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Conjugated polyelectrolytes (CPEs) are a distinct class of organic materials featuring a n-conjugated back-
bone and ionic functional groups, enabling simultaneous electronic and ionic transport. This dual con-
ductivity, governed by molecular design, makes CPEs highly versatile for a wide range of applications. The
interplay between backbone conjugation and side-chain polarity allows fine-tuning of charge transport,
significantly influencing their performance in electronic and energy storage devices. This review highlights
recent advances in CPE material design, focusing on backbone evolution and side-chain engineering. We
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further explore key applications of CPEs, including organic photovoltaics, organic electrochemical transis-
tors, and lithium-ion batteries, emphasizing the structural requirements for each field. Their current chal-
lenges and future opportunities are discussed, underscoring the critical role played by CPEs in next-gene-
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1. Introduction

Conjugated polyelectrolytes (CPEs) have garnered significant
attention in recent years due to their exceptional charge and
ion transport properties, positioning them as promising
materials for a diverse array of emerging applications, includ-
ing photovoltaics,"™ energy storage,”” and bioelectronics.®*°
CPEs are a class of organic macromolecular materials charac-
terized by a conjugated backbone and polar side chains, which
confer excellent electrical properties and processability."!
Typically, the polymer backbone adopts a completely planar
configuration, allowing the m-electron orbitals of adjacent
atoms to overlap effectively, thereby forming a delocalized
n-channel that facilitates a conductive pathway for charge car-
riers. The development of conductive polymers can be traced
back to the pioneering work of Japanese scientist Hideki
Shirakawa, with significant contributions from American
scientists Alan Heeger and Alan MacDiarmid. Their ground-
breaking research in conductive polymers was recognized with
the Nobel Prize in chemistry in 2000, underscoring their pro-
found impact on materials science and the scientific
community.*>"?
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ration optoelectronic and energy technologies.

Building upon this foundation, Heeger categorized conduc-
tive polymers into three generations. The first generation was
exemplified by polyacetylene, which laid the groundwork for
conductive polymer research. The second generation introduced
soluble and processable polymers and copolymers, enhancing
their applicability in various processing techniques (Fig. 1). The
third generation comprises semiconductors with more complex
structures, further advancing the functionality and performance
of conductive polymers (Fig. 2)."* The chemical structure of the
CPE backbone plays a pivotal role in determining the confor-
mations of the polymer chain, which in turn significantly influ-
ences key optoelectronic properties. These properties are critical
as they directly affect molecular packing and energy levels,
which are essential for device performance.'>'® Through stra-
tegic side-chain engineering, CPEs exhibit enhanced solubility,
and the incorporation of polar side chains facilitates processing
in orthogonal solvents.""'” Consequently, CPEs not only retain
the inherent advantages of organic semiconductors, such as
excellent processability and tunable energy levels, but also
possess the unique dual capability to efficiently conduct both
ions and electrons.”® This dual functionality renders them
highly promising for a wide range of emerging applications."
The presence of polar groups not only aids in processing but
also expands their applicability in organic multilayer devices,
including organic solar cells (OSCs) and perovskite solar cells
(PSCs).2°>* However, when employed as interfacial materials,
the focus is often predominantly on their electronic transport
properties, with their ionic transport characteristics frequently
being overlooked." In the context of CPEs, conductivity is highly
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representing third-generation organic

dependent on the doping state. For instance, in applications
such as organic electrochemical transistors (OECTSs), ions are
injected from the electrolyte into the organic film, altering the
doping state and, consequently, its conductivity. Therefore, the
ability to effectively couple ionic and electronic transport is
essential.”>** In battery electrodes, CPEs must not only exhibit
high electronic conductivity but also demonstrate significant
ionic conductivity to optimize device performance.’?**
Additionally, due to their excellent biocompatibility, tunable
energy levels, and favorable optoelectronic properties, CPEs have
demonstrated significant potential in applications such as elec-
tron transfer, light energy conversion, biofuel cells, and bioelec-
tronic catalysis.'"%>°

Advancements in this field hinge on a deeper understanding
of the interrelations between ionic transport, electronic trans-
port, and ionic-electronic coupling, as well as the influence of
processing methods, synthetic design, and microstructure on
these phenomena.’** Current knowledge encompasses well-
established concepts, such as the dependence of electronic trans-
port on ionic-electronic coupling, as well as emerging areas like
the role played by synthetic design in ionic transport. However,
there remain largely unexplored regions, such as the impact of
processing techniques on ionic transport.*’
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In this review, we provide a comprehensive overview of the
development and characterization of CPEs, with a particular
emphasis on their ionic and electronic transport properties.
We examine the fundamental mechanisms of ion-electron
coupling that underpin charge transport, addressing both elec-
tronic and ionic contributions. Additionally, we explore the
structure-property relationships that govern the behavior of
CPEs and their implications for various applications. Looking
ahead, we highlight the necessity for further research into
these structure-performance correlations, which are critical
for guiding the future development and application of CPEs in
advanced ionic and electronic devices.

2. Materials

Untreated conductive polymers exhibit insulating properties
due to their large energy gaps. Oxidative (p-type) or reductive
(n-type) doping introduces new energy levels, such as polarons,
significantly enhancing conductivity to semiconductor or
metallic levels (10-10 000 S cm ™). The first-generation polyace-
tylene, limited by processing challenges, was succeeded by
second-generation polymers featuring thiophene/phenyl
derivative-based main chains and side chains to improve solu-
bility. Cao et al further advanced processability through
anion-induced doping (e.g., dodecylbenzenesulfonic acid,
DBSA), enabling tunable conductivity (10~'~100 S cm™") while
achieving a balance between high conductivity and processa-
bility in multi-blend systems. The third generation of organic
semiconductors is characterized by more intricate molecular
architectures, with a higher number of atoms in the repeating
units. Through systematic studies of the charge transport and
photophysical properties of second-generation conjugated
polymers, the foundation for organic electronics was estab-
lished. Subsequently, conjugated polymers with more complex
repeating units were developed, forming the third generation
of semiconductor polymers. A particularly notable class within
this category is CPE, which can simultaneously transport both
ions and electrons. Traditional CPEs are often heterogeneous
blends or complexes comprising an electrically conducting
n-conjugated polymer and an ionically conductive polyelectro-
Iyte, representing the most widely studied class of conjugated
polymers.”® By integrating conventional conjugated polymer
design approaches, single-component ion-electron conductor
polyelectrolytes have been developed by attaching polar groups
to the conjugated backbone of traditional polymers via alkyl or
ether chains.'® Structural modifications to the chemical back-
bone or side chains allow CPEs to exhibit a wide range of
mobilities, capacitances, and oxidation/reduction onset values.
Additionally, the coupling of electronic and ionic charge car-
riers creates an intrinsic transduction mechanism, where ionic
signals directly influence conductivity (Fig. 3).>' Thus, balan-
cing the interactions between the main chain and side chains
is crucial for the effective design of CPEs. The following
section will discuss the design principles governing these
materials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Polymer semiconductors consist of conjugated backbones and
nonconjugated side chains. Reprinted (adapted) with permission from
ref. 34. Copyright 2022 American Chemical Society.

2.1 Backbone engineering

The energy level distribution and electronic conductivity of
CPEs are largely determined by the conjugated backbone. In
organic semiconductors, charge carriers are transported along
the conjugated polymer backbone via intra-chain transport
and inter-chain n-r stacking interactions (inter-chain charge
transport).>> The chemical structure of independent
organic semiconductor molecules is typically characterized by
alternating single and double bonds, where the ¢ bonds form
the molecular backbone, and the conjugated = electrons are
delocalized, creating conductive pathways for mobile charges
within the polymer.®® Like atoms, molecules possess
discrete energy levels known as molecular orbitals. Among
these, the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) are particularly
significant, as the relevant electron and exciton processes in
organic devices typically involve transitions between these
levels.®?”

For most CPEs, the conjugated backbone consists predomi-
nantly of p-type transport units, often made up of donor enti-
ties such as thiophene, carbazole, or triphenylamine.”®***! In
contrast, n-type transport materials typically include acceptor
units such as perylenediimide (PDI), fluorene, and 3,7-dihydro-
benzo[1,2-b:4,5-b'|difuran-2,6-dione (H-BFDO).>***> The opto-
electronic properties of CPEs, including absorption, emission
spectra, and charge transport capabilities, can be manipulated
by customizing their m-conjugated backbone structures.'”
Connecting electron-donating and electron-accepting groups
to the backbone is the most direct method for tuning the
HOMO and LUMO energy levels of semiconductor
polymers.**™*® As shown in Fig. 4, Liu et al synthesized a
series of benzodithiophene-thienothiophene copolymers with
varying degrees of fluorine decoration. They observed that
incorporating fluorine into the thienothiophene units dee-
pened the HOMO energy levels without significantly affecting
the bandgap or light-harvesting properties of the polymers.*”
Huang et al. designed and synthesized a fused nonacyclic non-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Molecular structure, GIXD scattering images of PBFx polymers
and blends and TEM images of PBFx:PCBM blends. Reprinted (adapted)
with permission from ref. 46. Copyright 2014 American Chemical
Society.

fullerene acceptor, TfIF-4Cl, via end-group chlorination.
Compared with its fluorinated counterpart (TfIF-4F), the intro-
duction of chlorine not only led to deeper energy levels and
red-shifted absorption but also improved the morphological
properties and molecular packing ability.*® Alternating donor
(D) and acceptor (A) units along the polymer backbone in a
regular pattern is a highly effective strategy for designing low-
bandgap semiconducting polymers.”*" The interactions
between the D and A components facilitate = electron delocali-
zation, leading to a quinoid mesomeric structure along the
polymer main chain, resulting in a reduced bandgap (Fig. 5).***>
Jiang et al. synthesized a D-A-D type near-infrared (NIR)
luminescent molecule, where the near-planar arrangement
of the donor and acceptor units enhanced orbital overlap
and increased radiative transition rates and fluorescence
efficiency.>

As discussed earlier, intramolecular charge transfer along
the polymer backbones is directly correlated with the energy
levels of semiconducting polymers and can be enhanced by
incorporating donor-acceptor (D-A) structures. Additionally,
intermolecular charge transfer, which occurs via a hopping
mechanism facilitated by the overlap of n electrons between
adjacent backbones, is crucial for charge mobility.*> High con-
ductivity is achieved through strong intrachain electron trans-
port and moderate interchain conductivity, which depends on
the face-to-face alignment of the polymer chains. In contrast,
conductivity between widely spaced chains is typically low and

Fig. 5 Single-crystal structure of the compound DTPS-PT.
(adapted) with permission from ref. 52. Copyright 2019
Chemical Society.

Reprinted
American
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often overlooked." By carefully designing the main chain, it is
possible to regulate both the energy levels and mobility of the
polymer.>*>®

Generally, strategies to enhance the electronic conductivity
of semiconductor polymers rely on increasing the carrier
mobility of holes or electrons in p-type and n-type materials,
respectively. Features such as greater planarity, longer conju-
gation lengths, narrower bandgaps, and higher inter-chain
order typically result in increased charge carrier mobility,
thereby improving conductivity.’®**® Although the contri-
butions of inter-chain and intra-chain transport to polymer
device performance remain uncertain, high crystallinity and
optimized face-to-face alignment are critical factors for achiev-
ing good conductivity.”® As shown in Fig. 6, Iain et al. engin-
eered a semiconducting polythiophene that assembled into
large crystalline domains during crystallization from a liquid-
crystal phase. This material featured an extended, planar
n-electron system, facilitating close intermolecular n—r stacking
and high charge carrier mobility.®® Using a heterocycle with a
nitrogen atom as the acceptor unit, Jiang et al. reported an
electron-deficient [1,2,5]thiadiazolo[3,4-c]pyridine (PT)
oriented variably relative to the donor triphenylamine (TPA),
leading to distinct asymmetric regio-isomers. Changes in the
connection points between donor and acceptor units resulted
in twisted structures that significantly affected photophysical
properties.®”

2.2 Side chain engineering

Side chains were initially designed to improve the solubility of
conjugated polymers. Compared with linear alkyl chains,
branched alkyl chains—such as 2-ethylhexyl, 2-hexyldecyl,
2-octyldodecyl, and 2-decyltetradecyl—have been shown to sig-
nificantly enhance the solubility of these polymers.®'
However, researchers soon recognized that side chains also
play a crucial role in influencing the conformational properties
of the polymer chains, as well as their behavior in solution-
state aggregation and solid-state molecular packing.?3%%47¢7
For example, Jin et al. introduced a novel approach for side-
chain engineering in DPP-based D-A type conjugated poly-
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Fig. 6 (a) DFT-optimized geometries and D-A twist angles of
p-TPA-PT, d-TPA-PT, and DTPA-PT. (b) The ground-state energies of
p-TPA-PT, d-TPA-PT at different D—A torsion angles in the gas phase,
using the cam-b3lyp method and a full geometrical optimization at each
twist angle.®®
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mers. By replacing the bulky branched alkyl chains with linear
chains at each DPP unit, they synthesized PDPPSe-10 and
PDPPSe-12. Their findings showed that: (i) the substitution of
bulky branching chains with linear ones reduced steric hin-
drance, leading to more planar and rigid conjugated back-
bones; (ii) the use of linear alkyl chains facilitated side-chain
interdigitation; and (iii) the interchain packing order and thin
film crystallinity of PDPPSe-10 and PDPPSe-12 were signifi-
cantly improved compared with the original PDPPSe polymer.
These structural modifications contributed to a remarkable
enhancement in charge mobilities for PDPPSe-10 and PDPPSe-
12. Similarly, Jin et al. designed two narrow-bandgap conju-
gated polymers based on NT, incorporating a donor-acceptor
(D-A) architecture with electron-accepting units. These copoly-
mers, NT812 and NT1014, featured different side chains
(2-octyldodecane and 2-decyltetradecane, respectively) on the
thiophene units. Notably, NT812 exhibited significantly higher
efficiency than NT1014, attributed to the “face-to-face” align-
ment of the NT812 polymer chains, which enhanced device
performance (Fig. 7).°® Additionally, Pang et al. investigated a
series of donor polymers based on difluorobenzotriazole,
where slight variations in side-chain atom substitutions led to
marked differences in aggregation behavior, blend heterojunc-
tion morphology, and device performance (Fig. 8).%°

In contrast to alkyl chains, polar side chains tend to confer
better solubility in water and alcohols. Surfactant-like side
groups, for example, enhance solubility in highly polar sol-
vents and substantially influence the physical and chemical
properties of conjugated polymers. Furthermore, they facilitate
processing with environmentally friendly solvents.*>”® The
incorporation of polar groups also imparts strong interfacial
modification capabilities to CPEs."” In certain cases, polar
groups lead to self-doping polymers, preventing phase separ-
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ation and further enhancing conductivity.>> For instance,
P3HT, a widely used hole-transport material in perovskite and
organic photovoltaic devices, typically requires doping to over-
come its inherently low conductivity.”"’> However, its hydro-
phobic nature and poor electrical conductivity in thin films
lead to charge recombination and poor device
performance.”*”> To address these challenges, Hidenori
Okuzaki’s group at Yamanashi University developed a self-
doped conductive polymer, S-PEDOT, containing alkyl sulfate
side chains. S-PEDOT exhibits exceptional solubility in water
and achieves a high conductivity of 1089 S cm™ without the
need for additional dopants. Moreover, the ionic components
of the side chains, including their counterions, significantly
impact the physical and chemical properties of CPEs.”® For
example, Yang et al. exchanged the bromide ions in water-
soluble conjugated polymer (WSCP) with CF;SO;~, BArF,,
and BIm,, leading to an increase in counterion size, which
reduced interchain contact, suppressed aggregation, and
enhanced the photoluminescent quantum yield of the films.
Conductive atomic force microscopy measurements further
revealed that hole mobility and charge injection barrier height
in the films were dependent on the counterion used.””

The properties of counterions can also influence the doping
ability of CPEs, thereby affecting charge transport character-
istics. Liang et al. introduced oxoammonium salts (TEMPOX -,
where X = Br and TFSI) as secondary dopants to systematically
modulate conductivity, work function, morphology, and the
performance of PEDOT:PSS-based organic electrochemical
transistors (OECTs). The presence of oxoammonium salts
improved transfer characteristics in OECTs, with their concen-
tration-dependent effects on device performance.”®

Traditional CPEs typically enhance hydrophilicity by incor-
porating ionic chains or polyethylene glycol chains. However,
this strategy often introduces insulating alkyl chains, resulting
in microphase separation between the side chains and the
main chain at the nanoscale. To address this issue, early work
by Timothy et al. developed a series of novel water-soluble

© 2025 The Author(s). Published by the Royal Society of Chemistry
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n-type conjugated polymers featuring pyridine-phenyl units.
These polymers facilitated charge carrier formation in the
main chain through the introduction of pyridine salts, signifi-
cantly improving solubility without requiring doping (Fig. 9).
These materials displayed high electron affinities, reversible
redox behavior, high conductivities, and efficient electron
mobilities.”*®" Building on this work, Lei et al. developed an
n-type water-soluble semiconductor polymer, P(PyV), which
featured a cationic main chain with chloride ion counterions
and no side chains. The P(PyV)-H polymer demonstrated out-
standing n-type OECT performance, with x4C* values up to 120
F em™ V™' s7', on/off ratios exceeding 107, and response
times (Zon/7or) Of 1.58/0.18 ms, setting a new benchmark for
n-type semiconducting polymers.**

Future designs of CPEs should carefully balance the
relationship between side chains and the main chain, as both
the structure and properties of the CPE backbone, in conjunc-
tion with the chemical characteristics of the side chains, col-
lectively determine the material’s physical, chemical, and opto-
electronic performance.>

2.3 Material categories

In the following sections, we will explore the relationship
between structure and performance by classifying CPEs
according to their backbone structure.

2.3.1 Polythiophene. Polythiophene and its derivatives
have garnered significant attention in device applications due
to their high stability in undoped states, ease of structural
modification, and solution processability. Notably, poly(3-hex-
ylthiophene) (P3HT) has become one of the most cost-effective
materials, attributed to its simple chemical structure and
straightforward synthesis.®*"®” This enables large-scale fabrica-
tion through various eco-friendly polymerization methods. As
a result, P3HT has emerged as the only polymer to date that
can be synthesized at scales exceeding 1 kg, making it a
central material in organic photovoltaic (OPV) research and
organic thin-film transistors.>>*%° However, P3HT faces sig-
nificant challenges in the development of all-polymer solar
cells (all-PSCs), primarily due to its narrow absorption range in
the visible spectrum and its inherently high-lying highest
occupied molecular orbital (HOMO) level (approximately 5 eV).
These limitations complicate the process of matching appro-

Fig. 9 Structures of polymer P1 and copolymer P2 and P3.
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priate polymer acceptors and controlling morphology, leading
to consistently low device performance. Despite these
obstacles, the low cost and scalability of P3HT remain promis-
ing factors for advancing the industrial-scale production of
organic solar cells.

PEDOT:PSS is another well-established conducting polymer
that is renowned for its exceptional electronic and optical pro-
perties. PEDOT was first introduced by Bayer AG scientists in a
patent in 1988.%° It was developed as an alternative to polythio-
phene in order to mitigate a-p and p-p coupling during the
oxidative polymerization of thiophene. By substituting posi-
tions 3 and 4 of the thiophene ring, PEDOT demonstrates
improved resistance to degradation by oxygen and water.”">
In a similar fashion to the concept of anion-induced proces-
sing, poly(styrene sulfonate) (PSS) serves as a matrix for
PEDOT, facilitating its formation into an aqueous dispersion
(Fig. 10). PEDOT:PSS is typically synthesized through a two-
step process: the preparation of PSS followed by the oxidative
polymerization of PEDOT. This not only forms a strong electro-
static association between PEDOT and PSS, but also uses PSS
as a counterion to stabilize the doped PEDOT.’! The combined
characteristics of PEDOT, such as its adjustable work function
and high thermoelectric performance, make it a versatile
material with wide applications in organic electronics.” Its
unique chemical structure also provides outstanding environ-
mental stability, which has led to its widespread use in various
optoelectronic devices.” In organic solar cells, PEDOT is com-
monly employed as an electrode modification layer to enhance
charge transport efficiency.”>°® In organic light-emitting
diodes (OLEDs), PEDOT is used as a hole injection layer, sig-
nificantly improving both luminous efficiency and operational
lifetime.*® %% Additionally, the excellent processability and
tunable doping characteristics of PEDOT position it as a prom-
ising material in emerging fields such as flexible
electronics®™'%® and bioelectronics,”'** solidifying its role as
a foundational material driving advancements in organic opto-
electronics.’®® However, the encapsulation of PSS typically
leads to a reduction in the conductivity of PEDOT. This
necessitates enhancement techniques, such as solvent treat-
ment, acid treatment, and secondary doping, to improve its

m

SO3H

SOy SOy  SOsH  SOsH

Fig. 10 (a) Chemical structures of PEDOT and PSS.
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conductivity.'®®'°® Moreover, phase separation between the
ion-conducting PSS and the electron-conducting PEDOT
results in the formation of two distinct phases. This separation
reduces the ionic-electronic coupling (capacitance) between
the two components, thereby limiting its suitability for new
applications, particularly in bioelectronics."®

2.3.2 Phenyl derivatives. Phenyl derivatives are a class of
organic compounds that contain a phenyl group (-CeHs)
attached to various functional groups or molecular structures.
In the field of organic semiconductors, phenyl derivatives play
a crucial role due to their conjugated n-electron systems, which
contribute to efficient charge transport properties. The intro-
duction of phenyl groups or their derivatives can enhance
molecular planarity, promote n-n stacking interactions, and
improve charge mobility within semiconductor materials.

One of the most widely studied phenyl derivatives is poly
(phenylenevinylene) (PPV), which is used in various fields,
including optoelectronic devices. PPV is typically synthesized via
two routes: the Wessling method and the Gilch method. The
Wessling route involves the treatment of dimethylsulfonium
salts with an equimolar amount of a base to form a soluble pre-
cursor polymer, which is then thermally processed to obtain
conjugated PPV. The Gilch method, on the other hand, involves
the treatment of o,a-dihalo-p-xylene with potassium tert-butoxide
in an organic solvent. Alkyl or alkoxy substituents are commonly
introduced onto the aromatic ring to improve the solubility of
PPV.''° One of the most extensively studied PPV derivatives is
poly(1-methoxy-4-(2-ethylhexoxy)-p-phenylene vinylene)
(MEH-PPV), which features asymmetric side chains that confer
high solubility in common organic solvents.""!

Introducing amino groups to phenyl rings significantly
enhances hole mobility due to the strong electron-donating
ability of the nitrogen atoms in the structure. Compared with
other conjugated polymers, polyaniline is readily available,
easy to synthesize, and exhibits good environmental stability,
making it amenable for doping for controlled conductivity.
Over the past three decades, extensive research has been con-
ducted on the modification and application of polyaniline,
leading to its widespread use in fields such as light-emitting
diodes,""? supercapacitors,'*® and organic solar cells."** In
1987, MacDiarmid and colleagues proposed a model for the
structure of polyaniline that featured the coexistence of benze-
noid (reduced unit) and quinoid (oxidized unit) structural
units. Polyaniline undergoes redox reactions in which ions
from dopants penetrate the polymer, neutralizing the electrons
on the main chain. This allows polyaniline to reversibly tran-
sition from an insulating state to a conductive state.'"
However, the solubility of polyaniline remains limited. To
address this issue, Cao et al. introduced the concept of anion-
induced processing, utilizing dodecylbenzenesulfonic acid as a
dopant to create stable and processable multi-blends. These
multi-blends exhibit a unique combination of properties,
enabling conductivity to be conventionally controlled over a
broad range (from 107" to 100 S em™"), thus overcoming the
challenge of balancing high conductivity and processability in
conductive polymers.'*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3.3 Polyfluorenes. CPEs based on the fluorenyl structural
unit have garnered significant research attention and are
widely used in cathode interfacial layers.'” As previously men-
tioned, WSCPs, such as PFN-Br, consist of two key structural
components: a n-conjugated main chain and surfactant-like
side groups, including amino, dihydroxyethylamino, phos-
phate, carboxyl, quaternary ammonium, anionic carboxyl, sul-
fonic, and zwitterionic groups. The n-conjugated main chain
governs the inherent optoelectronic properties of WSCPs, such
as absorption and emission spectra, energy band structure,
and charge transport characteristics, while the surfactant-like
side groups provide unique solubility in highly polar sol-
vents."” In 2004, Cao et al. designed and synthesized a series
of novel water-soluble/alcohol-soluble conjugated polymers—
P1 (PFN), P2 (PFN-Br), P3, and P4 (PFQ-Br)—which were
employed as electron transport layers in organic light-emitting
diodes, yielding excellent performance.''” The quaternary
ammonium salt side chains not only enhance the dispersion
and solubility of the CPEs but also promote interactions
between the polar side chains in the CPEs and the metal elec-
trodes. This interaction improves charge transport/transfer
from the conjugated polymer to the metal electrodes, thereby
enhancing work function modification capabilities.®
Furthermore, these side chains influence main chain stacking
and doping, significantly improving conductivity. Xue et al.
studied the formation of the p-phase in poly(diarylfluorene)
with varying side chain lengths. The balance between steric
hindrance from octyl side chains and supramolecular inter-
actions between chains is linked to the extended conjugation
length and better control over the conformation and aggrega-
tion of organic conjugated polymer chains, which facilitates
exciton migration between f-phase polyfluorene units."'® Tang
et al. designed n-type self-doped CPEs by copolymerizing the
open-shell diradical unit benzobisthiadiazo (BBT) with fluor-
enes. As shown in ESR spectra, the BBT diradical unit strength-
ens the interaction between the polar side chains and the con-
jugated backbone, promoting the self-doping process of conju-
gated polyelectrolytes (Fig. 11).'*°

2.3.4 Naphthalene diimide (NDI) and perylene diimide
(PDI). The development of n-type organic semiconductors has
historically lagged behind p-type semiconductors. Aromatic
diimides, such as NDI and PDI, represent some of the most
important classes of n-type organic materials. NDI- and
PDI-based derivatives have emerged as promising materials
for electron transport layers due to their well-aligned energy
levels and excellent electron transport properties.">*'>! After
years of structural optimization, the highest electron mobility
of small molecules based on NDI and PDI has reached
8.69 cm® V' 57! and 10.8 cm® V™! 57!, respectively. In 2018,
Hou et al. at the Institute of Chemistry, Chinese Academy of
Sciences, first reported two NDI-type organic small molecules
(NDI-N and NDI-Br) used as electron transport layer materials
for organic solar cells (OSCs). Due to the high crystallinity and
excellent film-forming properties of NDI-N, these materials
exhibited electron transport performance and
processability.
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Compared with NDI-based molecules, PDI-based molecules
have also attracted significant attention as electron transport
layer materials in OSCs. As early as 2014, the research teams
led by Yongfang Li and Jizheng Wang at the Institute of
Chemistry, Chinese Academy of Sciences, jointly reported two
small-molecule electron transport layer materials based on
PDL:PDIN and PDINO (Fig. 12). The only difference between
the two compounds lay in their terminal substituents, with
one containing a tertiary amine group and the other a tertiary
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Fig. 12 (a) Device structure of the PSCs. (b) Synthetic route towards

PDlI-interlayers. Device parameters of the PSCs based on PTB7/PC,,BM
with PDI/Al as the cathode with various PDI thicknesses under the illu-
mination of AM 1.5 G, 100 mW cm™2. (c) UPS spectra of the PDI-inter-
layer treated electrodes. (d) Cyclic voltammograms of the PDIs.*?®
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amine N-oxide. The inherently extended planar structure of
the PDI unit enabled both materials to achieve a high electrical
conductivity of 107> S cm ™", exhibiting excellent capabilities in
tuning the work function of the cathode.’”® Huang et al. syn-
thesized two n-type WSCPs by incorporating NDI into tra-
ditional WSCPs (Fig. 13). Both WSCPs demonstrated good
solubility in polar solvents and, due to the n-delocalized
planar structure of the NDI unit with high electron affinity,
exhibited high electron mobility and suitable energy levels.
Additionally, the brominated quaternary ammonium polymer
PNDIT-F3N-Br displayed significant self-doping behavior
without requiring photoexcitation.'**

2.3.5 Other electron-deficient units. In addition to NDI
and PDI, several other electron-deficient units, such as ben-
zothiadiazole (BT),'*>"*® diketopyrrolopyrrole (DPP),"*”**% and
isoindigo,"**'*° have been widely used in small molecules and
polymers.”** Compared with imide-functionalized polymers,
polymers based on amide-functionalized (hetero)arenes, such
as DPP, isoindigo (IID), and naphthalene diimide (NBA), gen-
erally exhibit p-type or ambipolar characteristics due to their
higher frontier molecular orbital (FMO) levels (HOMO ~ —5.10
to —5.40 eV; LUMO ~ —3.50 to —3.90 eV). To further enhance
electronic performance, the introduction of new electron-
deficient building blocks and a deeper understanding of struc-
ture-property relationships are essential. For achieving n-type
transport, electron-deficient units are typically incorporated to
lower their energy levels."**> Recently, benzodifuran-dione oli-
gomers, based on electron-deficient conjugated backbones
such as oligothiophene-benzodifurandione-vinylene (BFDO)
materials, have demonstrated high electron mobility and excel-
lent environmental stability."*>*** BFDO, an electron-deficient
unit, features four strong electron-withdrawing carbonyl
groups embedded into the BDOPV backbone. This design
results in a deep LUMO level of —4.24 eV, lower than many

—— PNDIT-E3N —— PNDIT-F3N
3000 | ST TNDIT N B, —~—PNDIT-F3N-Br
St . R
2000 | —— PNDIT-FS/PCTIBM
_ j,’\* e =
2 1000 3
Z & i
3 0 ~ E /\.._/ -
= 2/ /.=.-=._-—,_———-/
= 1000 | s |
Qo
-2000 |
-3000 |
-4000 . . : .
3220 3230 3240 3250 3260 05 0 05 1 15 2
Magnetic Field (G) Potential (V vs. Ag/AgCl)
Fig. 13 (a) Chemical structures of PNDIT-F3N and PNDIT-F3N-Br. (b)

ESR spectra of different polymers and blends in solid state. (c) Cyclic
voltammograms of the polymers. Reprinted (adapted) with permission
from ref. 124. Copyright 2016 American Chemical Society.
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other electron-withdrawing units. The enlarged aromatic back-
bone of BDPPV not only extends the effective conjugation
length, promoting intrachain transport, but also improves
interchain transport due to the good planarity of the back-
bone. Furthermore, the strong electron-deficient building
block BDOPV imparts lower HOMO/LUMO levels (—6.12/—4.10
eV) to BDPPV, resulting in high electron mobility up to 1.1 cm?
V™' s7! under ambient conditions—four orders of magnitude
higher than those of PPVs. BDPPV is the first polymer capable
of transporting electrons over 1 cm”> V™' s~ under ambient
conditions, and its OFET devices exhibited good ambient
stability for at least 30 days, maintaining an electron mobility
of 0.31 em® V' s7."** Through careful optimization of the
polymerization reaction and doping process, researchers uti-
lized the reversible redox properties of quinone-based oxidants
to successfully accomplish the dehydrogenation polymeriz-
ation of a benzodifuranone precursor. Notably, tetramethyl-
benzoquinone was used as the oxidizing agent, enabling the
first successful oxidation-induced polymerization. As the
degree of polymerization increased, the resulting polymer
exhibited a significantly lower reduction energy level.
Simultaneously, the generated tetramethylhydroquinone pos-
sessed a reducing ability, which enabled in situ n-type doping
of the polymer, ultimately resulting in an n-type conductive
polymer with a conductivity of up to 2000 S cm™" (Fig. 14)."**

3. Applications

Conjugated polyelectrolytes (CPEs) have attracted significant
attention in recent years due to their unique structural charac-
teristics and diverse range of applications. By combining the
exceptional electrical and optical properties of conjugated
polymers with the ionic conductivity of polyelectrolytes, CPEs
exhibit considerable potential in various fields, including
photovoltaics, organic electrochemical transistors (OECTSs),
energy storage, and more.

3.1 Photovoltaics

The photovoltaic conversion process in organic solar cells
(OSCs) is governed by a sequence of interdependent physical
mechanisms. Initially, photon absorption within the photo-
active layer induces electronic excitation from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO) in either the donor or acceptor
material, generating Frenkel excitons characterized by strong
coulombic binding. These excitons require interfacial inter-
actions for dissociation due to their inherently high binding
energy. Subsequently, excitons diffuse across the active layer

o
;ﬁiﬁf
o

Fig. 14 Polymerization and doping process of PBFDO.
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driven by concentration gradients; however, their short life-
time and the morphological constraints of phase-separated
domains lead to partial quenching via radiative or non-radia-
tive recombination, reducing photon-to-current efficiency.
Upon reaching the donor-acceptor interface, charge transfer
generates metastable charge-transfer (CT) excitons, where elec-
trons and holes become spatially localized in the acceptor and
donor materials, respectively, yet remain weakly coupled
through residual coulombic interactions. The energy level
offsets between donor and acceptor materials then drive the
ultrafast dissociation of CT excitons into free charge carriers,
achieving spatial separation of electrons and holes. Under the
influence of the built-in electric field, liberated electrons
migrate through the electron transport layer toward the
cathode, while holes traverse the hole transport layer to the
anode, culminating in photocurrent generation via electrode
collection (Fig. 15). Critical factors determining device per-
formance include interfacial energy alignment, optimized
active layer morphology, and charge transport efficiency,
which collectively govern the balance between exciton dis-
sociation efficacy and recombination losses. This mechanistic
framework underscores the importance of material design and
device engineering in advancing OSC technologies.

The first OPV device was fabricated by Ching W. Tang in
1986, employing copper phthalocyanine as the donor and pery-
lene tetracarboxylic derivative as the acceptor, achieving a PCE
of 1%."* Although the relatively low PCE initially limited the
development of OSCs, the introduction of bulk-heterojunction
(BHJ) solar cells by Heeger et al. in 1995 marked a significant
breakthrough. By blending a conjugated polymer donor and a
fullerene acceptor in the active layer, the donor and acceptor
undergo phase separation, forming bicontinuous interpene-
trating networks at the nanoscale.’*® This morphology gener-
ates sufficient interfaces between the donor and acceptor, facil-
itating exciton dissociation and charge carrier transport, thus
enhancing OSC performance. This discovery triggered exten-
sive research on OSCs in both academia and industry."*”*?®

The PCE of OSCs is primarily determined by three key para-
meters: open-circuit voltage (V,.), short-circuit current density
(Jse), and fill factor (FF). Significant research efforts have been
devoted to identifying ideal donor and acceptor materials with
well-matched energy levels to enhance OSC performance and
improve charge injection efficiency.*®"*>'*® In addition to
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Fig. 15 The structure of single-junction OSCs and working mechanism
illustration. OSC devices in (a) conventional structure or (b) inverted
structure. (c) The working mechanism of carrier generation and trans-
port in OSCs.!

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review

optimizing the active layer, interface engineering plays a
crucial role in improving both the performance and stability of
OSCs. Given the strong coulombic interactions between holes
and electrons in organic semiconductors, both geminate and
non-geminate recombination occur during charge separation
and transport, leading to notable PCE losses.'*!

The perovskite solar cell, an emerging technology, rivals
crystalline silicon photovoltaics in laboratory efficiency while
offering significant advantages in terms of cost and manufac-
turing processes."*> Perovskite materials also exhibit excellent
low-light performance and adjustable optoelectronic character-
istics, attributes that crystalline silicon photovoltaics lack."*?
These advantages open up new possibilities for perovskite
photovoltaics in various application scenarios, with the poten-
tial to bring photovoltaic technology into everyday household
applications."** ¢ perovskite materials typically display high
light absorption and good charge mobility characteristics.
Similar to organic solar cells, when light strikes the perovskite
layer, excitons are generated, and the resulting electrons and
holes are separated. Driven by an electric field, these charge
carriers migrate toward the respective electrodes, generating
electrical current. Despite impressive PCE exceeding 25%,
PSCs still face significant challenges that prevent them from
reaching their full commercial potential.'*” One of the key bot-
tlenecks in enhancing the performance and stability of PSCs is
the metal-oxide/perovskite interface, which plays a critical role
in charge transport, recombination dynamics, and device long-
evity."*® Metal-oxide charge-transport layers, typically used as
electron and hole transport materials, often suffer from inter-
face defects when in contact with perovskite materials. These
defects lead to non-radiative recombination, reducing the
efficiency of charge extraction and significantly lowering the
overall performance of PSCs.>*4%1°°

Moreover, these interfaces are prone to undesirable chemi-
cal reactions during device operation, as well as mechanical
delamination, which exacerbate the stability issues of PSCs.
The defects at these interfaces can trap photogenerated
charges, creating local electric fields that promote ion
migration and phase separation, further degrading device per-
formance over time.'®>'”* Therefore, mitigating interface-
related losses—such as non-radiative recombination, charge
accumulation, and ion migration—becomes paramount to
achieving both high efficiency and long-term stability in
PSCs."!

In PSCs and OSCs, the active layer is typically positioned
between the electron transport layer (ETL) and the hole trans-
port layer (HTL). For efficient charge extraction, the conduc-
tion band minimum (E.) of the active layer must be higher
than that of the ETL, ensuring smooth electron flow from the
active layer to the ETL. Likewise, the valence band maximum
(E,) of the active layer should be lower than that of the HTL to
facilitate hole movement from the active layer to the HTL
(Fig. 16). Ideally, the energy offset should not exceed 0.3 eV;
otherwise, excessive offsets may impede charge transfer,
increase energy loss, and potentially lead to recombination.
Appropriate energy level alignment facilitates the transport of
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unipolar charge carriers, ensuring efficient extraction and
transfer of photogenerated charges while minimizing carrier
recombination losses. Additionally, selecting appropriate inter-
facial materials can establish built-in electric fields that
enhance the driving force for charge separation.

At the interface, charge extraction, transfer, and recombina-
tion are critical processes influencing photovoltaic perform-
ance. Rapid interfacial charge transfer promotes efficient
extraction of photogenerated current, thereby enhancing the
overall efficiency of the device. High mobility in the ETL and
HTL optimizes charge dynamics at the interface, further redu-
cing charge losses. On the other hand, deep defects at the
interface can induce carrier recombination, leading to losses
in Vo Therefore, minimizing interfacial recombination is
essential for enhancing V,. and overall device
performance.’*>*

Interface engineering serves as an effective and straight-
forward method to optimize interfacial properties, addressing
interfacial losses without compromising the characteristics of
the bulk layer. When designing interfacial materials, it is
crucial to consider not only the stability of these materials but
also their impact on the active layer. Preventing degradation at
both the interface and the active layer is essential to maintain-
ing long-term device performance. Furthermore, optimizing
the interface can protect the entire device from degradation,
significantly enhancing its stability. In conclusion, interface
engineering plays a crucial role in optimizing the structure
and properties of the interface layers, thereby enhancing the
performance of thin-film devices.'"*

3.1.1 Anode engineering. An ideal anode interfacial layer
(AIL) should facilitate hole extraction while inhibiting electron
collection. It must possess an appropriate work function,
neutral pH, high transmittance, and ease of processing,
thereby maximizing the efficiency of both OSCs and PSCs."*?
Materials for the HTL should meet several criteria: (i) a high
work function that matches the HOMO energy level of the
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donor material and the anode, (ii) transparency to enhance
light absorption in the active layer, (iii) high hole mobility to
minimize charge accumulation and recombination, (iv) a large
bandgap to block electron carriers, and (v) chemical stability
to withstand external factors."'*® Inorganic anode interfacial
layers, such as MoQj, copper oxide (CuO,), and NiO,, typically
require thermal decomposition for fabrication, which is an
expensive and vacuum deposition-intensive process. In com-
parison, organic materials offer advantages like lower cost,
minimal toxicity, simpler solution processing, and a high work
function, making them more suitable for industrial-scale fabri-
cation. PEDOT:PSS has been the most widely used organic
HTL due to these advantages. Over the past few decades, OSCs
and PSCs incorporating PEDOT:PSS as the AIL have achieved
remarkable power conversion efficiency (PCE) records, surpass-
ing 20% and 27%, respectively.">”'*® However, its acidity can
compromise device stability. Therefore, developing hole trans-
port materials that offer high mobility, long-term stability, and
comprehensive passivation is crucial for future advancements.
For instance, CPE-K, when compared with PEDOT:PSS, does
not induce electrode corrosion.'>® Moreover, the self-doping
effect of CPE-K, as demonstrated by absorption spectrum and
electron spin resonance (ESR) testing, enhances its conduc-
tivity to 1.5 x 107> S em ™", reducing charge recombination at
the anode/active layer interface. As a result, CPE-K-based OSCs
show slightly enhanced Js. and PCE compared with those with
PEDOT:PSS.'** ¢!

The use of self-assembled monolayers (SAMs) as HTLs sig-
nificantly reduces charge transport losses, thereby enhancing
Jsec and V. in PSCs. SAMs, designed with one anchoring group
and one functional group, adhere easily to surfaces and can
modulate the properties of perovskite layers.'®® This approach
has led to record-high PCEs and impressive stability in single-
junction devices.*"'**"1°® Additionally, the integration of SAMs
in tandem and flexible PSCs facilitates the fabrication of large-
area devices. For example, the addition of small molecule
2PACz into the active layer leads to spontaneous self-organiz-
ation during film formation. The vertical migration of 2PACz
in the bulk heterojunction (BH]) is driven by its higher surface
energy, which directs it towards the ITO substrate. This
process reduces surface trap density and improves device per-
formance, achieving a remarkable PCE of 15.8% in large-area
OSCs processed with green solvents (Fig. 17). Furthermore,
self-assembled 2PACz SAMs have shown potential in enhan-
cing the stability and performance of BHJ-OPVs, where their
direct functionalization of ITO increases the work function
and reduces contact resistance, significantly improving device
stability (Fig. 18)."*>'%

In PSCs, the self-assembly of hole transport molecules on
NiO nanocrystalline films has led to a certified PCE of 24.4%,
demonstrating the effectiveness of SAMs in improving energy
level alignment, reducing interfacial recombination, and
enhancing hole extraction.'” Poly-4PACz, a novel hole trans-
port material designed through the polymerization of carba-
zole phosphonic acid small molecules, offers several advan-
tages over traditional small-molecule HTMs. Unlike the
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Fig. 18 (a) Chemical structure of 2PACz and schematic illustration of
the ITO-2PACz electrode. (b) J-V curves of PM6:N3 solar cells based on
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devices. Light intensity dependence of (e) Vo and (f) bimolecular
recombination rate constant (k..c) for the same cells.*6?

compact ultrathin SAMs required by PACz-HTM, Poly-4PACz
exhibits good electrical conductivity, which makes it less sensi-
tive to layer thickness and the roughness of transparent con-
ductive oxides (TCOs) (Fig. 19). This significantly broadens the
processing window for HTMs. Additionally, the phosphonic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 (a) Molecular structure of Me-4PACz and Poly-4PACz. (b) J-V
curves of the blade-coated PSCs based on Me-4PACz and Poly-4PACz.
(c) J-V characteristics of the Poly-4PACz-based perovskite mini-module
with an aperture area of 25.0 cm?. Inset shows a picture of Poly-4PACz-
based perovskite module.

acid groups in Poly-4PACz form strong chemical bonds with
TCOs and passivate the perovskite film, suppressing charge
recombination at the buried perovskite/HTM interface. This
material represents a promising direction for enhancing the
performance and stability of PSCs and OSCs (Table 1).2°

3.1.2 Cathode engineering. The primary function of
cathode interfacial layers (CILs) is to facilitate efficient electron
transport while blocking holes, ensuring a good contact
between the active layer and electrodes, and reducing the elec-
trode work function effectively.”'”* Ideal cathode interlayer
materials (CIMs) should possess tunable work function (WF),
high conductivity, stability, and favorable interfacial
contact.""”*° A series of water- and alcohol-soluble conju-
gated polymers and/or small molecules have been developed,
significantly enhancing device performance in PSCs and
organic photovoltaics (OPVs). These CILs feature solubility in
environmentally friendly solvents such as water and alcohol,
which enables their use in the fabrication of multilayer devices
without causing layer corrosion. Moreover, these materials
improve interfacial contact between the active layer and the
cathode, thereby boosting photovoltaic efficiency (Table 2).?

Table 1 Different types of SAMs and their device performance

Voc V)  Jee(MAcm™)  FF(%) PCE (%)  Ref.
MeO-4PACz  1.15 24.53 84.56 24.5 167
2PACz 1.186 25.78 80.8 23.4 168
DC-TMPS 1.18 25.0 84.0 24.8 169
MeO-2PACz  1.18 23.68 83.21 23.31 170
Poly-4PACz  1.17 24.8 83.9 24.4 20
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Table 2 The work function (WF) of Ag electrodes modified by 5 nm
CPEs and the electron mobility of these CPEs

Voe (V) Jee(MAcm™) FF (%) PCE (%) Ref.
PFNBBT10%-Br  0.82 27.59 7127 16.35 182
PFBP-Br 0.83 26.12 7349  16.2 183
DPTFBr 0.84 26.23 7327  16.14 183
PDINN 0.913  26.9 7825  19.19 184
NDI-PhC4 0.855  27.7 80.7 19.1 185

In 2012, Wu et al. introduced PFN as a CIL material, achiev-
ing a power conversion efficiency (PCE) of 8.24% in inverted
OSCs. The performance was further enhanced to 9.21% in
inverted devices based on PTB7:PC71BM. PFN was found to
lower the work function of indium tin oxide (ITO) from 4.7 eV
to 4.1 eV, facilitating efficient electron extraction and improv-
ing device efficiency.””>'”® Luo et al utilized water/alcohol-
soluble polyelectrolytes such as PFPNBr and PFNBr-DBT15 as
CILs, demonstrating that the insertion of a thin layer of WSCP
induced an interfacial dipole, enhancing the built-in potential
and increasing the V,. by up to 0.3 V."* While PFN-like
materials show promising performance, challenges remain,
including low charge mobility (approximately 1 x 107° to 1 x
1077 em® V™' §7"), which limits the optimal thickness of these
interlayers to around 10 nm. Even small increases in thickness
can significantly degrade device performance."”®> To overcome
these limitations, interface materials with higher charge mobi-
lity and conductivity have been developed by enhancing mole-
cular packing and introducing molecular doping, particularly
using planar units such as NDI and PDL'®"® These
advanced materials exhibit thickness-insensitive behavior,
ensuring optimal performance across a wide range of thick-
nesses.”” For instance, Huang et al. designed and synthesized
three self-doped n-type water-soluble conjugated polymers
(n-WSCPs) based on perylenetetracarboxylic acid derivatives:
PIF-PTE-N, PIF-PMIDE-N, and PIF-PDI-N. The distinct electron-
deficient units in their backbones provided tunable absorption
properties and adjustable energy levels. Using ultrathin
n-WSCPs as electron transport layers (ETLs), high-performance
PSCs with PCEs near 9% were achieved, with PIF-PDI-N-based
devices maintaining PCEs over 9% even at 50 nm thickness,
suggesting potential for large-area fabrication via roll-to-roll
processing. In contrast, devices based on PIF-PTE-N and
PIF-PMIDE-N underperformed due to mismatched energy
levels and insufficient electron mobility.'®! Li et al. reported a
series of NDI-based conjugated polyelectrolytes as universal,
thickness-insensitive ETMs for OSCs. Substituting the conju-
gated backbone with alkyl and alkoxy ammonium side chains
altered the absorption spectra, energy levels, and doping be-
havior, achieving PSCs with PCEs exceeding 16% when PM6:
Y6 was used as the active layer (Fig. 20).">>

In addition to introducing electron-deficient units like NDI,
incorporating electron-deficient atoms such as fluorine has
proved effective in enhancing the performance of CPEs.'®*'®
Liu et al. developed fluorinated CPEs as electron transport
layers for inverted solar cells, finding that fluorine content sig-
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Fig. 20 J-V characteristics (a) and (b) the EQE curves of PBDB-2CLl:
ITIC-2F-based photovoltaic devices with PNDT as the ETM; (c) J-V
characteristics of PBDB-2CLITIC-2F-based photovoltaic devices with
PNDTO and PNDTOO as ETMs; and (d) the summary of photovoltaic
parameters for PBDB-2CLITIC-2F-based photovoltaic devices with
these CPEs as ETMs.'??

nificantly affected the interfacial dipole, conductivity, and
morphology of the active layer. The highest fluorine content in
PFf4B resulted in significantly higher efficiency and allowed
for thicker films (~31.8 nm)."®® Li et al. further optimized CPE
properties by tuning counterions such as F~, Cl~, BIm, ", and
BArF, ", which affected the doping process and electron mobi-
lity (Fig. 21). CPEs with optimized counterions demonstrated
improved performance, making them promising candidates
for large-area PSC fabrication.'®’

Moreover, similar to alkylamines in polymer-based ETLs,
which enhance the ETL/cathode interface through better work
function matching, the use of such materials also improves
the perovskite/ETL interface by effective trap passivation
Table 3. This reduces defect density and charge recombina-
tion, further improving PSC performance (Table 4),1%¢177:190

3.2 Transistors

With the rapid advancement of flexible electronics, sensors,
and bioelectronic devices, organic transistors have emerged as
a prominent research focus in recent years, owing to their
unique material properties and wide-ranging application poten-
tial.””" Among these, organic electrochemical transistors
(OECTs) stand out as particularly representative devices.®'**'%
OECTs offer advantages such as high transconductance, excel-

Counterions-exchanging
CH30H/H,0, rt, 72h

O”°N"0

PNDIT-F;N-Br °~H-~2
CoHs

Fig. 21 Chemical structure of PNDIT-F3zN-X.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The work function (WF) of Ag electrodes modified by 5 nm CPEs and the electron mobility of these CPEs

PNDIT-F;N-F PNDIT-F;N-Cl PNDIT-F;N-Br PNDIT-F;N-BIm, PNDIT-F;N-BArF,
WF of Ag (eV) 4.08 4.08 3.99 413 5.63
Electron mobility (x10™* em® V™' s7) 1.45 2.91 3.78 2.35 0.0012

lent biocompatibility, low operating voltage, and minimal
power consumption.”®***"*° These benefits are closely tied to
the transistor’s unique operating principle, wherein the gate
voltage (V;;) drives ions from the electrolyte into the channel,
resulting in volumetric doping and de-doping of the organic
semiconductor. This mechanism enables OECTs to demon-
strate remarkable performance in applications such as sensors,
medical devices, and display technologies.”®'***°® In OECTsS,
conductivity is controlled through electrochemical interactions
between electrolytes and organic semiconductors.'®” An OECT
typically consists of a thin organic semiconductor film in
contact with an electrolyte, with a gate electrode immersed in
the electrolyte. Metal source and drain electrodes establish
contact with the organic semiconductor, defining the channel
through which holes or electrons flow between the source and
drain (Fig. 22). The operation of the OECT relies on ion injec-
tion from the electrolyte into the organic semiconductor, alter-
ing its doping state and thereby modulating its conductivity.
This process is described using terminology from both electro-
chemistry and solid-state physics, with control provided by the
gate voltage (Vi) and drain voltage (Vp), referenced to the
source electrode.'® The gate voltage modulates ion injection
into the channel, regulating the doping state (or redox state, in
electrochemical terms) of the organic film, while the drain
voltage generates a current (Ip), which is proportional to the
charge carriers (holes or electrons) moving through the
channel, reflecting the doping state of the organic film. Like
MOSFETs and OFETs, OECTSs can function as switches, where
the gate voltage (input) controls the drain current (output).
Additionally, they can act as amplifiers, where the input signal
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« Side chain engineering * Mechanical
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Fig. 22 The synthetic design controls the properties of organic mixed

ionic—electronic conductors (OMIECs), which enable particular
applications.®*
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is amplified during the output process.'** OECTs are capable
of converting small voltage signals applied to the gate into sig-
nificant changes in the drain current. The transduction
efficiency is quantified by the first derivative of the transfer
curve, known as transconductance (gm = 0Ip/dVg), a critical
figure of merit for transistors. OECTs typically exhibit excep-
tionally high transconductance values in the millisiemens
range, even for micrometer-scale devices.'***®

For optimal performance, the channel material must effec-
tively conduct both ionic and electronic signals. Commonly
used materials include PEDOT:PSS and other CPEs. Due to its
high conductivity and solution processability, PEDOT has
become widely used in thin-film devices.'®>°' However, the
water solubility of PEDOT necessitates the incorporation of
crosslinking agents, such as (3-glycidyloxypropyl)trimethoxysi-
lane and divinylsulfone, to render it water-insoluble.**'*°>
While PEDOT is relatively straightforward to use in OECTS,
devices based on PEDOT typically operate in depletion mode,
which may limit long-term device stability."®® In the absence
of a gate voltage, with only a bias applied between the source
and drain electrodes, the PEDOT remains in its conductive
state. This is because the negatively charged PSS compensates
for the positive charges in PEDOT, maintaining a high hole
density in the material. When a positive bias is applied to the
gate electrode, positive ions from the electrolyte migrate
toward the active layer and infiltrate the polymer network.
These ions neutralize the negative charges on PSS, leading to a
reduction in hole density (de-doping) and causing the device
to transition from “on” to “off” state.** Scott et al. demon-
strated that to shift PEDOT:PSS OECTs into enhancement-
mode, charge-compensating sulfonate units on the PSS com-
ponent must be neutralized by electron donation to the
PEDOT backbone.?® This can be achieved using amines as
dedoping agents, where the amine groups of PEI transfer elec-
trons to PEDOT, significantly reducing the intrinsic conduc-
tivity of the channel and enabling accumulation-mode oper-
ation.””® Additionally, the bulky structure of PSS affects the
volumetric capacitance of the PEDOT film by influencing the
fraction of PEDOT in the film.”*® As such, the development of
novel single-component ion-electron mixed-conducting CPEs
has become a key area of focus.

In this context, CPEs such as PTHS were developed. The sul-
fonic acid groups in PTHS are directly attached to the thio-
phene backbone via side chains, creating a conjugated poly-
electrolyte with distinct electrical properties. When the coun-
terions are compensated by electronic charges, the material
becomes conductive, whereas it behaves as an insulator
when ion-compensated.’** Bazan et al. utilized a self-doped
CPE-K to fabricate high transconductance accumulation-mode
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Table 4 Device data of PSCs based on NT812/PC,BM with 5 nm CPEs as the ETMs

Vo (V) Jse (MA cm™) FF (%) PCE (%)
No ETM 0.65 + 0.01 17.91 £ 0.31 63.77 = 1.79 7.45 +0.09 (7.55)a
PNDTT-F;N-F 0.73 £ 0.00 19.19 + 0.21 69.15 + 0.92 9.62 + 0.07 (9.71)
PNDIT-F;N-Cl 0.73 + 0.00 19.53 + 0.23 70.99 + 0.33 10.16 + 0.14 (10.26)
PNDTT-F5N-Br 0.73 £ 0.00 19.55 £ 0.22 72.18 £ 1.03 10.32 = 0.15 (10.50)
PNDIT-F;N-BIm4 0.73 £ 0.00 19.56 * 0.23 71.12 = 0.38 10.14 = 0.11 (10.23)
PNDIT-F;N-BArF4 0.53 £ 0.00 17.84 + 0.41 45.22 +2.44 4.25 £ 0.30 (4.49)

OECTs. The direct cross-linking of GOPS to the sulfonate
functional group on CPE-K was confirmed by XPS. OECT
devices based on CPE-K exhibited accumulation-mode
operation, offering advantages such as low power consumption
when the device is in the “off” state. The transconductance of
these devices was compared with other OECT materials from
the literature, considering factors such as channel volume and
operational voltage.?®> However, due to the water solubility of
CPEs, crosslinking agents are required to stabilize the
thin films, although their inclusion dilutes the active material
in the transistor channel. Despite enhancing water stability,
this approach compromises the mixed ionic-electronic
conductivity.>*®°® To address this limitation, Philip et al
introduced hydrophobic copolymer monomers (e.g., P3HT)
into PTHS via copolymerization, reducing the polymer’s water
solubility by 50%. This modification effectively decreases the
need for crosslinking agents while maintaining high ionic
conductivity within the copolymer structure.”®

OECTs have shown promise in a wide range of applications,
including biosensors, flexible electronics, and wearable
technology, owing to their high conductivity and tunable pro-
perties. These devices are particularly suited for real-time
monitoring of biological signals, such as ions, electrophysio-
logical signals, and biomarkers, contributing to advancements
in healthcare.>'°%2%92!1 Additionally, the low cost and ease of
fabrication make OECTs an attractive option for large-scale
production of flexible displays and smart materials.
Biologically significant ions, such as K*, Na“, and Ca**, play
crucial roles in physiological processes. In particular, K" and
Na' are essential for nerve impulse transmission, muscle con-
traction, and maintaining water balance across cell
membranes.'”?> Li et al explored the use of
[MTEOA][MeOSOs] as an additive to enhance the conductivity
of PEDOT, improving the performance of OECTs. Devices fab-
ricated with PEDOT/[MTEOA][MeOSO;] films as the active layer
exhibited high transconductance (22.3 + 4.5 mS pm™"), a sub-
stantial uC* product (283.80 + 29.66 F cm™ V™' s7!), and rapid
response times (~40.57 ps). Furthermore, the devices demon-
strated excellent cyclical stability, retaining 95% of their per-
formance after 5000 switching cycles. Ion sensors based on
these PEDOT/[MTEOA][MeOSO;]-integrated OECTs, combined
with ion-selective membranes, exhibited high sensitivity and
selectivity for detecting Na" and K', showcasing their potential
in monitoring physiological ion concentrations and human
vital signs.”"® Bai et al. proposed a wearable glucose sensor
based on an OECT for continuous glucose monitoring (CGM).

562 | RSC Appl. Polym., 2025, 3, 549-573

Compared with traditional electrochemical sensing-based
CGM systems, the OECT-CGM offers improved noise resistance
and adjustable sensitivity, making it a promising solution for
monitoring glucose levels both in vitro and in vivo.”*®

Despite these advances, the development of complementary
logic circuits based on OECTs remains hindered by the limited
variety and performance of n-type materials compared with
p-type materials.*'**"®  Currently, air-stable n-channel
materials are constructed by developing electron-deficient
building blocks, such as perylenediimides (PDI),>*>*'®
naphthalenediimides ~ (NDI),>*>*'”  diketopyrrolopyrrole
(DPP),*>*'® and isoindigo (IID).>"® Giovannitti et al. reported
a series of donor-acceptor random copolymers with an
NDI core. Among the seven copolymers, P-90 demonstrated
the best performance, with a conductivity of 0.21 S cm™" and
an electron mobility of 2.38 x 107" em® V' s7'.>'° They
also investigated the effect of side chains on device perform-
ance, finding that alkyl side chains favored electron transport,
while glycol side chains favored ion conduction. The
relative ratio of side chains modulated the balance between
ionic and electronic conduction, enhancing the performance
of OECTs.

3.3 Energy storage

The growing global population has led to an increasing
demand for energy. While fossil fuel combustion has histori-
cally been the primary source of energy, it is associated with
significant environmental challenges, including the release of
greenhouse gases. As awareness of these detrimental effects
grows, there has been a substantial shift toward renewable
energy sources such as solar, wind, hydro, and geothermal
power. Despite rapid advancements in renewable energy
technologies, their intermittent nature presents a substantial
challenge. This has driven a focus not only on energy conver-
sion but also on energy storage. In response to this challenge,
various energy storage technologies have emerged, with
electrochemical energy storage being particularly promising.
Lithium-ion batteries (LIBs) have become the dominant
energy storage technology for applications ranging from consu-
mer electronics and portable devices to electric vehicles (EVs),
plug-in hybrid electric vehicles (PHEVs), and even military and
aerospace systems.”*®**! Their popularity stems from their
high energy and power density, long cycle life, and relatively
lightweight design. Developed in the 1970s and commercia-
lized by Sony in 1990, LIBs have undergone significant
improvements, revolutionizing industries such as electronics

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and transportation.®>*> However, despite their widespread
use, LIBs face challenges related to the mechanical and chemi-
cal stability of electrode materials. Innovations in binder
systems, particularly those involving conductive polymers, are
being explored to enhance performance, durability, and energy
density, which could help address issues such as mechanical
degradation and energy inefficiency.

A LIB operates by the intercalation and deintercalation of
lithium ions between the cathode and anode during charging
and discharging. As shown in Fig. 23, the working principle
involves electrochemical reactions: during charging, an applied
voltage causes lithium ions (Li*) to deintercalate from the cathode
material, migrate through the electrolyte, and intercalate into the
anode (usually graphite). At the same time, electrons released
from the cathode flow through an external circuit to the anode,
maintaining charge balance. During discharge, lithium ions dein-
tercalate from the anode, pass through the electrolyte, and return
to the cathode, while electrons travel through the external circuit
from the anode to the cathode, powering external devices.

The performance of LIBs is influenced not only by the
anode and cathode materials but also by auxiliary materials
such as conductive agents and binders. These components
play a critical role in enhancing the conductivity, structural
stability, and electrochemical performance of the battery.

3.3.1 Conductive agents for anodes and cathodes.
Conductive agents, typically carbon-based materials such as
acetylene black, carbon nanotubes (CNTs), and graphene, are
essential for improving electron conduction within electrode
materials. They help reduce internal resistance and ensure the
effective reaction of lithium ions during the charge and dis-
charge cycles. The use of conductive agents is particularly impor-
tant for certain cathode materials, such as lithium iron phos-
phate (LiFePO,), which exhibit relatively poor conductivity.***
Graphite, commonly used in anodes due to its excellent conduc-
tivity, also requires the addition of conductive agents to ensure
uniform electron distribution throughout the electrode.?**?>¢

Binders are used to bond active materials and conductive
agents to the current collectors, ensuring the mechanical
integrity and structural stability of the electrodes. Common
binders include polyvinylidene fluoride (PVDF) and carboxy-
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Fig. 23 (a) Energy storage potential in TWh for different battery chem-
istries. The limiting element by resource constraints is shown in brackets.
The star indicates that the ESP value is beyond the limit of the Figure.
(b) Sketch of the well-known working principle of a lithium-ion battery
(LIB) with lithium ions intercalating into two host structures.?
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methyl cellulose (CMC).”**” PVDF is widely used for cathodes
due to its chemical stability and electrochemical inertness,
which helps maintain electrode stability. In anode materials, a
combination of water-soluble binders, such as CMC, and
styrene-butadiene rubber (SBR) is often used. This combi-
nation not only reduces battery resistance but also provides
environmental benefits. Although binders and conductive
agents do not directly participate in the insertion/extraction of
lithium ions, they are crucial for the overall performance of
the battery. Their appropriate selection and optimization are
vital for enhancing the electrochemical performance of LIBs,
especially with regard to cycling stability and rate capability.
Despite PVDF’s widespread use as a binder, it has significant
drawbacks, including poor electronic and ionic conductivity.**®
This has prompted the development of conductive polymer
electrolytes, which possess both ionic and electronic conduc-
tivity, as potential alternatives to traditional binders.

One of the first electrode materials to be industrialized for
LIBs was lithium iron phosphate (LiFePO,), known for its
olivine structure. LFP is favored for its excellent thermal stabi-
lity, cost-effectiveness, safety, and minimal environmental
impact. However, its application in high-rate environments is
limited by its poor electronic conductivity (107 to 107'° S em™)
and the presence of one-dimensional lithium ion (Li") channels.
The integration of conductive polymer binders has proved to be
an effective strategy for improving electronic conductivity and
stabilizing the solid electrolyte interphase (SEI) at the electro-
des.*”® For example, Li et al introduced a water-soluble binder
that significantly enhances the bond strength of the anode com-
pared with traditional commercial PVDF binders. The binder,
TA, characterized by its reactive ~-OH groups and dendritic ring
structure, facilitates hydrogen bonding with -SO;H in PEDOT:
PSS, forming a cohesive network structure that demonstrates
exceptional rate capability and long-term stability over 1000
cycles.'®® S. N. Eliseeva et al. prepared a lithium-ion battery
without the addition of conductive carbon black. By employing
polymer dispersion PEDOT:PSS along with CMC as an additive
to C-LFP-based cathode material, the specific capacity and
C-rate performance of the electrodes were significantly improved
compared with conventional C-LFP/PVDF electrodes. This
improvement was primarily due to the increased active mass of
LFP from 84% to 96%, leading to a 13% increase in specific
capacity, reaching 148 mA h g *.**° In addition to PEDOT:PSS,
many other CPEs have been utilized to develop novel binders
for LIBs.'9>231:232 por instance, Yo Han Kwon et al. introduced
poly[3-(potassium-4-butanoate) thiophene] (PPBT), a water-
soluble, carboxylate-substituted polythiophene, as a binder com-
ponent. The introduction of PPBT as a binder and polyethylene
glycol (PEG) as a surface coating on the Fe;O, active particle
surface demonstrated significant improvements in both electron
and ion transport. This combination reduced electrode resis-
tance, stabilized cycling performance, and improved rate capa-
bility (Fig. 24).

Apart from binder in LIBs, CPEs were also utilized in Li
metal batteries (LMBs).****® When PEDOT is used as a
binder, its high conductivity can significantly enhance the
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electron transfer capability between the cathode active
materials. In addition, the cross-linked network structure of
PEDOT can accommodate the volume changes of the cathode
during the discharge/charge cycles. Incorporating the conduc-
tive polymer PEDOT as a binder in the cathode of lithium-
sulfur batteries, in conjunction with hollow porous carbon par-
ticle hosts, effectively mitigates the polysulfide shuttle effect,
enhances lithium-ion migration, and ultimately elevates the
overall battery performance. Experimental data and predic-
tions of multiscale simulations concluded a 7-9% extension of
the specific capacity of Li-S battery cells due to the surface
redox effect of PEDOT:PSS and elimination of lithium sulfides
from the anode by slowing down their migration and shuttling
via their adsorption by the PEDOT:PSS binder.>*° In addition
to changes in electrode materials, researchers are also focusing
on solving the polysulfide shuttle issue in lithium-sulfur
batteries through separator modification. Due to the difference
in charge between lithium ions and polysulfide anions, the
use of an ion-selective membrane is an effective solution to
the polysulfide shuttle issue.”®” The sulfonated tetrafluoro-
ethylene-based fluoropolymer copolymer, commonly known as
Nafion, is a typical polymer that can be utilized as a coating to
create a permselective membrane. When applied to the
separator, Nafion allows the selective diffusion of Li" cations
while blocking the movement of polysulfide anions, owing to
its electronegative SO;~ groups. This selective ion transport
significantly enhances the electrochemical performance of Li/S
batteries.”*”>*' Due to the abundant sulfonic acid groups
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and excellent conductivity of PEDOT:PSS, Wang et al. de-
posited a highly conductive and lightweight PEDOT:PSS inter-
layer onto the separator. This interlayer acts as a soft buffer to
limit the LiPS shuttle effect through chemical absorption and
further serves as an auxiliary “current collector” to enhance
the electronic conductivity of the sulfur cathode.*” Yi et al.
presented a lightweight, dual-functional separator for lithium-
sulfur batteries, developed through a physical blend and
blade-coating technique using carbon black/poly(3,4-ethylene
dioxythiophene) (styrene sulfonate) (CB/PEDOT). This separa-
tor significantly enhances sulfur utilization by functioning as
a co-current collector and effectively inhibits polysulfide
diffusion while promoting lithium ion migration. The modi-
fied separator demonstrated an initial capacity of 1315 mA h
¢! at 0.2 C, retaining 956 mA h g™' after 100 cycles, and
achieved a discharge capacity of 699 mA h g”* at 2 C. With an
areal density of just 0.604 mg cm™2, it also offers a specific
electrode capacity of 522 mA h g™* at 1 C, showcasing superior
performance compared with cells lacking an interlayer
(Fig. 25).243

3.4 Other applications

In addition to the applications mentioned previously, CPEs
exhibit both ionic and conductive properties, showcasing high
polarity, excellent crystallinity, and semiconductor character-
istics. These materials have found extensive applications in a
variety of fields, including optoelectronics, biological appli-
cations, sensing, and imaging.?*****® Organic semiconductors,
in particular, can be easily modified to enhance their electronic
properties. For instance, their band gaps can be finely tuned,
and they exhibit a broad absorption range alongside high charge
carrier mobility, making them particularly suitable for photo-
catalytic hydrogen evolution.>*” The principle of photocatalytic
hydrogen production involves using a photocatalyst to absorb
light energy, which excites electrons and generates electron-hole
pairs. Specifically, the process follows these steps: the photo-
catalyst absorbs photons, causing electrons to transition from
the valence band to the conduction band, forming electron-hole
pairs. The excited electrons then move to the catalyst surface,
where they participate in the reduction of hydrogen ions to
produce hydrogen gas. Simultaneously, the holes facilitate the
oxidation of water to generate oxygen gas. To enhance the
efficiency of this process, the energy band structure of the cata-
lyst must meet the redox potential requirements, and minimiz-
ing electron-hole recombination as well as optimizing surface
reactions are essential.”*®>**° Efficient photocatalytic hydrogen
evolution has been achieved by modifying the interaction
between CPEs and co-catalysts. Water-soluble CPEs, in particu-
lar, have demonstrated significant improvements in photo-
catalytic performance. Furthermore, the photocatalytic activity of
CPEs can be precisely tuned through molecular engineering,
such as varying the side chains and counterions in the CPEs,
thereby influencing their interaction with Pt co-catalysts.>* For
instance, Hu et al. developed a series of novel cationic CPEs to
enhance photocatalytic hydrogen production. By incorporating
cationic side chains into the polymer backbone, they signifi-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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efficiency of cell without interlayer, with CB or CB/PEDOT:PSS interlayer
at 0.2 C current density. (b) The rate capacities of cells with CB or CB/
PEDOT:PSS interlayer. (c) Long-term cycling of CB/PEDOT:PSS cell at 1
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CB/PEDOT:PSS modified separator and (f) without interlayer. Linear fits
of CV peak current dependence based on the scan rate of Li—S batteries
with (e) CB/PEDOT:PSS modified separator and (g) without interlayer.2*®

cantly improved both the solubility in polar solvents and the
photocatalytic activity. The synthesized CPEs, which incorpor-
ated different co-monomers such as BT, DTBT, and DPP, exhibi-
ted superior light absorption properties and progressively
reduced energy gaps. When combined with PFN-Br, these
materials exhibited a hydrogen generation rate 50 times higher
than that of PFN alone. This study also explored the influence of
different anions on photocatalytic performance, emphasizing
the importance of optimizing the interaction between cations
and metal catalysts to improve efficiency.>® Wu et al further
enhanced photocatalytic hydrogen generation by introducing
fluorine (-F) and cyano (-CN) substituents, achieving a 2.9-fold
and 12-fold increase in hydrogen generation, respectively.
Additionally, the introduction of quaternary ammonium salt
side chains improved the polymer’s dispersion in water, facili-
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tated charge transfer, reduced the bandgap, expanded light
absorption, and regulated the stacking distance of the polymers,
thereby enhancing charge mobility and crystallinity
(Flg. 26).250’251

In biotechnology, organic semiconductors have emerged as
promising materials due to their functional versatility and
high biocompatibility. Conjugated polyelectrolytes, with their
charged backbones, combine the desirable absorption and
photostability of conjugated polymers with excellent water
solubility and biocompatibility.”>**> These properties make
them potential candidates for photothermal therapy (PTT) and
photodynamic therapy (PDT), as they can absorb near-infrared
light and transfer energy to deeper tissue layers.>**>**?>* The
mechanisms of PTT and PDT involve the excitation of photo-
sensitizers (PS) under specific wavelengths of light. In PDT,
the PS absorbs light, transitioning from the ground state to an
excited singlet state, and then undergoes intersystem crossing
to a more stable triplet state. In this state, the PS interacts with
oxygen to produce reactive oxygen species (ROS), which cause
cellular damage. In contrast, PTT directly uses near-infrared
light to heat tissues, inducing cell death. The transition
between the ground and excited states plays a crucial role in
both therapies, affecting their selectivity and efficacy
(Fig. 27).24%23%21 Chen et al. investigated the optical and
photothermal properties of two newly synthesized conjugated
polymers, PPBBT and Dihexyl-PPBBT. These polymers exhibi-
ted broad absorption from 250 to 1200 nm and demonstrated
band gaps of 0.69 eV and 0.62 eV, respectively, making them
suitable for organic photothermal applications. In photother-
mal tests, PPBBT showed heating rates comparable to those of
single-walled carbon nanotubes (SWCNTs) and achieved a
photothermal efficiency of up to 94.3%.
Furthermore, the water-soluble nanoparticles, NPPPBBT,
encapsulating PPBBT, exhibited excellent stability, photother-
mal properties, and significant phototoxicity in cell experi-
ments. In vivo studies indicated that NPPPBBT, combined with
near-infrared laser (NIR) irradiation, effectively suppressed
tumor growth, while also displaying excellent biocompatibility,
thereby highlighting its potential in cancer therapy.>*® Hu
et al. developed a novel organic semiconductor conjugated
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polymer, PCP-SO;K, as a photothermal agent for NIR photo-
thermal therapy (PTT). In vitro experiments showed that
PCP-SO;K exhibited low toxicity to HeLa and 4T1 cells, signifi-
cantly inhibiting cancer cell growth and inducing apoptosis
upon laser irradiation. Further animal studies revealed that
PCP-SO;3K, when combined with laser irradiation, effectively
suppressed tumor growth in a 4T1 tumor mouse model,
achieving complete remission without causing damage to
major organs, demonstrating its excellent biocompatibility.*>®
Yuan et al. introduced a platform for combined chemotherapy
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and PDT, incorporating inorganic upconversion nanoparticles
(UCNP) with CPEs. Targeting the cyclic arginine-glycine-aspar-
tic acid (cRGD) peptide, the system enhanced drug accumu-
lation in cancer cells overexpressing integrin avf3, such as
U87-MG cells. Experimental results demonstrated that
T-UCNP@CPE-DOX exhibited significant uptake and ROS
generation in U87-MG cells, with effective DOX release under
NIR irradiation. The platform showed excellent biocompatibil-
ity and synergistic therapeutic effects, with a combination
index (C.L) of 0.56, making it a promising approach for selec-
tive cancer cell killing and controlled drug release.>>®
Bioelectrochemical Systems (BES) employ electroactive micro-
organisms interfaced with electrodes to sustainably convert
organic matter into electricity or chemicals. Key components
include modified electrodes (anode for oxidation, cathode for
reduction), microbial communities (bacteria, archaea, fungi) cat-
alyzing redox reactions, conductive electrolytes enabling ionic
transport, and a separator membrane preventing electrode inter-
ference in dual-chamber designs.>”® Some systems utilize micro-
bially produced electron mediators to enhance charge transfer.
By optimizing electrode materials, membrane selection, and
microbial activity, BES achieve efficient energy conversion and
resource recovery, with applications in renewable power gene-
ration, wastewater treatment, and chemical synthesis through
integrated biological-electrochemical processes (Fig. 28).>>">*°
These components work synergistically to optimize electro-
chemical reactions in microbial catalysis, directly impacting
power density and overall system performance. The efficiency
of extracellular electron transfer (EET) is a crucial factor in the
performance of bioelectrochemical processes. Despite chal-
lenges related to interfacial contact and bacterial loading,
strategies such as the use of 3D electrodes and conductive
materials have proved effective in enhancing EET efficiency.
Recent advancements highlight the potential of CPEs in
improving microbial electrosynthesis by promoting more
efficient electron transfer to bacteria for substrate reduction.
Bazan et al. explored the role played by BES in sustainable
energy conversion between electrical and chemical energy. They
demonstrated how a single conjugated polymer can enhance
bidirectional extracellular electron transfer through self-
assembled coatings on microbial cells. Specifically, the n-type
conjugated polyelectrolyte, p(cNDI-gT2), facilitates electron trans-
fer involving the outer membrane cytochromes and flavins of
Shewanella oneidensis MR-1, within a reduction potential range of
—0.1 to —0.8 V. Electrochemical tests revealed that electron injec-
tion from an external electrode into Shewanella oneidensis MR-1 is
effective at —0.6 V, while electron extraction occurs at 0.2
V. Compared with control systems, this biohybrid exhibited a
sixfold increase in biocurrent generation and a 35-fold increase in
current uptake for the electrosynthesis of succinate, demonstrat-
ing new strategies for the design of multifunctional biohybrids.>*°
Additionally, they designed and synthesized a new n-type con-
ductive polymer electrolyte (CPE), p(ziNDI-gT2), to serve as the
conductive matrix in a 3D living bioelectrochemical composite.
Key design elements of this molecule include: (1) an n-dopable
conjugated polymer backbone with excellent redox stability in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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water; and (2) zwitterionic side chains that enhance water proces-
sability and self-assembly capabilities. Through self-assembly,
this biocomposite amplified cellular current uptake by approxi-
mately 674-fold compared with S. oneidensis MR-1 without the
CPE. The enhanced current uptake was attributed to an increase
in the number of cells in electronic communication with the
electrode, as well as a higher current uptake per cell. This was
facilitated by the interconnected porous CPE network, which
enabled bacterial interpenetration and facilitated extensive
charge distribution throughout the matrix, supporting long-
range EET.**

In addition to these applications, CPEs have significant
potential in the biomedical field due to their tunable lumine-
scence properties and excellent stability. They have been demon-
strated as promising fluorescent probes for disease detection,
imaging, and therapy.>**> The adjustable luminescence character-
istics and remarkable stability of CPEs make them ideal candi-
dates for enhancing detection signals, with widespread use in
the sensitive detection of DNA/RNA and intracellular imaging.
As derivatives of conjugated polyelectrolytes, membrane-interca-
lating conjugated oligoelectrolytes (MICOESs) exhibit exceptional
capabilities as biomimetic materials.”® By mimicking the struc-
tural properties of lipid bilayers, these molecules can stably inte-
grate with biological cell membranes, facilitating functional
modifications.”®**** Recent advancements by Meng et al. have
demonstrated the design of novel MICOE molecules that achieve
efficient incorporation into liposomes. These molecules enable
in vivo fluorescence imaging in the second near-infrared window
(NIR-II), surpassing traditional carbocyanine dyes in both com-
patibility and photophysical performance.”® Their application
in liposome tracking provides critical insights into pharmacoki-
netics and promotes research in drug delivery systems.
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4 Outlook

Conjugated polyelectrolytes (CPEs) have garnered significant
attention due to their unique combination of high ionic-
electronic conductivity, tunable electronic properties, and
excellent biocompatibility. These organic semiconductors
are reshaping the frontiers of semiconductor technology
through their distinctive ion-electron coupling transport
characteristics, demonstrating potential to complement or
even replace traditional inorganic semiconductors in flexible
electronics, bio-interfacial devices, and sustainable energy
systems. Nevertheless, their application translation faces
multidimensional challenges spanning material perform-
ance, mechanistic understanding, and engineering
applications.

The primary challenges can be systematically categorized
into three dimensions. First, the intrinsic trade-off between
electrical conductivity and structural stability fundamentally
limits their practical deployment in demanding environments.
Additionally, the lack of mechanistic understanding regarding
multiscale ion-electron coupling transport mechanisms
hinders the rational design of advanced CPE materials.
Furthermore, the emerging applications outlined in this
review, such as energy storage systems and OECTs, may serve
as promising application avenues or not. Particularly, the
ionic-electronic coupling characteristics of CPEs could poten-
tially address critical challenges.

To address these challenges, these strategic research direc-
tions require urgent attention. Primarily, establishing systema-
tic molecular design strategies and structure-performance
relationship is crucial for achieving balanced ionic electronic
performance. This involves precisely engineering backbone
conjugation length, side-chain ionic density, and counterion
mobility through advanced polymerization techniques.
Moreover, deciphering the dynamic ion-electron coupling
mechanisms demands the integration of multiscale character-
ization techniques spanning from in situ spectroscopic ana-
lysis to mesoscale device modeling. Future research should
prioritize three breakthrough directions: (1) innovating
dynamic doping strategies that enable real-time modulation of
ionic-electronic coupling; (2) establishing theoretical frame-
works combining density functional theory calculations with
coarse-grained molecular dynamics simulations; (3) develop-
ing environmentally stable CPE derivatives through molecular
encapsulation engineering. The convergence of these
approaches will not only deepen our fundamental understand-
ing of CPE systems but also accelerate their translation into
practical applications ranging from implantable bioelectronics
to large-area energy harvesting devices.

In conclusion, while CPEs present transformative potential
across multiple technological domains, realizing their full
capabilities requires coordinated efforts in material inno-
vation, mechanistic elucidation, and engineering optimization.
Breaking through these scientific and technological bottle-
necks will ultimately establish CPEs as a new paradigm in mul-
tifunctional semiconductor materials.
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