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1.1 Introduction

In 1991, when Sony Corporation released the first commercial lithium-ion bat-
teries (LIBs), the new era of portable smart electronic devices began. In the first
generation of commercial LIBs, LiCoO, (LCO) and graphite were commonly used
as cathodes and anodes, presenting a theoretical capacity of 274 mAhg™! and
372mAh gL, respectively [1-3]. In order to further enhance the performance of
LIBs, scientists have devoted a lot of effort and time to exploring inorganic electrode
materials (IEMs), such as LiFePO, [4], LiMn,O, [5], LiNi", ;Mn", ;Co™, 0,
(NMC) [6] cathodes, and silicon anodes [7-11], over the next 30 years. IEMs were
initially used in LIBs mainly because they have commercial accessibility and other
significant merits as summarized in Table 1.1. IEMs can often be stable in organic
electrolytes without noticeable structural and property changes, partly guaran-
teeing reasonable lifetimes. To date, three categories of general charge/discharge
schemes for IEMs have been proposed and validated, including redox reactions,
Li-ion intercalation/extraction, and alloying/dealloying at the cathode and anode
[1, 12]. In addition, the raw materials, i.e. metal mines, are readily available for
large-scale IEM production. Over the past 20years, morphological science has
promoted the production of a wide range of nanostructured IEMs, including
0D, 1D, 2D, and 3D nanomaterials and thus has driven the rapid development
of IEMs [13-17]. However, current IEMs still have a series of weaknesses and
limitations:

(1) The inherently rigid structures of IEMs could result in pulverization due to
irreversible volume changes and significant phase transitions during charge/
discharge, damaging the battery cycling life and even bringing in potential
fire risk.

* Dr. Zhenzhen Wu and Mr. Pan Yang have equal contributions to this chapter.
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1.1 Introduction

(2) Large-scale production of IEMs is a high-carbon-footprint activity, consuming
large amounts of unsustainable natural resources (e.g. lithium, cobalt, and
nickel mines) at high temperatures. This will irreversibly pollute and damage
the ecological environment.

(3) The limited natural resources on Earth cannot meet the almost unlimited
demand for IEMs with the ever-increasing application of LIBs in electric
vehicles and electrical grids.

The revolution and innovation of advanced energy storage devices in response
to increasing economic costs and serious environmental pollution have driven the
growth of a global green economy to meet carbon neutrality requirements world-
wide. To this end, improving the battery performance and safety of LIBs is neces-
sary, and most importantly, adopting sustainable electrode materials is critical in
the design of the new generation of LIBs. Polymer electrode materials (PEMs) have
tremendous potential to address these challenges and may play an important role
in next-generation metal-ion batteries (MIBs), including LIBs, sodium-ion batteries
(SIBs), potassium-ion batteries (PIBs), zinc-ion batteries (ZIBs), and aluminum-ion
batteries (AIBs).

Similar to organic electrode materials (OEMs), PEMs are also composed of
light, sustainable, and low-priced non-metallic elements such as C, H, O, N,
and S, delivering various redox reactions and potentials to adopt current LIBs
charge/discharge processes. As such, PEMs have a series of advantages over IEMs
(see Table 1.1) [18].

(1) The production of most PEMs is a low-energy and low-carbon-footprint process
as they can be refined from natural renewable sources, such as microorganisms,
plants, and animal products.

(2) The deep-rooted relationship between battery properties (e.g. redox potential,
current densities), redox groups, and functional groups (e.g. electron-donating
or -attracting groups, electron-conducting groups) enables us to tune the energy
storage mechanism of PEM-based LIBs, including output voltages, specific
energy density, and power density. For example, in 2013, Morita et al. studied
the voltage changes at different substituted groups on the TCNQ molecules,
where C =N is the redox center [19]. The electron-donating group (e.g. methyl)
enables the increase of the electronic cloud density around the C=N groups,
making it easier to extract electrons on the redox center and thus reducing
the voltage by c. 0.1V. On the contrary, the electron-attracting group (e.g.
fluorine atoms) presents the opposite effect, enhancing the voltage of TCNQ by
circa 0.2 V.

(3) PEMs are suitable to produce flexible electrodes and devices because of their soft
molecular backbones. For example, belt-shaped flexible batteries have been fab-
ricated in collaboration with PEMs, showing good electrochemical performance
[20, 21].
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1 Polymeric Electrode Materials in Modern Metal-ion Batteries

(4) PEMs are universal electrode materials, enabling the accommodation of the
monovalent/multivalent metal ions, e.g. Li*, Na*, K*, Zn?>*, Mg?*, Ca?*, and
Al [22].

In this chapter, we classify PEMSs into two main categories according to the molec-
ular structure and molecular weight (MW): (i) single organic molecules electrode
materials (i.e. conventional OEMs), consisting of small and large organic molecules
with small MW; (ii) PEMs, having repeating redox units in long chains with high
MW. We adopt the theoretical molecular orbital theory of OEMs, i.e. the highest
occupied molecular orbital (HOMO)/lowest unoccupied molecular orbital (LUMO)
theory to simplify the theoretical discussion for PEMs. PEMs have long backbones
and side chains decorated with numerous repeating redox units, presenting less
dissolution and higher stability than single organic molecules. Considering the sig-
nificant advantages of PEMs over OEMs in solubility, stability, and practical appli-
cations, we focus more on PEMs in this chapter.

Currently, PEMs still face several critical challenges in the course of their com-
mercialization process (see Table 1.1). The chemical and electrochemical stability
of PEMs in the existing organic electrolytes is a critical parameter affecting their
adaptation to MIBs applications. The possible solubility of PEMs in organic elec-
trolytes may significantly shorten the cycle time of the resulting LIBs. The electronic
conductivity of PEMs (other than conducting polymers) must also be improved in
electrode fabrication to fully use the redox sites during the charge/discharge pro-
cess. Furthermore, due to the nature of polymerization reactions, the morphology of
PEMs can be tuned in more complex ways than IEMs synthetic schemes. Therefore,
PEMs have fewer morphology types than IEMs, and most PEMs are in powder or
bulk forms. Finally, the general charge-discharge mechanism for PEMs will be sys-
tematically introduced based on the reaction of the redox groups.

This chapter reviews the categories, redox mechanisms, modification strategies,
applications, and forward-looking perspectives of polymeric electrode materials in
modern MIBs. The specific goals and actions of the design strategy are summarized
as follows:

(i) Designing and controlling polymerization reaction to increase MW of PEMs to
address PEM dissolution and stability issues.

(i) Enhancing redox potential and energy density by employing suitable redox
groups and functional groups in conjugated organic structures. The redox
groups are the organic groups undergoing redox reactions and active ions
insertion/extraction. The functional groups in the PEMs usually tune the redox
potentials and structural stability.

(iii) Increasing the reactive sites to allow more electron transfer and store more ions.

(iv) Modifying the morphologic parameters (e.g. surface area and nanostructures)
to accelerate ionic and electronic transportation in PEMs.

In this chapter, we will present a systematic and comprehensive understanding of
PEMs to explore next-generation electrode materials with a high specific capacity,
power density, and long cycle life.



1.2 (lassification of PEMs
1.2 Classification of PEMs

Generally speaking, six categories of PEMs (Figure 1.1, Table 1.2), including organic
carbonyls, organic sulfur (S) compounds, organic nitrogen (N) compounds, conduct-
ing polymers, organic radicals, and superlithiated compounds, are most popular in
rechargeable MIBs [23-28]. They typically differ from each other because of their
different redox groups.

We also classify the PEMs according to the types of inserted ions: n-type
PEMs undergo cations intercalation/extraction (e.g. Li*, Nat, K*), p-type PEMs
undergo anions intercalation/extraction (e.g. PF,~, ClO,~, BF~, and TFSI~), and
bipolar-PEMs have both cation and anion reactions. The PEMs have different but
tunable redox potentials, which are highly correlated with the potential output
and energy density of the MIBs. The organic carbonyls, e.g. quinone, polyimide,
pyrene 4,5,9,10-tetraone, cyclohexanehexone, deliver a voltage between 1.7 and

Radicals

AlBs

Figure 1.1 The classification and application of polymeric electrode materials (PEMs) in
modern metal-ion batteries, according to chemical composition, morphology, and types of
batteries.
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1.2 (lassification of PEMs

3.2V (vs. Li/Li%*). Similarly, the organic S compounds (e.g. tetraethylthiuram disul-
fide) and organic N compounds (e.g. 7,7,8,8-tetracyanoquinodimethane, 5,6,11,
12,17,18-hexaazatri-naphthylene, the AZO compounds) show a working volt-
age between 1.55 and 3.0V (vs. Li/Lit). Interestingly, the p-type PEMs, such
as conducting polymers and organic radicals, generally present a high work-
ing potential above 3.5V (vs. Li/Li*). For example, the conducting polymers,
such as the polyacetylene (2.5-3.95V vs. Li/Li+), polythiophene (3.0-4.3V
vs. Li/Li*), polyaniline (2.5-4.01V vs. Li/Li*), and polypyrrole (2.0-3.5V vs.
Li/Lit), are used as high-voltage PEMs cathodes. Organic radicals, such as poly
(2,2,6,6-tetramethylpiperidinyloxy methacrylate) (PTMA) with 2,6,6-tetramethyl-
1-piperidinyloxy (TEMPO) redox radical sites, have a high potential plateau (c.
3.6V, vs. Li/Lit). Another voltage range of PTMA radicals is obtained at circa
2.5-3.2V (vs. Li/Li*) at the enhanced electronic conductivity networks. In contrast,
the superlithiated PEMs, such as 1,4,5,8-naphthalenetetracarboxylic dianhydride,
polyazaacene analog, the imine-based COFs, multi carbonyl polyimides, and
polyimide Schiff base, have anodic voltage plateaus between 0 and 1.6 V (vs. Li/Li*).

1.2.1 Carbonyls

The first carbonyl compound, i.e. dichloroisocyanuric acid, was reported in 1969
and exhibited high electrochemical activity for storing Li ions, but lacked capacity
stability [29]. Since then, carbonyl compounds have been extensively studied in the
electrochemical energy field due to their high theoretical specific capacity (up to
957mAh g~! per C=0 groups), high battery reversibility, and structural tunability
[30-38]. The carbonyl group, which undergoes double bond addition in the battery
process, is significant in deciding the energy density and electrochemical activity of
the PEMs. In the discharge process, the C=0 double bond is added by electrons,
transformed into the C—O single bond, and bonded with Li* cation, presenting
medium voltage.

As shown in Table 1.2, carbonyl compounds can be divided into quinones, car-
boxylates, imides, and anhydrides. (i) The quinones, two C=0 groups located in the
hexagonal cyclic diketone structure, are extensively studied as the typical carbonyl
compounds. For example, 1,4-benzoquinone (BQ) molecule is able to accept two
electrons and two Lit ions to achieve a high theoretical capacity of 496 mAhg~!
[39, 40]. Specifically, the cyclohexanehexone (C,04) owns six C=0 groups in a
six-membered ring, supplying the highest theoretical capacity (957 mAh g~!) among
all organic carbonyls (Figure 1.2a) [32]. An ultrahigh practical capacity and cycling
stability were also obtained at the low current density between 1 and 4 V (vs. Li/Li*)
(Figure 1.2b,c) [32]. This specific carbonyl molecule reveals the great potential of
carbonyl PEMs in high-energy battery systems. (ii) The carboxylates consist of the
aromatic ring(s) and carboxylate groups (e.g. —COOLI). The carboxylate groups
donate electrons to the carbonyl groups, reducing the operation potentials of the
whole molecules. This is why carboxylates are normally used as anode materials
[38, 41-43]. (iii) Imides are made of —(C=0)—(N-R)—(C=0)—, where the N atom
is bonded to two carbonyl groups attached to the aromatic ring structure. Imides
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Figure 1.2 Electrochemical performance and mechanism of organic carbonyls, e.g. C,O,
in LIBs. Source: Reproduced with permission from Ref. [32]. Copyright 2019, Wiley-VCH
Verlag GmbH &Co. KGaA, Weinheim.

can allow three main reactions, including enolate reaction of C=0 groups, the
association/dissociation of cations with active O atoms, the interactions between
the anions at the N atoms [44, 45]. (iv) Anhydrides composed of anhydrides with
large conjugated structures could deliver excellent structural and cycling stability
[46-48].

However, carbonyl compounds, especially carbonyl compounds with low molec-
ular weight, present serious dissolution problems in aprotic electrolytes due to their
interaction with electrolyte solvents [31, 49, 50]. Although carbonyl compounds
have low solubility in aqueous solvents, their discharge products can be dissolved
in aqueous electrolytes. In addition, their low electronic conductivity restricts fast



1.2 (lassification of PEMs

ions transportation. These drawbacks limit carbonyl compounds in low cycling life
and low power capacity.

1.2.2 Organosulfur

The organic sulfur PEMs are defined as organic compounds with redox-active S
atoms, including disulfides, polysulfides, and thioethers (Table 1.2). They are low
cost, environmentally friendly, and biodegradable. Unlike the C-S bond, the S-S
bond has a longer bond length and smaller bond energy. That is why the disul-
fides and polysulfides tend to reversibly break and regenerate the S-S bonds with
two electrons transferring [51-53]. In contrast, the thioethers present quite differ-
ent redox mechanisms due to the S atom delivering a large atomic radius and less
binding force for the outer electrons in the nucleus. In the discharge process, the
thioether reversibly transforms between C-S—C and C-S*-C and interacts with the
active anions at a relatively high voltage. Thioethers deliver better cycling stability
than disulfides and polysulfides because there are no S-S bonds breakage and refor-
mations. The thioethers also have faster electronic conduction due to the lone pair
of electrons on S atoms having n-electron delocalization with the aromatic rings.

In 1988, Visco et al. reported the first organic sulfur PEMs [54]. Since then,
ever-increasing efforts have been devoted to cultivating organosulfur compounds
to store the active ions. In order to address the dissolution issues of organodisul-
fides, Wang et al. applied different N-containing heterocycles in the disulfides
molecules (Figure 1.3a) [55]. DFT calculation reveals that the 2,2'-DpyDS presents
the highest energy gap between the LUMO and HOMO (Figure 1.3b). The
2,2'-dipyridyl disulfide (2,2’-DpyDS) delivers a long cycling life of up to 500 cycles,
because the N/Li/S bridges coordinate with each other and thus suppress the
dissolution of their discharge products (Figure 1.3c,d). Thioethers usually go
through “thioether-sulfoxide-sulfone,” enabling a high specific capacity of around
500-800 mAh g~! Based on the study of this series of disulfide molecules, it was
found that the chemical environment of organic S PEMs is quite significant to
determine their cycling performance and specific capacity.

Similar to other PEMs, organic S compounds also suffer from poor electronic con-
ductivity and sluggish kinetics during the energy storage process. The S-S bond
in the main chains is preferred because of the low solubility. In contrast, the side
chains bonded with S-S bonds are not conducive to long cycling because of the low
re-bonding efficiencies in the charging process. Thus, it has been suggested to load
the S-S bonds in the side of the same chains to increase Coulombic efficiency [56].

1.2.3 Organic Nitrogen (N)

In general, reversible electrochemical reactions are more likely to occur in two
chemical environments. One is a conjugated molecular structure, which can
facilitate electron transportation in the electrochemical reactions and charge
delocalization of discharge products. Another is heteroatoms-bonded structure (e.g.
O, S, and N) accompanied by a pair of lone electrons, which confer a high redox

11
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Figure 1.3 The electrochemical properties of organic sulfur (S) compounds. (a) S-S bonds
in different chemical environments, (b) calculated LUMO and HOMO value, (c) the
charge-discharge profiles in the 100th cycle, (d) the cycling performance at 0.5 C rate.
Source: Reproduced with permission from Ref. [55]. Copyright 2019, the Royal Society of
Chemistry.

activity and increase the electronic conductivity of the whole structure [57-59].
Both design criteria are usually considered to conceive high-performance PEMs.
Generally speaking, the N heteroatoms containing PEM have two kinds of reactions
mechanisms, which are determined by their different bonding environment. First,
addition of N contained double bonds (e.g. imine group of N=C bonds, cyano groups
of N=C bonds, azo groups of N=N bonds) into a single bond and then interaction
with the active anions. In this redox reaction, no breakage of N—C/N—N/N—O
single bonds occurs because of the strong bonding effect between the N atoms
and adjacent atoms, resulting in good electronic reversibility. The second is anion
adsorption in the active N atoms loaded in the saturated amines of arylamine
groups. This kind of N atom prefers to lose one electron and then react with the
anions [27].

Imine compounds, bonding with N=C double bond, tend to convert into
N—C single bond associated with one or multi electrons transfer through the
inter-molecules [60, 61]. Typically, the C=N redox centers in the aromatic groups,
except for strongly electron-deficient groups (e.g. pyrazine rings), and shows a
wide range of working potentials. For example, hexaazatrinaphthalene (HATN),
owning six C=N groups per unit, undergoes six-electron reactions between 1.2 and
3.9V (vs. Li/Li*) 58, 59]. Their voltage platform occurs around 1.5 and 2.5V (vs.
Li/Li*). After polymerization, the P-HATN presents excellent cycling stability of up
to 10000 cycles, a high specific capacity of around 450 mA hg!, and an enhanced
power density of 20 °C [62]. Specifically, the imine includes pyrazinyl compounds,
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triazinyl compounds, Schiff bases, and pteridine derivatives. The pyrazinyl and
triazinyl compounds usually work at the 1 ~2V (vs. Li/Li*) with the cation inser-
tions, rarely at the relatively higher redox potential with the anion interactions [63].
Schiff bases, i.e. Ry —N=CH—R, where R;, R, are aromatic groups (Ar), conduct
two-electron transfer reactions as the potential anode at around 1V (vs. Li/Li*). In
the polymerized Schiff bases, the inactive Ar aromatic groups significantly boost
the stability of the whole structure during the long cycling life [60, 64]. Pteridine
derivatives possess conjugated diazadiene moieties that facilitate the biological
redox reactions accompanied by the proton-coupled electron transfer at the N
atoms [65].

Cyano compounds, composed of N = C bonds, were firstly reported in LIBs
in 1984 [66]. The 7,7,8,8-Tetracyanoquinodimethane (TCNQ) is the presentive
cyano derivative, involving 2-electrons transfer reactions from TNCQ to TNCQ*~
at relatively high working potential around 3.0 V. Their structure irreversibly
composes and forms LiCN below 1.0 V. In particular, the cyanide groups decorating
the aromatic rings of cyano compounds enable decrease of their working potential
to around 1.0~ 2.0V [67].

Azo compounds, where the N=N double bonds are the redox-active centers, were
firstly reported in 2018 [68, 69]. The N=N double bonds tend to be added to by
two electrons, then transform into N—N single bond, and interact with two cations.
When the Azo groups connect with phenyl groups, their redox potential can decrease
to 1.5V (vs. Li*/Li). However, a lower potential may damage their structure.

Arylamine compounds, where N atoms act as the redox-active centers to insert the
anions, are the typical N-based cathode materials. The N atoms in such a chemical
environment could donate the electrons and simultaneously react with the anions
(e.g. PF7) [70, 71]. Take the poly(triphenylamine) (PTPAn) as an example, the non-
planar structure of the triphenylamine group enables localization of positive charges
in the oxidated state of N atoms. As a result, the N atoms lose one electron and con-
vert into N* to incorporate with PF,~ anion [72].

1.2.4 Conducting Polymers

Conducting polymers are an attractive class of conjugated PEMs, with high elec-
tronic conductivity and structural stability. In 1981, polyacetylene was the first
example of conducting polymers reported as the cathode in LIBs [73]. Conducting
polymers have four major categories based on the different electroactive redox
groups: (i) conjugated hydrocarbons such as polyacetylene with the electronic con-
ductivity of around 107> S cm™, (ii) conjugated benzene such as polyparaphenylene
with around 1073-10"*Scm™!, (iii) conjugated amines such as polyaniline and
polypyrrole with around 1072-10~*Scm™!, and (iv) conjugated thioethers such as
polythiophene with 100 S cm~! (Figure 1.4a) [23, 25, 28, 57].

Generally, the electron dislocation in the conjugated structure allows both the
acceptance and donation of electrons (i.e. bipolar-type reactions). In most circum-
stances, the conducting polymers (e.g. polyaniline, polypyrrole, and polythiophene)
tend to be more stable in the oxidized states than in the reduced states because of
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Figure 1.4 (a) Four types of typical conducting polymers. Source: Reproduced with
permission from Ref. [74]. Copyright 2019, American Chemical Society. (b) The redox
mechanism of polyaniline. Source: Reproduced with permission from Ref. [75]. Copyright
2018, WILEY-VCH VERLAG GMBH & CO. KGAA, WEINHEIM.

their electron-rich properties. Their working voltage is as high as 2.5~4.5V (vs.
Li/Li") [74, 76-78]. Polyaniline (PANTI) has been developed as a cathode in the aque-
ous zinc ions battery. The PANI cathode delivers outstanding power density and
cycling stability because of the hybrid mechanism (Figure 1.4b) [75]. Nitrogen atoms
in PANI are doped (=NH*—) and undoped (=N—) forms because they are domi-
nantly in the half-oxidation state. During the first discharge, the doped nitrogens are
reduced, and simultaneously, the C1~ ions get off the PANI framework [75]. Then,
the -NH- moiety is further reduced to —N~- and reacts with Zn?*" ions. As a result, it
delivers a high capacity of c. 95 mAh g~ at the high rate of 5 A g~!, which is around
47.5% at 0.05 A g~!. The high capacity of 191 mAhg~! is obtained again when the
cycling comes back to the 0.05 A g™! [75]. In other cases, some conducting polymers
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(e.g. polyacetylene and polyparaphenylene) are subject to both cations and anions
insertion [79]. They are suitable for high-voltage cathodes in hybrid batteries with a
relatively high specific capacity.

However, the conducting polymers still suffer from drawbacks, including low
discharge capacity, sloping voltage platform, and self-discharge. Theoretically, the
capacity of conducting polymers is decided by the ions doping degree and the
active anions. The high degree of doping in the conducting polymers allows for
high specific capacity. However, the highly doped structures cause serious charge
repulsion interactions between the neighbor units, increasing the inactive sites
and reducing the reversibility. For example, the polyacetylene cathode provides
a CE of 65.6% at a doping level of 0.097, but 35.5% at 0.194. After optimization,
the relatively low doping degree of circa 0.3-0.5 is the preferred structure. Of
course, the capacity in such a low doping degree is insufficient. Furthermore, their
electrochemical working potential exhibits a sloping tendency since the vibrant
doping degree continuously changes the equilibrium potential during the reaction
process. What is more, anionic dopants gradually dissociate from the conducting
polymers structures during long-term cycling, causing self-discharge issues.

1.2.5 Organic Radicals

Radical polymers are full of pendant redox-active groups in addition to the
polymeric main chains, exhibiting high power density and long cycling life. They
have dense unpaired electrons, facilitating the slight structural changes and electron
rearrangements during the reactions. The poly(2,2,6,6-tetramethylpiperidinyl-1-oxy-
4-methacrylate), abbreviated as PTMA, was the first reported radical polymer used
as the cathode (Figure 1.5a) [80]. In the charging process, the nitroxyl radicals
oxidize into cations, interact with the active anions, and generate oxoammonium
salts. A reverse reduction reaction occurs in the charging process [80]. The PTMA
delivers obvious charge/discharge plateau at around 3.5V (vs. Li/Li*) both at 0.1
and 1.0 mA cm~2 (Figure 1.5b) [80]. Radical polymeric electrodes present excellent
power density and slight voltage polarization, attributed to the outer electron
self-exchanging reaction at the neighboring radical groups [81]. However, the
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Figure 1.5 The (a) typical radical-based PEMs and (b) corresponding charge-discharge
curves. Source: Reproduced with permission from Ref. [80]. Copyright 2002, Elsevier
Science BV.
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specific capacity of radical polymers is normally restricted below 150 mAhg™!
due to the inherent single-electron transfer reaction and large molecular weight.
Furthermore, the low conductivity of radical polymers usually requires a high
proportion of conductive additives to ensure quick electron transfer within elec-
trodes, which inevitably imposes further constraints on their overall specific
capacity [82].

1.2.6 Superlithiated Compounds

Despite the structural diversity and different electrochemical redox-active centers,
most PEMs fail to provide practical capacities beyond 400 mAh g=!, making them
insufficient to compete with the practical IEMs [83]. There are many inactive moi-
eties on PEMs that take up extra weight and reduce overall capacity. Fortunately,
multifunctional superlithiated compounds own many sites capable of reverse
lithiation at the unsaturated C=C/C=C bonds and other active groups [24, 84-91].
The overlithiation reaction can greatly facilitate electron transfer and achieve an
exciting 1:1 Li/C ratio, corresponding to a theoretical maximum specific capacity
of approximately 2232 mAh g~!. For example, a covalent organic framework (COF)
based on 1,4-diaminobenzene and 1,3,5-benzenetricarboxaldehyde was anchored
with the CNTs to prepare COF@CNTs composites (Figure 1.6) [85]. This special
composite exhibits a 14-electrons transfer reaction per unit at 2 C=N groups and the
unsaturated C6 rings [85]. The different free energies (AG) at four stages inspire the
superlithiation reactions on COFs (Figure 1.6a) [85]. Accordingly, the COF presents
a high specific capacity of 1536 mAh g~! at 100 mA g~! (Figure 1.6b) [85].

Despite the high energy density, superlithiated PEMs still face some chal-
lenges. The overlithiation process may disrupt the crystal structure, resulting in
poor cycling performance and low initial CE. Furthermore, the overlithiation
process inevitably destroys the =n-conjugated structure and reduces the elec-
tronic conductivity, increasing the electrochemical polarization and reducing the
battery life.
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Figure 1.6 The (a) reactions mechanism and (b) discharge profiles of typical superlithiated
compounds (e.g. NTCDA). Source: Reproduced with permission from Ref. [85]. Copyright
2012, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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1.3 Molecular Engineering of PEMs

In-depth investigation of PEMs in battery systems demonstrates how they face
severe challenges such as low voltage output, low practical capacity, and poor
cycling performance. These mainly come from their molecular-level drawbacks,
such as limited ionic conduction, inherent insulation, and high solubility, in the
aprotic electrolytes. Fortunately, some effective strategies have been proposed to
tune the molecular structures of PEMs to fundamentally overcome the above issues.
These strategies are originally based on the functional groups, the redox groups, the
polymeric chains, and the (non)conjugated backbone (Figure 1.7). In this section,
we present the significant electrochemical parameters: specific energy density (e.g.
voltage output, electron transfer quantity, specific capacity), power density (e.g.
reactions kinetics), and cycle performance (e.g. chemical/structural stability).

1.3.1 Specific Energy Density

Specific energy density is a critical indicator to evaluate the battery performance of
energy storage devices. Two equations significantly correlate with the specific energy
density (E).

First:

E=VxC (1.1)

where V is the working voltage and C is the theoretical specific capacity.
Second:

C =nF/3.6 MW (1.2)

Molecular
engineering of PEMs

Power
density

Cycling
performance

Specific energy

density

(1) The kinds, quantity and
location of functional
groups
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storage ability of redox-
active groups

(3) Conjugated structures

(4) Salinization
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(1) Functional groups
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Figure 1.7 The molecular engineering of PEMs to enhance electrochemical performance,
such as specific energy density, power density, and cycling performance.
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where n is the number of transfer electrons, F is the Faraday constant, and MW is
PEMs molecular weight per unit. Accordingly, the specific energy density will sys-
tematically be introduced according to the voltage output, electron transfer quantity,
and specific capacity.

The working voltage, which is the positive voltage minus the negative voltage,
critically decides the whole energy density of the battery. In other words, increas-
ing/decreasing the potential of polymeric cathodes/anodes can increase the energy
density of the batteries. PEMs in anions insertion, such as the conducting polymers
and organic radicals, inherently obtain a high redox potential of around 3.5V (vs.
Li/Li*). However, the PEMs in cations insertion, such as organic carbonyls and disul-
fides, usually undergo the redox reactions at a relatively low potential below 3.0V
(vs. Li/Li*), which is too high for the anode. Thus, more research effort has focused
on the voltage modification of cation-inserted PEMs.

The redox potential of the PEMs is decided by the molecular orbital energy
and the electron cloud of materials [92]. In other words, functional groups
with electron-withdrawing/donating properties at the molecular level are an
effective way to tune the redox potential of the PEMs (Figure 1.8). Specifically,
electron-withdrawing groups, such as halogen groups [19, 94-98], cyano groups
[98-100], sulfonyl groups [101, 102], and heteroaryl groups [103-105], enable
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Figure 1.8 (a) Typical functional groups (i.e. electron-withdrawing/donating groups) in
potential tuning. (b) The potential of 9,10-anthracenedicarbonitrile-derived materials with
different functional groups. Source: Reproduced with permission from Ref. [93]. Copyright
2019, Elsevier Science B.V.
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tuning of the LUMO and enhance the redox potential. The redox potential linearly
correlates with the LUMO energy (i.e. reduction energy of the molecules) [104, 105].
Of course, the redox structures inherently present different distributions of electron
clouds, and thus, different molecules conform to different linear correlations. For
example, halogen groups have relatively high electronegativity, i.e. huge electron
affinity, which will have electron-withdrawing effects on the electron cloud of the
redox centers, lowering the LUMO energy level [98]. Therefore, a higher redox
potential is required for the redox-active center to provide electrons. Moreover, the
electron-deficient/rich aromatic rings also can tune the molecular orbital energy.
For example, replacing the aromatic carbon atoms via electronegative heteroatoms
(e.g-N, S, O) leads to inhomogeneity in electron delocalization, leading to negative
charge toward these electron-withdrawing heteroatoms transfer [106]. In contrast,
electron-donating groups (e.g. amino group, alkyl groups, methoxy group, -OLi/Na)
are necessary to reduce the potential because they can provide extra electron clouds
to the redox centers and increase the LUMO energy level of the PEMs [19, 107, 108].
This is very important when constructing the anode PEMs.

Conjugated structures tend to improve the delocalization of the electrons via t—x
orbital interaction and the resonance effect. This can be applied by extending the
conjugation length, relocating the conjugation units, and using different conjugated
frameworks [19]. Salinization, i.e. cation substitution (e.g. Mg>*, Ca?*, and Ba?*),
also can tune the redox potential of PEMs, especially carboxyphenolate-based
materials [35]. After the substitution, the host structure can modulate the inductive
effects, e.g. electronic charge perturbation, of the active skeleton.

Electron transfer quantity is directly correlated with the types, quantity, and
electron-storage ability of redox-active groups. BQ with two C=0 active groups
owns a theoretical capacity of 496 mAhg~!, while cyclohexanehexone with
six C=0 groups presents a high capacity of 957mAhg~! [32]. Increasing the
electron-accommodating capability of redox centers via replacement of the O atoms
by S atoms in the carboxylate groups is a successful example [109]. That is because
the sulfur-substituted structure owns a higher electron density, which improves
electron dislocations, thereby facilitating electron transfer.

The specific energy density of a battery is also related to the specific capacity
involving the MW of the molecule chains or repeating units. Although grafting
redox functional groups (such as halogen groups and alkyl groups) and conjugated
moieties can increase the amount and ability of redox-active centers, it still leads
to an increase in molecular weight and thus inevitably compromises its theoretical
specific capacity [40]. In contrast to the theoretical specific capacity, the practical
specific capacity also relates to the phase transformation, materials morphology,
and the ionic/electronic conductivity of the electrode. For example, Na,C,O, occurs
during irreversible phase transformation from a-state to y-state [36].

1.3.2 Power Density

Power density comprehensively evaluates the electrochemical performance of a bat-
tery system, which depends not only on the output voltage but also on the power
density. In practical applications, the energy capacity needs to be charged to 80%
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within 15 minutes [110], meaning that a high rate capacity is significant for electrode
materials. However, PEMs generally suffer from some inherent drawbacks, such
as low electronic conductivity (especially for small MW PEMs), which limits their
power density. The high electrical conductivity, fast redox kinetics, and small active
particle size are critical to high-power-density PEMs.

In order to enhance the power density, many strategies have been reported:
(i) The power density is largely determined by their intrinsic conductivity, which
relates to the band gap between the LUMO and HOMO energy levels. As mentioned
above, functional groups feasibly tune molecular orbital energy levels. A new
naphthoquinone (NQ) derivative (i.e. 2,3-diamino-1,4-Naphthoquinone, DANQ)
was synthesized by simple molecular substitution of amino groups at the NQ
ring [111]. Most quinones have a wide band gap of around 4.0 eV, while DANQ
molecule has a very low value of 2.7 eV, which is like semiconductors. This is due
to the strong electron-donating effect of amino groups to the NQ rings, which
destabilize the HOMO energy and hence reduce the HOMO-LUMO gap. The low
band gap of DANQ facilitates the high lithium ions and electrons diffusion rate
in the cathode. After the modification, the DANQ cathode delivers a high specific
capacity of 250mAh g~ and discharge potential plateaus between 2.3 and 2.5V,
and 99% capacity attention after 500 cycles at 0.2 °C. (ii) The addition of conductive
units can effectively promote electron transfer inside the active structure, thereby
enhancing the high power density. Yao et al. firstly reported a “n-conjugated redox
polymer” via the integration of n-conjugated backbones and the redox-active sites.
This organic structure can be reversibly n-doped to a high doping level of 2.0 and
high electronic conductivity [112]. Experiment shows a high-rate capability of
this as-prepared structure, which takes 72 seconds per charge-discharge cycle and
96% capacity retention after 3000 cycles. (iii) n-Conjugated structures can rear-
range the electron clouds in PEMs. Extending the n-conjugated structure enables
enhanced intermolecular interactions (e.g. C-H n—=n interactions) and thus increases
electron-transfer kinetics. A conjugated copolymer is designed with phenothiazine
redox-active groups and bithiophene monomers [113]. The n-conjugated structure
makes the copolymers with semiconducting nature. At the high rate of 100 °C, the
capacity of 30000 cycle is 97% of the first cycle. (iv) Non-conjugated linkages are
also important. It was reported that non-conjugated bonds, such as carbonyl groups,
can specifically facilitate Na* adsorption, leading to excellent rate performance
in Na-ion batteries [114]. A non-conjugated carbonyl group on the polyimides
(Poly[PDI]s) was used as the example. For the non-conjugated diketones linked
polymer, an enhanced rate performance (2Ag™) and cycle stability (the small
capacity decay rate of 0.0039 mA h g~!/cycle) were obtained. (v) The substitution
of metal cations is also effective. For example, the replacement of Ag™ with the
Li* ions in lithjum terephthalate (Li,TP) can form Ag, TP, which is used as anode
in the sodium-ion battery [115]. The Ag,TP can in situ generate conductive Ag
nanoparticles on the electroactive sites (i.e. terephthalate moiety) after the cycles
due to the relatively high redox potential of 0.799 V (Ag*/Ag, vs. standard hydrogen
electrode). The resulting metallic Ag particles improve the electronic conductivity
on the electrode materials surfaces. (vi) The increased surface area favors the
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contact area between the active material and the electrolyte and promotes ion
transfer kinetics. A series of microporous PEMs (e.g. SPTPA, YPTPA, OPTPA)
were prepared based on the triphenylamine (TPA) segments [70]. They have the
same theoretical capacity because of the same redox segments (TPA). But their
surface areas vary depending on the polymerization method. The surface area of
SPTPA and YPTPA can achieve 544 and 1557 m? g~!, respectively. In contrast, the
OPTPA presents a low surface area of 66 m? g~!. As for the battery test, the YPTPA
shows a high-rate capability of 97.6 mAh g~! in less than three minutes at the high
current density of 2 A g=1. However, the OPTPA only has 48.2mAh g~! at the same
testing parameters. (vii) The addition of conductive carbon has been widely used
in the PEMs preparation process to enhance electron conduction and suppress the
PEMs dissolution. But the external carbonaceous materials can increase the mass
of inactive materials on the electrode, and this reduces the volumetric and mass
energy density.

1.3.3 Cycle Performance

Service life is an important parameter for evaluating the overall performance of a bat-
tery in practical applications. However, the cycling performance of PEMs, especially
small MW PEMs, suffers from inherent solubility in electrolytes. Therefore, over-
coming the challenge of solubility has always been regarded as one of the hotspots of
PEM manufacture. In addition, insufficient reversibility, volume changes, and struc-
tural changes are also potential factors deciding cycling performance.

To improve cycling performance, different molecular engineering strategies were
used to address the above problems: (i) Changing the polarity similarity helps
suppress solubility. Some functional groups (—COOLi, —COOK, —SO;Na, —OLi,
—Ona), with high polarity can enhance molecular polarity and thus restrict their
solubility. It should be noted that these functional groups should not strongly
influence the voltage plateau of the resulted PEMs. For example, two lithiooxycar-
bonyl (—CO,Li) groups were connected to the p- and o- quinones [116]. Different
from the parent PEMs, the —CO,Li modified PEMs present excellent cycling
performance on the cathode part. The modified PEMs do not have significantly
different redox potential from the parent PEMs due to the Hammett value of o, and
0., for —CO,~ being 0.11 and 0.02, respectively. (ii) Introducing heteroatoms (e.g.
ortho-N atoms) in the phenyl rings can greatly tune the solubility [55]. This strategy
is especially effective for the organodisulfides, where a redox reaction occurs when
breaking and regeneration of the S-S bonds. Their discharged product is soluble
in the electrolytes and thus suffer from serious capacity decay during cycling.
Three disulfides with various N-containing heterocycles were prepared; those are
2,2'-dipyridyl disulfide (named as 2,2’-DpyDS), 4,4’-dipyridyl disulfide (abbreviated
as 4,4'-DpyDS), and 2,2’-dipyridyl disulfide-N,N’-dioxide (called as DpyDSDO). The
N atom in the structure is an electron-withdrawing group, significantly increasing
the discharge voltage plateaus, which is 2.2V for the parent DPDS electrode, 2.45
for 2,2’-DpyDS, and 4,4'-DpyDS, 2.8 V for DpyDSDO. The 2,2’-DpyDS with ortho-N
in the pyridyl ring shows the best battery performance: 500 cycles, over 99.6% CE,
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and 69% capacity retention rate. The formation of the N-Li-S coordinated bond
reduces the dissolution of the discharged product of 2,2’-DpyDS in the electrolyte.
(iii) Small MW PEMs with di—/tri-meric oligomers also have been reported to
reduce the PEMSs’ solutions and increase structural stability [117]. To overcome
the poor cycle retention of BQ, the dimeric BQ derivatives were used to synthesize
the 2,2’-bis-p-benzoquinone (BBQ). BBQ-based cells afforded better battery perfor-
mance than the polymers based on BQ such as obtaining a high specific capacity
of 358 Ahkg™! at first cycle and 198 Ahkg! at 50cycles. (iv) Polymerization of
small MW PEMs is a promising method to significantly stabilize the structure and
extend cycling life [118]. As pointed out above, the BQ small molecule is suitable for
polymeric block building because of its theoretically high working voltage of around
2.7V and high specific capacity of 4996 mAh g~! based on a four-electron reaction.
However, the cycling stability of BQ molecules still needs further improvement. In
the experiment, the BBQ is obtained after the polymerization of BQ monomer. At
the battery testing, the BQ presented a discharge voltage of 2.8 V, and first capacity
of 157 Ah kg and 20th capacity of 59 Ahkg~!. In comparison, the BBQ polymer
delivered a voltage of 2.9 Vm a first capacity of 326 Ahkg~! and 20th capacity of
170 Ah kg™

1.4 Morphological Engineering of PEMs

Like other materials, PEMs can also be divided into four types, including zero-
dimensional (0D), one-dimensional (1D), two-dimensional (2D), three-dimensional
(3D) structures [119, 120]. Morphological engineering endows PEMs with different
morphologies, which highly influence their battery performances including specific
capacity and power density [121-123]. Several strategies to improve the battery
performances on the basis of morphological engineering are summarized in
Figure 1.9.

Morphological
engineering of PEMs

Specific Power Cycling
capacity density performance
(1) Exfoliaion of 0D-2D (1) Exfoliaion of 0D—2D (1) Growth of PEMs on/in 1D
nanomaterials nanomaterials CNTs
(2) Growth of PEMs on 1D or (2) Growth of PEMs on 1D or (2) Growth of PEMs on 1D or
2D matrix 2D matrix 2D matrix
(3) Constructing 3D PEMs (3) Constructing 3D PEMs () Infusion of PEMs into 3D
templates

Figure 1.9 The morphological engineering strategies for PEMs to improve battery
performance, such as specific capacity, power density, and cycling performance.
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Based on the different PEMs fabrication methods used, the synthesis approaches
of PEMs can be divided into bottom-up and top-down methods. Bottom-up fabri-
cation is a strategy to in situ synthesize PEMs with various morphologies (e.g. 0D,
1D, 2D, or 3D) by stacking atoms/molecules in an ordered manner [124]. PEMs
fabricated by the bottom-up method possess uniform physical structure and chemi-
cal composition, which is regarded as the ideal method to synthesize PEMs [124].
In contrast, the top-down approach is a strategy to fabricate PEMs with various
morphologies through diminishing PEMs with bulky morphologies into nanoscale
dimensions, which is an effective and facile method to fabricate PEMs for the con-
venience of obtaining bulky PEMs [124]. In the following subsections, strategies to
fabricate PEMs with different morphologies through bottom-up and top-down meth-
ods are presented.

1.4.1 0D PEMs

0D PEMs can be divided into PEMs with morphologies of nanoscale particles or
spherical [119]. 0D PEMs usually possess high surface area and fast ion diffusion and
electron conduction kinetics, leading to high reversible capacity of batteries based
on PEMs [121, 125]. Therefore, it is meaningful to summarize methods to fabricate
0D PEMs.

0D PEMs are easy to dissolve in conventional liquid electrolytes due to their large
surface area and intimate contact with liquid electrolytes [119]. Therefore, increas-
ing the molecular weight of 0D PEMs is a promising method to suppress unwanted
dissolution in electrolytes, which could be achieved through in situ polymerization
of molecular precursors [126, 127]. The shape and morphology of 0D PEMs can
be controlled by changing the polarity of solvents and reaction monomers, which
widens the categories of PEMs [121]. In addition, emulsion polymerization is a
nascent but effective strategy to fabricate 0D PEMs with cross-linked networks
for their high surface area, in which the precursor and initiator are contained
in two insoluble solvents [128]. For example, 0D HCPs with diameters around
181 nm and a high surface area of 213 m? g~! (Figure 1.10a) and LIB based on the
synthesized HCP possessed a high specific capacity of 222 mAh g=! after 1000 cycles
at 2A g™! due to the high surface area and good dissolution resistance of HCP
(Figure 1.10b) [128].

Nevertheless, being similar to 0D nanomaterials, most 0D PEMs are easy to
aggregate into larger interconnected particles, leading to reduction of active sites
of 0D PEMs and unsatisfactory loss of reversible capacity [129, 130]. Therefore,
developing effective and facile bottom-up methods to fabricate 0D PEMs with
good mono-dispersity is of high importance, which could be achieved through
destroying the intermolecular interactions of PEMs such as hydrogen bonds and
n—7 interactions [131].

In addition, top-down synthesis is not only a straightforward method to obtain
0D PEMs, but also an effective way to solve the stacking problems of PEMs. The
first top-down method to fabricate 0D PEMs is ball milling, which utilizes mechan-
ical force to downsize the particle size of PEMs without damaging their chemical
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Figure 1.10 (a) SEM image of HPS. (b) Long-term cycling performance of LIB based on HPS
at a current density of 2 Ag™t. Source: Li et al. [128], Reproduced with permission from
Elsevier.

structure and composition [132, 133]. Another top-down procedure to synthesize
0D PEMs is the antisolvent method, in which bulky PEMs are first dissolved in sol-
vent, and the solution is then dripped into another reagent to precipitate 0D PEMs
[134]. Therefore, the antisolvent method is a promising method to synthesize 0D
PEMs with controlled size and shape for the convenience of the procedure and the
abundant versatility of bulky PEMs [36, 91].

1.4.2 1D PEMs

1D PEMs are composed of PEMs with morphologies of nanorods, nanotubes,
nanowires, and nanofibers, which usually possess a high aspect ratio of length and
width [119]. 1D PEMs have many advantages, such as high surface area and fast
electron conduction kinetics in an ordered direction, improving the power density
of batteries [119, 135]. Furthermore, growing on or diffusing into 1D CNTs could
mitigate the solubility of PEMs in liquid electrolytes, endowing batteries with good
long-term stability [136].

Bottom-up methods to fabricate 1D PEMs include controlled crystallization
[58, 137], controlled polycondensation [138, 139], and in situ growth on CNT
[30, 140]. The most common bottom-up synthesis method of 1D PEMs is controlled
crystallization, a method where 1D PEMs are formed through self-assembly
(resulting from intermolecular forces like hydrogen and n-n interactions) during
the process of solvents removal [58, 137]. The morphology of 1D PEMs can also be
well controlled by in situ polycondensation. For example, although two polyimides
(PI) synthesized by in situ polycondensation in two different solvents exhibited
1D nanorod morphology, their diameter of nanorod was different, where PI syn-
thesized in NMP solvent possessed a smaller diameter of 100 nm (Figure 1.11a)
[139]. SIBs based on PI synthesized in NMP solvent displayed good power density
and long-term cycling performances (Figure 1.11b) [139]. Another bottom-up
approach for obtaining 1D PEMs is in situ growth on CNT [30, 140]. For instance,
although COFs have a specific 2D open channel for metal ions, severe aggregation
and stacking of COFs will occur due to the strong n—x interactions between COFs
molecules, leading to high reduction of electroactive sites [141]. Therefore, growing
layers of COFs on CNT through n-= interactions between COFs and CNT could
highly hinder the self-aggregation and stacking of COFs, increasing the content of
exposed active sites [141].
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Figure 1.11 (a) HRSEM image of PI. (b) Charge-discharge cycling performance NIB based
on PI at different current densities. Source: Reproduced with permission from Banda et al.
[139].

In addition, top-down synthesis of 1D PEMs is composed of ex situ integration with
CNT [136, 142, 143] and the antisolvent method [122, 144]. Most PEMs with small
molecular weight exhibit high solubility in liquid electrolytes and poor electronic
conductivity [145, 146]. Ex situ growth of 1D PEMs on CNT surfaces can be achieved
through mixing and super-sonication of the mixture of PEMs and CNT in solvents.
Thin layers of PEMs will subsequently form on the surface of CNT, leading to high
electronic conductivity of the electrode [136]. Besides growing on the outer surface
of CNTs, electro-active organic/polymers can also be injected into the inner tubular
space of CNTs, diminishing the dissolution problem and improving electronic con-
ductivity [143]. Furthermore, the antisolvent method can also be utilized to fabricate
1D PEMs with high performances, which usually display nanowire morphologies
resulting from the self-assembly of molecules in one specific direction [122].

1.4.3 2D PEMs

2D PEMs are PEMs with nanosheet and nanoplate morphologies [119, 147].
2D PEMs are promising competitors for developing high-performance batteries
with their ultrahigh surface area and ultrafast in-plane electron and ion transport
kinetics, endowing batteries with excellent power density and specific capacity
[120, 148-150]. However, most 2D PEMs undergo severe aggregation and restacking
problems, which highly decrease the content of exposed active sites, leading
to reduction in power density and specific capacity of batteries [135, 151, 152].
Therefore, summarizing efficient and facile methods to synthesize 2D PEMs with
high power and energy density is of great importance.

Bottom-up methods of 2D PEMs are composed of in situ synthesis of COFs
[63, 149, 153-156], in situ growth on 2D matrix [157], and controlled crystallization
[41, 158]. Among these three approaches, the direct bottom-up synthesis method for
2D PEMs is in situ synthesis of COFs [153]. As one of the most promising 2D PEMs
in batteries, COFs usually exhibit fast ion diffusion rates and good long-term cycling
stability for their large surface areas and stable structural skeleton [24, 149, 154]. In
addition, in situ growth of COFs on 2D matrix, such as graphene, could strongly hin-
der the severe aggregation of COFs, which was achieved through replacing strong
interactions between COFs layers with interactions between COFs and CNT [159].
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It is worth noting that the addition of 2D matrix could decrease the energy density
of batteries. Therefore, a promising method to prepare 2D PEMs is endowing PEMs
with self-exfoliation ability, which could hinder self-stacking through specific
inter-/intra-molecular repulsion forces [155, 160-163]. Furthermore, controlled
crystallization also could be utilized to fabricate 2D PEMs, depending on both
the strong intramolecular covalent force and low intermolecular van der Waals
force [41].

As discussed earlier, the addition of electro-inactive components through
bottom-up methods reduces the overall energy density of batteries. Fortunately,
top-down synthesis could be employed to fabricate batteries with high loading of
2D PEMs [123]. The most reported top-down methods of 2D PEMs are ball milling,
chemical exfoliation, super-sonication, and antisolvent methods [151, 164, 165].
Among these methods, ball milling is a frequently reported exfoliation method,
which utilizes mechanical force to destroy n-x interactions between molecules of
PEMs, which not only do not destruct their chemical structures and compositions,
but also bestow 2D PEMs with excellent electronic conductivity and high specific
capacity [166]. Chemical stripping is another top-down method to exfoliate bulky
PEMs into 2D nanomaterials, which utilizes the reaction between functional
moieties on PEMs and extra substance to hinder the aggregation of PEMs [167].
However, this chemical stripping method was not suitable for PEMs without
reactive moieties. Super-sonication is another effective and facile method to fabri-
cate 2D PEMs, which treats PEMs with super-sonication in high-polarity solvent,
producing good 2D nanosheet morphology and endowing batteries with better
power density and cycling performance [168]. Furthermore, 2D PEMs could also be
fabricated through the antisolvent approach, which drips the solution containing
PEMs into another solvent, and 2D PEMs with nanosheets morphology precipitate
(Figure 1.12a) [62]. Batteries with 2D PEMs with nanosheets displayed ultra-stable
long-term cycling performance at current density of 1.2 A g~! (Figure 1.12b), demon-
strating the effectiveness of fabricating PEMs with 2D nanosheet morphology to
achieve excellent battery performance [62].

1.4.4 3D PEMs

Compared with traditional inorganic active materials, most PEMs (including
conductive polymers) have relatively poor electronic conductivity, leading to
insufficient power density, which is a major challenge for fabricating batteries with

1.2E3
1.0E3
8.0E2 A
6.0E2
4.0E2 4

—a&— Discharge

20E27  gt12Ag™ —&— Charge

0.0 T T T T T T T T T T T T 0

0 50 100 150 200 250 300 350 400 450 500 550 600
Cycle number

(2]
o
Coulombic efficiency (%)

Specific capacity (mAh g™

(@) (b)

Figure 1.12 (a) TEM image of 2D PEMs with nanosheet morphology. (b) Long-term cycling
performance of LIBs based on 2D PEMs. Source: Lin et al. [62], Reproduced from Elsevier.
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high power density [169]. Fortunately, constructing PEMs with 3D nanostructures
could not only mitigate the dissolution problem in liquid electrolytes but also
improve their electronic conductivity. Many conductive matrices have been utilized
to construct 3D PEMs such as CNTs, graphene, graphene oxide (GO), and reduced
graphene oxide (rGO) [170-172]. As with 0-2D PEMs, 3D PEMs also could be
fabricated through bottom-up and top-down methods. The conductive matrix plays
a role in constructing 3D conductive networks in these processes, facilitating the
enhancement of power density and capacity of batteries [82, 125].

For the bottom-up process, the precursors of PEMs mix uniformly with conductive
matrix, constructing 3D PEMs, which possess intimate contact with the conductive
matrix after in situ polymerization [89, 173-175]. Therefore, 3D PEMs usually
display high electronic conductivity and low resistance. Nevertheless, the excessive
introduction of conductive matrix highly decreases the energy density of batteries,
hindering their large-scale practical application [176]. Therefore, fabricating 3D
PEMs with excellent battery performance but with little addition of conductive
templates is a difficult task to accomplish.

Apart from bottom-up methods, top-down approaches also could be utilized
to synthesize 3D PEMs by dispersing bulky PEMs on templates. This process
could not only mitigate the dissolution of some PEMs (especially PEMs with low
molecular weight) in electrolytes, but also make it possible to construct flexible
and free-standing 3D PEMs [177-179]. Moreover, ideal PEMs of batteries should
not contain any extra inactive substances, such as binder and current collector,
which could greatly decrease the weight of batteries and increase their overall
energy densities. Among conductive matrices, CNT and GO derivatives are good
templates to fabricate flexible and free-standing 3D PEMs, which not only do not
need extra addition of electro-inactive binder and metal current collector, but also
guarantee high electronic conductivity of 3D PEMs and excellent power density
and high capacity/energy densities of batteries [180]. For example, a 3D flexible and
free-standing PEM was synthesized by filtrating the mixture of PEMs and CNTs
(Figure 1.13a), which did not introduce any binder, exhibiting ultrahigh specific
capacity and power density (Figure 1.13b), demonstrating the promising potential
of 3D PEMs for fabricating future high-performance batteries [181].
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Figure 1.13 (a) TEM image of 3D flexible and freestanding PEMs. (b) Power densities of
LIBs based on 3D flexible and freestanding PEMs. Source: Patil et al. [181], Reproduced with
permission from John Wiley & Sons.
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1.5 Applications of PEMs

1.5.1 LIBs

Hitherto, LIBs were the most promising rechargeable batteries for their high
energy/power densities and long cycle life [16, 17, 182, 183]. LIBs have been
applied to many modern commercial products such as green electric vehicles and
portable electronics [184-186]. To obtain high energy densities, LIBs could employ
lithium metal as the anode for its high specific capacity (~3860 mAhg™!) and
low redox potential of Li/Li* (—3.04 V) versus standard hydrogen electrode (SHE)
[13, 187-189]. Compared with traditional inorganic electrode materials, PEMs are
considered promising candidates for fabricating future high-performance LIBs
due to their low cost, structural diversity, tunable properties, and environmental
benignity. Even though PEMs have some drawbacks, many representatives of PEMs
have demonstrated the great potential of PEMs for constructing advanced LIBs with
high power and energy density.

COFs have been considered one of the most promising PEMs candidates for their
2D open channels and stable polymeric frameworks. Wang et al. synthesized an
anthraquinone-based COF called DAAQ-TFP-COF, which possessed high content
of carbonyl active sites [166]. However, the synthesized DAAQ-TFP-COF exhibited
bulky and opaque morphology, indicating carbonyls active sites of DAAQ-TFP-COF
were buried among COF layers due to the strong intermolecular n-r interactions
[166]. After ball milling, DAAQ-TFP-COF was delaminated into DAAQ-ECOF with
2D few-layer nanosheets, which exhibited high surface area of 216 m? g~! [166]. LIBs
based on DAAQ-ECOF displayed much better power density and long-term cycling
performance compared to that based on DAAQ-TFP-COF, demonstrating the higher
content of carbonyl active sites of DAAQ-ECOF after ball milling [166]. Neverthe-
less, the electronic conductivities of conventional COFs are much lower than those
of inorganic electrode nanomaterials.

Compositing with 1D conductive nanomaterials, such as CNTs, through
bottom-up methods is an effective way to increase the electronic conductivity of
PEMs. Cooper et al. synthesized a COF named DAPQ-COF, which had adjacent
carbonyl groups [190]. Two types of composite COFs were fabricated through in situ
and ex situ mixing with CNT [190]. The first composite COF was DAPQ-COF/CNT,
which was fabricated through simply mixing DAPQ-COF with CNT by ball milling,
and the interface between DAPQ-COF and CNT was not intimate [190]. The second
composite COF was DAPQ-COFX (X indicated the content of CNT in the mixture
of CNT and DAPQ-COF), which was prepared through in situ polymerization of
DAPQ-COF precursors with CNT (Figure 1.14a) [190]. DAPQ-COF50 exhibited
core-shell 1D morphology with the core of CNT and the shell of DAPQ-COF, in
which the DAPQ-COF was grown closely on the outer side of CNT [190]. LIB based
on DAPQ-COF50 displayed stable long-term cycling performance with capacity
retention of 76% after 3000 cycles at 2 A g~!, indicating the stable composite struc-
ture of DAPQ-COF50 [190]. In comparison with LIB based on DAPQ-COF/CNT,
LIB with DAPQ-COF50 exhibited higher utilization of active sites (95%) and much
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Figure 1.14 (a) Schematic illustration of fabrication route of DAPQ-COF50. (b) Power
density of LIBs based on DAPQ-COF50 and DAPQ-COF/CNT. Source: Gao et al. [190]/Public
Domain/CC BY 4.0. (c) Chemical structure of HATAQ. (d) LIB based on HATAQ at various
current densities. Source: Reproduced from Ref. [191]. Copyright 2021, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. (e) Charge storage mechanism of HTP. (f) Power density of
LIB based on HTP. Source: Reproduced from Ref. [192]. Copyright 2019, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

better power density (94mAhg! at 50 Ag™!), demonstrating the advantages of
bottom-up methods over top-down methods for fabricating high-performance
batteries with composite PEMs (Figure 1.14b) [190].

Imine-containing PEMs are another candidate for constructing high-performance
LIBs. 5,6,11,12,17,18-hexaazatrinaphthyl-ene (HAT) had multiple active sites, and
LIBs based on HAT exhibited good power density and stable long-term cycling
performance for the electron-deficient core structure and n-extended frame-
work [58]. In order to further extend the conjugation system and increase the
content of redox active sites, Kaveevivitchai et al. synthesized a HAT quinone called
HATAQ by introducing benzene ring and quinone moiety into the structure of HAT
(Figure 1.14c) [191]. LIB based on HATAQ displayed excellent long-term cycling
performance with a high specific capacity of 209 mAh g~! and capacity retention of

29



30

1 Polymeric Electrode Materials in Modern Metal-ion Batteries

84.6% after 1000 cycles at 10 A g™! (Figure 1.14d), which may result from the fast
charge transfer kinetics derived from the extended n-conjugated structure [191].
Nevertheless, the mass loading of active material in HATAQ electrode was only
30%, which was far from the requirement of practical battery application. Therefore,
fabricating PEMs with the core structure of HATAQ may have not only better elec-
tronic conductivity but also fewer dissolution problems in liquid electrolytes due to
their polymer skeleton. To reduce dissolution and increase the utilization of active
sites of PEMs, Feng et al. synthesized a composite 2D carbon-linked nanoporous
conjugated polymer framework named hexaazatrinaphthalene (CCP-HATN)@CNT
through in situ polymerization of precursors of CCP-HATN with CNT, which highly
prevented the self-stacking of HATN and increased the electronic conductivity
of HATN [193]. LIB with CCP-HATN/CNT cathode displayed high utilization of
active sites (73%) due to the excellent electronic conductivity of CNT [193]. LIBs
based on CCP-HATN/CNT cathode exhibited stable long-term cycling performance
with capacity retention of 91% after 1000 cycles at 0.5A g~!, demonstrating the
good dissolution resistance of CCP-HATN/CNT in electrolyte due to its 2D robust
nanoporous polymer structure [193].

Sulfur-containing PEMs could also be utilized as advanced electrodes to fab-
ricate high-performance LIBs with the mechanism of reversible breakage and
regeneration of S-S bond. However, most sulfur-containing substances utilized
in batteries have low molecular weight and usually suffer from severe dissolution
problems. Long et al. synthesized a trisulfide hexathiapentacene (HTP) through
mixing, well-grounding, and subsequently high-temperature annealing in a facility
based on zone-melting chemical vapor transport (ZM-CVT) [192]. Then, HTP
single crystal was obtained through evaporation and condensation processes,
which exhibited special 1D morphology (Figure 1.14e) [192]. LIBs based on HTP
displayed good power density, which retained a specific capacity of 181 mAh g! at
1 C (Figure 1.14f), demonstrating the fast charge transfer kinetics within the HTP
electrode [192]. LIBs based on HTP exhibited relatively stable long-term cycling
performance, which possessed capacity retention of 72% after 100 cycles at 0,1 C,
indicating that the breakage and regeneration of S-S bonds in HTP were reversible
during continuous charge-discharge processes [192]. Nevertheless, the long-term
cycling performance of batteries based on HTP molecules was far from practical
application, indicating that fabricating PEMs based on a precursor of HTP was a
meaningful and practical method to hinder the parasitic dissolution of HTP.

Radical PEMs are another electrode for preparing LIBs with high power densi-
ties due to their slight variation of structure and electron rearrangement during
the electrochemical process. Blinco et al. synthesized a radical PEM named
poly(5-vinyl-1,1,3,3-tetramethylisoindolin-2-yloxyl) (PVIMIO) through three-step
chemical reactions, which could achieve reversible transition between oxoammo-
nium cation and nitroxyl moiety during the charge and discharge process [194].
LIBs based on PVTMIO exhibited excellent power density, which could retain 55%
of the specific capacity (68.4 mAhg=!) at 100 C in comparison with that at 1 C due
to the fast charge transfer kinetics and low polarization within the PVTMIO elec-
trode [194]. However, the mass loading of PVTMIO within the electrode was only
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10%, and a large quantity of conductive carbon (40%) was added into the electrode
due to the insulating feature of PVTMIO, which is far from the requirements of
practical battery application [194]. Therefore, future radical PEMs should improve
their electronic conductivity, such as grafting nitroxyl side chains, onto the main
chain of conductive polymers.

Conducting polymer PEMs, such as poly (thiophene) (PT), have attracted much
attention for their high electronic conductivities and reversible redox behavior.
Nevertheless, some conducting polymer PEMs exhibited low redox activity and
poor power density due to the relative instability of conducting polymer PEMs.
Jiang et al. synthesized a conjugated microporous polymer (CMP) called poly(3,3'-
bithiophene) (P33DT), which possessed high density of thiophene [195]. In com-
parison with PT with linear polymer structure and low surface area (13m? g=1),
P33DT possessed cross-linked polymer network and high surface area (168 m? g=!)
due to the less stacking among polymer chains in P33DT [195]. In addition,
LIBs based on P33D displayed excellent power density (387mAhg™! at 5Ag™)
and retained specific capacity of 663mAhg™! after 1000cycles at 500 mA g~!,
demonstrating the effectiveness of increasing surface area for improving battery
performance [195].

1.5.2 SIBs

Even though LIBs exhibited high power and energy density, society could not sustain
further consumption of lithium reserves due to the uneven distribution and high cost
of lithium reserves, indicating the necessity for fabricating novel energy storage sys-
tems [196-200]. Among these novel renewable energy systems, SIBs have attracted
extensive attention and are considered as one of the most promising alternatives to
LIBs due to the similar chemical properties between sodium and lithium elements
[201]. In addition, sodium is abundant in the Earth’s crust and is distributed uni-
formly, which endows SIBs with low cost compared with LIBs and promotes the
large-scale application of SIBs. Compared with LIBs, SIBs usually display relative
low power density due to the large radius of Na*. Fortunately, many PEMs could
achieve fast and reversible electrochemical processes for their flexible structures and
low variation of volume during charge/discharge process.

Radical intermediates will generate during sodiation/desodiation process, which
are unstable and easy to transform into inactive compounds by reacting with other
molecules in the electrolyte, leading to poor battery performance [202]. Lu et al. sta-
bilized the transition between —C=0 and —C—O—Na of tri-b-ketoamine through
forming —NH— moiety by reacting with another compound [202]. As the neigh-
boring group of —C=0, —NH— had a resonance effect on the radical intermediate,
which could prevent radical intermediates from reacting with other molecules in
electrolyte [202]. The rigid structure of synthesized molecules also has a strong steric
hindrance effect on severe irreversible intermolecular reactions between radical
intermediates, leading to improvement of stability of radical intermediates [202].
Therefore, SIBs based on the synthesized tris(N salicylideneanthraquinoylamine)
(TSAQ) displayed a high specific capacity over 250 mAhg™! after 2000 cycles at
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Figure 1.15 (a) Synthetic route of DAAQ-COF. (b) Power densities of SIBs based on
DAAQ-COF with various thicknesses. Source: Reproduced from Ref. [151]. Copyright 2019,
American Chemical Society. (c) Proposing storage mechanism of TAPQ. (d) Power density of
SIB based on TAPQ anode with diglyme-based electrolyte. Source: Reproduced from Ref.
[203]. Copyright 2021, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

a high current density of 1000 mA g~!, demonstrating the ultra-stable chemical
structure of TSAQ radical intermediates and reversible transition between —C=0
and —C—O—Na during long-term cycling processes [202]. In order to further
increase the specific capacity of PEMs, Lu et al. prepared a COF named DAAQ-COF
through polycondensation (Figure 1.15a), which provided 2D open channel for Na*
diffusion [151]. Different top-down methods, such as ball milling and antisolvent,
were used to delaminate DAAQ-COF into few-layer stacking 2D COF due to
the strong van der Waals forces and n—rn interactions among DAAQ-COF layers
[151]. Among these DAAQ-COF samples after top-down treatment, DAAQ-COF
with thickness between 4 and 12nm was prepared by antisolvent method with
methane-sulfonic acid as solvent and methanol as antisolvent [151]. SIBs based
on DAAQ-COF with thickness of 4-12nm performed better than those based on
DAAQ-COF with denser thickness (Figure 1.15b), because dense DAAQ-COF layers
buried some active sites of DAAQ-COF and hindered the Na*t diffusion [151]. SIBs
based on DAAQ-COF with thickness of 4-12nm exhibited ultra-stable long-term
cycling performance with high capacity retention of 99% after 10000 cycles at
5A g~! owing to the resonance effect of —NH— moiety and stable COF structure,
indicating an inspiring way to fabricate PEMs with high power and reversible
capacity [151].

Imine-containing PEMs are good candidates as anode of SIBs due to their low
reaction potentials. However, imine-containing organic materials, especially for
those with small molecular weight, usually exhibit poor battery performance due
to parasitic dissolution in conventional electrolytes. The first strategy to mitigate
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the dissolution of imine-containing organic materials in electrolyte is fabricating
organic sodium salts. For example, Wang et al. synthesized an azo compound
called azobenzene-4,4'-dicarboxylic acid sodium salt (ADASS), which exhibited
low solubility in electrolyte due to the existence of carboxylate group in azobenzene
[204]. SIBs based on ADASS displayed good power density with specific capacity of
71 mAh g~! at 20 C, which may result from the extended conjugated structure [204].
SIBs with ADASS anode exhibited ultra-stable long-term cycling performance
with specific capacity of 98 mAhg=! after 2000 cycles at 20 C, demonstrating the
ultralow solubility of ADASS in electrolyte and stable chemical structure during
charge/discharge processes [204].

The second way to mitigate the solubility of imine-containing organic materials
in electrolyte is regulating electrolyte composition. For instance, Zhang et al.
synthesized a N-heteropentacenequinone (TAPQ), which had not only imine
moiety but also carbonyl groups on its chemical structure, and multiple Na* storage
was expected according to the anticipated mechanism (Figure 1.15c) [203]. SIBs
based on TAPQ anode with carbonate-based electrolyte exhibited fast capacity
fading due to the structure damage of TAPQ in carbonate-based electrolyte [203].
On the other hand, SIBs based on TAPQ anode with diglyme-based electrolyte
displayed high capacity of 72% after 1000 cycles at 1 Ag™!, indicating the good
structural stability of TAPQ in dielyme-based electrolyte [203]. SIBs with TAPQ
anode in diglyme-based electrolyte possessed much better rate capacity than that
in carbonate-based electrolyte (Figure 1.15d), confirming the great influence of
electrolyte composition on structural stability of PEMs and battery performances
[203]. However, these imine-containing organic materials with small molecular
weight still exhibit parasitic dissolution in some liquid electrolytes, confirming the
necessity of fabricating imine-containing PEMs which could combine advantages
of excellent stability and high specific capacity.

Several PEMs have unsatisfactory battery performance, such as low power
density, due to the large radius of Na* and insulation feature of PEMs. However,
radical PEMs, such as poly(2,2,6,6-tetramethylpiperidinyloxy-4-vinylmethacrylate)
(PTMA), could achieve high power density in SIBs, because of the fast transition
rate between their oxidized (oxoammonium cation) and reduced (trioxide radical)
state, which has little volume change during charge/discharge processes. But most
radical PEMs suffer from severe fast self-discharge problems due to their parasitic
dissolution in electrolyte [143]. Kim et al. fabricated a PTMA-CNT composite
PEM through diffusing PTMA into the inner space of CNT [143]. CNT played two
important roles in PTMA-CNT composite PEM: firstly, CNT could form an intimate
interface with PTMA due to the n—x interaction between CNT and PTMA, leading
to enhancement of charge transfer kinetics [143]. CNT could also mitigate the
dissolubility of PTMA in electrolyte for the n—= interaction between them, resulting
in stable long-term cycling performance [143]. Therefore, SIBs based on PTMA
showed high power density, with a specific capacity of 190 mAh g~ at 5C and high
capacity retention of 92% after 100cycles in long-term cycling characterization
investigated at 0.5 C, demonstrating the benefits of 1D CNT for enhancement of
battery power density [143].
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1.5.3 PIBs

Many reported inorganic electrode materials, such as intercalation-type, conversion-
type, and alloy-type materials, suffer from large volume change during electro-
chemical processes due to the large radius of K*, leading to parasitic structural
collapse of inorganic electrode materials and fast loss of capacity. PEMs enjoy many
advantages over inorganic electrode materials such as various structural diversity,
good property designability, and low volume expansion during charge/discharge
processes [41]. Nevertheless, PEMs in PIBs exhibit low power density, relatively
low capacity, and long-lasting stability [41]. Fortunately, some strategies have been
developed to increase the power density and long-term cycling performance such
as fabricating 2D PEMs [41], polymerizing precursors [205], and forming organic
salts [206].

The first strategy to enhance the battery performances of PIBs based on organic
materials with carbonyl-containing moiety is constructing lamellar morphology. For
example, Tang et al. synthesized a lamellar tetrapotassium pyromellitic (K,PM) with
four conjugated carboxylate groups by neutral reaction between pyromellitic acid
and KOH (Figure 1.16a) [41]. Subsequently, raw K,PM was ball-milled with conduc-
tive carbon to achieve intimate interface between K,PM and conductive carbon and
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Figure 1.16 (a) Synthesis route of K,PM. (b) Power density of PIB based on K,PM. Source:
Reproduced from Ref. [41]. Copyright 2021, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (c) Chemical structures of 1 and P1. (d) Power density of PIB based on P1. Source:
Reproduced from Ref. [207]. Copyright 2019, The Royal Society of Chemistry. (e) K* storage
mechanism during charge/discharge process in PIB. (f) Power density of PIB based on
ADAPTS. Source: Reproduced from Ref. [206]. Copyright 2019, WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.
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high utilization of redox-active sites on K,PM [41]. PIBs based on K,PM exhibited
excellent power density with high specific capacity of 223 mAhg~! at 5C, which
result from the lamellar morphology of K,PM and intimate contact between K,PM
and inorganic conductive carbon (Figure 1.16b) [41]. PIBs with K,PM anode dis-
played high capacity retention of 83% after 1000 cycles at 500 mA g~*, and the good
stability of PIB derived from the stable conjugated n systems of four carboxylate
groups on K,PM [41]. Nevertheless, its long-term cycling stability was still far from
the requirements of practical applications, which could be improved by fabricating
PEMs with lamellar morphology.

The second way to improve the power density and mitigate the dissolution
problem of PEMs is polymerizing precursors with high molecular weight [174]. For
instance, a series of polyimide PEMs with different lengths of alkyl chains were
synthesized through polycondensation between 3,4,9,10-perylene-tetracarboxylic
acid-dianhydride (PTCDA) and alkyl diamine [208]. PIBs with the optimized
polyimide PEMs exhibited high power density with energy density of 113 Whkg™!
at 147.06 C, which was the result of fast charge transfer capability derived from
the extended = conjugated system of polyimide [208]. PIBs with the optimized
polyimide PEMs displayed ultra-stable long-term cycling performance with no
obvious capacity loss after 1000 cycles at 7.35C, indicating high dissolution resis-
tance and structure stability of polyimide PEMs during charge/discharge processes
[208]. In addition, although both LIBs and SIBs based on triquinoxalinylene 1/GO
composite PEMs displayed high power density and long-term cycling performance,
the expensive cost of GO hindered the further application of triquinoxalinylene
1 in the battery system [207]. Therefore, Troshin et al. synthesized an analogue
of triquinoxalinylene 1 called polymer 1 (P1) through polymerization polymer
precursor (Figure 1.16¢), which exhibited nanoparticle morphology with size about
200-500nm [207]. PIBs based on P1 displayed excellent power density with a
specific capacity higher than 150mAhg=! at 10 Ag™! (Figure 1.16d), which was
derived from the extended = conjugated system and fast charge transport dynamic
of P1 [207]. PIBs with P1 cathode retained high specific capacity of 169 mAh g=!
after 4600 cycles at 10 Ag~!, demonstrating the stable molecule structure of P1
during long-term electrochemical processes derived from the lower dissolution of
P1 in electrolyte [207].

Another effective strategy to mitigate the dissolution of organic materials in the
electrolyte of PIBs is forming organic salts [206]. For instance, Wang et al. synthe-
sized azobenzene-4,4'-dicarboxylic acid potassium salts (ADAPTS) with lamellar
morphology through the acid-base reaction between azobenzene-4,4’-dicarboxylic
acid and KOH, which could highly reduce its dissolution in the polar organic elec-
trolyte in PIB and could achieve reversible K* storage behavior (Figure 1.16e) [206].
PIBs based on ADAPTS exhibited good power density with a high specific capac-
ity of 66 mAhg=! at 10 C (Figure 1.16f), demonstrating the benefit of the lamellar
morphology and reduced dissolution of ADAPTS in electrolyte for high electron
transport speed [206]. Moreover, PIBs with ADAPTS anodes were investigated at
high temperature (50 °C and 60 °C) and possessed better battery performances than
those with ADAPTS anodes investigated at ambient temperature due to the faster
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electron conduction at a higher temperature, which further demonstrated the broad
application of ADAPTS in PIB systems [206]. Furthermore, the long-term cycling
performance of batteries based on ADAPTS could be improved further by fabricating
PEMs with the core structure of azobenzene through polymerization.

1.5.4 Multivalent MIBs

Compared with conventional LIBs, SIBs, and PIBs, rechargeable multivalent
metal-ion batteries (MIBs) with aqueous electrolytes enjoy many advantages
such as cost efficiency, high volumetric energy density, reserve abundance, and
environmental benignity [209]. Although MIBs have many advantages, they still
suffer from several challenges, one of them being the undesired cathode materials.
Unlike monovalent metal ions (such as Lit, Nat, and K*), the charge carriers in
aqueous electrolytes are hydrated multivalent metal ions [209]. Even though both
desolvated and solvated multivalent metal ions could interact with the cathode
through insertion/deinsertion, it is difficult for hydrated multivalent metal ions to
insert into the cathode due to the large radius of hydrated multivalent metal ions
and small/rigid channels of inorganic cathode materials [209]. Therefore, these
hydrated multivalent metal ions could achieve redox reactions with cathodes after
desolvation. Nevertheless, the desolvation process of hydrated multivalent metal
ions requires large energy consumption due to their high charge density, leading
to sluggish reaction kinetics and unsatisfactory battery performances [209]. In
addition, some representative inorganic cathode materials, such as transition metal
oxides and transition metal phosphates, have rigid crystal structures, which could
cause irreversible structural collapse after huge volume changes during continuous
charge/discharge processes, resulting in poor cyclic stability [210]. Moreover, the
high electrostatic interaction between multivalent metal ions and cathode hosts
causes sluggish diffusion kinetics of multivalent metal ions [210]. Therefore, the
selection of suitable inorganic cathode materials for MIBs is a big challenge due to
the high charge density, large radius of hydrated multivalent metal ions, and huge
volume change during the electrochemical process.

As discussed previously, PEMs possess many advantages for MIBs application,
such as tunable and flexible chemical structure, which could facilitate the diffusion
of multivalent metal ions and anions in aqueous electrolyte [210]. In addition, the
redox reactions between PEMs and multivalent metal ions only cause the change of
valence bond instead of huge volume change, benefiting fast reaction kinetics and
good cycling stability of MIBs. In the following section, representative PEMs utilized
in MIBs will be introduced and discussed in the sequence of different storage mech-
anisms of PEMs to clarify the “structure-performance” relationship between PEMs
and MIBs. Important perspectives for the development of high-performance MIBs
with advanced PEMs will also be provided.

1.5.4.1 Conducting Polymers
Compared with conventional inorganic cathode materials, conducting polymers
show better electronic conductivity for their long-range n-conjugated systems,
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Figure 1.17 (a) Preparation route of PANI/CFs. (b) Long-term cycling performance of ZIB
based on PANI/CFs. Source: Reproduced from Ref. [75]. Copyright 2018, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. (c) Schematic illustration of the preparation of
PEDOT-intercalation NVO-layered material. (d) Long-term cycling performance of ZIB based
on PEDOT-NVO cathode. Source: Reproduced from Ref. [212]. Copyright 2020, Elsevier
Science B.V.

which facilitate electron transport within the cathode, resulting in a high power
density of rechargeable zinc ions battery (RZIBs) [211]. The most frequently
reported conducting polymer is polyaniline (PANTI) for its facile synthetic route, fast
electron transport speed, and good flexibility. Chen et al. fabricated a freestanding
and porous cathode (PANI/CFs) through in situ polymerization of the precursor
of PANI on the surface of carbon fiber (Figure 1.17a) [75]. The PANI/CFs cathode
showed a nano-thorn structure, which could facilitate the infiltration of aqueous
electrolyte into the cathode, leading to low Zn** diffusion barrier [75]. RZIBs with
PANI/CFs cathode exhibited excellent rate capacity at the current density from
0.05 to 5A g1, and a high capacity of 82 mAh g~! was retained after 3000 cycles at
a current density of 5A g~! (Figure 1.17b), demonstrating its promising potential
as high-performance cathode materials of RZIBs [75]. It is worth noting that the
electrolyte utilized in this RZIB is Zn(CF;SO;),, which is much more expensive
than ZnSO,. Nevertheless, oxidized PANI will react with water molecules in ZnSO,,
resulting in fast capacity fade [75]. Therefore, it is critical to develop strategies
to prepare stable PANI in traditional ZnSO, aqueous electrolytes. Another issue
is that high proton concentration should be guaranteed to enable the reversible
redox reaction of PANI in aqueous electrolyte [213]. A high acidic environment
will corrode the Zn metal anode, leading to fast fade of battery performance
[213]. Sun et al. synthesized a novel PANI material with —SO,~ group through
copolymerization between aniline and metanilic acid on carbon cloth, which could
ensure a high acidic local environment in low acidic aqueous electrolyte [213]. A
high capacity (110 mAh g=!) was obtained after 2000 cycles at a high current density
of 10A g™, pointing out the effectiveness of the introduction of —SO,;~ group on
battery performance [213].

Even though RZIBs with PANI cathode exhibited fast power density and sta-
ble long-term cycling performance, the specific capacity of RZIBs is far from
practical application. The capacity of RZIBs with traditional inorganic cathode
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materials also fades quickly in high charge-discharge depth due to the serious
structural collapse of inorganic cathode materials during the charge/discharge
processes [214]. Therefore, fabricating composite cathode with PANI and inor-
ganic cathode materials with high theoretical capacity is a promising way to
accomplish high power density, good cycling stability, and high specific capacity.
Xia et al. fabricated PANI-intercalated MnO, nanolayers through facile interface
reactions, in which PANI could strengthen the extended layered structure of
MnO, and facilitate electron transport due to the excellent electronic conductiv-
ity of PANI [214]. Benefiting from the combined advantages of both PANI and
MnO,, RZIBs with PANI-intercalated MnO, cathode exhibited high capacity
(280mAh g1) after 200cycles at 200mA g~!, which was the highest utilization
of MnO, based on all the reported literature [214]. Xia et al. fabricated a novel
poly(3,4-ethylenedioxythiophene) (PEDOT)-intercalated ammonium vanadate
oxide (NVO) through in situ polymerization of the precursor of PEDOT with NVO
(Figure 1.17c) [212]. In this novel PEDOT-intercalated NVO composite cathode,
PEDOT extended the interlayer spacing of NVO from pristine 7.8 A to 10.8 A, which
facilitated the diffusion of cations in the aqueous electrolyte into the inner sites
of the crystal lattice of NVO, leading to the better utilization of active sites [212].
RZIBs with PEDOT-intercalated NVO composite cathode displayed a high capacity
of 160.6 mAh g~ with negligent capacity loss (94.1% of the highest capacity) after
5000 cycles at 10 A g~! (Figure 1.17d). This excellent long-term cycling performance
was superior to most reported RZIBs, demonstrating the vast potential of fabricating
composite cathode [212].

1.5.4.2 Carbonyl Compounds

Another type of PEMs utilized in RZIBs are carbonyl compounds, and the reversible
redox reactions could be achieved through fast and reversible enolization reactions
(two carbonyl groups combine one Zn?*), leading to a high power density of RZIBs
[215]. However, some PEMs, especially those with low molecular weight, are
inherently unstable and suffer from parasitic solubility in mild aqueous electrolyte,
resulting in the crossover of PEMs between cathode and anode and poor battery sta-
bility [215]. Most reported works indicate that organic materials with low molecular
weight will have poor battery performance due to their parasitic dissolution in mild
aqueous electrolytes [216, 217]. However, Sun et al. synthesized a small molecule
quinone with four amino groups named tetraamino-p-benzoquinone (TABQ),
which exhibited good anti-dissolution ability due to the hydrogen bond interactions
between the carbonyl group and amino group [218]. The continuous hydrogen
bonding network also facilitated fast proton conduction, resulting in low activation
energy for proton transfer and diffusion [218]. SEM images showed that TABQ
was homogeneously coating the surface of conductive additives as a thin layer,
guaranteeing good electronic conductivity within the cathode [218]. Benefiting
from the novel hydrogen bonding network, symmetric chemical structure, and
low molecular weight, RZIB with TABQ active materials displayed a high capacity
of 213 mAh g=! after 1000 cycles at 5 A g~!, demonstrating the significance of the
molecular structure of PEMs for the improvement of battery performance [218].
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However, the capacity of batteries with TABQ is quickly lost at low current density,
which may result from the dissolution of the intermediate product of TABQ
during the charge/discharge processes [218]. Therefore, fabricating PEMs with the
precursor of TABQ could stabilize the chemical/electrochemical stability of organic
materials during the continuous electrochemical process.

Developing PEMs or compounds with higher molecular weight is another way
to solve the parasitic dissolution problem of most PEMs in the aqueous electrolyte
of MIBs. For example, Choi et al. synthesized a tetradiketone (TDK) macrocycle
with three pairs of adjacent carbonyl groups, and each pair of adjacent carbonyl
groups could form a chelate with one AICI>* [219]. Although TDK could still be
dissolved in electrolyte, the acetylene carbon could highly hinder its dissolution
[219]. AIBs based on TDK cathode displayed good power density with a high
specific capacity of 66 mAhg™' at 2Ag™!, demonstrating its fast electron/ion
diffusion kinetics [219]. AIBs with TDK cathode also retained a high capacity
retention of 78% after 8000 cycles at 1 A g=!, which further confirmed the long-term
chemical/electrochemical stability of TDK during the electrochemical process in
AIBs [219]. In addition, Stoddart et al. synthesized a novel redox-active triangular
phenanthrenequinone-based macrocycle (PQ-A), which was insoluble in common
solvents and could achieve reversible redox reactions between adjacent carbonyl
groups with AICL,* [220]. AIBs based on PQ-A exhibited excellent power density
with a high specific capacity of 70mAhg~! at 10 C, which may result from the
well-defined channel formed by the n-n interactions among PQ-A [220]. AIBs
with PQ-A cathode also displayed ultra-stable long-term cycling performance with
a high specific capacity of 53mAhg™! after 5000 cycles at 20 C, which further
demonstrated the great potential of PQ-A for high-performance and affordable AIB
systems [220]. All these works indicate the promising potential of carbonyl PEMs
for fabricating high-performance MIBs.

Furthermore, polymer-based PEMs were prepared and utilized as cathode mate-
rials of RZIBs to confront their dissolution issue [221]. Alshareef et al. developed
a strategy to enhance the electrochemical performance of RZIBs by introducing
the quinone group into the chemical structure of the covalent organic framework
(HAQ-COF), which had a relatively high surface area of 53 m? g=! [222]. Owing to
the 2D open channels of HAQ-COF, ZIBs based on HAQ-COF exhibited excellent
power density with a high specific capacity of 95.6 mAhg~! at 10 Ag~! [222]. ZIBs
with HAQ-COF cathode retained a high specific capacity of 128 mAhg™! after
10000 cycles at 5 A g~!, demonstrating the stable chemical structure and reversible
redox reaction of HAQ-COF in ZIBs [222]. Moreover, it was evident that molecular
engineering plays an important role in increasing the practical charge storage
performance of ZIBs.

1.5.4.3 Imine Compounds

As one of the PEMs in RZIBs, imine compounds could also achieve high
cation storage by combining with Zn?* through C=N group during discharge
processes [223, 224]. Previous research revealed that organic materials with
small =m-conjugated systems will restrict the electrochemical performance of
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Figure 1.18 (a) Illustration of the working mechanism of DQP//Zn battery. (b) Long-term
cycling performance of ZIB based on DQP cathode. Source: Reproduced from Ref. [225].
Copyright 2021, American Chemical Society. (c) Illustration of working mechanism of
HATN-3CN//Zn battery. (d) Power density of ZIB based on HATN-3CN cathode. Source: Ye

et al. [226], Reproduced with permission from Elsevier. (e) Illustration of the synthetic route
of PA-COF. (f) Long-term cycling performance of ZIB based on PA-COF. Source: Wang et al.
[227], Reproduced with permission from American Chemical Society, CC BY license.

RZIBs [225]. In order to extend the m-conjugated systems, Ye et al. synthesized a
diquinoxalino[2,3-a:2’,3/-c]phenazine (DQP) by a facile solvothermal reaction,
which has six C=N redox-active groups in one DQP molecule and could com-
bine/disconnect with three Zn?* during discharge/charge processes (Figure 1.18a)
[225]. The extended large n-conjugated system could strengthen the intermolecular
interactions, which facilitated the formation of layer-stacked structure and boosted
the diffusion of cations between adjacent layers [225]. The negative charge on N
could disperse extended large n-conjugated system, leading to better stabilization
of charge state [225]. Thanks to these merits of the sizeable n-conjugated system
of DQP, RZIBs showed good power density and long-term cycling performance
(Figure 1.18b), which retained a high specific capacity of 162mAhg= over
1000 cycles at 5 A g1 [225].

To further improve the electrochemical performance of DQP, Ye et al. prepared
a cyano-containing aromatic Schiff-base (hexaazatrinaphthylene, denoted as
HATN-3CN) by introducing -CN groups on the chemical structure of DQP to lower
the HOMO)/LUMO energy (Figure 1.18c) [226]. RZIBs with HATN-3CN cathodes
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exhibited excellent power density (Figure 1.18d), which could retain 60.7% of the
initial capacity (at a current density of 0.05Ag™!) at 20 Ag™! [226]. RZIBs with
HATN-3CN cathodes also showed ultra-stable long-term cycling performance,
which could retain 90.7% capacity after 5800cycles at the current density of
5A g! [226]. The long-term cycling stabilities of MIBs based on the above imine
compounds are not ideal and could be improved through fabricating PEMs with
high molecular weight, leading to less dissolution in aqueous electrolytes.

As one of the most promising candidates of PEMs, COFs have a highly crystalline
n-conjugated system, guaranteeing stable chemical structure during long-term oper-
ation in both acidic and basic aqueous electrolyte [227]. Alshareef et al. fabricated
a novel phenanthroline COF (PA-COF) with rich C=N redox-active groups through
a facile solvothermal method (Figure 1.18e) [227]. The thermogravimetric analysis
(TGA) and powder X-ray diffraction (PXRD) data confirmed the periodic structure
of PA-COF [227]. RZIBs with PA-COF cathode displayed excellent power density
at current density ranging from 0.05 to 10 Ag~!, which could obtain 240 mAh g~!
when the current density was switched back to 0.05 A g~! [227]. Furthermore, RZIBs
with PA-COF cathodes exhibited ultra-stable long-term cycling performance during
10000 cycles at 1 A g~! (Figure 1.18f), in which the capacity decayed only 0.38% per
cycle, demonstrating the stable chemical structure of PA-COF [227].

1.6 Conclusion and Perspectives

1.6.1 Conclusion

PEMs can be controlled via molecular and morphological engineering to satisfy the
requirements of next-generation metal-ion batteries. Firstly, molecular engineering
of PEMs can be carried out through grafting of various redox groups, resulting in
various types of PEMs such as carbonyl, sulfur-containing, nitrogen-containing,
conducting polymers, radical-based, and overlithiation. Molecular engineering
also benefits the design and modification of molecular backbones with different
functional groups (i.e. electron-withdrawing or -donating) and redox groups, which
are closely related to energy density, power density, and cycle life. Secondly, mor-
phological engineering can tailor the interfacial properties of PEMs and electrolytes
to form PEMs with 0D, 1D, 2D, and 3D nanostructures through bottom-up (in
situ) and top-down (ex situ) approaches, promoting fast electron conduction and
ion diffusion rate, and stable electrode structures. The challenges of low capacity,
high solubility, low electronic conductivity, and low stability also can be addressed
by fabricating PEMs in various dimensional nanostructure morphologies. This
provides effective and inspiring guidance for building high-performance PEMs for
practical metal-ion battery applications. Thirdly, applications of PEMs in various
advanced rechargeable metal ions such as LIBs, SIBs, KIBs, and multivalent
metal-ion batteries have been introduced and discussed thoroughly. The challenges
and improvement strategies of PEMs in various metal-ion batteries also have been
highlighted and analyzed, which may build a solid foundation for fabricating
high-performance rechargeable batteries with PEMs.
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1.6.2 Perspectives

Affordable, recyclable, and electrochemically reversible PEMs have shown great
potential as energy storage and conversion materials with high capacity, safety, and
cost-effectiveness. In this chapter, we identified significant progress in addressing
PEMs challenges through molecular and morphological engineering, which may
have remarkable impacts on battery performance.

From the perspective of PEMs practical application, strategies that combine PEMs
with functional and conductive nanomaterials can be employed to address these
challenges during electrode fabrication processes, especially for large-scale appli-
cations in rechargeable battery systems with original equipment manufacturers.

(i) The easy dissolution of PEMs in liquid electrolyte remains an inherent disad-
vantage, especially for PEMs with nanoscale structures. Combining PEMs with
functional additives (e.g. polar conductive materials) to generate intramolec-
ular/intermolecular forces (e.g. extended conjugation, mixing with inorganic
conductive substrates) can solve/mitigate the parasitic dissolution problems of
PEMs [228].

(ii) Low electrical conductivity of PEMs and aggregation of nanostructured PEMs
lead to decreased capacity and power density [229-231]. The combination of
PEMs with conductive nanomaterials, such as graphene and carbon nanotubes,
can prevent aggregation and solve the low conductivity dilemma of PEMs
[232, 233].

From the perspective of PEMs design and development, strong theoretical
guidance is helpful in improving the PEMs’ practicability and efficiency. In order
to replace the traditional trial-and-error approach, theoretical and computational
chemistry of PEMs can provide us with a range of potential benefits, including
the prediction of ideal molecular structures, functional groups and morphological
configurations, and even the cost of PEMs. More than 9 million organic compounds
and corresponding synthetic methods are a solid statistical basis for artificial intelli-
gence (AI) machine learning. Al is able to extract PEM design, characterization, and
electrochemical performances from different publications and other fields, making
PEMS’ structure and properties easily accessible. In addition, AI can automatically
research, design, and optimize novel PEMs with the most straightforward synthesis
steps and at the lowest cost. Theoretical models of PEMs can be constructed
and run by computational methods (i.e. density functional theory and molecular
dynamics) to predict physical properties and battery performances, which have
been reported in the literature [234]. Therefore, the widespread application of
computational chemistry could accelerate the rollout of the new generation of
energy storage PEMs.

From the perspective of possible applications in novel energy storage devices,
PEMs can be versatile electrode materials for dual-ion batteries (DIBs) that undergo
simultaneous reversible anion intercalation/extraction (e.g. PF,~, ClO,~, BF~, and
TFSI) at the cathode and cationic (e.g. Li*, Nat, K*) at the anode. The unique
DIBs can significantly improve power density and energy density because they
allow simultaneous reactions on both sides of electrodes [235]. PEMs can act as
anion-accepting cathode materials in DIBs to replace traditional graphites such
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as thianthrene [236], coroene [237], and terephthalate [238]. The unique anion
intercalation reaction of the cathode favors high working potential and fast battery
kinetics, resulting in improved energy density and power density. High-voltage
stable and active PEMs, i.e. p-type radical PEMs and conducting polymers, could
store different anions with high capacity and stability according to the redox
mechanism of PEMs.

From the perspective of materials characterization and mechanism studies,
advanced characterization techniques are essential to obtain material information
of PEMs. Mass spectrometry (MS), nuclear magnetic resonance (NMR), Fourier
transform infrared spectroscopy (FT-IR), and Raman spectroscopy are common
methods to characterize the molecular structure of PEMs. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) are crucial instru-
ments to investigate the morphological features of PEMs at the microscopic level. In
addition to these methods, in situ characterization techniques (e.g. in situ FT-1R, in
situ Raman, and in situ XRD) have been validated to study the redox mechanisms of
PEMs during the charge/discharge processes. More importantly, in situ synchrotron
X-ray techniques should be another viable option for obtaining sufficient and
reliable information on PEMs.
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