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Organic electrodes may someday replace transition metals oxides, the current standard in electro-
chemical energy storage, including those with severe issues of availability, cost, and recyclability. To
realize this more sustainable future, a thorough understanding of structure—property relationships and
design rules for organic electrodes must be developed. Further, it is imperative that supramolecular inter-
actions between organic species, which are often overlooked, be included in organic electrode design. In
this review, we showcase how molecular and polymeric electrodes that host non-covalent interactions
outperform materials without these features. Using select examples from the literature, we emphasize
how dispersion forces, hydrogen-bonding, and radical pairing can be leveraged to improve the stability,
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capacity, and energy density of organic electrodes. Throughout this review, we identify potential next-
generation designs and opportunities for continued investigation. We hope that this review will serve as a
catalyst for collaboration between synthetic chemists and the energy storage community, which we view
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The coming decades will be defined by a proliferating need for
energy storage technologies. Next-generation electrochemical
energy storage solutions will address intermittent renewable
energy production, empower the deployment of smart grid
technologies, improve electric vehicle performance, and
enable more complex portable electronics." New materials
and device architectures will be needed to realize this future of
energy storage.” Lithium-ion batteries are the most prominent
energy storage technology of the 21% century thus far, being
ubiquitous in everyday life. In the simplest sense, lithium-ion
battery technologies undergo charging and discharging by
shuttling electrons, through an external circuit, and a balan-
cing lithium ion, across an ionically conductive electrolyte and
separator membrane, between an anode and cathode (Fig. 1).
Commercial lithium-ion batteries currently rely on LiCoO, or
LiNiy ¢Mn, »,C0,.,0, cathodes>® These materials have theore-
tical capacities of 274 mA h g”* and 276.5 mA h g~* with oper-
ating voltages of 4.2 V and 4.3 V, respectively. However, demon-
strated capacities are often lower; specifically, LiCoO, has an
operating capacity of ~140 mA h g™, resulting in a practical
energy density of about 600 W h kg™'. The structural stability
imparted by partial substitution of Mn and Ni for Co results in
even higher energy densities of about 800 W h kg™' for
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as a prerequisite to achieving high-performing supramolecular electrode materials.

LiNig ¢Mn,,C0,.,0,.°° These impressive energy densities are
accompanied by high cycling stabilities, with these electrodes
typically losing less than 25% of their capacity over 1000
cycles. Extracting the cobalt and nickel minerals used for con-
temporary electrodes causes substantial environmental
damage. For instance, mining operations in the Democratic
Republic of Congo have led to widespread deforestation, water
contamination, and air pollution, negatively affecting the
environment and the health of the communities living in
them.""* Moreover, the political dynamics of areas surround-
ing cobalt mines often lead to humanitarian conflict in popu-
lations near deposits of these metals." These unfortunate con-
sequences dramatically offset the benefits of green energy
solutions that rely on electrochemical energy storage. This per-
vasive drawback of existing energy storage solutions also
compels continued investigation into alternative energy
storage material designs.'*

Organic electrodes have the potential to circumvent the avail-
ability and humanitarian issues of commercial battery electro-
des.'® However, for these electrodes to be commercially viable
they must meet several performance metrics, which differ based
on the precise target application.”'® For example, gravimetric
energy density is paramount for portable energy storage, with a
target energy density of 350 W h kg™ for passenger electric
vehicles."” In contrast, volumetric energy density is a more
appropriate consideration for stationary grid-level energy
storage. In both applications cycle life, safety, and thermal stabi-
lity are critical.® In addition to these performance metrics, it is

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic of battery charging/discharging processes and common performance metrics to evaluate new electrode active materials. Data is

for LiCoO,, which was adapted with permissions from ref. 5. Copyright ©

Megan M. Butala, Kausturi Parui, Ani N. Davis,
Austin M. Evans

Austin M. Evans and Megan M. Butala are assistant professors at
the University of Florida (UF). Prior to joining the faculty at UF,
Austin obtained his PhD at Northwestern University and did post-
doctoral research at Columbia University where he studied elec-
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tronic processes in macromolecules. Before starting her independent
career, Megan received her PhD from the University of California,
Santa Barbara and performed postdoctoral work at the National
Institute of Standards and Technology where she studied inorganic
electrodes. Now, Austin and Megan are combining their interests in
energy Sstorage to co-develop organic electrode materials.
Specifically, PhD students, Ani Davis and Kausturi Parui, in their
laboratories are working together to engineer organic cathode
materials that take advantage of supramolecular interactions. To
achieve these aims, Ani leverages the synthetic training she received
from her time studying polymer chemistry with Gretchen Peters at
James Madison University, where she received her BS in Chemistry.
These synthetic skills are complemented by Kausturi’s experiences
in analytical electrochemistry and battery manufacturing, developed
while earning her BSc Hons. at Calcutta University and MS at UF.
Collectively, this team combines their experiences in organic
materials chemistry and battery engineering to address outstanding
limitations in energy storage devices.
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also critical for battery electrodes to be easily manufactured, at
large-scale, for low cost. While it may not be necessary for
organic electrodes to surpass their inorganic counterparts on all
of these metrics concurrently, we expect that organic cathodes
will have to be competitive across these metrics to be commer-
cially viable. Contemporary organic electrode materials fail to
suitably address a requisite number of these metrics to be econ-
omically competitive. Supramolecular design offers a route to
engineer organic electrodes that address this bottleneck.

Organic electrodes are conventionally divided into the
broad classes of molecular and polymeric electrodes.
Molecular electrodes typically have higher energy densities and
are more redox-stable than polymeric electrodes because they
are discrete molecular entities with low amounts of redox inac-
tive mass.'® For example, cyclohexanehexanone has an ultra-
high capacity of 902 mA h g~" and an energy density of 1533 W
h kg™ (Fig. 2) However, as is a problem with many small-mole-
cule electrodes, the low molar mass of cyclohexanehaxanone
makes it prone to dissolution during cycling, which leads to a
loss of electrode active material and poor cycling stability.'®?" In
contrast, polymeric electrodes generally have lower solubilities
due to their higher molecular masses, which translates to excel-
lent cycling stability. For example, a naphthalene diimide-thio-
phene co-polymer was found to maintain over 96% capacity
after 3000 cycles at a fast-cycling rate (10C), which rivals the
stability of commercial cathode materials (Fig. 2)."° However,
polymeric electrodes typically have higher amounts of redox
inactive mass which decreases their gravimetric energy density.*
Despite the naphthalene diimide-thiophene co-polymer above
being quite stable, its gravimetric capacity and energy density
are low (542 mA h g and 86.2 W h kg™, respectively)
(Fig. 2)."° Moreover, polymers’ electronic heterogeneity (i.e.,
amorphous nature and chain ends) makes them susceptible to
redox degradation.*?' For both small-molecule and polymer
electrodes, it will also be important to consider device-level
parameters associated with cost, active material loading, and
processability. While molecular engineering has the potential to
address these challenges, existing design paradigms have failed
to realize commercially-viable organic electrodes.

Contemporary organic electrode designs have focused on
manipulating the covalent (macro-)molecular structure but
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have neglected to consider how supramolecular design
elements might also impact performance.”> Manipulating
these ubiquitous non-covalent interactions is a promising
approach to realizing high-performing organic electrodes. As
one demonstration of the importance of non-covalent inter-
actions, graphite - the most common anode material in
lithium-ion batteries - is held together by van der Waals inter-
actions that lead to electric and ionic conductivity.>"?
Compared to covalent bonds, non-covalent interactions have
small bond energies. In this report, we explore a variety of non-
covalent interactions, including electrostatic interactions (1 to
20 keal mol™),*® hydrogen bonding (1 to 8 kcal mol™),”’
radical-radical pairing (4 to 7 kcal mol™),*® n-n stacking (0 to
10 keal mol™),* and dispersion forces (0 to 3 kcal mol™*).”
While these interactions have bond energies that are signifi-
cantly lower than covalent bonds, the cumulative nature of
supramolecular forces generates an outsized impact on per-
formance in all organic electrochemical energy storage devices.

Beyond controlling the solubility of species, non-covalent
interactions also impact the electrical conductivity, ionic con-
duction pathways, manufacturability, and stability of these
systems.*® However, the versatility of these supramolecular
interactions as a design feature has not yet been widely lever-
aged by the organic electrode community.

In this review, we summarize how different types of non-
covalent interactions, whether coincidentally present or inten-
tionally installed, influence electrode performance. We also
expect that supramolecular interactions can give new function-
ality to organic electrodes, such as self-healing or switchability,
that may be valuable in emerging energy storage appli-
cations.®! For the sake of clarity, we focus our discussion on
lithium-ion batteries. However, similar design principles could
be extended to organic electrodes for other metal-ion (e.g. Na-
ion or Mg-ion) batteries, which we consider an exciting frontier
in organic energy storage materials. We also constrain our dis-
cussion entirely to electrochemical energy storage applications,
but the design considerations we outline here could be useful
in other electrochemical devices such as sensors, neuro-
morphic computers, electrochemical transistors, or electroca-
talysts.>> We structure our discussion based on the different
types of supramolecular interactions that are most prominent

Polymer Electrode
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Fig. 2 Comparison of molecular and polymeric electrodes and their desirable features, which can be mutually accessed using supramolecular

designs. Data for representative molecular, polymeric, and supramolecular
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electrodes were selected from ref. 18, 19 and 20, respectively.
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in organic materials and discuss the advantages and disadvan-
tages of each. While we divide these interactions for the sake
of clarity, it should be understood that supramolecular inter-
actions operate concurrently, and it can be challenging to holi-
stically assign performance to a single non-covalent inter-
action. Throughout our discussion, we focus on the potential
for future supramolecular synthetic designs to yield high-per-
formance organic electrodes.

Dispersion forces, n—n bonding, and
van der Waals interactions

Dispersion forces are attractive interactions that arise due to
temporary fluctuations in electron distributions (Fig. 3).>> While
these interactions are weak individually, they can have a pro-
found impact on cumulative material behavior. When these
electrons are located within aromatic systems, these interactions
are sometimes referred to as m-interactions (Fig. 3). Because
most redox-active organic systems include aromatic cores, these
dispersion forces feature prevalently in organic electrodes even
if they are not intentionally designed to host these interactions.
For example, Carter, Ji, and coworkers showed how a simple
polycyclic aromatic hydrocarbon, coronene, which is stabilized
by n-n interactions, functions as an organic cathode, with a
92% capacity retention after 960 cycles (0.5C).>* The authors
claim that the molecular coronene structure is more flexible
than a chemically similar graphite electrode, which leads to a
500 mV lower operating potential (4 V vs. Li'/Li) without ionic
liquids or electrolyte additives. In addition to driving insolubi-
lity and generating ion percolation pathways, these dispersion

View Article Online
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forces can also improve the electrical conductivity and the resul-
tant redox accessibility in organic electrodes. Despite these
desirable features, the coronene-based electrodes hosted a low
capacity of 40 mA h g™ (45% of theoretical capacity), which
suggests that not all of the coronenes are redox-accessible under
the investigated cycling conditions. Presumably, this limitation
could be improved by increasing the redox activity of future
polycyclic aromatic hydrocarbons.

The most immediate benefit of dispersion forces is the
decreased dissolution or decomposition of the active species
in the electrolyte. However, adding redox inactive mass to opti-
mize these supramolecular interactions will necessarily reduce
the gravimetric capacity of organic electrodes. Bieker, Esser,
and coworkers addressed this challenge by synthesizing poly
(3-vinyl-N-methylphenothiazine) electrodes that were stabilized
by n—= interactions between redox-active units (Fig. 4).>® This is
advantageous because it increased the cycling stability of the
resultant electrodes (93% capacity retention after 10 000 cycles
at a 10C scan rate (Fig. 4)) while maintaining a moderate
capacity of 56 mA h g™ at a 1C rate. In addition to stabilizing
the redox-active electrodes, the strong n—n interactions (and
radical-radical pairing, vide infra) produce a hole-transport
pathway that facilitates rapid charge-transport between redox-
active sites, which led to the high-rate capability of these elec-
trodes (Fig. 4). This report demonstrates that moderate
strength n-r interactions can lead to improved stability and
electrochemical performance.

Building off of this study, Esser, Kolek and coworkers
explored how suppressing n-m interactions with sterically
demanding  side-chains  guides  poly(3-vinyl-N-methyl-
phenothiazine) electrode performance.’® After confirming a
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Fig. 4 Cycling performance of poly(3-vinyl-N-methylphenothiazine) at a 10C rate. Structure depicted visualizes the n—=n interactions between the
monomer units during different stages of charge/discharge. Adapted with permissions from ref. 35. Copyright © 2017 Royal Society of Chemistry.

significant decrease in n-n interactions between redox-active
methylphenothiazine by spectroscopic methods, the authors
found that these electrodes showed reduced performance
when compared to the poly(3-vinyl-N-methylphenothiazine)
material previously studied.*> The newly formed materials
with more limited n-n interactions were found to have a
capacity of 51 mA h g™ (65% of theoretical capacity) and only
retained 19% capacity after 50 cycles at a 1C rate. This reduced
capacity is partially due to the increase in redox-inactive mass.
However, the lower accessible capacity suggests that suppres-
sing supramolecular interactions also decreases electrode
performance.

Rylene diimides are well-studied organic
materials, both as small molecules and as polymeric materials.
Within this class, perylene diimides (PDIs) and naphthalene
diimides (NDIs) are known to host significant supramolecular
interactions. For example, Chen and coworkers explored a
1,4,5,8-naphthalenediimide cathode under a variety of electro-
lyte conditions with the goal of optimizing electrode perform-
ance.”” Ultimately, these authors report that a LiTFSI- or
LiClO4-based electrolyte in dioxolane : dimethoxyethane (vol
1:1) facilitated a near theoretical electrode capacity of 200 mA
h g7' with 96% capacity retention after 400 cycles at a 1C
cycling rate. The authors attribute this to this electrolyte con-
dition not disturbing the supramolecular n-n stacking inter-
actions and H-bonding interactions that stabilize these electro-
des. However, the authors identified that the terminal N-H
bond of the imide was susceptible to electrochemical degra-
dation over long periods of time in carbonate-based electro-
lyte. This paper highlights the important impact that electro-
lyte conditions play on modulating supramolecular inter-

electrode

actions. As these non-covalent designs are explored in more
detail, we expect resolving the impacts of electrolyte-electrode
and electrode-electrode interactions will be
important.*®

To address the stability concerns of small molecule rylene

diimides, several groups have prepared diimide oligomers and

extremely

10146 | Nanoscale, 2024, 16, 10142-10154

polymers. For example, Yang, Nuckolls, and coworkers recently
reported PDI nanoribbons, hPDI[z], where 7 is the number of
PDIs annulatively fused in series (Fig. 5a).*° In addition to
being more electrochemically stable, these hPDI[n] oligomers
were found to be more electrically and ionically conductive
than the parent PDI. The authors ascribe both advantageous
features to the n-rn interactions (and H-bonding) between the
non-planar PDI oligomers (Fig. 5c). The unique geometry and
non-covalent interactions between the longest PDI nano-
ribbon, hPDI[6], led to an exceptionally high power density
(28 kW kg™), with long-term cycling stability (>75% capacity
retention over 3000 cycles), at high mass loadings (5 mg cm™>),
which allowed the authors to power a commercial LED fan
using these energy storage materials in a pouch cell configur-
ation (Fig. 5b). These results demonstrate that more complex
molecular designs that facilitate intensive supramolecular
interactions may improve organic electrode performance.
Chemical design and processing are not typically explored
synergistically for organic electrodes. However, the integration
of active material with conductive additives and binders
during electrode preparation can greatly influence perform-
ance. Liu, Su, and coworkers explored the influence of the
non-covalent interactions between composite electrode com-
ponents on measured performance by comparing PDI poly-
mers that were mechanically mixed with carbon black (conduc-
tive additive) against PDI polymers produced in the presence
of carbon black (Fig. 6).* In all cases, the electrodes produced
by polymerizing perylene diimides in the presence of carbon
black led to higher performance than physically mixing the
two species. The authors attribute this enhancement to higher
density n-n interactions between the conductive carbon black
and the redox-active PDI polymer. This enabled these compo-
site electrodes to achieve a reversible capacity of 100 mA h g™*
with a high current density of 50C, which was 1.3x higher than
the capacity achieved by post-polymerization blending of the
conductive additive and active material. Future explorations in
supramolecular electrode design would benefit from a more

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (A). Helical PDI nanoribbons (hPDI[n]). (B). Cycling performance
of hPDI[n]-based electrodes at 7.7C over 10 000 cycles. (C). Graphical
depiction of contorted PDI nanoribbon with high ionic and electronic
conductivities. Adapted with permissions from ref. 39. Copyright © 2022
American Chemical Society.

thorough understanding of how non-covalent interactions
between electrode active materials and electrode additives
impact energy storage performance.

New material designs have recently emerged that have
enhanced supramolecular interactions.*>** For instance, by
polymerizing multitopic planar monomers, permanently
porous two-dimensional polymer sheets can be generated that
then stack to yield a three-dimensional material.***> Wang,
Lee, Zhang and coworkers exploited this approach to produce
a truxenone-containing f-ketoenamine-linked 2D polymer
(Fig. 7).*' The crystalline material generated through this
approach leads to a Brunauer-Emmett-Teller surface area of

This journal is © The Royal Society of Chemistry 2024
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150 m> g~ ', which led to the moderate rate performance of
these batteries. Moreover, the non-covalent n-n interactions
facilitated high redox-accessibility of the 2D polymer, with an
experimental capacity of 268 mA h g~', which was retained
over 100 cycles at a 0.1C cycling rate (Fig. 7). While this report
demonstrates that moderate performance can be achieved
using these new polymer architectures, the inherent insolubi-
lity of these species may complicate their processing and man-
ufacturing in real devices.’®*” Nonetheless, the crystalline
structure, permanent porosity, and strong supramolecular
interactions in these systems make them an exciting test bed
to explore fundamental concepts in organic electrode
design.*®*°

Hydrogen bonding

Hydrogen bonding (H-bonding) attractions are driven by the
intermolecular interaction between a hydrogen atom and
other electronegative units, which are most commonly nitro-
gen, oxygen, or fluorine (Fig. 3). These interactions are stron-
ger than van der Waals forces, but weaker than covalent
bonds.>® However, similar to dispersion interactions, when
these interactions act in a cumulative way across many hydro-
gen bond acceptors and donors, they can surpass the strength
of covalent bonding.

H-bonding can greatly reduce the solubility of electrode
active materials in electrolyte. Vlad, Poizot, and coworkers
exploited this in  benzoquinone-based electrodes.”
Specifically, these researchers compared the performance of a
2,5-diamino-1,4-benzoquinone which is reinforced by intra-
and intermolecular hydrogen bonds and an unfunctionalized
1,4-benzoquinone that does not benefit from such interactions
(Fig. 8b and d). They found that H-bonding yielded low solubi-
lity, higher thermal stability, and high redox cycling stability
(>99%). In contrast, in the absence of H-bonding interactions
the electrode quickly dissolved upon cycling and exhibited
much lower stabilities (<150 °C Tos as evaluated by thermo-
gravimetric analysis) (Fig. 8c). Because the added mass of the
H-bonding functionality is low, the functionalized benzo-
quinone derivatives still maintained a notable capacity of
>350 mA h g™* (Fig. 8a). This work demonstrates that coopera-
tive H-bonds can lead to improved electrochemical perform-
ance by stabilizing organic electrodes. We expect that more
complex H-bonding environments in other electrode designs
could achieve similar aims.

When H-bond interactions act in concert, they can be used
to engineer the crystalline structure of redox-active units. For
example, Wuest and coworkers demonstrated how various
redox-active benzene tetramine isomers crystalize.”> They
found that they could direct the resultant crystalline structure
of these salts by engineering the H-bonding environment.
Later, Wuest and coworkers showed how more complex benzo-
quinone-hydroquinone cocrystals could be generated by syner-
gistic hydrogen bonds between these redox-active units.>® By
exploring several quinonoid compounds, the authors show

Nanoscale, 2024, 16, 10142-10154 | 10147
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Fig. 7 Electrochemical cycling of a truxenone-based 2D polymer at 0.1C rate. Structure depicted showcases the n—x interactions between the
different layers of the 2D polymer. Adapted with permissions from ref. 41. Copyright © 2020 Wiley Online Library.

how the charge-transfer behavior of these materials was
related to their H-bonding. These efforts demonstrate how
careful tuning of hydrogen bond interactions can be used to
control multi-length scale structure and prevent dissolution of
organic electrodes. Presumably, crystalline engineering by
supramolecular interactions will yield more precise fundamen-
tal understanding and potentially more direct routes to elec-
trode performance improvement than what is possible in
amorphous systems.

Synergistic H-bonding between multivalent H-bond accep-
tors and donors on an aza-phenazine derivative were explored
by Zhang and coworkers and found to have improved lithium-
ion battery performance over species that were not reinforced
by H-bonding.>* Specifically, they found that the close-packed
2D structure of an aza-phenazine containing four hydrogen
bond donors and acceptors had a discharge capacity of
145 mA h g at 2C with an 82% capacity retention over 1000
cycles. The authors attribute the enhanced performance to the
stabilization that is facilitated by H-bonding, which was vali-

10148 | Nanoscale, 2024, 16, 10142-10154

dated by 2D and variable-temperature nuclear magnetic reso-
nance spectroscopy with van’t Hoff analysis. Continued investi-
gation into the fundamental nature of supramolecular inter-
actions during electrode operation will be critical to the con-
tinued development of these synthetic designs.

Simplified device processing can also emerge when supra-
molecular interactions are included in organic cathode design.
Organic electrodes are typically resistive and require carbon
additives to increase electronic accessibility of the redox-active
centers. To ensure a homogenous mixture between the active
material and the conductive additive, binders are also added.
These additions to the electrode material reduce the energy
density of the composite electrode. Supramolecular inter-
actions can increase conductivity of organic electrodes,
enabling the casting of a neat electrode, or an electrode
without any additives.

Dinca and coworkers recently synthesized bis-tetraamino-
benzoquinones (TAQ), a fused aromatic molecule that forms
an insoluble layered organic cathode material upon casting

This journal is © The Royal Society of Chemistry 2024
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from an ethanol slurry.”® Strong non-covalent interactions
make TAQ insoluble in common battery electrolytes and highly
conductive, which enabled these authors to explore how TAQ
performed as a near-standalone electrode. It was identified
that extended conjugation and hydrogen bonding promoted
long-term cycling stabilities and high capacities, with TAQ
retaining 88% of its initial 256 mA h g™ capacity after 1000
cycles at 5C. The same authors explored the performance of
TAQ-based materials as a pseudocapacitor electrodes with
moderate specific capacities (>200 mA h g™') and rapid dis-
charging times (<100 s). This material also achieved >90%
capacity retention over 60000 cycles.”> These investigations
highlight how supramolecular interactions can be used to
achieve high-performance electrodes when supramolecular
design and device processing are synergized.

H-bonding can also lead to tighter intermolecular packing,
that positively impacts the electronic characteristics of redox-
active materials. Yang, Loh, and coworkers synthesized a qui-
noxaline-based cathode that had a high capacity of 372 mA h
g~ at a 1C cycle rate with a capacity retention of >70% over
10000 cycles at a 20C cycling rate (Fig. 9a).>® The large
number of supramolecular interactions (including n-r inter-
actions and H-bonding) helped to stabilize these materials
during electrochemical cycling. Moreover, the large number of
directional supramolecular interactions allowed for single-
crystal X-ray structures to be collected for these materials,
which demonstrated that the intermolecular spacing between
redox-centers is small (3.3 A). Ex situ '°N solid-state nuclear

This journal is © The Royal Society of Chemistry 2024
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Adapted with permissions from ref. 56. Copyright © 2017 Springer
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magnetic resonance spectroscopy and density functional calcu-
lations of a different quinoxaline derivative demonstrates that
multiple nitrogen atoms participate in the redox-cycling upon
lithiation/delithiation (Fig. 9b). Presumably, interactions
between multiple quinoxaline sites in close proximity facilitate
the ease of this electrochemical transformation. Future supra-
molecular designs will leverage this structural control to
enhance the electronic performance of organic electrode
systems.

A nascent feature of supramolecular interactions is that
they can be reversibly broken and reformed under ambient
conditions. This can lead to highly elastic and self-healable
materials that are reinforced by non-covalent interactions.
While this has not yet been widely explored for organic electro-
des, H-bonded electrolytes have been shown to combine the
desirable ionic conductivities and mechanical properties
needed for electrochemical energy storage. For example, a mul-
tidentate H-bonding motif, ureidopyrimidinone, was
appended to a poly(ethylene glycol) and explored by Zhou,
Xue, and coworkers as a supramolecular cross-link in lithium-
ion battery electrolytes (Fig. 10a).>” These authors found that
the electrolyte could be damaged and self-healed with near
pristine performance (<3% loss in capacity, Fig. 10b).
Presumably, similar designs could be realized in electrode
materials, though electronic conductivity would also be
required, which would open the door to flexible or deformable
organic electrodes that are useful in bioelectronic devices.

View Article Online
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Radical—-radical pairing

It has recently become apparent that radical-pairing inter-
actions between conjugated organic n-radicals are an impor-
tant addition to the supramolecular chemistry library.*>’ In
radical-radical pairing interactions a non-covalent bond is
generated by unpaired electrons in two singly occupied mole-
cular orbitals that dimerize to give a diamagnetic radical
dimer (Fig. 3).>*> While this phenomenon was identified fifty
years ago, it has only recently come into focus as a tailorable
supramolecular motif.® In the context of organic electrodes,
radical-pairing interactions are particularly appealing because
in the process of reduction or oxidation, organic radicals are
generated. Moreover, in high energy density electrodes these
unpaired electrons will likely be proximal to one another. For
this reason, we find the continued exploration of radical-
radical pairing to be a promising design motif to generate
high-performing organic electrodes.

Radical dense materials are known to have moderate
electrochemical energy storage performance.>® For instance,
Lutkenhaus and coworkers found that by mixing a polyacid
with a polyaniline, they were able to access a fully oxidized per-
nigraniline salt form of polyaniline (Fig. 11).°° Previously, poly-
aniline-based electrodes were overlooked because of the large
capacity drop associated with irreversible degradation during
cycling. However, with the addition of a polyacid, the electrode
capacity was maintained >200 mA h g~' over 800 cycles at a
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(A). Optical images showing the self-healing process of the ureidopurimidinone-based electrolyte. (Left) The sample was cut into two

pieces and (Right) after 30 minutes at 60 °C self-healing was observed. (B). Cycling stability comparing a cell containing pristine electrolyte, and
electrolyte that has been cut, and then self-healed. Adapted with permissions from ref. 57. Copyright © 2018 Royal Society of Chemistry.
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50C cycling rate (Fig. 11). Evaluating whether radical dense
electrodes maintain their high cycling stability under slower
cycling rates, where degradation is more apparent would be a
useful next step in radical-dense electrode design. We expect
that in addition to stabilizing H-bonding and electrostatic
interactions, radical-radical pairing likely also contributes to
the desirable energy storage performance metrics observed in
this study.

Another prominent motif that exhibits radical-radical
pairing is tetrathiafulvalene (TTF). Becher and coworkers
studied a tethered TTF to explore radical dimerization, which
they characterized by optical absorption spectroscopy.®® These
systematic characterizations of radical-pairing strengths and
the features that influence these interaction strengths will be
critical as these interactions are utilized in supramolecular
electrodes. Chen, Tong, and coworkers leveraged a carboxylate-
functionalized TTF as organic cathodes.®> They found that
both di- and tetra-carboxylate TTF were stable over 120 cycles
with specific capacities of 250 mA h g~ and 150 mA h g™*,
respectively. This was partially attributed to the extremely low
solubility of these TTF electrodes in the electrolyte. We expect
that this is partially driven by the dense radical-radical pairing
interactions that emerge upon electrochemical cycling.
Moreover, we expect that the high-rate performance of this
material is partially facilitated by the high electrical conduc-
tivity that is also achieved by radical-dimerization between TTF
materials. In the future, it will be useful to explore how radical
dimerization influences the material properties (e.g. solubility,
conductivity) of organic electrode systems. To achieve this aim,
it will be useful to develop in operando analytical techniques to
evaluate non-covalent interactions during battery cycling.

Electrostatic interactions

Charged species can interact attractively or repulsively through
ionic electrostatic interactions (Fig. 3). The fact that charged

This journal is © The Royal Society of Chemistry 2024

species are ubiquitously generated during electrochemical
cycling of organic electrodes leads us to conclude that under-
standing and controlling these interactions will be paramount
for consideration of supramolecular organic electrode design.
However, to-date, these interactions have not yet been holisti-
cally considered in the context of organic electrode cycling.
Additionally, the ubiquity of these interactions makes it chal-
lenging to meaningfully engineer them for improved electrode
performance. For this reason, we omit a more thorough dis-
cussion of these interactions here. Going forward, we expect
that even straightforward studies on the impact of electrostatic
interactions on conductivity, redox-activity, and solubility of
typical organic electrode motifs would be valuable for future
supramolecular electrode designs.

Conclusions

Despite their promise, the realization of organic electrodes
remains constrained by the materials properties that can be
accessed by contemporary synthetic design. Ubiquitous non-
covalent interactions remain a powerful yet underexplored
design consideration for organic energy storage materials. It is
still unknown whether there is an advantage to enhancing one
supramolecular interaction over another in organic electrode
design. It is also unclear how the cumulative nature of non-
covalent interactions can be leveraged to enhance particular
performance metrics, such as energy density, power density, or
cycling stability. Presumably, strong supramolecular inter-
actions can decrease the solubility of electrode active materials
and enhance electronic communication between redox
centers, both of which might enhance the capacity and cycling
stability of organic electrodes. However, if supramolecular
interactions are too strong it might restrain ion mobility
within these materials, which could lead to a reduction in elec-
trode power density. This example highlights how incorporat-
ing many weak supramolecular interactions may allow che-
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mists to decouple the trade-offs that might be inherent to
purely covalent design. Going forward, it will be critical to
identify how individual non-covalent interactions collectively
influence electrode performance. We encourage researchers in
this field to explore and value the fundamental molecular
structure-property design rules for electrode performance
without the constraint of optimizing a particular performance
metric (e.g., gravimetric capacity).

Supramolecular interactions are attractive because mole-
cular-scale engineering can be used to control structure and
properties across nano-, micro-, and macro-scales. However,
realizing this future of organic electrode design will require an
intimate understanding of how a variety of supramolecular
interactions between multiple electrode components (active
materials, conductive additives, binders, etc.) together to
define performance.

To better understand how supramolecular design can be
leveraged in organic electrodes it is imperative that investi-
gations of non-covalent interactions are performed in device-
like conditions, e.g., in electrolytes. Once static non-covalent
interactions are understood in typical battery configurations, it
will also be necessary to characterize how these interactions
evolve during battery cycling via ex situ, in situ, and operando
methods. Currently, comparing disparate organic electrodes is
challenging because there are many experimental parameters
during battery testing, such as electrode preparation, electro-
lyte conditions, electrochemical potential range, and cycling
rate that vary between studies. This variability makes compari-
son of active material properties difficult. Future organic elec-
trode designs will benefit from a more systematic consider-
ation of these parameters. We anticipate that computational
insight, high-throughput experimentation, and data science
approaches will expedite the exploration of this nearly infinite
design space.

In spite of the apparent simplicity of supramolecular
materials design, significant complexity arises because the out-
comes of these designs are intimately tied to their processing
history and environment. While the dynamic nature of organic
electrode design and testing may appear daunting, it is also
possible that the reversibility of non-covalent interactions can
yield responsive or self-healing electrodes that are straight-
forward to manufacture and recycle. This could be particularly
important for emerging energy storage needs, such as grid-
level stationary storage or flexible bio-interfaced batteries,
which have different performance requirements than portable
lithium-ion batteries for mobile applications. We see the
design of supramolecular electrodes for these emerging energy
storage applications as a fruitful area of exploration with large
potential for real world impact.

Current supramolecular structure-property relationships
cannot yet be used to predict the electronic, mechanical, or
thermal properties relevant for organic electrodes. For this
reason, more focused efforts into connecting supramolecular
chemistry to materials properties and device performance
should be an immediate research goal. This aim will be com-
plemented by developing electrolytes and additives (conductive

10152 | Nanoscale, 2024, 16, 10142-10154
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additives and binders) for organic electrodes rather than
relying on designs that were empirically optimized for in-
organic electrodes. Realizing the promise of supramolecular
electrodes will require interdisciplinary engagement between
chemists, materials scientists, and device engineers. We hope
the perspective outlined here will help catalyze this multi-disci-
plinary effort.
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