¥ ® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online
View Journal | View Issue

REVIEW

Conducting polymers with redox active pendant
groups: their application progress as organic
electrode materials for rechargeable batteries

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2022,
10, 13570

Er-Tai Liu,+° Shi-Lin Mei,* Xian-He Chen® and Chang-Jiang Yao () *@®

Conducting redox polymers (CRPs) composed of a conducting polymer backbone and covalently linked
redox active pendant groups have attracted increasing interest as electrode materials for rechargeable
metal batteries. Combining the intrinsic properties of conducting polymers and redox active polymers,
CRPs would possibly bring high charge capacity, fast charge transport, and stable cycling provided that
the individual merits of the backbone and the redox active groups can be preserved and act in a
synergistic manner. Thus, the application of CRPs requires good matching of the redox chemistry of the
pendant group and the CP backbone. In this review, the fundamentals of CRPs are first introduced.

Received 21st March 2022, Second, the application advances of CRPs as active electrode materials in monovalent metal-ion/sulfur

Accepted 3lst May 2022 (e.g. Li-ion/S, Na-ion/S) batteries and multivalent-ion/S (e.g. Zn-ion/S) batteries are summarized based
on their specific redox reactions. Perspectives on pressing challenges and further research opportunities

regarding CRP-based electrode materials are also discussed. This review provides concepts of rational
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1. Introduction

People are rushing to produce renewable energy because of
growing environmental concerns and the gradual depletion of
fossil resources. Electrochemical energy storage is more suited
to the current needs of human society than wind and solar
energies, which cannot provide a consistent and sustained
energy supply.' This strategy has resulted in the widespread
use of various batteries in electric vehicles and portable and
wearable devices. Rechargeable lithium batteries are a mature
and dependable energy storage technology capable of providing
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design of CRPs to develop highly efficient organic electrodes and promote their practical applications.

stable electric energy and undergoing continuous repeated
charging and discharging processes.”> Due to the unique
embedding mechanism of lithium ion batteries, their practical
specific capacity is limited, which is unable to meet the needs
of people.® Optimization techniques for lithium-ion batteries or
new batteries with high energy density, long cycle life and high
safety have been studied.*"" Lithium-sulfur batteries are con-
sidered as a popular alternative to lithium batteries due to their
high theoretical discharge capacity, high energy density and
environmental friendliness.'> However, the low conductivity
caused by sulfur, the shuttle effect and volume change in
charging and discharging processes limit the practical application
of lithium-sulfur batteries.”* ™ In addition, the aqueous battery
has become a new alternative to the traditional battery because of
its advantages of lower cost, higher power density and signifi-
cantly reduced content of toxic and flammable organic matter.’
However, the aqueous battery also suffers from lithium dendrite
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Fig. 1 (a) Number of papers (article, review and meeting) published CPs
and CRPs for rechargeable batteries during the period of 2011-2021 (10
years). Source: Web of Science database. The data were updated on May
2022. (b) The function of CRPs as organic electrode materials.

generation and by-product generation in the reaction process,
which leads to low efficiency and poor cycle stability.'®™®

Electrode materials greatly affect the capacity, density and cost
of battery equipment, so it is of scientific and practical signifi-
cance to explore more optimized electrode materials.">*° To date,
organic materials have been emerging as a possible substitution
for inorganic electrode materials due to their intrinsic advantages
of low cost and density, earth-abundant, and tunable chemical
properties.”’”> Many kinds of organic materials have been
explored including carbonyl-based compounds and polymers
for Li-ion batteries,>*** organosulfur compounds and polymers
for Li-S batteries,> and radical-based polymers for both Li-ion
and Li-S batteries.”® Among the well-developed organic electrode
materials, small organic molecules are widely used, but usually
show poor cycling performance due to the dissolution of active
materials.>” Applying suitable organic polymers is considered one
of the most promising strategies for overcoming the above
challenges.”®?° In particular, the use of conducting polymers
(CPs) provides opportunities for exploring a new generation of
battery devices.*"
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In simple terms, conducting polymers are polymers that
have highly © conjugated polymeric chains. By doping, conducting
polymers can achieve conductivity comparable to that of metals or
metal semiconductors, but often do not store energy. In addition
to the conducting framework, the functional groups involved in
the main chain or the side chain which are usually redox-active
can largely enrich the electrochemistry of rechargeable batteries.
Such polymers are referred to as conducting redox polymers
(CRPs). Their good conductivity plus reversible electrochemical
doping/de-doping capability largely enriched the family of
organic electrode materials and have been growing as encoura-
ging substances for common polymers. Compared to extensive
research on CPs (up to 900 papers published per year), an
emerging study of CRPs in a battery field is far from sufficient
(less than 100 publications per year) (Fig. 1a). Therefore, the
rational design and synthesis of CRPs for battery applications is
highly desired, which can be inspired by the systematic sum-
mary of the recent advances in this field. To date, such a review
is still missing.

The combination of conducting frameworks from CPs and
energy storage capability of redox active groups helps in solving
at least three major problems of organic electrode materials:
the low electronic conductivity, the dissolution of the active
material, and the limited charge storage capacity (Fig. 1b). In
addition, existing research on organic electrode materials
usually involves the use of more conducting agents to improve
the poor conductivity of insulating polymers, which can induce
additional inactive mass and result in lower energy density of
the batteries. The use of conducting polymers can efficiently
address such issues taking advantage of their intrinsic good
conductivity. Because of the strong designability of the mole-
cular structure, different redox pendant groups with desirable
charge storage capacity or shuttle effects inhibiting functions
can be designed, which can largely improve the electrochemical
performances of batteries. Conventional organic redox active
groups (e.g. carbonyls, radicals, and organic sulfur compounds
as aforementioned) have been successfully integrated with
conducting polymers and applied as efficient organic electrode
materials for rechargeable batteries.*>?%?>?%3% By virtue of
their good conductivity and high charge storage capacity, CRPs
have demonstrated their great potential for practical applica-
tions in the future.

In this review, we summarize the applications of conducting
polymers with different types of redox-active groups as organic
electrode materials based on their synergistic effect of good
conductivity and energy storage capability. Rechargeable
batteries including but not limited to lithium batteries have
been discussed according to the different functions of the
applied polymer materials. Additionally, the current challenges,
possible solutions, and potential future research directions on
such materials for batteries are proposed. Notably, special
emphasis will be conducted on CRPs with intrinsic conductivity
and well-designed redox active pendant groups. Therefore,
extrinsically conducting polymers and metal organic frameworks
(MOFs) will not be discussed in detail in spite of extensive
studies of this sort.
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2. Conducting polymers

Conducting polymers were applied in modern research in 1977.
Early attempts to use them for organic batteries as active materials
soon emerged, and cyclic conjugated polymers were widely
studied, such as poly(aniline), poly(pyrrole), poly(thiophene),
poly(p-phenylene), and poly(carbazole).***® Through continuous
research and development, fruitful results have been achieved in
the synthesis and characterization of polymers and their applica-
tions in electronics, biology and other fields.””

In general, conducting polymers include intrinsically con-
ducting polymers and extrinsically conducting polymers. The
conductivity of extrinsically conducting polymers is due to the
presence of externally added conducting elements such as
carbon or metallic materials. Intrinsically conducting polymers
can be further divided into conjugated conducting polymers
and doped conducting polymers. Conjugated polymer chains
with alternating single and double bonds allow easy movement
of delocalized = electrons, and thus can generate conductivity
through directional polarization of an external electric field.
However, in the intrinsic state stage, its conductivity is usually
between an insulator and a semiconductor, and the conductivity
needs to be improved by “doping”. In the doping process, the
polymers are either oxidized (removal of electrons) or reduced
(addition of electrons) so that polymer chains carry the reso-
nating charge. Doped conducting polymers can be further
classified as p-doped (oxidative doping) and n-doped types.
The oxidation reaction causes the main chain to lose electrons,
and the polymer becomes positively charged, attracting anions
to bind to the polymer chain and thus remains electrically
neutral, which is called p-type doping. In contrast, the
reduction reaction makes the main chain negatively charged,
attracts cations to bind, and becomes n-type doping. It should
be noted that the doping rate of conducting polymers is usually
high and their band structure changes greatly before and after
doping.

Some of the most widely used conducting polymers involve
polyacetylene (PA), polythiophene (PT), poly[3,4-(ethylenedioxy)
thiophene] (PEDOT), polypyrrole (PPy), polyphenylene, and
polyaniline (PANi). These polymers and their derivatives have
been extensively studied in biomedical applications, energy
storage systems, and so on. In recent years, a new class of
porous materials consisting of organic building blocks via
dynamic covalent bonds, namely covalent organic frameworks
(COFs), have emerged as promising materials for electro-
chemical energy storage.*** Those with intrinsic good conductivity,
which generally arises from the conjugated structure of the
organic building blocks, show great potential in applications as
organic electrode materials due to their tunable chemistry,
tailorable structures, and well-defined pores. With these
features, rational design of targeted functionalities can be
realized, such as facilitating the penetration of electrolytes
and enhancing the ion transport.’*™*> Thus, some of the COFs
with a well-defined porous structure and good conductivity
have attracted increasing interest in the field of electrochemical
energy storage.
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3. Redox-active groups

In addition to the above-mentioned conducting polymers, there
is another polymer that is widely used in the field of electro-
chemical energy storage, that is, redox polymers.****™*> On the
one hand, redox polymers are the polymer that contains a redox
group in the backbone; on the other hand, there is a class of
redox polymers defined as consisting of redox active groups
fixed on a non-conducting polymer network.*®”>' Moreover, the
advantages offered by conducting polymers and redox centers can
be combined through designing the redox components to adhere
to a conducting polymer backbone. Apart from the redox func-
tional group being able to provide a certain amount of capacity,
this combination helps in solving the problem of dissolution of
the active substance and low electronic conductivity.

Up to now, the intensively studied redox active groups for
batteries include carbonyls,”*>* radicals,”® and organic sulfur
compounds.”” Carbonyl groups are formed by SP*> carbon and
oxygen through double bond junctions, exhibiting different the-
oretical capacities ranging from 120 to 600 mA h g~ depending
on the molecular structure.”® Thus, carbonyl organic polymers
have been widely used as anode materials for batteries.>***> For
example, quinone and imide-based redox groups are widely used
in carbonyl polymer electrode materials.**** In addition, it is
essential to study the matching of the doping voltage range
between redox groups and conducting polymers. Emanuelsson
et al® covalently connected hydroquinone and dimethoxy-
substituted benzoquinone groups to the polypyrrole main chain,
respectively, for the battery cathode and anode.

At present, carbonyl materials are divided into three cate-
gories according to the mechanism, as shown in Fig. 2.°® In
group I, compounds such as 1,2-diones and vicinal carbonyls
are used to form stable enolates after reduction. This enolate,
like phenanthraquinones, can be further stabilized by the
surrounding aromatic systems. Group II includes aromatic
carbonyl derivatives. Because the carbonyl groups are closely
connected to an aromatic core, delocalization disperses the
negative charge. The third collection of compounds (group III)
consists of quinone substructures that are identical to those in
groups I and II, but their main stabilizing factor is the creation
of an additional aromatic system after reduction.

Moreover, the electrochemical stabilization mechanism is
derived from the additional aromatic system after the carbonyl
unit reduction reaction.®*®” However, aromatic systems with
four anions often have high energy configurations, resulting in
undesirable side effects and even structural damage and
decomposition.>* %849

In addition to carbonyls, stable organic radical moieties have
attracted a lot of attention due to their high charge transfer
reactions and the possibility to form n-type and p-type radical
polymers depending on the functional pendant group.”””' In
2002, Nakahara et al reported the first work on the use of
an organic radical for charge storage in lithium batteries.”
Since then, more studies on polymers carrying radicals such as
nitroxide have been reported by Nishide et al.>>**”>7> The most
striking features of such nitroxide radical-containing polymers

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Classification of three carbonyl-based compounds.>® Reprinted
with permission from ref. 58 Copyright 2015, Wiley-VCH.

include the efficient electron hopping, which allows a fast electron
transfer rate and quantitative redox reactions occurring under
a constant electronic potential. Using these organic radical poly-
mers, batteries show fast charge-discharge rates, stable cycling,
and high power density.

In previous studies for Li-ion batteries, organic electrodes
were prepared by covalently connecting aforementioned redox-active
functional groups with a conducting polymer backbone.>>*%7¢8!
In the field of lithium-sulfur batteries, functional groups such
as hydroxyl and amine groups have been used to optimize
carbon materials to increase their binding sites to polysulfides
for sulfur-fixation through chemisorption.®*"*® However, the
number of nitrogen atoms and functional groups doped by the
carbon material itself is limited. Moreover, the interactions
between sulfur/polysulfides and the surfaces of host materials are
often interpreted to be weak van der Waals forces, electrostatic
adsorption, and Lewis-acid/base interactions.*”®® In contrast,
some functional groups can be cross-linked with a S atom by
covalent bonds. Through the S-S bond cleavage/dimerization, the
disulfide bond is used to provide charge storage. For example, a
benzene-free and vinyl-free molecule, azulene, has been reported
by Zhuang et al to form an organosulfur polymer for Li-S
batteries.®” Azulene can react with a liquid sulfur diradical chain
upon heating due to the high reactivity of azulene. As a result,
high sulfur loading has been achieved through inverse vulcaniza-
tion. Improved cycling stability has been demonstrated due to the
formation of the covalent bond between sulfur and azulene.
Nevertheless, the kinetics of such a reaction is poor in the case

This journal is © The Royal Society of Chemistry 2022
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of non-conducting polymers, resulting in considerable anodic and
cathodic peak separation.”’ In spite of the successful employment
of organic sulfur polymers containing S-S bonds in the main
chain as organic cathodes, the introduction/connection of more
active groups to the conducting polymer main chains are to be
further explored.”™**

4. Applications of CRPs in different
batteries
4.1 Li-ion batteries

As a popular organic energy storage material, conducting polymers
exhibit an intrinsic electronic conductivity when electrochemically
doped cations (such as lithium ions and magnesium ions), which
contributes to the charge transfer at a higher charge and discharge
rate. In addition, the polymers themselves are slightly or insoluble
in liquid electrolytes, making conducting polymer electrode
materials more stable than small molecule-based electrodes.
However, in practical applications, conducting polymer electro-
des are faced with the problems of excessive additives and low
battery capacity. This is mainly due to its low lithium-ion
conductivity and limited functionality, which hinders its prac-
tical application in batteries.

To date, researchers have been paying increasing attention
to the effect of functional groups of conducting polymers on
the battery storage performance, including the solubility and
processing capacity of the polymer, the electronic and ionic
conductivities of the conjugated polymer electrode, and the
nature of the electrochemical interaction between lithium ions
and the conjugated skeleton/redox-active side groups. Some of
the selected examples are summarized in Table 1.

4.1.1 Nitroxide radical. Starting with organic redox polymers,
the use of conducting polymers to replace non-conducting poly-
mer backbones has been extensively studied. Poly(2,2,6,6-
tetramethyl-piperidenyloxyl-4-yl methacrylate) (PTMA) is a widely
studied organic redox polymer, composed of an aliphatic back-
bone and a side chain (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO).”**” In order to improve the electronic conductivity of
the polymers, TEMPO, as redox groups, has been linked to
polythiophene,>%% polypyrrole,'"'°* and polyacetylene'*'%*
backbones. Li et al.°®'% previously investigated polythiophene
containing TEMPO radical side chains, implying that the capacity
and conductivity of the polymer are influenced by the internal
electron transfer process. As a result, they established a poly-
dithienopyrrole with attached TEMPO radicals (Fig. 3a).* Due to
the lower oxidation potential of dithieno[3,2-b:2,3-d|pyrrole
(DTP) moieties, it had a two-step energy storage mechanism,
in which poly(DTP) was oxidized before TEMPO radicals were
oxidized (Fig. 3b). This polymer had a discharge capacity of
64.9 mA h ¢ ' at 2 pA ecm™ 2, which is 47.4% of its theoretical
capacity. In comparison with poly(DTP) without the radical, this
performance was poor. This occurrence demonstrated that an
internal electron transfer occurred between two redox groups.
The conducting polymer backbone transferred an electron to a
free radical upon charging, rendering the polymer inactive.
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Fig. 3 (a) Synthesis of poly(DTP-TEMPO). (b) Schematic illustration of internal electron transfer during the OCP relaxation process.”® Reprinted with
permission from ref. 93 Copyright 2018, the American Chemical Society. (c) Schematic illustration of the charge transfer mechanism at high current
densities and narrow potential windows.?* Reprinted with permission from ref. 94 Copyright 2019, the American Chemical Society. (d and e) Chemical
structures of PNDI-T2 and PNDI-T2EG and the structural functionalities. (f and g) Normalized specific capacity and Coulombic efficiency with an
increasing cycle number for thin (5 um, 0.32 mg cm~2) and thick (20 pm, 1.28 mg cm~2) PNDI-T2EG and PNDI-T2 electrodes composed of the 60 wt%
polymer.®® Reprinted with permission from ref. 95 Copyright 2021, Wiley-VCH.

Furthermore, this behavior had resulted in a decrease in the
Coulombic efficiency.

Despite the fact that nitroxide radical conjugated polymers
(NCPs) have long been investigated in the field of electro-
chemical energy storage, their practical application in electrodes
is still limited due to their challenging synthesis and complex
charge transfer and storage mechanism.”>'* Xie et al.** found that
the coulombic efficiency can be significantly affected by the
different redox kinetics between the nitrioxide radicals and the
polyacetylene backbone due to the side reaction between the free
radical and the backbone (Fig. 3c). For example, when such
polymers are charged at low current densities, the nitrogen oxide
radical and the conjugate backbone are oxidized to ammonium
oxide ion and polaron, respectively. Nevertheless, when the elec-
trode was exposed to a rapid charge and discharge (ie., a high C-
rate) within a small potential window, the internal electron transfer
was reduced and a high Coulombic efficiency was obtained.

4.1.2 Ethylene glycol side chain. Glycol polymer materials
have been used in solid electrolytes due to their good lithium-
ion conductivity.'*®'%” 1t also has the potential to be used in
electrode materials. Li et al.®® introduced ethylene glycol (EG)
as a side chain to a naphthalene dicarboximide (NDI)-based
polymer main chain by covalently linking to increase the
diffusion rate of lithium ions in polymer electrodes and

This journal is © The Royal Society of Chemistry 2022

enhance the doping of the conjugate main chain. Pure lithium
metal was used as a reference/counter electrode and 1 M
lithium perchlorate (LiClO,) in 1: 1 v/v DOL/DME as an electrolyte.
When the polymer electrode thickness is approximately 20
microns, it has a load capacity of 1.28 mg cm™> and is capable
of achieving a theoretical specific capacity of 66% at an ultrahigh
test rate of 100 C. In addition, when the polymer content was
increased to 80%wt, the theoretical specific capacity was 68% at
10 C and 55% at 12 C (Fig. 3d-g). However, the effect of the EG
side chain content on the electrochemical properties of NDI
polymer materials still needs further study.

4.1.3 Quinone structure. With its high theoretical capacity
(496 mA h g™'), strong redox stability, quick charge transfer
mechanism, and structural variety, the electrochemical redox
chemistry of quinones has been extensively researched in the
development of organic battery materials.'*®*%°

However, the formal potential of the quinone group needs to
be improved due to its low potential when combined with
lithium anode materials since it is required to be compatible
with lithium-based electrolytes. Fortunately, the electron-
withdrawing substitutions on the quinone ring had been found
to be effective in achieving this."'® Wang et al.'™" created a series
of quinone-based conducting redox polymers by substituting
quinone pendant groups (PGs) with electron-withdrawing
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Fig. 4 (a) The redox process occurring in Q-PEDOT in the LiClO4/MeCN electrolyte.™* Reprinted with permission from ref. 111 Copyright 2019, the
American Chemical Society. (b) Redox process of poly (Qz-EPE) in Li*-based electrolytes. Battery evaluation in the 1 M LiPFs/EC/DEC electrolyte with
poly (Qz-EPE) as the cathode. (c) Eelctrochemical performances of the batteries.'> Reprinted with permission from ref. 115 Copyright 2021, Elsevier. (d)
Structure of PDAPI. (e and f) Electrochemical performances of the batteries.!® Reprinted with permission from ref. 116 Copyright 2020, the American
Chemical Society. (g) The proposed electrochemical redox reactions of 2DPP-OD-HEX. (h and i) Charge—discharge capacities of 2DPP-OD-HEX and
2DPP-OD-TEG over 1000 cycles.''” Reprinted with permission from ref. 117 Copyright 2021, the American Chemical Society.

substituents (Fig. 4a). As predicted, the addition of electron-
withdrawing substituents resulted in an increase in the quinone
formal potential. Nevertheless, in situ measurements revealed
that the onset potential for the polymer backbone conductance
was affected by the PG redox chemistry, where a reduced and
lithiated pendant caused structural distortion. An assembly of
this material was used in Li-ion batteries as cathode materials,
and the reversible voltage output was between 2.8 and 3.2 V with
a 67% capacity retention after 200 cycles.

It is worth noting that the polycyclic aromatic substitution
was found to produce considerably greater alterations in the
formal potential."**>~*** In their further study,"'” quinizarin (Qz)
was functionalized onto a thiophene-based trimer backbone,
and a norbornane group was added to the quinone ring to
protect the susceptible locations near the redox-active carbonyl
groups on Qz. The results showed an average discharge voltage
of 3.3 V, a discharge capacity of 65 mA h ¢~ at 1.5 C and a
capacity retention of 74% after 500 cycles (Fig. 4b and c).

13578 | J Mater. Chem. C, 2022, 10, 13570-13589

Duan et al."*® synthesized a conducting polymer polydia-
zaphthalimide (PDAPI) with a quinoline structure by a simple
one-step process containing three different end groups, i.e., two
carbonyls, one carbonyl and one thiocarbonyl, or two thiocar-
bonyls. Li foil was applied as the anode and 1 M LiPF¢ in EC/
DEC (1/1, w/w) was used as the electrolyte. The presence of
these end groups and unsaturated nitrogen groups promotes
efficient lithiation/delithiation processes (Fig. 4d-f). The quino-
line structure also provides excellent electrical conductivity to
the polymer and preserves the polymer from being dissolved by
the electrolyte.

Samuel et al."'” developed two donor-acceptor polymers,
each with a conjugated backbone made up of repeating units
containing diketopyrrolopyrrole (DPP) and thiophene (T)
groups. The Li anode and 1 M LiClO, in 1:1 (v/v) DOL/DME
as the electrolyte were applied in this work. They revealed that,
during a two-step redox process, the oxygen atoms of the
carbonyl group on DPP as redox-active sites coordinate with

This journal is © The Royal Society of Chemistry 2022
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the Li ion (Fig. 4g). Furthermore, the bonded ring structure of
DPP provided the polymer with backbone coplanarity, which
aided in increased interchain packing and stronger contacts,
hence facilitating the intermolecular charge transfer with high
electron mobilities.''® Notably, triethylene glycol (TEG) side
chains increase the polymer backbone’s packing and crystal-
linity, resulting in greater carrier mobilities than hexyl
(HEX)."* Li-ion batteries based on DPP-based polymers
demonstrated a reliable cycling up to 1000 cycles, strong rate
performance with 70% capacity retention at a C-rate of 500 C,
and relatively high potentials of 2.2 V versus Li'/Li (Fig. 4h and
i). Moreover, these polymers were shown to be used as cathode
materials in other types of ion insertion batteries, such as
Na-ion batteries.

4.1.4 More structure designs. By introducing redox active
groups into the main chain of polymerization or directly
into the polymer framework, the dissolution of battery active
materials can be effectively reduced.>**®'*°'>* However, the
excessive pursuit of the molecular weight may lead to severe
aggregation, resulting in uneven dispersion during electrode
preparation. In addition, different molecular structures lead to
different electrode structures and different utilization rates of
active sites, resulting in lower capacity and poor cyclic stability.
To solve these problems, using AQ (anthraquinone) as a side
chain, Yang et al.'*® explored and systematically studied the
effects of the molecular weight (M), molecular structure and
electrode preparation process on the structure and electro-
chemical performances of polymer electrodes. Linear polymers
with high molecular weight can reduce their solubility, while
polymers with a crosslinked structure have poor dispersion in
the preparation process, resulting in reduced electrochemical
performance.

Additionally, the design and synthesis of porous materials
has been a new strength to address the natural challenge of
these materials. For example, as a mixed ion-electron conductor,
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)( PEDOT:-
PSS) is considered to be a conducting material candidate due to
its aqueous-based processability, good conductivity, and excellent
hybridization ability with other materials."**""*® However, most
researchers have only focused on improving the electrical con-
ductivity of the PEDOT:PSS film."*

Youngsang Ko et al.**® fabricated the PEDOT:PSS/cellulose
nanofiber (CNF) nanocomposite paper with excellent flexibility
through post-treatment with an organic solvent. The CV results
indicated a faradaic redox reaction due to the redox activity of
PEDOT:PSS. In addition, excellent capacitance retention after
500 charge-discharge cycles showed that the nanocomposite
paper after post-treatment may be used in applications requiring
electrochemical energy storage ability.

The exploration of bifunctional redox polymers as cathode
and anode materials has become a practical strategy to develop
symmetric polymer batteries, which has been pursued as a
promising sustainable energy storage technology.®® Mecerreyes
et al. developed dual redox-active polyimides based on pheno-
thiazine and naphthalene tetracarboxylic dianhydride units for
symmetric all-organic batteries."*! The importance of phenothiazine

This journal is © The Royal Society of Chemistry 2022
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for faster charge-discharge processes has been revealed. When
applied as the anode and cathode, phenothiazine functional
polyimide shows two redox active voltages at around 2.5 and
3.7 V (vs. Li/Li") with a high discharge capacity of 160 mAh g™ ™.
This all-polymer battery delivered an outstanding power density
(1542 W kg™') and an excellent cycling stability (94% of the
capacity retention after 1000 cycles at 800 mA g™ ).

Xue et al."** combined theory and experiment to argue the
effect of the structural design of multiple pyrene-functionalized
radical copolymers (2,2,6,6-tetramethyl-1-piperidinyloxy, TEMPO)
to improve the battery performance. The coin cell (CR2032) was
fabricated by stacking the polymer-based cathode, the lithium
metal anode and a separator film with the LP30 electrolyte.
Compared to methylene-ester linkages, amide-bonded pyrene
containing polymers indicated relatively table redox peaks at
around 3.55 V vs. Li/Li*. Additionally, the latter copolymer has a
higher n—r interaction with CNTs than the pyrene-TEMPO copo-
lymers with methylene-ester linkages, which improve the battery
performance.

4.2 Li-S batteries

Lithium-sulfur batteries (LSBs) have become one of the most
attractive new generation of energy storage devices with their
theoretical specific capacity and energy density far exceeding
those of traditional lithium batteries. However, the insulation
of active substances, the shuttle effect of lithium sulfide in the
charging and discharging process and the volume expansion of
sulfur have always affected the practical use of lithium-sulfur
batteries.

To overcome the above obstacles, a common strategy is to
design suitable cathode materials. Organic polymers with
strong designability, diverse molecular structures and rich
resources have been widely concerned.

4.2.1 S-S bonds. Organic sulfur polymer containing
disulfide bonds (S-S bonds) have been reported in the 1990s.
Studies have shown that they have a theoretical capacity range
of 360-580 mA h ¢~ and are very representative and promising
alternative materials for the sulfur cathode.**'3* However,
when disulfide bonds are present in the polymer backbone,
due to its repeated cracking and recombination during charge
and discharge, the backbone structure has undergone irreversible
changes in the long cycle process, thus some studies have
delivered less than ideal results.”>*® Nevertheless, when disulfide
bonds are attached to side chains, their own electrochemical
reactions theoretically have no effect on the main chain, so it is
easier for such polymers to maintain a stable structure during
circulation.

Li et al.’*” researched an aniline-based polyorganodisulfide
(PDTAnN) containing an S-S bond on the side chain as cathode
materials (Fig. 5a). The polymer backbone was similar to
conducting polyaniline (PANI), which possessed high electronic
conductivity with fast redox kinetics. As expected, the redox
reaction of the S-S bond did not cause the depolymerization
of the polyaniline chain, and showed a discharge capacity of
225 mA h g~ " at 10 mA g~ " and a Coulombic efficiency of more
than 80% in the following cycles. However, there might be a
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Oschmann et al."*° first reported on the copolymertization
bulky condensed aliphatic heterocyclic substituent or the exis- of sulfur and allyl-terminated poly (3-hexylthiophene-2,5-diyl)
tence of an oligomer in the polymers, leading to the fact that (P3HT) derived by the conversion of sulfur radicals formed
the electronic conductivity was poorer than their expectation. by the thermolytic cleavage of Sg rings with an allyl end-group.

In previous studies, Amaike et al.'*® developed a novel The rapid chemical interaction between polythiophene and
polypyrrole (PPy) derivative in which the cyclic disulfide bond lithium polysulfides (LIPSs) from the covalent linking resulted
is covalently attached to the polymer backbone (Fig. 5b), in the rapid charge transfer and smaller loss of active materials

—_——

-2e” charge

accompanied by a redox process for reversible open-loop crack-  (Fig. 6a).

ing-recombination. The good electrical conductivity of this Gao et al'*' modified the conducting poly(1,4-phenylene
structure and the polypyrrole skeleton itself allows the polymer sulfide) via the vinyl group to improve the ability to vulcanize
to exhibit better electrochemical activity and conductivity, with ~ with element S. The unsaturated C—C bonds were the most
a theoretical capacity of 398 mA h g™, favorable sites for vulcanization via crosslinking. Compared with
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Fig. 6 (a) Synthetic approach for the copolymerization of allyl-terminated P3HT and sulfur.X*° Reprinted with permission from ref. 140 Copyright 2015,
the American Chemical Society. (b) Schematic of the inverse vulcanization of S into the poly(1,4-phenylene sulfide) polymer via addition reactions.***
Reprinted with permission from ref. 141 Copyright 2020, The Royal Society of Chemistry. (c) The synthesis of the cp(S-PMAT) copolymer and the
structural evolution in the synthesis of cp(S-PMAT) and the discharge—charge process.**? Reprinted with permission from ref. 142 Copyright 2020,
European Chemical Societies Publishing. (d) TFHQ is first self-polymerized into PTFHQ and then covalently linked to sulfur via the SNAr reaction. The as-
obtained copolymer is referred to as PTFHQS. (e) Li- - -F interaction between Li,Sx intermediates and the PTFHQS polymer skeleton with abundant semi-
ionic C—F bonds. (f) Long-term cycling performance of the PTFHQS and TFBQS cathodes at 0.5 C. The inset shows the comparison test of the visual LiS,4
adsorption of PTFHQ and TFBQ monomers.*** Reprinted with permission from ref. 143 Copyright 2021, Elsevier.
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the condensation polymer, poly(2-vinyl-1,4-phenylene sulfide) via
crosslinking showed better conductivity, higher specific capacity
and better kinetic stability as LSB cathodes. The maximum
specific capacity and gravimetric energy density for crosslinking
polymers were 413 mA h g~' and 626 Wh kg™ ', respectively
(for the fully vulcanized crosslinking configuration) (Fig. 6b).

4.2.3 Thiol group. In addition to sulfur-containing polymers
that can provide active substances themselves, polymers with
polar functional groups can combine with LiPS to inhibit the
shuttle effect and improve the overall capacity."**'** Noticeably,
polymers in their intrinsic states tend to exhibit poor conductivity
that is close to insulation. Therefore, combining active groups
with conducting polymers is a two-pronged strategy.

Although many studies have found that sulfur-rich copolymers
can be formed by thermally activated free radical polymerization
of sulfur with polymerizable monomers or polymers with reactive
groups, most of these copolymers are insulating or less conduct-
ing, which is not desired to improve the rate capacity."**"4¢7>!
Zeng et al'®'™** uniformly polymerized the thiol functional
group with m-aminophenol, and then by reverse sulfurization
copolymerization with elemental sulfur to form the conducting
functional polymer CP S-poly(m-aminothiophenol) (S-PMAT),
which was used as the cathode material of LSBs, and tested under
an active load condition of 1.5 mg cm™ 2. The results show that the
reversible capacities at 0.1 C, 1 C and 5 C are 1240 mA h g7/,
880 mA h g~ " and 600 mA h g™, respectively. Even after charging
and discharging 1000 times at 2 C, the capacity retention rate is
66.9%, and the Coulombic efficiency is reduced only 0.04%. The
results provide a feasible example for designing conducting
polymers with reactive functional groups as effective electrode
materials for high-performance LSBs (Fig. 6c).

4.2.4 Other covalent linking. As early as in 2012, Xiao
et al."** reported the conducting polymer as the main chain
with S-S bond linking in inter- and intrachain. When applied as
the cathode (Li foil as the anode, 1.0 M LiTFSI and 0.1 M LiNO;
in a 1:1 (v/v) DOL/DME as the electrolyte), the sulfur-polyani-
line nanotubes (SPANI-NT/S) had a high sulfur content of
62 wt%. Benefiting from the flexible framework of SPANI and
the electropositive amine and imine groups, the sulfur was
both physically confined in the 3D network and chemically
anchored to molecular chains. Besides the obviously inhibited
shuttle effect, the SPANI-NT/S performed a stable capacity of
837 mA h g " at 0.1 C after 100 cycles due to the high electronic
conductivity of the polyaniline skeleton.

Unexpectedly, some conventional organosulfur copolymers
are subjected to poor electronic/ionic conductivity and low
sulfur content, which resulted in lower rate capability and
energy density. To this end, exploring new organosulfur copolymers
with rational molecular structures and functional groups becomes
rapidly desirable. Yan et al.*® reported fluorinated quinone-derived
organosulfur copolymers poly(tetrafluorohydroquinone)-sulfur
(PTFHQ) with high sulfur content as cathode materials for LSBs.
Benefiting from the homogeneously distributed sulfur in the
copolymers at the molecular level and the abundant semi-ionic
C-F bonds in the TFHQS skeleton, the shuttle effect of polysulfides
was effectively suppressed. Meanwhile, the PTFHQ backbone

This journal is © The Royal Society of Chemistry 2022
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showed higher electronic conductivity than the monomer, and
increased the Li ion transportation, which was helpful in ensuring
higher rate capability and sulfur utilization. As a result, the
PTFHQS cathode with the 71 wt% sulfur content delivered a high
discharge capacity of 906 mA h g™ " at 0.5 C, a stable Coulombic
efficiency of over 99%, a good rate performance of 432 mAh g ' at
2.0 C and an excellent capacity retention of 87% at 0.5 C after 600
cycles (Fig. 6d-f).

According to the previous work, conventional conducting
polymers can hardly produce long-term stable cycling due to
the lack of a polar functional group to provide strong chemical
absorbing with polar LiPSs."”>">* Moreover, the undesired porous
structure (i.e. irregular pore size distribution) and low specific
surface area made weak physical confinement. Furthermore, the
strict and changeable conditions in the electrochemical system
required higher stability of conducting polymers.">*™*” Combin-
ing the microporous structure with the conducing polymer is a
theoretically ideal strategy to address these challenges.'**'>%'%
Chen et al.'® developed a covalent organic framework (COF)-
linked conjugated microporous polyaniline(CMPA) serving for
fixing sulfur in a carbon nanofiber (CNF) current collector to
suppress the shuttle effect for Li-S batteries. Benefiting from the
N-rich systems provide an excellent polar group, CMPA showed
stronger affinity towards LiPSs. To date, bulk COFs with func-
tional groups (e.g., N and B atoms, vinyl groups, and fluorinated
groups) have been explored as the sulfur host for Li-S batteries.
Such COF-based cathodes not only can physically confine LiPSs
by well-defined pores, but also their pore surface can interact
with LiPSs through sulfiphilic and/or lithiophilic interactions.
Therefore, the soluble LiPSs can be effectively restrained in the
cathode region, providing the high utilization of sulfur and
superior cycling stability. In spite of the abovementioned
advantages, bulk COFs usually show limited surface utilization,
which hinders the great potential of COFs as the efficient sulfur
host for practical applications. Recently, Ning et al.**" developed
polyimide COFs (PI-COFs) with a well-defined lamellar structure,
which can be exfoliated into ultrathin (~1.2 nm) 2D polyimide
nanosheets (PI-CONs) with a large size (~6 um) and large
quantity (40 mg per batch). Being explored as new sulfur host
materials for LSBs, PI-COF and PI-CONs deliver high capacities
(1330 and 1205 mA h g™ at 0.1 C, respectively), excellent rate
capabilities (620 and 503 mA h g~ " at 4 C, respectively), and a
superior cycling stability (96% capacity retention at 0.2 C for
PI-CONSs) by virtue of the synergy of robust conjugated porous
frameworks and strong oxygen-lithium interactions.

4.3 Aqueous batteries

Low-cost and sustainable aqueous batteries are believed to
overcome the limitations of the traditional organic electrolyte
in virtue of the safety and environmentally friendly nature of
aqueous electrolyte. Significant efforts have been made to
achieve high energy density, high power density, and a long
cycle life. Compared to inorganic materials (e.g. vanadium-
based compounds), organic material-based electrodes have
attracted increasing interest due to their rich redox chemistry
and relatively low cost. In this section, aqueous organic
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batteries including but not limited to monovalent-ion batteries
have been summarized. A series of the recently reported redox-
active organic materials, mainly conducting or conjugated
polymers are included combing the material design with the
explanation of different working mechanisms.

4.3.1. Monovalent-ion batteries

4.3.1.1 Imide groups. As discussed in the above sections,
carbonyl-containing polymers are intensively investigated
as redox-active n-type organic electrode materials for Li-ion
batteries. Among the various structures, polyimide (PI) has
more suitable working voltage, higher capacity and better
structure stability, therefore attracting additional attention
beyond organic lithium batteries.*®*™®® Qin et al.*®* successfully
demonstrated aqueous Li- and Na-ion batteries using 1,4,5,8-
naphthalenetetracarboxylic dianhydride (NTCDA)- and perylene-
3,4,9,10-tetracarboxylic dianhydride (PTCDA)-derived PI anodes
based on their good redox activity and structural diversity on the
insertion of different ions. LiCoO, and NaVPO,F were applied
as the cathodes for lithium and sodium batteries, respectively.
A full aqueous Li-ion battery with an average operating voltage of
1.12 V and a specific capacity of 71 mA h g~! was developed with
a cycle life of 200 cycles. The aqueous Na-ion battery employing
the same PI-based anode and NaVPO,F cathode delivered a
moderate specific capacity of ~40 mA h g™*.

On the basis that aqueous batteries rely on water as the
electrolyte solvent, additional requirements are proposed to
organic electrode materials beyond the redox activity and
conductivity, which is the hydrophilic properties when com-
pared to those used for organic batteries. Ethylene glycol
groups have been thus applied to improve the ion diffusion
of the aqueous electrolyte. Davide Moia et al.'®® synthesized a
3,30-dialkoxybithiophene homo-polymer (p-type polymer) with
ethylene glycol side chains and attached the polar zwitterion
side chains to the naphthalene-1,4,5,8-tetracarboxylic-diimide-
dialkoxybithiophene (NDI-gT2) copolymers. The n-type polymer
was applied as the anode and the p-type polymer as the cathode
with a 0.1 M NaCl aqueous solution as the supporting electro-
lyte. The polymer films demonstrate the high reversibility redox
reaction in aqueous electrolytes. Furthermore, the thin films of
these polymers combined in two-electrode batteries showed a
reversible charging up to 1.4 V. (Fig. 7a)

Noteworthily, the excellent hydrophilicity of the side chain easily
forms hydrogen bonds with aqueous molecules, which may cause
excessive aqueous absorption and damage the microstructure
of the polymer, resulting in the decline of the electrochemical
performance. Then, Anna A. Szumska et al.*** attempted to replace
some hydrophilic (glycol) side chains with hydrophobic(alkyl)
groups. When excessive aqueous absorption was inhibited, the
swelling of the polymer disappeared, and the reversible double
reduction and dipolarity sate appeared during electrochemical
charging, which increased the actual capacity to more than 70%
of the theoretical capacity. Therefore, the introduction of functional
groups can affect the electrochemical performance of the polymer
under the condition of affecting the local environment (Fig. 7b).

Based on the previous studies, Tan et al.'® researched the
recyclable energy storage device with redox-active conjugated
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Fig. 7 (a) p-Type homo-polymer with TEG side chains p(gT2) and n-type
donor—acceptor copolymer with zwitterion side chains on the acceptor
units (marked as green blocks in the schematic) and TEG side chains on the
donor units (blue blocks) p(ZI-NDI-gT2).¢* Reprinted with permission
from ref. 163 Copyright 2019, The Royal Society of Chemistry. (b) Illustration
of the charging mechanism of redox-active polymers with controlled water
uptake (e.g., polymers with mixed hydrophilic/hydrophobic side chains) and
uncontrolled water uptake (e.g., polymers with hydrophilic side chains) to
the electron—polaron and electron bipolaronic states. The swelling of the
polymer film is illustrated by the thickness of the polymer chain, where the
color change represents the charging of the neutral polymer (green) to the
electron polaronic (brown) and electron bipolaronic (blue) states. Solid-
lined arrows represent the swelling of the polymer electrode, and dashed-
line arrows indicate the detachment of the swollen or charged polymer
from the current collector. The red dashed line illustrates mechanical stress
that results in the detachment of the polymer.®* Reprinted with permission
from ref. 164 Copyright 2021, the American Chemical Society.

polymers as the electrode. A conjugated polymer based on NDI
and T2 units was employed as the anode, while, for the
cathode, a conjugated homopolymer based on g3T2 was used.
The hydrophilic side chains based on ethylene glycol not only
can promote fast ion transport from the aqueous electrolyte
into the electrode, but also can enable high solubility in organic
solvents for reclaiming electrode materials from solution.
Furthermore, to increase the electrochemical stability of
redox-active polymers, 25% of hydrophobic side chains were
linked to the polymer backbone due to the lengthy hydrophilic
side chains in the anode.

4.3.1.2 Quinone pedant group. Quinone pendant groups pro-
viding high potentials, for example, catechol or dihydroxyan-
thraquinones, would make better use of the stability window of
water. The capacity could be improved by optimizing the

This journal is © The Royal Society of Chemistry 2022
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linkage unit and increasing the number of redox groups per
repeat unit in the polymer. For aqueous systems, such a
quinone group recently has been developed for all-organic
proton batteries without any carbon additive and binder by
Strietzel et al.'®’ In this study, conjugated polymers pEP(NQ)E
and pEP(QH2)E with both the conducting thiophene backbone
and redox-active quinone pedant group were designed as the
anode and cathode, respectively. (E = 3,4-ethylenedioxythiophene;
NQ = naphthoquinone; NQH2 = naphthohydroquinone; P = 3,4-
propylenedioxythiophene; p = polymerized; Q = benzoquinone;
QH2 = hydroquinone). HSO, anions were predoped into the
polymers to ensure the satisfactory conductivity of both electro-
des. The battery added with 0.5 M aqueous sulfuric acid (H,SO,)
delivered a higher capacity retention of 85% after 500 cycles. The
battery could even function at a sub-zero temperature of —24 °C
due to the electron transport process within the conjugated
backbone was not affected during the electrochemical reaction.
This work demonstrated how thiophene-based trimeric structures
with naphthoquinone or hydroquinone redox-active pendent
groups can be processed in solution, deposited, dried and subse-
quently polymerized in the solid state to form conducting (redox)
polymer layers without any additives. Thus, the construction of
additive-free all-organic aqueous batteries of the rocking-chair
type using protons as cycling ions has been demonstrated as a
proof-of-concept.

4.3.1.3 Carboxylic dianhydride. Another typical carbonyl
containing polymer is [-perylene-3,4,9,10-tetracarboxylic
dianhydride (B-PTCDA), which has been commonly used as an
anode material. Besides Li and Na metals, potassium (K) metal
exhibits similar activity vs. such carbonyl-containing polymers.
For example, Chen et al.'®® demonstrated a K aqueous battery
using as the cathode material. An initial specific capacity of
145 mA h g~* was achieved and 82% of the capacity could be
maintained at 2 A g~ after 500 cycles. A full K-ion battery
composed of the B-PTCDA anode and the potassium iron(u)
hexacyanoferrate (KFHCF) cathode was fabricated and delivered
a higher capacity retention of 89% after 1000 cycles at a high
current rate of 12.5 C.

4.3.2 Multivalent-ion batteries

4.3.2.1 Quinone group. Polymers with embedded quinones
in backbones are intensively applied not only for monovalent-ion
batteries, but also for multivalent-ion batteries such as Zn" ion
batteries. In such studies, quinone groups can get more nucleo-
philic sites for Zn" hosting, which can improve the energy
density.'®® Previous studies have demonstrated that faster elec-
tron transport pathways can be provided by the grafting of
quinone groups to long conjugated polymer chains.'®”'”° Wang
et al."”" were inspired to graft twisting para-benzoquinone (pBQ)
to the ladder-type dithieno[3,2-b: 2’3'-d]pyrrole core as the redox
conducting polymer of ZIB cathodes. The hydroxyl group of
quinone groups was oxidized to form oxygen radicals, providing
a large number of active sites that bind only to Zn*', and
showing highly reversible Zn>* insertion/release during the
charge and discharge of the battery. Moreover, the cathodes
demonstrated 120 mA h g~ and 52.5% of capacity retention at

This journal is © The Royal Society of Chemistry 2022

View Article Online

Journal of Materials Chemistry C

5Ag ", while the high Coulombic efficiency upon 99% (Fig. 8a-c).
Owing to the dendrite formation on the zinc anode, Oka et al.*'
designed polymer-manganese secondary batteries based on a
naphthoquinone (NQ) pendant group onto the trimer of EPE
(E = 3,4-ethylenedioxythiophene; P = 3,4-propylenedioxythiophene)
used as the anode. A discharge voltage of 1.0 V was yielded, which
was close to the potential window of water (Fig. 8d-f). Besides, the
battery displayed a discharging capacity of 76 mA h g~' and a
highly rate capability up to 10 C.

Through changing the quinone structures to tune the working
potential was also applied in aqueous batteries. Huang et al.'”?
synthesized a series of quinone-pyrrole dyads with various
substituents on the quinone, and they had been successfully
copolymerized with pyrrole, resulting in a series of polypyrrole
(PPy) based CRPs with different quinone formal potentials. The
cell potentials resulted in the galvanostatic charge-discharge of
the cell showed a positive coincide with the difference in the redox
potential between the quinone substituents used in the anode
and cathode (Fig. 8g).

Zhao et al.'”? attempted to introduce multiple redox centres
into organic composite materials to solve the problem of low
capacity due to over-reliance on cations reacting only with a
single functional group in zinc batteries. They first electrode-
posited poly(1,5-naphthalenediamine, 1,5-NAPD) in situ on
nanoporous carbon as the stable intermediate layer and then
daubed poly(para-aminophenol, pAP) skin on top of 1,5-NAPD
as an external conducting layer. The C-N/C = N groups in
poly(1,5-NAPD) clearly increase the nucleation sites and the
stability of the organic-organic cathode, while the C-O and
C-N groups in the poly(pAP) skin can improve the Zn>* reaction
kinetics and redox potential. The polymer cathode has a
high capacity (348 mA h g™ '), an excellent rate capability
(132 mAh g "at 40 A g™ '), a longer lifetime of over 5000 cycles,
and a superior areal capacity of 2.8 mA h cm 2 even at the
practical (10.2 mg cm™ ), demonstrating the advantage of the
3D organic/organic heterostructure (Fig. 8h).

4.4 Metal-iodine batteries

Metal-iodine batteries (MIBs) hold practical promise for large-
scale energy storage owing to the advantages of natural
abundance, low cost, and high gravimetric/volumetric energy
densities. In spite of the considerable advancements in MIBs,
the inferior kinetics and high iodine solubility severely restrict
their practical applications. To date, scientists have made
enormous efforts to the design of advanced electrode materials
to address the key scientific issues of inhibiting iodine dissolu-
tion under reversible reaction conditions. A series of effective
strategies using polymer-based materials to promote the
comprehensive characteristics of the iodine electrode have
been developed. For instance, polyvinylpyrrolidone (PVP) and
its nanocomposite PVP@C were developed by Han et al. and
Deng et al.,"’*'”" respectively. These PVP based polymers can
immobilize polyiodide by the chemical interaction between the
host material and iodine species. Consequently, the suppressed
polyiodide shuttle for Li-I and Na-I batteries has been demon-
strated. However, the poor conductivity of the PVP retards the

J. Mater. Chem. C, 2022,10,13570-13589 | 13583


https://doi.org/10.1039/d2tc01150f

Published on 09 juni 2022. Downloaded on 27.06.2024 21.38.37.

View Article Online

HN =
\ oH I NH

Proton flux }
| Positive
OH Electrode

Negative
Electrode o
] I I Charged
HN OH o NH

Journal of Materials Chemistry C Review
e e e e et -t}
i Quinone structure for multivalent-ion batteries !
: 1
|
- a) c) 1
1
i ” 5 16 ;
' L= 1
] 0" 0, ] N i
i _2ne’ & o = Zn?* & !
! S ’'n N 1.4 :
: PDPBQH PDpBQ 2 - i
i < —03Ag" i
E b < 05Ag" !
i ) OH o g1.2 —1Ag" i
¢ : g =2
4 = s 1
| (o] —5AQ" .
: N! -2ne- N > 10 1
: PDoBQsH " PDoBQ " . 6 3b Gb 9'0 12'0 :

. . <1
1 Specific Capacity (mAh g™') i
: 1
1 .
| e e e e ettt e e e st s s e e e s st f e f e h e 4 s s ¢ttt b sttt sttt 4
i !
4 1
I .
: 1
! d) o e) e Q f) 35¢ 00 ;
. < s %\ - l
E ! 32y S
;o= A+ o - + — g o° 603 i
! 0 22.518% w0 E i
: 2 Q
1 ‘O O@ MnO v 5 T} e @®  Couombic efficiency 2 :
» ! MnO | iz & 2[3 O  Dischar o205 :
. ¥ 0 2 ] | E A % = ischarge capacity 3 H
o elp e [ ’ r*tu b 2 L.5¢ T I T i
i 0 Mn2*—> Mn2* Mn2*¢<— Mn?* I Cycle number ) :
! a .
! - Carbon el Electrolyte  MnO 0.5¢ y v - s
1 Carbon felt  Electrolyte  MnO. arbon fe ectrolyte  MnO; :
' Ipolymer " Electrozde Ipolymer Electrode 0 20 40 60 80 !
' electrode electrode i
s S S T S S T T S S !
i
: g) -~
!
1
i
i
i
i
i
i
i
i
i
i
i
i
i
1
i
i

Fig. 8 (aand b) Schematic of our polymers PDpBQH/PDoBQH were oxidized to work in ZIBs. PDpBQ shows only the Zn?* involved insertion/extraction
reaction with excellent reversibility, while PDoBQ undergoes both Zn?* and hydrion involved redox processes which concurrently exhibit the
degenerative electrochemical performance. (c) Electrochemical performances of PDpBQ at different current densities.*’”* Reprinted with permission
from ref. 171 Copyright 2022, Wiley-VCH. (d) Schematic image of the rechargeable conducting redox polymer—-manganese battery (charging).
(e) Schematic image of the battery (discharging). (f) The charging (black) and discharging (red) curves of the battery at 1 C. Inset: Capacity retention
for 50 cycles upon the galvanostatic charge and discharge of the battery at 1 C.2! Reprinted with permission from ref. 21 Copyright 2020, Wiley-VCH. (g)
Schematic representation of the processes occurring during the charge (red arrows) and discharge (blue arrows) of the battery with P1 as the negative
electrode and P10 as the positive electrode.r’? Reprinted with permission from ref. 172 Copyright 2021, Elsevier. (h) lllustration of the fabrication process
and Zn?* storage mechanism of C@poly(1,5-NAPD)/poly(pAP) cathodes for Zn-organic batteries.*”* Reprinted with permission from ref. 173 Copyright
2021, Wiley-VCH.

selected as a model by Liang et al'’® They revealed that
polyiodide can be strongly confined in the polymer backbone
during the redox reaction and demonstrated a proof-of-concept

electrochemical redox kinetics of the iodine cathode. Using
conducing polymers as organic electrode materials becomes a
practical strategy. As an example, polyaniline (PANI) was
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about polyiodide doped conducting polymers for aqueous Zn-I
batteries. In addition to conventional polymers,’”” conjugated
MOFs show great potential as advanced electrode materials,
which is beneficial for a high I, loading, high tolerance to sever
volume change, and fast electrolyte penetration. Significantly,
the modulation of metal-ligand orbital hybridization in the
conjugated MOFs allows for profound investigations on the
charge storage mechanisms at the molecular level. Similarly,
the design and synthesis of well-defined redox pendant func-
tional groups play a similar role in exploring highly efficient
electrode materials for MIBs, which can provide an additional
platform for the MIB study and has not been fully studied
to date.

4.5 Beyond alkali metal batteries

Oka et al.'”® designed the naphthoquinone pendant group onto
the conducting redox polymer based on the poly(3,4-
ethylenedioxythiophene) backbone, which is formed from a
stable suspension of a trimeric precursor and an oxoammonium
cation as an oxidant. It has been demonstrated a promising
candidate as the anode-active material for a polymer-air second-
ary battery combining a conventional Pt/C catalyst as the
cathode, and sulfuric acid aqueous solution as the electrolyte.
A discharge voltage of 0.50 V and good cycling stability with 97%
capacity retention after 100 cycles have been delivered. In
addition, this type of battery shows rapid cycling capacities,
keeping the full discharge capacity up to 20 C. Similarly, using
1,4-dihydroxyanthraquinone (Qz) and naphthoquinone (NQ) as
side chains, the conducting polymer backbone was covalently
attached, respectively, as the cathode and anode of an all-organic
proton rocking chair battery with a proton ionic liquid electro-
lyte. During the rapid potentiostatic charging and galvanostatic
discharge at 4.5 C, the battery showed a specific capacity of
62 mA h g " and had 80% capacity retention after 500 cycles."”

5. Summary

The current review surveys the progress in the application of
CRPs as efficient organic electrode materials and discusses the
state-of-the-art understanding in this field. In addition to the
intrinsic low cost and density, earth-abundance, and tunable
chemical properties, the combination of CPs with redox active
groups mainly induces a synergism that helps in solving the
major problems of organic electrode materials, which include
but are not limited to the improvement of conductivity, specific
capacity, and the suppression of the dissolution of active
materials. In this regard, we mainly focus on those CRPs with
well-designed redox pendant groups. We first introduce the
fundamentals of conducting polymers and electrochemically
active redox groups with respect to their underlying chemistry
in electrochemical energy storage. Afterwards, the structure-
and property-dominated applications of CRPs as organic mate-
rials (both the cathode and anode) for different rechargeable
batteries are discussed in detail according to the classification
of different active pendant groups (nitroxide radical, quinone
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structure, quinoline structure, thiol group, imide groups, etc.).
Emerging research studies including monovalent-ion batteries
(e.g., Li/Na/K-ion) and multivalent-ion batteries with either an
organic or aqueous electrolyte have been summarized. We
particularly focus on the function of the well-designed pendant
groups in each battery for addressing the specific issues in their
applications.

Although an impressively large number of studies have
accumulated and the applications related with CRPs are highly
expected to reach the practical batteries, the strategy of com-
bining organic conducting polymer skeletons with redox-active
functional groups has proven to be an initial success. In
addition to what has been achieved, challenges covering the
rational design of CRPs and the development of synthetic
techniques still exist. Regarding the requirement of electrode
materials for electrochemical energy storage, we have summar-
ized and anticipated several of the abovementioned challenges
based on the reported studies, which may be helpful in guiding
the development of practical organic electrode materials.

(1) The first on-going task would be the design and synthesis
of CRPs with sufficient redox-active groups that are capable of
providing more energy storage sites to achieve high specific
capacities (ie. > 200 mA h g ') and long-term cycling stabi-
lities (Z.e. > 85% capacity retention for 1 K cycles). Despite
great efforts, the up-to-date design of CRPs has been reported to
limited redox-active groups both in quantity and types as
examples shown in the review.

(2) Preservation of the intrinsic conductivity of the polymer
backbone is another challenge during functionalization with
redox-active groups and the process of charge-discharge, where
repeated cracking and recombination of the covalent bonds
usually destroy the conjugated structure of the polymer back-
bone. An in-depth study into the working mechanism is
required for the rational design of CRPs with stable conducting
backbones.

(3) The steps for employing CRPs with ultralow redox
potential as anode materials to realize all-polymer batteries
are challenging due to the fact that polymers with low redox
potential are less abundant and versatile than the cathode
candidates.

(4) From the sustainability perspective, the green synthesis
of CRPs from renewable resources such as biomass is attractive
for the development of future energy storage devices.

Other obstacles blocking the transfer from a fundamental
study to practical applications may be the high cost, the harsh
conditions, and the complexity in the synthesis route. There-
fore, we deem that low-cost and sustainable energy storage
systems with high energy density and long working life are
expected to be realized by addressing the abovementioned
issues existing in the exploration of new CRPs. Regarding the
technical difficulties in the molecular design and synthesis of
CRPs, the non-covalent combination of polymers with different
functions offers an additional opportunity to create multifunc-
tional organic electrodes. In practice, the construction of a non-
covalently linked composite containing conducting and redox
polymers could achieve comparable functionality to CRPs,
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which show great potential to develop advanced electrode
materials in a distinct manner. As an example, interpenetrating
networks consisting of conducting and redox-active polymers
(e.g., polypyrrole and lignosulfonate) have been demonstrated
by Inganas et al. as efficient charge and energy storage materi-
als, which have been developed as an attractive route to
combine the advantages of conducting and redox active
polymers.*®>*8! This non-covalent combination strategy raises
a new platform for the construction of a multifunctional
electrode and allows the application of renewable biopolymers
to produce low cost electrodes with improved safety.

We hope that this review will not only provide readers with a
panoramic view of CRP-based electrode materials for battery
applications, but also inspire researchers to develop more
strategies for the design and synthesis of CRPs or polymer
composites with diverse properties and functions, further
expanding their application in the electrochemical energy
storage field.
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