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Organic electrode materials and carbon/small-
sulfur composites for affordable, lightweight and
sustainable batteries

Redox-active organic/polymeric materials and carbon/small-sulfur composites are promising electrode
materials for developing affordable, lightweight, and sustainable batteries because of their low cost,

abundance, low carbon footprint, and flexible structural tunability. This feature article summarized the

key aspects of the research related to organic batteries and Li-S batteries (LSBs) based on organic/poly-
meric/sulfur materials for next-generation sustainable energy storage. An in-depth discussion for
organic electrode materials in alkali-ion, multivalent metal, all-solid-state, and redox flow batteries is
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and performance optimization. This feature article will
commercialization of affordable, lightweight, and sustainable batteries.
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Introduction

Due to excessive utilization of fossil fuels in the last two
centuries, climate change has become a critical challenge for
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applications is also covered. The challenges,

provided. State-of-the-art LSBs under high mass loading and lean electrolyte conditions for practical

reaction mechanisms, strategies, approaches, and

developments of organic batteries and LSBs are discussed to offer guidance for rational structure design

contribute to the development and

the sustainable development of human society. To address this
challenge, developing alternative energy supply resources
based on clean energy and carbon neutrality is vital."** To fulfill
this goal, significant progress has been made for energy har-
vesting technologies to effectively utilize renewable energies
such as solar energy, wind power, etc.>”> However, the intrinsic
intermittent nature and uneven geological distribution of
renewable energies require efficient energy storage devices to
store and distribute these clean energies. So far, rechargeable
lithium batteries, which are dominant energy storage devices
for portable electronics and electric vehicles, are also used to
store renewable energies.®’” Nevertheless, high cost, high toxi-
city, and scarcity of heavy transition metals in commercial
lithium batteries impede the large-scale application.®® It is
essential to exploit transition metal-free electrode materials
as alternatives to achieve affordable, lightweight, and sustain-
able batteries.

Among emerging materials for rechargeable batteries, redox-
active organics, polymers, and sulfur materials, consisting of
light elements such as C, H, O, N, and S, stand out because of
low cost, abundance, lightweight, recyclability, degradability,
sustainability, abundant structure diversity, and flexible struc-
ture tunability.'®"®> More importantly, organic electrode materi-
als (OEMs) and sulfur have been demonstrated to be universal
materials in various rechargeable batteries such as non-aqueous
Alkali (Li/Na/K) ion batteries, multivalent metal batteries, all-
solid-state batteries, aqueous batteries, dual-ion batteries, and
redox-flow batteries.'®° The unique physicochemical properties
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endow these sustainable materials with great promise for cost-
effective, lightweight, and sustainable batteries. Moreover, they
can also be used under extreme conditions such as fast charge/
discharge and a wide temperature range, demonstrating promis-
ing electrode materials in batteries for electric vehicles and grid-
scale energy storage.>'

Though OEMs and sulfur are promising materials for sus-
tainable batteries, there are three challenges that hinder their
development:***° (1) low conductivity. Most organics, poly-
mers, and sulfur suffer from low electronic conductivity, which
limits the reaction kinetics. The addition of a large amount of
conductive carbon in the electrodes enhances the conductivity
at the price of decreasing the overall capacity and energy
density of the batteries. (2) High solubility in the electrolytes.
Due to the dissolution of pristine materials and/or reaction
intermediates/products in the electrolytes, organic/polymeric/
sulfur electrodes suffer from capacity decay upon long-term
cycling, leading to poor cycle life. (3) Large volume change.
Volume expansion and shrinkage caused by ion insertion/
extraction during battery charge and discharge compromise
structure integrity and induce particle pulverization, leading to
fast capacity fading upon cycling. To overcome these chal-
lenges, various strategies using different types of conductive
carbons, ionic bonding, polymerization, high concentration
electrolytes, etc. were employed.’®° This feature article sum-
marized the research work for addressing these challenges in
organic batteries and Li-S batteries (LSBs).

The discussions are focused on two directions to achieve
affordable, lightweight, and sustainable energy storage: (1)
OEMs for affordable and sustainable organic batteries; (2)
carbon/small-sulfur composites for high-energy and sustainable
LSBs. OEMs are redox-active small organic molecules and poly-
mers that contain functional groups such as carbonyl, imine,
azo, amine, and disulfide groups, nitroxide free radicals, etc. 60,61
These functional groups can reversibly react with cations or
anions in the batteries. As shown in Fig. 1a, Luo et al. started
to work in this field over a decade ago and reported a variety of
carbonyl-based organic anode and cathode materials for Li-ion
and Na-ion batteries.®””° In 2018, azo chemistry was introduced
into the battery field by Luo et al. Several azo compounds were
applied in Li-ion, Na-ion, K-ion, and all-solid-state batteries and
demonstrated superior electrochemical performances in terms
of high capacity, long cycle life, and fast reaction kinetics.”*”"
Since 2019, Luo et al. have reported various linear and porous
polymers as cathode materials for alkali-ion and multivalent
metal batteries.”*®" The results illustrate that developing
organic salts and high-molecular-weight polymers can effectively
overcome the high solubility challenge of organic batteries.
Extended conjugation structures in OEMs enhance reaction
kinetics and enable fast charging capability.

Similar challenges such as sluggish reaction kinetics and
shuttle reactions also present in LSBs due to low conductivity of
sulfur and lithium sulfide, as well as high solubility of high-order
polysulfide intermediates. To circumvent these challenges, a rich
variety of host materials such as porous carbons, graphene,
carbon nanotubes, conductive polymers, etc. were designed to
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Fig. 1 Two research directions for affordable, lightweight, and sustainable
batteries. (a) Organic batteries based on various organic and polymeric
cathode and anode materials; (b) Li-Se/SeS,/S batteries based on different
carbon precursors.

enhance the conductivity of the sulfur cathode and trap polysul-
fides in the cathode.®*®* However, the dissolution of polysulfides
is still inevitable because of poor kinetics of sulfur and corres-
ponding intermediates/products during the lithiation/de-lithia-
tion process in the solid state. The dissolution of polysulfides in
the organic electrolytes enables the fast liquid-phase reaction in
LSBs.** This process will consume the electrolyte, so flooded
electrolytes are used for Sg-based cathodes. To fulfill practical
applications, the lean-electrolyte condition with a low electrolyte
to sulfur ratio is requested. To this end, small sulfur molecules
(S,-3) were synthesized by co-annealing nature sulfur (Sg) with
organic/polymeric carbon precursors.*> Small sulfur molecules
can be converted to insoluble Li,S, and Li,S without forming
high-order polysulfides, preventing shuttle reactions. The uniform
distribution of small sulfur molecules in the carbon matrix endows
carbon/small sulfur composites with high conductivity and stabi-
lity. In addition to sulfur, other chalcogens such as selenium and
selenium sulfides with higher conductivity were also studied to
achieve high sustainability and high energy density batteries.***°
The second research direction is shown in Fig. 1b. This feature
article is focused on these two research directions, aiming to
develop low-cost and sustainable organic/polymeric/sulfur materi-
als to achieve affordable, lightweight, and sustainable batteries.

Organic batteries

Organic batteries are sustainable energy storage devices based on
affordable, lightweight, abundant, recyclable, and degradable
OEMs. However, the challenges of low conductivity, high solubi-
lity, and particle pulverization of OEMs impede the development
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and commercialization of organic batteries. This section discusses
the approaches to addressing these challenges, as well as the
performances and applications of OEMs in various rechargeable
batteries.

OEMs suffer from low electronic conductivity, so a large
amount (=30 wt%) of conductive carbon such as carbon black
is usually added in organic electrodes to enhance the electrode
conductivity. Other highly conductive carbons such as graphene,
carbon nanotubes, porous carbons, etc. are also widely used in
organic electrodes.”® The use of these carbons in organic
electrodes increase electronic conductivity and reaction kinetics
but lowers the energy density of organic batteries. In addition
to low conductivity, high solubility and particle pulverization
challenges also compromise the electrochemical performance of
organic batteries.”® To circumvent all the these challenges, Luo
et al. designed and synthesized organic nanowires of croconic
acid disodium salt (CADS) using an antisolvent crystallization
method.®* Reducing the particle size of CADS from microscale to
nanoscale can effectively mitigate the volume change induced
particle pulverization and enlarge the surface area to enable
better contact between the organic active material and conduc-
tive carbon. 20 wt% carbon is used in the CADS electrode.
Moreover, salt formation introduces ionic bonding between Na
ion and O to enhance the polarity and reduce the solubility.
Hence, a high-performance organic electrode based on CADS
nanowires was reported in Li-ion batteries (LIBs). As shown in
Fig. 2a, the nanowire structure can minimize the volume change
and thus retain the structure integrity during lithiation and de-
lithiation, while the microwire structure suffers from particle
pulverization and poor structure integrity. Moreover, an ion
exchange process was discovered that Na ions in CADS were
replaced by Li ions after cycling. Fig. 2b shows the nanowire
structure of CADS. Compared with CADS microwires and micro-
pillars, CADS nanowires exhibited significantly improved battery
performances in terms of higher specific capacity, better cycle
life, and faster reaction kinetics (Fig. 2c-e). This result proves
that the developing nanostructured organic salts is an effective
approach to addressing the challenges in organic batteries.

Based on this result, organic salts with reduced particle sizes
were also developed for Na-ion batteries (NIBs), which is more
challenging than LIBs due to the larger ion size of Na ion than
Li ion. Using the same organic salt (CADS), Luo et al. synthe-
sized sub-micrometer size CADS and graphene oxide wrapped
CADS using an aerosol spray technique to increase conductivity
of the organic electrode, decrease the solubility of the organic
active material, and prevent particle pulverization.®®* As shown in
Fig. 3a, carbonyl groups in CADS can reversibly react with two Na
ions and two electrons, accompanied by the intramolecular
electron transfer in the conjugated structure. The schematic
illustration for pristine CADS, sub-micrometer size CADS, and
graphene oxide wrapped CADS is shown in Fig. 3b. As expected,
graphene oxide wrapped CADS with a small particle size and high
conductivity exhibited the highest capacity and longest cycle life
among the three CADS electrodes, confirming that reducing
particle size of organic salts is an effective approach to improving
the performance of organic batteries. In addition to CADS,
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Fig. 2 Organic nanowires based on croconic acid disodium salt (CADS)
for LIBs. (a) Schematic illustration for the volume change and ion exchange
during lithiation and delithiation; (b) SEM image of CADS nanowires;
charge and discharge curves (c), cycle life (d), and rate capability (e) of
CADS micropillar, microwire, and nanowire. Reproduced from ref. 62 with
permission from American Chemical Society, Copyright 2014.

another organic salt named 2,5-dihydroxy-1,4-benzoquinone dis-
odium salt (DHBQDS) is used to synthesize organic nanorods for
high-performance NIBs.** The molecular structure and reaction
mechanism of DHBQDS are shown in Fig. 3c. This work not only
studied the nanostructure but also exploited the impacts of the
binder, the fluorinated electrolyte, and atomic layer deposition
(ALD) to the electrochemical performance. Fig. 3d-g show the
galvanostatic charge-discharge behaviors and long-term cycle
life of DHBQDS electrodes in NIBs. The result indicates that the
combination of the sodium alginate (SA) binder, the fluoroethy-
lene carbonate-based electrolyte, and 1-2 nm Al,O; layer on the
DHBQDS electrode by ALD can improve cyclic stability in NIBs
and retain the high specific capacity. Apart from the nanostruc-
ture, the binder, the electrolyte, and the interphase play crucial
roles in the electrochemical performance of organic batteries.
To further mitigate particle pulverization and improve the
integrity of organic electrodes, self-healing chemistry between a
redox-active organic salt (sodium rhodizonate dibasic, SRD)
and the SA binder was exploited.®® As shown in Fig. 4a, the
two carbonyl groups can reversibly react with two Na ions and
two electrons in NIBs, accompanied by intramolecular electron
transfer in the conjugated structure. Hydrogen bonding
(Fig. 4b) between oxygen in SRD and the hydroxyl group in SA
self-heals the cracks and pulverization in organic electrodes
upon cycling. The hydrogen bond is confirmed by Fourier

Chem. Commun., 2023, 59, 9803-9817 | 9805
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Fig. 3 Carbonyl-based organic salts for NIBs. (a) Reaction mechanism of
CADS; (b) schematic illustration of pristine, submicrometer-size, and gra-
phene oxide wrapped CADS; reproduced from ref. 63 with permission from
Elsevier B.V., Copyright 2014. (c) Reaction mechanism of 2,5-dihydroxy-1,4-
benzoquinone disodium salt (DHBQDS); the galvanostatic charge-—dis-
charge curves of the DHBQDS nanorod electrode covered with 1 nm
AlLbOs layer (d) and 2 nm AlLOs layer (e) with sodium alginate binder in
NaClO4-FEC/DMC electrolyte at the current density of 50 mA g% deso-
diation capacity and coulombic efficiency of DHBQDS nanorod electrode
covered with 1 nm Al,Os layer (f) and 2 nm Al,Os layer (g). Reproduced from
ref. 64 with permission from Elsevier B.V., Copyright 2015.

transform infrared spectroscopy (FTIR) in Fig. 4c. For the SA
binder, the deformation peak of pyranose rings at ~1300 cm
disappears due to hydrogen bonding between SRD and SA. The
SRD-SA electrode showed reversible redox plateaus in NIBs
(Fig. 4d). To verify the role of self-healing chemistry, a control
SRD electrode with the polyvinylidene fluoride more commonly
(PVDF) binder was prepared. The SRD-SA electrode outperforms
the SRD-PVDF electrode in terms of cyclic stability and rate
capability (Fig. 4e and f). Various techniques such as SEM, Raman
spectroscopy, and electrochemical impedance spectroscopy (EIS)
were employed to confirm the self-healing chemistry in the SRD-SA
electrode to heal the cracks and pulverizations. This work offers a
new approach to addressing the challenges in organic batteries.
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Fig. 4 The reaction mechanism and self-healing chemistry of the SRD
electrode. (a) The sodiation—desodiation mechanism for SRD; (b) sche-
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Since carbonyl-based organic salts exhibited superior electro-
chemical performance in LIBs and NIBs, they are further applied
in rechargeable potassium batteries. A fast-charging and high-
temperature all-organic potassium battery based on a tetrahydroxy-
1,4-benzoquinone potassium salt/N-doped graphene (TBPS/NG) as
an anode and polyaniline/N-doped graphene (PANI/NG) as a
cathode was achieved and delivered high performance in a wide
temperature range from room temperature to high temperature up
to 100 °C (Fig. 5a).”* The reaction mechanisms in the anode and
cathode of the battery are shown in Fig. 5b. The n-type organic
anode, TBPS, reversibly reacts with K ions and electrons, while the
p-type polymer cathode, PANI, reversibly reacts with PFs~ anions
and electrons. The all-organic batteries with high anode mass
loading of 6.5 mg cm™ > exhibit a long cycle life of 1000 cycles and
fast-charge capability up to 2 A g at the room temperature
(Fig. 5¢). More importantly, with a high-concentration electrolyte
of KPF in diglyme (DEGDME), the all-organic batteries can deliver
excellent cyclic stability of 300 cycles and fast-charge capability up
to 2 A g ' at the high operating temperatures up to 100 °C
(Fig. 5d). Therefore, OEMs can be used under extreme conditions
for fast-charging and high-temperature battery applications. More
research efforts should be devoted to developing organic batteries
with high performances and high energy density in a wide
temperature range and fast-charging capability.

To ultimately solve the challenges of organic batteries, it is
of great importance to explore new chemistries for OEMs. Since
electrochemical reactions of OEMs in organic batteries are
based on various functional groups, the studies of the reactivity
of functional groups and corresponding reaction intermediates
and products are critical. As shown in Fig. 6, there are several
conventional reactions in organic batteries, which are disulfide,
doping, carbonyl, and imine reactions based on disulfide, nitr-
oxide free radical, carbonyl, and imine groups, respectively.”>
Luo et al. investigated the redox reaction of nitro groups in LIBs
and discovered that the nitro group can be irreversibly reduced
by Li ions and electrons to form nitroso group, azoxy group, and

This journal is © The Royal Society of Chemistry 2023



ChemComm

(b)

Anode:

LC O sak2e
Ko OK 2Kz
o

@ O/ . e 2ppy 26
N - 2PFg, +2¢"
H

Cathode:

()

Capaclly(mAhg )N o o an cathod
0 60 80

35

3.0 E —F100€
100] § 250 S
S 25 —somAg Soomag’ H 80 2
s womagt| F f R |TRT Ay 80{ 2200 2
3 20 —20mag > 60 €
Soomag®

£1s e 0015 IO o
> / —2ag" a0 E100 042
10{/ z 5
05 20{ 5 50{Mass loading: 65 mgem? 20 2
g |20omag’ 8

o 3

0 20 30
Cycle Number

50 100 150 200 §
Capacity (mAh g"JossesonTers.

200 400 600 800 10
Cycle Number

8

( ) Capacity (MAh g)sssed on Tersi
30 60 90 120

200mAg*,80°C

3
— 1001
— 200th cycle
—— 300th cycle

50 100 150 200
Capacity (mAh g")sssed oo Tors

3
Ah g”)
g

o — T

g

E " 40

S 50{Mass loading: 6.5 mg cm? 20

2 J200mAg?, 80°C

© 50 100 150 200 250 3
Cycle Number

°

Coulombic Efficiency (%)

Capacity (mAh g

Capacity (mAh g*)sssedon TePSNG

Capacity (m:

8

1 20 30
Cycle Number

Fig. 5 All-organic K batteries. (a) The schematic of the all-organic
rechargeable potassium battery; (b) redox reactions in the organic anode
and cathode during charge/discharge; (c) charge/discharge curves at
different C-rates, rate performance at various current densities, and
discharge capacities and coulombic efficiency measured at 200 mA g~*
(d) charge/discharge curves, cycling stability of the all-organic RPB at
80 °C under the current density of 200 mA g, and rate capability of the
all-organic RPB at high temperatures. Reproduced from ref. 94 with
permission from Wiley-VCH Verlag GmbH & Co. KGaA, Copyright 2022.

azo group. The azo group can reversibly react with Li ions and
electrons in LIBs. The discovery of azo chemistry in rechargeable
batteries offer better structural design flexibility for OEMs.

To understand the performances and reaction mechanisms
of azo compounds in rechargeable batteries, azo benzene (AB)
and its derivatives were employed and applied in LIBs, NIBs, K-ion
batteries (KIBs), and all-solid-state batteries. As shown in Fig. 7a,
three azo compounds, AB, methyl red sodium salt (MRSS), and
azobenzene-4,4’-dicarboxylic acid lithium salt (ADALS), were stu-
died as electrode materials in LIBs.”" The azo functional group
can react with two Li ions and two electrons to reduce the
nitrogen-nitrogen double bond to the nitrogen—-nitrogen single
bond (Fig. 7b). This electrochemical reaction is highly reversible.
However, AB and MRSS are soluble in the organic electrolytes,
resulting in fast capacity loss upon cycling. To overcome this
challenge, two lithium carboxylate groups were introduced into
AB to form ADALS with ionic bonding. The enhanced polarity
significantly reduces the solubility in the electrolytes, and the
solubility of ADALS in the carbonate-based commercial electrolyte
is negligible. Thus, superior electrochemical performances have
been achieved for ADALS in LIBs. As shown in Fig. 7c-h, ADALS
exhibits two pairs of redox plateaus centered at ~1.5 V with very

This journal is © The Royal Society of Chemistry 2023
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small potential hysteresis. A specific capacity of ~190 mAh g™ " at
a low current density of 0.5C can be retained for 100 cycles. When
increasing the current density to 2C, 10C, and 20C, the reversible
capacity is still retained at above 100 mA h g~ !, demonstrating
robust reaction kinetics and fast charging capability. This result
confirms that introducing carboxylate groups in azo compounds
can significantly decrease the solubility in the electrolyte and
improve the electrochemical performance. Carboxylated azo com-
pounds are promising electrode materials for LIBs.

In addition to LIBs, azo compounds are also applicable to
other types of rechargeable batteries such as all-solid-state
batteries, NIBs, and KIBs. Among various rechargeable bat-
teries, applying OEMs in all-solid-state batteries is a promising
research direction, because it ultimately addresses the high
solubility challenge of organic batteries (Fig. 8a).”* Two azo
compounds, AB and 4-(phenylazo) benzoic acid lithium salt
(PBALS), were used in nonflammable sulfide-based all-solid-
state lithium batteries. It was found that the lithium carbox-
ylate group in PBALS can interact with the Li;PS, (LPS) solid
electrolyte via the ionic bonding between oxygen in PBALS and
lithium ion in LPS. This interaction stabilizes the contact
interface by enabling intimate contact for the triple phase of
the active material, the LPS solid electrolyte, and carbon in the
all-solid-state batteries, so the electrochemical performances of
PBALS outperform that of AB without the lithium carboxylate
group. A stable all-solid-state lithium organic battery was
achieved by coupling a carboxylate azo compound with the
LPS solid electrolyte.

Since carboxylated azo compounds show exceptional perfor-
mances in LIBs and all-solid-state lithium batteries, they were
further studied in NIBs and KIBs.”>”? Similar to that in LIBs,
the azo group can also reversibly react with Na ions and
electrons in NIBs (Fig. 8b). The carboxylated azo compound
delivers a pair of redox plateaus at ~1.3 V with a reversible
capacity of ~170 mA h g~ . Excellent cyclic stability of up to
2000 cycles was achieved at the current densities of 0.2C, 10C,
and 20C (Fig. 8c-f), demonstrating ultra-stable and fast-
charging batteries. The high performances of carboxylated
azo compounds are also extended to KIBs. Liang et al. reported
the azobenzene-4,4’-dicarboxylic acid potassium salt as a pro-
mising organic anode material for high-temperature KIBs.”
These results confirm that azo compounds are universal elec-
trode materials for various rechargeable batteries with high
capacity, long cycle life, and fast charging capability.

In addition to salt formation, another strategy to address the
high-solubility challenge of organic batteries is developing
redox-active polymers. As well-documented, the solubility of
organic materials is decreased with the increase of the mole-
cular weight. Increasing the molecular weight of OEMs to form
redox-active polymers offers insoluble OEMs for various organic
batteries. For example, a pyrazine-based two-dimensional poly-
mer in Fig. 9a can reversibly react with Na ions and electrons to
reduce the C=N groups and trigger intramolecular electron
transfer in NIBs.”® Exceptional electrochemical performance is
achieved because of the insolubility of the polymer and its
intermediates/product during battery charge and discharge, as
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Fig. 8 Azo compounds in all-solid-state batteries and NIBs. (a) Schematic
illustration for AB/PBALS in liquid and solid electrolytes, as well as the
interaction between PBALS and LPS solid electrolyte; reproduced from
ref. 74 with permission from Wiley-VCH Verlag GmbH & Co. KGaA,
Copyright 2018. (b) The reaction mechanism of ADASS in NIBs; (c) the
galvanostatic charge—discharge curves at 0.2C; (d) de-sodiation capacity
and coulombic efficiency versus cycle number at the current density of
0.2C; de-sodiation capacity and coulombic efficiency versus cycle number
at 10C (e) and 20C (f). Reproduced from ref. 72 with permission from
Wiley-VCH Verlag GmbH & Co. KGaA, Copyright 2018.

well as the high porosity, which enables fast reaction kinetics.
The pyrazine-based polymer delivers slopping redox plateaus
centered at ~2 V with a reversible capacity over 200 mA h g~*
and a long cycle life over 100 cycles (Fig. 9b and c). Due to the
high performance in NIBs, the polymer is further applied in
multivalent batteries such as rechargeable Mg/Al batteries. The
reversible capacity of over 100 mA h g™ ' is still retained in
multivalent batteries (Fig. 9d and e), and high cyclic stability of
200 cycles and 100 cycles is achieved in pouch cells for
rechargeable Mg and Al batteries, respectively (Fig. 9f and g),
demonstrating a universal polymer cathode for high-stability
and fast-charging batteries.

Apart from porous polymers, one-dimensional linear polymers
have also been widely studied in organic batteries. To enhance the
electrochemical performance and study the structure-perfor-
mance correlation, multiple active centers and extended conjuga-
tion structures are incorporated in the repeating unit of the
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Fig. 9 A pyrazine-based polymer for fast-charge batteries. (a) The reac-
tion mechanism; (b) discharge—charge curves of PHATN at 50 mA g™t in
NIBs; (c) cycle life in NIBs; discharge—charge curves of PHATN in
rechargeable (d) Mg and (e) Al batteries; cycle life of PHATN in recharge-
able (f) Mg and (g) Al batteries. Reproduced from ref. 76 with permission
from Wiley-VCH Verlag GmbH & Co. KGaA, Copyright 2018.

polymers. For example, three linear polymers (PNAI, PPAIL, and
PBAI) with an azo benzene moiety and an imide moiety in the
repeating unit (Fig. 10a) were designed and synthesized for NIBs,
KIBs, and rechargeable Al batteries.”®”® The polymers contain the
same azo benzene moiety but three different conjugated struc-
tures, a naphthalene ring, a benzene ring, and a diphenyl group in
the structure units of imide moieties. All three polymers exhibited
charge and discharge behaviors with redox plateaus between 1 V
to 3 V in NIBs (Fig. 10b-d) and KIBs. However, PPAI and PBAI
suffer from fast capacity decay, while PNAI delivers excellent cyclic
stability upon long-term cycling (Fig. 10e), demonstrating that
the extended conjugation structure (a naphthalene ring) plays
a critical role in the cyclic stability of redox-active polymers.
More extended conjugation structures should be designed in
redox-active polymers to enhance their cycle life in rechargeable
batteries. Since PNAI showed the best electrochemical perfor-
mance among the three polymers, rate capability and cyclic
voltammetry tests were employed to further exploit its reaction
kinetics. The polymer, PNAI, showed high rate capability up to
10 A g " and surface reaction dominated kinetics, demonstrating
fast-charging capability. Owing to its high performance in NIBs, it
is further applied in more challenging rechargeable Al batteries.
To enhance the electrochemical performance, nitrogen doped
graphene is used in the polymer cathode to employ the n-n
stacking between conjugation structures in the graphene and

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Multi-functionalized polymers for Na and Al batteries. (a) The
molecular structure of three multi-functionalized polymers, PNAI, PPAI,
and PBAI; galvanostatic charge—discharge curves in Na-ion batteries:
(b) PNAI, (c) PPAI, (d) PBAI; (e) charge capacity at the current density of
50 mA g~* for PNAI, PPAI, and PBAI; (f) rate capability of PNAI at various
current densities; (g) cyclic voltammograms of PNAI at various scan rates;
reproduced from ref. 78 with permission from Wiley-VCH Verlag GmbH &
Co. KGaA, Copyright 2022. (h) Schematic illustration of RAOBs; (i) charge/
discharge curves of the PNAI/NG cathode at different rates; (j) rate
performance of the PNAI/NG cathode at various current densities; (k)
discharge capacities and coulombic efficiencies of the PNAI/NG cathode
measured at 2 A g~L. Reproduced from ref. 79 with permission from Wiley-
VCH Verlag GmbH & Co. KGaA, Copyright 2022.

the polymer (Fig. 10h). Superior electrochemical performances
such as high rate capability up to 10 A g~ and long cycle life up to
10000 cycles were achieved, demonstrating that the redox-active
polymer is a universal cathode material for rechargeable batteries.
Therefore, these results confirm that incorporating multiple
functional groups and extended conjugation structures in the
polymers is an effective strategy to obtain high-performance and
universal OEMs for various rechargeable batteries.

As universal electrode materials in alkali-ion, multivalent,
and all-solid-state batteries, OEMs can also be used in liquid
state batteries such as flow batteries. Qin et al. reported soluble
polyimides for nonaqueous Mg hybrid flow batteries
(Fig. 11a).5%®" The polyimides were used as catholyte materials
to couple with a Mg metal anode. Here, redox-active polymers
rather than small organic molecules are used as catholyte
materials in flow batteries because the large size of the poly-
mers can mitigate the crossover of active materials through the
membrane, which is a major challenge in redox-flow batteries.
Carbonyl groups in the repeating unit of the polymer are redox
active centers to react with Mg ions and electrons in the
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electrolyte, while the ether chain is employed to enhance the
solubility of the polymer in the ether-based -electrolyte
(Fig. 11b). The ether chain length can be tuned to adjust the
solubility of the polymer in the electrolyte. It was found that the
polyimides with 9 to 11 ether groups in the repeating unit
showed the highest solubility in the electrolyte. Fig. 11c shows
the reaction mechanism of a polyimide in flow batteries, where
two carbonyl groups reversibly react with Mg ions and elec-
trons, accompanied by intramolecular electron transfer in the
conjugated structure. The reaction mechanism of polyimides in
flow batteries is the same as that in the solid-state batteries, but
faster kinetics is expected in flow batteries because of the
molecular level distribution of organic molecules in the elec-
trolyte. The ion diffusion in the solid particles limits reaction
kinetics of solid-state batteries, but it does not exist in flow
batteries. Electrochemical performances such as cyclic voltam-
mogram, galvanostatic charge-discharge behaviors, capacity,
coulombic efficiency, voltage efficiency, and energy efficiency
were shown in Fig. 11d, demonstrating great promise of the
polyimides for flow batteries.

OEMs can be used as universal electrode materials for various
rechargeable batteries such as alkali ion batteries, multivalent
batteries, all-solid-state batteries, redox-flow batteries, etc. Though
great achievements have been made for OEMs, the performances
of organic batteries are still not competitive in the commercial
market due to the lack of high-performance organic/polymeric
cathode materials. For organic cathode materials, including small
organic compounds and redox-active polymers, their specific
capacity, redox potentials, and cycle life are lower than inorganic
counterparts, limiting the energy density of organic batteries.
Moreover, most n-type organic/polymeric cathode materials do
not provide Li ions or other cations for electrochemical reactions,
so they are coupled with metal-based anodes, introducing the
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Fig. 11 Polymeric cathode materials for Mg redox-flow batteries. (a) The
schematic of the Mg/polymer flow battery; (b) the structure of the
polymer; (c) the reaction mechanism of the polymer during battery
discharge/charge; (d) CV of the Mg anode and polymer catholyte; dis-
charge/charge curve of the battery, and cycling performance of the
battery. Reproduced from ref. 80 with permission from American
Chemical Society, Copyright 2022.
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challenges of metal-based anodes such as uncontrollable dendrite
growth and infinite volume change into organic batteries. For the
p-type organic/polymeric cathode materials based on anion-
insertion reactions, they deliver high redox potentials but suffer
from low specific capacity. These challenges hinder the commer-
cial applications of organic batteries.

To address these challenges and commercialize organic bat-
teries, high structural tunability and abundant structural diversity
of OEMs offer numerous opportunities for structural design and
performance optimization to achieve high-performance, afford-
able, lightweight, and sustainable batteries. To this end, more
research efforts are needed to study structure-performance corre-
lations of OEMs in various rechargeable batteries. Though OEMs
are universal electrode materials, different structural design ratio-
nales are required for different types of batteries. The different ion
sizes, properties, and redox chemistries in various rechargeable
batteries result in distinct challenges. Addressing the challenges
for each type of batteries necessitates specific strategies. There-
fore, considerable efforts should be devoted to developing new
OEMs with different molecular structures, morphologies, and
interactions with other components in the electrodes to fulfill
the goal of sustainable energy storage.

Mechanism study in organic batteries

Organic batteries undergo various charge storage mechanisms as
shown in Fig. 6. The redox-active functional groups, substituents,
and conjugation structures are critical for charge storage in
organic batteries. So far, carbonyl, imine, disulfide, azo, thiocar-
bonyl, and amine groups, as well as nitroxide free radicals, have
been employed as active centers.'® The substituents and conjuga-
tion structures stabilize the pristine OEMs, reaction intermediates
and products, as well as accelerate reaction kinetics and tune the
redox potentials. To gain insight into the mechanisms and probe
the structure evolution of OEMs upon cycling, a variety of in situ
and ex situ characterization techniques have been applied in the
organic battery research. X-ray diffraction (XRD), Fourier-
transform infrared (FTIR) spectroscopy, Raman spectroscopy, X-
ray photoelectron spectroscopy (XPS), solid-state nuclear magnetic
resonance (NMR), electron paramagnetic resonance (EPR), and X-
ray absorption near-edge structure (XANES) spectroscopy have
been used to study the reaction mechanisms of OEMs.

XRD is used to investigate the crystalline structure change of
OEMs during charge and discharge. XRD patterns at various
charge and discharge stages provide information about phase
transition of OEMs during ion insertion and extraction. Rever-
sibility and stability of crystalline structures upon cycling are
paramount to cyclic stability of organic batteries. FTIR and
Raman spectroscopies provide absorption spectra to probe the
vibrations of redox-active functional groups, substituents, and
conjugation structures in OEMs, offering direct evidence for the
molecular structure change during charge storage. The
reduction/oxidation of functional groups and rearrangement
of double bonds in the conjugation structures alter the sym-
metric/asymmetric stretching vibrations, resulting in obvious
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peak shift and peak intensity change in FTIR and Raman
spectra. XPS is a surface-sensitive technique to measure the
binding energy between elements in OEMs. It is widely used to
study the interphasial structure in batteries and can also be
used to understand the charge storage mechanism in organic
batteries. The redox reactions in organic batteries result in the
formation of new bonds and chemical species, varying the
binding energy of the elements in OEMs. The peak change in
XPS spectra of each element in OEMs reflects the molecular
structure evolution. Solid-state NMR is a powerful technique to
study the chemical environment of elements in OEMs. The
peak intensity and position change for chemical shift of the
elements in OEMs demonstrate the reversible redox reactions
between functional groups and charge carriers. The compar-
ison of solid-state NMR spectra at different charge and dis-
charge stages offers direct evidence for the charge storage
mechanism. EPR is a technique to measure the presence of
unpaired electrons in chemical species such as free radicals,
which exist in pristine materials or reaction intermediates/
products in organic batteries. The stability of unpaired elec-
trons in pristine materials or reaction intermediates/products
determines the performance of organic batteries. EPR is a
unique technique to study the electron transferring and elec-
tronic state of organic species during charge storage, providing
valuable information to understand stability of reaction inter-
mediates and reaction pathways to form the products. XANES is
an analytical technique to gain insight into the local electronic
structure evolution of an atom in the electrochemical process.
The change of photo energy in XANES spectra shows the
disappearance and formation of chemical bonds in electroche-
mical redox reactions, and thus is also direct evidence for the
molecular structure change during charge storage. To date,
there are a variety of characterization techniques to study the
charge storage mechanisms of organic batteries. The combi-
nation of these techniques and computational methods are
powerful to understand and confirm the charge storage
mechanisms of organic batteries.

Li—S batteries

LSBs are high-energy, low-cost, lightweight, and sustainable
energy storage devices due to affordability, scalability, abun-
dance, environmental benignity, and high sustainability of
sulfur resources. Coupling sulfur cathodes with lithium metal
anodes endows LSBs with high energy density, which is three to
five times higher than that of commercial LIBs. However, the
sulfur cathode suffers from three challenges:*>°® (1) low con-
ductivity of sulfur and lithium sulfides. This leads to sluggish
reaction kinetics; (2) the shuttle effect of polysulfide intermedi-
ates. The high solubility of lithium polysulfides results in the
loss of sulfur materials from the cathode and fast capacity
fading; (3) large volume change of sulfur-based materials dur-
ing the lithiation/de-lithiation process. Large volume expansion
and shrinkage of the active material upon cycling compromise
the structure integrity of the sulfur cathode.

This journal is © The Royal Society of Chemistry 2023
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To address the challenges of sulfur cathodes, various host
materials were developed to enhance the conductivity of sulfur
cathodes, mitigate the shuttle effect, and accommodate the
large volume change. For example, a rich variety of carbonac-
eous materials such as microporous and mesoporous carbon,
graphene, carbon nanotubes, etc. were employed to stabilize
sulfur and its reaction intermediates/product by trapping the
dissolved polysulfides in the pores or carbon matrix. The high
conductivity, large surface area, and porous structures of
carbons also enhance the conductivity of sulfur cathodes and
accommodate the large volume change from sulfur to lithium
sulfide.®” In addition to carbons, other materials such as
conducting polymers and porous polymers/inorganics were
also used as host materials to stabilize sulfur cathodes and
improve the electrochemical performance of LSBs.”® Apart from
host materials, another strategy using high-concentration elec-
trolytes is also used to alleviate the shuttle reactions by pre-
venting the diffusion of dissolved polysulfides from sulfur
cathodes to Li metal anodes.” Electrolyte engineering is critical
to generate robust and stable interphases in the sulfur cathodes
and Li metal anodes, which also avoid the parasitic reactions,
mitigate the shuttle reactions, and accommodate the large
volume change. The combination of the host materials and
advanced electrolytes is an effective strategy to address the
challenges of LSBs.

Besides the sulfur cathode, the lithium metal anode also
suffers from two challenges:'°**°" (1) lithium dendrite growth.
Non-uniform plating and striping of lithium metal cause the
formation of lithium dendrites, which not only consume the
electrolyte to continuously generate the solid-electrolyte interphase
but also trigger the battery short circuit and thermal runaway; (2)
infinite volume change. Infinite volume change during the Li plating
and striping process compromises structural integrity of the anode
and solid-electrolyte interphase. To achieve high-performance LSBs,
the challenges of both the sulfur cathode and the lithium metal
anode should be addressed. Moreover, the amount of lithium metal
and the liquid electrolyte should be limited for practical applica-
tions. This section briefly discusses recent progress in this field to
provide guidance for the further study.

The carbon/small sulfur composites were reported to
address the challenges of LSBs over a decade ago. Various types
of carbon host materials were designed to confine small sulfur
molecules in the carbon matrix by annealing the mixture of
sulfur and carbon at a high temperature. Guo et al. reported
disordered carbon nanotubes as host materials to stabilize
small sulfur molecules.'®® The disordered carbon nanotubes,
which were synthesized by a template wetting technique using
commercial anodic aluminum oxide (AAO) membranes,
showed a hollow structure with a large surface area (Fig. 12a).
The mixture of disordered carbon nanotubes and sulfur were
annealed at various temperatures from 160 °C to 500 °C to
afford sulfur-impregnated disordered carbon nanotubes cath-
odes. As shown in Fig. 12b, different charge and discharge
behaviors were obtained for these samples. For the sample
prepared at 160 °C, its charge and discharge behaviors are
similar to that of Sg cathodes, which generate polysulfide
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Fig. 12 (a) SEM and TEM images of the disordered carbon nanotubes;
(b) discharge/charge curves of sulfur-impregnated disordered carbon
nanotubes cathodes in the second cycles and coulombic efficiency under
10 mA g% cyclic voltammetry curves of the second cycles at scan rate of
0.1 mV s7%; cycling stability and coulombic efficiencies. Reproduced from
ref. 102 with permission from American Chemical Society, Copyright 2011.

intermediates and trigger shuttle reactions in LSBs. However,
when increasing the annealing temperatures to 300 °C and
500 °C, the charge and discharge behaviors of Sy cathodes were
suppressed. The average redox plateaus were lowered to ~2.1V,
attributing to the S, to S*~ reaction and the strong bonding
between sulfur and carbon. Improved cyclic stability was observed
for the samples prepared at 300 °C and 500 °C due to mitigation
of shuttle reactions by small sulfur molecules, carbon-sulfur
bonding, and the small size (2-4 nm) of the narrow pore channel
in a carbon shell.

To further improve the performance and form carbon/small
sulfur composites, Xin et al. used a type of microporous carbon
(CNT@MPC) with a narrow pore size distribution of ~0.5 nm
and a large specific surface area of 936 m> g~' to confine
metastable small sulfur molecules of S,_,.'*® The S/ICNT@MPC
sample was characterized by transmission electron microscopy
(TEM), high-resolution TEM (HRTEM), annular bright-field
(ABF)-scanning transmission electron microscope (STEM), and
energy-dispersive X-ray (EDX) analysis. As shown in Fig. 13a-1,
small sulfur molecules were uniformly distributed in the micro-
porous carbon, and the sample retains good stability after
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200 cycles. The galvanostatic charge and discharge curves of S/
CNT@MPC (Fig. 13m) are completely different from the control
sample (sulfur/carbon black, S/CB), which showed similar elec-
trochemical behaviors as the Sg cathode. A single output plateau
at ~1.9 V was observed for S/ICNT@MPC, demonstrating the
redox reaction between small sulfur molecules and Li-ions/
electrons. It avoids the formation of polysulfides intermedates
and shuttle reactions, thus exhibits much better cyclic stability
than S/CB (Fig. 13n). The high-performance of carbon/small
sulfur composites demonstrates great promise for developing
high-energy LSBs.

Wei et al. proposed the synthesis route for carbon/small
sulfur composites such as sulfur/polyacrylonitrile (SPAN) nano-
composite cathode materials (Fig. 14a).'®® PAN and nature
sulfur (Sg) were mixed by a ball milling method, and then
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Fig. 13 Structural and electrochemical characterizations of S/
(CNT@MPC). (a) TEM, (b) HRTEM, (c) ABF-STEM, (d) annular dark-field
TEM, and EDX elemental mappings of (e) carbon and (f) sulfur of the S/
(CNT@MPC) nanocable before cycling at 0.1C; (g) TEM, (h) HRTEM, (i) ABF-
STEM, (j) annular dark-field TEM, and EDX elemental mappings of (k)
carbon and (l) sulfur of the S/(CNT@MPC) nanocable after cycling at
0.1C. (m) Initial galvanostatic charge—discharge voltage profiles and (n)
cycling performances in glyme-based electrolyte. Reproduced from ref.
103 with permission from American Chemical Society, Copyright 2012.
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Fig. 14 (a) Proposed synthesis route for creating sulfur/polyacrylonitrile
(SPAN) nanocomposite cathode materials; reproduced from ref. 104 with
permission from American Chemical Society, Copyright 2015. (b) Li||SPAN
full-cell performance at benign and ultra-low temperature. Reproduced
from ref. 105 with permission from Springer Nature, Copyright 2021.

PAN will be dehydrogenated to form an aromatic ring structure
and carbon-sulfur bonding, accompanied by H,S gas genera-
tion during thermal treatment. Through further carbonization,
covalent bonding is formed between small sulfur molecules
and carbon matrix, leading to physical confinement and
chemical sequestration of small sulfur species. SPAN has been
widely used as a sulfur cathode material in battery research. For
example, Holoubek et al. used a thick SPAN cathode to couple
with a thin Li metal anode and a diethyl ether-(DEE-) based
electrolyte for low-temperature battery applications.'® The
resulting Li-S pouch cells showed high performance at room
temperature and low temperatures of —40 °C and —60 °C
(Fig. 14b), demonstrating a significant step for developing
high-energy batteries under extreme conditions.

As well documented, Sg molecules can be vaporized and
dissociated to small sulfur molecules such as S, and S; at the
high temperature of 600 °C (Fig. 15a). Small sulfur molecules
can be stabilized by the carbon matrix at the room temperature.
An organic material, perylenetetracarboxylic dianhydride
(PTCDA), was employed as the precursor to synthesize the
oxygen-rich carbon matrix, which can form covalent bonding
with small sulfur molecules to stabilize them.'’® The oxygen
stabilized carbon/small sulfur composite delivered a small
plateau at 2.4 V corresponding to lithiation of the residual Sg
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in the composite and a long plateau at 1.6 V corresponding to
lithiation of the small sulfur molecules during the first dis-
charge (Fig. 15b). A reversible capacity of ~500 mA h g™ " based
on sulfur was retained for 2000 cycles at 150 mA g~ * (Fig. 15¢),
demonstrating high cyclic stability. However, the capacity is low
in the cutoff window from 1 V to 3 V. To increase the reversible
capacity, the oxygen stabilized carbon/small sulfur composite
was discharged to 0.6 V in the initial 5 cycles, and then it is
cycled from 1 V to 3 V (Fig. 15d). After the initial activation, the
reversible capacity is significantly increased to ~1200 mAh g™*
in the 6th cycle and retained at 820 mA h g~ " after 600 cycles
(Fig. 15e), demonstrating high capacity and high cyclic stability.
The deep discharge to 0.6 V cleavages the covalent bond
between oxygen in the carbon matrix and sulfur in small sulfur
molecules to release more small sulfur molecules to react with
lithium ions and electrons, resulting in a higher reversible
capacity. In addition, the redox plateaus centered at ~2.1 V
after the initial 5 cycles correspond to lithiation and de-
lithiation of small sulfur molecules upon cycling. The lithiation
of small sulfur molecules generates lithium sulfides directly
and avoids the formation of polysulfide intermediates, prevent-
ing the shuttle effect in LSBs. Therefore, design and synthesis
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Fig. 15 Oxygen-stabilized sulfur for lithium batteries. (a) Schematic illus-
tration for the synthetic route of the carbon/sulfur composite; (b) the
galvanostatic charge—discharge curves between 1.0 and 3.0 V versus Li/
Li*; (c) delithiation capacity and coulombic efficiency versus cycle number
at the current density of 150 mA g% (d) the galvanostatic charge—
discharge curves between 0.6 and 3.0 V in initial 5 cycles and between
1.0 and 3.0 V after 5 cycles; (e) delithiation capacity and coulombic
efficiency versus cycle number at the current density of 150 mA g™t in
the cutoff window from 0.6 to 3.0 V in initial 5 cycles and from 1.0 to 3.0 V
after 5 cycles. (Note: the capacity is calculated based on the weight of
sulfur) Reproduced from ref. 106 with permission from Wiley-VCH Verlag
GmbH & Co. KGaA, Copyright 2016.
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of carbon/small sulfur composites is an effective strategy to
address the challenges in the sulfur cathode.

One of key challenges for carbon/small sulfur composites is
low sulfur content (30-40 wt%) in the composites, leading to
low specific capacity based on the weight of the composite. To
enhance the capacity, a polymer precursor, polyacrylonitrile
(PAN), was mixed with PTCDA and sulfur for the heat
treatment.'”” The resulting carbon/small sulfur composite con-
tains high sulfur content of 60 wt% by using both carbon and
oxygen in the carbon matrix to bond with small sulfur mole-
cules (Fig. 16a). After the initial activation process by deep
discharging to 0.5 V, the carbon/small sulfur composite deliv-
ered reversible capacity of ~600 mA h g~ based on the weight
of carbon/sulfur composites with a pair of redox plateaus
centered at 2.1 V (Fig. 16b). A long cycle life of 1000 cycles
was achieved (Fig. 16¢), demonstrating excellent cyclic stability.
To assess the potential for practical applications, high mass
loading (10 mg cm™2) and lean electrolyte (3 mLg g5~ ') condi-
tions were applied for battery tests. An all-fluorinated 1 M LiPFg
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Fig. 16 A chemically stabilized sulfur cathode for LSBs.®” (a) Schematic
illustration for the synthetic route of the carbon/sulfur composite; (b) the
galvanostatic charge and discharge curves at different cutoff windows at
500 mA g% (c) delithiation capacity and CE versus cycle number at
different cutoff windows at 500 mA g~%; (d) the galvanostatic charge and
discharge curves at 50 mA g~*and 0.5 mA cm™2 in commercial 1 M LiPFg in
EC/DMC lean electrolyte; (e) delithiation capacity and CE versus
cycle number in commercial 1 M LiPFg in EC/DMC lean electrolyte;
(f) the galvanostatic charge and discharge curves at 50 mA g~! and
0.5 mA cm~2in all-fluorinated 1 M LiPFg in FEC:FEMC:HFE lean electrolyte;
(g) delithiation capacity and CE versus cycle number in all-fluorinated 1 M
LiPFg in FEC:FEMC:HFE lean electrolyte. (Note: the capacity is calculated
based on the weight of carbon/sulfur composites).
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in fluoroethylene carbonate/3,3,3-fluoroethylmethyl carbonate/
1,1,2,2-tetrafluoroethyl-2’,2,2'-trifluoroethyl ether (FEC:FEMC:
HFE) electrolyte was employed, because it generates a stable and
robust LiF-rich solid electrolyte interphase (SEI) on the lithium
metal anode to mitigate the lithium dendrite growth and accom-
modate the volume change during the lithium plating and
striping process. As a comparison, the commercial 1 M LiPFs
in EC/DMC electrolyte, which cannot form a stable SEI on the
lithium metal anode, was also used. As shown in Fig. 16d-g,
LSBs based on the carbon/small sulfur composite and the
lithium metal anode can be reversibly charged and discharged
under high mass loading and lean electrolyte conditions,
whereas electrochemical performances in the commercial elec-
trolyte were worse than that in the all-fluorinated electrolyte
because of the stability of the lithium metal anode. The high
reversible capacity can be retained for 200 cycles in the all-
fluorinated lean electrolyte. These results indicate that develop-
ing advanced electrolytes for high-performance and stable
lithium metal anodes is also critical for practical applications
of LSBs. Considerable efforts are demanded to develop both
high-capacity carbon/small sulfur composites and dendrite-free
lithium metal anodes for high-energy and sustainable LSBs.

Conclusion and outlook

Developing affordable, lightweight, and sustainable batteries
such as organic batteries and LSBs is critical for the large-scale
applications of energy storage devices in portable electronics,
electric vehicles, grid-scale energy storage, etc. However, the
challenges in organic batteries and LSBs hinder their develop-
ment and applications. To date, a rich variety of approaches
and strategies have been used to address these challenges, but
the performances of organic batteries and LSBs are still not
competitive, compared with commercial LIBs. In organic bat-
teries, the capacity and redox potentials of most organic
cathode materials are lower than inorganic counterparts, limit-
ing the energy density of organic batteries. Moreover, most
organic cathode materials do not provide Li ions or other
cations for electrochemical reactions, so they are coupled with
metal-based anodes such as Li/Na/K/Mg/Al/Zn metals. This
introduces the challenges of metal-based anodes such as
dendrite growth and infinite volume change into organic
batteries. To overcome these challenges, considerable research
efforts are demanded to design and synthesize advanced OEMs
with a high ratio of the number of functional groups to
molecular weight for a high specific capacity, new functional
groups and structures for a high redox potential, and an air-
stable and cation-rich structure that can provide Li ions or
other cations for electrochemical reactions.

To promote the performances and achieve rational struc-
tural design of OEMs, the study of the structure-performance
correlation for OEMs in various rechargeable batteries is cri-
tical. Based on previous study on the structure-performance
correlation of OEMs, some structure design rationales have
been obtained. For example, the redox potential of OEMs can

This journal is © The Royal Society of Chemistry 2023
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be enhanced or decreased by adding electron-withdrawing or
electron-donating functional groups into the redox-active moieties.
The extended conjugation structure in OEMs not only enhances
the redox potential but also improve cyclic stability at the price of
lower specific capacity. Introducing ionic bonding such as carbox-
ylate groups in OEMs enhances the polarity and reduces the
solubility in the electrolyte, resulting in improved cyclic stability.
In addition, incorporating heteroatoms in the aromatic structures
of OEMs can provide more active centers to enhance the specific
capacity and stability. The formation of cross-linked structures and
two-dimensional/three-dimensional polymers can significantly
decrease the solubility of OEMs in the electrolyte and increase
the electrochemical performance. To further gain insight into the
structure-performance correlation and optimize the performance
of OEMs, studies on the impacts of porosity and aromaticity, as
well as the interfacial chemistry, are pivotal. Research efforts are
demanded to develop new types of redox-active functional groups
and structures based on light elements to enhance the capacity,
stability, and efficiency of OEMs for practical applications.

The following research directions for organic batteries are
important: (1) developing Li-rich, air-stable, high-capacity, and
high-voltage organic cathode materials for high-energy LIBs;
the capacity and voltage of cathode materials limit the energy
density of rechargeable batteries, so incorporating multiple
functional groups into organic molecules and studying the
impacts of structure isomerism, electron donating/withdrawing
functional groups, and porosity to the capacity and voltage are
essential to achieve high-performance organic cathodes for
high-energy organic batteries. (2) Developing stable and low-
cost organic cathode and anode materials for all-organic NIBs,
KIBs, and dual-ion batteries; these batteries are primarily
designed for grid-scale energy storage, where the lifetime and
cost of these batteries are critical. Hence, the affordability,
scalability, and high stability of OEMs render them ideal
candidates in these low-cost batteries. (3) Developing high-
voltage and porous polymers to couple with multivalent metals
(Mg/Al) for nonaqueous rechargeable multivalent metal bat-
teries; a key challenge for multivalent batteries is sluggish
reaction kinetics, caused by slow diffusivity of multivalent ions
in the electrodes. Porous polymers with large surface areas and
pore sizes shorten the ion diffusion pathways and accommo-
date the volume change, making them promising cathode
materials for multivalent batteries. (4) Developing high-
capacity and soft organic cathode materials for all-solid-state
batteries; soft materials can mitigate the interfacial challenge
of all-solid-state batteries, enabling stable and safe all-solid-
state organic batteries. (5) Developing high-capacity and high-
voltage organic cathode materials for aqueous Zn metal bat-
teries. The energy density of aqueous Zn metal batteries is
lower than commercial LIBs, but it is nonflammable and more
cost-effective. Therefore, aqueous Zn metal organic batteries
provide another option for developing low-cost batteries.

In LSBs, the challenges for both the sulfur cathode and the
lithium metal anode need to be addressed. To promote prac-
tical applications, it is critical to achieve the high sulfur mass
loading and lean electrolyte LSBs. Hence, the electrolytes
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should not dissolve or react with any components in LSBs but
only act as ion conducting medium between the cathode and
the anode. To this end, developing insoluble and polysulfide-
free sulfur cathodes based on carbon/small sulfur composites
is an important research direction. Design and synthesis of
PAN and other organic/polymeric precursors to generate carbon
matrixes that can stabilize small sulfur molecules with high
sulfur content of >60 wt% are challenging but vital for lean
electrolyte LSBs. In addition, developing advanced electrolytes
that can form stable and robust SEI on the lithium metal anode
to mitigate lithium dendrite growth and accommodate the
infinite volume change is also a promising research direction
for achieving high-energy lithium metal batteries. So far, LiF
has been identified as a key component in the SEI for the stable
and dendrite-free lithium metal anode, and the anion-derived
SEI decomposed by contact ion pair or aggregate solvation
structures in the electrolytes contains higher LiF content and
is more stable, facilitating uniform lithium plating and strip-
ing. Therefore, the structures and chemistries in both the
sulfur cathode and the electrolytes should be exploited to
achieve high mass loading and lean electrolyte LSBs for prac-
tical applications.

To promote the commercialization of organic batteries and
LSBs, the knowledge gap between laboratory research and
industry manufacturing needs to be bridged. The synthetic
procedures, reaction yields, material purity, and quality control
are critical for materials scale-up and battery manufacturing
from the lab level to the industry level. Though there are a rich
variety of methods and synthetic routes to fabricate cost-
effective and sustainable OEMs and carbon/sulfur composites
for high-performance rechargeable batteries in the lab, the high
manufacturing cost and reduced electrochemical performance
under high-mass-loading and lean-electrolyte conditions in
large-scale manufacturing inhibit the practical applications.
To address this challenge, the material and battery testing
standard of the lab and the manufacturer should be aligned.
To this end, the collaboration and communication between
research labs and battery/material manufacturers are vital. The
high-performance materials tested in coin cells in the lab should
also be assessed in high-mass-loading pouch cells with closer
testing conditions to the industrial requirement. In addition, the
raw material/chemical cost, energy consumption for the synth-
esis, waste gas and chemical generation, the impurities in the
products, and the reaction yield and purification process of each
synthetic step should be considered to lower the manufacturing
cost and potential risks during material synthesis. Material
production should avoid the use of expensive/rare chemicals,
complicated synthetic/purification procedures, and the for-
mation of a large amount of byproducts. Apart from material
manufacturing, electrode and battery manufacturing in the lab
scale and industry scale is also different. It is challenging to
convert the promising materials and technologies developed in
the lab into industry applications. Considerable research efforts
are demanded to fill the gap between the lab and the industry for
the commercialization of OEMs and sulfur in affordable, light-
weight, and sustainable batteries.
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Due to the rapid development of smart technologies and
electric transportations, the demands for affordable and sus-
tainable energy storage devices are surging. This provides
numerous opportunities for developing new battery technolo-
gies based on low-cost, abundant, and lightweight elements.
Organic batteries and LSBs are such technologies, endowing
next-generation energy storage with affordability, scalability,
recyclability, degradability, low environmental impact, and
high sustainability. The studies and applications of OEMSs
and sulfur in nonaqueous alkali-ion batteries, lithium metal
batteries, multivalent batteries, all-solid-state batteries, dual-
ion batteries, aqueous batteries, and redox-flow batteries will
afford a sustainable future for the energy storage field.
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