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Recent Advances p-type Polymeric Electrode Materials towards 
High-Voltage 4.0 V-class Organic Lithium-ion Batteries
Febri Baskoro,*‡a Santosh U. Sharma,‡a Andre Lammiduk Lubis,a Hung-Ju Yen*a,b

Lithium-ion batteries stand at the forefront of energy storage technologies, facilitating the transition towards sustainable 
and electrified systems. To meet the increasing demands for energy density, safety, and longevity, the development of high-
performance electrode materials is paramount. Although inorganic materials have been dominated in the current lithium-
ion battery cathodes, the widely utilized inorganic cathode materials suffer from drawbacks such as limited capacity, high 
energy consumption during production, safety hazards associated with toxic metals (Li, Co, Mn, Ni), and high raw material 
costs due to the limited or localized resource distributions. Alternatively, polymeric materials have been seen and considered 
as a promising candidate to replace conventional inorganic materials, due to their advantages such as abundance and 
environmentally friendly resources, structural diversity, ease of functionalization, fabrication, and recycling, high capacity 
and rate capability, and excellent flexibility. This review article explores the strategic design principles underlying the 
synthesis and optimization of p-type polymeric electrode materials for next-generation 4.0 V-class batteries. Through a 
comprehensive analysis of recent advancements, morphology control, and interface engineering, this review elucidates the 
key strategies employed to achieve high-energy-density electrodes. Additionally, this review discusses the fundamental 
mechanisms governing the electrochemical performance of p-type polymeric electrodes and highlights emerging trends and 
future directions in the field. By integrating insights from materials science, electrochemistry, and engineering, this paper 
provides a roadmap for the rational design and development of p-type polymeric electrode materials towards the realization 
of high-performance 4.0 V-class lithium-ion batteries. 

1. Introduction
In today's fast-paced and interconnected world, lithium-ion 

batteries (LIBs) have emerged as the linchpin of modern society, 
powering a vast array of devices that have become essential to 
our daily lives. From smartphones and laptops to electric 
vehicles (EVs) and renewable energy storage grids, LIBs serve as 
the backbone of our digital economy and the catalyst for the 
transition towards a sustainable energy future.1-3 As the world's 
dependency on LIBs continues to deepen, driven by 
advancements in technology, evolving consumer preferences, 
and global efforts to combat climate change, it becomes 
increasingly imperative to understand their significance, 
challenges, and prospects. However, the reliance on LIBs also 
presents challenges, including the need for improved safety, the 
environmental impact of raw material extraction, and the 
development of effective recycling strategies to manage end-
of-life batteries.4 These challenges must be addressed to ensure 
the sustainable growth of LIB technology. In this regards, 

innovations in battery chemistry, design, and manufacturing 
processes are expected to further improve the energy density, 
safety, and lifecycle of LIBs, contributing to their continued 
importance in a low-carbon future.5

Generally, a conventional LIB cell consists of a positive 
electrode (cathode), negative electrode (anode), and non-
aqueous electrolyte system as well as a separator to prevent 
physical contact between those two electrodes (Fig. 1a). In 
principle, when the battery is being charged, the Li+ moves from 
the cathode to the anode through the electrolyte; vice versa, 
during discharge, the Li+ will move back from the anode to 
cathode and release electrical current. As cathode materials, 
typical Li-intercalated materials, such as LiCoO2 (a lithium metal 
oxide with layered structure), have been widely used as lithium-
ion source. Meanwhile, graphite has been widely utilized as the 
anode material to store Li+ in its layers via intercalation process. 
Notably, both cathode and anode materials should be reversibly 

a. Institute of Chemistry, Academia Sinica, Taipei 115, Taiwan. E-mail: 
febri_baskoro@yahoo.co.id; hjyen@gate.sinica.edu.tw

b.Sustainable Chemical Science and Technology Program, Taiwan International 
Graduate Program (TIGP), Academia Sinica and National Taiwan University, 
Taipei 11529, Taiwan

‡ These authors contributed equally. 

See DOI: 10.1039/x0xx00000x

Page 1 of 47 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

1/
22

/2
02

4 
6:

55
:3

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4TA06028H

mailto:febri_baskoro@yahoo.co.id
mailto:hjyen@gate.sinica.edu.tw
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta06028h


ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Fig. 1 (a) Schematic of a full cell Li-ion battery. (b) Positions of the redox energies relative to the top of the anion: p bands. The top 
of the S2−: 3p band lying at a higher energy limits the cell voltage to <2.5 V with a sulfide cathode. In contrast, the top of the O2−: 
2p band lying at a lower energy enables access to lower-lying energy bands with higher oxidation states and increases the cell 
voltage substantially to ~4 V. Reproduced from ref. 6. (c) Recent cathode materials development for LIBs. (d) The redox behavior 
of organic molecules in electrochemical processes.

inserted and removed the Li+ from its respective structure.7 
Furthermore, since cell voltage is established by the energy 
difference between the anode and cathode, thus, cathode 
energy should lie as low as possible, and the anode must lie as 
high as possible. This implies that cathode materials would 
require the stabilization of higher oxidative states with a lower-
lying energy band, while the anode materials would require the 
stabilization of lower oxidative states with a higher-lying energy 
band.6, 8, 9 The electrolyte is the third component of LIB that 
serves as a medium to transport Li+ ions involved during 
charging/discharging process of the LIBs.10 Although the role of 
electrolytes is often considered trivial, the choice of electrolyte 
system is crucial depending on the compatibility with both 
electrodes.11 Besides the importance and technological 
advancement in the LIB components, development in cathode 
materials has been attracted research interests since it plays 
important role on defining the working potential of LIB cell, thus 
gives significant impact on the energy density of the battery.

1.1 Current-status of cathode materials for LIBs 

Since the cathode materials are key in determining the cells’ 
voltage and, consequently, its energy density, the high-energy-
density batteries require high working potential cathodes, 

paired with anodes that can provide a high specific capacity.2 In 
early study of LIB cathode, Goodenough employed the basic 
understanding that the top of the S2–: 3p band lies at a higher 
energy than the top of the O2–: 2p band to design oxide 
cathodes (Fig. 1b). This means that the access to lower-lying 
energy bands with higher oxidation states such as Co3+/4+ and 
hence the higher cell voltage will be limited by the top of the 
S2–: 3p band and attempts to lower the cathode redox energy 
by accessing higher oxidation states in a sulfide will result in an 
oxidation of S2– ions to molecular disulfide ions (S2)2–. In 
contrast, in an oxide, the cathode redox energy can be 
significantly lowered by accessing lower-lying energy bands 
such as Co3+/4+ and hence the cell voltage can be increased to as 
high as 4 V as the top of the O2–: 2p band lies at a lower energy 
compared to the top of the S2–: 3p band. This basic idea led to 
the discovery of oxide cathodes materials such as layered oxide, 
spinel oxide, and polyanion cathodes.6, 8, 9 
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Fig. 2 (a) Different p-type organic materials along with their average redox voltages. (b) Frontier molecular orbitals (FMOs) relevant 
to the redox reactions of redox-active organic materials. (c) Schematic representation showing a solvated anion and cation within 
the electrolyte. Reproduced from ref. 12.

In general, the most common cathode materials used in 
commercial LIBs are based on transition metal oxides (Fig. 1c), 
such as lithium cobalt oxide (LiCoO2),13 lithium manganese 
oxide (LiMn2O4),14 lithium nickel manganese cobalt oxide 
(LiNiMnCoO2 or NMC),15 and lithium iron phosphate (LiFePO4 or 
LFP).16, 17 However, they suffer from a gradual capacity fade 
during cycling, which is attributed to the dissolution of 
transition metal ions into the electrolyte, leading to the 
accumulation on the electrode thus results a high resistive solid 
electrolyte interphase (SEI) layer on the cathode surface.18, 19 
Furthermore, there are several challenges persist associated 
with the development of inorganic-based cathode materials:20-

23 Firstly, with the increasing demand of high energy density 
batteries, there is a limitation in the theoretical capacity and 
working potential of current inorganic-cathode materials.24 
Secondly,  the high cost of raw materials due to its scarcity and 
environmental burden.6 Furthermore, such complex and high-
temperature synthesis processes are required thus further 

enhance the material cost.25 Thirdly, safety issue associated 
with unstable cathode materials such as LiCoO2, which can pose 
thermal runaway risks at high voltages, potentially leading to 
fires or explosions.26 

Alternatively, organic cathode materials have emerged as 
promising contenders in the pursuit of next-generation energy 
storage solutions (Fig. 1c). Organic materials composed of 
elements such as C, O, N, and S have been recognized as a 
promising alternative to inorganic materials for battery 
electrodes.27 These materials have several advantages, 
including abundance, light weight, and environmental 
benignity.3, 28, 29 They can be used in various types of batteries, 
including metal-ion,30 dual-ion,31, 32 molecular-ion,33 and anion-
shuttle batteries,34 without being limited by the choice of 
counterions. Additionally, the flexible intermolecular packing of 
these materials has the potential to provide higher rate 
capability than that of inorganic materials.3, 28 Most 
importantly, the physicochemical and electrochemical 
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properties of these materials can be easily tailored through 
elaborate molecular design.35 

In general, electroactive organic materials can be broadly 
classified into three categories based on their charge states 
during redox reactions, namely p-type, n-type, and bipolar-type 
(Fig. 1d). As shown in Fig. 1d, the p-type materials undergo 
oxidation from their neutral state, resulting in a positively 
charged state, while n-type materials accept an electron and 
become negatively charged.36 Bipolar-type materials usually 
contain both p- and n-type moiety that can utilize both 
positively and negatively charged states. The specific moiety, or 
redox center, in the organic molecule governs the 
electrochemical response and defines the material type. 
Comparing the organic-based cathode, p-type organic 
electrodes generally have higher redox potentials than that of 
n-type materials due to a lower electron energy level, thus 
results in higher redox potentials.12 Notably, the type of redox 
material should be carefully considered in understanding its 
electrochemical mechanism, as it is sensitive to the nature of 
the anion and cation dissolved in the electrolyte. For example, 
the electrochemical activity of p-type materials is affected by 
the type of anions in the electrolyte. The anions in the 
electrolyte can coordinate with the redox centers of p-type 
materials, influencing their electrochemical behavior.12 
Meanwhile, as n-type materials, the positively charged cations 
(Li+, K+, Na+ etc.) determine their electrochemical behavior such 
as voltage, specific capacity and cyclability.30, 37-39 

Although organic materials offer many benefits as an 
alternative electrode material in LIBs, it still faces some 
challenges that need to be addressed.28 One major hurdle is 
their typically low electronic conductivity, which can limit the 
rate capability and overall performance of the battery.40, 41 
Stability and cyclability are also critical considerations for 
organic cathode materials. Some organic compounds may 
suffer from poor stability over repeated charge-discharge 
cycles, leading to capacity fade and reduced battery life.42 
Additionally, solubility in electrolytes poses a challenge for 
certain organic cathode materials. The dissolution of active 
molecules into the electrolyte can result in capacity loss and 
electrolyte degradation over time.43, 44 In brief, both inorganic 
and organic materials have distinct roles to play as cathode 
materials for LIBs. While inorganic cathodes currently lead in 
commercial applications, ongoing research into organic 
cathodes promises advancements that could lead to more 
sustainable and cost-effective energy storage solutions. 

1.2 Definition of polymeric electrodes 

To improve the stability and cyclability of organic-based 
electrode materials, several approaches have been explored 
such as polymerization,45-47 the use of high-concentration 
electrolytes,48, 49 nanostructures,50-53 and composite formation 
with advanced carbon materials.54-57 Among those approaches, 
polymerization process is considered a significant strategy that 
could solve the dissolution problem and improve the material 
stability of an organic-based electrode in an electrolyte.58-63 
Since then, the definitions of polymeric electrodes in LIBs have 

emerged as type of electrode material made from polymer-
based materials. They are known for their flexibility, 
conductivity, and chemical stability, making them suitable for 
use in various electrochemical devices like batteries and 
capacitors.29 Their design can be easily customized at the 
molecular level to meet specific energy storage requirements. 
Benefiting from organic-based cathode and excellent physical 
properties, polymeric electrodes emerged as one of new class 
of electrode materials to replace traditional inorganic 
electrodes in LIBs. Furthermore, polymeric materials have been 
proven as the active component that can serve as either the 
anode or cathode or both electrodes in a LIBs setup.58, 62-65 
Unlike the small-organic molecules which has a major concern 
on their inherent solubility in organic electrolytes, which limits 
their widespread use and development, the higher molecular 
weight of polymer electrode materials often reduces their 
solubility in organic electrolytes, making them more promising 
candidates for the next generation of LIBs.66 One of unique 
properties of polymer-based electrode is their flexibility, as 
polymeric electrodes can be made into flexible films thus 
opening the way for the flexible batteries. Additionally, 
polymeric materials are generally less expensive than inorganic 
materials, making them a cost-effective alternative.67 
Furthermore, polymeric materials are more environmentally 
friendly than inorganic materials, as they do not require the 
mining and processing of heavy metals. This distinction 
underscores the potential of these polymers as a favorable 
trend in advancing LIB technologies. Despite these advantages, 
polymeric electrodes also face some limitations which need 
room of improvement. One major limitation is their lower 
electrical conductivity compared to inorganic materials. This 
can result in lower charge transfer efficiency and reduced 
battery performance.28 Additionally, polymeric materials 
generally have lower lithium-ion conductivity than inorganic 
materials, which can lead to slower ion transport and reduced 
battery performance.3

Earlier studies have been shown that conducting polymers 
(CPs) such as polythiophene (PTh), polypyrrole (PPy), and 
polyaniline (PANI), can be oxidized by accepting anions, which 
significantly increases their electrical conductivity, and can be 
applied in rechargeable batteries.68-71 However, their use was 
limited due to their low specific capacity and sloppy voltage 
profiles. Furthermore, nitroxide radical polymers, which can 
undergo bipolar-type redox reactions, have also been proposed 
as an alternative organic cathode material.72 These polymers 
can accept an anion or cation, which allows them to undergo 
single-electron oxidation (p-type) or single-electron reduction 
(n-type). However, their low electrical conductivity and high 
solubility made them impractical.73, 74 Since then, many 
researchers have focused on n-type organic electrode 
materials75-78 such benzoquinone,79 anthraquinone,80 
terephthalate,81 and imide53, 82 derivatives. However, the redox 
voltages of these n-type organic materials are typically limited 
below 3.0 V vs. Li/Li+, which is inferior to conventional cathode 
materials due to their redox mechanism (Fig. 1c). 

On the other hand, high redox voltage p-type organic 
materials such as phenazine,83, 84 carbazole,85, 86 and 
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phenylamine87, 88 derivatives are gaining attention for their 
application in LIBs. These materials undergo reversible 
oxidations to form cationic species, which can lead to faster rate 
performance. For example, Phenoxazine (PXZ) based cathodes 
offer a specific capacity of 112 mA h g–1 at 1C with an average 
discharge voltage of 3.7 V vs. Li/Li+ and retain 73% capacity at a 
high rate of 20C.89 Benzo[b]phenazine-based polymer (p-
DPBPZ) displays initial discharge specific capacities of 151 mA h 
g-1, with energy and power densities reaching 537 Wh kg–1 and 
1,965 W kg–1, respectively.90 Furthermore, indole[3,2-b] 
carbazole (DEICZ) shows stable plateaus at high discharge 
potentials of 3.44 V and 4.09 V vs. Li/Li+.91 Moreover, materials 
like those based on extended π-π conjugation of dioxin have 
also been reported to surpass the redox potential limit of 
organic cathode materials, achieving high voltages over 4.1 V.92 
Additionally, on the basis of structural design of polymer 
electrode, we have successfully combined the triphenylamine 
(p-type) and napthalimides (n-type) moieties in a polymer 
backbone, resulting significant increase on specific capacity and 
working voltage up to ~202 mA h g–1 and 4.5 V vs. Li/Li+, 
respectively.62 Furthermore, our studies also found that 
conformational structures (isomerism) and bridge 
functionalization on the imide units impact the electrochemical 
performance of the polymer electrodes by regulating their 
intrinsic properties such as charge storage behavior, ion 
diffusivity, and activation energy.62-64 These examples 
underscore the potential of polymer electrode materials and 
the important of structural design in the polymer structure to 
achieve high energy density and fast charge-discharge rates as 
well as high-voltage ability, making them promising candidates 
for advanced LIBs. In this article, we delve into the cutting-edge 
advancements in designing high-voltage p-type organic cathode 
materials for LIBs. We explore a variety of p-type organic 
materials that have emerged over the last decade, each based 
on distinct redox-active centers. Our discussion encompasses 
their electrochemical attributes, such as redox potentials and 
kinetics, and how these properties influence the overall 
performance of LIBs. By providing a comprehensive overview of 
the progress in p-type organic materials, we aim to highlight 
their potential to revolutionize the design of high-voltage 
polymer-based cathodes for LIBs applications through a 
comparison and contrast of the molecular design strategies 
employed. 

2. Requirement, properties, and the 
challenges of polymer electrodes
2.1 General requirements of LIBs cathode materials 

The cathode plays a pivotal role in LIBs as it serves as both 
the source and the recipient of lithium ions during the charge 
and discharge cycles as well as defining the working potential of 
LIB cells. To ensure optimum performance, several aspects need 
to be considered on designing next-generation cathode 
materials such as:93-95

i. Redox-active ion: The presence of a redox-active ion is 
crucial as it enables the material to undergo reversible 
oxidation and reduction processes during charge and 

discharge cycles. This redox activity allows for the storage 
and release of lithium ions, contributing to the overall 
capacity of the battery. In general, materials with well-
defined redox chemistry can exhibit high energy density 
and excellent cycling stability, making them ideal 
candidates for high-performance battery electrodes.

ii. Reversible lithium reaction: The ability of the material to 
undergo reversible reactions with lithium ions is essential 
for maintaining the integrity of the host structure 
throughout multiple charge and discharge cycles. This 
reversible process ensures that the active material can 
efficiently accommodate and release lithium ions without 
significant structural degradation. Furthermore, a stable 
host structure not only prolongs the cycle life of the 
battery but also helps maintain its energy storage capacity 
over time.

iii. High free energy of reaction: A high free energy reaction 
with lithium ions is desirable as it directly correlates with 
the capacity of the battery electrode material. Materials 
with a high capacity can store a greater number of lithium 
ions per unit mass, leading to enhanced energy storage 
capabilities. Achieving a voltage around 4 V, while 
considering the stability of the electrolyte, is crucial for 
maximizing the energy density of LIBs and meeting the 
demands of high-energy storage applications.

iv. Ionic electrical conductivity: High-power density in LIBs 
relies on rapid kinetics of lithium-ion insertion/extraction 
and fast electronic conductivity within the electrode 
material. Fast lithium diffusion rates and low activation 
energies enable swift ion transport, ensuring efficient 
electrochemical reactions. This facilitates rapid energy 
transfer, ideal for applications such as electric vehicles and 
portable electronics. Additionally, high electrical 
conductivity could minimize resistance and voltage losses 
during electrochemical process thus further enhancing 
overall energy density and efficiency.

v. Structural stability: Maintaining structural stability is 
crucial to prevent mechanical deformation, pulverization, 
or structural collapse of the electrode material during 
prolonged cycling. Structural stability ensures that the 
active material retains its integrity and functionality, 
contributing to the long-term performance and cycle life 
of the battery. Materials with robust structures exhibit 
excellent mechanical strength and resistance to 
degradation, even under extreme operating conditions, 
enhancing the reliability and safety of LIB systems.

vi. Cost-effectiveness and environmental challenges: Cost-
effectiveness and environmental considerations play 
pivotal roles in the development of LIB materials. 
Economically feasible materials not only enable 
widespread adoption by reducing manufacturing costs but 
also contribute to the competitiveness of LIBs in various 
markets, fostering innovation and advancement in battery 
technology. Addressing environmental concerns by 
utilizing non-toxic, recyclable, and sustainably sourced 
materials helps minimize the ecological footprint of 
batteries, aligning with global efforts towards a cleaner 
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and more sustainable future. Furthermore, promoting the 
use of environmentally benign materials encourages the 
development of greener battery technologies, supporting 
the transition to renewable energy systems and reducing 
dependence on finite resources.

2.2 Properties of p-type polymer electrode
The redox potential of a material is a critical factor in 

determining its suitability for use in energy storage devices. The 
redox potential is influenced by the molecular structure of the 
material and the nature of the electrolyte used.96 In the case of 
p-type materials, their redox potential is higher than that of n-
type materials, making them more suitable for use as cathodes 
in energy storage devices (Fig. 2a). At the core of their 
functionality, their conjugated molecular structure, featuring 
alternating single and double bonds along the polymer 
backbone, enables the delocalization of electrons thus 
facilitates the movement of charge carriers through the 
material.97, 98 Furthermore, the p-type polymers offer tunable 
energy levels through chemical modifications which allows 
precise engineering of their electronic properties to match 
specific device requirements.99, 100 Moreover, p-type polymers 
have also been recognized to provide good thermal and 
structural stability, which is essential for withstanding the 
processing and operational conditions of electronic devices.101 
Some p-type polymers could be designed to be air-stable thus 
eliminating the need for stringent inert atmospheres during 
device fabrication.102, 103 Additionally, their high charge carrier 
mobility, compatibility with other materials used in device 
architectures, and relatively low bandgap further contribute to 
their versatility and suitability for a wide range of 
applications.104-106 

Furthermore, in p-type organic cathode materials, the 
performance is significantly affected by factors such as redox 
voltage and energy levels, as well as the impact of counter 
ions.12, 89 The redox potential of p-type organic cathode 
materials is crucial for their electrochemical performance, 
determined by their highest occupied molecular orbital (HOMO) 
energy level (Fig. 2b).12 Therefore, adjusting this HOMO level of 
p-type organic cathode materials through heteroatoms and 
functionalization could further optimize their performance in 
energy storage applications.107 Meanwhile, the counter ions, 
such as BF4

−, PF6
−, FSI−, and TFSI−, also significantly impact p-type 

organic cathode materials’ performance on their charge 
transport properties, ionic conductivity, and ultimately 
effecting their storage capacity and power density (Fig. 2c).108 
Overall, p-type polymers offer a combination of properties that 
make them promising candidates for cathode materials in 
LIBs.12, 109 

2.3 Challenges and limitations
P-type polymers possess unique properties that make them 

attractive for various applications, including energy storage 
such as LIBs. These polymers are characterized by their ability 
to accept and transport charge ions, within their structure. This 
property stems from the presence of electron-deficient units or 
dopants within the polymer backbone. Apart from the 

outstanding properties that have been elaborate in previous 
section, the development of p-type polymers electrode faces 
challenges such as:12, 66, 110-116 
i. Susceptibility to degradation: Since the p-type polymer 

cathode offers high voltage operation, maintaining redox 
reversibility at higher potential becomes critical during 
operation. This high voltage operation coupled with 
electrolyte incompatibility could pose irreversible reactions, 
structural changes or degradation during charge and 
discharge cycles which can result in capacity fading and 
reduced cycling stability. Therefore, enhancing materials 
stability and electrolyte compatibility is required to ensure 
long operation p-type polymer cathode in LIBs.

ii. Low specific capacity: Many p-type polymers exhibit lower 
specific capacities compared to traditional inorganic 
cathode materials due to minimum redox active sites. This 
lower specific capacity limits the energy density of LIBs 
utilizing p-type polymers as cathodes, impacting their 
overall performance and suitability for certain applications. 
Additionally, due to the fact that the p-type polymers 
operate by incorporating anions from the electrolyte during 
electrochemical process, therefore the corresponding 
anions play an important role on the defining specific 
capacity. Furthermore, this anions involvement during 
electrochemical process along with the organic solvent 
instability in the electrolyte at high-voltage (> 4.0 V) could 
result electrolyte degradation and consumption over the 
cycles leading to lower energy density. Consequently, 
providing more redox active sites in the polymer backbone 
through material design and electrolyte optimization is 
essential to enhance the storage.

iii. Minimum rate capability: The rate capability of p-type 
polymers refers to their ability to deliver and accept mobile 
ions at high charge and discharge rates. Some p-type 
polymers may exhibit limited rate capability as a result of 
slow ionic diffusion kinetics due to poor electronic 
conductivity. Hence, enhancing the electronic conductivity 
of p-type polymer cathodes is crucial to provide rapid ion 
mobility during electrochemical process.

iv. Interfacial issues: The interface between the p-type 
polymer cathode and electrolyte plays a crucial role in ion 
transport and overall battery performance. Poor electrolyte 
wetting properties, resistive electrode-electrolyte 
interphase, or unwanted interface reactions significantly 
hinder ion diffusion and consequently decrease battery 
efficiency. Therefore, addressing these interfacial issues is 
essential to improve ion transport kinetics and enhance 
battery performance.

v. Electrode preparation issues: Although polymer-based 
cathodes has minimum solubility in electrolytes, it often 
suffers from aggregation during electrode fabrication thus 
reducing effective surface area for ion transport and 
electrochemical reactions. This problem is worse in high-
mass-loading electrodes, leading to uneven current 
distribution, increased resistance, and reduced capacity. In 
large-scale preparation, low electrical conductivity further 
hinders performance. Therefore, proper solvent selection 
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Fig.3 (a) Two possible isomers of PTPAn, (b) The cyclic voltammetry (CV) curve of PTPAn in 1 M LiPF6 EC/DMC (1:1 v/v) measured 
at a scan rate 1 mV s–1, (c) The Charge–discharge curves of Li–PTPAn test cells at a constant current of 50 mA g–1. Reproduced with 
permission from ref. 117. Copyright 2008 Elsevier. (d) The molecular orbital (HOMO and LUMO) and geometric structure of TPA and 
TDAPTz monomers calculated theoretically by using the DFT calculation at the B3LYP/6-31 g level performed via Gaussian 09. (e) 
CVs of PTDAPTz and PTPAn in 1 M LiPF6 EC/DMC (v/v 1:1) measured at 1 mV s–1 between 1.5 and 4.2 V. (f) Rate performances of 
the PTDAPTz and PTPAn electrodes at various current rates. Reproduced with permission from ref. 118. Copyright 2018 John Wiley 
and Sons.

and structural design are crucial for improving processability. 
Furthermore, adding conductive additives like carbon black, 
nanotubes, or graphene can be introduced to enhance 
electrical and ionic conductivity of the polymer electrode. 

vi. Cost and Scalability: The production cost and scalability of 
p-type polymers are important considerations for their 
practical application in large-scale energy storage systems. 
Polymers with rare or expensive dopants, complex synthesis, 
and low processability may face challenges in cost-effective 
production and scalability, hindering their practical 
application for commercial viability. Therefore, developing 
cost-effective synthesis methods, utilizing abundant and 
sustainable raw materials are essential for realizing the 
widespread adoption of p-type polymer cathodes in LIBs 
and other energy storage devices.

3. Current progress of p-type polymer 
cathode materials
3.1 Polytriphenylamine

As a p-type compound, the structural specificity of the 
polytriphenylamine (PTPA) is recognized from the radical 
nitrogen redox centers that are stabilized by the phenyl groups, 
which facilitates the radical redox reaction and charge-

transporting processes. This structural feature allows for high 
power capability and high energy density at prolonged cycling. 
Additionally, the porous polymer structure with abundant 
interconnected holes due to a rigid phenyl groups, provides 
sufficient surface area and ionic channels for rapid ion 
mobility.119 Additionally, as promising organic cathode material 
for LIBs, the redox activity of PTPA is recognized from 
doped/de-doped process of anionic species on the nitrogen 
radical, providing specific capacity of ~109 mA h g–1.62, 88, 120, 121 
However, some issue related to low theoretical capacity, 
conductivity and processability still hindered PTPA-based 
polymer for practical application. In this regard, Feng and his co-
workers reported a simple PTPA (Fig. 3a) as organic cathode 
material for LIBs.117 The charge-discharge curves of the PTPA 
electrode exhibit an approximately linear relationship between 
voltage and capacity at 4.2 – 3.6 V, resembling an 
electrochemical doped/de-doped process (Fig. 3b). At a 
moderate discharge rate of 0.5 C, the discharge capacity 
reaches 103 mA h g–1, approximately 94% of the theoretical 
capacity of 109 mA h g–1, which is much lower than the 
conventional electrodes Fig. 3c.117 Additionally, to enhance the 
specific capacity, the combination of different redox centers 
could be made to provide more electron transfer thus extend 
their storage capability. In the similar fashion, Chen and 
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colleagues successfully synthesized a novel micro-/mesoporous 
polymer, PTDAPTz, containing triazine units.118 As shown in Fig. 
3d, the energy gap between the lowest unoccupied molecular 
orbital (LUMO) and HOMO of TDAPTz was found to be stronger 
than that of TPA due to the stronger electron-withdrawing 
effect of the triazine unit, resulting in a lower band gap. This 
characteristic reflected in their electrochemical response as the 
redox peaks of triphenylamine units in PTDAPTz shifted towards 
higher potential than that of PTPAn (Fig. 3e) due to electron-
withdrawing effect of the triazine units, thus decreased electron 
cloud density nearby nitrogen atom of triphenylamine and 
resulting it difficult to the gain and loss of the radical electron. 
This unique feature led to improved cell performance as shown 
in Fig. 3f. Furthermore, higher free radical density of PTPA 
organic cathode, PTDATA, has been synthesized to enhance 
specific capacity via multiple electron transfer.121 As shown in 
Fig. 4a, the PTDATA exhibited multiple redox peaks than that of 
PTPA cathode. These multiple peaks of PTDATA could be 
associated with the four free radical center structure in the 
TDATA unit of PTDATA, which undergoes the four-electron 
transfer reaction during the charge-discharge process. These 
multiple electrons transfer successfully improved the cycling 
performance of PTDATA cathode with initial capacity of ~131 
mA h g–1, and maintained at 98 mA h g–1 after 100 cycles at 
current density of 20 mA g–1 (Fig. 4b).

Moreover, different strategies such as formation of 
hyperbranched and microporous PTPA polymer have also been 
applied to further improve the processability and structural 
stability.122, 123  Yamamoto, et. al. reported that hyperbranched 
phenylamine-based (PHTPA), prepared by Buchwald−Hartwig 
reaction (C−N coupling), exhibits high processability and 
delivered ultrafast charge-discharge process (Fig. 4c).122 The 
high processability is proven as the PHTPA could easily dissolved 
in most of organic solvent such as N-methyl-2-pyrrolidone 
(NMP), THF, chloroform, and toluene even though the polymer 
has all aromatic structures. Meanwhile, it remains insoluble in 
electrolyte solution of 1 M LiPF6 EC:DEC (30:70), indicating that 
PHTPA can be applied to LIBs. Furthermore, PHTPA cathode 
delivered stable specific capacity of ~60 and ~40 mA h g–1 at 20 
and 100 C rate, respectively, up to 5000 cycles (Fig. 4c), 
demonstrating ultralong stability and ultrafast charge-discharge 
ability due to formation microspheres morphology of the 
hyperbranched polymer.122 Additionally, a star-shaped 
triphenylamine-based monomer with the benzene core has 
been prepared to form conjugated microporous polymer 
poly[1,3,5-tris(4-diphenylamino-phenyl)benzene] (PTTPAB) by 
chemical oxidative polymerization (Fig. 4d).123 This study found 
that the microporous structure is beneficial on providing fast 
ion transport thus significantly improve its rate capability. As 
depicted in Fig. 4e, the PTTPAB cathode delivered specific 
capacity of ~80 mA h g–1 without significant capacity dropped as 
the current density increased up to 500 mA g–1.

In addition, copolymer formation has also been introduced 
in PTPA organic cathode to improve the specific capacity. For 
instance, a novel conjugated radical copolymer, 
poly(triphenylamine-co-N,N'-bis(4-carbamoyl-2,2,5,5-
tetramethyl-pyrrolin-1-oxyl)-N,N' diphenyl-1,4-

phenylenediamine) (P(TPA-co-DDP-PROXYL)), has been 
synthesized through chemical oxidative polymerization and 
utilized as a cathode material.124 This polymer incorporates 
both a crosslinking conjugated backbone and PROXYL nitroxide 
radical side chains. As shown in Fig. 4f, the presence of 
triphenylamine and nitroxide radicals within the polymeric 
backbone is expected to provide numerous active sites to 
improve the specific capacity. In this regard, series of redox 
couples can be monitored on the CV profile of P(TPA-co-DDP-
PROXYL) at potential window of 2.5 – 4.2 V vs. Li/Li+ (Fig. 4g). 
The two pairs of reversible redox peaks at 3.73/3.78 V (R1/O1)  
and 3.6/3.64 V (R2/O2), respectively, correspond to the para-
substitution and meta-substitution redox reactions of the 
triphenylamine unit, while R3/O3 (3.37/3.39 V) redox couple 
associated with transition from nitroxide radicals to the 
oxoammonium cations.124 The resulting P(TPA-co-DDP-
PROXYL) cathode material exhibited superb electrochemical 
performance and an ultralong cycle life with 72% capacity 
retention at 2000 mA g–1 over 3000 cycles (Fig. 4h).124 This 
ultralong stability could be attributed to the rigid molecular 
structure and exceptional resistance when immersed in the 
electrolyte for extended periods. Moreover, Table 1 
summarizes recent development of phenylamine-based 
cathode for organic LIBs. Overall, the phenylamine-based 
electrodes have been explored and demonstrated superior 
high-rate capability, cycling stability, and energy density, 
making it a promising cathode material for next-generation 
organic LIBs operated at high voltage. 

3.2 Thioether polymers
Organosulfur compounds have been recognized as potential 

cathode materials for LIBs due to their high theoretical 
capacities (1675 mA h g–1) and energy densities, (2600 Wh kg–1) 
via reversible formation/deformation of S-S bond formation.29 
However, despite its abundance and low cost, the challenges 
such as its non-conductivity and the polysulfide shuttle effect 
limit its practical use.125, 126 Although organosulfur cathodes 
with diverse macromolecular structures could offer an 
improvement on its stability and kinetics, some issues 
associated with S-S bond recovery appeared thus impacting its 
cycling stability.127-129 Alternatively, thioether polymers with a 
distinct from organosulfur compounds containing single S-S 
bonds offer a different redox mechanism, involving the loss of 
electrons and formation of stable oxidation states.130 This 
characteristic makes them potential candidates for cathodes 
with high voltage outputs, corresponding to the intercalation of 
anions (ClO4

–, PF6
–, BF4

–, and TFSI–).131, 132 Additionally, the 
charge storage mechanism of thioether polymers differs from 
the organosulfur polymers, as it does not involve chain breaking, 
potentially leading to higher cyclability.133 Over the past 
decades, numerous polymeric organosulfide materials have 
been developed, categorized into four types: main-chain-type, 
side-chain-type, polysulfides with -Sx- groups where x > 2, and 
thioether-type organosulfur polymers.126 Ren et al. synthesized 
two polyacetylene derivatives, P1 and P2, containing pendant 
thianthrene groups through polymerization using [(2,5-
norbornadiene)RhCl]2/Et3N catalyst with thianthrene-1-

Page 8 of 47Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

1/
22

/2
02

4 
6:

55
:3

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4TA06028H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta06028h


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9

Please do not adjust margins

Please do not adjust margins

Fig.4 (a) and (b) CV at scan rate of 1 mV s–1 and cycling performance under 20 mA g–1 current density of PTDATA cathode, 
respectively. Reproduced with permission from ref. 121. Copyright 2017 Royal Society of Chemistry. (c) Chemical structure and 
cycling performance of hyperbranched PHTPA cathode under high current rate. Reproduced with permission from ref. 122. 
Copyright 2018 American Chemical Society. (d) and (e) Chemical structure and rate performance of microporous PTTPAB cathode. 
Reproduced with permission from ref. 123. Copyright 2018 Elsevier. (f) Schematic electrochemical reaction mechanism of P(TPA-
co-DDP–PROXYL). (g) and (h) CV curve at a scan rate of 0.5 mV s–1 and long cycling performance of P(TPA-co-DDP–PROXYL) at 500 
mA g–1. Reproduced with permission from ref. 124. Copyright 2022 Royal Society of Chemistry.

ylmethyl 4-ethynylbenzoate (M1) or bis(thianthrene-1-
ylmethyl)-4-ethynylphthalate (M2) as shown in Fig. 5a.134 Both 
P1 and P2 exhibited reversible redox activity with a high 
oxidation potential of 4.16 V vs. Li/Li+ due to the presence of p-
type thioethers groups.134 Notably, P2 showed a higher specific 
capacity of 100 mA h g–1 compared to P1 (33 mA h g–1) (Fig. 5b 
and c), attributed to the more active units within the P2 
molecule. Moreover, adopting the same redox behavior, Vaid et 
al. reported a polythianthrene cathode with an impressive 
working potential up to 4.1 V vs. Li/Li+, which is comparable to 
inorganic cathodes.135 

Additionally, Misaki et. al. demonstrated tris-fused 
tetrathiafulvalene (TTF) analogues, including unsubstituted- 
and bis(ethylenedioxy) derivatives as cathode LIB (Fig. 5d and 
5e).136 As shown in Fig. 5d and 5e, these compounds delivered 
voltage window up to 3.6 V with high capacity of 192 and 160 
mA h g–1. These distinct electrochemical performances were 
associated with the typical p-type reaction mechanism and six-
electron electron transfer as illustrated in Fig. 5f. However, 

these materials suffered from rapid capacity decay in the initial 
cycles, indicating the need to address poor cycling stability (Fig. 
5d and 5e). Furthermore, inspired from polymer as presented 
in Fig. 5g (i and ii), polyphenyls with dithiolane moieties, Fig. 5g 
(iii) have been prepared and shown promising stability and a 
stable capacity of up to 300 mA h g–1.137, 138 However, these 
materials often exhibit large polarization due to their low 
conductivity, thus limiting their stability. Moreover, the 
incorporation of two sulfur atoms into a six-membered ring, as 
seen in thianthrene, results in exceptional stability.139 
Thianthrene-based polymers can lose two electrons alongside 
the intercalation of anions, leading to a high discharge plateau 
around 4.0 V without significant overpotential.31 The (iv) 
polymer exhibited highly reversible charge-discharge curves at 
4.05 V for charging and 3.95 V for discharging, with a capacity 
of 105 mA h g–1 after the first cycle and 81% capacity retention 
after 250 cycles.31  Taking the similar strategy, Schubert et al. 
utilized 1,3-dithiane in a five-membered ring polymer and 
resulted in a discharge potential of 
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Table 1. Summarizes recent development of PTPA-based cathode for organic LIBs .

No. Polymer Material Chemical structure Electrolyte
Voltage

(V) vs. Li/Li+
Capacity

(mA h g–1)
Current Applied Ref.

Phenylamine-based cathodes
1 PDPA 1 M LiPF6 in EC/DMC (1:1, 

v/v)
2.5 – 4.5 116 0.1 A g–1 140

2 PTPA 1 M LiPF6 in EC/DMC (1:1, 
v/v)

2.5 – 4.2 69.7 0.05 A g–1 141

4 PDPA-AQ 1 M LiPF6 in EC/DMC (1:1, 
v/v)

1.5 – 4.5 159 0.1 C 142

PTPAn 100.45

PTPA-CN

1 M LiPF6 in EC/DMC (1:1, 
v/v)

2.5 – 4.2

85.4

0.02 A g–1 143
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No. Polymer Material Chemical structure Electrolyte
Voltage

(V) vs. Li/Li+
Capacity

(mA h g–1)
Current Applied Ref.

6 poly(4-
cyano)triphenylamine

1 M LiPF6 in EC/DMC/EMC 
(1:1:1, v/v/v)

3.0 –  4.2 75 0.08 A g–1 144

7 PDDP 1 M LiPF6 in EC/DMC (1:1, 
v/v)

2.5 – 4.2 110.6 0.02 A g–1 88

8 PTPA 1 M LiPF6 in EC/DMC (1:1, 
v/v)

2.5 – 4.2 80 0.02 A g–1 88

9 PFTP 1 M LiPF6 in EC/DMC (1:1, 
v/v)

2.5 – 4.2 74.2 0.02 A g–1 145

10 PTPA-PO 1 M LiPF6 in EC/DEC (1:1, 
v/v)

2.0 –  4.2 134.5 0.02 A g–1 146
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No. Polymer Material Chemical structure Electrolyte
Voltage

(V) vs. Li/Li+
Capacity

(mA h g–1)
Current Applied Ref.

PTPA-CNT 103.111

PTPO-CNT

1 M LiPF6 in EC/DMC (1:1, 
v/v)

2 – 4.2

128

0.02 A g–1 147

12 PTTPAB 1 M LiPF6 in EC/DMC/DEC 
(1:1:1, v/v/v)

2.5 – 4.2 86.5 0.02 A g–1 123

13 PHTPA 1 M LiPF6 in EC/DEC (3:7, 
v/v)

2.8 – 4.0 60 20 C
(1 C = 0.06 A g–1)

122
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No. Polymer Material Chemical structure Electrolyte
Voltage

(V) vs. Li/Li+
Capacity

(mA h g–1)
Current Applied Ref.

14 PTDAPTz 1 M LiPF6 in EC/DMC (1:1, 
v/v)

1.5 – 4.2 123 0.02 A g–1 118

15 YPTPA

 

1 M LiPF6 in EC/DMC (1:1, 
v/v)

2.5 – 4.2 100 0.1 A g–1 87
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Fig.5 (a) Chemical structure of polyacetylene derivatives containing thioether-based cathode, namely P1 and P2. (b) and (c) The 
charge-discharge profiles of thioether-based cathode P1 and P2. Reproduced with permission from ref. 148. Copyright 2020 Elsevier. 
(d) and (e) The charge-discharge profile and chemical structure of tetrathiafulvalenes (TTFs) based cathode 3a and 3d, respectively. 
(f) Possible redox reaction of TTFs-based cathode. Reproduced with permission from ref. 149. Copyright 2019 John Wiley and Sons. 
(g) Examples of representative p-type organosulfur polymers. Reproduced with permission from ref. 130.

about 3.2 V, where the charge storage mechanism involved 
anion intercalation (Fig. 5g (v)).150 These findings highlight the 
potential of p-type thioether-based cathodes for high-potential 
LIBs, offering improved capacity, voltage, and cycle stability. 
Furthermore, Table 2 provides the recent trends of thioether-
based cathode for organic LIBs.

3.3 Dihydrophenazine-based polymer 
In the preceding section, we explored how organic 

electrodes derived from triphenylamine-based polymer exhibit 
notably high redox potentials, though their specific capacities 
typically range around 100 mA h g–1. This restriction arises from 
the fact that the triphenylamine unit tends to undergo a single-
electron redox reaction, depending solely on a single nitrogen 
heteroatomic redox center on their polymer backbone. To 
overcome this limitation, recent studies have focused on 
developing p-type organic electrodes that are capable of multi-
electron redox reactions to achieve higher capacities. In this 
regard, dihydrophenazine and its derivatives have been 

explored as a new alternative p-type polymer with multi-
electron redox reaction. These organic electrodes feature two 
heteroatomic redox centers (N, S, O) in the core six-membered 
ring, fused by two respective benzene rings, allowing for two 
single-electron redox reactions and a significantly higher 
theoretical specific capacity (~270 mA h g–1) than that of 
triphenylamine-based electrodes. The redox potentials of these 
phenazines range from 3.1 to 4.2 V vs. Li/Li+ based on the 
electron-donating/withdrawing strength of the heteroatoms. 

Among phenazines, N,N’-substituted phenazine derivatives 
have captured interest due to their ability to undergo two 
successive one-electron transfer reactions, categorizing them 
as p-type molecules with higher redox potentials.151 As shown 
in Fig. 6a, the reversibility of these electron transfer reactions 
depends on the substituted groups on the two N atoms. A 
significant challenge in applying polymeric materials lies in their 
insufficient electrical and/or ionic conductivity, especially for 
those employing an anion-exchange mechanism.23, 152-154  
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Fig.6 (a) Chemical structure and redox mechanism of N,N’-substituted phenazine derivatives. Reproduced with permission from 
ref. 84. Copyright 2019 Elsevier. (b) Schematic demonstration of enhancing power density by decreasing the rigidity of polymer 
chains. (c) Proposed polymers with variable chain rigidity based on DPPZ.  (d) CV profiles of p-DPPZR1, p-DPPZR2, and p-DPPZR3 
cells at sweeping rates of 0.2, 0.4, 0.6, 0.8, and 1 mV s–1. (e) Typical charge/discharge profiles of p-DPPZR1, p-DPPZR2, and p-
DPPZR3 at 1C rate. Reproduced with permission from ref. 155. Copyright 2019 Royal Society of Chemistry. (f) CV profiles of poly(Ph-
PZ) at 0.25 mV s–1 in Li metal half cells. (g) Rate capability of poly(Ph-PZ)-based cathode. Reproduced with permission from ref. 156. 
Copyright 2021 Royal Society of Chemistry. (h) Redox mechanism and DFT calculation of TPZB cathode. Reproduced with 
permission from ref. 157. Copyright 2020 American Chemical Society.

In this regards, Niu and colleagues have explored 
manipulating the rigidity of polymer chains to alter ion diffusion 
behavior in polymeric materials.155 The study reveals that 
introducing a suitable twisted group in the phenazine-based 
polymer significantly enhances the ionic diffusion coefficient, 
leading to improved power densities despite lower surface area 
and electrical conductivity.158 This approach emphasized on the 
different structural packing of the polymer chains, where rigid 
chains often hinder ion diffusion through polymer chain due to 
increased activation energy, while more elastic chains could 
accelerate ion diffusion via formation of an amorphous phase 
(Fig. 6b).159, 160 To validate this approach, three polymers based 
on redox-active N,N’-diphenyl-5,10-dihydrophenazine (DPPZ) 
have been synthesized with varying chain rigidities, namely: p-
DPPZR1 (-CH2- bridging), p-DPPZR2 (-CH=CH- trans-isomer), and 
p-DPPZR3 (-C≡C-) (Fig. 6c).155 As shown Fig. 6d, two pairs of 
redox peaks can be observed, corresponding to the two 
successive two-steps of one-electron redox reactions of DPPZ. 
In term of specific capacity,  p-DPPZR1 delivered a specific 
capacity of approximately 145.9 mA h g–1 (Fig. 6e), surpassing p-
DPPZR2 (112.1 mA h g–1) and p-DPPZR3 (93.7 mA h g–1).155 

Additionally, to address the limitations posed by strong π–π 
interactions narrowing the internal free volume, Gannet et al. 
developed a network polymer of PZ by incorporating a 
phenylene linker (Ph) with three points of connectivity as shown 
in Fig. 6f.156 This modification aimed to enhance the rate 
performance of the polymer system. Among the copolymers, 
poly(135Ph-PZ)-50 demonstrated the highest performance due 
to its optimal characteristics shown by redox reactions from 
cyclic voltammetry (Fig. 6f). The polymer electrode achieved a 
specific capacity of up to 135 mA h g–1 at 1.0 A g–1, retaining 65% 
of the low-rate capacity at a high rate of 16 A g–1 (Fig. 6g).156 
Furthermore, the optimized geometries of poly(1,3,5-tris(10-(4-
vinylphenyl)phenazin-5(10H)-yl)benzene) (TPZB) at 0, +3, and 
+6 valence states were investigated, revealing a twist angle 
formed by the dihydrophenazine group with a centered 
benzene ring, creating storage space for PF6

– ions resembling 
piers (Fig. 6h).157 This configuration facilitates their diffusion 
and intercalation/deintercalation. The calculation of iso-
chemical shielding surfaces (ICSSs) further explored the 
aromaticity of the redox intermediates and their impact on 
electrode performance (Fig. 6h).157
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Fig.7 (a) Schematic representation of the redox processes in PVMPT cathode. (b) Cyclic voltammograms of PVMPT in solution (1 
mM in CH2Cl2, 0.1 M n-Bu4NPF6, glassy carbon working electrode). Reproduced with permission from ref. 161. Copyright 2017 Royal 
Society of Chemistry. (c) Chemical structure and rate performance of PVMPO cathode. (c) Chemical structure and rate performance 
of X-PVMPO cathode. Reproduced with permission from ref. 162. Copyright 2020 American Chemical Society.

Additionally, substituting one of the N atoms with S or O 
atom in the phenazine ring would results into further two types 
of redox active compounds known as phenothiazine and 
phenoxazine, respectively. This substitutions have been 
reported increase in the redox potential phenazine-based 
cathode, due to the weaker electron-donating strength. For 
instance,  Kolek et al. introduced a phenothiaine (PTZ) -based 
polymer cathode, PVMPT, where N-methylated PTZ (MPT) units 
were attached to a vinyl backbone as pendant groups.161 In this 
study, each MPT unit underwent two single-electron oxidations 
sequentially at 3.44 V (from the neutral state A to the radical 
cation state C) and 4.18 V vs. Li/Li+ (to the di-cationic state D), 
respectively (Fig. 7a). Interestingly, as shown in Fig. 7b, the 
oxidation of PVMPT resulted in strong π–π interactions 
between neighboring MPT dimers, leading to the formation of 
the intermediate oxidation state at potentials of 3.44 and 4.18 
V vs. Li/Li+. Upon oxidation, the PTZ units in PVMPT could 
associate intra- or intermolecularly, stabilizing the oxidized 
states B and C as depicted in Fig. 7b. These interactions became 
evident in the CV curves measured at a slow scan rate (20 mV s–

1), where the second cathodic peak, corresponding to the 
reduction of the radical cation to the neutral species (C → A), 
split into two peaks separated by 95 mV.161 

Furthermore, phenoxazine (PXZ), a phenazine derivatives, 
features an oxygen/nitrogen pair in its core ring has been 
explored for cathode LIBs.163 Otteny et al. replaced the MPT unit 
in the PVMPT polymer with N-methylphenoxazine (MPO) to 
create a poly(3-vinyl-N-methylphenoxazine) (PVMPO) polymer 
(Fig. 7c).162 Similar electrochemical behavior with PVMPT, the 
PVMPO electrode exhibited two single-electron oxidation 
reactions at 3.35 and 4.22 V vs. Li/Li+, although the second 
reaction was not entirely reversible. Notably, PVMPO displayed 
inferior cycle stability due to the lack of π–π interactions 
between the MPO dimers than that of PVMPT. Additionally, the 
cross-linked formation of PVMPO to form X-PVMPO polymer 
(Fig. 7d) effectively enhanced cycle stability by preventing 
dissolution.161, 164 This strategy has significantly improved the 
cycling and rate capability performance of PXZ-based polymers. 
In addition, Table 3 illustrates the recent development of 
phenazine-based cathode for organic LIBs.
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Table 2. Summarizes recent development of thioether-based cathode for organic LIBs.

No. Polymer Material Chemical structure Electrolyte
Voltage

(V) vs. Li/Li+
Capacity

(mA h g–1)
Current Applied Ref.

Thioether-based polymers
1 PPPS-14 1 M LiTFSI in 

DOL/DME (1:1 v/v)
1.8 – 3.0 382.5 1 C

(1 C = 0.622 A g–1)

165

2 Crosslinked 
polybenzenehexasulfid

e

1 M LiTFSI in 
DOL/DME (1:1 v/v)

0.75 – 3.2 150 0.1 C 166

3 PBDTD 1 M LiClO4 in 
DOL/DME (1:1 v/v)

1.9 – 3.2 180 5C
(1 C = 0.214 A g–1)

167

4 PVBDT 1 M LiClO4 in EC/DMC 
(1:1 v/v)

1.5 – 3.25 116 1 C 168

5 PPTS 1 M LiTFSI in 
DOL/DME (1:1 v/v) 
with 0.2 M LiNO3

1.8 – 3.0 633 1 C
(1 C = 0.778 A g–1)

169

6 PBTTS 1 M LiTFSI in 
DOL/DME (1:1 v/v) 
with 0.2 M LiNO3

1.8 – 3.0 616.6 0.1 C
(1 C = 0.901 A g–1)

170

7 PEHS 1 M LiTFSI in 
DOL/DME (1:1 v/v) 
with 0.2 M LiNO3

1.8 – 3.0 774 1 C
(1 C = 1.217 A g–1)

171
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No. Polymer Material Chemical structure Electrolyte
Voltage

(V) vs. Li/Li+
Capacity

(mA h g–1)
Current Applied Ref.

8 S-BOP 1 M LiTFSI in 
DIOX/TEGDME 
(0.67:0.33 v/v) with 
0.2 M LiNO3

1.7 – 2.7 630 1 C
(1 C = 0.72 A g–1)

172

9 S-TTCA 1 M LiTFSI in 
DIOX/TEGDME 
(0.67:0.33 v/v) with 
0.2 M LiNO3

1.7 – 2.7 813  0.2 C
(1 C = 1.675 A g–1)

173

10 CP(S3BT) 1 M LiTFSI in 
DOL/DME (1:1 v/v) 
with 0.1 M LiNO3

1.5 – 3.0 682 1 C 174
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Table 3. Summarizes recent development of phenazine-based cathode for organic LIBs.

No. Polymer Material Chemical structure Electrolyte
Voltage

(V) vs. Li/Li+
Capacity

(mA h g–1)
Current Applied Ref.

Dihydrophenazine-based polymer
1 p-DPPZ 1 M LiPF6 in EC/DEC 

(1:1, v/v)
2.5 – 4.5 150 0.25 C

(1 C = 0.209 A g–1)

84

2 p-DPPZS 1 M LiPF6 EC/DEC 2.9 – 4.3 133 5 C
(1 C = 0.147 A g–1)

175

p-DPPZR-1 140 1 C
(1 C = 0.153 A g–1)

p-DPPZR-2 102 1 C
(1 C = 0.148 A g–1)

3

p-DPPZR-3

1 M LiPF6 in EC/DEC 
(1:1, v/v)

2.5 – 4.3

88 1 C
(1 C = 0.149 A g–1)

155

poly(135Ph-PZ) 1584

poly(135Ph-PZ)-X

1 M LiPF6 in EC/DEC 
(1:1, v/v)

2.6 – 4.5

180

1 A g–1 156

5 poly(Ph-PZ) 1 M LiPF6 in EC/DEC 
(1:1, v/v)

1.5 – 4.3 209 5 C 176
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No. Polymer Material Chemical structure Electrolyte
Voltage

(V) vs. Li/Li+
Capacity

(mA h g–1)
Current Applied Ref.

6 PBEMP 1 M LiPF6 in EC/DEC 
(1:1, v/v)

2 – 4.5 101 1 A g–1 177

p-TPPZ 171.97

p-DPPZ

1 M LiPF6 in EC/DEC 
(1:1, v/v)

2.5 – 4.5

169.7

0.5 C
(1 C = 0.233 A g–1)

178

PDPAPZ 107 8

PPTZPZ

1 M LiPF6 in 
EC/DMC

2.5 – 4.2

83

0.1 A g–1 179

9 p-TPZB 1 M LiPF6

in EC/DEC (1:1, v/v)
2.5 – 4.5 145 2 C 157

10 CPP 1 M LiPF6

in EC/DEC (1:1, v/v)
2.5 – 4.2 184 0.2 A g–1 180
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No. Polymer Material Chemical structure Electrolyte
Voltage

(V) vs. Li/Li+
Capacity

(mA h g–1)
Current Applied Ref.

NCPP 149

R = Me , PMPPZ 9911

R = H , PMPEZ R = Me , PMPPZ
R = H , PMPEZ

1 M LiPF6

in EC/DMC (1:1, v/v)
1.5 – 4.2

130

0.2 A g–1 181

12 HAT 1 M LiPF6 in 
EC/DMC (1:1, v/v)

1.0 – 3.5 99 10 A g–1 182

13 N2-HATN LiCF3SO3 in G4 1.2 – 4.0 183 0.5 A g–1 183
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Fig.8 (a) Redox mechanism of Thianthrene (TT) and Dibenzodioxin (DD). Chemical structure and cyclic voltammogram of TT-
substituted polynorbornenes (b) P1, (c) P2, and (d) P3, respectively.  Reproduced with permission from ref.139. Copyright 2015 
Royal Society of Chemistry. (e) Schematic illustration of the synthesis and (f) Crystallographically determined solid-state structure 
of hyperjunction 3D-DD cathode. (g) Cyclic voltammograms and the design scheme of DMPZ, TT, and DD. (h) Charge–discharge 
profiles of 3D-DD. Inset figure shows MEP maps of 3D-DD and [3D-DD]+ showing charge delocalization over the three blade 
components. Reproduced with permission from ref.92. Copyright 2023 Royal Society of Chemistry. (i) Rate capability of DD-TCNQ 
cathode. (j) Redox mechanism of DD-TCNQ cathode. Reproduced with permission from ref.184. Copyright 2019 Elsevier.

3.4 Thianthrene and dibenzodioxin
Sharing the similar foundational structure with phenazine-

based cathode, thianthrene (TT) and dibenzodioxin (DD) have 
been considered as next-generation high-voltage cathodes for 
LIBs by replacing nitrogen atoms with sulfur atom (TT) and 
oxygen atom (DD) that resulting redox reaction at higher 
voltage ~4.1 V.  These heteroatoms play a vital role by providing 
multiple redox-active sites, enabling the essential multi-
electron transfer reactions necessary for efficient charge and 
discharge processes in batteries. This characteristic is 
fundamental for achieving high specific capacities and ensuring 
stable cycling performance, making both compounds highly 
attractive candidates for high-energy-density LIBs. A notable 
difference between TT and DD lies in the specific heteroatoms 
incorporated into their molecular structures. As shown in Fig. 
8a, the redox mechanism of TT- and DD-based molecules 
demonstrates how each unit accommodates a single electron 
transfer reaction. Recently, Speer and colleagues reported on 

three norbornene polymers, namely P1 – P3, featuring one or 
two TT pendant groups as organic cathodes (Fig. 8b - d).139 
During CV measurement, the first oxidation of the polymers 
showed a high redox potential (~4.1 V vs. Li/Li+), but the second 
one was irreversible for P2 polymer (Fig. 8b). With only one 
electron utilized during electrochemical process, it limits their 
theoretical specific capacity to 73 mA h g–1 and practically 
delivered a specific capacity of ~66 mA h g–1, accounting for 
almost 90% of the total specific capacity. However, rapid decay 
over 100 cycles was observed due to irreversible anion 
intercalation (Fig. 8c). Importantly, the P1 electrode still 
delivered a specific energy of 274 Wh kg–1, highlighting its 
potential for high potential and high energy materials. Recently, 
Wild and his group developed an all-organic battery consisting 
of poly(2-vinylthianthrene) cathode and poly(2-
methacrylamide-TCAQ) anode.185 
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Fig.9 (a) Galvanostatic charge-discharge profile of full-cell PBPy. Reproduced with permission from ref.186. Copyright 2015 Springer 
Nature. (b) Chemical structure and (c) cycling performance under 50 mA g–1 in 1 M LiPF6 EC:DEC electrolyte (voltage window of 1.4 
– 3.1 V) of poly(butyl viologen)-based cathode. Reproduced with permission from ref.187. Copyright 2022 Elsevier. (d) Chemical 
structures of viologen-based ionic polymers PVBVEtX2 (X = PF6

−, Br− or I−). (e) and (f) CV curves at 0.1 mV s–1 scan rate and cycling 
performance under 0.1 A g–1 current density of PVBVEt(PF6)2, PVBVEtBr2, and PVBVEtI2 electrodes. Reproduced with permission 
from ref.188. Copyright 2022 Royal Society of Chemistry. (g) An overview on preparation of poly-viologen/rGO composite electrode, 
(PV1@rGO)@CC. (h) Chronopotentiometric measurements of (PV1@rGO)@GC in 3 M KCl/H2O at cutoff voltages of 0.3 − 0.8 V, at 
rate of 5 A g–1. Reproduced with permission from ref.189. Copyright 2017 American Chemical Society.

The cathode material of poly(2-vinylthianthrene) displays a 
discharging plateau at 3.95 V vs. Li/Li+ and a discharge capacity 
of 105 mA h g–1, corresponding to a specific energy of about 415 
mWh g–1.

Despite the remarkable cell potential, DD-based cells suffer 
from severe capacity loss reaching almost 50% during the first 
10 cycles, due to the high solubility of DD molecules in 
carbonate-based electrolytes system. In early investigation of 
DD-based cathode,  Lee and group devised a modification 
strategy for the low-solubility DD analogue using a rigid 
iptycene scaffold to maximize intermolecular interactions and 
form 3D-DD design incorporates with three DD(CN)2 units 

supported by the iptycene scaffold via facile nucleophilic 
aromatic substitution reactions (Fig. 8e).92 Methyl-substituted 
quaternary carbon centers at the bridgehead positions prevent 
C-H activation reactions during the redox cycle. The stacked 3D-
DD structures are reported to form a complex structure by 
accommodating large lattice deformation through sliding 
motions of neighboring π-faces (Fig. 8f). Fig. 8g shows voltage 
distribution of phenazine derivatives. As depicted in Fig. 8g, it 
shows that the DD electrode (blue line) displays a redox peak at 
around 1.1 V vs. Ag/Ag+, which is much higher than that of PNZ 
(orange line) or thianthrene (TT) (green line).83, 185 Notably, the 
increase in the redox potential of DD molecules was achieved 
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without the addition of any redox-inactive functional groups, 
which generally accompany the reduction in the specific 
capacity.190, 191 Consequently, when oxygen atoms were 
introduced in the core structure, it has shown a remarkable 
increase in the cell potential (4.1 V) against lithium and in turn 
delivering a discharge capacity of 90 mA h g–1 at 50 mA g–1 (Fig. 
8h).92 Besides formation of complex structure, different 
approach has also been made by incorporating conductive 
molecules. In this regards, Lee et al. synthesized a charge-
transfer complex by combining DD with 
tetracyanoquinodimethane (TCNQ).184 This DD–TCNQ complex 
demonstrated decreased solubility compared to pristine DD 
and TCNQ molecules, attributed to robust π–π interactions and 
Coulombic attraction between their layers. Consequently, the 
DD–TCNQ electrode achieved a specific capacity of 
approximately 170 mA h g–1 at 50 mA g–1 within the voltage 
range of 2.6 – 4.2 V (Fig. 8i). Spectroscopic analysis unveiled that 
DD undergoes a single-electron redox reaction above the 4 V 
region, while TCNQ undergoes a two-electron redox reaction 
below the 4 V region during battery cycling. Throughout the 
charge and discharge process, it's hypothesized that the initial 
DD–TCNQ state transitions into DD–LiTCNQ, DD–Li2TCNQ, and 
DD+–TCNQ (Fig. 8j). Their shared capability for multi-electron 
transfer reactions, coupled with the distinct advantages offered 
by their respective heteroatoms, underscores their potential for 
next-generation high-voltage cathodes. In brief, besides the TT 
and DD-based compounds capability of providing higher redox 
activity > 4.0 V, addressing related issue of high solubility due to 
solvent interaction and side reaction associate with C-S-C bond 
cleavage during the cycling could pave the way of its practical 
application as LIBs cathode with enhanced energy density, 
extended cycle life, and improved overall performance. 
Moreover, Table 4 present the recent advance of TT and DD-
based cathode for organic LIBs.

3.5 Polyviologen 
Polyviologens, also known as poly(4,4'-bipyridinium) 

compounds, are a class of organic materials that have gained 
significant attention for their potential applications in high-
performance LIBs.192-194 These materials as cathode LIBs are 
characterized by their unique redox-active viologen units, which 
consist of anion doped/de-doped process on the two nitrogen-
containing pyridinium rings connected by a conjugated bridge 
leading to the formation of stable radical cations and 
dications.187, 189, 195-200 Additionally, polyviologens-based 
cathode offer several desirable properties for use in LIBs, 
including high electrochemical stability, good conductivity, and 
excellent cycling performance.201 To further explore the 
potential of viologen, in 2015, Yao and colleagues introduced 
the first solid-type electrode based on viologen, presenting a 
viologen polymer poly(1,1’-pentyl-4,4’-bipyridinium 
dihexafluorophosphate (PBPy)) as shown in Fig. 9a (inset). The 
PBPy electrode exhibited two voltage plateaus at 2.6 and 2.1 V 
vs. Li/Li+, delivering a specific capacity of 79 mA h g–1 in the 
initial cycle.186 However, the low degree of polymerization led 
to rapid capacity degradation to 36 mA h g–1 after 20 cycles. 
Nonetheless, when utilized as an anode, PBPy enabled the 

fabrication of an all-organic full-cell with poly(N-vinylcarbazole) 
(PVK) as a cathode, achieving a specific capacity of 100 mA h g–

1 at a voltage of 1.8 V, relying on the PF6
– anion charge carrier 

(Fig. 9a).186 Furthermore, to improve the specific capacity and 
cycling performance, an anion insertion approach has been 
reported effectively increased of viologen-based cathode. For 
instance, Wang et. al. have been reported the first Cl−-insertable 
p-type polymer, namely poly(butyl viologen dichloride) (PBV-Cl2) 
as cathode LIB (Fig. 9b).187 As shown in Fig. 9c, PBV-Cl2 
demonstrated significant capacity improvement up to 200 mA 
h g–1 at initial cycles, than that of PVB(PF6)2 at 50 mA g–1 current 
density. The improved specific capacity is associated to the 
present inserted Cl– ion in the structure which contributed to 
the ion storage mechanism during charge/discharge process. 
However, rapid capacity decay is monitored during cycling in 
the first 50 cycles due to the dissolution of PBV-A2 polymer in 
the carbonate-ether-based electrolyte and the inevitable anion 
exchange during discharge–charge process (for PBV-Br2 and 
PBV-Cl2) on the other hand.187 

Similarly, series of viologen-based cathode have been 
prepared to investigate the impact of counter anion in the 
polymer structure.197 As shown in Fig. 9d, poly(viologen halide)-
based cationic polymers with Br– and I– as counter anions were 
prepared and nominated as PVBVEtBr2 and PVBVEtI2. Notably, 
additional redox peak can be monitored when counter anion of 
Br– and I– were introduced in the viologen-based cathode. As 
shown in Fig. 9e, a strong and reversible redox peak is presented 
at 3.53 V for PVBVEtBr2, assignable to the one-step reaction of 
Br–/Br3

– redox couple; and two redox peaks centered at 3.12 
and 3.66 V for PVBVEtI2, corresponding to oxidation of I– to I3

– 
(3.12 V) and then to I2 (3.66 V). This involvement of counter 
anion significantly improved specific capacity of viologen-based 
cathode at initial cycles, before gradually decaying up to 100 
cycles (Fig. 9f). The capacity loss of PVBVEtBr2 and PVBVEtI2 
electrodes was mostly caused by the slight diffusion of Br3

–, I3
– 

and I2 species from the electrodes during the charge/discharge 
process.197 In addition, composite electrode formation have 
been reported could improve the cycling stability of viologen-
based polymer during electrochemical process (Fig. 9g).189 As 
shown Fig. 9h, the composite formation of viologen-based 
polymer with 15 wt% reduced graphene oxide (rGO) 
significantly enhanced cycling performance, as neglectable 
capacity loss up to 50 cycles. Overall, the unique 
electrochemical properties and tunable structures of 
polyviologens make them promising candidates for high-
performance LIBs and other energy storage technologies, with 
ongoing research aimed at further optimizing their 
performance and expanding their applications in the future. 
Moreover, Table 4 shows the recent development of viologen-
based cathode for organic LIBs.

3.6 Nitroxide radical polymers 
During the past decade, radical organic compounds have 

garnered significant attention in the realm of polymer-based 
batteries.72, 202-204 They feature polymers with pendant stable 
organic radicals, characterized by an unpaired electron in their 
uncharged state. These polymers offer superior redox 
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Table 4. Summarizes recent development of thianthrene, dibenzodioxin, and viologen-based cathode for organic LIBs.

No. Polymer Material Chemical structure Electrolyte
Voltage

(V) vs. Li/Li+
Capacity

(mA h g–1)
Current Applied Ref.

Thianthrene-based polymers
P1

P2

1

P3

1 M LiPF6 in 
EC/DMC (1:1, v/v)

3.3 – 4.5 73 1 C 139

2 poly(2-
vinylthianthrene)

1 M LiClO4 in 
EC/DMC (3:7 v/v)

3.2 – 4.2 105 1 C 185

3 P1 1 M LiPF6 in 
EC/DMC (1:1, v/v)

3.3 – 4.4  35 0.05 mA cm-2 134
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No. Polymer Material Chemical structure Electrolyte
Voltage

(V) vs. Li/Li+
Capacity

(mA h g–1)
Current Applied Ref.

P2 100

Dibenzodioxin-based polymers
4 PIM 1 Dried PEO with 

LiTFSI (0.08 g) in 
8 mL CH3CN

1.6 – 2.7 1181 0.5 C 205

Polyviologen-based polymers

PVPTOCl2 2355

PVAQCl2

1 M LiTFSI
in (DOL: DME, 1:1 
(v/v))

1.5 – 3.8

113

0.2 A g–1 206

6 PBV-Cl2 1 M LiPF6 in EC/DEC, 
(1:1, v/v)

1.4 – 3.1 177 0.2 A g–1 187

7 PVBVEtX2 2 M LiClO4 in 
TEGDME

1.2 – 3.8 192 0.1 A g–1 197

8 P-MV 1 M LiTFSI in DME 1.8 – 3.2 60 0.33 C 198

9 PXVCl2 0.5 M 
tributylmethylamm
onium chloride in 

1.5 – 3.2 140 0.01 A g–1 199
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No. Polymer Material Chemical structure Electrolyte
Voltage

(V) vs. Li/Li+
Capacity

(mA h g–1)
Current Applied Ref.

propylene 
carbonate

EV(ClO4)2 17610

EVI2

2 M LiClO4 in 
TEGDME

1.6 – 3.0

227

0.5 C 200

11 POF 1 M LiPF6 in EC/DMC
(1:1, v/v)

1.5 – 4.5 130 3 A g–1 207

Table 5. Summarizes recent development of nitroxide radical-based cathode for organic LIBs.
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No. Polymer Material Chemical structure Electrolyte
Voltage

(V) vs. Li/Li+
Capacity

(mA h g–1)
Current Applied Ref.

Nitroxide radical-based polymers
1 PNPP 1 M LiPF6

in EC:DMC (1:1, v/v)
2.6 – 4.0 100 0.5 C 208

2 PTMA-filled NCNT 1.2 M LiPF6 in EC:DEC,
(1:1, v/v)

1.5 – 4.0 159.6 1 C 209

3 MWNT-g-PTMA 1 M LiPF6 in 
(DMC:EC:EMC, 1:1:1 
v/v/v)

2.0 –  4.0 243 1 C
(1 C = 0.222 A g–1)

210

4 PTMA 1 M LiPF6 in DMC 2.8 – 4.0 67 1 C 211

5 PTEO 1 M LiPF6 in PC 2.0 –  4.0 220 0.2 C
(1 C = 0.24 A g–1)

212
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No. Polymer Material Chemical structure Electrolyte
Voltage

(V) vs. Li/Li+
Capacity

(mA h g–1)
Current Applied Ref.

6 PTMA 1 M LiPF6 in EC:DMC, 
(1:1, v/v)

1.5 – 4.0 219.8 (2e-)
110.9 (1e-)

1 C 213

7 PETM 1 M LiPF6 in 
EC:DMC:EMC, (1:1:1 
v/v/v)

3.0 –  4.2 90 (binder 
free)

99.5 (with 
PVDF)

10 C 214

8 PTMA 1 M LiPF6 in EC:DEC, 
(1:1, v/v)

3.0 –  4.2 32 0.025 mA 215

9 P(TMA-r-PyrM) 1 M LiPF6 in EC:DEC, 
(1:1, v/v)

3.0 –  4.2 105 0.5 C 216
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Fig.10 (a) Electrochemical mechanism of PTEO nitroxide radical during charge/discharge cycles. (b) and (c) CV curves at a scan rate 
of 0.5 mV s–1 and cycling performance under 1 C rate (1 C = 240 mA g–1) of PTEO nitroxide radical, respectively. Reproduced with 
permission from ref. 212. Copyright 2020 Elsevier. (d) Schematic illustration of the preparation of PTMA-grafted graphene sheets 
via free radical polymerization. (e) Galvanostatic charge–discharge curves (2nd cycle) under 1C and (f) CV curves of rGO-g-PTMA 
with different PTMA loadings. Reproduced with permission from ref. 217. Copyright 2021 Elsevier. (g) Formation of a layered 
PTMA/rGO composite through noncovalent π–π stacking between pyrene groups and rGO sheets. (h) and (i) Rate performance 
and cycling stability of layered PTMA/rGO composite, respectively. Reproduced with permission from ref. 218. Copyright 2017 
American Chemical Society.

chemistry with favorable kinetics, facilitated by redox reactions 
involving the singly occupied molecular orbital, enabling rapid 
electron transfer and high-rate performance capability. 
Considering the nonconjugated backbones and stable open-
shell pendant groups, nitroxide radical polymers offer charge 
transport through a series of redox reactions between the 
pendant open-shell sites. Therefore, stable radicals such as 
nitroxyl, phenoxyl,202, 219 nitroxylbenzene,220 nitronylnitroxyl,221 
and hydrazyl222 groups, with structures like 2,2,6,6-
tetramethylpiperidine-N-oxy (TEMPO), have been explored as 
LIBs cathode.204, 223, 224 Among of those radical polymers, poly 
(2,2,6,6-tetramethylpiperidinyloxy-4-vinylmethacrylate 
(PTMA)54, 153, 225, 226 and 2,2,6,6-tetramethyl-1-piperidinyloxy 
(PTVE),224, 227  have been investigated and showed high redox 
potentials of ~3.6 V vs. Li/Li+. In this regard, nitroxide radical 
polymer based on ethylene oxide backbone, poly (4-glycidyloxy-
2,2,6,6-tetramethylpiperidine-1-oxyl) (PTEO), was designed and 
reported (Fig. 10a). As shown in Fig. 10b, two-step redox 
reaction of PTEO were observed in the CV curves, which is 
associated with the formation of aminoxy anion at 2.75/3.20 V 
and oxoammonium cation at 3.48/3.60 V.212 Thanks to the 
super high electrical conductivity of PTEO, due to the unique 
open-shell site of the monomer as well as the completed 

conservation of all of the radical sites in the monomer, this 
PTEO delivered a specific capacity of 154 mA h g–1 at 1C rate 
after 150 cycles, corresponding to 91% capacity retention (Fig. 
10c). Additionally, to improve material stability and minimize 
polymer solubility, Jin et al. grafted PTMA-based polymer onto 
the surface of  reduced graphene oxide (rGO) via in-situ free 
radical polymerization (FRP) as shown in Fig. 10d. The 
electrochemical performance of rGO-g-PTMA shows that the 
specific capacities ranging from 176 to 119 mA h g–1 can be 
obtained at a current rate of 1 C by varied PTMA loading from 
38 to 54 wt% (Fig. 10e). Notably, the rGO-g-PTMA50 cathode 
exhibited the highest specific capacity. Moreover, CV 
measurement confirmed the electrochemical performance of 
rGO-g-PTMA, with the rGO-g-PTMA50 sample demonstrating 
superior performance as shown in Fig. 10f.217 Taking a similar 
approach, Zhang et al. investigated PTMA-based copolymer 
cathode combined with nanostructured carbon-based 
electrodes through non-covalent interactions (Fig. 10g). Prior to 
the additional conductive carbon such as rGO and CNTs, 
ultrafast single electron transfer-nitroxide radical coupling has 
been applied to introduce pyrene groups onto PTMA, forming 
P(TEMPO-co-PyMA) copolymers. 
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Fig.11 (a) and (b) Chemical structure and cyclic voltammogram of PDDP-NI and PDDP-PI bipolar polymer. Reproduced with 
permission from ref.228. Copyright 2021 the Electrochemical society. (c) Chemical structures and long cycling performance of redox-
active polynaphthalimides (PNIs). Reproduced with permission from ref.62. Copyright 2023 Royal Society of Chemistry. (d) Chemical 
structure and redox reaction mechanism of the bipolar polymer P-BQPZ. (e) and (f) CV curves and long cycling performance of n-
type P-BQPZ and  p-type P-BQPZ, respectively. (g) Cycling performance of the full cell based on n-type redox reaction of P-BQPZ 
at current of 500 mA g–1 between 0.1 and 2.7 V. (h) Cycling performance of the full cell based on p-type redox reaction of P-BQPZ 
at current of 50 mA g–1 between 0.1 and 3.4 V. Reproduced with permission from ref.229. Copyright 2022 Elsevier.

After that, this P(TEMPO-co-PyMA) copolymers were wrapped 
with rGO using ultrasonication and ultracentrifugation. These 
copolymers were then used to bind to rGO flakes, forming 
electrode composites with a multilayered sandwich-like 
structure (Fig. 10g). This approach has successfully enhance the 
performance of PTMA-based cathode as it delivered high 
capacity of ~150 mA h g–1 at 1C rate (Fig. 10h) and exhibited 
outstanding stability under high current rate of 20C (Fig. 10i).218 
Table 5 describes the current trends in developing the nitroxyl 
radical-based cathodes for organic batteries.

4. Alternative design of p-type polymer 
electrodes 
4.1 Bipolar-type polymers 

Bipolar-type polymers have emerged as promising 
candidates for next-generation high-performance LIBs due to 
their unique redox properties involving both p-type and n-type 
charge carriers, enabling an optimum charge storage and 
transport within the electrode material.11 Thanks to synergic 
contribution of p- and n-type charge storage character, the 
nature of these polymers allows them to store and release both 
cations and anions during the charging and discharging 

processes, leading to enhanced energy storage capabilities.23 
This feature is particularly advantageous for achieving high 
specific capacities and energy density in LIBs.230 Bipolar-type 
polymers have demonstrated impressive electrochemical 
performance metrics in LIBs, including high specific capacities, 
excellent rate capabilities, and long-term cycling stability.231 
These polymers hold promise for a wide range of applications in 
portable electronics, electric vehicles, and grid energy storage 
systems, where high energy density, fast charging/discharging 
rates, and durability are critical requirements.232 Recently, 
series of bipolar polymers have been reported to significantly 
improve the specific capacity of LIBs. For instance, Zhang et al. 
reported two bipolar-type polymers by combining arylamine-
based (p-type) and carbonyl-based (n-type) moieties to form 
poly(arylamine-imide)s, namely poly(N,N,N’,N’-tetraphenyl-
1,4-benzenediamine naphthalenediimide) (PDDP-NI) and 
poly(N,N,N’,N’-tetraphenyl-1,4-benzenediamine 
perylenediimide) (PDDP-PI), as shown in Fig. 11a – b.120 The 
bipolar activity is observed as these polymers exhibited specific 
redox properties associated with arylamine- and imide-units. As 
shown in Fig. 11a – b, both of PDDP-NI and PDDP-PI exhibited 
three pairs redox peaks at ~2.46/2.30, 3.56/3.44, and 3.98/3.87 
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V, respectively. The first pair redox peak is ascribed to the redox 
activity of carbonyl group in imide unit (n-type), while the last 
two redox couples are associated with doped/de-doped process 
of arylamine unit (p-type). Furthermore, this strategy 
successfully improves the cathode specific capacity up to 150.9 
(PDDP-NI) and 119.4 (PDDP-PI) mA h g–1 after 70 cycles at 0.1C. 

Taking a similar approach, series of bipolar triphenylamine-
based polynaphthalimides (TPA-PNIs) have been reported not 
only as cathode, but also as anode and binder-free cathode in 
LIBs.62 These TPA-PNIs cathode delivered a high specific 
capacity up to 195 mA h g–1 after 100 cycles at 50 mA g–1, due 
to synergic contribution from both p- and n-type units. As 
shown in Fig. 11c, these polymers exhibited outstanding 
stability up to 5000 cycles under extreme current density of 
2000 mA g–1. Notably, no significant capacity drop can be 
monitored even as a binder-free cathode (Fig. 11c), suggesting 
excellent material stability and dual-role ability as active 
materials and electrode binder simultaneously. In another 
study, Labasan et al. developed two polyimide (PI) derivatives, 
TPA-PMPI and TPA-NTCPI, as electrode materials for LIBs.58 
These polymers exhibit excellent thermal stability and bipolar 
properties. TPA-NTCPI cathode delivered a reversible specific 
capacity of 150 mA h g–1 at 0.1 A g–1 and showed stability up to 
1000 cycles, while TPA-PMPI anode achieved a high specific 
capacity of up to 1600 mA h g–1 at 0.1 A g–1 after 100 cycles.58 
Furthermore, various polymerization methods have also been 
studied to integrate bipolar moieties. Wang and colleagues 
successfully polymerized amino-phenyl carbazole naphthalene 
diimide (APCNDI) using in situ electropolymerization to 
eliminate the dissolution problem.233 The electropolymerized 
cathode demonstrated excellent electrochemical performance, 
stable cycling performance, and superior rate performance. In 
addition, taking different strategy, Zhao and colleagues 
integrated series of  n- and p-type redox-active moieties into 
one stable polymer backbone to minimize redox-inactive 
moieties (Fig. 11d).229 As shown in Fig. 11e, the CV curves of P-
BQPZ demonstrate clear and reversible redox peaks of n-type 
redox reactions attributed to C=O at 2.6, 2.7, and 3.0 V (vs. 
Li/Li+) and C=N bonds at 2.3 and 2.2 V (vs. Li/Li+). This redox 
activity contributed to the specific capacity of 213.3 mA h g–1 up 
to 500 cycles under current density of 1000 mA g–1 (Fig. 11e). 
Additionally, P-BQPZ p-type activity is depicted in Fig. 11f, 
showing a higher redox activity at 3.1 V (vs. Li/Li+) and 
contributing capacity of ~120 mA h g–1 up to 1000 cycles at 500 
mA h g–1. Additionally, the cycling performance of the full cell 
based on n-type and p-type redox reaction of P-BQPZ has been 
presented in Fig. 11g and 11h, respectively, depicting successful 
incorporation of P-BQPZ in full cell LIB system. These findings 
provide a novel strategy for designing and fabricating high-
performance cathode LIBs by combining two different 
electrochemical characters thus offering potential solutions to 
improve energy density. Continued research efforts aimed at 
advancing the synthesis, characterization, and understanding of 
these polymers as well as minimizing synthetic cost are 
essential for realizing their full potential in energy storage 
applications. Furthermore, Table 6 describes the current trends 

in developing alternatives design p-types cathodes for organic 
batteries.

4.2 Hybrid organic-inorganic polymer

Hybrid organic-inorganic polymers have emerged as 
promising alternatives approach to improve electrochemical 
performance and stability of polymer-based for electrodes. This 
synergistic combination of both organic and inorganic character 
offers opportunities to overcome limitations associated with 
conventional electrode materials and to develop high-
performance LIBs with enhanced energy storage capabilities. 
One common approach in designing organic-inorganic hybrid 
electrodes involves incorporating polymers matrix into the 
structure of inorganic materials. For example, organic 
molecules like conducting polymers, viologens, or redox-active 
organic compounds can be integrated with inorganic materials 
such as metal oxides, sulfides, phosphides, or carbon-based 
materials to form hybrid electrode composites.234 These 
composites can exhibit improved electrochemical properties, 
including high capacity, cycling stability, and rate capability, 
compared to their individual components. Another strategy 
involves the synthesis of nanostructured hybrid materials, 
where organic and inorganic components are intimately 
intertwined at the nanoscale. This approach enables precise 
control over the morphology, surface area, and interfacial 
properties of the electrode materials, leading to enhanced ion 
diffusion kinetics and electrochemical performance.235 
Nanostructured hybrid materials can be fabricated using 
techniques such as sol-gel synthesis, hydrothermal synthesis, 
chemical vapor deposition, or electrodeposition.236

Several types of organic-inorganic hybrid materials have 
been investigated for LIB electrodes, including metal-organic 
frameworks (MOFs),235, 237, 238 covalent organic frameworks 
(COFs),53, 65, 239-241 conductive polymers/carbon composites,242, 

243 and redox-active organic-inorganic composites.244, 245 In 
particular, Zhu et al. developed a composite cathode material 
by introducing polydiphenylamine (PDPA) on the lithium 
trivanadate (LiV3O8, LVO) using an in situ oxidative 
polymerization method, leading to significant improvements in 
electrochemical properties and the inhibition of adverse 
reactions as shown in Fig. 12a.246 TEM analysis revealed that the 
surfaces of LiV3O8 were coated with a layer of PDPA, with an 
average polymer thickness of around 20 nm (Fig. 12b). The 10 
wt% LiV3O8/PDPA composite exhibited a high initial specific 
discharge capacity of 311 mA h g–1, which decreased to 272 mA 
h g–1 after 50 cycles at a current density of 60 mA g–1. 
Furthermore, the composite displayed remarkable 
improvement in rate capability, with discharge capacities at 
various current densities outperforming those of pure LVO 
electrodes (Fig. 12c). This increased performance of LVO-based 
cathode could be ascribed to high conductive coating of PDPA. 
With a similar aim, LiFePO4/ poly(3,4-ethylenedioxythiophene) 
(PEDOT) composites were prepared.247 Furthermore, 
poly(aniline) has also been explored to coat LiFePO4 cathode, 
resulting hybrid polymer-inorganic composite. It was 
demonstrated that the polymer serves not only as a conductive 
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Table 6. Summarizes recent development of alternatives design p-type cathode for organic LIBs.

No. Polymer Material Chemical structure Electrolyte
Voltage

(V) vs. Li/Li+
Capacity

(mA h g–1)
Current Applied Ref.

Bipolar-type polymers
3 M LiFSI in TEGDME 1.6 – 4.3 105

(Symmetric 
organic 
battery)

0.2 A g–1

1 M LiPF6 in EC/DEC 1.5 – 4.2 208
(Li-ion full 

cell)

0.2 A g–1

1 PAQDPZ

3 M LiFSI in TEGDME 1.6 – 4.3 222
(Li-ion half-

cell)

0.2 A g–1

248

2 poly(CoL)n 1 M LiPF6 in EC:DEC, 
(1:1, v/v)

1.5 – 4.5
125.16

2 A g–1 249

1 M LiTFSI in 
DOL:DME (1:1, v/v)

2.6 – 4.4 130
(p-type)

0.5 A g–13 P-BQPZ

1 M LiClO4 in EC:DMC 
(1:1, v/v)

1.2 – 3.6 298
(n-type)

1 A g–1

229

PNI-1 1254

PNI-2

1 M LiPF6 in EC:DEC 
(1:1, v/v)

1.5 – 4.5

195

0.05 A g–1 62

Page 33 of 47 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

1/
22

/2
02

4 
6:

55
:3

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4TA06028H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta06028h


ARTICLE Journal Name

34 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

No. Polymer Material Chemical structure Electrolyte
Voltage

(V) vs. Li/Li+
Capacity

(mA h g–1)
Current Applied Ref.

PNI-3 170

5 DAAQ 1 M LiPF6 in EC:DMC 
(1:1, v/v)

1.5 – 4.5 311 0.05 A g–1 250

TPA-PMPI6

TPA-NTCPI

1 M LiTFSI in 
DOL:DME (1:1, v/v),

1.5 – 3.5 (cathode) 150 0.1 A g–1 58

Hybrid organic-inorganic polymer
7 LiV3O8/polythiophene 

(LiV3O8/PTh)
1 M LiPF6 in EC:DMC 
(1:1, v/v)

1.8 – 4.0 213.3 1 C
(1 C = 0.3 A g–1)

251

8 LiV3O8/polydiphenylamine 1 M LiPF6 in 
EC:DMC:EMC, (1:1:1, 
v/v/v)

1.8 – 4.0 311 0.06 A g–1 246

9 pCPDT-Fc P1 1 M LiPF6 in EC:DMC 
(1:1, v/v)

2.7 – 3.9 59.7 0.1 C
(1 C = 0.066 A g–1)

252
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No. Polymer Material Chemical structure Electrolyte
Voltage

(V) vs. Li/Li+
Capacity

(mA h g–1)
Current Applied Ref.

pDTP–Fc P2 59.8

10 NMC/PPy 1 M LiPF6 in 
EC:DMC:EMC, (1:1:1 
(v/v/v)

2.5 – 4.5 202.2 0.2 C 253

11 LMNC@Li3PO4&PANI 1 M LiPF6 in 
EC:DMC:EMC, (1:1:1 
(v/v/v)

2.0 –  4.8 172.60 1 C 254

12 Li1.2Ni0.2Mn0.6O2/PEDOT:PSS 1 M LiPF6 in EC:DMC 
(1:1, v/v)

2.0 –  4.8 285 0.2 C
(1 C = 0.3 A g–1)

255

Copolymer materials
13 2 M LiTFSI in 

DOL/DME (1:1, v/v)
1.5 - 3.0 127

84

0.1 C

1 C
(1 C = 0.172 A g–1)

256

14 Pyromellitic polyimide-b-
PEO

2251 M LiTFSI/MeTHF 1.0 –  3.4

160

0.1 C
(1 C = 0.203 A g–1)

257

15 pBTC-TEMPO 1 M LiPF6 in EC/DMC, 
(1:1, v/v)

3.0 –  4.0 50 1 C
(1 C = 0.06 A g–1)

258
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No. Polymer Material Chemical structure Electrolyte
Voltage

(V) vs. Li/Li+
Capacity

(mA h g–1)
Current Applied Ref.

16 Poly-PPDA-PYR 1 M LiPF6 in EC/DMC,
(1:1, v/v)

2.0 – 4.2 75 0.5 A g–1 259

17 PPh-PTO 1 M LiTFSI in 
DOL/DME(1:1, v/v)

1.5 – 3.8 235 0.1 A g–1 260

18 PENDI 1 M LiPF6 in EC/DMC, 
(1:1, v/v)

1.0 – 4.0 110 0.1 C
(1 C = 0.202 A g–1)

261

19 PTMA-co-GMA 1 M LiPF6 in EC/DEC 
(1:1, v/v)

3.0 – 4.0 104 0.1 C 262

20 p(APT-T2) 1 M LiPF6 in EC/DMC 
(1:1, v/v)

3.2 – 4.2 68.5 1 C 263
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No. Polymer Material Chemical structure Electrolyte
Voltage

(V) vs. Li/Li+
Capacity

(mA h g–1)
Current Applied Ref.

21 PTPA-HATN 120

PDTPA-HATN

1 M LiPF6 in 
EC/DMC/EMC (1:1:1, 
v/v/v)

1.5 – 4.2

103.6

0.025 A g–1 264

22 NSHATN LiCF3SO3 in G4 1.5 – 4.0 337 0.05 A g–1 265

23 HATCNOC-poly 1 M LiTFSI in TEGDME 1.0 – 2.8 158.6 0.05 A g–1 266
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Fig.12 (a) Schematic illustration depicting the Li+ and electron-transfer pathway for LVO and LVO/PDPA composites. (b) TEM 
micrographs showing the morphology of 10 wt% LVO/PDPA composite. (c) Rate capabilities comparison between LVO and 10 wt% 
LVO/PDPA composites at various current densities. Reproduced with permission from ref.246. Copyright 2018 American Chemical 
Society. (d) Chemical structure of PTMA brush/SiO2 hybrid materials. (e) and (f) SEM and TEM images of PTMA brush/SiO2, 
respectively. (g) Cyclic voltammogram of PTMA brush/SiO2 on the Au electrode and its corresponding resonance frequency change 
of EQCM sensor. The electrolyte was 0.1 M (C4H9)4NClO4 in acetonitrile. Reproduced with permission from ref.267. Copyright 2011 
Elsevier. (h) Chemical structure of ferrocene-functionalized polyheteroacenes, namely P1 and P2. (i) Cycling performance of P1 
and P2 ferrocene-functionalized polyheteroacenes under 0.1 C. Reproduced with permission from ref.252. Copyright 2018 Royal 
Society of Chemistry.

matrix and binder but also as an additional host for lithium-ion 
intercalation. At 0.2 C rate, it achieved a capacity of 165 mA h 
g–1, which decreased by 25% to 123 mA h g–1 at 10 C rate. 
Despite this, the discharging curves remained flat, suggesting a 
good cycling stability.268

In addition, a triphenylamine-based MOF, Cu-TCA (H3TCA = 
tricarboxytriphenyl amine), has been reported as a LIB cathode 
active material.269 In this framework architecture, the redox 
activity of Cu-TCA is associated with redox activity of both metal 
clusters (Cu+/Cu2+) and organic ligand radicals (N/N+) with 
separated voltage plateaus and a high working potential up to 
4.3 V (vs. Li/Li+). Due to its abundant redox-active constituents 
and highly stable organic ligands, Cu-TCA has a theoretical 
capacity of 145 mA h g–1, which is comparable to that of 
commercial materials such as LiFePO4 (170 mA h g–1). Moreover, 
Cu-TCA achieved long cycling stability over 200 cycles at a 2 C 
rate, with an average coulombic efficiency of 96.5%, suggesting 
that Cu-TCA is capable of delivering high recharge rate with 

high-capacity retention. Inspired by these findings, Lin et al. 
explored the potential of nitroxide radical-based PTMA as a 
cathode material (Fig. 12d) by polymerizing a polymer brush 
over silica nanoparticles.267 The nitroxide polymer brushes, 
grafted onto silica nanoparticles via surface-initiated atom 
transfer radical polymerization, prevented polymer dissolution 
into organic electrolytes. SEM and TEM images confirms the 
nitroxide polymer brushes are successfully grafted onto silica 
nanoparticles (Fig. 12e and 12f). Further, the results of the 
electrochemical quartz crystal microbalance indicate that the 
non-crosslinking nitroxide polymer brushes prevent the 
polymer from dissolving into organic electrolytes (Fig. 12g). 
These electrodes showed high discharge capacities and 
excellent cycle-life performance, demonstrating the potential 
of organic-inorganic hybrid systems for energy storage 
applications. Similarly, Schwartz et al. synthesized conjugated 
polymers based on ferrocene-functionalized 
cyclopentadithiophene and poly(dithieno[3,2-b:2’,3’-d]pyrrole) 
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Fig.13 SEM images of (a) PPy, (b) PPy-DA, and (c) PDA. (d) CV curves of PPy-DA at a scan rate of 1 mV s–1. Reproduced with 
permission from ref.270. Copyright 2018 Elsevier. (e) and (f) Chemical structure and galvanostatic charge-discharge of PDPAPZ and 
PPTZPZ copolymers, respectively. Reproduced with permission from ref.179. Copyright 2020 John Wiley and Sons. (g) Cycling 
performance under current density of 20 mA g–1 and rate performance of poly-PPDA-PYR copolymer. Reproduced with permission 
from ref.259. Copyright 2019 John Wiley and Sons. (h) Schematic 𝜋-conjugated redox polymer. Reproduced with permission from 
ref.271.  Copyright 2019 John Wiley and Sons.

backbones (Fig. 12h).252 These polymers exhibited high 
reversible capacities and excellent capacity retentions over 
multiple cycles, showcasing their suitability for battery 
applications (Fig. 12i). Together, these studies highlight the 
potential of organic-inorganic hybrid materials as electrodes for 
high-performance LIBs.

4.3 Copolymer materials 

Recently, copolymerization emerged as an alternative 
approach to enhance the electrochemical performance of 
polymer-based electrode. These materials typically consist of 
two or more different monomer units polymerized together, 
offering synergistic benefits than that of individual polymers.272, 

273 One notable advantage of copolymer materials is their ability 
to combine the desirable properties of different polymer 
components. For example, copolymers can incorporate both 
electron-rich and electron-deficient monomers, enabling 

improved charge transfer kinetics and stability during cycling. 
Additionally, the incorporation of various functional groups 
within copolymer structures can be introduced to facilitate 
rapid lithium-ion diffusion and enhance the number of active 
sites.273 Moreover, copolymer materials often offer enhanced 
mechanical strength and flexibility compared to individual 
polymer or traditional inorganic electrodes, making them 
suitable for use in flexible and lightweight battery 
applications.274 Furthermore, copolymer-based electrodes can 
be processed using scalable solution-based techniques, 
enabling cost-effective and large-scale manufacturing.

Recent research efforts have focused on designing 
copolymer materials with tailored properties for specific 
battery applications. For instance, copolymers containing 
conjugated backbones, such as polythiophenes or polypyrrole, 
have been investigated for their high electrical conductivity and 
lithium-ion storage capacity.92, 275 Additionally, copolymers 
incorporating redox-active moieties, such as viologen or 
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anthraquinone, have shown promise for achieving high capacity 
and long-term cycling stability.276 Copolymers like the one 
derived from pyrrole and dopamine (PPy-DA) offer distinct 
advantages in LIB applications by combining the charge storage 
properties of different monomers.270 The copolymer presented 
a porous NFs morphology, which was different from the plate-
like structure of PDA and the aggregated nanospheres of PPy 
(Fig. 13a – c).  PPy-DA is produced by the copolymerization of 
dopamine (n-type) and PPy (p-type) monomer, leading to a 
copolymer with a shorter polaron delocalization length. This 
reduction in delocalization is effective to enhance its redox 
potential (around 3 - 3.5 V) and specific capacity (~160 mA h g–

1) (Fig. 13d). Furthermore, two novel copolymers, namely 
poly(dihydrophenazine-co-diphenylamine) (PDPAPZ) and 
poly(dihydrophenazine-co-phenothiazine) (PPTZPZ), have been 
synthesized and evaluated as cathode materials (Fig. 13e and 
13f).179 These copolymers exhibit a high average discharge 
potential (3.5 – 3.6 V) in lithium cells. Remarkably, PDPAPZ/Li 
cells demonstrate steady specific capacities of ~101 mA h g–1 
current density of 0.1 A g–1 up to 100 cycles (Fig. 13e). On the 
other hand, PPTZPZ exhibited a lower capacity of 80 mA h g–1 
and later demonstrated gradual capacity decreased up to 100 
cycles (Fig. 13f), due to inactive sulfur species. Similarly, Yao and 
colleagues have synthesized a new conjugated copolymer for 
use as an organic cathode material by incorporating both 
conducting aniline and pyrene units (Fig. 13g).259  This poly-
PPDA-PYR achieved a reversible specific capacity of 113 mA h g–

1 under 20 mA g–1 current density with a high voltage output of 
3.2 V and impressive capacity retention of 75.2 % after 180 
cycles (Fig. 13g). Additionally, the copolymer exhibits excellent 
rate performance up to 1500 mA g–1, and the highest specific 
capacity ~100 mA h g–1 could be recovered once the current 
density switched back to 20 mA g–1 (Fig. 13g). 

In addition to copolymerization of redox-active 
components, the incorporation of inactive components into 
copolymers has also been extensively investigated due to their 
impact on the electrochemical performance. These inactive 
components serve various functions such as enhancing cycle 
stability, electrical conductivity, ionic conductivity, 
cohesiveness, and flexibility, however, the reduced theoretical 
capacity is often monitored.277 For instance, Hernández et al. 
combined a redox-active polyimide (PI) with ion-conductive 
polyether blocks (PEO), where PEO acted as both a binder and 
conductive agent.257 The resulting binder-free and conductive 
agent-free copolymer electrode exhibited excellent discharge 
capacity and cycling life. Similarly, Zhang et al. synthesized a 
copolymer based on poly (2,2,6,6-tetramethylpiperidinyloxy 
methacrylate) (PTMA) with controllable pyrene side groups, 
which enhanced electron transfer rates and resulted in 
improved specific capacity and rate capability when uniformly 
dispersed in a composite with reduced graphene oxide (rGO).218 
Additionally, ultra-high-rate capability and long stability have 
been demonstrated using phenothiazine copolymer.271 The 
design of this copolymer cathode is based on combination of 
high oxidation phenothiazine of 3.6 V (vs. Li/Li+) and good hole 
conductivity of bithiophene and fluorene comonomer (Fig. 13i). 
The ultra-high-rate capability and long cycling stability is 

demonstrated as the π-conjugated copolymer could be 
operated up to 30000 cycles under extreme current rate of 
100C with >97% capacity retention. These studies emphasized 
the importance of copolymerization strategy in order to 
enhance electrochemical performance of polymer cathode.

5. Conclusions and perspective
Polymeric electrode materials have emerged as a promising 

alternative cathode material towards high-performance and 
high-energy-density 4.0 V-class LIBs. By tailoring the chemical 
structure through functionalization, doping, and incorporating 
both redox-active and inactive components, researchers are 
able to optimize the batteries key parameters such as specific 
capacity, cycling stability, and rate capability. This innovative 
approach addresses many of the limitations associated with 
traditional electrode materials, paving the way for more 
efficient, durable, and high-performing LIBs. As the demand for 
higher energy storage solutions continues to grow, the 
advancements in polymeric electrode design are poised to play 
a crucial role in meeting the energy needs of the future. Thanks 
to flexibility in design, scalability of synthesis, and compatibility 
with high-energy-density applications compare to the 
conventional inorganic cathode materials, series of high-voltage 
polymer such as arylamine-based, thioether, phenazine, 
viologen and radical polymer have been explored and discussed 
in detail. Additionally, alternative approaches such as the 
bipolar polymer formation, hybrid organic-inorganic, and 
copolymerization strategies have also shown a promising to 
enhance electrochemical performance and stability of polymer 
cathode.  By harnessing the unique properties of each polymer, 
such as tunable redox chemistry, mechanical flexibility, and 
chemical stability, researchers have unlocked new possibilities 
for achieving superior electrochemical performance in LIBs. 
Moving forward, continued research efforts in this field will be 
essential to further optimize the design and synthesis of 
polymeric-based electrode materials, paving the way for the 
next generation of high-performance LIBs.

Looking ahead, the future of polymeric electrode materials 
for high-energy-density LIBs holds exciting prospects and 
challenges. First and foremost, there is a need for deeper 
understanding of the fundamental electrochemical processes 
occurring within polymer electrodes, including ion transport 
mechanisms, charge storage mechanisms, and degradation 
pathways. Advanced characterization techniques, coupled with 
computational modeling, will play a crucial role in elucidating 
these complex phenomena and guiding the rational design of 
next-generation polymer electrodes. Furthermore, efforts 
should be directed towards the development of scalable 
synthesis methods for producing polymer materials with well-
defined structures and tailored properties. Integration of 
advanced manufacturing techniques, such as additive 
manufacturing and roll-to-roll processing, will enable the 
fabrication of large-area, high-performance polymer electrodes 
for practical applications. Additionally, research should focus on 
exploring novel polymer chemistries, functionalization 
strategies, and electrode architectures to further enhance the 
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energy density, safety, and lifespan of 4.0 V-class LIBs. 
Additionally, collaboration between academia, industry, and 
government institutions will be crucial for accelerating the 
translation of research findings into commercialized products. 
Investment in infrastructure, pilot-scale production facilities, 
and collaborative research initiatives will facilitate the 
transition of polymeric electrode materials from the laboratory 
to the marketplace. Ultimately, the continued advancement of 
polymeric electrode materials holds immense potential to drive 
innovation in energy storage technology and address the 
growing demand for high-performance LIBs in a wide range of 
applications.
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