemistry 2024
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The potential of chiral electrocatalysts in the NRR has yet to
be fully realized, inviting further exploration into how spin
dynamics can be optimized to enhance electrocatalytic pro-
cesses. By emphasizing spin polarization and integrating inno-
vative chiral structures within catalyst designs, researchers
open new avenues for advancing electrocatalytic strategies
and achieving more efficient catalysts for ammonia synthesis.
This optimistic outlook highlights the transformative potential
of chiral electrocatalysts in the field, suggesting their crucial
role in meeting global energy and environmental challenges.

4.1.2. Carbon dioxide reduction reaction (CO,RR). The
electrocatalytic carbon dioxide reduction reaction (CO,RR)
stands at the forefront of strategies aimed at combatting
climate change by transforming atmospheric CO, into valuable
carbon-based fuels and chemicals.'®® This process effectively
closes the carbon cycle, offering a green pathway for the
production of a variety of compounds such as carbon mon-
oxide, methane, methanol, and formic acid.®* The CO,RR not
only holds promise for sustainable compound synthesis but
also serves as a potential method for storing energy from
intermittent renewable sources like wind and solar power. By
leveraging the power of electrochemistry, the CO,RR provides
an innovative approach for both environmental protection and
the advancement of green energy technologies.

Despite its promising outlook, the CO,RR is beset by several
challenges that impede its practical application. The inherent
stability of CO, molecules renders the reaction kinetics slug-
gish, necessitating the development of catalysts capable of
efficiently activating CO,."”> These catalysts must not only
minimize the occurrence of the competing HER but also ensure
high selectivity towards the desired reduction products. Achiev-
ing a high degree of selectivity, alongside maintaining catalyst
activity and stability over prolonged operational periods,
remains a formidable challenge. This is further complicated
by the reaction’s complexity, which involves multiple steps of
proton and electron transfer processes, making the optimiza-
tion of catalyst surface properties and reaction conditions
critical for success.

In response to these challenges, a novel strategy leveraging
spin polarization has recently emerged, offering a fresh per-
spective on enhancing CO,RR efficiency. This approach, rooted
in the principles of spin chemistry and quantum mechanics,
involves manipulating the spin states of electrons involved
in the CO, reduction process. Focusing on the conversion
to formic acid, the importance of the singlet radical
pair configuration ([CO>™*1---H*|]") in the CO,RR has been
highlighted over the triplet radical pair configuration
([CO*>7*1---H*1]?)."*"” The application of a magnetic field
has been shown to facilitate the transition of spin states from
triplet to singlet, enhancing the CO,RR process."*® As shown in
Fig. 19, Pan et al. have pioneered the use of Sn electrodes under
the influence of a 0.9 T magnetic field to demonstrate the
magneto current (MC) effect in the CO,RR, where an increase
in reduction current, Faraday efficiency, and formic acid
yield was observed.">® This magnetic field is posited to convert
triplet states into singlet states, thereby boosting formic acid
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Fig. 19 (a) Variation in current as a function of time under a triangular

wave magnetic field at —1.7 V (vs. Ag/AgCl), at various concentrations of
KHCOs electrolyte saturated with CO,. (b) Dependence of formate pro-
duction on the magnetic field at an applied electrode potential of —1.7 V
(vs. Ag/AgCl) in 0.1, 0.2, and 0.3 M KHCOs electrolytes. (c) lllustration of the
proposed generation mechanism for magneto-current driven by electro-
catalytic CO, reduction. Adapted with permission from ref. 159, Copyright
2020, American Chemical Society.

production. This seminal work suggests a novel pathway for
enhancing the efficiency of the CO,RR (Fig. 19c).

Beyond magnetic fields, the CISS effect offers an alternative
for achieving efficient spin polarization, even in diamagnetic
materials like Cu, which is known for converting CO, into
valuable hydrocarbon products with high faradaic
efficiencies.'®”*®* The exploration of chiral CO,RR electrodes,
which combine active catalysts with chiral molecules, could
pave the way for development of electrodes that are highly
selective and active toward the production of multi-carbon
products. This development of hybrid electrodes utilizing the
CISS effect represents a pivotal advancement in the selectivity
and activity of electrocatalysts. By leveraging the intrinsic spin
polarization properties introduced by chiral molecules, these
electrodes promise to enhance the efficiency of CO, utilization
significantly. This approach could potentially transform the
landscape of CO, reduction technology, making it a more viable
and efficient method for synthesizing hydrocarbon fuels and
chemicals. Such advancements underscore the transformative
potential of chiral electrocatalysts in improving the economic
and environmental viability of CO, reduction strategies, paving
the way for more sustainable and efficient green chemistry
technologies.

4.2. Energy conversion: metal-air batteries

Future energy storage requires the development of high-density
and low-cost batteries.'®*'%* Metal-air batteries are some of the
most promising battery chemistries that could satisfy these
requirements.’®® Central to their operation are two critical
electrochemical reactions: the OER and the ORR, which play
pivotal roles during the charge and discharge cycles,
respectively.'®® During the discharge phase, the ORR takes

9052 | Chem. Soc. Rev, 2024, 53, 9029-9058

View Article Online

Chem Soc Rev

place at the cathode, where oxygen from the air is reduced,
reacting with metal ions (such as lithium or sodium) to form
metal peroxides, releasing energy in the process.'®® This reac-
tion is crucial for the battery’s energy generation, as it directly
influences the efficiency and capacity of the battery by deter-
mining how effectively oxygen is incorporated into the electro-
chemical process. Upon charging, the OER occurs, reversing
the discharge process. Here, the metal peroxides formed during
discharge are oxidized, releasing oxygen back into the atmo-
sphere and regenerating the metal ions for the anode."®” The
efficiency of the OER is vital for the rechargeability of metal-air
batteries, impacting the energy required to recharge the battery
and the longevity of the battery’s life cycle.

Metal-air batteries, across various chemistries, encounter
several challenges that impact their efficiency and reversibility
to different extents.'®® A primary issue in all metal-O, batteries
is the occurrence of parasitic reactions at the positive electrode,
significantly affecting the redox system’s reversible operation
and the overall battery performance. These issues are particu-
larly prevalent in alkaline metal-O, systems (involving metals
like lithium and sodium), where a recurring pattern of degra-
dation mechanisms has been identified. These mechanisms
include: (a) nucleophilic attacks by reduced reactive oxygen
species such as MeO,, 0,~, MeO, ", and 0,>7,"**'"° (b) hydro-
gen peroxide formation initiated by protons or water
molecules,””"'”?> and (c) the heightened reactivity of singlet
oxygen molecules produced through the oxidation of peroxides
or the chemical disproportionation of superoxide species in the
presence of weak Lewis acids.'”*"”* The generation and release
of singlet oxygen in these systems have raised significant
concerns, challenging the understanding of the reactions’
thermodynamics and kinetics. Current insights into the reac-
tive mechanisms associated with singlet oxygen, especially for
metals other than lithium, remain incomplete and inade-
quately explained, highlighting a gap in the comprehensive
understanding of these processes.'”®

In Li-O, batteries, combating the detrimental effects of
aggressive singlet oxygen ('0,) is crucial for enhancing perfor-
mance and durability, as detailed in Fig. 20a."”® Two primary
strategies emerge for mitigating 'O,: using traps and quenchers
(Fig. 20b). Traps like 9,10-dimethylanthracene (DMA) engage in
irreversible chemical reactions with 0O, effectively capturing it,
a process often monitored through UV-vis spectroscopy to
assess the reduction of DMA by '0,.”7'7® Alternatively,
quenchers deactivate 'O, through a reversible physical process
known as intersystem crossing (ISC), involving a transient
charge transfer that facilitates the transition of 10, from its
reactive excited state to a more stable triplet oxygen (*0,)
state.”® This transition, highlighted in Fig. 20b, is character-
ized by a radiation less shift between electronic states of
differing multiplicities, thereby diminishing the fluorescence
intensity associated with 'O, decay. Among quenchers, 1,4-
diazabicyclo[2.2.2]octane (DABCO) stands out for its efficacy
and is reported to reduce 'O, byproducts by up to 70%. How-
ever, its narrow electrochemical potential window (2-3.6 V)
limits its broader application in Li-O, batteries."”* To

This journal is © The Royal Society of Chemistry 2024
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Fig. 20 (a) Schematic diagram illustrating the role of singlet oxygen in

metal-air batteries. Adapted with permission from ref. 168, Copyright
2020, American Chemical Society. (b) Schematic detailing the working
principles of the quencher and the O, trap in metal-air batteries, includ-
ing reaction mechanisms of the quencher (represented by DABCO and
DABCOnium) and the trap (represented by DMA). Adapted with permission
from ref. 176, Copyright 2021, John Wiley and Sons.

circumvent this, derivatives known as ‘“DABCOniums” have
been developed to extend the usable potential window up to
4.2 V versus Li'/Li, although their quenching capability falls
short compared to DABCO."®° This necessitates the exploration
of quenchers combining an expansive potential window
with robust quenching efficacy. Strategies under consideration
include the incorporation of amines, sulfides,'®' organometal-
lic compounds,'® or antioxidant materials."®® Yet, enhancing
quenching speed often compromises anodic stability, indicat-
ing a need for innovative solutions to balance these properties
and effectively suppress singlet oxygen within Li-O,
batteries."®*

The application of magnetic fields as a means to energeti-
cally influence processes across physical spaces has garnered
increased interest, particularly for its potential to enhance
metal-air battery performance. This enhancement comes
through the promotion of mass transfer, acceleration of charge
transfer, and improvement of electrocatalytic capabilities, all
achieved via the spin selectivity effect."®> Recent studies have
shown that the application of an external magnetic field can
markedly affect the spin selectivity observed in catalytic reac-
tions. This includes the ability to interconvert two distinct spin
states and facilitate the spin flip of reaction intermediates. The
nature of the catalytic reaction’s end-products is closely tied to
these spin states, which can be dynamically altered in the

This journal is © The Royal Society of Chemistry 2024
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presence of a magnetic field. Moreover, the spin states of
intermediates, when in proximity to the electrocatalyst surface,
can be modified by the applied magnetic field, leading to a
preferential reaction pathway and thereby enhancing the
chemical efficiency of the process.'®® This relationship between
catalytic activity, microstructure, and the spin effects intro-
duced by electrochemistry underscores the profound impact
of magnetic fields. By inducing spin selectivity, magnetic fields
effectively navigate the reaction towards the most efficient
pathway, either by restricting or permitting specific spin states,
as illustrated in Fig. 21a.

Recent advancements underscore the significant impact of
spin polarization on enhancing the efficiency of the OER, as
detailed in a study published by Ren et al.'*® This research
highlights how electron spin polarization can markedly
improve the catalytic activity associated with the OER
(Fig. 21b). Specifically, oxygen produced during the OER pos-
sesses a paramagnetic triplet state, characterized by two
unpaired electrons with parallel spins occupying the  orbital,
in contrast to the diamagnetic singlet state of the reactants
(OH /H,0), where electrons are paired.'®' By facilitating the
alignment of electron spins in parallel, the efficiency of the OER
can be significantly enhanced. Furthermore, the use of mag-
netic catalysts, which feature spin-polarized electrons, contri-
butes to an improvement in OER dynamics (Fig. 21c and d).'*?
This enhancement is attributed to the quantum spin exchange
mechanisms, offering a nuanced approach for optimizing the
reaction pathway and efficiency.
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Fig. 21 (a) lllustrations showing the effects of magnetic fields on the final
product and the electrocatalytic reaction pathways. Adapted with permis-
sion from ref. 185, Copyright 2023, John Wiley and Sons. (b) Cyclic
voltammetry (CV) curves of CoFe,O4 in O,-saturated 1 M KOH at a scan
rate of 10 mV s7%, performed with and without an applied constant
magnetic field. (c) Schematic of the spin-exchange mechanism in the
oxygen evolution reaction (OER). This mechanism illustrates how the first
electron transfer step is facilitated by spin polarization via ferromagnetic
exchange (QSEI), leading to reduced electronic repulsion and a fixed spin
direction for the adsorbed oxygen species. (d) Diagram detailing the spin-
polarization mechanisms in the OER, focusing on the reaction step from
O* + OH™ to *OOH + e™. Adapted with permission from ref. 113, Copyright
2021, Springer Nature.
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In the realm of advancing battery technology, particularly for
metal-air batteries, a series of studies have illuminated a path
beyond the traditional use of magnetic fields for influencing
reaction dynamics. The CISS effect emerges as a groundbreak-
ing alternative, offering a nuanced approach for achieving
efficient spin polarization. This innovative mechanism holds
the potential to significantly mitigate the challenges posed by
singlet oxygen, a notorious factor in the degradation and
reduced efficiency of metal-air batteries. By leveraging the CISS
effect, researchers envision a strategy that not only suppresses
the detrimental impacts of singlet oxygen but also enhances the
overall electrochemical performance of these batteries. This
approach capitalizes on the intrinsic properties of chiral mole-
cules to induce spin polarization, thereby steering electrocata-
lytic reactions towards greater efficiency and stability. The
potential of the CISS effect in this context marks a promising
frontier in the development of advanced battery systems, aim-
ing to optimize energy storage solutions while addressing
critical sustainability challenges.

5. Conclusions

The exploration of chirality and the CISS effect in electrocata-
lysis opens new horizons for enhancing the performance of
critical electrochemical reactions fundamental to energy con-
version and storage.'®” Our review has systematically presented
the CISS effect as a novel paradigm, capable of overcoming the
inherent limitations of traditional electrocatalysis through the
selective polarization of electron spins. By detailing the
mechanisms through which the CISS effect can be induced
and measured and by showcasing its application in key electro-
catalytic processes such as the OER, ORR, and HER, this work
lays the groundwork for future innovations in chiral electro-
catalysis. Moreover, the potential of the CISS effect to revolu-
tionize NRR and CO,RR processes, alongside its capability to
enhance the efficiency and lifespan of metal-air batteries,
marks a significant stride towards the development of more
sustainable and efficient energy systems. As we look to the
future, it is clear that the integration of the CISS effect into
electrocatalytic designs not only offers a pathway to surmount
existing challenges but also aligns with the broader scientific
endeavor to harness renewable energy sources more effectively.
The journey of incorporating chirality into electrocatalysis is
just beginning, promising a future where energy technologies
are both highly efficient and environmentally benign.
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