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ABSTRACT: Organic batteries using redox-active polymers and small organic compounds
have become promising candidates for next-generation energy storage devices due to the
abundance, environmental benignity, and diverse nature of organic resources. To date,
tremendous research efforts have been devoted to developing advanced organic electrode
materials and understanding the material structure—performance correlation in organic
batteries. In contrast, less attention was paid to the correlation between electrolyte structure
and battery performance, despite the critical roles of electrolytes for the dissolution of
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organic electrode materials, the formation of the electrode—electrolyte interphase, and the !:é % R ey S

solvation/desolvation of charge carriers. In this review, we discuss the prospects and Z Pl oot Jo
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challenges of organic batteries with an emphasis on electrolytes. The differences between A £°

organic and inorganic batteries in terms of electrolyte property requirements and charge P iiriiams, sl
storage mechanisms are elucidated. To provide a comprehensive and thorough overview of % - e\ec“&‘

the electrolyte development in organic batteries, the electrolytes are divided into four SOl

categories including organic liquid electrolytes, aqueous electrolytes, inorganic solid

electrolytes, and polymer-based electrolytes, to introduce different components, concentrations, additives, and applications in
various organic batteries with different charge carriers, interphases, and separators. The perspectives and outlook for the future
development of advanced electrolytes are also discussed to provide a guidance for the electrolyte design and optimization in organic
batteries. We believe that this review will stimulate an in-depth study of electrolytes and accelerate the commercialization of organic
batteries.
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1. INTRODUCTION

With the fast development of smart technologies, electric
transportations and renewable energies, the demands for high-
performance and sustainable energy storage are surging.' To
date, lithium ion batteries (LIBs) are still regarded as promising
energy storage systems for future applications because of their
high energy density, high operating voltages, and excellent
cycling stability.” Although the actual energy density of LIBs
with optimized inorganic electrode materials and cell
architectures can reach 300 Wh kg_l, the search for advanced
batteries with higher energy densities is still ongoing.3 So far,
achieving batteries with energy densities approaching to 500 Wh
kg™, a value doggedly pursued by researchers worldwide, has
met many challenges relying on current battery chemistries.”
Commercially ubiquitous battery architectures utilizing cobalt-,
nickel-, and manganese-containing lithium transition metal
oxide cathodes commonly deliver a practical capacity lower than
200 mAh g, limiting the battery energy density. In addition,
these inorganic materials are mainly produced from non-
renewable and scarce resources.” Although the development of
spent LIBs recycling technology like hydrometallurgical and
pyrometallurgical processes provides a new way to realize
resource sustainability, low recovery efficiency, high energy
consumption, and environmental pollution during the recovery
process still pose many challenges in industrial-scale recycling,”*
Therefore, considerable research efforts have been devoted to
developing novel low-cost, high-capacity, long cyclic stability,
and safe battery systems based on renewable and abundant
electrode materials and more aggressive battery chemistries.

In contrast to inorganic electrode materials, organic electrode
materials are endowed with various merits of facile synthesis,
abundant and easily accessible resources, and versatile and
flexible structures.”'” Organic compounds are mainly composed
of naturally abundant lightweight elements (e.g., C, H, N, O, and
S) and some of them could be degraded into amino acids on
demand after operation,'" which are potentially low-cost and
environmentally benign.'” Additionally, many organic materials
can be derived from biomass or synthesized through mild
synthesis processes below 200 °C, in contrast to inorganic
materials whose production processes usually require high-
temperature annealing.'”'* Furthermore, the structures of
organic molecules are highly tunable, enabling the rational
design of high-capacity organic electrode materials.”> Most
intriguingly, due to their universal conversion reaction
mechanisms in lieu of the intercalation or displacement
mechanisms in inorganic electrode materials, organic electrode
materials are electrochemically active in metal ion battery
systems beyond LIBs, including naturally abundant alkali metal
ions (Na" and K*) and multivalent ions (Zn**, Mg**, Ca’*, AI**,
etc.). It is feasible to apply the same organic molecule in various
metal ion batteries, which paves the way for developing new
battery systems.'®~"”

However, organic batteries still face significant challenges, one
of which is the serious dissolution of organic electrode materials
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in liquid electrolytes. During dissolution, the electrochemically
active materials deleteriously migrate from the current
collectors, resulting in irreversible capacity decay for the organic
electrode. In addition, the dissolved material can diffuse to and
corrode the counter electrode, resulting in further degradation
of the electrochemical performance of the cells. Based on the
perspective of organic electrode materials, a series of strategies
have been developed to minimize the dissolution of organic
compounds into the electrolytes, such as polymerization with
high molecular weight,20 forming salts with increased polar-
ity,”"** designing molecules with large 7-conjugated struc-
tures”>>° and immobilizing small molecules with advanced
conductive carbon.””** Although encouraging results have been
obtained, the introduction of inactive ingredients leads to a
decrease in practical capacity. To further optimize previous
strategies, the design of novel electrolyte/separator pairings is
considered as one of the most effective strategies to mitigate
electrode dissolution while maintaining optimal capacity.

Electrolyte composition is a critical, even decisive component
in all battery systems, the importance of which cannot be
underestimated regarding the development of high-energy-
density and functional organic batteries. As well documented,
the structures and compositions of electrolytes in inorganic
batteries have been widely acknowledged and extensively
researched, promoting the performance of high-energy
inorganic batteries.”” " In the past few decades, various
electrolytes, such as aqueous electrolytes, organic liquid
electrolytes, inorganic solid electrolytes, polymer electrolytes
and polymer/inorganic composite electrolytes have also been
studied to enhance the performance of organic batteries.
Optimization of a range of electrolytes suitable for different
organic electrodes and battery configurations is the key to
developing organic batteries which exhibit excellent perform-
ance. As proof of principle, based on the general theory of the
empirical “like-dissolves-like” rule, most organic electrode
materials show lower solubility in aqueous electrolytes and
better cyclic performance than that in organic liquid electrolytes.
However, the narrow electrochemical stability window (1.23 V)
of water is unable to endure the large voltage differences
between the cathode and anode in a commercially relevant
cell.”” Although organic liquid electrolytes can enlarge the
working voltage window, the severe dissolution challenge still
needs to be addressed. In addition, most of the organic batteries
are cycled at ultrafast rates (>2 C) in order to minimize the
dissolution degree and side reactions. An alternative strategy is
the introduction of solid electrolytes that can essentially avoid
the dissolution of organic electrodes. However, solid electrolytes
harbor their own disadvantages, primarily due to their high
mechanical strength and rigid structure, which affects interfacial
contact, resulting in poor compatibility with electrodes.

To date, many reviews on organic electrode materials have
been published.”**~*' However, these reviews have restricted
their comprehensive summarization of research efforts by
focusing only on four facets: materials structure design,
electrode preparation, electrochemical performance, and storage
mechanism. Although some electrolytes in specific research
fields of organic batteries are briefly discussed in some review
articles,*”~" there is no systematical and comprehensive treatise
about electrolytes in organic batteries so far. In addition, the
significant difference in requirements of electrolytes between
organic and inorganic batteries, owing to drastically different
chemical and physical properties of electrodes, must be clarified
and addressed to promote greater developments in the field.

https://doi.org/10.1021/acs.chemrev.2c00374
Chem. Rev. 2023, 123,1712-1773


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR

REVIEY

Scheme 1. Structures and Abbreviations of Organic Electrode Materials
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Therefore, a comprehensive summary and in-depth analysis of
electrolytes for organic batteries is demanded to provide
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guidance for their rational design. In this review, we summarize
the research progress of electrolytes and separators in organic
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Scheme 2. Structures and Abbreviations of Solvents and Polymer Matrices in Electrolytes
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Figure 1. Cell configurations and operation mechanisms of rechargeable batteries based on (a) inorganic cathode, (b) n-type organic anode, (c) n-type

organic cathode, and (d) p-type organic cathode.

batteries. Part one discusses the differences of reaction
mechanisms and performance requirements between organic
and inorganic batteries. Afterward, various electrolytes are
summarized and discussed, including organic liquid electrolytes,
aqueous electrolytes, inorganic solid electrolytes, and polymer-
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based electrolytes. In addition, the influence of membrane
modification on the performance of organic batteries is
discussed. In the last section, the challenges and research
directions of organic batteries are also discussed. Structures and
abbreviations of organic electrode materials, solvents and
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polymer matrices in the electrolytes discussed in this review are
listed in Schemes 1 and 2, respectively.

2. ORGANIC VERSUS INORGANIC BATTERIES

2.1. Reaction Mechanisms

The charge storage mechanism of conventional inorganic
electrodes is based on the reversible intercalation/deintercala-
tion of charge carriers (metal cations, metal complexes, anions,
protons, etc.), along with the valence change of transition
metals. During the process of energy storage, metal-based
structures react with ions to form intercalated compounds,
which leads to variation in the crystal structures and chemical/
physical properties of electrode materials. Due to the
intercalation reaction kinetics of inorganic electrode materials
is strongly related to the ionic radius of the insertion ion and the
interspace within crystalline structure, only very few ions can be
stored with high selectivity and reversibility. In contrast, organic
electrode materials are mostly based on reversible electro-
chemical redox reactions, rather than crystallographic structures,
which store charge via changes in the covalent state of
electroactive organic groups (carbonyl, nitroxide, organosulfide,
etc.). Therefore, the electrochemical activities of most organic
electrodes are not sensitive to the radius and type of charge
carriers, making organic electrodes amenable universal for
different metal ion batteries (Li*, Na¥, K*, Mg**, Ca®", etc.).

The structure of conventional inorganic-based batteries is
shown in Figure 1a, in which metal ions are inserted and stored
within the anode and cathode during operation. Generally, the
cathode materials are transition metal-containing inorganic
compounds, and the anodes are mainly graphitic carbon or alloy-
based materials.*® In organic batteries, organic electrode
materials can be categorized into n-type, p-type, and bipolar-
type organics according to the charge-state change of active
sites.”” Among them, the n-type electrodes can be used either as
anodes or cathodes depending on the actual redox potentials
(Figure 1b,c). As shown in Figure 1c, when used as the cathode
materials, n-type electrodes are reduced to anions and combined
with metal ions such as Li* and Na® during the discharge
process. Due to the higher redox potentials compared with the n-
type electrodes, the p-type organics are generally used as
cathode materials, which are oxidized and yield cations by
reacting with anions like PFs~ and ClO,” in the electrolyte
during the charge process. As shown in Figure 1d, for the p-type
electrodes, the electrolyte is responsible for transporting metal
ions between the anode and the electrolyte, as well as anions
between the electrolyte and cathode at the same time. Batteries
in which electrolyte salts provide both the cations and anions to
be stored in electrodes are called “dual-ion batteries”."**’
Bipolar-type organic molecules (such as nitronyl nitroxide) can
be oxidized or reduced, depending on the applied voltage.”® The
various reaction mechanisms in organic batteries offer numerous
opportunities for the design and synthesis of high-performance
organic electrode materials to achieve cost-effective and
sustainable batteries.

Organic electrode materials can undergo multielectron
reactions and exhibit high energy density, while inorganic
electrode materials have limited jon selectivity. As a result,
transcending the commercially relevant operating voltages and
specific capacities have been proven to be relatively difficult for
inorganic batteries. Furthermore, the redox reactions of many
organic electrode materials are often accompanied by highly
reversible bond rearrangement and minimal structural changes
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with fast reaction kinetics and excellent performances in high-
power energy storage devices.”> Recently, researchers have
explored new ways to further improve the rate performance of
organic materials by employing extended conjugation systems.”'
In contrast, inorganic electrodes operate via intercalation/
conversion/alloying reactions, and the insertion of cations
readily leads to the deformation of the lattice structure. The
relatively slow reaction kinetics and the easily compromised
electrode structure under a high current density adversely affect
the cyclic stability and rate performance of the battery.

In addition to the rate performance, the different reaction
mechanisms between organic and inorganic electrode materials
also affect the performance of the battery under extreme
environmental conditions. Major research interest has been
invested in the development of batteries which can reliably
operate in low-temperature conditions, like ocean exploration
and polar expeditions. Although the use of low-freezing-point
esters and ionic liquids (ILs) lowers the melting point of the
electrolytes and improves ionic conductivity at low temper-
atures, the traditional transition metal-based inorganic materials
are limited by their intrinsic grain boundary resistance and slow
diffusion rate of metal ijons in the inorganic lattice. Not
surprisingly, charge transfer in the electrode becomes more
difficult at low temperatures, resulting in the rapid deterioration
of battery performance.”” Relying on current inorganic
materials, it is difficult to realize the application of rechargeable
batteries in ultralow-temperature conditions (<—40 °C). On
the contrary, organic electrode materials undergo conversion
reactions, especially the amorphous conjugated carbonyl
polymers, and are regarded as promising electrode materials
for low-temperature applications. The highly reversible keto/
enolate pair results in faster redox kinetics than the current
intercalation/deintercalation paradigm of transition metal-
based inorganic materials. For dual-ion organic batteries, the
ion radius of anions is significantly larger than that of cations, so
the desolvation energy is also relatively lower, which greatly
reduces the dependence of electrode materials on the solvation/
desolvation process and improves the performance of the battery
at low temperatures. Therefore, exploring the low-temperature
performance of organic electrode materials and electrolytes is a
promising research direction for the development of organic
batteries.

To further expand the application of organic batteries, the
energy density needs to be further improved, which is closely
related to the specific capacity and working potential of
electrodes. As shown in Figure 2, the working potential of the
inorganic cathode is usually higher than 3.5 V versus Li*/Li, and
the cutoff potentials of some ternary materials like
LiNig g9sC00.0ssMng 0,0,>> and “Li-rich” materials®* can even
reach 4.8 V versus Li*/Li. However, the high working voltage of
inorganic cathode materials often leads to continuous electrolyte
decomposition, resulting in poor cycling stability of the battery.
Although p-type cathode materials own high voltage comparable
to conventional inorganic cathodes, most of them can only
provide a limited specific capacity, usually less than 100 mAh
g, which makes them less appealing to obtain a satisfactory
energy density. For n-type cathode materials, the working
potentials are usually within the range of 1.8—3.5 V versus Li*/
Li, which is significantly lower than that of inorganic cathode
materials, limiting the high energy density of organic batteries.
Efforts to tune the working potentials of n-type organic electrode
materials have been realized by introducing electron-with-
drawing or electron-donating groups into the electrode

https://doi.org/10.1021/acs.chemrev.2c00374
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Figure 2. Redox potentials and specific capacities of selected inorganic
and organic electrode materials. Reproduced with permission from ref
33. Copyright 2018 Elsevier.

materials,”>* changing the relative position and number of
active groups,‘w’58 and designing different conjugated struc-
tures.”” For example, by introducing relatively strong electro-
negative atoms (O, N, or S) into 9,10-anthraquinone (AQ), the
energy level of the lowest unoccupied molecular orbital
(LUMO) of the obtained heteroaromatic compounds is
decreased, which generally results in higher reduction
potentials.”® Tt is worth noting that the improvement of the
working potentials of organic cathode materials should not
compromise the chemical and electrochemical stability of
electrolytes. Therefore, developing high-voltage and high-
capacity organic electrode materials, accompanied by the design
of suitable electrolyte systems, is another pivotal research
direction for the large-scale application of high-performance and
sustainable organic batteries.

In addition, the poor cyclability and increased self-discharge
effect due to the dissolution of organic molecules in polar
organic electrolytes are fundamental shortcomings that must be
addressed to ensure the viability of organic materials in future
battery design. Dissolved active materials often peel away from
the current collector and can even shuttle to the counter
electrode and cause side-reactions, resulting in irreversible
capacity loss and poor cycle life. To solve the dissolution
problem, various strategies have been developed, including
electrode material design and electrolyte modification. Many
research efforts have been reported on the design of electrodes
to suppress or prevent the dissolution of organic active materials.
Additionally, many reviews have been published on this
aspect,””®” and this is not the emphasis of this paper. We will,
instead, discuss the electrolytes in organic batteries in detail.

2.2. Electrical Conductivity

The electronic conductivity of the electrode material greatly
affects the charge and discharge rates of the battery. For
electrode materials with poor conductivity, it is often necessary
to add a large amount of conductive additive to promote
electronic and ionic transport, achieving fast and reversible
redox reactions. Compared with inorganic electrodes, organic
electrode materials (except for conductive polymers like
polyacetylene, polyaniline (PANI), polypyrrole (PPy),°" poly-
paraphenylene,”” polythiophene, and polytriphenylamine
(PTPAn)®®) generally exhibit lower intrinsic electronic
conductivity.*® The insulating nature of many organic molecules
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strongly affects efficient ion/electron transport in organic
electrodes while also hindering the full utilization of the active
materials. A common strategy to curtail the insulative properties
of organic materials is to add more conductive agents during
electrode preparation. For example, approximately 80 wt %
conductive carbon additive was added to the nitroxyl polyradical
cathode for the stable free radical organic batteries in 2002.°*
Though increasing the content of conductive carbon in the
organic electrodes can improve the conductivity, it sacrifices the
gravimetric and volumetric energy densities of the organic
batteries. Hence, minimizing the carbon content but retaining
the high conductivity of organic electrodes is crucial for the
large-scale application of organic batteries.

At present, the conductivity of the organic electrodes are
generally enhanced by the following methods: 1) coating with a
conductive layer; 2) introducing conductive moieties;65 3)
adding highly conductive materials (such as carbon nano-
tubes,”*"” graphene,”*” and carbon fibers) on a molecular
level; 4) constructing single-ion conducting materials;>” 3)
adopting organics with a large 7-conjugated structure;”” 6)
performing annealing treatments to promote z-electron
delocalization;”" 7) forming organic charge transfer composites
(OCTCs).”” In OCTCs, monomers with different electron
accepting and donating capabilities interact each other by #
donor—acceptor interaction, forming molecular layers with high
structural stability. The relatively strong intercomponent
interactions between the orderly stacked layers could form a
relatively dense electron cloud, providing a rapid and short
electron transfer pathway and elevating the electronic
conductivity of OCTC:s. Significant progress has been made to
improve the conductivity of organic electrodes, establishing a
solid foundation for the practical application of organic batteries.

2.3. Mechanical Properties

Organic compounds, especially polymers, are promising for
portable electronic applications due to their excellent flexibility,
easy processing, and facile design. In particular, aqueous Zn-
organic batteries have been successfully applied in wearable
electronic devices.”> Furthermore, in solid-state organic
batteries, the inherent low Young’s modulus of organic electrode
materials could efficiently prevent the contact loss at the
interface between the electrode and the solid-state electrolyte,
while maintaining intimate interfacial contact during cell
cycling.”*” In contrast, inorganic electrode materials with
high Young’s modulus are less likely to maintain adequate
electrochemical performance after repeated cycling. The
degradation in capacity for inorganic electrode materials is
generally attributed to local stress caused by intercalation related
volume changes which may lead to cracks at the interface, and
eventually result in the loss of mechanical contact with the
substrate, particle level cracking, and electronic isolation.”*””

2.4. Materials Resources and Costs

It is estimated that a Li-ion battery with a 100 kg cathode
requires 6—12 kg of cobalt and 36—48 kg of nickel.”® At present,
the battery industry accounts for about 50% of the total
consumption for cobalt, while approximately 70% of the world
cobalt resources are located in Congo (Kinshasa).”” Further-
more, the demand for cobalt and nickel resources will exceed
production within 20 years if their use continues to increase.””
The limited production and uneven distribution, combined with
the low recovery and high cost of these transition metals have
become increasingly prominent problems with the development
of large-scale energy storage technology (Figure 3),””* which
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Figure 3. Global annual (co)production from mineral mining, recovery rate, and price of several metals. Reproduced with permission from ref 80.
Copyright 2018 Springer Nature. (The output of metallic elements comes from ref 80. The proportion of recovered metal to apparent consumption

and price come from ref 79.)

may lead to high and unstable production costs for batteries. In
addition, the use of large amounts of transition metals not only
consumes nonrenewable mineral resources, but also causes
severe environmental degradation due to the excessive
exploitation of the heavy metals combined with the energy
consumption and greenhouse gas emission in the process of
synthesis and recovery.

To address these challenges, organic electrode materials are
promising alternatives to inorganic electrode materials for
battery industries to achieve cost-effective and sustainable
energy storage. Organic compounds are primarily composed of
naturally abundant elements (C, H, N, O, S), which are
considered with respect to inorganic metals as relatively
sustainable, environmentally friendly, and low-cost materials
for batteries. Some electrode materials for organic batteries have
even been directly extracted from natural biomass,®" which is
conducive to sustainable development. In addition, because the
synthetic processes for organic materials are flexible and more
easily controlled, than with respect to inorganic materials,
optimizing energy use and resource utilization is theoretically
easier to achieve. Since most organic electrode materials are not
yet commercially available or mass-produced, it is difficult to
estimate their costs. Lu et al.> calculated the costs of several
organic batteries by using BatPaC software and compared them
with two inorganic battery systems of LiNiy¢Coq,Mng,0,
(NCM622)-Li and NCM622-graphite. The results show that
the cost of batteries using high-voltage n-type organic cathode
materials (especially carbonyl compounds like 1,4-benzoqui-
none) and Li anodes is lower than that of the NCM622-graphite
system and equivalent to that of the NCM622-Li system,
indicating great economic prospects for organic electrode
materials in practical applications.

2.5. Requirements for Electrolytes

To enhance electrochemical performance, appropriate electro-
lytes are required for both organic and inorganic batteries.
Though there are four types of electrolytes, including organic
liquid electrolytes, aqueous electrolytes, inorganic solid electro-
lytes, and polymer-based electrolytes, advanced electrolytes
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should have the following features to satisfy the needs of
rechargeable batteries.

(1) High ionic conductivity and low electronic conductiv-
ity: An idea electrolyte is expected to possess high ionic
conductivity to efficiently transfer ionic charges between
electrodes, and negligible electronic conductivity to
prevent internal short-circuits and self-discharge. Liquid
electrolytes often have low viscosity and exhibit suitable
solvation characteristics, to achieve the rapid ion transport
during the charge—discharge process. In contrast, solid
polymer electrolytes typically exhibit low ionic con-
ductivity, which can be improved by adding solvents and/
or inorganic fillers, or increasing the operating temper-
ature. For inorganic solid-state electrolytes, increasing the
sintering density and reducing the grain boundary
resistance can improve the ionic conductivity.82 In
addition, recent studies have shown that reducing the
electronic conductivity of solid-state electrolytes is critical
to prevent the formation of dendrites inside the
electrolyte.*®

(2) Suitable electrochemical stability window: The electro-

chemical window of the electrolyte should be wider than

the operating voltage range of the battery in order to
minimize electrolyte decomposition. Though the electro-
lyte decomposition in the first charge/discharge cycle
generates the solid electrolyte interphase (SEI) on the
anode and cathode electrolyte interphase (CEI) on the
cathode to enlarge the stability window of the electrolytes
in practical applications, a stable electrolyte is required to
avoid continuous electrolyte decomposition and achieve
high Coulombic efficiency upon long-term cycling.

Compared with inorganic electrode materials, the work-

ing potential of organic electrode materials is generally

lower, and many aqueous, organic liquid, and solid-state
electrolytes which are incompatible in the inorganic
system become uniquely accessible in organic batteries.

For some high-voltage electrodes, it is necessary to design

electrolytes with high oxidation resistance to match them.
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(3) Excellent compatibility with the electrode: Electrolyte/
electrode compatibility is the precondition of developing
high energy density batteries with excellent electro-
chemical performance. For example, maintaining effective
and uniform ion transport at the electrolyte/electrode
interface is critical when employing a solid-state electro-
lyte to achieve a high-energy density battery.

Good thermal stability: The development of batteries
that can operate under wide operating temperature ranges
requires the implementation of electrolytes that maintain
adequate compatibility with the electrode materials as
well as high ionic conductivity over those ranges.

Low cost, simple preparation, and low toxicity: These
are regarded as the primary metrics for the commercial
application of rechargeable batteries, especially for the
deployment in stationary electric energy storage, where
the cost and toxicity are critical factors for grid-scale
applications.

2.5.1. Liquid Electrolytes. The performances of liquid
electrolytes are closely related to the characteristics of solvents
and salts. In organic batteries, the choice of solvents is often the
same as that of inorganic batteries, and for both types of
batteries, the solvents need to have a low viscosity, an adequate
solvation relationship with the salts, and sufficient electro-
chemical stability in the working potential window. However,
the use of solvents optimized for inorganic batteries readily leads
to the spontaneous dissolution of active materials in organic
batteries. Using ILs as the solvent, increasing the salt
concentration or incorporating additives such as fluoroethylene
carbonate (FEC) can significantly reduce the solubility of some
organic materials and improve the cyclic stability of the organic
batteries.

In commercial inorganic batteries, the electrolyte solvents are
mainly selected from the carbonate esters due to their wide
electrochemical stability window and formation of the stable
SEL To satisfy the application requirements of electrolytes in
terms of dielectric constant, viscosity, ionic conductivity,
melting point, and so on, the electrolyte solvents are often a
mixture of cyclic and linear carbonates. The mixed organic
carbonate solvents are implemented more often than the ether-
based solvents such as 1,3-dioxolane (DOL) and 1,2-dimethoxy-
ethane (DME), because the latter are usually unstable at the
working potential above 4.0 V and cannot be used in high-
voltage batteries. Intriguingly, the ether-based electrolytes
exhibit better performance than carbonate-based electrolytes
in organic batteries. Compared to carbonate solvents, electro-
lytes based on ether solvents exhibit relatively better
compatibility with organic electrodes, resulting in increased
cycling stability. The increased compatibility can be attributed
to diminished solubility of active organic materials and the
formation of a relatively stable SEI layer.

In addition to the solvents, the selection criteria of electrolyte
salts used in inorganic and organic batteries differs, mainly
depending on the type and desired dissociation characteristics of
metal ions. Traditional LIBs are generally fabricated using
transition metal oxides as the cathode and graphite or alkali
metal as the anode. The operating principles of LIBs are usually
reliant on lithium-based electrolytes, which means the cations in
the salts are Li ions, and the anions are generally PF,~, ClO,",
BF,”, TFSI” for nonaqueous electrolytes or ClI7, NO; ™, SO,*,
TESI™ for aqueous electrolytes. Likewise, in organic batteries,
the electrochemical redox reactions result in the transition
between the neutral state and the negatively charged state of the

(4)

(5)
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n-type organic electrode materials, which using cations in the
electrolyte to balance the charge. In addition, for many n-type
organic materials, Li* can be replaced by other alkali ions (such
as Na* and K*) or even H* without significantly affecting the
electrochemical behavior. This is different from inorganic
intercalation compounds, which are very sensitive to cationic
radii. In contrast, p-type organic electrode materials usually act
as cathode materials for batteries and mainly rely on anions in
the electrolyte to balance the charges. During the charging
process, the p-type organic electrode materials will lose
electrons, and the anions in the electrolyte will participate in
the electrode reaction to maintain charge neutrality.

2.5.2. Solid-State Electrolytes. Compared with liquid
electrolytes, solid-state electrolytes can completely solve the
dissolution challenge of organic electrode materials, but
introduce high interfacial resistance. At present, the application
of solid-state electrolytes in organic batteries draws heavily from
previous research work done on the all-solid-state inorganic
LIBs or Na-ion batteries (NIBs). However, the requirements for
solid-state electrolytes in organic and inorganic batteries are
different and are summarized below.

There are many reports about ceramic solid-state electrolytes
for inorganic electrode materials, such as sulfide electrolytes,
oxide electrolytes, halide electrolytes, perovskite/antiperovskite,
garnet, and lithium phosphorus oxynitride (LIiPON).”"**~% For
solid-state NIBs, #-alumina is also a commonly used electro-
lyte.*” Nevertheless, in solid-state organic batteries, only the
sulfide electrolytes, LiPON, and f-alumina were reported to
couple with n-type materials. Sulfide-based electrolytes exhibit
high ionic conductivity, on par with that of conventional liquid
electrolytes. In addition, even at room temperature, sulfide-
based electrolytes can be easily processed into dense films and
maintain intimate contact with electrodes, showing low grain
boundary resistance and excellent ductility.** For LiPON, with
high redox stability, its combination with organic electrodes
holds the potential for thin-film all-solid-state batteries with high
volumetric and specific energy densities. The reports of other
ceramic electrolytes (such as perovskite/antiperovskite, NASI-
CON-like and garnet) for organic batteries are rare. In addition,
the p-type organics are much more difficult to be combined with
inorganic solid-state electrolytes, because the redox reactions of
p-type organic electrode materials rely on anions in the
electrolyte to balance the charge, while traditional ceramic and
glassy solid-state electrolytes are single ion conductors that only
transfer cations.

Compared with organic cathode materials, the oxidizing
potentials of intercalation-type inorganic cathodes are generally
989 requiring electrolytes with wider electrochemical
stability windows to avoid side reactions. Some electrolytes with
low anodic decomposition potentials, such as sulfide electro-
lytes, readily form a resistive interfacial layer between the
electrode and the electrolyte when they are coupled with an
transition metal oxide-based cathode, resulting in reduced
capacities.”””" Furthermore, the formation of a highly resistive
space-charge layer hinders ion transport.”> Therefore, it is
necessary to add a chemically inert coating layer like LiNbO;™
or Li;PO,”* on the surface of the cathode particles to maintain
the electrochemical and chemical compatibility of the interface.
The development of halide solid-state electrolytes with high
ionic conductivity and high chemical and electrochemical
stability provides an effective strategy to realize high-voltage
all-solid-state batteries without interfacial coatings on the
cathode materials.”> However, the poor electrochemical

S
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Table 1. Key Physical Properties, LUMO, and HOMO Energy Levels of the Organic Solvents and Additives for Electrolytes in

Organic Batteries

Dipole moment  Viscosity at 25 °C  Dielectric constant at Density at 25 °C LUMO HOMO
Solvent [debye] [cP] 25 °C [gmL™] [ev]® [ev]®
Ethylene carbonate (EC) 4.61 1.90 (40 °C) 89.78 1.32 1.089 —7.924
Propylene carbonate (PC) 4.81 2.53 64.92 1.20 1.112 —7.870
Diethyl carbonate (DEC) 0.96 0.75 2.80S 0.97 1.254 —7.633
Ethyl methyl carbonate (EMC) 0.89 0.65 2.9 1.01 1.222 —7.675
Dimethyl carbonate (DMC) 0.76 0.59 (20 °C) 3.107 1.06 1.189 -7.718
1,3-Dioxolane (DOL) 1.28 0.59 7.1 1.06 3.049 —6.639
Ethylene glycol dimethyl ether (DME) 1.15 0.46 7.2 0.86 2.532 —6.695
Diethylene glycol dimethyl ether (G2 or - 0.94 7.4 1.1 2.312 —6.698
DEGDME)
Tetraethylene glycol dimethyl ether (G4 or 245 1.01 7.5 3.4 2.186 —6.613
TEGDME)
Tetrahydrofuran (THF) 1.63 0.5 7.1 0.5 2.707 —6.353
Acetonitrile (AN) 3.92 0.3 36.6 0.78 1.087 —8.905
Fluoroethylene carbonate (FEC) - 2.4 109.4 1.45 0.696 —8.315
Triethyl phosphate (TEP) - 1.7 - 1.07 1.751 —7.633
Trimethyl phosphate (TMP) - 2.0 - 1.20 1.599 —7.728

“LUMO and HOMO energy values of the solvent were calculated by applying the density functional theory (DFT) method with the hybrid density
functional B3LYP and the 6-31G(d, p) basis set using Gaussian g09 software package.'®”

reduction stability of halide electrolytes impairs their compat-
ibility with metal anodes. It is necessary to develop strategies to
stabilize the interface with metal anodes and explore large-scale
and low-cost preparation processes to realize the practical
application of halide electrolytes.”® Organic electrode materials,
with lower operating voltages, are relatively more compatible
with electrolytes featuring low anodic decomposition potentials
and do not necessitate the use of complex surface treatments for
the electrode materials.

In addition, the interfacial performances are also different in
organic and inorganic solid-state batteries. Inorganic electrode
materials usually have a high Young’s modulus. During the
repeated intercalation/deintercalation processes in an inorganic
battery, the electrode materials are prone to lose interparticle
contact with the electrolyte as a result of structural dama%e
accrued from mechanical stresses due to volume changes.”” ™’
However, organic electrode materials have low mechanical
strength, which can effectively relieve interfacial stress and
maintain intimate contact between the active material and the
electrolyte without additional interfacial modification treatment.
To promote the development of all-solid-state organic batteries
for safe, sustainable, and high-energy-density energy storage,
advanced organic electrode materials with new redox chem-
istries and high compatibility to the solid-state electrolytes are
demanded. Moreover, exploring the organic electrode—electro-
lyte interaction and stability, as well as the interfacial chemistry,
are promising research directions for all-solid-state organic
batteries.

3. ELECTROLYTES IN ORGANIC BATTERIES

The electrolyte as an indispensable and decisive component in
rechargeable batteries plays an important role in balancing the
charge via ion transport between the cathode and the
anode.””'*’ The choice of the electrolyte directly affects the
energy density, cycle life, safety, and working conditions of the
battery. For organic batteries, the type and concentration of the
electrolyte, the choice of the solvent and salt, and the use of
additives all affect the reversible capacity, solubility of electrode
materials, and interfacial stability between the electrode and the
electrolyte. Therefore, choosing an appropriate electrolyte
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system is essential for obtaining an organic battery with excellent
overall performances.

3.1. Organic Liquid Electrolytes

Organic liquid electrolytes based on organic solvents and
inorganic salts function as bridges for ion transport between
cathodes and anodes, and prevent deleterious electron transport
inside rechargeable batteries. During the initial discharge/
charge cycles, organic liquid electrolytes are decomposed at low
(<1 V versus Li/Li") and high (>3.5 V versus Li/Li*) reaction
potentials to form electronic insulating but ionic conductive
passivation layers. The layers are known as SEI, on the anode
surface and CEI on the cathode surface. The SEI/CEI layers are
critical components in the optimal functioning of commercially
viable batteries. The layers block the physical contact between
electrodes and electrolytes, and minimize continuous side
reactions, resulting in improved Coulombic efficiency and
capacity retention of the electrodes. As it is well-documented,
the formation of stable and robust SEI/CEI layers is paramount
for inorganic batteries to exhibit high cyclability and high
Coulombic efficiency.'”"'?* Similarly, organic liquid electrolytes
also play a critical role in the formation of SEI/CEI in organic
batteries, which will impact the cycle life and Coulombic
efficiency. Therefore, it is of great significance to gain
fundamental insight into the correlation between the structure
of organic liquid electrolytes and the electrochemical perform-
ance of organic batteries for rational electrolyte design and
organic battery performance optimization.

3.1.1. Effects of the Solvent. Organic solvents are the main
components in the liquid electrolytes, which are critical for
defining the overall battery performance. According to past
research experiences, the selected organic solvents should
exhibit the following features: 1) a high dielectric constant to
enhance the solubility of inorganic salts and ensure a high ionic
conductivity; 2) a relatively low viscosity over a wide operating
temperature range; 3) a high electrochemical and chemical
stability within the operating voltage range.

In the past few decades, a variety of solvents have been used in
electrolytes for batteries, including carbonate-based solvents
such as ethylene carbonate (EC), propylene carbonate (PC),

https://doi.org/10.1021/acs.chemrev.2c00374
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Table 2. Comparison of the Physical Properties of Several Charge Carriers for Rechargeable Batteries; Reproduced from Ref 110,

Copyright 2020 American Chemical Society

Li*
Relative atomic mass 6.94
Mass-to-charge ratio 6.94
Theoretical gravimetric capacity of ACoO,” (mAh g™") 274
Theoretical volumetric capacity of ACoO,” (mAh cm™) 1378
E° (A/A%,) (V vs SHE) —3.04
E° (A/A%pc) (V vs Li/Li*pc") 0
Shannon’s ionic radii (A) 0.76
Stokes radii in water (A) 2.38
Stokes radii in PC (A) 4.8
limiting molar ionic conductivity in PC (S cm® mol™) 8.3
Desolvation energy in PC (kJ mol™") 215.8
Melting point (°C) 180.5

Na* K M. gz+ ABY Ca2
23.00 39.10 24.31 26.58 40.08
23.00 39.10 12.16 8.86 20.04
235 206 260 268 242
1193 906

=2.71 -2.93 -2.4 -17 =29
0.23 —0.09

1.02 1.38 0.72 0.54 1.06
1.84 125 3.47 4.39 3.10
4.6 3.6

9.1 152

158.2 119.2 569.4

97.8 63.4 650 660 842

“Theoretical capacities of ACoO, with the multivalent ions are estimated based on Mg, Co0O,, Al 5C00,, and Ca;5CoO,.
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Figure 4. Effects of the solvent in organic liquid electrolytes on electrode/electrolyte interfacial compatibility and solubility of organic electrodes.
Cyclic voltammetry (CV) curves of the PVMPT electrode using 1 M LiPFg in (a) EC/DMC (1:1) and (b) EC/EMC (3:7) electrolytes. Reproduced
from ref 111. Copyright 2021 American Chemical Society. (c) Electrochemical impedance spectroscopy (EIS) profiles of fresh cells in different
electrolytes. The inset shows the enlarged EIS plot of the cell with LITESI-DOL/DME electrolyte. Reproduced with permission from ref 112.
Copyright 2018 Wiley-VCH. (d) Saturated concentrations of DABQ in different electrolytes. Reproduced with permission from ref 113. Copyright
2019 Royal Society of Chemistry. (e) Solubility test of PAQS in various solvents. (f) Location of various solvents in Hansen space. Reproduced with

permission from ref 115. Copyright 2018 Wiley-VCH.

diethyl carbonate (DEC), dimethyl carbonate (DMC), ethyl
methyl carbonate (EMC),”” and ether-based solvents such as
DOL, DME, diethylene glycol dimethyl ether (DEGDME or
G2), triethylene glycol dimethyl ether (G3), tetraethylene glycol
dimethyl ether (TEGDME or G4),'” tetrahydrofuran (THF),
and methyltetrahydrofuran (Me-THF). Recently, fluorinated
ether solvents such as triethylene glycol'** and fluorinated 1,4-
dimethoxylbutane'®> were reported to exhibit excellent
compatibility with the Li metal anode and high stability at
high redox potentials. A common practice to obtain an advanced
electrolyte with a high dielectric constant and a low viscosity is to
use multisolvents in one electrolyte and take the advantage of
the special feature of each solvent to satisfy the requirements of
high-performance batteries. For example, the mixture of EC
(high dielectric constant, but high viscosity) and DMC (low
viscosity, but insufficient dielectric constant) in a ratio of 1:1 has
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been widely used in commercial LIBs. In addition, some fire-
retardant solvents such as triethyl phosphate (TEP),'%
trimethyl phosphate (TMP),'”” and triphenyl phosphate
(TPP)'*® also endow the electrolyte with nonflammability,
which greatly improves the battery safety. Key physical
properties, LUMO, and the highest occupied molecular orbital
(HOMO) energy levels of the common organic solvents and
additives for electrolytes are summarized in Table 1.*%'*

For metal-ion batteries beyond LIBs, the development of
electrolytes is different from conventional LIBs due to the
intrinsic differences of ionic radius, standard potential, and ionic
charge distribution between Li* and other metal ions. Table 2
shows the comparison of physical and chemical properties of
several metal ion charge carriers for rechargeable batteries.'"’
Since Na* and K" have identical cationic charge, similar redox
potentials (vs Li*/Li) and electrochemistry behaviors to Li*, the
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selection of electrolyte solvents in organic batteries based on
Na® or K* could be similar to conventional Li-based electrolytes.
However, for the battery systems involving Zn*, Mg2+, Ca*,
and AI**, the selection of electrolyte solvents is different.
Although the development of electrolytes for organic batteries
has attracted some interests from the battery field, the basic
research is still not sufficient. Here, we summarized the various
electrolyte systems in organic batteries, and related research
results are also discussed below.

For p-type electrodes with high redox potentials, ester-based
electrolytes with a wide electrochemical stability window are
often selected. While for n-type electrodes, the cycling stability
of organic batteries containing ether-based electrolytes
surpasses those containing carbonate-based electrolytes. The
use of ester-based electrolytes has been linked to a greater degree
of active material dissolution, diminished compatibility and
inadequate SEI layer formation, with respect to the organic
electrodes.

3.1.1.1. Reducing Dissolution of Active Materials. In
general, except certain compounds with a highly extended
conjugation structure and some organic salts, small organic
molecules like quinone derivatives, acid anhydride compounds,
and some low-molecular-weight polymers suffer from the
dissolution challenge. Suitable solvents for the electrolytes
could reduce the dissolution of these materials to a certain
extent.

It was reported that the solubility of the poly(3-vinyl-N-
methylphenothiazine) (PVMPT) electrode can be significantly
reduced by reducing the content of cyclic carbonate EC and
selecting asymmetric linear carbonate EMC instead of
symmetric linear carbonate DMC in the solvent mixture.'"
Compared with the 1 M (where M is molar concentration, mol
L™') LiPFs in EC/DMC (1:1) electrolyte, the irreversible
capacity decay of the PVMPT electrode in the 1 M LiPF4 in EC/
EMC (3:7) electrolyte is greatly reduced due to the decrease of
solubility (Figure 4a,b). Xie et al.''? ascribed the reasons for the
poor cycling performance of the poly(2,3-dithiino-1,4-benzo-
quinone) (PDB) electrode in carbonate-based electrolytes to
two aspects: 1) the dissolution of PDB in the carbonate-based
electrolyte is more severe than that in the ether-based electrolyte
as evidenced by the obvious color change of the two separators
from cycled batteries; 2) the poor compatibility of the
carbonate-based electrolyte with the PDB electrode results in
higher interfacial resistance and sluggish reaction kinetics
(Figure 4c).

To improve the electrochemical performance of organic
batteries and mitigate the high solubility of organic electrode
materials in liquid electrolytes, it is critical to gain fundamental
insight into the correlation between electrolyte solvents and
organic material solubility. Vlad and colleagues'"” explored the
reason for the high solubility of 2,5-diamino-1,4-benzoquinone
(DABQ) in carbonate-based electrolytes and found a clear
correlation between the dipole moment of the solvent and the
solubility. The relatively low dipole moments of DOL (1.25 D),
DME (1.15 D), and TEGDME (2.4S5 D) result in less damage to
the H-bond-based crystallinity of DABQ. However, the high
dipole moment (up to 4.61 D) of EC results in the formation of
H-bonds between the carbonyl groups in EC and the amine
groups in DABQ, thereby increasing the solubility of DABQ in
the EC-based electrolyte. Therefore, electrolytes based on
DOL/DME and DOL/TEGDME solvents showed lower
solubility than the EC/DMC-based electrolyte at the same salt
concentration (Figure 4d) and the cyclic stability of the
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corresponding battery was better. It is noteworthy that DMC
has the lowest dipole momentum of 0.76 D among all the tested
electrolyte solvents. Correspondingly, DABQ also shows a low
solubility in the DMC-based electrolyte, which can be attributed
to the relatively large polarity difference between DMC and
DABQ. Therefore, the development of a battery system based
on organic electrode materials and electrolytes with opposite
polarities is expected to mitigate the dissolution in organic
batteries. To this end, Renault et al.''* introduced ionic auxiliary
groups to small polyimide (PI) molecules to drastically increase
the polarity of the organic electrode material and coupled the
material with low polarity electrolyte of 1 M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in DMC to max-
imize the expected polarity difference. However, it is not
accurate to predict the solubility of organic materials based on
the dipole moment or the dielectric constant of the solvents
alone. Phadke et al.'" analyzed the solubility of polyanthraqui-
none sulfide (PAQS) in 17 different solvents (Figure 4e) and
found that although N,N-dimethylformamide (DMF) and
glutaronitrile (GLN) have similar dielectric constants and
showed similar polarity, the solubility of PAQS in DMF is much
higher than that in GLN. To accurately predict the trends of
solubility, Hansen solubility parameters (HSPs) analysis was
employed. In 1967, HSPs were proposed by Hansen to predict
miscibility between different material systems, in which the total
cohesive energy of a species is the sum of three individual
energetic components of hydrogen bonding (8,), dispersion
interaction (8;), and polar cohesive energy (5P).116 Since the
change in solubility is mainly attributed to different
intermolecular interactions, the HSPs can be used to predict
the solubilities of polymers in different solvents."'” The Hansen
space was established with &y, 54, and 6, as three coordinates.
When the values of dy, 63, and &, of the solvent are similar to
those of PAQS, the distance between the solvent and PAQS
molecule is small, indicating that PAQS has a higher solubility in
the solvent (Figure 4f).""> However, the polarity of organic
electrode materials will change dramatically during the charge
and discharge processes. Though the organic electrode materials
are insoluble in the optimized electrolytes, the charged or
discharged states of the materials could be soluble, resulting in
poor cyclic stability. Hence, it is difficult to establish a reliable
correlation between the polarity of active materials or electro-
lytes and the cyclic stability of organic batteries.

3.1.1.2. Constructing a Stable SEl. In addition to the high
solubility challenge of organic electrode materials, the choice of
the solvent also affects the wettability of electrolytes and the
formation of the SEL Lei et al.""® compared the electrochemical
performances of the dipotassium terephthalate (K,TP)
electrode in two different types of electrolytes and found that
DME-based electrolyte resulted in better rate capability and
cycling performance with respect to carbonate-based electro-
lytes. The superior performance of the DME-based electrolyte
was attributed to two factors: 1) the excellent wettability of the
DME-based electrolyte in the K,TP electrode enables the
contact angle close to 0°, while the poor wettability of carbonate-
based electrolytes results in poor interfacial contact between the
electrode and the electrolyte; 2) the SEI film formed by the
DME-based electrolyte is smooth and robust, allowing for the
fast transfer of K ions. In contrast, the surfaces of cycled
electrodes in carbonate-based electrolytes are seamed and rough
because of the formation of dynamically unstable and thick SEI
films. Seamed and rough SEIs generally result in larger charge
transfer resistance and lead to large voltage polarization.
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Since the operating potentials of n-type organic cathode
materials are usually in the range of 1.8 to 3.5 V versus Li*/Li,
most organic liquid electrolytes are thermodynamically stable

against the organic cathodes. Therefore, in contrast to the SEI,
the study on the formation and optimization of CEI is scarce.
The selection of the solvents and salts for the electrolytes
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determines the composition of the SEI due to the different
LUMO energy levels of the solvent and salt molecules.'"”
Theoretical calculations, for the formation of a desirable SEI,
show that the LUMO energy level of FSI™ is much lower than
that of DME molecules in the potassium bis(fluorosulfonyl)-
imide (KFSI)-DME electrolyte (Figure Sa), indicating the
preferential decomposition of KFSI during the first cycle. The
inorganic-rich inner SEI layer can effectively protect the
electrode and effectively alleviate the subsequent decomposition
of DME molecules (Figure Sb), thus enhancing the electro-
chemical stability of the battery. In contrast, in the KFSI-EC/
DEC electrolyte system, the LUMO energy levels among FSI~,
EC, and DEC are relatively similar, and they are decomposed
simultaneous in the first cycle, resulting in a random distribution
of inorganic and organic components in the SEI layer (Figure
Sc). During subsequent cycles, cracks are formed in the mosaic
structure of the SEI due to the large volume change caused by
the repeated potassiation/depotassiation process. At the same
time, the electrolyte penetrates the SEI through the cracks and
directly contact with the anode surface, leading to continuous
decomposition of the electrolyte, large irreversible capacity loss,
and poor cyclability. Similar results were reported for NIBs using
sodium hexafluorophosphate (NaPF;)-DEGDME and NaPF,-
EC/DEC electrolytes.lzo Since the LUMO energy level of PF4~
is lower than that of DEGDME, an inorganic-rich SEI layer is
formed in the ether-based electrolyte as a result of the
preferential decomposition of NaPFq. In contrast, because of
the similar LUMO energy levels of PF¢~, EC, and DEC in the
EC/DEC electrolyte, simultaneous decomposition of these
chemicals occurs, resulting in the formation of an unstable
mosaic structure SEI layer, the continuous growth of the SEI,
and poor cycle life. Therefore, developing organic liquid
electrolytes composed of low LUMO energy level salts and
high LUMO energy level solvents is a promisin% research
direction for high-performance organic batteries.'*"*""** It is
noteworthy that the frontier orbital characters in the electrolyte
can be modified by changing the electrolyte concentration and
adjusting the solvation structure, which is discussed in Section
3.1.3.

To improve the performance of organic batteries, other ether
and carbonate solvents such as Me-THF and FEC were also
employed in electrolytes. Armand and co-workers'>* studied a
series of redox-active Schiff-base polymers for NIBs coupled
with NaPF,-EC/DMC, sodium bis(fluorosulfonyl)imide
(NaFSI)-(PC or DEGDME or Me-THF) and sodium bis-
(trifluoromethanesulfonyl)imide (NaTFSI)-(DEGDME or Me-
THF) to optimize the performance of organic batteries. The
results indicated the battery system based on the NaFSI in Me-
THEF electrolyte exhibited the highest capacity and best cyclic
stability. Luo et al.'”* systematically compared the effects of
FEC/DMC and EC/DMC on the electrochemical performance
of a2,5-dihydroxy-1,4-benzoquinone disodium salt (DHBQDS)
nanorod electrode, and found that regardless of whether
poly(vinylidene difluoride) (PVDF) or sodium alginate was
used as the binder, the sodium perchlorate (NaClO,)-FEC/
DMC electrolyte showed a better cyclic stability compared than
the NaClO,-EC/DMC electrolyte. By analyzing the CV result in
the first charge/discharge cycle, it was found that there was an
extra sodiation plateau centered at 1.4 V in the FEC-based
electrolyte, which may be associated with the formation of a
thicker and F-rich stable SEI layer. This SEI consequently results
in reduced dissolution of the active material and stabilized
electrode.
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In addition to carbonate- and ether-based electrolytes,
electrolytes based on organic phosphates and ethylene glycol
(EG) can also be used in organic batteries. Liu et al. found that
KFSI-TEP and KFSI-TMP without the need for superhigh-
concentration electrolytes could form a stable SEI layer on the
graphite surface, which not only effectively suppresses electro-
lyte decomposition but also enables long cyclability of a 3,4,9,10-
pyrenetetracarboxylic dianhydride (PTCDA)-graphite full
cell.'**°7 As shown in Figure 5d, when the molar ratio of
KFSI to TMP is 1:8, both FSI™ anions and free TMP molecules
have similar chances to decompose on the electrode surface,
resulting in significant solvent decomposition, the formation of a
phosphorus-rich SEI, irreversible capacity loss during cycling,
and low Coulombic efficiency of <90%. However, when the
KFSI-TMP electrolyte is formulated with a molar ratio of 3:8,
almost all TMP molecules are involved in the solvation of K*
cations, leading to the formation of a fluorine-rich SEIL. This
effectively suppressed the continuous decomposition of electro-
lytes on the surface of the graphite anode and resulted in a high
Coulombic efficiency of 99.6% (Figure Se). Very recently, Geng
et al.'* developed a new electrolyte composed of EG and zinc
chloride (ZnCl,), which realized dendrite-free Zn anode and
long cycle life of Zn-PANI battery. Via the hydrogen-bond
interactions between EG molecules and ZnCl,, EG molecules
participate in the Zn** solvation and form [ZnCI(EG)]* and
[ZnCI(EG),]* complex cations, leading to the formation of a Cl-
rich organic—inorganic SEI film on the surface of Zn anode, thus
realizing reversible and uniform Zn plating/stripping (Figure
5f). Therefore, the formation of a stable and robust SEI layer is
critical for the development of high-performance organic
batteries.

3.1.1.3. Altering the Reaction Routes. Apart from the
influence on the solubility of organic electrode materials and the
formation of the SEI layer, the electrolytes also affect the redox
potential, phase transformation, structure change, and the
reaction mechanism of the active materials.

Lee et al. found that the reversibility of some p-type organic
cathodes was signiﬁcantly affected by the type of the solvent in
the electrolyte.'*® Using electrolytes with low-donor-number
solvents, like AN and TEGDME, the CV curves of 5,10-dihydro-
5,10-dimethyl phenazine cathode showed two pairs of redox
peaks, corresponding to two-step one-electron redox reactions.
However, with the electrolytes containing high-donor-number
solvents, like DMSO and DMEF, the second cathodic peaks
disappeared, indicating that the multielectron transfer became
irreversible. This could be attributed to the redox potential of the
electrode exceeding the electrochemical stability window of the
electrolyte, resulting in an irreversible capacity loss. Considering
that the redox potentials of redox-active organic species decrease
with the reduce of the donor numbers of the electrolytes, the
redox reaction of the electrode can be adjusted within the stable
electrolyte window by choosing the solvent with a lower donor
number.”’ Since anions in the electrolyte need to be desolvated
to participate in the electrode reaction for p-type electrode
materials, the desolvation and binding process would also affect
the redox potential of the battery. Compared with the
poly(ethylene glycol) (PEG)+H,0 and EMC solvents, the
Zn(CF;S0;), molecules with AN solvent showed the highest
desolvated energy, and the corresponding cell had the highest
charge and discharge voltage.'”® The above results indicate that
the redox potential of the electrode can be altered by adjusting
the type of solvents, which provides new insight in developing
organic cathodes with high energy density.
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Figure 6. Effects of the solvent in organic liquid electrolytes on the phase transformation, structure change and the reaction mechanism of organic
electrodes. (a) In situ synchrotron XRD patterns of Na,CsOy electrode during sodiation/desodiation processes. (b) Comparison of discharge
capacities of Na,C4O electrode for different conditions. Reproduced with permission from ref 129. Copyright 2017 Springer Nature. (c) Schematic
illustration of Na* storage in Na, TP using EC/DEC and DEGDME electrolytes. Reproduced with permission from ref 130. Copyright 2020 Elsevier.
(d) Galvanostatic charge/discharge curves of AQ in DME and DME-5% FEC electrolytes. Reproduced with permission from ref 131. Copyright 2020
Wiley-VCH. (e) Supposed reduction path and (f) galvanostatic charge/discharge curves of 1,5-DNN in the electrolyte with FEC. Reproduced with

permission from ref 132. Copyright 2021 PNAS.

In addition, the choice of the electrolyte also affects the
activation barrier in the redox reaction of active materials. A
representative example is the perfect combination of a disodium
rhodizonate (Na,CcO4) cathode and a DEGDME-based
electrolyte.”” The result of the in situ synchrotron X-ray
diffraction (XRD) (Figure 6a) indicated that the crystalline
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structure of Na,C¢O4 changed from y-Na,C¢Oq4 to a-Na,CsOg
during the charging (desodiation) process. In contrast, when
utilizing a PC-based electrolyte, the transition from y-Na,C¢Og
to a@-Na,C40y4 requires overcoming a large activation energy
barrier and usually exhibits a high degree of irreversibility, thus
severely restricting the electrochemical performance of
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Na,C4Oyq. As shown in Figure 6b, decreasing the particle size of
Na,C¢Og4 and using DEGDME to replace PC as the electrolyte
solvent could effectively improve the reversible capacity of
Na,C¢O¢. Researchers attributed the improvement to a lower
kinetic barrier of the phase transformation between a-Na,C4Og¢
and y-Na,C4Og during charge and discharge processes, thereby
achieving efficient four-sodium storage with a high reversible
specific capacity of 484 mAh g~'. Recent research has also shown
that DEGDME-based electrolytes can generate an ultrathin SEI
layer and promote beneficial irreversible structure change in
graphene/disodium terephthalate (Na,TP/G) electrodes dur-
ing the sodiation/desodiation process, which enables the one-
step sodium storage process."”’ Compared with the two-step
sodium storage process that occurred in the EC/DEC-based
electrolytes, the ultrathin SEI layer and one-step sodium storage
process in DEGDME-based electrolytes are beneficial to shorten
the diffusion length of Na-ions across the SEI and decrease
charge transfer impedance, resulting in better electrode kinetics
and higher initial Coulombic efficiency (Figure 6¢). Hence, the
use of different electrolytes can alter the reaction mechanism of
organic electrode materials. To further confirm it, Sun et al.’3!
found that the reaction mechanism of AQ changed from
reversible transformation between carbonyl and enol structures
to an irreversible lithiation mechanism when the solvent in the
electrolyte was change from pure DME to 5% FEC in DME. The
irreversible chemistry of AQ yields a high discharge capacity of
575 mAh g™" and a high energy density of 1300 Wh kg™ (Figure
6d). Similarly, adding FEC in electrolyte could change the
reaction mechanism of nitroaromatic electrode materials,
converting the reversible one-electron reaction between nitro
groups and N-OLi structures into an irreversible six-electron
amination reaction (Figure 6e)."** As a result, the electrode of
1,5-dinitronaphthalene (1,5-DNN) delivered an ultrahigh
specific capacity of 1338 mAh g~' and impressive energy
density of 3273 Wh kg™ (Figure 6f) which surpassed all
reported organic and inorganic cathode materials. The new
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reaction provides a valuable strategy for manufacturing Li-
organic primary batteries with high energy density.

In summary, electrolytes play pivotal roles in the performance
of organic batteries in terms of mitigating the electrode
solubility, generating robust SEIs, supporting desirable reaction
kinetics, and tuning the reaction mechanism. Rational structure
design of the liquid electrolytes is paramount for the
performance optimization of organic batteries.

3.1.1.4. Solvent Optimization for Multivalent Batteries.
Though great success has been achieved for carbonate- and
ether-based electrolytes in alkali-ion batteries, simply applying
these electrolytes in other battery systems such as multivalent
batteries does not guarantee the excellent performance. For
example, the carbonate solvents widely used in LIBs are not
suitable for rechargeable Mg-organic batteries with Mg metal as
the counter electrode. This is because the decomposition of
carbonate solvents in Mg batteries form a passivation layer on
the surface of the Mg metal, which precludes the migration of
Mg**. The passivation layer, which is rich in MgO, Mg(OH),,
MgCOs;, and (ROCO,),Mg, not only impedes the continuous
reaction between the electrolyte and Mg metal, but also
deactivates the Mg-metal anode quickly, resulting in low
Coulombic efficiency. In addition, the relatively high reactivity
and negative potential of Mg metal render aqueous electrolytes
unsuitable. Therefore, in rechargeable Mg-metal batteries, the
selection of solvents is mostly limited to ether-based solvents
such as THF,"**"** DME,"** DEGDME, TEGDME,"*° or their
mixed solutions."*” The ether-based electrolytes could improve
the reversibility of Mg plating/stripping and result in high
Coulombic efficiency of more than 98%. Bitenc et al.'**
compared the effects of the pure TEGDME solvent and the
mixed solvent of TEGDME/DOL on the performance of Mg-
poly(hydrobenzoquinonyl-benzoquinonyl sulfide) (PHBQS)
batteries. It was found that compared with the TEGDME/
DOL-based electrolyte, PHBQS showed a slower activation
process and higher final polarization in the pure TEGDME-
based electrolyte, because the high viscosity and relatively strong
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coordination of TEGDME-based electrolyte hinder ion transfer
and retard the kinetics at the electrolyte/electrode interface.
However, the TEGDME/DOL electrolyte exhibited worse
cycling stability and lower Coulombic efficiency than the pure
TEGDME electrolyte during cycling, which can be attributed to
the side reaction of DOL in TEGDME/DOL electrolyte at
above 2.8 Vvs Mg?*/Mg. Dong et al."*” investigated the effect of
solvent selection on the solubility of Mg(CB,;Hj,), (MMC) salt
in pyrene-4,5,9,10-tetraone (PTO)-Mg batteries, and screened
out an electrolyte based on the mixed solvents of DME/
DEGDME with high ionic conductivity. As shown in Figure 7a,
compared with pure solvents, increased solubility was found via
the use of some mixtures, which provides a key to overcome the
solubility limitation of MMC in DME solvent. When the mass
ratio of DME to DEGDME is 1:1, the maximum solubility of
MMC was achieved (Figure 7b) and the corresponding 0.5 M
MMC in DME/DEGDME electrolyte showed a high ionic
conductivity of 6.1 X 107 S cm™, which was much higher than
that of the pure TEGDME-based electrolyte (Figure 7c).
Therefore, solvent mixtures can exhibit characteristics which
appear to mask certain undesirable effects exhibited by a single
solvent while unlocking useful properties for battery operation.

In addition to ether-based solvents for rechargeable Mg metal
batteries, other solvents have also been successfully employed
for Mg dual-ion batteries, rechargeable Zn metal batteries, Ca
metal batteries, and Al metal batteries. For example, AN can be
used in all-organic dual-ion batteries based on Mg** cations and
ClO,™ anions, because there is no side reaction between the
solvent and the electrode (Figure 7d).'** Aqueous electrolytes
are widely used in Zn-organic batteries due to the low cost, fast
reaction kinetics, and nonﬂalmmability.l‘”_143 In addition, a
recent study has shown that the formation of Zn**-DMF
complexes enable Zn salts with desirable solubility in the DMF
solution while also circumventing deleterious Zn dendrite
growth and H, evolution on the Zn anode (Figure 7e¢)."**
Moreover, the electrolyte based on 1-ethyl-3-methylimidazo-
lium dicyanamide (EMIDCA) IL was confirmed to be able to
maintain stable Zn deposition/dissolution in Zn-organic
batteries.'** Another important multivalent metal anode is Ca
metal, which is difficult to be reversibly plated and stripped in
traditional organic electrolytes. To date, only a few studies have
reported rechargeable Ca batteries based on the Ca(BF,), in the
EC/PC electrolyte,"** Ca(BH,), in the THF electrolyte,"*” and
aqueous electrolytes.'**'*’ As another promising multivalent
battery system, Al-organic batteries face similar challenges as
rechargeable Mg-metal batteries in that traditional carbonate
solvents generally produce AI** nonconductive passivation
layers on electrode surfaces,'”" which limits the choices of
viable electrolyte solvents. Most electrolytes in Al-organic
batteries are based on ILs like AICl;/1-ethyl-3-methylimidazo-
lium chloride (EMICI)">""** and AICl,/1-ethyl-3-methylimi-
dazolium tetrachloroaluminate (EMIAICL,).">® More research
efforts are demanded to develop cost-effective, noncorrosive,
highly compatible, and stable electrolytes for multivalent
batteries.

3.1.1.5. Realizing Wide Temperature-Range Application of
Batteries. The previous discussion focuses on the research at
room temperature. To expand the applications of organic
batteries, the wide-temperature-range electrolytes were also
exploited. Some unique solvents are suitable in battery operation
at extreme conditions of high or low temperatures. Figure 8
summarizes the freezing points and boiling points of several
common electrolyte solvents.'>*!>> In general, solvents with
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high boiling points are suitable for electrolytes in high-
temperature batteries, while solvents with low freezing points
are used in low-temperature batteries.

Traditional ether-based solvents like DOL and DME are
difficult to apply in high-temperature electrolytes due to their
low boiling points (75.6 °C for DOL and 84 °C for DME), while
ester solvents like EC, PC, and DEC with higher boiling points
(246 °C for EC, 249.5 °C for PC, and 126.8 °C for DEC) can be
applied to the battery system at high operating temperatures
over 60 °C. In addition to the risk of solvent evaporation, organic
electrode materials suffer from more significant dissolution and
shuttle reactions at high temperatures.

Liang et al.”” designed a K-ion battery with high rate capability
and long cycle life at a high temperature using 0.8 M KPF in
EC/DEC as the electrolyte. As shown in Figure 9a, the
azobenzene-4,4'-dicarboxylic acid potassium salts (ADAPTS)
anode could retain a reversible capacity of 77 mAh g after 1000
cycles at 50 °C and 2 C. When the operating temperature rises to
60 °C, a reversible capacity of 113 mAh g~ is retained after 80
cycles, which is equivalent to 81% of the initial capacity. The
long-term cycling stability of the ADAPTS anode at high
temperatures could be attributed to three factors: 1) The
electrolyte selected could maintain thermodynamic and electro-
chemical stability at 60 °C; 2) The long-range delocalized 7-
conjugated structure in ADAPTS and the surface reaction
mechanism between the organic anode and K-ions enable
ADAPTS to maintain structure stability during repeated charge/
discharge processes even at high temperatures up to 60 °C; 3)
The elevated temperature could accelerate the reaction kinetics
and significantly reduce the interphase resistance, which is
conducive to the diffusion of K* in the solvent, thus ensuring
higher capacity and better rate performance. In addition to high-
temperature K-ion batteries, high operating temperatures (50
°C) are conducive to the complete lithiation of the super-
lithiation reaction-based organic anode materials, and higher
capacities and power densities are observed compared with
room temperature operation.l‘%’157

At low temperatures, most traditional solvents exhibit
increased viscosity or even partial curing, resulting in a sharp
drop in the ionic conductivity, and thus greatly limits the low-
temperature battery performance. Additionally, the increased
interfacial resistance, °® sluggish Li" desolvation process,159
limited ion transfer in the electrodes, and uncontrollable Li
plating/stripping on the anode surfaces'®”'®" greatly affect the
performance of the battery at low temperatures. These effects
are so pronounced that the discharge capacity of a Li/graphite
battery at —20 °C only retains about 12% of the room
temperature capacity.lé2

Due to the relatively low freezin% 6}3)0ints, carboxylate esters
like methyl acetate (MA, —98 °C), * ethyl acetate (EA, —84
°C),*” and methyl propionate (MP, —87.5 °C)"'** are usually
used as solvents for low-temperature LIBs. Dong et al.’* found
that the electrolyte of 2 m (where m is molality, mol kg™")
LiTFSI-EA was able to maintain a high ionic conductivity of 2 X
107* S cm™! at =70 °C, which could meet the requirement of
rapid ion transport in electrolytes under cryogenic conditions.
However, except for some inorganic electrodes based on
intercalation pseudocapacitive behaviors, like the nanosized
Ni-based Prussian blue cathode,'®® conventional intercalation
inorganic compounds for LIBs suffer from fast capacity fading at
low temperatures, owing to the sluggish intercalation/
deintercalation kinetics, slow solid diffusion of ions and high
energy barrier for the desolvation processes (Figure 9b).'*°~'*®
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In sharp contrast, the highly reversible carbonyl/enol couple in
amorphous conjugated carbonyl polymers vests them with much
faster redox kinetics. Therefore, an all-organic dual-ion battery
with a PTPAn cathode and a 1,4,5,8-naphthalenetetracarboxylic
dianhydride (NTCDA)-derived polyimide (PNTCDA) anode
was constructed. It avoided the sluggish desolvation of Li* at the
interface between electrolytes and traditional intercalation
compound-based electrodes, and greatly enhanced the capacity
retention of the battery at low temperatures.”” As shown in
Figure 9¢, even at an ultralow temperature of —70 °C, the
capacity of the all-organic battery with the LiTFSI-EA
electrolyte could still reach 69 mAh g, only 30% lower than
that at room temperature. However, the narrow electrochemical
window (~1.5 V versus Li*/Li) of the EA-based electrolyte
hiders the application of a Li metal anode. Coupled with the low
specific capacity of organic electrode materials, the flooded
electrolyte and the addition of a large amount of inactive
conductive carbon, the energy density of the PTPAn-PNTCDA
battery was only 33 Wh kg™". The relatively low energy density
does not meet the requirements for practical battery application.

For this reason, the electrolyte was further optimized as a
cosolvent electrolyte of S m LiTFSI in EA and dichloromethane
(DCM) diluent (1/4, v/v), which exhibited high stability with a
Li metal anode and a sufficient ionic conductivity at —70 °C.">>
The prepared PNTCDA-Li organic battery based on such a
cosolvent electrolyte displayed relatively high energy density of
178 Wh kg™ and power density of 2877 W kg™' at —70 °C,
providing a beneficial battery system that can operate under
extreme operating conditions. Besides n-type organic anodes
like PNTCDA and Li metal anodes, a dual-ion battery was
proposed by using a graphite anode and a p-type organic cathode
of PTPAn. Considering the high energy barrier for the
desolvation step, and slow cation-intercalation in graphite
anode, Chen et al.'® cleverly utilized the cointercalation of Na*
with ether solvent molecules to circumvent the desolvation
process at the graphite anode, and designed a new desolvation-
free sodium dual-ion battery with unique features of fast-
charging and low-temperature operation capability (Figure 9d).
Additionally, a Zn-organic battery with a phenanthrenequinone
macrocyclic trimer cathode was also reported to work well in an
ultrawide temperature range from —70 to +150 °C, due to the
high boiling point (157.6 °C) and low freezing point (—70.8 °C)
of the 0.5 M Zn trifluoromethanesulfonate (ZnTFMS)-DMF
electrolyte.'”® This demonstrated a good application prospect
for outer space and in the north/south pole areas.

Due to the promise of organic batteries under extreme
conditions, more electrolyte systems were exploited to further
improve the performance of wide-temperature-range organic
batteries. The high ionic conductivity and nonsolvation feature
of pure IL electrolytes and the pseudocapacitive electrochemical
redox reactions of organic electrodes were combined to fulfill the
metal-free and solvent-free battery composed of all-organic
electrodes and a 1-ethyl-3-methylimidazolium bis-
(trifluoromethanesulfonyl)imide (EMITFSI) electrolyte. This
new organic battery showed ultrafast reaction kinetics and
excellent cyclic performance at a low temperature of —10 °C."”’
To further improve the performance, Qin et al.'®® took
advantage of the low freezing point of MA and high oxidation
resistance of AN to decrease the freezing point and viscosity of
the EMITFSI-based electrolytes. The high ionic conductivity,
good oxidation resistance, and low freezing point of the 1 M
EMITESI in MA/AN (1/2, v/v) electrolyte successfully pushed
the working temperature of the all-organic PTPAn/PIS battery
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to —80 °C (Figure 9e). Compared to the fast capacity decay of
the PTPAn/PIS battery using 1 M LiTFSI in DOL/DME
electrolyte at 20 °C, the battery using the optimized electrolyte
showed excellent cycling stability and rate performance at
temperatures lower than —60 °C.

In addition to the liquid electrolytes, the structures of organic
electrode materials can also impact the low-temperature
performance of organic batteries. Zheng et al.'”" used 0.75 M
LiTESI-DOL as the electrolyte and explored the effect of
crystallinity of organic electrode materials on low-temperature
performance of batteries. The low dielectric constant of DOL
reduces the dipole—dipole force between molecules, thus
reducing the freezing point of the electrolyte. Furthermore,
the low desolvation energy (2.04 eV) of [Li-DOL]* is conducive
to promoting ion transport at the electrode/electrolyte interface
under low temperatures.'®” As shown in Figure 9f, compared
with covalent crystalline polymer (CCP) electrodes with a
staggered dense frame structure, the channel-rich amorphous
structure in the covalent amorphous polymer (CAP) electrode is
more beneficial for the fast diffusion of Li-ions in the interstitial
space of organic solids under cryogenic conditions, showing
faster ion transport dynamics, smaller charge transport
impedance, and higher capacitance contribution (Figure
9g).'”" The above results indicate that tailoring the crystal
structure of organic electrode materials can affect low-temper-
ature Li* transport kinetics, which should be comprehensively
considered in the design of low-temperature batteries. These
findings may also be applicable to the design and optimization of
other metal-ion battery systems operating at low temperatures.

Different from the sluggish desolvation process and slow
diffusion in the conventional intercalation-type inorganic
electrode materials, organic electrode materials often exhibit
fast redox kinetics due to the distinctive reaction mechanism
based on rearrangement of chemical bonds. Therefore, they are
regarded as promising candidates for low-temperature energy
storage devices. Battery systems based on all-organic, organic-
artificial graphite, and organic-metal electrodes have been
reported with excellent electrochemical performance at low
temperatures. However, the solvation/desolvation processes in
the organic electrode reaction and the ion transport behavior
through the electrode/electrolyte interface at low temperatures
are not well understood. There is an urgent need to probe the
kinetic process with in situ and operando characterization
methods at low temperatures. Furthermore, the design of
electrolyte systems for low-temperature application is mostly
driven by reducing the freezing point and viscosity, but few
studies focus on the engineering of the solvation structure to
decrease the energy barrier of the desolvation. It is essential to
gain profound understanding of the interfacial process at low
temperatures to develop electrolytes with low desolvation
energy and stable SEL

3.1.2. Effects of Conductive Salt. Conductive salts, as the
anion/cation supplier, are critical components in a battery
electrolyte. The ideal salt needs to satisfy the requirements of
low cost, high abundance, high solubility, excellent thermal
stability, environmental benignity, and low- or nontoxicity.
More importantly, the salt should exhibit electrochemical
stability within the potential voltage window of the battery,
good compatibility with electrode materials/binders, and high
chemical stability toward other battery accessories such as
current collector, separator, stainless steel spacer, spring, and
case. In organic electrodes, the cations and/or anions from the
electrolyte salt will participate in the electrochemical reaction to

https://doi.org/10.1021/acs.chemrev.2c00374
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Figure 10. Effects of the salt composition in organic liquid electrolytes on the performance of the battery. (a) CV curves of DMPZ electrodes using
electrolytes with different Li salts. Reproduced with permission from ref 126. Copyright 2017 Royal Society of Chemistry. Charge—discharge curves
and color change under different voltages of the electrode using (b) LiPF and (c) LiClO, electrolytes. Reproduced with permission from ref 185.
Copyright 2019 Royal Society of Chemistry. (d) Rate performance of Mg-PAQS batteries with MTCC, MACC, and MHCC electrolytes.
Galvanostatic charge—discharge curves of PAQS cathode during the first five cycles with () MACC and (f) MTCC electrolytes. Insets: Discharge
capacities of corresponding electrode during the first 100 cycles. Reproduced with permission from ref 194. Copyright 2015 Wiley-VCH. (g) Cycling
performance of PTCDA electrode using APC electrolyte with LiCl salt. Insets: Photos of PTCDA dissolved in electrolytes with or without LiCl salt
after different soak time and the theoretical reaction mechanism of PTCDA cathode in Mg-organic battery. Reproduced with permission from ref 195.
Copyright 2019 Elsevier. (h) Cycling performance of Mg-14PAQ with 0.3 M Mg(HMDS),-4MgCl, in THF electrolyte. Reproduced with permission
from ref 133. Copyright 2016 Wiley-VCH. (i) Rate performance of Na,C4O¢ with different carbon additives. Inset: Schematic diagram of
cointercalation of Li* and Mg**. Reproduced from ref 69. Copyright 2018 American Chemical Society.

balance the charge formed during the oxidation—reduction
processes.

Traditional aprotic metal batteries (e.g,, Li/S and Li/air) and
aprotic metal-ion batteries (e.g,, graphite/LiCoO, and hard
carbon/Na;V,(PO,);) rely on metal cations as the only charge
carrier and the charge balancer in electrode redox processes.
Importantly, the anions do not participate in the electrode
reactions. It is worth mentioning that the ion transport
mechanism is different in rechargeable Al batteries. Due to the
high charge density of AI** ions and its strong coordination
affinity with solvents, it is difficult to intercalate/deintercalated
AP jons in any host structure,'’ the redox reaction of the
cathode material mainly depends on the insertion/deinsertion
of monovalent species like AICl,~ or AICL,".">>""* Recently,
dual-ion batteries based on both graphite electrodes'”'” or
graphite cathodes/Li anodes'”® have been reported, in which
metal cations participate in the redox reaction at the anode, and
anions participate in the redox reaction at the cathode. However,
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the anion intercalation reaction with a high working voltage of
around S V (vs Li*/Li) often leads to the continuous
decomposition of organic electrolytes, resulting in inferior
Coulombic efficiency and significant capacity loss during
cycling.'”> The use of organic cathodes is expected to store
anions at relatively low potentials and obtain more stable dual-
ion batteries with high Coulombic efficiency.

3.1.2.1. Single-Salt Systems. For most organic batteries, the
choice of electrolyte salt is often similar to the traditional
inorganic battery systems. The cations are metal ions (Li*, Na*,
K* etc.) and the anions are generally BF,, ClO,~, PF,, FSI",
and TFSI™ listed in order of increasing polyatomic radius.
Significantly, in 2000, a form of magnesium salt-based
electrolytes of Mg(AICL,BuEt),-THF and MgAICl,Bu,-THF
were developed, exhibiting wide electrochemical windows and
reversible Mg deposition-stripping behaviors.'”” These electro-
lytes have been widely used in Mg-organic batteries.*"'”*
Generally, an increase of the anionic radius results in slower

https://doi.org/10.1021/acs.chemrev.2c00374
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electron transfer kinetics, and decreases the ionic conductivity of
the electrolyte. Furthermore, the shape of anions also affects the
electron transfer in organic molecules. Lee et al. found that
although the ionic radius of TESI™ is higher than that of PF4, its
V-shaped molecular geometry is more conducive to the rapid
electron transfer than the spherical PE¢™."”” It is worth noting
that for the all-organic battery system, no specific cations or
anions are needed in the charge and discharge processes because
of the universal electrochemical redox property of organic
electrode materials. Because of this property, various cations and
anions can be employed as conductive salts in the electrolytes. It
has been reported that %uaternary ammonium com-
pounds'*”"*" and pure ILs'*>"7*"** also could be used as ion-
conducting charge carriers and show excellent electrochemical
properties.

For p-type organic electrode materials, the choice of the anion
in the electrolyte greatly impacts the electrochemical perform-
ance of the battery, because the anions directly participate in the
electrochemical redox reaction. In general, larger anion size
triggers greater polarization of the electrode during the charge/
discharge process.183 However, according to the charge/
discharge profiles of lithium 4-(10H-phenothiazin-10-yl)
benzoate electrode in LiClO,-PC, LiPF-PC, and LiTFSI-PC
electrolytes, the bulky LiTFSI with greater ionic conductivity
and faster ion transport performance induced less polarization
than the smaller LiPF4 which ultimately led to better
electrochemical performance.'®* Furthermore, the type of
anion species may affect the redox potential of the electrode.
Research results indicated that the redox potential of 5,10-
dihydro-5,10-dimethyl phenazine (DMPZ) electrode in the
electrolyte containing TESI™ ions was higher than that in the
electrolyte containing PF¢~ or ClO,™ ions (Figure 10a).'*°
Compared with smaller anions, large anions tend to exhibit
weaker electrostatic interactions and introduce more significant
steric effects with organic redox intermediates, resulting in
increased structural deformation, worse stability of the complex,
and a higher redox potential in the battery. In addition, for the
organic battery with the PF¢™-based electrolyte, trace HF in the
system negatively impacts the battery performance.'®> Com-
pared with the LiClO,-based electrolyte, the charge—discharge
curves of the organic electrode material containing N-hetero-
cycle functional groups in the LiPF4-based electrolyte displayed
anew and uncommon voltage plateau at around 2 V. The voltage
plateau was caused by the acid-doping of the trace HF into the
triazine group of the organic electrode material (Figure 10b,c).

3.1.2.2. Dual-Salt Systems. In traditional Li secondary
batteries, there have been many reports on the design of dual-
salt systems to improve the performance of electrolytes,"*°~""°
such as improving thermal stability, inhibiting corrosion of Al
current collector, protecting the Li metal anode, optimizing
interfacial layers between the electrolyte and electrodes, and
enhancing ionic conductivity.'”" In organic batteries, the reports
about dual-salt systems are mostly based on rechargeable Mg
batteries. Due to the low-cost, dendrite-less, double-electron
redox characteristics, and high volumetric capacity of Mg (3833
mAh cm™ versus 2046 mAh cm™ for Li), rechargeable Mg
metal batteries hold great promise for applications in vehicle
electrification and large-scale stationary energy storage.'”’
However, due to the low redox potential of Mg, electrolytes
are readily reduced and decomposed in the vicinity of Mg metal,
resulting in the formation of nonconducting passivation films on
the surface of Mg anode that hinders the transfer of Mg ions.'”>
Thus, the development of an electrolyte with reversible Mg
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plating/stripping capabilities and a wide electrochemical
stability window has become the focus of research in Mg-ion
batteries. In addition, the incompatibility of the electrolyte with
metal oxide cathode materials is still an enormous challenge for
high-energy-density Mg batteries.

Non-nucleophilic electrolytes with high oxidation stability
enable the application of organic electrode materials in
rechargeable Mg batteries, where weak intermolecular forces
enable reversible electrochemical interactions and rapid
diffusion of Mg ions. It was found that a novel [Mg,(u-Cl),]**
cation complex with high activity for reversible Mg electro-
deposition could be formed through the dehalodimerization of
non-nucleophilic M%Cl2 with either Mg salts or Lewis acid salts
in the DME solvent."”” Therefore, 0.5 M Mg(TESI),-2MgCl, in
DME was used as an optimized electrolyte in the Mg-organic
battery with a 2,5-dimethoxy-1,4-benzoquinone (DMBQ)
cathode."”® Compared with the 0.5 M Mg(TFSI),-DME
electrolyte, the Coulombic efficiency of the battery was
increased from 58.8% to 98.9%. However, considerable capacity
loss was observed after 30 cycles, which may be caused by the
dissolution of DMBQ_in the electrolyte.

To mitigate the high solubility, using redox-active polymers to
replace highly soluble small molecules as organic electrode
materials is an effective way to improve the cyclic stability of the
Mg-organic battery. Bitenc et al."** explored the electrochemical
performance of three non-nucleophilic electrolytes in PAQS/
Mg batteries using Mg powder as the anode rather than Mg foil
to improve the reaction kinetics. The results showed that
compared with MgClL-AlCl; in THF (named MACC) and
[Mg,CL-6THF] [HMDSAICL;] (HMDS: hexamethyldisila-
zane) in THF (named MHCC), the battery with an electrolyte
composition of 0.37 M MgCl, and 0.15 M Mg(TFSI), in THF/
DME (3/2, v/v) (named MTCC) exhibited higher reversible
specific capacity and better rate performance (Figure 10d). The
initial capacity of the battery using MTCC electrolyte was up to
225 mAh g~', which was close to the theoretical capacity of
PAQS, but its long cyclic stability was not significantly improved
(Figure 10e,f). The reversible specific capacity was only about S0
mAh g™! after 100 cycles, which might be due to the unstable
reduction state of PAQS during the discharge process. In
addition, the worse performance in MACC and MHCC
electrolytes was attributed to the formation of Lewis acid—
base adducts between the strong Lewis acid AlICl; and the
cathode material.

Another method to mitigate the high solubility of organic
electrode materials is to add chlorides (LiCl, NaCl, or KCI) in
the electrolytes. The salt-controlled dissolution strategy is
expected to inhibit the dissolution of organic electrodes and
improve the long-term cyclic stability of Mg—orgganic batteries.
As shown in Figure 10g, Mai and co-workers'*> compared the
dissolution of PTCDA in a phenyl complex electrolyte of
PhMgCl/AICl; (APC) before and after LiCl addition and found
that the color of the APC electrolyte containing LiCl was almost
unchanged after immersing the PTCDA electrode in the
electrolyte for 24 h, demonstrating that the dissolution of
PTCDA was inhibited. Moreover, A high capacity, excellent rate
performance, and cycling stability of PTCDA in the APC
electrolyte with 1 M LiCl were demonstrated, further proving
that the addition of soluble salts ameliorates the diffusion and
Mg-storage performance. However, it is worth noting that the
addition of a large amount of soluble chloride will narrow the
voltage stability window on the cathode side and increase the
viscosity of the electrolyte. Furthermore, some studies indicate
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VCH.

that the addition of halogenated Li salts to a conventional liquid
electrolyte leads to an ultrastable SEI layer, high electrochemical
reversibility, and marked stable electrodeposition on the Li
metal anode, which may be applicable for developing dendrite-
free metal anodes.'”*""’

In addition to the phenyl complex electrolyte, Mg(HMDS),-
MgCl, in THEF is also considered as a promising electrolyte for
Mg batteries due to its high ionic conductivity, wide electro-
chemical stability window, and excellent electrochemical
reversibility. The Mg/MogS; battery exhibited a high reversible
capacity and good rate performance in the Mg(HMDS),-MgCl,
in THF electrolyte.'”® However, the PAQS-Mg battery with 0.3
M Mg(HMDS),-4MgCl, in THF electrolyte exhibited rapid
capacity decay due to the severe dissolution of PAQS in
discharged states."*> Replacing PAQS by poly(1,4-anthraqui-
none) (14PAQ) decreased the degree of dissolution of the
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anthraquinonyl groups, which is expected to achieve a stable and
sustainable Mg-organic battery system (Figure 10h). Besides the
organic electrodes based on quinone materials, aromatic
dianhydride-derived PIs with reversible multielectron redox
properties can also serve as cathode materials for rechargeable
Mg batteries.'”” The carbonyl groups and conjugated structures
in PIs can provide abundant redox-active centers for Mg>*
storage, while the relatively narrow HOMO—-LUMO energy gap
and tight 7—7 stacking structure are conducive to achieving
excellent Mg** storage properties. Compared with the tradi-
tional nucleophilic APC electrolyte, the charge transfer
impedance of the PI electrode in the non-nucleophilic
electrolyte of Mg(HMDS),-4MgCl,/2THE-PP,,TFSI (PP,,:
1-butyl-1-methylpiperidinium) was smaller, and the corre-
sponding battery showed higher charge—discharge capacity
due to the wide electrochemical window and good interfacial
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compatibility of non-nucleophilic electrolytes with organic
electrodes. By further optimizing the composition of the
electrode and electrolyte, the battery exhibited excellent rate
performance and long-term cycle stability for 8000 cycles,
demonstrating great promise for developing low-cost, high-
performance, and sustainable Mg-organic batteries.

Recently, considerable research efforts have extended to Mg-
Li and Mg-Na hybrid batteries.””*™*"* It was found that
conventional intercalation cathode materials developed for
LIBs and NIBs were not suitable for Mg storage. This may be
due to the significant Coulombic interactions between the
intercalation host and Mg ions, resulting in the slow diffusion
kinetics of Mg®" in cathode materials and also in large
polarizability of the intercalation reaction-based electrodes
during charge and discharge processes.”’>*** To address this
challenge, Mg-Li or Mg-Na hybrid batteries have exhibited
remarkably accelerated kinetics due to the fast intercalation of
Li* or Na' instead of clumsy Mg?* into cathode materials.
Hence, Li* or Na* redox reactions take place in the cathode,
while the highly reversible deposition and dissolution of Mg**
occurs at the Mg anode during the cycling process. The hybrid
Mg-Li or Mg-Na battery design avoids the poor performance of
Mg** and greatly expands the selection of compatible cathode
materials for rechargeable Mg batteries.”"”

To overcome the poor kinetics of Mg2+ transport in inorganic
cathode materials, Tian et al.”” reported an organic-Mg battery
with multielectron reactions activated by Mg—Li dual-salt
electrolyte and used the rhodizonate salt of Na,COy4 as the
cathode. Although the reaction was driven by Li* dominantly,
the cointercalation of Mg®* was beneficial to suppress the
exfoliation of rhodizonate dianion (C4O4>") layers, which is
different from the single intercalation of Li* or Na" in the dual-
salt batteries with inorganic cathodes. As a result, the battery
exhibited relatively high stability for 600 cycles. Researchers
attributed the high cyclability to the cointercalation of Mg*,
which protects the layered structure of C4O4>~ and the stable Mg
anode without the formation of Mg dendrites. Furthermore, the
high intrinsic diffusion coefficient, the pseudocapacitive
contribution, and the coating layer of reduced graphene oxide
endow Na,C¢O4 with excellent rate performance. Even at an
ultrahigh current density of S A g™, a high capacity of 175 mAh
¢! was still achieved (Figure 10i). Therefore, dual-salt
electrolytes offer opportunities for the performance optimiza-
tion of organic multivalent batteries.

These results suggest that selecting an appropriate salt
composition for the electrolyte is crucial to fully utilize the
redox activity and obtain excellent electrochemical performance
of the organic electrodes.

3.1.3. Concentration Optimization. 3.1.3.1. Low-Con-
centration Electrolytes. The salt concentration also plays a key
role in the electrochemical performance of rechargeable
batteries. For most nonaqueous electrolyte systems, maximal
ionic conductivity always occurs near a salt concentration of 1
M.”% In the past few years, research has focused on moderate-
and high-concentration electrolytes, but little attention has been
paid to low-concentration electrolytes.

Recent work has shown that low-concentration electrolytes
possess advantages of low cost and viscosity, enhanced
interfacial wettability, and wide operational temperature ranges.
At low temperatures, the viscosity of the electrolyte increases
sharply with the increase of concentration, resulting in poor ion-
transport kinetics in the battery.””” Considering that low-
concentration electrolytes help to mitigate the risk of electrolyte
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solidification due to the recrystallization of electrolyte salt at low
temperatures, Chen et al.'” reduced the concentration of the
NaPF¢-DEGDME electrolyte to 0.5 M. The low-concentration
electrolyte exhibited higher ionic conductivity and lower
electrolyte/electrode interfacial impedance compared to the 1
M NaPF-DEGDME electrolyte at —40 °C. In addition, a recent
study has shown that dilute (0.1 M LiTFSI in DOL/DME with 1
wt % LINO;) electrolyte with excellent wettability, low viscosity,
and high Li-ion transference number also suppressed the shuttle
effect and dissolution of polysulfides, which may be attributed to
the strong aggregation of short chain polysulfides.”””

3.1.3.2. High-Concentration Electrolytes. Though some
success has been achieved for low-concentration electrolytes,
significant efforts have been devoted to the highly concentrated
electrolytes because of the unique features like high reduction/
oxidation stability, high thermal stability, low volatility, Al
anticorrosion, and high transference number (Figure 11a).>%
The performance of the battery could be improved by simply
increasing the salt concentration of the electrolyte (Figure
11b).”" Specifically, the highly concentrated electrolytes in
organic batteries could effectively reduce the severe dissolution
of active materials and the shuttle effect of dissolved redox-active
organic materials/intermediates in the electrolyte, leading to
better cycling performance.”'' ™' However, the increase of the
salt concentration would enhance the viscosity and reduce the
ionic conductivity of the electrolyte, resulting in slower reaction
kinetics.' '

Wang et al. used 4 M lithium bis(fluorosulfonyl)imide
(LiFSI) in DME'® and 7 M LiTFSI in DOL/DME*'* as
electrolytes for high-performance Li-organic batteries but did
not systemically investigate the effect of electrolyte concen-
tration on the battery performance. Zhang et al. prepared an
organic—inorganic nanocomposite cathode to couple with the
highly concentrated electrolytes for high-performance LIBs”’
and NIBs.”"” The results showed that although the increase of
salt concentration reduced the ionic conductivity of the
electrolyte, the dissolution of the AQ cathode in the electrolyte
was significantly decreased simultaneously, resulting in better
cyclic stability. Similar results were reported by Xu et al.”'® The
use of a high-concentration electrolyte (5 M LiTFSI in DOL/
DME) reduced the initial capacity of the tannic acid cathode, but
it was beneficial to prolong the cycle life of the organic battery.
Recent research has also shown that the high viscosity of highly
concentrated electrolytes could minimize the self—dischar%e
effect and help the organic electrode maintain good stability."
Nevertheless, it is worth noting that although the cyclic stability
of organic electrodes can be improved by enhancing the
electrolyte salt concentration, other factors (such as ionic
conductivity, inhibitory effect on the dissolution of active
materials, viscosity, cost, etc.) need to be considered when
designing and optimizing the concentration of the liquid
electrolytes in organic batteries.

Furthermore, the electrolyte concentration influences the
formation and stability of the interphase between the electrodes
and electrolytes. The highly concentrated electrolyte could
suppress the electrochemical decomposition and continuous
electrochemical reactions of solvent molecules on the electrode
surface.*' %8 Tong et al’” used 1, 3, and 5 M potassium
bis(trifluoromethanesulfonyl)imide (KTFSI) in DME as the
electrolytes for all-organic K-ion batteries, respectively, and
discussed the effect of electrolyte concentration on the
electrolyte/electrode interface. The results showed that the
PTCDA-based polymer electrodes using low- (1 M) and
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Figure 12. Commonly used cations and anions in ILs for organic batteries.

medium- (3 M) concentration electrolytes suffered from rapid
capacity loss. However, batteries with a highly concentrated
electrolyte (5 M) delivered a long cycle life of over 1000 cycles,
and the Coulombic efliciency was close to 100%, which is
attributed to the formation of a compact and uniform SEI In
addition, the solvation structure of the salt in the electrolyte has
a significant impact on the battery performance as well. The
high-concentration electrolyte exhibited an increased ratio of
solvating DME solvent molecules to “free” DME molecules
versus the lower concentration electrolyte. The decrease of free
DME molecules inhibits the dissolution of organic electrodes,
thereby enhancing the electrochemical performance. On the
other hand, solvated DME molecules exhibit greater stability
with respect to free DME molecules and TFSI™ ions. As a direct
result, the KTFSI salt becomes the primary source for electrode/
electrolyte interphase generation. The X-ray photoelectron
spectroscopy (XPS) results indicated that high-concentration
KTEFSI electrolyte was able to form a SEI rich in inorganic KF,
which could protect the organic cathode materials from
corrosion by electrochemical byproducts. Similarly, Huang et
al.”*” found that the initial Coulombic efficiency and cyclic
stability of the Li-cuprous 7,7,8,8-tetracyanoquinodimethane
(CuTCNQ) battery was significantly improved by increasing
electrolyte concentrations from 1 to 7 M. The Raman spectrum
showed that there were almost no solvating molecules in 7 M
LiClIO4-EC/PC electrolyte, effectively suppressing the dissolu-
tion of TCNQ. In addition, the highly concentrated electrolyte
was implicated in the formation of an effective SEI layer on the
surface of Li metal, thereby preventing the reduction of the
dissolved Cu?*. Furthermore, the highly concentrated electro-
lytes can also improve the performance of multivalent batteries.
For example, Li et al.”*' developed a 3.5 m concentrated
electrolyte with Ca(FSI), salt dissolved in the carbonate solvents
for a Ca-based dual-ion battery, which exhibited enhanced
oxidation potential, resulting in good anion intercalation
reversibility of the graphite cathode in the dual-ion battery.

As one of the most oxidation-tolerant organic solvents, AN is
considered as a promising substitute for carbonate solvents due
to its wide electrochemical stability window, high dielectric
constant, and excellent ionic transport property. However, the
poor reductive stability of AN solvent precludes its use for the Li
metal anode, limiting the extensive application of AN-based
electrolytes in high-energy-density rechargeable batteries. To
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circumvent this challenge, a superconcentrated LiTFSI-AN
electrolyte was formulated to overcome the low reductive
stability of the AN solvent, in which a unique networking
structure with Li'-solvating AN solvent was formed, as
confirmed by Raman spectra (Figure 11¢,d).”'® With the
increase of salt concentration, the ratio of contact ion pairs
(CIPs) and aggregates (AGGs) was increased, with free solvent
molecules virtually absent when the salt concentration reached
4.2 M (Figure 11e). DFT-based molecular dynamics was applied
to further understand the origin of enhanced reductive stability
in the highly concentrated LiTFSI-AN solution. In the dilute
system with completely dissociated salts, the energy levels of Li"-
solvating or free AN molecules are lower than that of TFSI™
anions at the lowest end of conduction bands, indicating that AN
molecules are predominantly reduced on the surface of the
graphite electrode. With the solvation structure changing from
the solvent-separated ion pairs in the dilute solution to AGGs in
the highly concentrated solution, the LUMO shifts from the AN
molecules to the TFSI™ anions. In other words, the TFSI,
instead of the AN solvent, is preferentially reduced to form a
stable surface film on the graphite electrode, avoiding the
reaction between the AN solvent and the intercalated Li*'®
Recently, Zhang et al.”*” applied the above electrolyte to
decrease the severe dissolution of the Pillar[5] quinone (PSQ)
cathode material in a traditional ester-based electrolyte and
achieved excellent battery performance with a high-rate
capability and long cycle life.

3.1.3.3. Localized High-Concentration Electrolytes.
Although the high-concentration electrolyte could reduce the
number of free solvent molecules and change the cation
solvation structure to stabilize the high-voltage cathode, the
increase of electrolyte concentration would inevitably lead to
increased viscosity, reduced ion mobility and conductivity, and
poor wettability with electrodes, especially in low-temperature
conditions. To address the challenges, Chen et al.*** proposed
the design of localized high-concentration electrolytes. Fluori-
nated ether with low permittivity and diminished Lewis base
character can be used as a cosolvent to dilute the electrolyte
without changing the original Li salt-solvent coordination in
highly concentrated electrolytes. Adding the fluorinated ether as
a cosolvent allows for electrolytes with low salt concentration,
low cost, low viscosity, improved conductivity, and good
wettability (Figure 11f). Alternatively, Dong et al.">> added a
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Reproduced with permission from ref 170. Copyright 2019 Elsevier.

large amount of low-viscosity DCM to the high-concentration
electrolyte. The ionic conductivity of the S m LiTFSI in EA/
DCM (1/4,v/v) electrolyte can exhibit a high ionic conductivity
of 6 X 107*S cm™ at the ultralow temperature of —70 °C. By
means of spectral characterization, molecular dynamics
simulation, and first principle analysis, the solvation structure
in the diluted, concentrated, and cosolvent electrolytes are
shown in Figure 11g—i. It is further confirmed that the addition
of DCM diluent has neither dissolved the salt nor destroyed the
solvation structure between Li salt and ethyl acetate. The
localized high-concentration electrolyte with the cosolvation
structure has a wide electrochemical stability window (0—4.85
V) and a high chemical and electrochemical stability with
respect to Li metal. Accordingly, localized high-concentration
electrolytes are promising alternatives to low-concentration and
high-concentration electrolytes for the development of high-
performance organic batteries.

3.1.4.lonic Liquids. Ionic liquids (ILs), also known as room
temperature molten salts, are liquid ionic compounds composed
of organic cations with specific volumes and inorganic/organic
anions. Due to their excellent properties of low vapor pressure,
nonflammability, good thermal and chemical stability, as well as
electrochemical stability over a wide potential window, ILs have
been widely investigated as solvents in electrolytes or plasticizers
for various energy storage devices.”** In organic batteries, IL-
based electrolytes have also been reported, and commonly used
ILs are shown in Figure 12.

Although the viscosities of ILs are generally high, resulting in
low ionic conductivities at room temperature, their excellent
thermal stability renders IL-based electrolytes as excellent
candidates for optimizing battery performance at high temper-
atures. Gurkan et al.”*> compared the electrochemical perform-
ance of DHBQDS with NaFSI in 1-methyl-1-propylpyrrolidi-
nium bis(fluorosulfonyl)amide (Py,3FSI) and NaFSI in EC/PC
electrolytes. It was found that the addition of ILs improved the
reversible capacity and cyclic stability of the battery. At an
operating temperature of 60 °C, a relatively high capacity
retention of 83% was achieved for the battery with the IL-based
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electrolyte after 300 cycles, whereas the battery using the
carbonate-based electrolyte exhibited a rapid capacity decline in
the first 50 cycles due to the poor thermal stability of the
electrolyte. The result proved that the IL-based electrolyte
enhances the performance and safety of organic batteries at
ambient temperatures and, importantly, at high operating
temperatures.

In addition to improving the high-temperature performance
of alkali-ion batteries, ILs have also been utilized to enhance the
compatibility of electrolytes with the aromatic dianhydride-
derived PI cathodes in rechargeable multivalent batteries. Wang
et al."”” developed an IL-modified non-nucleophilic electrolyte
to replace the traditional nucleophilic APC electrolyte. The
results indicated that the non-nucleophilic electrolyte had a
lower charge transfer resistance than the APC electrolyte. At the
same current density, the corresponding battery had a higher
specific capacity, which was attributed to the larger electro-
chemical stability window and better interfacial compatibility of
non-nucleophilic electrolyte with the electrode.

Additionally, the type of IL also affects the capacity and cyclic
stability of polymer electrodes. In the oxidation/reduction
process, the anions and cations in the ILs migrate into the
polymer electrode to compensate charges, causing swelling of
the polymer. Cations with high planarity and small size can more
easily intercalate into the conducting polymer, enabling the
reaction to occur at more active sites in the polymer and faster
ion transport. Therefore, in a Na-organic battery based on a
poly(3,4-ethylenedioxythiophene) (PEDOT)/lignin cathode,
the imidazolium-based IL electrolyte exhibited higher ionic
conductivity and better fluidity compared with the pyrrolidi-
nium-based IL electrolyte, and the corresponding battery
showed a higher discharge capacity, better cyclic stability and
rate performance.

Besides the inherent properties of high thermal stability and
electrochemical stability, ILs are also able to suppress the
dissolution of organic electrodes, which was previously
attributed to the relatively higher viscosity of IL-based
electrolytes.””” However, recent results indicate that ILs could
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reduce reactivity of nitroxide radicals without altering the radical
structure, which is due to the strong interaction between the
radicals in organic materials and ions in ILs.”*® In combination
with DFT calculations and spectroscopic exploration, Wang et
al. further discovered that ILs with large polarity, weak electron
donor ability, and low interaction energy with solvents showed
superior inhibition for the dissolution of quinones (Figure
13a).”*” Considering the corrosion of [FSI™]-based electrolytes
to the Al current collectors, less corrosive electrolytes that
preserved the beneficial characteristics of the FSI™ ion were
necessary. The commonly used 1-methyl-1-propylpyrrolidinium
bis(trifluoro-methanesulfonyl)amid (Py,;TFSI) IL electrolyte
with weak electron donor ability and a large polarity was
optimized and showed the greatest compatibility with the
calix[4]quinone (C4Q) electrode (Figure 13b). As shown in
Figure 13c, the C4Q_cathode with 0.3 M NaTFSI in Py ;TFSI
electrolyte exhibited high capacity (>400 mAh g™') and
excellent capacity retention (99.7% at 130 mA g~' after 300
cycles), significantly outperforming similar batteries using ether-
based electrolytes. In addition, AQ, benzoquinone, biphenyl-
quinone, naphthoquinone, and phenanthraquinone cathodes
also showed improved capacity and better cycling stability in the
Py,;TESI-based electrolyte, confirming the general applicability
of using ILs to inhibit the dissolution of active materials.
Subsequently, the research group designed and synthesized a
high-energy cathode material of cyclohexanehexone (C¢Oy) for
LIBs, which has the highest theoretical specific capacity (957
mAh g™') among reported organic cathodes so far."> With the
electrolyte of 0.3 M LiTFSI-Py,; TES], the solubility of C;O4 was
greatly reduced and the battery exhibited a high capacity
retention of 82% after 100 cycles, demonstrating relatively good
cyclic performance.

Due to the reversible redox reaction between n-type organic
molecules and organic cations in ILs, it is feasible to use pure ILs
acting as anion/cation suppliers and charge carriers at the same
time in the electrolyte. The pure IL with high viscosity could
inhibit the dissolution of active materials and improve the cyclic
stability of the organic battery. Gerlach et al.”*° revealed the
effect of 1-butyl-1-methylpyrro-lidiuniumbis
(trifluoromethylsulfonyl)imide (Py,,TFSI) on the electro-
chemical performance of the poly(2,2,6,6-tetramethylpiperidin-
yl-N-oxy-methacrylate) (PTMA) electrode. Compared with the
1 M Py, TESI-PC electrolyte, the PTMA electrode displayed
better cyclic stability in the pure IL-based electrolyte, and the
capacity retention increased from 30% to 87% after 10000 cycles
at 10 C. In addition, the self-discharge effect of the PTMA
electrode was effectively alleviated. The electrode combined
with pure Py, TFSI retained about 90% of the initial capacity
after 3 days, which was higher than that in the 1 M Py, TFSI-PC
electrolyte (70%). Fang et al.?! designed a novel organic dual-
ion battery based on a graphite cathode and a 5,7,12,14-
pentacenetetrone (PT) anode (Figure 13d). By comparing the
effects of three pure IL-based electrolytes on the electrochemical
performance, it was found that the battery with the Py, TFSI
electrolyte showed higher specific capacity and better cyclic
stability compared with EMITESI- and PP, TFSI-based electro-
lytes. These results can be explained as, although EMITFSI with
the highest conductivity and the lowest viscosity exhibited a
higher initial capacity, its narrow electrochemical window
induced irreversible electrolyte decomposition, leading to
dramatic capacity decay. For PP,TFSI, its low conductivity
adversely affected the high specific capacity of the organic dual-
ion battery. Another example of using a pure IL-based
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electrolyte was reported by Qin et al. They made a metal-free
and solvent-free battery based on a PTPAn cathode, a PIS anode
and a pure IL-based electrolyte (Figure 13e).'”" Contrary to
previous reports that ILs with high viscosity would decrease the
capacity and degrade the rate performance of the battery,
organic electrodes exhibited superior rate capability and faster
reaction kinetics in ILs than that in traditional carbonate-based
electrolytes (Figure 13f), due to the high ionization energy of
ILs, the pseudo capacitance behavior of polymer electrodes, and
the absence of solvation/desolvation processes. Besides the high
specific capacity, the reported all-organic battery also showed
excellent cyclic stability and superior low-temperature (—10 °C)
performance.

The results demonstrated that the design of solvent-free IL-
based electrolytes and all-organic batteries addressed the
challenges of the solvation effect and the undesired interaction
between the solvent and the electrode. It provided a new strategy
to improve the battery energy density based on the wide
electrochemical window of ILs and abundant structural diversity
of organic electrodes. However, the high cost of ILs has hindered
the industrial application of the pure IL-based electrolytes.

3.1.5. Additives. In previous sections, we discussed that
optimizing the structure and composition of salts and solvents is
an effective method to tune the physicochemical properties of
electrolytes. Additives are also widely studied to further improve
the interphases and electrochemical performance of organic
batteries.

As a common electrolyte additive, LINOj; is extensively used
to protect Li metal, reduce the shuttle effect by forming a layer of
Li,NO,, and improve Coulombic efficiency of Li secondary
batteries.”>">** Accordingly, Zhang et al.”’ designed and
prepared 2 M LiTESI in DOL/DME electrolytes with different
contents of LiNO; for Li-AQ_batteries. The results indicated
that with the addition of an appropriate amount of LiNO;,
electrolytes can readily form a passivation film on the surface of
the Li anode to prevent the continuous shuttle reaction between
the dissolved organic electrode material and the Li anode, thus
improving the cyclic stability of the battery. This is further
confirmed by the surface smoothness of the Li anode after
cycling. Among the electrolytes, the battery based on 2 M
LiTESI in DOL/DME electrolytes+1 wt % LiNOj; resulted in
the best cycling performance with 94% capacity retention after
20 cycles. When LiNO; content is further increased to 2 wt %,
excessive LINOj; hinders the migration of Li-ions, which would
reduce the specific capacity of the battery and decrease the cyclic
stability. Nevertheless, the addition of LINO; cannot effectively
impede the dissolution of active materials, and LiNO; would
gradually be depleted during the battery cycling, resulting in
capacity loss and poor cyclic performance. Therefore, LINO; is
applied as an additive in synergy with other methods to achieve
stable cycle life.”**~>*” In addition, LiTFSI was reported as an
electrolyte additive to improve the Coulombic efficiency of K-
metal batteries due to the reduced parasitic reactions that often
occur between the highly reactive K metal and the electrolyte.”**
The addition of 0.05 M LiTFSI into 1 M KPF4-DME electrolyte
significantly improved the Coulombic efficiency of an insoluble
organic cathode from 77% to 97% at the second cycle and nearly
100% in the subsequent cycles. Similar results were observed in
K-Cu and K-K batteries.””® The function of the LiTFSI additive
can be summarized as follows: 1) Li*, with a more negative redox
potential than K', could promote electrostatic shielding to
reduce the formation of K dendrites; 2) the cathodic
decomposition of TESI™ is beneficial for the formation of a
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stable SEI to protect K metal. FEC is another commonly used
additive: due to its low LUMO energy level, it is preferentially
reduced on the surface of the anode over conventional solvents
such as EC and DEC, forming LiF nanoparticles with high
mechanical strength and high ionic conductivity, thus reducing
the thickness of SEI and stabilizing the Li metal anode.'**

In summary, organic liquid electrolytes are still the major
electrolytes used in organic batteries. Carbonate-, ether-, and IL-
based solvents are mostly used in state-of-the-art organic
electrolytes. Among the three types of solvents, the use of ILs
in the electrolytes can improve the electrochemical performance
of the battery at high temperatures, and the non-nucleophilicity
of ILs also plays an important role in improving the interfacial
compatibility between the electrolyte and the electrode.
Although the high viscosity of the ILs leads to a decrease in
the initial specific capacity of the organic battery, the slower
dissolution kinetics of organic electrode materials in ILs and the
interaction between the anions/cations in the ILs and organic
molecules reduce the solubility of the organic electrodes and
minimize the self-discharge effect, resulting in improved cycling
performance of organic batteries. In addition, the low freezing
points, poor-solvation or nonsolvation properties, and good
electrical conductivities of ILs also allow the electrolytes to
retain excellent performance at low temperatures. Some research
results indicate that the combination of IL-based electrolytes
and organic electrodes with fast oxidation—reduction kinetics
has achieved a stable and rapid cyclic performance of the battery
at low temperature (0 °C)"'** or even ultralow temperature (—60
°C),'*® and the specific capacities are equivalent to those at
room temperature. The selection of solvents and salts for the
electrolytes has a significant impact on the electrochemical
performance of organic batteries. Some special solvents can
enable the operation of batteries under extreme environmental
conditions and expand their applications in high-altitude
aircrafts, polar exploration, deep sea exploration, and so on.
Highly concentrated electrolytes represent another strategy for
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organic battery development that has resulted in excellent
performances via improving cyclic stability and reducing self-
discharge of organic electrodes. In the future, exploring the most
appropriate electrolyte concentration to maintain optimal
battery performances at high current density will be paramount
for extending current battery technology. Additionally, the
rational design of localized high-concentration electrolytes to
improve the wettability of the electrolyte to the electrode and
also reduce the cost of ILs and their supporting chemicals will
become increasingly relevant for research focused on using
highly concentrated electrolytes.

3.2. Aqueous Electrolytes

In recent years, aqueous electrolytes have attracted extensive
attention due to their low cost, environmental benignity,
nonflammability, high ionic conductivity, and high stability to
oxygen and moisture.”””~*** In 1994, Dahn and colleagues™*’
assembled the first aqueous rechargeable Li-ion battery, in which
the flammable organic electrolyte was replaced by a nonflam-
mable S M LiNOj; aqueous solution. The average operating
voltage of the LiMn,0,-VO, battery is 1.5 V and the mass
energy density could theoretically reach 75 Wh kg™, higher than
current Pb-acid batteries. Since then, various aqueous
rechargeable batteries have been studied. State-of-the-art
aqueous batteries have shown great potential in high safety
and large-scale energy storage devices.

Unsurprisingly, it was found that many inorganic electrode
materials, with excellent electrochemical performance in organic
liquid electrolytes, were not able to achieve reversible Li-ion
insertion/extraction in aqueous electrolytes, exhibiting draw-
backs such as low capacity and poor cycling stability.”** Protons
with high activity in aqueous electrolytes may cause significant
side reactions to passivate the electrodes before Li-ion
intercalation/extraction. Additionally, the structure of the
electrode material is easily destroyed during cycling due to the
absence of effective protection films on the surface of the
electrodes. In addition, water imposes a narrow electrochemical
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stability window of 1.23 V on aqueous electrolytes.”*' The
operating voltage of the aqueous LIBs is usually between 1.3 and
2.0 V, which is much lower than that of the nonaqueous LIBs.
Therefore, in order to achieve the highest energy density of the
battery, it is necessary to use electrode materials with high
specific capacities to compensate for the voltage loss. Organic
compounds with unique structural diversity and tunability
provide a good solution to the problem, which are expected to
achieve high specific capacities of more than 900 mAh g™'."* In
addition, compared with the high solubility of organic electrodes
in organic solvents, the lower solubility exhibited in water has
also led to widespread interest for organic batteries based on
aqueous electrolytes.”**

3.2.1. Effects of Conductive Salt. 3.2.7.7. Conductive
Salts with Different Cations. Organic electrodes often exhibit
similar energy storage behaviors when the metal ions in the
conductive salts are bonded with the same anion. As shown in
Figure 14a,b, the similar CV curves of PI-based electrodes in
LiNO; and NaNO; aqueous electrolytes indicate the reversible
charge storage of the electrode is not affected by the type of
metal cations.”*® Even for high-concentration (S M) aqueous
electrolytes, similar redox peaks of PI electrodes in these two
electrolytes indicate similar reaction kinetics.”*” Further
research showed that for metal cations with different valences
(Li*, Mg**, AI**), fast multivalent insertion/extraction could be
achieved in the PIS@CNT cathode through a stable ion-
coordination charge storage mechanism, showing similar CV
curves and rate performances (Figure 14c), which means PIs are
suitable as a universal electrode for different multivalent
batteries.'®

Recent work has shown that organic quinone electrodes
exhibit different electrochemical redox mechanisms in different
aqueous metal-ion electrolytes. In aqueous electrolytes, different
charge carriers exhibit specific physicochemical properties like
valence state, ionic radius and hydrolysis characteristics. To
explore the ion-pairing effect of charge carriers on the
electrochemical performances of organic quinone electrodes,
researchers have used AQ as a study model to analyze its redox
characteristics in different aqueous electrolytes.”*® As shown in
Figure 14d, in 1 M LiCl, NaCl, KCl, CaCl,, and BaCl, aqueous
electrolytes, the AQ molecule undergoes a one-electron redox
reaction and becomes a free radical anion [AQ]™. Afterward, a
metal ion pairs with [AQ]™ to form red colored [AQ-M"*]""V",
which is easily dissolved in the electrolyte, resulting in poor

1738

redox reversibility of the electrode. In contrast, aided by protons,
the AQ molecule undergoes two-electron redox reaction in 1 M
AlCl;, MgCl, and ZnCl, electrolytes. The researchers proposed
the substitution reaction between anthrahydroquinone (AQ-
H,) and metal ions could become facile, and the reversible redox
reaction of the electrode could be fully realized. Further research
found that the AQ_electrode showed variable cycling stability in
1 M AL(SO,); 2 M MgSO,, and 2 M ZnSO, even based on the
same redox mechanism. The different cycling stabilities were
likely caused by the difference in lattice energies of the
crystalline and hydrated phases of the ion. As a result, the
solubility of AQ-M in the electrolyte differs and AQ in 1 M
AL(SO,); showed the best cyclability (Figure 14e), which could
be attributed to the highest binding energy of AQ-Al compared
with AQ-Zn and AQ-Mg.

3.2.1.2. Conductive Salts with Different Anions. Counter
anions play an important role in battery performances, even
given the same cationic metal. For dual-ion batteries, this is
especially true, in which the anions in the electrolyte would
participate in the redox reaction at the p-type cathodes. Taking
Zn-organic batteries as an example, research showed that in Zn-
PANI batteries, the oxidized PANI would act as an electrophile
and react with the water in conventional ZnSO, aqueous
electrolyte, resulting in severe capacity fading.”*” In contrast, the
bulky CF3SO;~ anion, from Zn(CF;SO;),, can stabilize the
oxidized PANI by forming hydrogen bonds and reducing the
number of water molecules surrounding the oxidized PANI. In
addition, Zn(CF;S0s,), electrolytes can passivate Zn foil anodes,
inhibit the formation of dendrites, and improve Zn plating/
stripping efficiency from 55% to 100%. The use of Zn salts with
bulky anions benefits the reactivity and stability of the Zn
anode.””

Additionally, Luo et al.”** found that the selection of anions
has significant effects on the operating voltage and cyclic stability
of dual-ion batteries. Taking the poly(2,2,6,6-tetramethylpiper-
idinyloxy-4-ylvinylether) (PTVE)-Zn organic battery as an
example (Figure 15a), researchers explored the electrostatic
interaction between SO,>~, CF;SO;™, and ClO,” anions with
different molecular electrostatic potentials and the PTVE
organic radical. The results showed that the strong electrostatic
interaction between anions and PTVE could increase the
operating voltage of the Zn-PTVE battery. According to the CV
tests, the equilibrium voltages of Zn-PTVE batteries in ZnSO,,
Zn(CF;S05),, and Zn(ClO,), aqueous electrolytes were 1.77,

https://doi.org/10.1021/acs.chemrev.2c00374
Chem. Rev. 2023, 123, 1712-1773


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00374?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00374?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00374?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00374?fig=fig15&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR
(a) Discharge ® e —> ‘
Anode (-) Cathode (+)
R 0 PbO,
R 0 R R Acid -2e7, =502 ﬂ +2e7, 50,7
or electrolytes +2H,0, -4H' +4H', -H,0
PbSO
R 4
R o R or or
R 0 Mn,0,
- ‘ - + Neutral
-2¢7,-2M* J| +2e-, +2Mm —e -Li* -+t
e ﬂ € electrolytes e7, ~Li ﬂ el
R 0z--m* LiMn,0,
R O’ or or
NiOOH
D Alkaline ) ﬂ ool
R 0---M electrolytes -e”, ~H+ te7, +H
R Ni(OH),
Charge N <«
(b) Quinone-Pb Quinone-based Quinone-nickel
batteries metal-ion batteries batteries
1 1
r 1T 1
20 4
1.6
5 124 |- [
2 o8 SCORER (LiMn,0,) (LiCoO,)
% 0.4 4 (NiOOH)
= 1 PPT
$ 00 2
g {
_04 4
_08 |
-2 0 2 4 6 8 10 12 14 16
pH

Figure 16. Effects of the aqueous electrolyte PH value on the performance of the battery. (a) Operating schematics of batteries based on quinone
anodes in aqueous electrolytes with different pH values. (b) Relationship between the reduction potentials of three quinone anodes and the pH values
of aqueous electrolytes. Reproduced with permission from ref 254. Copyright 2017 Springer Nature.

1.58, and 1.53 V, respectively. The CV results were positively
correlated with the DFT calculated binding energies of the
anions and PTVE (Figure 15b), with the highest binding energy
occurring between SO,*~ and PTVE. Compared to ZnSO, and
Zn(ClO,),, the battery with the Zn(CF;SO;), electrolyte
exhibited better reversibility and cycling stability, which could
be attributed to the well-delocalized electronic structure of
CF;SO;™ facilitating its more facile dissociation from the PTVE
host. For the ZnSO, electrolyte, the strong Coulombic
interaction between SO,*” and PTVE greatly shortens the
distance between them (Figure 1Sc—e), making it relatively
difficult for SO,*” to dissociate from the (2P*)-SO,*~
compound and resulting in significant capacity decay of the
battery. Although the Zn(ClO,), electrolyte could maintain
good cycle stability, the formation of ZnO on the Zn anode
would increase the interfacial resistance, resulting in the low
specific capacity of the battery.

The previous results demonstrate that, in contrast to
inorganic intercalation electrodes, with the rigid crystal
structure, some organic electrodes based on reversible electro-
chemical redox reactions are not sensitive to the ionic radius of
the electrolyte salt. For organic electrodes whose redox
mechanism and electrochemical performance are greatly
affected by electrolyte salts, the selection of conductive salts is
particularly important.
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3.2.2. Effects of pH. The pH values of electrolytes also play
important roles in the performance of the battery. Neutral or
weak acid electrolytes are often used in aqueous Zn ion batteries
to avoid corrosion of the Zn foil and inhibit Zn dendrite
growth.”””*! However, some organic polymer materials need a
high proton (H*) concentration to facilitate the redox process,
such as PANI, which makes them incompatible with Zn anodes.
Generallzr, it is necessary to introduce functional groups such as
—SO;H,”> —COOH, or redox-active phenothiazine deriva-
tives>” into PANI to maintain the high localized H*
concentration around the polymer backbone. The addition of
these functional groups could help promote the redox process at
the electrode and endow PANI with excellent electrochemical
performance, thus solving the problem of the different active
conditions between the PANI cathode and the Zn anode.

Quinones, as a type of material in organic electrodes, can be
compatible with electrolytes under acidic, neutral, and alkaline
conditions (Figure 16a). Liang et al.”>* proved that the pH value
of the electrolyte has a great influence on the cyclic stability of
quinone anodes. PTO displayed 80% capacity decay after 2
cycles in a neutral electrolyte, which could be attributed to its
high solubility in the electrolyte at that pH. After increasing the
acidity of the electrolyte, operation of the battery with a PTO
anode and a PbO, cathode resulted in a sustained high initial

capacity of 395 mAh ¢! and a capacity retention of 96% after
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1500 cycles at 2C, along with an average Coulombic efficiency of
99.6%. The robust cyclic stability and good rate capability of
PTO in acidic electrolytes may be attributable to the prolific
proton diffusivity, high electrochemical activity, and low
electrode solubility.

To curtail dissolution concerns, a polymerized PTO (namely
PPTO) was proposed. The prepared PPTO exhibited excellent
cyclic stability in weakly acidic, neutral, and alkaline electrolytes,
indicating PPTO is stable over a relatively wide pH range. In an
alkaline environment (pH = 13), PPTO showed an excellent
cycling stability with 83% capacity retention after 700 cycles,
which could be attributed to the chemical inertness of the
quinone core, the poor solubility of PPTO, and the apparent
inertness of the amide bond toward hydrolysis. The researchers
also studied the effect of pH on the reduction potentials of PTO,
PPTO, and PAQS, with the results shown in Figure 16b.>*Ina
pH range from —1 to +1, the reduction potentials of all three
quinone compounds depended on pH. Increasing the pH value
caused the reduction potential to decrease proportionally,
indicating a proton storage mechanism. When the pH exceeded
3, the concentration of protons decreased below a threshold
value and the reduction potential subsequently became
independent of pH. At this pH range, the energy storage mainly
depended on the concentration and presence of metal-ions,
which was consistent with previous studies.”** In addition, they
explored the capacity and cyclic stability of PAQS and
poly(benzo[1,2-b:4,5-b’]dithiophene-4,8-dione-2,6-diyl sul-
fide) at different pH values. Only at pH values far exceeding
the acid dissociation constants of the corresponding hydro-
quinones, was the proton-coupled electron-transfer process
effectively avoided such that organic electrodes could exhibit the
highest capacity and most stable cycle life.”*° This study
provided an informative method for determining the optimal pH
of aqueous electrolytes in organic batteries.

Due to the fast dynamics of H' insertion/extraction in
inorganic materials,”””**® proton storage in rechargeable
aqueous organic batteries has also attracted widespread
attention. Recently, researchers have tried to use the uptake/
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removal reaction of H" in mild or acidic electrolytes with organic
electrodes to prepare the hydronium-ion battery and hybrid
battery which could store both proton (H*) and metal ions.
Resorting to the CV test, in situ XRD characterization, and DFT
calculation, Wang et al.>*” first revealed that H;O" and H;0,"
ions could be reversibly stored in PTCDA electrodes operating
with 1 M H,S0, as the electrolyte. Guo et al.”*® designed a
hydronium-ion battery based on H;O" charge carriers with a
MnO,@graphite anode, a PTO cathode, and 2 M MnSO,+2 M
H,SO, electrolyte, with the working mechanism shown in
Figure 17a. The battery exhibited high energy densities and a
long cycle life of more than 5000 cycles. In addition, due to the
absence of intercalation and the dissolution processes related to
H,O", the proton battery is well suited to maintain excellent rate
performance at the ultralow temperatures (Figure 17b,c). As
shown in Figure 17d,e, similar results were reported in an all-
organic hydronium-ion battery with the mechanism of proton
insertion chemistry shown in Figure 1d.*®" Furthermore, it was
found that the Zn-organic battery with sulfur heterocyclic
quinone dibenzo[b,i]thianthrene-S,7,12,14-tetraone (DTT)
cathode could store H' and Zn*' simultaneously, which
exhibited excellent flexibility and ultralong cycle life up to
23000 cycles.””

3.2.3. Concentration Optimization. Previous studies have
shown that in aqueous electrolytes, changing the concentration
of the electrolyte has a considerable effect on the insertion/
extraction potential of ions and the stability of electrode
materials. Increasing the salt concentration could reduce the
activity of water molecules and suppress the dissolution of active
materials, thereby improving the cycling stability of the organic
battery.”**

“Water-in-salt” (WIS) electrolytes provide a new solution to
widen the electrochemical stability window of aqueous electro-
Iytes. In 2015, Suo et al.*** first proposed the concept of WIS and
reported a highly concentrated aqueous electrolyte (21 m
LiTFSI) whose electrochemical window expanded to 3.0 V
(1.9-4.9 V vs Li*/Li) with the formation of the stable
electrode—electrolyte interphase. The evolution of the Li"
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primary solvation sheath in diluted and WIS electrolytes is
shown in Figure 18a,b. For WIS electrolyte, the average number
of water molecules actively solvating each ion is less than in
dilute solutions, precluding H,O molecules from effectively
neutralizing the electrostatic field generated by the positive
charge on Li*. Therefore, the H,O solvation sheath is partially
replaced by an anion-containing Li* solvation sheath, and the
electrochemical activity of water is reduced substantially,
inhibiting the reduction of water and continuous hydrogen
evolution. Furthermore, the increase of salt concentration is
conducive to the preferential reduction of TFSI™, which could
form a dense interphase on the anode surface, alleviating the
continuous reduction of both water and TFSI™. As a result of the
reduced water activity combined with the inhibition of hydrogen
evolution, the electrochemical stability window of the electrolyte
was extended to 3 V. The researchers then introduced the
concept of WIS to aqueous NIBs, in which a dense Na*
conductive SEI was observed to form on the surface of the
NaTi,(PO,); anode. In the NIB with the WIS electrolyte, the
researchers additionally observed a wide electrochemical
stability window of 2.5 V.>* Recently, a series of WIS electrolytes
with a broad electrochemical stability window based on
superconcentrated conductive salts,”*>?® double salts,**”
hybrid solvents,”**™*’° and inhomogeneous additives””"
been reported, which could form effective protecting layers on
the electrode surface, reduce the activity of water and water-
induced side reactions, thus improving the cycling stability and
energy density of the battery.

The use of WIS electrolytes has successfully extended the
electrochemical window of aqueous LIBs to the range of 3—4V,
making it possible to match with the low-voltage graphite anode
and high-voltage cathodes. However, the limited intercalation
capacity of traditional transition metal oxides (less than 200
mAh g™!) restricts the realization of higher energy density. The
effective use of organic electrode materials instead of graphite or

have
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transition metal oxide electrodes is expected to further improve
the energy density of the battery.

Dong et al.”’” introduced the high-concentration aqueous
LiTFSI electrolyte in all organic batteries and successfully solved
the irreversible challenge of the PTPAn electrode in a neutral
aqueous electrolyte. As shown in Figure 18¢, in a 1 M Li,SO,
aqueous electrolyte, both H,O molecules and SO,*~ anions
were adsorbed on the N* site of PTPAn, and the adsorbed H,O
molecules were continuously oxidized to O, during the charging
process, resulting in a low capacity and irreversible charge/
discharge cycle of PTPAn. When replaced with a high
concentration WIS electrolyte of 21 m LiTFSI, the free H,O
molecules in the system are bonded by ions from the salt (Figure
18d), effectively suppressing H,O oxidation, allowing the
Coulombic efficiency of the PTPAn electrode to reach 100%.
The maximum operating voltage of the all-organic battery
composed of a PNTCDA anode and a PTPAn cathode could
reach 2.1 V, and the energy density could approach 52.8 Wh
kg™". Jiang et al.”” used a 22 M KCF;SOj electrolyte instead of a
1 M KCF;SO; electrolyte to widen the electrochemical stability
window of the aqueous electrolyte from 2 to 3 V (Figure 18e). In
addition, the aqueous electrolyte with high salt concentration
also exhibited high ionic conductivity (7.6 X 107> S cm™" at 25
°Cand 1 X 107 S cm ™' at —20 °C), low viscosity (6.5 X 107° Pa
s at 25 °C), and inhibited dissolution of electrodes. The K-ion
full battery with a K,Fe, 3Mn ¢s[Fe(CN),],,zH,0 cathode and
a 3,4,9,10-perylenetetracarboxylic diimide (PTCDI) anode
exhibited high energy and power densities, which could achieve
80 Wh kg™! and 1612 W kg™!, respectively.””

However, high cost and low reaction kinetics pose challenges
for practical applications of batteries using highly concentrated
electrolytes, and designing organic batteries with a wide voltage
window in medium or even low concentration electrolytes has
become a hot topic for researchers. Wang et al.”’* found that in
0.5 M Li,SO, electrolyte, the poly(naphthalene four formyl
ethylenediamine) (PNFE)-LiMn,O, full battery displayed a
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wide voltage range of 2 V. The improved working voltage
window could be attributed to two aspects: 1) the passivation of
the PNFE/carbon nanotube networks to effectively reduce
hydrogen-evolution and 2) the action of Li* in the electrolyte to
reduce the active sites and increase the hydrogen-evolution

overpotentials (Figure 18f), effectively suppressing hydrogen-
evolution. The research provided a new way to broaden the
electrochemical stability window of the organic battery in low-
concentration electrolytes.
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3.2.4. Effects of the Solvent. In fact, most salts in WIS
electrolytes do not participate in battery reactions, but only play
a role in maintaining the solvation sheath structure. Hence,
determining how to reduce the content of free water in aqueous
electrolytes and change the metal ions coordination environ-
ment without incurring a high cost has become a defining
challenge for researchers.

3.2.4.1. Hydrated Eutectic Electrolytes. The introduction of
hydrated eutectic electrolytes offers a possibility to reduce the
activity of water and broaden the electrochemical stability
window of aqueous electrolytes.

Eutectic electrolytes, as a kind of deep eutectic solvents, have
attracted significant attention in the fields of advanced energy
storage and conversion devices owing to their excellent
electrochemical stability, nonflammability, compositional tuna-
bility, wide operating temperature window and good thermal
and chemical stability.””>~*" Like ILs, eutectic electrolytes are
composed of charged ion pairs without independent molecules
and play an active role in constructing stable SEI and 2promoting
uniform and reversible metal plating/stripping.””*"**" In
contrast to standard aqueous electrolytes, in hydrated eutectic
electrolytes, all water molecules participate in the formation of
the eutectic structure and are confined in hydrogen-bonding.
Due to the immobility and binding environment of the water
molecules, the decomposition of water is inhibited, thereby
resulting in a wider electrochemical window relative to ordinary,
noneutectic, aqueous electrolytes.””'

Due to the high solubility of metal oxides in the eutectic
electrolytes, the eutectic electrolytes are currently more inclined
toward batteries with organic electrode materials, mostly for Zn-
ion batteries.”*” A novel hydrated eutectic electrolyte was
prepared by a simple and low-cost formula via a mixture of an
inexpensive and highly soluble Zn salt, (Zn(ClO,),-6H,0), and
a neutral ligand, succinonitrile (SN). The hydrated eutectic
electrolyte effectively protects the Zn anode, suppresses the
hydrogen-evolution reaction and reduces the irreversible
dissolution of organic cathode materials.”** As shown in Figure
19a, SN can enter the primary solvation shell of Zn** and form a
room temperature eutectic liquid with Zn(ClO,),-6H,0 in the
hydrated eutectic electrolyte, altering the solvation structure of
the hydrated Zn-ions from [Zn(OH,)¢]*" to [Zn-
(OH,),(SN),]*". The unique structure of the zinc aqua complex
solvated with the SN-assisted solvation shell are beneficial for
mitigating the parasitic reactions on the Zn/aqueous electrolyte
interface and enabling smooth and dendrite-free Zn plating/
stripping with an average Coulombic efficiency of 98.4%. The
SEM images of the morphologies of Zn platting indicated that
the hydrated eutectic electrolyte of Zn(ClO,),-6H,0/SN
enabled highly uniform and compact Zn coating, which was in
sharp contrast to the severe cracking and irregular protuberances
observed on the surface of stainless steel using traditional
aqueous Zn electrolyte (Figure 19b,c). In addition, all water
molecules are bound in the eutectic network, resulting in a
delayed oxidation and suppressed dissolution of the organic
cathode materials. Similarly, the mixing of sulfolane (SL) and
Zn(ClO,),-6H,0 could form a hydrated eutectic electrolyte due
to the strong coordination between SL and Zn?*.”** The bound
water molecules in the eutectic electrolyte help increase ionic
diffusion, promote Zn** deposition, and reduce water activity,
thereby extending the electrochemical stability window (Figure
19d) and stabilizing Zn plating/stripping. As a result, the PANI-
Zn battery exhibited excellent cycling performance with a stable
capacity of 72 mAh g™" at a high current density of 3 A g™* for
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more than 2500 cycles. In addition, the introduction of H,O
molecules in a ZnCl,-acetamide eutectic electrolyte has proved
to regulate the Zn** solvation structure and reduce the
nucleation overpotential from 30 mV to 12 mV (Figure 19e),
aiding facile Zn*" desolvation and uniform Zn nucleation.”*>

Recently, a hydrated eutectic electrolyte consisting of
Mg(NO;),-6H,0 and acetamide was developed for aqueous
Mg-ion batteries.”*° The presence of solvated water molecules in
the electrolyte facilitates fast Mg®" transport, while the lack of
free water molecules suppresses the dissolution of the PTCDA
anode, ensuring excellent cycling stability. Hence, the PTCDA
anode with fast reaction kinetics and the copper hexacyanofer-
rate cathode with an open-framework promote Mg (de)-
intercalation without serious structural changes, leading to
superior rate capability.

3.2.4.2. Other Organic Additives. In addition, some organic
additives can optimize the solvation structure of the electrolyte,
expanding the electrochemical stability window and inhibit ng
the hydrogen evolution reaction and dendrite growth.”*’~>*
Specifically, the introduction of organic solvents may cause two
solvation effects. First, the organic additives could interact with
H,O, affecting structures resulting from hydrogen-bonding in
the electrolyte. In addition, they may also be inserted into the
inner solvation sheath of the metal ions and occupy the position
of H,O, resulting in the alterations to the “normal” solvation
structure.

For example, dimethyl sulfoxide (DMSO), with a higher
Gutmann donor number than H,O, can preferentially
coordinate with Zn>* ions and exclude water from the Zn**
solvation sheath, weakening the bonding strength between Zn*
ions and H,O. The resulting electrolyte was observed to then
form a dense SEI on Zn anodes.””® Furthermore, the strong
interaction between DMSO and H,O could reduce the water
reactivity. Similarly, by adding an antisolvent like methanol, into
the ZnSO, aqueous electrolyte, the solvation structure of Zn**
ions is regulated via the formation of hydrogen bonds between
methanol and H,0O (Figure 19f). The water activity was
observed to diminish and the Zn electrode reversibility was
increased.””’ The PANI-Zn battery, with methanol-based
antisolvent electrolyte, exhibited stable cycling capacity and
high Coulombic efficiency as a result of inhibited dendrite
growth, H, evolution and other side reactions. To further
explore the inhibitory effects of altered hydrogen bonds and
modulation of the inner Zn>" solvation sheath on the hydrogen-
evolution reaction, Ma et al. introduced different amounts of
DMEF in the 2 M Zn(CF;S0,), aqueous electrolyte.””* As shown
in Figure 19g, the added DMF preferentially forms hydrogen
bonds with water molecules, reducing the water activity and
effectively inhibiting the deprotonation of the electrolyte.
Notably, after increasing the volume fraction of DMF by more
than 30%, some DMEF is inserted into the inner Zn** solvation
sheath, resulting in a diminishment of the electrochemical
stability of the electrolyte. The optimal Zn reversibility can be
obtained in the electrolyte with a critical concentration of 30%
DME. With the optimized electrolyte, a PANI-Zn battery
successfully operated over a wide temperature range from —40
to 425 °C. The above results indicate that parasitic interfacial
reactions can be inhibited via solvent effects, providing new
strategies for the design of low-cost and efficient aqueous
electrolytes.

3.2.5. Aqueous Batteries for Special Applications.
Compared to the high mechanical rigidity of inorganic electrode
materials, organic compounds exhibit flexibility and deform-

https://doi.org/10.1021/acs.chemrev.2c00374
Chem. Rev. 2023, 123,1712-1773


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

Voltage (V)

©

0 50 0 1% 200
Capacity (mAh g”)
(b) (e
14 oy &
; 12 Transparent and
e conductive PET
© 1.0
> 8
=08 A ®
o
> 06 180°
0.4
0 50 100 150 200

Capacity (mAh g)

(d -
l-‘ <y ’ mmaging

\vadrcgun bonds broken)

o d”os‘\\'w“ -

Zn g
/e
e(‘IrOdepc .

atet
Y tract
-\ co? gt

-

W\ Self-healing

(hydrogen bonds
 re-establishing)

®

Cathode

TFSI" «—organic

o catholyte
o g ! porous
S % lTLl‘, Mg, Zne+ carbon cathode
/i Zner o T adueous
A 4 electrolyte

Figure 20. Aqueous batteries with special performances. The discharge/charge curves of the belt-shaped PTO-Zn battery (a) at flat state and (b)
folded 180° after 100 times. Reproduced with permission from ref 295. Copyright 2018 Wiley-VCH. (c) The rechargeable batteries with various
shapes. Reproduced from ref 73. Copyright 2018 American Chemical Society. (d) Illustration of the mechanism of the self-healing Zn-ion battery.
Reproduced with permission from ref 298. Copyright 2019 Wiley-VCH. Schematics of (e) the structure and (f) demonstration of the Zn-PPy battery
with a unique function of short-circuit warning. Reproduced with permission from ref 301. Copyright 2018 Royal Society of Chemistry. (g) Schematic
illustration of the stirred self-stratified battery. Reproduced with permission from ref 302. Copyright 2020 Elsevier.

ability, which provide necessary conditions for the preparation
of flexible batteries for wearable and portable electronic devices.
Considering the high safety requirements for flexible wearables,
using aqueous electrolytes instead of highly toxic and flammable
organic electrolytes is expected to achieve a safe energy storage
system which exhibits environmental friendliness, low cost and
excellent performance.””*”* In addition, by modifying the
electrode materials or electrolytes of aqueous batteries, it is
expected to achieve more functions like self-healing, biocompat-
ibility and electrochromicity, which paves the way for the further
development of smart flexible electronics.

Guo et al.*®° used PTO, an organic material with a high
theoretical specific capacity, as the cathode material, and
assembled a flexible Zn battery with a 2 M ZnSO, aqueous
electrolyte, to avoid corrosion of the Zn anode. As a candidate
for wearable electronics, the belt-shaped PTO-Zn battery
showed excellent flexibility and strong mechanical performance
against repeated bending. Compared to the flat battery (Figure
20a), the flexible battery showed no obvious capacity loss after
repeated folding of 180° up to 100 times (Figure 20b) and
maintained excellent cycling stability under various continuous
bending degrees. However, low electronic conductivity and Zn
dendrite formation are still relevant concerns. Similarly, the
combination of a PANI-coated carbon fiber cathode, a Zn anode
and the aqueous electrolyte enabled the design of small
rechargeable batteries with various polygonal geometries such
as rectangle, cylinder, H-, ring-, and cylindrical shapes (Figure
20c). These geometries demonstrated desirable integrations of
energy storage devices and electronic equipment.”” To further
improve the flexibility of the electrodes, a nanostructural PANI-
cellulose paper and a Zn-grown graphite paper were used as the
cathode and the anode, respectively.29 Together with a gel
electrolyte based on a cellulose nanofiber and an aqueous
electrolyte, the flexible Zn-ion battery showed outstanding
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electrochemical performance, and the specific capacity changed
little under mechanical deformation, with only 9% loss after
1000 bending cycles. These studies indicate that aqueous
organic batteries have great potential in flexible displays and
wearable electronic devices through the reasonable design of
electrode materials and energy-storage devices.

Although the flexible aqueous battery can withstand certain
bending or tensile strain, it is still relatively easy to damage under
exceedingly large deformation regimes, resulting in severe
performance degradation. The flexible battery which possesses
self-repair functions can automatically recover its performance
after being mechanically damaged, not only extending the
lifetime of the device, but also reducing electronic waste and
economic cost. The development of self-healing polymer
electrolytes plays a critical role in the development of self-
healing batteries. The self-repair action of the polymer network
operates normally according to the dynamic reorganization of
hydrogen bonds or ionic bonds in the system.””” A self-healing
poly(vinyl alcohol) (PVA)/Zn(CF;SO;), hydrogel electrolyte
with a three-dimensional (3D) porous network structure was
developed by a facile freezing/thawing strategy.””® Due to
extensive hydrogen bonding networks between the chains of
PVA, the hydrogel electrolyte has excellent self-healing
characteristics without any external stimulation (Figure 20d).
Even after several cutting/self-healing processes, the Zn-ion
batteries automatically repair themselves and recover electro-
chemical performance completely, showing an excellent
repeatability of the self-healing performance. The self-healing
Zn-ion battery is particularly suitable for low-cost and high-
efficiency wearable products, which promotes the development
of smart flexible electronics.

Through the combination of aqueous electrolytes and organic
electrolyte materials with excellent biocompatibility, the
prepared biobattery has a broad application prospect in
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implantable biomedical devices. Biobatteries offer the possibility
of developing implantable biomedical devices that can derive
power provided by energy sources in the living body without
requiring periodic power supply replacement. Among many
organic materials, PPy is an excellent candidate as an active
component in bioelectric batteries, because of its high specific
capacity, good biocompatibility and excellent performance when
implanted into the human body. Kong™” and Li’” et al. studied
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the performance of different biocompatible aqueous electrolytes
in Mg-based and Zn-based bioelectric batteries using the PPy
cathode and selected electrolyte systems of phosphate buffered
saline and 0.1 M NaCl aqueous solution, respectively.

Wang et al 3! reported a flexible, electrochromic and
rechargeable battery for the first time. Researchers successfully
deposited an electrochromic PPy cathode and Zn anode on a
flexible, transparent, conductive PET substrate by a simple
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method of electrodeposition. The electrodes were matched with
a PVA-based hydrogel electrolyte (Figure 20e). The battery
could provide a high specific capacity of 123 mAh g™ and exhibit
a unique function of short-circuit warning. As shown in Figure
20f, when the battery voltage drops from 1.2 to 0 V, the color
changes from black to yellow indicating the possibility of short
circuit.

In addition, Meng et a proposed a stirred self-stratified
Zn-organic battery without multilayer stacking, which greatly
reduced the manufacturing cost of the battery (Figure 20g). The
battery was designed according to the principles of phase
separation and the inherent difference in solubilities of electrode
materials. The structure is characterized as a thermodynamically
stable sandwich with three layers of material, “liquid-liquid-
solid” from top to bottom. The layers are specifically, an organic
cathode phase, an aqueous electrolyte phase and a Zn anode.
Due to the differential density of the cell components, the
battery always recovers to its initial state after mechanical
disturbance or charge—discharge reactions. The battery can
exhibit accelerated charge/discharge process under stirring
conditions with excellent cyclic reversibility and safety, and
provide a new direction in the development of energy storage
devices.

3.2.6. Low-Temperature Aqueous Batteries. It is widely
known that the freezing point of water is 0 °C at standard
atmospheric pressure,””” which imposes a strict window of
feasible operation conditions for aqueous batteries. Therefore,
the most significant challenge for developing aqueous batteries
that can operate under low-temperature conditions is the lack of
advanced aqueous electrolytes which do not become prohib-
itively viscous or solidify at low temperature.”**

Up to now, various strategies have been reported to inhibit the
freezing of aqueous electrolytes. Well-known antifreeze agents,
dimethyl sulfoxide (DMSO),**>*°® DMF,*** and liquid
alcohols™”"**" %% can preferentially form hydrogen-bonding
networks with water molecules effectively outcompeting water
to water hydrogen-bonding, thus providing a hybrid electrolyte
with a relatively low freezing point and high ionic conductivity at
low temperature. Due to the advantages of high boiling point,
low freezing point, low volatility and high solubility in water,
ethylene glycol (EG) was reported as a cosolvent in ZnSO,-
based hybrid electrolytes for low-temperature Zn-ion batteries
(Figure 21a).” As shown in Figure 21b, with the increase of EG
content (from EGO to EG60), the freezing point of the hybrid
electrolyte decreased to —33 °C gradually. The freezing point
depression can be attributed to the disruption of the H,0-H,O
hydrogen-bonding network via the action of EG molecules. The
EG-H,O hydrogen-bonding can dramatically decrease the
solvation interaction of Zn** with H,O (Figure 21c), resulting
in less side reactions between the Zn anode and the electrolyte.
However, increasing the amount of organic solvent additives
directly leads to a serious decline in the intrinsic safety of
aqueous batteries. Similarly, the addition of methanol in the
ZnSO, electrolyte could disrupt hydrogen-bonding networks
between H,0 molecules.””' When the volume ratio of methanol
reached 50%, the corresponding battery could maintain good
fluidity at temperatures approaching to —40 °C, while the pure
ZnSO, aqueous electrolyte froze at a higher temperature of —20
°C.

In addition, some electrolyte salts exhibit strong ionic
interactions with water molecules, which could also significantly
disrupt hydrogen-bonding networks in pure H,O. As illustrated
in Figure 21d, with the addition of ZnCl, in water, the strong

302
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intermolecular ion-dipole force between Zn** and H,0
molecules, via coordination with oxygen atoms in H,O,
ultimately reduces the hydrogen-bonding content in the
solution.”' When the concentration of ZnCl, gradually
increased to 7.5 m, the lowest solid-liquid conversion temper-
ature (T,) of —114 °C and the highest ionic conductivity of 1.79
X 107 S cm™" at —70 °C were obtained due to the reduced
hydrogen-bonding content of the solution (Figure 21lef).
However, further increasing the content of ZnCl, would lead
to the increase of T, due to the more significant Coulombic
interactions between cations and anions. Thus, it is important to
balance the hydrogen-bonding and cation—anion interactions.
As aresult, the PANI-Zn battery was successfully operated over a
wide temperature range from —90 to +60 °C. In addition to
metal ions, some anions in electrolyte salts could disrupt the
original hydrogen-bonding networks through the formation of
new hydrogen bonds with H,O molecules, so as to significantly
reduce the freezing point of the electrolyte.’'*'* As illustrated
in the results of molecular dynamics (MD) simulations (Figure
21g)h), the hydrogen bonds between H,O molecules decreased
rapidly after the addition of the Zn(BF,), salt, and numerous
O—H:-F hydrogen bonds between the BF,” anions and H,0O
molecules were formed.*""' The introduction of BF,~ anions can
form four relatively weak hydrogen bonds with H,O molecules,
which efficiently prevents the H,O molecules from forming an
ordered hydrogen-bonding network. Benefiting from the
ultralow freezing point of —122 °C and the high ionic
conductivity of 1.47 X 107> S cm™ at =70 °C of the 4 M
Zn(BF,), electrolyte, the tetrachlorobenzoquinone-Zn battery
exhibited excellent electrochemical performance over a wide
temperature range from —95 to +25 °C. The strong interaction
between SO,>~ and H,0 molecules could result in an electrolyte
that exhibits similar characteristics to the Zn(BF,), system,
short-listing the antifreezing H,SO, electrolyte as a promising
electrolyte in the development of low-temperature aqueous
batteries (Figure 21i).*"?

Deep eutectic solvents, in which the melting point of the
eutectic mixture is significantly lower than that of individual
constituents, are also a promising strategy for use in batteries
operating at low temperatures. The hydrated eutectic electro-
lytes of Zn(ClO,),-6H,0/SN*** and Zn(ClO,),-6H,0/SL***
were reported to achieve stable low-temperature performance in
organic batteries at —20 and —30 °C, respectively. However, a
large number of organic solvents in these systems not only
aggravate environmental degradation, but also lead to low ionic
conductivity and high viscosity at low temperatures. The design
of an aqueous-salt eutectic electrolyte without organic
compounds is considered to be an effective way to solve the
above problems. Therefore, Sun et al.’’’ designed a deep
eutectic electrolyte of 3.5 M Mg(ClO,), and 1 M Zn(ClO,),, in
which the formation of hydrogen bonds between CIO,” and
H,0 molecules, combined with the strong electrostatic
attraction between Mg®* and the O atom of H,0, significantly
reduced the amount of hydrogen-bonding between H,O
molecules, resulting in an ultralow freezing point of —121 °C.
Due to the high ionic conductivity and low viscosity of the
electrolyte at low temperature, organic batteries of PTO-Zn and
phenazine-Zn exhibited excellent cycling stability at the
temperature approaching to —70 °C.

3.3. Inorganic Solid Electrolytes
In addition to optimizing the solvent and increasing the salt

concentration in the liquid electrolyte, developing solid-state
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Table 3. Summary of Reported Inorganic and Polymer-Based Electrolytes for Organic Batteries
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LizPS4 - - PBALS-Li 69%, 120, 0.1C 0.05C—0.4C, 63% 22¢
LizPS, - ; PTO-Li 61%’( 61(())(3%)0‘3c 0.1C—1C, 35% 327
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B-ALOs 60°C) 35 PTO-Na (60 °C) 0.1C—0.5C, 50%
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0,
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EC/PC/5%FEC
PI+1.5M 3 hard carbon- 0 o 355
NaClOs-EC/DEC 2.1 x10 >4 PTVE 95%, 100, 0.5C 0.5C—10C, 53%
Poly(DOL)+1 M
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EC/DEC/FEC
PMA/PEG+3wt " i o 0 0 25
% Si0»+LiCl0s 2.6x10 P5Q-Li 94.7%, 50, 0.5C 0.3C—1C, 55%
PEO/PEG+10wt - 6
% 8'(26!;018) : AQ-Li 4 /"(’6150?&;) G 0.1C—1C, 47% 362
YLiAlO2+LiClO4
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LT (70°0) 5 PCTB-Li 70°C) 0.13C—2.6C, 44%
PEO+LiTFSI/Si . 264
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methacrylate-
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polymersBMITE 410 . poly(TCAQ) 77%, 1000, 1C 1C—5C, 78%
SI+Si02
polyDADMATF 23 0 0
; 1.1x10 89%, 13,50 mA g 25mAg! > 50mA 55
SI 10nl%IeIl)-;-A1203 (50°C) 4 PEDOT-Zn (50 °C) o 68%
PolyDADMATF
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organic batteries is considered as another effective strategy to
improve the performance of organic electrode materials. Besides
their inherent high safety, excellent thermal, and mechanical
stability, inorganic solid-state electrolytes are expected to
completely circumvent the challenge of the organic electrode
dissolution, resulting in improved cycling stability. Solid-state
electrolytes offer beneficial solutions to certain battery operation
problems but they also introduce their own unique operation
challenges. Although it is generally believed that the inorganic
solid-state electrolyte can inhibit dendrite growth, recent reports
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have found that the formation of dendrites is still observed in
some solid-state batteries, which may be attributed to the high
electronic conductivity of the solid-state electrolytes,®> and/or
the high local ionic resistivity of the grain boundary.’' '
Furthermore, the poor interfacial contact between the electro-
lyte and the electrode, ubiquitous in solid-state batteries, cannot
be ignored. To obtain high-performance solid-state batteries, the
chemical and mechanical compatibility between the solid-state
electrolyte and the electrode materials must be optimized.
Currently, there are relatively few studies on combining organic
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rate of 0.05 mV s™". Left inset: structural diagram of the full cell for CV test; Right inset: EIS spectra of the cell before and after the CV test. Reproduced
with permission from ref 325. Copyright 2018 Wiley-VCH. (c) Comparison of hardness and elastic modulus of some electrode and electrolyte
materials. (d) Distribution of the Warburg coefficient (A,,) of PTO-based battery with Na,PS, electrolyte under different voltages in the first three
cycles. (e) Plot of the charging capacity and Coulombic efficiency in the first cycle as the function of carbon content. Reproduced with permission from
ref 74. Copyright 2019 Elsevier. (f) Schematic presentation of AB/PBALS dissolution in the liquid electrolyte and Li;PS, solid electrolyte. (g)
Diagrammatic sketch of the interaction between PBALS electrode and Li;PS, electrolyte. Reproduced with permission from ref 326. Copyright 2018
Wiley-VCH. (h) In situ XRD patterns of all-solid-state Li-PT cell during the first discharge/charge cycle. Reproduced with permission from ref 75.

Copyright 2022 Wiley-VCH.

electrodes with inorganic solid-state electrolytes. The results are
limited to mainly sulfide electrolytes, LiPON and f-Al,O;,
which are all summarized in Table 3.

3.3.1. Sulfide-Based Electrolytes. Compared with the
commercial organic liquid electrolytes, the relatively high ionic
conductivity of solid-state sulfide electrolytes makes them
attractive for practical applications in batteries.”'*'” Addition-
ally, sulfide electrolytes could form excellent contact with
electrodes through a simple cold pressing process, showing low
boundary resistance and excellent ductility.’®*"" However,
research has shown that sulfide electrolytes are not stable with
alkali metal anodes (Li, Na, etc.) and high-voltage cathodes. Due
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to the narrow electrochemical stability windows of sulfide
electrolytes and high Young’s modulus of transitional metal
oxide cathodes, the continuous accumulation of poor ion
conductivity interfacial decomposition products and the
formation of cracks between cathode materials and electrolyte
would result in low Coulombic efficiency and ultimately,
mechanical failure.****>”? In 2018, Asano et al.” reported a
new lithium halide solid-electrolyte material, Li;YBry. It exhibits
a high ionic conductivity (>1.0 X 107> S cm™') and good
compatibility with the high-voltage metal oxide cathode. Since
then, halide solid-state electrolytes have been regarded as
promising electrolytes for high-voltage all-solid-state batteries
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Chem. Rev. 2023, 123, 1712-1773


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00374?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00374?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00374?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00374?fig=fig22&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

due to their intrinsically high oxidative stability.”*"*** It is worth
noting that most sulfide and halide electrolytes are reactive with
alkali metals, thus increasing the interfacial resistance, hindering
uniform deposition of alkali metals, and leading to deterioration
of the battery performance.”*****

To avoid the side reaction between the Na metal and the
Na;PS, sulfide electrolyte, Yao et al.”**** replaced the Na metal
anode with a Na,Sn, alloy and developed a series of organic
cathodes that were compatible with the Na;PS, solid-state
electrolyte. First, they converted the commercially available
Na,C¢O4 to an ambipolar organic electrode material of
tetrahydroxybenzoquinone (Na,CqO¢) and investigated its
compatibility with the Na;PS, electrolyte using XPS (Figure
22a) and CV (Figure 22b) measurements.”> The results
indicated that Na,C4O4 was chemically and electrochemically
compatible with the electrolyte because of: 1) the unchanged
peaks corresponding to sulfur 2p electrons in Na;PS, after
mixing with the cathode and 2) the lower operating voltage
window of the battery. The results showed that the solid-state
full cell with the Na,CsO4 cathode and the Na;Sn, anode
maintained about 70% initial capacity after 400 cycles at 0.2 C.
Researchers attributed the modest capacity fading to the
formation of microcracks in the cathode during cycling.
However, the rate performance of the battery was unsatisfactory.
In addition, considering the low average voltage of the Na,CsO¢
electrode material (2.15 V vs Na*/Na), they proposed a new
organic cathode material of PTO to further improve the energy
density of the battery.”* As shown in Figure 22c, the Young’s
modulus of PTO (4.2 + 0.2 GPa) is about 2 orders of magnitude
lower than that of traditional inorganic oxide cathodes (100—
200 GPa), which could relieve the interfacial stress of the battery
and help maintain consistently intimate contact between the
sulfide solid-state electrolyte and PTO. More importantly,
although the charge cutoft voltage of PTO slightly exceeded the
oxidative decomposition potential of Na;PS, electrolyte, it was
found that the interfacial resistance layer between PTO and
Na;PO, was reversible during the battery cycles (Figure 22d).
The decomposition of the electrolyte did not cause a net
increase in the interfacial resistance, thus ensuring stable cycling
of the battery. The excellent chemical, mechanical and
electrochemical compatibilities between organic cathode
materials and sulfide electrolytes enables the PTO-based battery
to exhibit a high specific energy (587 Wh kg™') and record
cycling stability (89% retention after 500 cycles).”* It is worth
noting that the content of conductive carbon has a significant
impact on the first-cycle specific capacity and Coulombic
efficiency of PTO (Figure 22e¢). When the carbon content was
less than 5 wt %, the charge transfer resistance is large due to the
electronically insulating nature of PTO. The insufficient electron
transfer increases the charging overpotential, leading to a
premature end of charging and a low Coulombic efficiency in the
first cycle. This indicates that the addition of carbon into the
composite electrode is essential for providing adequate electron
transport. However, too much conductive carbon would
accelerate the oxidation of electrolyte at the interface. When
the carbon content was increased to 10 wt % and even 20 wt %,
significant accumulation of resistive products caused by the
oxidation of Na;PS, leads to the continuous decrease in
Coulombic efficiency and large capacity loss. In addition, unlike
the batteries using liquid electrolytes, solid-state organic
batteries suffer from low specific energy due to the high content
of conductive carbon and low content of active materials in
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order to reduce the high electrode—electrolyte interfacial
resistance.

Similarly, the Li;PS, solid-state electrolyte has been reported
in Li-organic batteries.*****” As shown in Figure 22f, the
application of Li;PS, eliminated the dissolution problem and
shuttle effect of 4-(phenylazo) benzoic acid lithium salt
(PBALS) in the liquid electrolyte.”’® Compared to the
azobenzene without the carboxylate group (AB), the electro-
chemical performance of PBALS was much better due to the
strong ionic bonding between PBALS and the Li;PS, electrolyte
as shown in Figure 22g. The more significant interaction
between PBALS and Li;PS, was confirmed by Raman spectra,
Fourier-transform infrared spectroscopy (FTIR) spectra, and
DEFT calculations. The ionic bond supported intimate contact
between active materials and the solid-state electrolyte, thus
enabling Li;PS, to accommodate the large volume change of
PBALS during the cycling process and maintain low interfacial
resistance. Excepting for the low initial Coulombic efficiency,
caused by the decomposition of the Li;PS, electrolyte, in the first
few cycles, the Coulombic efficiency remained at 100% during
long-term cycling, indicating mutually beneficial compatibility
between PBALS and the Li;PS, electrolyte.

One investigated strategy for increasing the compatibility
between active materials and electrolytes is to change the
physical structure of the active materials via ensuring smaller
uniform “particle” size and distribution. Considering that
traditional hand-milling and ball-milling methods cannot
effectively reduce the size of the active material, the cryomilling
technique is beneficial to decreasing the size of the active
materials and suppress side reactions between Li;PS, and the
PTO electrode simultaneously, thus improving the electro-
chemical performance of the battery.””” Recently, the chemical
and electrochemical compatibilities between PT electrodes and
Li;P5S;; electrolytes were investigated, in depth, by spectro-
scopic and electrochemical characterizations.”> According to in
situ XRD results, no new peak or halos developed during the first
cycle, indicating a lack of detectable decomposition products
(Figure 22h). With continued cycling, the peak intensity
associated with the electrolyte Li,P;S,; was observed to
decrease. Researchers speculated the amorphization of the
electrolyte could be responsible and as a result the ion-
conductive glass in the electrolyte also increases. Benefiting from
the limited decomposition of Li;P3S;, the reversible interlayer
resistance and the mechanically soft characteristics of PT, all-
solid-state battery with the PT-Li;P;S,;-Super P composite
electrode exhibited a high specific capacity and an excellent
cyclic stability.

Another strategy for increasing compatibility between active
materials and solid electrolytes is to consider the reactivity,
based on electronic structure, between the materials that occurs
during cycling. Based on the soft and hard acid/base theory,”**
the hard base O, present in discharged carbonyl groups (C—
O7), readily reacts with the hard acid P, of the sulfide electrolyte,
hindering the redox reaction of carbonyl-type active materials.
Therefore, Yang et al** designed a new organodisulfide
cathode material with soft electroactive groups, which showed
much better interfacial compatibility with the Li,P;S,, electro-
lyte than carbonyl-type electrodes.

3.3.2. f-Al,0; and LIPON Electrolytes. The interface
between the inorganic solid electrolyte and the anode in organic
batteries is also worthy of attention. Yao and co-workers**” used
the oxide-based solid electrolyte, #-Al, O3, in a PTO-Na battery
and achieved an all-solid-state organic battery with high specific
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Chemistry.

energy (~900 Wh kg™'). As shown in Figure 23a, the Sn film
between the Na anode and the $-Al,O; solid electrolyte
successfully supported the reduction of the interfacial resistance.
The formation of a Na;sSn, alloy interlayer changed the
wettability behavior of molten Na metal on S-Al,O; from
sodiophobic to sodiophilic contact, which was beneficial to aid
in the plating/stripping process of Na. Furthermore, as an ion
conductive polymer auxiliary agent, poly(ethylene oxide)
(PEO) was added in the cathode material to form inter-
penetrating ionic and electronic channels, resulting in the
maximal utilization of the PTO electrode (Figure 23b). The
well-designed electrolyte/electrode interfaces, with low inter-
facial resistance, provided a good reference for the successful
application of inorganic solid electrolytes in organic batteries.
Low current devices such as sensors, microelectronics, and
micromechanical systems are considered to be target
applications for thin-film batteries owing to the batteries’ small
size, low self-discharge rate, and high gravimetric energy
density.”*"*** Furthermore, improvements in atomic/molecular
layer deposition (ALD/MLD) technology has instigated
accelerated preparation of all-solid-state thin-film batteries,
mainly as a result of the unique advantages for interfacial
modification.>***** Nisula et al.>** used the ALD/MLD
technology to achieve in situ deposition of a quinone cathode
in its lithiated state, without any postdeposition lithiation
treatments (Figure 23c). As shown in Figure 23d, the solid-state
electrolyte LIPON and the organic cathode were integrated, by
directly depositing LiPON, with a thickness of about 30 nm,
onto the thin-film cathode. As a result of the deposition strategy,
interfacial contact between the electrolyte and the cathode was
significantly increased. When matched with an ALD/MLD-
grown lithium terephthalate (Li,TP) anode, the thin-film
battery maintained 74% of the initial capacity after 100 cycles,
which was much higher than that of the in situ plated Li and
thermally evaporated Ge. The improved cyclic performance
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could be attributed to the relatively high compatibility between
the Li,TP anode and the LiPON electrolyte, and the high
stability of the current collector. In addition, ultrathin batteries
prepared via the ALD/MLD technology, with high redox
reaction rates, are expected to unify the goals of achieving high

energy density and high power density.
3.4. Polymer-Based Electrolytes

Polymer electrolytes have attracted widespread attention due to
their flexibility, lightweight, facile fabrication into different
shapes, and good interfacial contact with electrodes.”*® The
ideal polymer electrolyte should simultaneously exhibit
comparable ionic conductivity with liquid electrolytes, high
ion transference number, low interfacial resistance, excellent
thermal and electrochemical stability, a wide electrochemical
window, and sufficient mechanical strength. In addition, the
solid-state or quasi-solid-state polymer electrolytes are expected
to satisfy special requirements for organic batteries such as
suppressing the dissolution and shuttle effect of organic active
materials.

Polymer-based electrolytes are mainly composed of organic
polymer matrices and dissolved salts. In addition, they may also
contain some liquid solvents (such as PC, EC, DOL, DME,
DMSO, etc.) and inorganic fillers (such as inert fillers like SiO,,
Al,O;, etc. and active fillers like Li,La;Zr,0,, (LLZO),
Lig33Lag 55, TiO5 (LLTO), etc.). Furthermore, IL-based ionogel
electrolytes and poly(ionic liquid) (PIL) electrolytes also exhibit
excellent properties and have attracted considerable research
interests. The composition of polymer electrolytes, as well as the
cyclic and rate performance of corresponding organic batteries
are summarized in Table 3.

Depending on whether organic solvents are added, polymer
electrolytes can be divided into the solvent-free solid polymer
electrolyte (SPE) and the gel polymer electrolyte (GPE).
Although SPEs can completely mitigate the dissolution of
organic active materials, most reported SPEs exhibited low ionic
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Reproduced with permission from ref 351. Copyright 2018 Elsevier.

conductivity ( 1078-105S cm™) atroom temperature and poor
interfacial contact with the electrodes. Recently, SPEs based on
covalent organic frameworks (COFs) have garnered attention
due to their unique ion-diffusion mechanism compared to
traditional linear polymer electrolytes. The COF-based SPEs are
expected to achieve rapid ion transport at extremely low
temperatures.”” In addition to SPEs, GPEs have also attracted
substantial research interest, because GPEs integrate the
advantages of organic liquid electrolytes and solid-state
electrolytes. Replacing traditional liquid electrolytes with
GPEs is expected to improve the electrochemical performance
of organic batteries and reduce the risk of liquid components
leakage. However, the high organic solvent content in GPEs may
result in undesirable dissolution of organic active materials. To
overcome this challenge, the development of quasi (or all)-solid-
state organic—inorganic composite electrolytes and PIL electro-
lytes has become the primary research direction.

3.4.1. Solid Polymer Electrolytes. SPEs usually consists of
a polymer like PEO, poly(vinylidene difluoride-cohexafluor-
opropylene (PVDF-HFP) or polyacrylonitrile (PAN) as a
matrix and some salts without the addition of organic solvents.
Although SPEs have advantages of lightweight, good mechanical
flexibility and high safety, the drawbacks of poor ionic
conductivity at room temperature and poor interfacial
compatibility with the electrode cannot be ignored. To address
these challenges, the battery needs to be operated at elevated
temperatures, which further complicates the practical applica-
tion requirements and brings safety hazards.
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For instance, Lécuyer et al.**® used a commercial PEO-based
SPE in Li metal batteries with tetramethoxy-p-benzoquinone
(TMQ) as the cathode and tested the cyclic performance of the
battery at 100 °C (Figure 24a). Compared with carbonate-based
electrolytes, the all-solid-state PEQ-LiTFSI electrolyte doubled
the capacity of TMQ and significantly improved the capacity
retention and rate performance of the battery. However, the
diffusion of the organic active material was not completely
inhibited, and a significant capacity loss was still observed with
different cycling rates at 100 °C. Since the operating
temperature of the battery is much higher than the melting
point of the PEO-based electrolyte (about 60 °C), the active
material will inevitably diffuse into the melted electrolyte,
causing capacity fading. In addition, long-term cycling of the
battery at elevated temperatures approaching to 100 °C will
result in the genesis of new challenges, such as accelerated
battery aging and diminishing mechanical properties. Therefore,
the development of SPEs with high ionic conductivity at room
temperature has become a future research direction.

To obtain solid-state electrolytes with exceptional perform-
ance at room temperature, SN, a typical molecular plastic crystal
that possess positional order but orientational disorder in the
temperature range from —35 to +62 °C, has been used as a solid
plasticizer.”*”**" Compared with the traditional rigid crystals,
SN displays higher diffusivity and plasticity, and its high polarity
enables the dissolution of various salts, which is beneficial to
obtaining high ionic conductivities.>**' 7>** However, the
mechanical strength of SN is poor, making it difficult to form
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Figure 25. Organic batteries with GPEs. (a) Preparation process of the PMA/PEG-based GPE. (b) Cycle performance of the C4Q-Li batteries with
the liquid electrolyte and PMA/PEG based GPE. Reproduced with permission from ref 352. Copyright 2013 Wiley-VCH. (c) Cycle performance of
the PI-Na batteries with the liquid electrolyte (PI-CS) and PVDF-HFP based GPE (PI-GS). Inset: Schematic diagram of PVDF-HFP membrane
blocking the shuttle effect of the dissolved organic materials. Reproduced from ref 354. Copyright 2015 American Chemical Society. (d) Schematic
diagram of the preparation of Nafion-coated separator and in situ polymerization of DOL. (e) Specific capacity and Coulombic efficiency of the TAQB-
Li battery using the in situ formed GPE at a wide range of operating temperatures. Reproduced with permission from ref 356. Copyright 2022 Wiley-

VCH.

films by itself. To date, blending SN with a polymer matrix******

has been the method to improve the mechanical properties of
the SN-based electrolytes. A solid-state Li-organic battery was
reported containing a bioinspired poly(4-vinylcatechol)
(P4VC) cathode and a single ion conducting polymer
nanoparticle electrolyte, in which SN was added to offer high
Li* conductivity and thermal stability (Figure 24b). The
hybridization of single-ion conducting polymer nanoparticles
with SN resulted in a wide electrochemical window of up to 5.5
V, a high Li-ion transference number close to 1, and good
mechanical performance over a wide temperature range between
25 and 90 °C.**° In addition, the electrostatic repulsion between
the redox intermediates and the nanoparticles could also
mitigate the dissolution and diffusion of active materials.
Compared with the P4VC-Li battery using a pure SN-based
electrolyte, the battery with the hybrid electrolyte demonstrated
better cyclic stability and rate performance.

SPEs with a single-component matrix usually exhibit low
oxidation stability, limited thermal stability, a low ionic
transference number, and unsatisfactory electrical conductivity.
Methods to modify the polymer matrices have been reported
recently, including copolymerization, cross-linking and inter-
penetration, and blending different polymers to combine their
advantages.”****” To further improve the performance of SPEs,
composite electrolytes with excellent comprehensive perform-
ance were reported by directly combining liner polymers with
3D polymer substrates such as electrospun PVDF,”** nano-
porous PL>* and various cellulose membranes.”*’ A poly-
(propylene carbonate) (PPC)-based solid-state composite
electrolyte with a cellulose nonwoven framework was used in
K-organic batteries (Figure 24c).”>" The addition of cellulose
membrane in SPEs not only increased the mechanical strength
of the electrolyte, but also formed 3D continuous and uniform
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ion transport pathways. Due to the negligible solubility of
PTCDA in the SPEs, the battery with the PTCDA cathode
maintained a high capacity of 91.17 mAh g~ after 40 cycles with
a slow capacity decay rate of about 0.4% per cycle. Furthermore,
the proposed SPE exhibited good compatibility with the organic
cathode, which was verified by the high-rate performance of the
organic battery.

Recently, a new hydrazone COF with single ion conduction
and excellent thermal stability was used in solid-state organic
batteries.””” In contrast to the chain movement-based ion
transport mechanism in linear polymer electrolytes, the high
porosity and large surface area of COFs provided abundant free
volume even at a low temperature, enabling a high ionic
conductivity of 107> S cm™" at —40 °C. The resulting all-solid-
state Li-organic battery with 1,4-benzoquione (BQ) cathode
could be cycled for 500 cycles with a high capacity retention of
87.7%, indicating that COF-based solid-state electrolytes can
effectively inhibit the dissolution of small organic molecules.
Therefore, developing high conductivity, high stability, and high
compatibility SPEs is a promising approach to addressing the
solubility challenge of organic batteries.

3.4.2. Gel Polymer Electrolytes. As an intermediate state
between liquid electrolytes and SPEs, GPEs were proposed to
solve the challenges of low ambient-temperature ionic
conductivity and large electrolyte/electrode interfacial resist-
ance of SPEs as well as the dissolution issue of organic electrode
materials in liquid electrolytes. Many studies have been
conducted by using GPEs in organic batteries, and promising
performance was obtained.

Huang et al.”>” reported a quasi-solid-state organic battery
using poly(methacrylate) (PMA)/PEG-based GPE with a
solvent of DMSO and a lithium salt of LiClO, (Figure 25a).
When the concentration of LiClO, in DMSO reached 0.7 M, the
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Figure 26. Organic batteries with polymer-inorganic composite electrolytes. (a) Effect of the amount and type of inorganic fillers on ionic conductivity
of the electrolytes. Reproduced from ref 361. Copyright 2014 American Chemical Society. (b) Influence of the operating temperature on cycle stability
of Li-AQ battery with solid composite electrolyte. Reproduced with permission from ref 362. Copyright 2016 Elsevier. (c) Structure and composition
of the quasi-solid Li-organic battery with a multilayer composite electrolyte. Reproduced with permission from ref 364. Copyright 2012 Springer
Nature. (d) Schematic illustration of the Li* transport in MOF@PAN/PEO/IL composite electrolyte. (e) Cycling performance of the Li-IDAQ
batteries using commercial liquid electrolyte and MOF@PAN/PEO/IL composite electrolyte. Inset: SEM images of the surface of Li anodes recovered
from the cycled batteries. Reproduced with permission from ref 371. Copyright 2022 Elsevier.

highest ionic conductivity of 5.7 X 107* S cm™" was obtained. As
shown in Figure 25b, the quasi-solid cell with a C4Q_cathode
delivered a high initial discharge capacity (422 mAh g™') and
excellent cycling stability (89.8% capacity retention after 100
cycles), which are much better than those with traditional liquid
electrolytes. The improved cycling stability was also observed in
the 2,2'-bi(1,4-naphthoquinone)-Li battery with this GPE.
These results show a great potential for GPEs in solving the
dissolution issue of organic batteries. Similarly, PVDF-HFP
based GPEs with interconnected pores and high specific surface
area were also reported to improve the cycling stability and rate
performance of PTMA and PI electrodes.””*>* The unique
porous structure of the PVDF-HFP membrane endows it with a
high liquid absorption capability, which provides sufficient
electrolyte for the electrochemical reaction. In contrast to the
rapid capacity degradation of PI electrode using liquid
electrolytes, the cycling stability of the electrode with PVDEF-
HFP-based GPE was significantly enhanced, indicating that the
GPE blocked the diffusion of dissolved active materials (Figure
25¢).*** Besides being used as the electrode material, PI could
also be applied in the preparation of GPEs. Using an
electrospinning technique, PI membranes with a porous 3D
network structure can be obtained, which show a high liquid
absorption capability and a good mechanical property when
used as the matrix of GPEs.”>” Organic batteries using the PI-
based GPE and the CNTs-modified organic electrode realized
excellent cycling stability and high rate performance. Recently,
Li et al.**® designed a multifunctional GPE with molecular
sieving and charge repulsion, which was fabricated via Nafion-
initiated in situ ring opening polymerization of the DOL solvent
in electrolytes (Figure 25d). The in situ polymerization process
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provides an efficient method to fabricate batteries with GPEs,
that can be seamlessly adopted in the current assembly route of
commercial LIBs.>*”*** The obtained GPE provides intimate
contact with electrodes, and prevents the shuttle of the dissolved
organic molecules and redox intermediates while retaining fast
reaction kinetics. In addition, by changing the content of DOL
and introducing additional polymers like PEO, the shielding
capability of the GPE can be tailored to sieve different sized
small-molecule electrode materials. With such gel electrolytes,
the small-molecule organic electrodes of 1,3,5-tri(9,10-
anthraquinonyl)benzene (TAQB) and PTCDA demonstrate
exceptional electrochemical performance with long cycle life,
excellent rate capability and a wide working temperature range
from —70 to +100 °C (Figure 25e).

In addition, GPEs can effectively suppress the dendrite growth
and reduce the parasitic reaction between the electrolyte and the
alkali metal anode. Using the GPE composed of cross-linked
poly(methyl methacrylate), a stable electrode/electrolyte inter-
face was established in AIBN-K batteries.*>” Unlike the cycled K
metal anode with obvious dendrite growth in the liquid
electrolyte, the surface of the cycled K metal anode in the
GPE was covered by nodule-like depositions without dendrite
formation, and the battery showed much higher cycling stability
and Coulombic efficiency. These results indicate that GPEs play
a critical role in preventing dissolution of organic electrode
molecules, establishing stable SEI and improving cycling
stability of batteries.

3.4.3. Polymer-Inorganic Composite Electrolytes. To
further improve the ionic conductivity, mechanical performance,
and thermal stability of the polymer-based electrolytes,
composite electrolytes are often fabricated by adding inorganic
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fillers into the polymer matrix. To date, there are two types of
inorganic fillers for polymer-inorganic composite electrolytes,
including nonconductive passive fillers and conductive active
fillers. For nonconductive passive fillers such as TiO,, SiO,, and
Al,O;, the increase of the ionic conductivity is mainly attributed
to the reduced crystallinity of the polymer and the accelerated
dissociation of the metal salt via interactions between the salt
and the surface groups of the ceramic nanoparticles. Ultimately,
the free ion concentration is increased. For active fillers like
LLZO, LLTO, Li, Al ;Ti, -(PO,); (LATP), and
Li; 4Aly4Ge, 4(PO,);, the ionic conductivity is improved due
to the establishment of a highly conductive pathways for Li-ion
transport.360

Based on the previously designed PMA/PEG electrolyte,””
Zhu et al.*®" optimized the gel electrolyte by adding SiO, fillers
and prepared a hybrid solid electrolyte by a hot pressing method.
As shown in Figure 26a, the ionic conductivity of the electrolyte
with SiO, fillers was higher than that with TiO, fillers under the
same contents of additives, which could be a result of the smaller
size, higher aspect ratio, and inherent acidity of SiO,. The
composite electrolyte showed great promise for the application
of the Li-P5Q_battery, delivering a high initial capacity of 418
mAh g™" at 0.2 C and excellent cyclic stability of 94.7% capacity
retention after 50 cycles. Similarly, the capacity loss of the AQ_
electrode in PEO/PEG-y-LiAlO, composite electrolyte was
smaller than that in the liquid electrolyte, indicating that the
dissolution of AQ was more effectively suppressed.”®” It is worth
noting that obvious capacity decay was still observed at 65 °C
(Figure 26b), which may be caused by the melting of the
polymer and the accelerated dissolution of the active material at
high temperatures. In other words, even for all-solid-state
composite electrolytes, the operating temperature for organic
batteries should not be higher than the melting temperature of
the polymers in the electrolytes. Compared with inert ceramic
fillers, ion-conductive fillers provide more ion transport
channels, thus improving the overall ionic conductivity of the
electrolyte. Wei et al.*** blended PEO with the LLTO powder to
prepare a PEO-LiClO,-10 wt % LLTO composite electrolyte
and achieved an all-solid-state organic battery with excellent
cycling performance.

Although the direct blending process is simple to operate, it is
difficult to achieve the uniform dispersion of inorganic fillers in
the hybrid solid electrolyte. Once the content of inorganic fillers
reaches a critical value, they will exhibit increased agglomeration
to hinder effective ion transport in the electrolyte, resulting in
the decrease of ionic conductivity. Stacking electrolytes with
different properties for a multilayer composite electrolyte can
better coordinate the interactions between the electrolyte and
electrodes.

Hanyu et al.*** designed a multilayer composite electrolyte by
combining a PEO layer, a quasi-solid-state layer based on SiO,-
IL, and an artificial SEI layer (Figure 26¢). The introduction of
IL into the electrolyte could improve the ionic conductivity at
room temperature.”®> After battery assembly, the PEO layer
near the cathode dissolved in the IL and formed a thin matrix
with high viscosity, which prevents the dissolution of the organic
cathode and improves the interfacial contact. The intermediate
layer of the loose quasi-solid electrolyte could provide a high
ionic conductivity and separate the anode and cathode materials.
The artificial SEI layer was used to stabilize the anode. Thanks to
the ingenious structure design, the battery achieved a high
capacity retention of 79% after 100 cycles. In addition, the quasi-
solid electrolyte also has a good versatility, and can be used to
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improve the cycling performance of other organic electrodes
based on hexaazatrinaphthylene and hexaazatriphenylenehex-
acarbonitrile.”*® The effects of the operating temperature on
cyclic stability was also investigated, and the results showed that
a high temperature was beneficial to obtaining a high initial
capacity, but resulted in accelerated dissolution of the organic
cathode and poor cycling performance.

Another promising method to reduce the aggregation of
active fillers is to construct a 3D network skeleton, in which the
polymer and salt are directly poured into a 3D ion-conducting
framework, and the composite electrolyte is formed by
volatilizing the solvent or lowering the temperature. 3D
frameworks such as electrospun LLTO,**” LLZO,**® LATP@
PAN,** and metal organic framework (MOF)@PAN’"’
nanofiber membranes not only exhibit good mechanical
integrity, high thermal stability, and superior flame resistance,
but also provide continuous ion transport pathways to promote
ragid and uniform metal-cation transport. Recently, Zhang et
al.’”" designed a PEO-based composite electrolyte with a 3D
ion-conducting MOF-based network. As shown in Figure 26d,
the in situ growth of MOFs on PAN fibers provides fast and
continuous pathways for Li* transport, and the IL confined in
the pores of MOFs significantly reduces the interfacial resistance
between MOFs and PEO, affording fast Li* migration kinetics
and excellent interfacial compatibility. In addition, the Li-1,1'-
iminodianthraquinone (IDAQ) battery with the MOF@PAN/
PEO/IL composite electrolyte effectively suppressed the shuttle
effect of organic active materials, and the cycling stability was
drastically improved (Figure 26e). This study provides a critical
research direction for further development of high-performance
and sustainable organic batteries. Therefore, polymer-inorganic
composite electrolytes are promising alternatives to SPEs for
developing high-conductivity and high-mechanical-strength
solid-state electrolytes to address the dissolution challenge in
organic batteries at room temperature.

3.4.4. lonogel and Poly(ionic liquid) Electrolytes.
Ionogels and PIL electrolytes exhibit unique characteristics of
high salt solubility, a wide electrochemical stability window, and
high thermal stability, all of which are critical for the broad
application prospects in solid-state batteries. Ionogel electro-
lytes are formed by mixing polar polymers and ILs directly, or via
in situ polymerization of monomers in ILs. In ionogel
electrolytes, the added ILs act as both plasticizers and ion
transport carriers, and have high ionic conductivity, superior
flame retardancy and the characteristic of inhibiting the
dissolution of active materials, which can significantly improve
the safety and cycling stability of organic batteries.

Recently, Muench et al.”’> reported a printable ionogel
electrolyte for all-organic batteries, which was obtained by in situ
polymerization of two acrylate-based monomers in 1-butyl-3-
methylimidazolium bis(trifluoromethyl sulfonyl)imide
(BMITFSI) via a UV-curing technique (Figure 27a). Within
the ionogel electrolyte, the IL supports the high ionic
conductivity and offers counterions for the redox process of
the electrodes. Coupled with a cross-linked polymer with
sufficient mechanical strength, the ionogel electrolyte exhibit
attractive application prospects in organic batteries. In addition,
researchers also employed an integrated preparation method to
deposit the ionogel electrolyte on the cathode directly. It was
found that compared with the traditional preparation method, in
situ polymerization inside the battery could optimize the
interfacial contact between the electrode and the electrolyte,
as well as improve the initial specific capacity of the battery.
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However, the capacity retention was lower, which may be due to
the large amount of unpolymerized residual monomers in the
battery.

PILs have been regarded as a promising polymer electrolyte
owing to their excellent processability, impermeability, mechan-
ical stability, and flexible structural design. However, consider-
ing their low ionic conductivity, PILs and ionogel electrolytes
are often mixed to form electrolytes with excellent performance.
As shown in Figure 27b, Fdz De Anastro et al’”? designed a PIL
electrolyte with poly(dimethyldiallylammonium bis-
(trifluoromethanesulfonyl) imide (polyDADMATFSI) as the
polymer matrix and EMIDCA as the conductive phase.
Furthermore, the addition of Zn(DCA), salt and AL, O,
nanoparticles improved the ionic conductivity of the electrolyte
to 1.1 X 1072 S cm™", which was close to that of pure IL-based
electrolytes (4.1 X 1072 S cm™"). However, the initial capacity of
the Zn-PEDOT battery using the PIL electrolyte was only 60
mAh g™' at the current density of 0.01 mA cm™?, followed with
obvious capacity fading after a few cycles. Further optimization
of PIL electrolytes is needed to enhance the electrochemical
performance of organic batteries for practical applications.

To increase the contact area between the PIL electrolyte and
the organic electrode, Leung et al.””* used a “layer-by-layer”
spray printing technique to prepare porous organic electrodes
and deposited a highly conductive PIL electrolyte on these
electrodes. SEM images of the electrode cross sections showed
that the PIL electrolyte were fully infiltrated into the porous
electrode. The preparation method can achieve favorable
interfacial contact and low charge transfer resistance, which is
beneficial to obtaining fast charge and discharge performance of
the high-loading electrode. However, the large interfacial
contact area promotes active material dissolution, resulting in
more significant capacity decay and lower Coulombic efficiency
compared to the nonporous electrode. Therefore, it is necessary
to synergize this technique with other methods to inhibit the
dissolution of organic electrodes for high-performance solid-
state organic batteries.

With the in-depth study of ionogel and PIL electrolytes,
excellent comprehensive properties are pursued to meet the
demands for safer batteries with high performance. However,
the application of these electrolytes in organic batteries is still at
an early stage. It is necessary to further optimize the electrolyte
formula, such as combining with solid frameworks like the MOF
to improve mechanical properties, adjusting the IL components
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in electrolytes to reduce the dissolution of active materials and
improve the cycling stability of organic batteries.

3.5. Interface Engineering

As the most important and least understood component in
batteries, interphase regions have attracted widespread
attention. Like many solid-state batteries based on inorganic
electrode materials, the cyclability of solid-state organic batteries
may be more limited by the interfacial properties between the
active material and the electrolyte than the active material.

The chemical and electrochemical stability and good
interfacial contact between the electrode and the solid-state
electrolyte are absolutely key for fabricating effective solid-state
organic batteries with excellent performances. For organic
cathodes, the working potentials are generally lower than that of
inorganic intercalated compound-based cathodes and the high
oxidation potential of the solid-state electrolyte is uniquely
suitable to ensure electrochemical and chemical stability with
the electrode. Interfacial research is mainly concentrated on the
following two aspects: 1) Replacing all-solid-state electrolytes
with gel/quasi-solid electrolytes or increasing the operating
temperature of the battery to the melting point of the polymer
matrix in the electrolyte, converting “solid-solid” contact to
“solid-liquid” contact. However, the inhibitory effect of the
solid-state electrolyte on the dissolution of the organic electrode
may be weakened or even disappear.”******** 2) Adding
polymers, metal salts,******°* or inorganic electrolytes*>***° to
active materials during the preparation of the electrode. The
combination of the polymer or inorganic electrolyte with the
organic electrode is expected to support effective interfacial
contact. In addition, it also promotes uniform distribution of the
active components and form interpenetrating ionic and
electronic channels to favor the full utilization of the active
materials.>*® However, the addition of too many inactive
materials in the electrode inevitably reduces the energy density
of the whole battery.

In organic batteries, the selection range of the anode materials
is relatively wide, mainly divided into active carbon materials,
metal materials, and organic compounds. Carbon materials
usually exhibit large volume expansion during cycling, leading to
interface delamination and contact loss. For metal anodes,
although ceramic solid-state electrolytes possess high mechan-
ical strength, recent studies have shown that dendrites tend to
nucleate and grow at the grain boundaries and defects in ceramic
crystals.”#*”>*7® The protection of metal anodes in organic
batteries could refer to the previous strategies for suppressing
dendrites in Li or Na metal batteries. Such strategies include
adding inorganic fillers to enhance the mechanical property of
polymer electrolytes, preparing single-crystal ceramics to
eliminate the effects of grain boundaries and voids, and
constructing a buffer layer or an artificial SEI layer at the
interface. To overcome the poor wettability between the
inorganic solid-state electrolyte and the metal anode, the
introduction of an alloy buffer layer can reduce the surface
roughness and tension of the metal, improving the interfacial
wettability and providin% necessary ion/electron conduction for
metal plating/stripping.”° It is noteworthy that most sulfide
electrolytes and plastic crystal electrolytes are incompatible with
alkali metals. Using Li-In,>”” Li-AL>"® and Na-Sn’**** alloys
instead of alkali metal anodes can tune the operating potential of
the anodes into the electrochemical stability window of the
sulfide electrolytes, preventing the reductive decomposition of
the electrolyte. Furthermore, the use of organic electrode
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Table 4. Summary of Electrolyte Selections Based on Different Organic Electrolytes

Cycling stability:
. Counter X i
Organic electrodes Electrolytes capacity retention Ref
electrodes
[%], cycles
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materials instead of alkali metal anodes can achieve excellent design in organic batteries. It is costly and time-consuming to
compatibility with sulfide electrolytes. identify the optimized electrolyte for newly devised organic
3.6. Electrolyte Selection for Different Organic Batteries electrode materials because of their various physicochemical
Although there are a number of reviews on organic electrode properties and reaction mechanisms. Different electrolyte
materials, there is a lack of guiding descriptors for electrolyte systems have been investigated for different organic electrodes
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Figure 28. Application of ion-selective separators in organic batteries. (a) Composition of a PEDOT:PSS separator and its functioning mechanism in
inhibiting the pass of active materials. Reproduced with permission from ref 388. Copyright 2016 Wiley-VCH. (b) Diagram of the inhibition of the
shuttle effect of dissolved cathode molecules in PPF protective films. Reproduced with permission from ref 389. Copyright 2019 Royal Society of
Chemistry. (c) The structural composition and the cross-section SEM image of the PNP separator. (d) Schematic illustration of a Li-organic battery
with PNP separator. Reproduced with permission from ref 390. Copyright 2016 Wiley-VCH. (e) The fabrication process of the bicomponent layered
coated separator and schematic diagram illustrating the inhibition of the passage of electroactive organic cations. Reproduced with permission from ref
393. Copyright 2018 Royal Society of Chemistry. (f) Schematic illustration of the differences between Super P-coated and GO-coated separators in
blocking soluble organic molecules and Cu?*. Reproduced with permission from ref 394. Copyright 2019 Royal Society of Chemistry. (g) Schematic
illustration of the Li-PTCDA battery containing the separator with graphite coating. Reproduced with permission from ref 395. Copyright 2019
Springer Nature. (h) Schematic illustration of the ZIF7 membrane selectively penetrating Li* but blocking eluting redox mediators (RMs).
Reproduced with permission from ref 398. Copyright 2020 Wiley-VCH. (i) XRD patterns of the ordered COF in COF-rGO. Inset is the schematic
diagram of COF-rGO. Reproduced with permission from ref 400. Copyright 2018 Wiley-VCH.

with n-, p-, and bipolar types (Table 4). The performances of
selected organic electrodes with different electrolytes are
compared, and the solubility of active materials in the
electrolytes and the stability of SEI formed on the organic
electrodes are discussed. Although it is difficult to extract a
universal descriptor on electrolyte selection and design to all
organic electrode materials, we hope the discussion can provide
some guidance.

The redox potentials of n-type organic electrode materials are
typically below 3.5 V vs Li"/Li, and the organic liquid
electrolytes composed of metal salts and carbonate- or ether
solvents have been widely used as ion conducting media. N-type
organic electrode materials, especially carbonyl compounds,
often suffer from rapid capacity loss and low energy efficiency
due to their high solubility in organic solvents with similar
chemical properties, thus limiting their practical application.
From the perspective of electrodes, salinization and polymer-
ization are effective methods to address the solubility problem.
However, it was found that the performance of insoluble organic
salt cathode materials like Na,BNDI in conventional carbonate-
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based electrolytes was unsatisfactory, which could be attributed
to the uncontrollable dendrite growth and infinite volume
change of alkali metal anodes, resulting in low Coulombic
efficiency and battery thermal runaway. Using ether-based
electrolytes instead of carbonate-based ones''*'*” or adding
film formation additives like FEC'** is conducive to the
formation of a thin and stable SEI layer. For organic compounds
with high solubility in ether-based electrolytes, high-concen-
tration organic electrolytes'°>'*”*'* and WIS aqueous electro-
lytes”” can effectively reduce the content of uncoordinated
solvent molecules in the system, thereby decreasing the
dissolution of organic active materials and forming an anion-
derived inorganic-rich SEI Recently, the development of solid-
state organic batteries based on inorganic solid electro-
Iytes”***”3% and solid/quasi-solid polymer electrolytes®*® has
also attracted great attention.

The p-type organic electrode materials are often used as the
battery cathodes, and the counter electrodes are mostly graphite
or low-voltage n-type organic materials. Since the p-type
electrode materials react with anions from the electrolyte,
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single-cation conductors such as solid-state ceramic and single-
ion conducting polymer electrolytes are not applicable. The
selection of electrolytes is based on organic liquid, ILs, aqueous
and polymer-based electrolytes. The high redox voltages of the
p-type electrode materials (>3.5 V vs Li*/Li) often require
excellent oxidation stability of the organic liquid electrolytes.
Therefore, carbonate-based electrolytes are often selected over
ether-based electrolytes. Notably, the practical redox voltage of
the p-type electrodes can be altered by changing the types of the
solvents, which increases with the Gutmann donor numbers of
the electrolytes."*” In addition, the type of anions employed in
the electrolyte also affects the redox voltages, charge transfer
kinetics, and cycling stability of the electrodes. Generally, larger
anion size triggers greater polarization and leads to higher redox
potential of the electrode during the charge/discharge process.
Considering the specific capacity of the battery with the p-type
organic electrode is significantly influenced by the mass of the
anions from the salt, an electrolyte salt with a low anionic mass
can be selected on the promise of obtaining excellent
electrochemical performance. Due to the fast redox kinetics
and the absence of desolvation in the discharge process, some p-
type electrode materials like PTPAn are often used as the
cathodes in low-temperature batteries, that require electrolyte
systems with low freezing points.'**'*” In addition, most of
studies on electrolytes for p-type organic electrodes are focused
on broadening the electrochemical stable window,””” studies on
the interface behaviors between electrolytes and p-type
electrodes are currently lacking and needed.

Depending on the redox reaction of the electrode, the bipolar-
type organic electrode can be regarded as n-type and/or p-type,
and an appropriate electrolyte can be selected accordingly. The
most studied bipolar-type electrode materials are nitronyl
nitroxide polymers, which are usually used as p-type electrodes
to obtain high discharge voltage and stable electrochemical
performance. Therefore, electrolytes with wide electrochemical
stability windows such as carbonate-based or IL-based electro-
lytes are usually selected. PTMA, the first organic radical
reported as an electrode material for LIBs,** exhibited excellent
cycling and rate performance due to the stable polymer structure
and fast reaction kinetics. However, the low specific capacity,
expensive raw materials and complex synthesis greatly hinder
the application of nitronyl nitroxide-based electrode materials.

4. SEPARATORS IN ORGANIC BATTERIES

In addition to inherent interfacial problems, the preparation
process of polymer and inorganic solid electrolytes is
complicated, and great effort is still required to achieve
industrialization. Certain methods of surface modification of
separators and replacement with ion permselective membranes
are expected to suppress the shuttle of active materials based on
the size confinement effect or charge repulsion. In addition, the
modified separators are often simple to prepare and fully fit the
current battery preparation process. In fact, ion permselective
separators play a critical role in the rapid transport of charge-
carrying ions and isolation of the chemical reactions in separate
electrodes,®®' and have been widely used in Li-S batteries,**
Na-S batteries,*® vanadium flow batteries,*****° and Oxy-
hydrogen fuel cells.****” The ideal ion permselective
membrane should have high-efficiency screening of ions,
excellent chemical and mechanical properties, and competitive
costs. In organic batteries, there is a common challenge caused
by the shuttle effect of active materials, leading to the capacity
degradation of the battery during the cycling process. Therefore,
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using ion permselective membranes instead of traditional
separators is an effective way to isolate the dissolved active
material on one side of the membrane.

Wang et al.’®® introduced the concept of pinhole-free
polymeric dielectric layers in organic electronics into the field
of Na-organic batteries. A Na*-conductive thin membrane of
PEDOT:PSS (PSS: poly(styrenesulfonate)) was coated on the
glass fiber membrane near the PT cathode. As shown in Figure
28a, the permselective membrane allows the transport of Na*
ions but blocks the dissolved organic molecules. This inhibits
the diffusion of the dissolved PT molecules between the cathode
and the Na anode, thus greatly improving the cycle life of the
organic battery and opening a new path to minimize the
dissolution of the active materials and the resulting shuttle effect.
The results showed that compared with the battery using glass
fiber separator, the battery with a PEDOT:PSS separator
exhibited significantly enhanced cycling stability. However, the
poor mechanical properties of the PEDOT:PSS membrane led
to damage during the preparation and battery assembly process,
resulting in a reduced capacity. Blending PEDOT:PSS with
PEO, which has good film-forming characteristics and excellent
mechanical properties, is expected to generate a free-standing
protective layer that could inhibit the shuttle effect of organic
electrodes (Figure 28b).*¥ Using the composite film as the
separator improved the capacity and cycling stability of the PT
electrode compared to the single PEDOT:PSS film. However,
the low ionic conductivity of PEO hindered the Na-ion
transport. Although the thickness of the film can be reduced
by adjusting the ratio of PEDOT:PSS and PEO to promote
cation transport and improve the ionic conductivity, the rate
performance of the battery was still unsatisfactory. A specific
capacity of about 100 mAh g™" was achieved at a current density
of 1000 mA g™’ corresponding to only 31.5% of the theoretical
capacity.

In addition to PEDOT:PSS membranes, a commercial
perfluorinated sulfonate ionomer (i.e., Nafion) with high proton
conductivity, chemical stability, and excellent mechanical
strength, was demonstrated to exhibit ion-selective permeability.
Song et al.”*® combined Nafion with a polypropylene (PP)
membrane to make a PP/Nafion/PP (PNP) sandwich-type
separator (Figure 28c). The microporous PP membranes on
both sides of the Nafion layer ensured the mechanical strength
and avoided side reactions between Nafion and the electrodes
while not significantly hindering the transport of Li ions. The
results indicated that the PNP membrane showed significant
selective permeability for ion transport, suggesting that the
material did not affect the Li-ion transportation in the
electrolyte, but blocked the migration of dissolved electroactive
anions and molecules (Figure 28d), leading to significant
improvement of the cyclability. In addition, the PNP separators
exhibited good compatibility when applied to various organic
battery systems.

However, designing selectively permeable membranes did not
completely address the challenge of organic electrode
dissolution. While using such membranes hindered the
migration of active materials to the counter electrode, active
materials could still be separated from the electrode. Therefore,
the cyclic performance of the battery would tend to be stable
only after the concentration of the dissolved active materials
near the organic electrode reaches saturation. As a result,
modified batteries with ion permselective separators still showed
obvious capacity decay in the first few cycles due to the gradual
dissolution of the active materials in the electrolyte. Therefore,
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Figure 29. Advantages, challenges, improvement measures, and prospects of different types of electrolytes and modified separators in organic batteries.

for organic electrodes with high solubility such as AQ,
improvement of the cycling stability requires to combine the
ion permselective membrane with other complementary
methods.””

Zhao et al.”™" replaced the organic liquid electrolyte with an
aqueous electrolyte to reduce the solubility of quinone
electrodes. Combined with the ion-selectively permeable
separator of Nafion, the Zn-C4Q battery showed a more stable
cycling performance compared with the battery using a filter
paper as the separator. According to in situ UV—vis spectra and
the observed color change of the electrolyte, researchers
surmised the active material was dissolved in the aqueous
electrolyte in the device with a filter paper separator. In contrast,
for the Zn-C4Q_battery with a Nafion separator, only weak
absorption peaks were observed in the UV—vis curves and the
color of the electrolyte was almost unchanged after cycling,
indicating that the dissolution of the active material was
inhibited. Furthermore, the result showed that the C4Q cathode
coupled with a Nafion membrane exhibited a high capacity of
335 mAh g™' at 20 mA g~ ! and 87% of the capacity was retained
after 1000 cycles at the current density of 500 mA g™, which was
comparable to that of inorganic electrode materials.

Similar to Nafion, the large number of negatively charged
nanopores in graphene oxide (GO) can result in cation transfer
but prevent anion transfer.*”*”"*** As shown in Figure 28¢, GO
and Super P (or graphene) were directly filtered onto the
Celgard separator by a simple vacuum filtration method to form
a bicomponent layer-coated separator for Li-organic bat-

1 245

teries.””” The carboxylic acid and phenolic hydroxyl groups on
GO could prevent dissolved electroactive anions from diffusing
to the anode, while super P (or graphene), as the upper collector,
could provide the reactivation sites, greatly improving the
utilization rate of active materials. The implementation of GO
and Super P (or graphene)-based separators significantly
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improved the open circuit voltage and cyclic stability of AQ
and PTCDA cathodes. Recent research has shown that the
separator modified by GO could also inhibit the shuttle reaction
of neutral organic molecules. As shown in Figure 28f, due to the
n—r interaction between sp*-hybridized carbon rings in GO and
aromatic rings in organic molecules, the separator modified by
GO could effectively immobilize the soluble active materials and
prevent their transfer between electrodes, thus improving the
capacity retention of the organic battery.””* Furthermore, for
metal-organic cathode materials like CuTCNQ, Cu®** formed
during the charging process could be trapped by coordination
bonds with oxygen-containing groups on GO separators, which
mitigates the corrosion of Cu®* on the Li metal anode, and is
conducive to the formation of uniform and dense SEI films.

In addition to ion-selective separators based on charge
repulsion, the development of membranes with submicron or
nanometric porous structures is also considered an effective way
to hinder the passage of active materials. Belanger et al.*”
designed a double-layer separator with a porous, flexible and
mechanically stable PP layer on one side and a thin, nonporous
and continuous graphite layer on the other side. Since the
submicron graphite layer is only permeable to Li ions, the
diffusion of PTCDA is significantly inhibited (Figure 28g),
benefiting the cycling stability and rate performance of the
battery. Similarly, the development of MOFs and COFs with
uniform and controllable nanopores holds promise for physi-
cally suppressing the shuttle effect of the electrode materi-
als.”****” Theoretically, the uniform pores of MOF can be
precisely adjusted by combining the appropriate inorganic and
organic components so as to inhibit the shuttle reaction of
organic active materials without affecting the permeability of
other salts and solvents in the electrolyte. Recently, a MOF
membrane based on ZIF7 nanoparticles and the PVDF-HFP
binder was used as the separator in an organic-O, battery, which
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could conduct Li ions and suppress organic intermediates
shuttling in the system (Figure 28h).**® However, the poor
compatibility between inorganic MOF particles and organic
polymer matrix causes inhomogeneous dispersion and large
interfacial gaps, leading to the formation of nonselective
permeation pathways. The research of self-assembled MOFs
provided a possibility to prepare pure MOF-gel separators with
homogeneous micropores. The intrinsic channel size between
adjacent MOF cavities is smaller than that of organic
intermediates but larger than that of other solvents or salts,
which could alleviate the shuttling of organic molecules without
sacrificing power.””” Furthermore, giving the credit to the
adjustable pore size, MOF-gel separators showed universal
applicability for molecular and ionic sieving, which could be
used to improve the cycling stability of organic molecules with
various sizes.

Similarly, COF-based materials with high porosity, wide
structural adjustability and stability can also be used as
candidates for ion-selective membranes. However, the insol-
ubility of COFs poses a challenge for the preparation of compact
and ordered membranes. Jiang et al.**® directly deposited COFs
onto preobtained graphene and prepared an orderly stacked
COF-graphene double-layer membrane (COF-rGO) to take
advantage of the 7—x effect of graphene and COFs (Figure 28i).
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These interactions could be confirmed from the change of XRD
peak patterns of the COF material in COF-rGO compared with
the COF powders. The application of COF-rGO membranes is
expected to inhibit the shuttle effect of polysulfide and PT,
leading to excellent cycling stability and the capability to utilize
both Li-S and organic NIBs. Furthermore, the rate performances
of the batteries were also improved, indicating the ordered
nanopores could facilitate the homogeneous and rapid metal ion
transport.

Therefore, previous research has proved that fabricating ion
permselective separators is an effective method to address the
dissolution challenge and shuttle effect in organic batteries.
More research efforts should be devoted to exploring the
synergy of ion permselective separators and other comple-
mentary methods for high-performance organic batteries.

5. CHALLENGES AND PROSPECTS

In this work, we reviewed the components and properties of
different electrolytes and summarized the advantages, chal-
lenges, improving strategies, and prospects of organic liquid
electrolytes, aqueous electrolytes, inorganic solid electrolytes,
polymer electrolytes, and special separators in organic batteries
(Figure 29). The performance comparison of different types of
electrolytes is summarized in Figure 30, in which each
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electrolyte system exhibits obvious weaknesses. Therefore, it is
necessary to select appropriate electrolytes for different
situations and modify them to achieve effective application in
organic batteries.

At present, liquid electrolytes are still the main component of
most organic batteries. The selection of solvents and salts has a
significant effect on the electrochemical performance of the
battery. Use of some special solvents can realize the successful
operation of batteries in extreme environmental conditions,
which expands their applications in high-altitude aircrafts, polar
exploration, deep sea exploration, and so on. No matter it is in
organic liquid electrolyte system or aqueous electrolyte system,
highly concentrated electrolytes have shown excellent perform-
ances in improving the cyclic stability of the battery, reducing
self-discharge of the electrode and widening the electrochemical
window of the electrolyte. However, the high cost of the
concentrated electrolyte and the poor wettability caused by the
high viscosity are the main challenges for the commercial
application of such electrolytes in the future. To address these
challenges, it is necessary to control the concentration of the
electrolyte accurately and explore practical methods to reduce
the cost of the full battery under the precondition of ensuring
excellent electrochemical performance. The development of
new diluents, the design of localized high-concentration
electrolytes, the use of hydrated deep eutectic electrolytes, and
the exploration of cost-effective salts with high solubility have
become the current research focus.

In addition to the liquid electrolytes, solid-state electrolytes
are also developed to improve the cyclic stability and mitigate
the self-discharge of organic batteries. Though some research
process has been achieved, research of organic batteries using
polymer-based electrolytes or inorganic solid electrolytes is still
inits infancy, and there is much room for the improvement of all-
solid-state organic batteries. For the polymer-based electrolyte,
the low ionic conductivity is still a major obstacle for their
application. Although it is possible to enhance the conductivity
by preparing gel electrolytes or increasing the operating
temperature, there is a risk of weakening or even eliminating
the inhibition effect on the dissolution of organic electrode
materials by the polymer-based electrolytes. To overcome this
challenge, designing quasi-solid or all-solid organic-inorganic
composite electrolytes with excellent performances and
compatibility with organic electrode materials has become the
future direction for the successful application of polymer-based
electrolytes in organic batteries.

Inorganic solid electrolytes are another type of solid-state
electrolytes, which could effectively avoid the capacity decay
caused by the dissolution or shuttle effect of the organic active
materials and the corresponding reaction intermediates. Sulfide-
based electrolytes such as Li;PS, and Na;PS, have been proven
to maintain good chemical and electrochemical compatibility
with some organic electrodes. However, due to the electronically
insulating nature of organic electrode materials and high ion
transport resistance at the interface between the organic
electrode and the solid-state electrolyte, a large amount (up to
70 wt %) of sulfide electrolytes is usually added in the electrodes.
This is bound to decrease the energy density at the battery level.
To further improve the performance of inorganic solid
electrolyte-based organic batteries, the development of organic
electrode materials with higher redox potentials, higher capacity,
and better compatibility to enhance the energy density of the all-
solid-state organic batteries has become a research focus.
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Apart from developing organic electrode materials, the
inorganic solid electrolytes also play a vital role in the
performance of all-solid-state organic batteries. When the
charge cutoff voltage of the organic battery is higher than the
oxidation decomposition potential of the inorganic solid
electrolyte, the sediment formed by the electrolyte decom-
position may compromise the interphase between the electro-
lyte and the electrode, resulting in the degradation of battery
performance. The development of halide electrolytes with high
oxidative stability (~4.3 V vs Li*/Li) offers an attractive strategy
to solve the compatibility challenge with high-voltage (>4 V vs
Li*/Li) organic cathode materials in the future. In addition, the
poor interfacial contact between the solid-state electrolyte and
the organic electrode, combined with the low reaction kinetics
and insufficient penetration of the electrode structure, would
also make adverse effects on the battery. Although it is possible
to realize the intimate contact between active materials and
electrolyte by including additives like soft polymers, metal salts
or inorganic electrolytes into the electrode, the rate performance
of organic batteries based on solid-state electrolytes is still
unsatisfactory. Furthermore, except for a few studies, most
reported all-solid-state organic batteries are stably cycled for
about 500 times, or even less, which is unacceptable for practical
applications. For an organic battery based on metal anodes, it is
very important to improve the stability of the anode and
suppress dendrite formation. However, due to the lower cycle
numbers achievable with such systems, this problem is often
overlooked in organic battery research.

In recent years, the development of plastic crystal electrolytes
and PIL electrolytes has provided a new direction for solid-state
batteries. However, side reactions can occur in organic batteries
between alkali metal anodes and electrolytes like the plastic
crystal of SN. For example, the polymerization of nitriles
catalyzed by alkali metals can form a highly resistive interface,”*!
which blocks ion transport and reduces capacity retention
during cycling.*"" Research indicated that the addition of FEC
could form a stable and uniform protective layer on the surface
of the metal and avoid the continuous polymerization of SN.
However, the introduction of FEC may have adverse impacts on
the electrochemical reaction of the organic molecules."*
Therefore, the application of plastic crystal electrolytes in
organic batteries needs further research to optimize the
electrolyte-electrode interphase and mitigate the dendrite
growth on metal anodes.

Besides the electrolytes, another critical component that
closely contact with the electrodes in organic batteries is the
membrane, but the impact of the membrane to the organic
battery performance remains elusive. The ion conductivity and
selective ion permeability of the membranes are often affected
by many factors, but it lacks in-depth study to gain insight into
the correlation between membrane structure and battery
performance. There are a few reports about ion-selective
membranes, but the application of ion-selective membranes in
organic batteries is still immature. The significance of
membranes to the energy storage devices has been extensively
studied in the other fields such as fuel cells and flow batteries.
Researchers have proposed a variety of methods to optimize the
performances of ion-selective membranes. These include, but
are not limited to, introducing dense sulfonation and regulating
the topological structure of the main and side chains to
increasing the ijonic conductivity, using the restricted pore
sieving effect to improve the ion selectivity of the membrane,
and mixing with inorganic fillers to enhance the inhibition of the
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shuttle effect. These methods provide valuable experience and
reference for optimizing the performance of ion-selective
separators for organic batteries. In addition, some commercially
available ion-selective membranes, such as Nafion membranes,
are very expensive, and the development of low-cost sulfonated
polymers as cation exchange membranes has also gained
interest. Some separators or electrolyte designs that inhibited
the dissolution and shuttle of polysulfides in Li-S batteries may
also be suitable for organic batteries.*””**> The synergy of
advanced liquid electrolytes and ion-selective membranes offer
numerous opportunities for developing high-performance and
sustainable organic batteries.

In summary, organic batteries are promising alternatives to
conventional LIBs due to the low cost, abundance, high
sustainability and recyclability of organic materials. However,
the understanding toward the correlation between electrolyte
structure and battery performance, as well as the electrode—
electrolyte interphase in organic batteries, is still at the infant
stage, impeding the commercial application for energy storage
and conversion. This review provides a guidance and roadmap
for the electrolyte development in organic batteries. With the
design and synthesis of new electrode materials and electrolytes,
as well as the thorough investigation of their mechanism, the
utility of organic batteries will shine and they will gradually shift
from solely being of academic interest to being crucial for
practical applications.
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